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Abstract

The research in this thesis is undertaken by observing that modern systems are
becoming more and more complex and safety-critical due to the increasing require-
ments on system smartness and autonomy, and as a result health monitoring system
needs to be developed to meet the requirements on system safety and reliability.

The state-of-the-art approaches to monitoring system status are model based
Fault Diagnosis (FD) systems, which can fuse the advantages of system physical
modelling and sensors’ characteristics. A number of model based FD approaches
have been proposed. The conventional residual based approaches by monitoring
system output estimation errors, however, may have certain limitations such as
complex diagnosis logic for fault isolation, less sensitiveness to system faults and
high computation load. More importantly, little attention has been paid to the
problem of fault diagnosis system verification which answers the question that under
what condition (i.e., level of uncertainties) a fault diagnosis system is valid.

To this end, this thesis investigates the design and verification of fault diagnosis
algorithms. It first highlights the differences between two popular FD approaches
(i.e., residual based and fault estimation based) through a case study. On this basis,
a set of uncertainty estimation algorithms are proposed to generate fault estimates
according to different specifications after interpreting the FD problem as an uncer-
tainty estimation problem. Then FD algorithm verification and threshold selection
are investigated considering that there are always some mismatches between the
real plant and the mathematical model used for FD observer design. Reachability
analysis is drawn to evaluate the effect of uncertainties and faults such that it can
be quantitatively verified under what condition a FD algorithm is valid.

First the proposed fault estimation algorithms in this thesis, on the one hand,
extend the existing approaches by pooling the available prior information such that
performance can be enhanced, and on the other hand relax the existence condition
and reduce the computation load by exploiting the reduced order observer structure.
Second, the proposed framework for fault diagnosis system verification bridges the
gap between academia and industry since on the one hand a given FD algorithm
can be verified under what condition it is effective, and on the other hand different
FD algorithms can be compared and selected for different application scenarios.

It should be highlighted that although the algorithm design and verification
are for fault diagnosis systems, they can also be applied for other systems such as

disturbance rejection control system among many others.
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Statement of Originality

The contributions of this thesis are threefold: 1. a comparison analysis between
residual based and fault estimation based FD approaches is made both qualitatively
and quantitatively; 2. several fault estimation algorithms are proposed for different
systems according to different requirements; 3. a new perspective to the problem of
FD system verification and robust threshold selection is provided. The novelty of
the thesis is supported by the following publications:

In Chapter [2] literature reviews on FD algorithms and uncertainty estimation
algorithms are conducted. A comparison analysis is drawn between residual based
and fault estimation based FD algorithms, which partially gives the motivations of
the research in this thesis. The aforementioned results have been published in (note:

name in bold: the author of the thesis; “*”: the corresponding author):

1. Jinya Su*, Wen-Hua Chen, and Baibing Li. “Disturbance observer based fault
diagnosis”, Proceeding of IEEE 33rd Chinese Control Conference (CCC), pp.
3024-3029, Nanjing, China, 2014.

2. Jinya Su*, Wen-Hua Chen, and Baibing Li. “High order disturbance observer
design for linear and nonlinear systems”, Proceeding of IEEE International
Conference on Information and Automation (ICIA), pp. 1893-1898, Lijiang,
China, 2015.

In Chapter [3], the properties of a unified Kalman filter are investigated including
existence, optimality and asymptotic stability. The results are then applied to the
problem of simultaneous input and state estimation. The aforementioned results

have been published in:

3. Jinya Su, Baibing Li* and Wen-Hua Chen, “On existence, optimality and
asymptotic stability of the Kalman filter with partially observed inputs”, Au-
tomatica, 53, 149-154, 2015.

4. Jinya Su, Baibing Li* and Wen-Hua Chen, “Simultaneous state and unknown
input estimation with partial information on the unknown inputs”, System

Science & Control Engineering, 3(1), pp. 445-452, 2015.

In Chapter a reduced-order disturbance observer is proposed to unify the
existing results on disturbance observer design for discrete-time linear systems with

a slowly time-varying disturbance model. The result has been summarized in:

5. Jinya Su*, Wen-Hua Chen, Further results on “Reduced order disturbance ob-

server for discrete-time linear systems”, Tentatively submitted to Automatica.



xi

In Chapter 5], a reduced-order disturbance observer is further designed for discrete-
time atlinear stochastic system where no explicit disturbance model is assumed. The

result has been published in:

6. Jinya Su, Baibing Li*, Wen-Hua Chen and Jun Yang, “Reduced-order distur-
bance observer design for discrete-time linear stochastic systems”, Transac-

tions of the Institute of Measurement and Control, 38(6), pp. 657-664, 2016.

In Chapter [6] the relationship between time-domain and frequency-domain dis-
turbance observer is rigorously established. On this basis, a functional disturbance
observer is proposed using the technique of state functional observer. The result

has been published in:

7. Jinya Su*, Wen-Hua Chen and Jun Yang “On relationship between time-domain
and frequency-domain disturbance observers and its applications”, ASME

Journal of Dynamic Systems Measurement and Control, 138(9), 2016.

In Chapter [7], the model based FD system verification and robust threshold
selection problem is investigated using the technique of reachability analysis. The
actuator and sensor fault diagnosis problem for a direct current motor system is

used to evaluate its effectiveness. The result has been summarized in:

8. Jinya Su*, Wen-Hua Chen, “Fault diagnosis system verification and robust
threshold selection using reachability analysis”, IFEE Transactions on Sys-

tems, Man and Cybernetics: Systems, under review.

In Chapter 8] a comparison analysis between residual based and fault estimation
based fault diagnosis algorithms is made using a case study of sensor fault diagnosis
for vehicle lateral dynamics based on the results in Chapter 7} The result has been
published in

9. Jinya Su*, Wen-Hua Chen, “Fault diagnosis for vehicle lateral dynamics with
robust threshold”, 2016 IEEE International Conference on Industrial Tech-
nology (ICIT2016), pp. 1777-1782, 2016. (received IEEE-IES Student Paper
Travel Award)

10. Jinya Su*, Wen-Hua Chen, “Model-based fault diagnosis algorithms verifi-
cation and their comparison analysis”, tentatively submitted to IET Control

Theory and Applications.

Some other publications that are not included into this thesis can be found in

Appendix [B] where a complete publication list is provided.
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Chapter 1

INTRODUCTION

1.1 Overview

Safety and reliability is attracting more and more attention in practical engineer-
ing, especially for safety-critical systems such as aeronautical systems, automotive
engineering among many others. In such areas, a minor fault regardless of actua-
tor, sensor or system plant fault, if not being detected and handled in due time,
may result in unpredictable consequences—the loss of properties or even personnels.
Consequently, much effort has been paid to fault diagnosisE]; the basic philosophy of
which is redundancy including hardware redundancy and analytical redundancy [5].

Hardware redundancy is a commonly used approach in industry (especially in
aerospace systems, such as fly-by-wire and hydraulic systems in aircraft). However,
this approach may result in additional cost and extra weight. With the rapid de-
velopment of control theory and constant improvement of computation power in
conjunction with the new requirements on fault diagnosis system (such as fault iso-
lation, fault severity information), analytical redundancy (especially, model based
fault diagnosis approaches) is drawing increasing attention in both academia and
industry since its first appearance in 1970s [5]. The classical model based fault diag-
nosis approaches perform fault diagnosis through monitoring the output estimation
errors or their functions (also termed residuals and consequently this approach is
termed residual based fault diagnosis hereafter). This approach, however, requires
multiple observers to achieve fault isolation and can not easily /directly obtain fault
amplitude information (see, [6] and the references therein).

To this end, a lot of attention has been paid to fault estimation based diagno-
sis approach, where the system faults are treated as system unknown inputs and
input estimation algorithms can be used to estimate the unknown inputs and con-

sequently system faults. The research in this thesis falls into this category. To this

! Alternative names are available for fault diagnosis such as “fault detection and isola-
tion”, “health monitoring” among others. But they mainly denote a mechanism that can
detect the presence of faults and isolate what types of faults have occurred.
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end, a comparison analysis between residual based and fault estimation based fault
diagnosis approaches is first made in terms of fault diagnosis logic and computation
complexity.

Then a number of uncertainty estimation algorithms are proposed for the pur-
pose of fault estimation according to different system specifications and require-
ments. Specifically, for discrete-time systems, according to whether the full state
information is required (directly or indirectly) in derivation of disturbance esti-
mates, full order disturbance observer and reduced-order disturbance observer are
proposed respectively. In full order disturbance observer design, all the system
states are needed directly or indirectly to derive the disturbance estimate; whereas
in reduced-order disturbance observer design, only partial system states are required
consequently leading to lower observer order. In the aforementioned approaches,
different types of prior information on disturbances can be pooled into disturbance
observer design, thus improving the system estimation performance. Following this
line of thought, attention is turned to continuous-time domain. The relationship be-
tween time-domain disturbance observer and frequency-domain disturbance observer
is rigorously established, based on which a new reduced-order disturbance observer
in time-domain is proposed using the technique of state functional observer.

In model based fault diagnosis, the first step is fault diagnosis observer de-
sign to generate fault indicating signals (e.g., residuals in the residual based ap-
proaches, fault estimates in the fault estimation based approaches); the next step is
threshold selection to evaluate the fault indicating signals. In practical engineering,
however, uncertainties (e.g., parameter uncertainties, external disturbance, noises
among many others) are inevitable. As a result, there are always some mismatches
between the actual plant and the mathematical model used for fault diagnosis ob-
server design. This phenomenon will pose two challenges for model based fault
diagnosis. On the one hand, it is challenging to verify a fault diagnosis algorithm,
i.e., answering the question that under what condition (e.g., level of uncertainties) a
given fault diagnosis algorithm is valid. On the other hand, it is hard to choose an
appropriate threshold to evaluate the fault indicating signals such that false alarm
rate and missed detection rate are kept at a low level.

The rest of the thesis therefore focuses on these two challenges. They are formu-
lated as the reachability analysis problem for uncertain systems. The basic philoso-
phy of the proposed approach is to quantitatively evaluate the effect of uncertainties
and faults on fault indicating signals. Two practical illustrating examples includ-
ing actuator and sensor fault diagnosis for a direct motor system, and sensor fault

diagnosis for vehicle lateral dynamics are presented to demonstrate the main idea
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of the proposed approach. Particularly, a quantitative comparison between residual

based and fault estimation based fault diagnosis approaches is further drawn based

on the newly proposed approach.

1.2 OQutlines

This thesis aims at: (i) comparing residual based and fault estimation based fault
diagnosis approaches both qualitatively and quantitatively; (ii) proposing a set of
uncertainty estimation algorithms for the purpose of fault estimation according to

different requirements; (iii) providing a new perspective to the problem of fault

diagnosis system verification and robust threshold selection.

The outlines of the remaining thesis and their relationships are shown in Fig.

1.1, where detailed descriptions are also given as follows:

Discrete-time DO

Chap 3 (part 1):
properties of
unified linear

filtering

y
Chap 4:
RODOB with
slow
disturbance

Chap 4: RODOB
without disturbance
model

Chap 3 (part 2):

Actuator and
sensor fault

Actuator
fault

Continuous-time DO

Chap 6:
time/frequency
domain DOs

Actuator and
sensor fault

N

Chap 2:
DOB and

>
fault

/diagnOSiS “

Verification

Chap 7: FD
verification and
robust threshold

4

Chap 8: quantitative
comparison analysis of
FD algorithms

Figure 1.1. Illustration of the thesis’s outline.

e Chapter [2 provides a literature review on the topics related to this thesis and
presents the research motivations. The fault diagnosis algorithms are fist re-
viewed [@] The existing disturbance observer algorithms are then reviewed
and categorized in terms of the levels of state information used in derivation
of disturbance estimate [7]. Finally, a comparison analysis between the resid-

ual based and fault estimation based fault diagnosis approaches is made to

partially present the motivations of the research in this thesis.
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In Chapter |3, the properties of a unified Kalman filter (accommodating the
classical Kalman filter and Unknown Input Observer as its special cases) are
investigated including existence, optimality and asymptotic stability [8]. The
results in this Chapter provide a unified result on linear filtering. The results
are then applied to the problem of simultaneous state and input estimation,
resulting in Full Order Disturbance OBserver (FODOB) design [9].

In Chapter {4} a Reduced-Order Disturbance OBserver (RODOB) is designed
for discrete-time linear systems where a slowly time-varying disturbance model
is assumed using the technique of state functional observer. The results can
unify the existing full order disturbance observers and reduced order distur-
bance observers for linear systems with certain particular disturbance assump-

tion. More importantly, an easy-to-verify existence condition is proposed.

In Chapter[5, a RODOB algorithm is designed for discrete-time linear stochas-
tic systems where no explicit disturbance model is assumed [9]. In comparison
with the results in Chapter [4] the results in this Chapter provide a better dis-
turbance estimation performance when poor prior disturbance information is

available.

In Chapter [6] the relationship between time-domain DOB and frequency-
domain DOB is systematically established. On this basis, a new type of
reduced-order disturbance observer in time-domain is proposed, resulting in

Functional Disturbance OBserver (FDOB) [10].

In Chapter [7] the problem of fault diagnosis system verification and robust
threshold selection is investigated using the technique of reachability analysis.
The actuator and sensor fault diagnosis for a direct current motor is chosen

as a case study to demonstrate the main idea of the proposed approach.

In Chapter [§] the proposed system verification and robust threshold selection
approach is applied to the sensor fault diagnosis problem for vehicle lateral
dynamics |11]. Particularly, a quantitative comparison analysis between con-
ventional residual based and fault estimation based fault diagnosis approach

is made using the newly proposed approach in Chapter [7}

Chapter [J] concludes the thesis with some discussions and future perspectives.



Chapter 2

LITERATURE REVIEW AND
MOTIVATIONS

In this Chapter, literature reviews are conducted on fault diagnosis algorithms and
disturbance estimation algorithms. Then a comparison study is made between resid-
ual based and fault estimation based fault diagnosis algorithms. Some of the motiva-
tions of the thesis are also highlighted through the comparison analysis results. The

layout of this Chapter is illustrated in Fig.

Literature review on Literature review on
fault diagnosis disturbance estimation

A comparison between
residual based and
fault estimation
based fault diagnosis

) 4

[ Research motivations }

Figure 2.1. Illustration of the structure of this Chapter: literature review
and motivations.

2.1 Fault diagnosis

In this section, a literature review is undertaken on fault diagnosis systems including

their necessity, categories, evaluation and related challenges.
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2.1.1 Necessity of FD algorithms

Safety and reliability is an important issue in practical engineering. It has been
reported in |12] that the petrochemical industry alone incurs an estimated 20 billion
in losses every year due to process failures. Moreover, safety and reliability appears
especially vital beyond monetary losses in safety-critical systems such as aeronautical
systems, automotive systems among many others [13,(14]. In such areas a minor fault
regardless of actuator, sensor or plant component fault, if not being detected and
handled in time, may result in unpredictable consequences—the loss of properties
or even personnels. It has also been reported in [15] which focused on the study
of Unmanned Aerial Vehicles (UAV) reliability that about 80 percentage of flight
incidents regarding UAV are due to the faults which have an adverse effect on
propulsion, flight control surfaces or sensors. Interested readers can refer to recent

review papers [13,/141|16] for further information.

2.1.2 Existing FD algorithms
Hardware redundancy VS Analytical redundancy

To this end, a wide range of fault diagnosis methodologies have been proposed in
the past more than four decades, whose goal is to identify the presence of faults
(i.e., fault detection) and then isolate what type of fault has occurred when a fault
is detected (i.e., fault isolation). The existing FD methods can be generally catego-
rized into hardware redundancy and analytical redundancy [13]. The basic idea of
hardware redundancy is to produce duplicative signals generated by various addi-
tional hardware, such as measurements of a signal by multiple sensors with the same
function and then detect the presence of fault by cross checks, consistency checks,
voting mechanisms, and built-in test technique of varying sophistication [17]. Al-
though this method is almost the standard industrial practice and provides high
level of robustness and good performance in the aerospace industry, it is sometimes
criticized that this method may result in additional cost and extra weight. As a
result, it may not be an appropriate solution for small autonomous systems due to
the additional weight brought by redundant hardware [13], [14].

The analytical redundancy approach has received increasing attention since its
first appearance in the late 1970s [5]. This approach does not require additional
hardware but relies on the mathematical models of the concerned system in con-
junction with observer design (or artificial intelligence techniques for data driven
fault diagnosis). The basic idea of analytical redundancy approach is to generate

a residual signal based on the system model and observer techniques, which under
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ideal condition is sensitive to system faults but insensitive to uncertainties, dis-
turbances and faults of no interest. The principles of hardware redundancy and

analytical redundancy are shown in Fig.

Redundant
> Sensors

Inputs
o L]

»  Sensors

S
| ettt 1
* Qualitative|Analytical :
Pattern by Redunflancy _ |
Al - |
|

* Quantitative Analytical |
|

Outputs of Redundancy Diagnostic\ !'Alarm

Observers Logic !

Figure 2.2. Conceptual comparisons between hardware redundancy and an-
alytical redundancy based fault diagnosis approaches.

The analytical redundancy approach can be further categorised into qualitative
methods and quantitative methods. In qualitative methods, the normal behaviour
and faulty behaviours of the system under consideration are first learned using large
amount of history data and represented using feature vectors. Then the fault detec-
tion and isolation problem can be transformed into classification problem, as such
different artificial intelligence (AI) techniques [14] such as Support Vector Machine
(SVM) [18], artificial neural network techniques [19] can be drawn to achieve the
classification task. The quantitative methods such as observer based methods gener-
ate a residual signal based on the explicitly mathematical models of the plant under
consideration. Quantitative FD method includes state observer (fault detection
filters [5], |20], unknown input observer [21]), disturbance observer [6], parameter
estimation [22] based approaches. While the observer /filter based approaches can be
further divided into deterministic approaches and stochastic approaches according to
different physical models that are used to describe the systems under consideration.

It is simple and convenient to generate a residual signal by comparing the esti-
mated system outputs with the measured system outputs. For deterministic linear
systems, Luenberger observer [23] can be applied for state estimation and conse-
quently residual generation. In the presence of weak non-linearities, Extended Lu-
enberger Observer [24] by linearising the non-linear model around the operating
point can be applied. However, this approach can lead to the loss of estimation

accuracy due to the neglect of high-order non-linear terms, especially for highly
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non-linear systems. As a result, non-linear state estimation methods such as adap-
tive observers [25], [26], high-gain observers [27], [28], sliding mode observer [29], [30]
can be applied for certain types of non-linear systems for the purpose of residual
generation.

It is well known that Kalman Filter (KF) is an optimal state filter for discrete-
time linear systems with process and sensor uncertainties/noises following Gaussian
distributions |31]. As a result, if the linear systems are modelled in a stochastic way,
KF can be applied for fault detection. In this approach, the innovation (i.e., the
difference between measured output and predicted output) should be white noise
with zero mean and known covariance in fault-free conditions. As a result, one can
detect the presence of faults by a simple statistical testing of the mean and variance
of the innovation signal.

It should be noted that in KF, some conservative assumptions are made on the
systems, for example the process is linear, input noise and measurement noise must
be Gaussian distributions, and the distribution parameters are also known as a prior.
When these assumptions are violated in practical engineering, the state estimation
performance may degrade. To handle fault diagnosis for nonlinear systems, the
variants of KF have also been applied such as Extended Kalman Filter (EKF) [32],
Unscented Kalman Filter (UKF) [33]. In addition, sequential Monte Carlo also
known as particle filter (PF) [32,134] has also been applied for the fault detection

when the system is highly non-linear and non-Gaussian.

2.1.3 Evaluation of FD algorithms

The evaluation of FD algorithms can be determined by the following metrics: 1.
detection time—detect the presence of faults as early as possible; 2. fault isolation—
determine what type of fault has occurred and its location; 3. fault information—the
severity of the fault; 4. robustness—work effectively in the presence of uncertainties
and disturbances (keep the missed detection rate and false alarm rate at a low level);
5. complexity and computation load—the FD method should be easy to implement

and require relatively low computation load.

2.1.4 Threshold generation

In fault diagnosis system, after residuals are generated, a residual evaluation process
is needed to transform the meanings of residuals into a Boolean decision function—
normal or faulty. When choosing the threshold, a compromise is usually made

between minimizing missed detection rate and false alarm rate. The simplest ap-
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proach is to set a constant threshold, which can decide whether a fault has occurred
or not by detecting whether a residual exceeds the threshold. Generally speaking, a
fixed threshold can be designed which should ensure a good trade-off between false
alarm rate and missed detection rate. However, how to select the constant threshold
is quite a challenging issue and may result in poor performance (high false alarm
rate or high missed detection rate) if not being chosen properly due to the presence
of uncertainties and noises.

To this end, much effort has been paid to threshold selection, which can achieve
a so-called passive robustness in comparison with active robustness obtained by
uncertainties elimination and decoupling techniques [35,(36]. The principle of passive
robustness is to propagate the effect of uncertainties on residuals and threshold
simultaneously. However, an appropriate threshold is never an easy task due to the
presence of uncertainties [37]. The basic principle of the existing threshold selection
approaches is to calculate the states’ envelop in the presence of uncertainties and
perform consistency checking between measurement output and predicted output
envelop for the purpose of fault detection.

According to the different methods used for state envelop calculation, they can
be further divided into three categories. The first category is referred to simulation
based approach [37], in which the envelope of states or outputs can be obtained based
on a finite (possibly large) number of different linear models selected from a contin-
uum of models corresponding to each possible value of the parameters. Although
large numbers of different models are performed on fairly fine grids for uncertain
parameters or Monte Carlo parameter sampling, it is still possible to miss the model
corresponding to the most critical parameter combination. In addition, the parame-
ter space girding method is highly computationally demanding, especially in face of
parametric uncertainties with high dimension. The second category is optimization
based approach [35,38], in which the upper bound and lower bound of state envelop
in each time step can be obtained by solving a constrained optimization problem
where the constraint can accommodate parameter uncertainties, initial state un-
certainties, input and output uncertainties. However, due to the complexity of the
optimisation at each step, this method may be subject to high computation problem
especially for multiple parameter uncertainties [38,39]. Besides, few algorithms can
guarantee global optimization for generic optimization problems. These limitations
constrain its application.

The third category is set-membership based approaches [40], which calculate
the possible state or output intervals by taking system uncertainties into account.

In [40], the effect of parameter uncertainties and input uncertainties are lumped as
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additive uncertainties represented by bounded variables. Then system outputs are
explicitly computed based on interval arithmetic. However, the bounded variables
have to be pre-determined empirically or numerically, which is not an easy task since
the effect of parameter uncertainties is related to the amplitude of unmeasurable and
time-varying state variables. In [41] and [42], for one kind of Single Input Single
Output (SISO) linear system in observer canonical form, the effect of parameter
uncertainties on residuals is amplified through triangle inequality. This method
may result in conservative result (i.e., larger residual interval or even useless results)
when multiple parameter uncertainties exist.

As one kind of set-membership based approach, interval observer is receiving
more and more attention recently [43-47]. In [43], a non-linear continuous-time sys-
tem is first approximated by an interval quasi-Linear Parameter Varying (qLPV)
system using interval analysis. Then based on cooperativity theory, two point ob-
servers are obtained to estimate the lower and upper bound of state vector. As
a result, a set containing the actual value of the residual can be obtained. This
method has much potential since the system matrix uncertainties, input and sensor
uncertainties are represented by intervals which have been taken into account in
point observer design. In addition, the existence of interval observer is discussed
in [45H47]. [45] shows that for linear time-invariant systems with bounded additive
disturbances, the existence of an exponentially stable interval observer is that the
linear systems are exponentially stable. It is further shown in [46] that for non-linear
system with measurement uncertainties one can design an interval observer by par-
tial exact linearisation and another linear change of coordinates. Later, this result
has been extended to nonlinear time-varying systems in [47]. The method in [45]
has been used for fault detection of an electrical drive. However, it has been pointed
out in [46] that the issue of existence of observer gain for the two point observer is
not yet clearly established even for linear systems, since the observer gain should
not only guarantee the error system matrix is Hurwitz, but also cooperative (all the
off-diagonal term is non-negative). Another problem is that in the presence of sys-
tem parameter uncertainties, two bounded function should be available to cover the
effect of parameter uncertainties, which is not an easy task due to the time-varying
and unknown property of state variables.

To this end, part of the thesis is devoted to designing an appropriate threshold

for model based fault diagnosis systems in the presence of uncertainties.
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2.1.5 Necessity of FD verification

Observer based fault diagnosis system is a kind of model based FD approaches, which
produces fault-indicating signals using system models, inputs and outputs. As one
kind of model based FD algorithm, observer-based FD system has a relatively high
demand on the accuracy of system models.

Large numbers of observer based FD algorithms have been proposed in the past
more than four decades. However, these algorithms from the academic community
have not been fully accepted by the industry end-users [14]. That is because not
enough attention has been paid to the verification and validation of those methods.
Since in real applications, the mathematical model used for observer based fault
diagnosis algorithm design may not be consistent with the real plant due to as-
sumptions made for simplified representations of the dynamic systems, the presence
of system uncertainties, input noise, sensor noise, external disturbances among many
others. As a result, to bridge the ever-widening gap between the academic commu-
nity and industry application it becomes more and more urgent to demonstrate
whether the proposed FD algorithms can still work effectively in real applications
when multiple uncertainties appear.

Consequently, part of the thesis is devoted to the verification problem of model
based fault diagnosis algorithms. The problem of threshold selection and system
verification is transformed into reachable set calculation for uncertain systems. And

reachability analysis tool is applied, which is detailed in Chapter

2.2 Disturbance estimation algorithms

In this section, disturbance estimation algorithms are reviewed and categorized,
which can be applied for the purpose of fault estimation.

Since 1970s, due to the increasing requirements on control accuracy and ro-
bustness, many effective disturbance estimation techniques have been developed,
such as Unknown Input Observer (UIO) [48|, Extended State Observer (ESO) [49],
and Disturbance OBserver (DOB) [1,/50]. Among these approaches, DOB and ESO
are most extensively investigated. Consequently, these algorithms will be briefly re-

viewed. Frequency-domain DOB is first introduced, followed by time-domain DOBs.

2.2.1 Frequency-domain algorithms

The frequency-domain DOB [1,/51] was originally motivated by the unmeasurable
disturbance estimation and rejection to achieve a better control performance. And

it usually handles linear systems in transfer function form. Suppose that the transfer
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function of the system under consideration is G(s) with G, (s) being its nominal part.
The basic idea of frequency-domain DOB in [1] is to obtain disturbance estimate by
filtering (through a low pass filter Q(s)) the difference between control input and the
calculated input using the inverse model of nominal plant G,,(s). The basic diagram

in [52] with some modification from [53] is given in Fig. where Q(s) is designed

Q(s)G, (s

Figure 2.3. The diagram of @Q-filter based DOB in [1].

as a low-pass filter with unity gain (for the purpose of nearly constant disturbance
estimate) and the relative degree of Q(s) is no less than that of the nominal plant
G (s) such that Q(s)G,,*(s) is implementable (see, [1,52] among many others).
The frequency-domain DOB has multiple merits including being concept-simple
and suitable with standard transfer function analysis tools. The disadvantages, as
highlighted in [4], are that they can only be applied to a class of linear systems
and not easy to deal with transient performance. To this end, a large number of

state-space based time-domain algorithms have also been proposed.

2.2.2 Time-domain algorithms

A lot of time-domain disturbance estimation algorithms have been proposed (see
recent books [51}54] and survey papers [55,56] for a relatively complete list). It is
not the objective to give a complete review of the existing results, but some typical
DOBs (or related to the research in this thesis) are presented.

A new perspective to categorize the existing DOBs in time-domain is provided.
Based on the availability of the state information in derivation of disturbance esti-
mates, the existing time-domain algorithms can be broadly classified into three cate-
gories: (a) full measurable state based approaches [50,57] (termed FSDOB); (b) full
state estimation based algorithms [2,/49}58,59] (termed FODOB) and (c) reduced-
order state function estimation based algorithms [4,60,/61] (termed RODOB).
FSDOB: In FSDOB algorithms, the disturbance estimate is obtained under the
assumption that all the system states are directly measurable. The FSDOBs mainly

concern disturbance estimation for nonlinear systems. The original idea of Nonlinear
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Disturbance OBserver (NDOB) is proposed in [50] for the purpose of slowly time-
varying disturbance estimation (in the case of fast time-varying disturbance, the
disturbance estimation performance will degrade and further development should

be done).

Consider a nonlinear system with disturbance,

&= f(2) + gu@)u+ ga(a)d, (2.2.1)

where z € R",u € R™,d € RY, f(x),¢1(x), g2(x) are known nonlinear functions, u is
the control input and d denotes the lumped system disturbance, which may include
parameter uncertainties, external disturbances and system faults.

Then a NDOB was proposed in [50], given by

(2.2.2)

where z € RY is the internal state of the nonlinear observer, and p(z) is the nonlinear
function to be designed. The nonlinear disturbance observer gain [(z) is determined

by

I(z) = agf) (2.2.3)

It has been shown in [50] that the NDOB asymptotically estimates the disturbance

if the observer gain [(x) is chosen such that

éq = —l(x)ga2(x)eq, (2.2.4)

is asymptotically stable regardless of x, where eq = d — d is the disturbance estima-

tion error. The detailed selection of p(x) and consequently I(z) is referred to [50].
To relax the assumption of slowly time-varying disturbance, NDOB is further

extended to the case of exogenous disturbance in [62]. Suppose the disturbances are

generated by a linear model E|
£=W¢, d=V¢, (2.2.5)

then a NDOB for estimating exogenous disturbance (2.2.5)) is proposed in [62] and

! This linear model can accommodate several common disturbances in practical engineer-
ing such as constant, ramp, sinusoidal disturbances (see, |10] for further details.)
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depicted by

(2.2.6)

~ ~

{ £ =W = l(x)ga(2)V]z + Wp(a) — U(z)[g2(2)Vp(x) + f (@) + g1(2)ul],
E=z+pla), d=VE.

It has been shown in [62] that the NDOB (2.2.6) can exponentially estimate the
disturbance if the nonlinear observer gain [(x) is designed such that é¢ = [IW —
l(x)g2(x)V]e¢ is asymptotically stable.

Recently, a NDOB estimating disturbances in polynomial form d(t) = do+ dyt +
.-+ + d4t? has been proposed in [57], which can estimate high order disturbances
with lower observer order.
FODOB: In FODOB, the disturbance estimates are obtained by simultaneously
estimating both the system states and disturbances. The classical extended state
observer (ESO) [49], unknown input observer (UIO) [48}/63] are typical examples of
FODOB for continuous time linear systems. Proportional Integral Observer (PIO)
based disturbance observer [58], Simultaneous Input and State Estimation (SISE)
based on Minimum Variance Unbiased Estimation (MVUE) technique [2] are typical
examples of FODOB for discrete-time linear systems. While the Extended High-
Gain State Observer (EHGSO) in [64] is a typical example of FODOB for nonlinear
systems. The UIO proposed in [63] is taken as an example. Consider a linear system,

given by

t = Az + Bu + Dd
{ T r + Bu+ Dd, (2.2.7)

y=Cuz,

where the disturbances d are of multiple dimension and each element is supposed
to satisfy (2.2.5). An extended system including the state dynamics (2.2.7) and
disturbance dynamic ([2.2.5)) can be obtained as follows:

o W

HE )
)

i~[c o]
Then the classical state observer technique can be used to estimate the extended

A DV B

0

u,

states and consequently disturbance estimates can be obtained.

RODOB: In RODOB design, not all the states are needed in derivation of dis-
turbance estimate. The results in [4] and [61] are typical examples of RODOB for
continuous time linear systems and discrete-time linear systems respectively. The
RODOB structure of [61] is shown as an example. Consider the linear system (2.2.7),
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two types of RODOB are discussed in [61], given by

s = Fz+ Ly + TBu+ TDd,
Fe i Ly ibuy (2.2.8)
d=~y(Wy— Nz).

and

Z Fz+Ly+TBu+TDcz,
d=p(Wy— Nz).
Under some existence condition in [61], the RODOs (2.2.8) and (2.2.9)) can estimate

the disturbance d where only a state linear function Tz rather than all the state

(2.2.9)

x is estimated. As a result, as long as the matrix T has a full row rank under the
existence condition, the existence condition of RODOB will be relaxed compared
with that of FODOB where all the states are estimated in derivation of disturbance

estimate.

2.3 Motivations: residual VS fault estimation

In this section, a simulation comparison analysis between the conventional residual
based and fault estimation based fault diagnosis approaches is drawn, which par-
tially presents the motivations of the research in this thesis, i.e., fault estimation
algorithms: design and verification.

To this end, a motor system in state space model (see, Appendix serves as
a case study for the simulation comparison analysis. The linear system with both
actuator and sensor faults (the position sensor fault is not taken into account since

it is not detectable through theoretical analysis) can be represented by the following
system ([2.3.1)):

i — Az + Bu+ Dyg+TTy+ Efa,
{iU x + Bu + Dyq a+ Efq (2.3.1)

y=Cx+Sfs

where yg is the reference signal, I'y is the external unknown load, f, and £ = B
denote actuator fault and its distribution matrix, while fs and S denote sensor fault

and its distribution matrix, where S is given by

T
0100
S —
0010
It should be noted that system ([2.3.1)) is not the motor model but the model for

the purpose of observer design, where y4 is deliberately modelled into Eq. (2.3.1])

to ease controller design.
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2.3.1 Residual based approach

In residual based fault diagnosis, a bank of observers are usually designed to achieve
fault isolation. There are generally two types of a bank of observers, i.e. the
dedicated observer scheme (DOS) and the generalized observer scheme (GOS) [14,
65). The high-level philosophy of them are the same. A DOS is a bank of observers
driven by only one sensor output and consequently only sensitive to one sensor fault.
While in the GOS scheme, the bank of observers are driven by all outputs but one
and consequently sensitive to all faults except one. The mathematical description
of the DOS is as follows: a bank of observers are firstly designed for system

as follows:

{é,:A@+Bu+Dw+rnﬁngh—@% 232)

9; = Cit
where K,; is the observer gain matrix to be designed and y; is the measurement for
ith observer with its corresponding distribution matrix C;; C; is the combinations

of the rows of C' depending on different measurements used in i*" observer.

Combing (2.3.1)) and ([2.3.2)), one can obtain the output estimation error e,; =

y; — Ciy, given by
Cyi = Sifs + Ciex;

where e,; denotes the state estimation error e;; = ¢ — ;, which is governed by
éxi = (A - Koici)exi + Efa - KoiSifs

Then residuals r;s are usually defined as the function of output estimation error e,;,

such as the 2-norm of ey;, i.e., r; = [|eyil| = ,/efieyi.
The structure of the DOS and GOS for fault diagnosis is illustrated in Fig.

Actutor Sensor
faults faults
Qd i l | Output
— Controller Pﬂ Actuator ’—" plant }—" Sensor ‘ -y
[p—— 1
! |
|
| Obs;rver 1 y Residuall |
| |
i Bank of Decision —* Faulty
! observers Making
i Observer i Residualm
T m \
| |

Figure 2.4. The diagram of residual based fault diagnosis.
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2.3.2 Fault estimation based approach

In fault estimation based approach, the fault diagnosis is achieved by directly ap-
proximating faults. Its diagnosis logic is as follows: when the faults are approxi-
mately obtained, one can directly tell whether a fault has occurred or not and where
the faults come from (which actuator, sensor) by checking the non-zero component
of fault estimates. The diagram of fault estimation based approach is shown in Fig.

Actutor Sensor
faults faults

l ‘ Output
—>‘ Actuator %" plant H Sensor | >y

Fault estimate 1

1

—d>‘ Controller

—
> .
Observer :

Fault estimate m

™ —»

Figure 2.5. The diagram of fault estimation based approach.

To obtain fault estimates for the linear systems (2.3.1)), the extended state ob-
server [66] is used, which estimates the faults by augmenting the faults as additional
states. Let & = (z, fs, fo) and suppose the faults are slowly time-varying, then

system (2.3.1)) can be equivalently represented by the following extended system

equation,
%= Az + Bu+ Dyg +I'Ty, (2.33)
j=Cz .
_ A 0 F _ B _ D _ T _
where A = , B = , D= = andC:[C S 0}.
0 00 0 0 0

Then for system (2.3.3)), a state observer can be designed as

I8
I

(2.3.4)

S

{ ' Az + Bu+ Dyq +TTq+ Ko(y — 9),
=C

AP

where the gain matrix K, is the observer gain matrix to be designed. When the
extended state T is obtained, one can approximately obtain f; and f,, which will

serve as the fault indicating signals.
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2.3.3 Simulation comparison study

Simulation studies are performed to compare the performance of the aforementioned
approaches. The control parameters in Eq. are designed as kg = 2.5, ke =
0.35,k, = 3.6,k; = 5.8. The observer gains K,; in Eq. and K, in Eq.
are designed based on pole assignment technique (i.e., “place” in Matlab),
where the poles for K,; are —10 & 4i, —20 £ 4i and the poles for K, are —10 +
43, —20 4 449, —4, —5. The position, velocity and current sensor noises are supposed
to be Gaussian distributions with zero mean and variance amplitude of 0.01, 0.02

and 0.01. The reference output 6, and load I'j are shown in Fig. (a).

6 0.02
- Velocity fault

f 0.2t — Current fault «—8
. 015
E g
3 0.01 =
g, 0.1 g
0} Desired output ©
[ R Load

0 § O J

s - 16 0 5 10
Time, sec Time, sec

(a) (b)

Figure 2.6. The simulation profiles: (a) reference output and load; (b) sensor
faults.

Case 1: Both velocity sensor fault f, and current sensor fault f,. occur. The
profile for simulation study is shown in Fig. (b) of Fig.

For the residual based approach, the concept of GOS is used for the purpose of
sensor fault isolation. The residual is defined as the 2-norm of output estimation
error, where the residual rq is designed to be only sensitive to velocity sensor fault
and residual ry is only sensitive to current sensor fault. The dynamics of residuals
r1 and 79 of the residual based approach are depicted in Fig. while the fault
estimates of fault estimation based approach are shown in Fig.

Comparing the results of residual based approach Fig. and fault estimation
based approach Fig. one can see that both methods can effectively detect
the presence of current sensor fault, since in the presence of current sensor fault
there exists a substantial change in the residual ro and current fault estimation.
However, regarding the velocity sensor fault, only fault estimation based approach
can effectively detect the presence of fault and residual based approach fails to
achieve this goal, since a threshold is not easy to be chosen to tell the residual under
normal case and faulty case apart. The reason in detail is shown as follows.

Self-correction: One can see from Fig. that in the presence of velocity
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Figure 2.7. Residuals of residual based approach: residual r; sensitive to
velocity sensor fault (left); residual 75 sensitive to current sensor fault (right).
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Figure 2.8. The results of fault estimation based approach: velocity sensor
fault estimation (left); the current sensor fault estimation (right).

sensor fault at 3rd second, the residual 1 suddenly increases but then quickly reduces
and even disappears in the effect of noise. This is due to self-correction feature in
state observer which forces the estimated output close to the measurement output
as much as possible. As a result, certain kind of faults may be missed by the residual
based approach, especially when the fault amplitude is small.

Case 2: Secondly, the robustness issue of the aforementioned approaches is
tested, since robustness is a critical metric to evaluate model based fault diagnosis
approaches and there exist many uncertainties in motor driving system, such as
resistance R, reluctance L, among many others. To this end, suppose there exists
5% parameter uncertainty in resistance R. Simulation results for the same system
as that of case 1 are shown in Figs. and

Robustness Issue: One can see from Figs. and that the residual
based approach is more sensitive to parameter uncertainties and will result in false
fault diagnosis information. Since one can see from Fig. (a) that the residual
substantially deviates from zero under normal case. In addition, although one can
detect the presence of current sensor fault from Fig. (b), the threshold has to
be re-determined carefully. From Fig. one can see that fault estimation based
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Figure 2.9. Residual based approach under resistance uncertainties.
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Figure 2.10. Fault estimation based approach under resistance uncertainties.

diagnosis approach is more robust to parameter uncertainties and can still obtain
a relatively accurate estimation of faults and consequently better fault diagnosis
performance.

Complex Diagnosis Logic: Another possible drawback of residual based ap-
proach is its complex diagnosis logic, since in residual based approach there need to
be a bank of observers to isolate a set of faults. And this issue is severe especially
when there exist large number of faults. Supposing there are k£ components to be
monitored, there needs to be C,i 4+ 4 Cllj_l observers to isolate all combinations
of possible faults, where C,i is defined as C’,i = ﬁ, k! =1x2x---x k. However,
in the context of fault estimation based approach only one observer is needed for
the purpose of all fault estimation as long as the extended system is observable and
one can isolate the fault based on the estimated faults.

Observability Condition: Another possible drawback of residual based ap-
proach is poor observability in sensor fault isolation, although this condition is
satisfied in the simulation example of [65], which firstly proposed the concept of
fault isolation based on a bank of observers. The reason is that the observability

condition may not be satisfied any more in the stage of fault isolation since (A, C;)



Section 2.3. Motivations: residual VS fault estimation 21

may not satisfy the observability condition although the original (A, C) is observ-
able. Again, take the aforementioned motor system as an example, by checking the
observability condition one can easily obtain that it is not possible to estimate the
whole states of the motor system without position measurement information.

Since fault estimation based fault diagnosis algorithms possess some advantages
over the conventional residual based one under certain circumstances. Attention is
paid to fault estimation based fault diagnosis in this thesis. In the following few
Chapters, several disturbance estimation algorithms are proposed for the purpose of

fault estimation under different design requirements and specifications.



Chapter 3

UNIFIED LINEAR FILTER

3.1 Introduction

In this Chapter, a Unified Linear Filter (ULF) is introduced for stochastic linear
systems, which can accommodate the Kalman Filter and Unknown Input Observer
as its special cases. Then it is applied to the problem of simultaneous input and state
filter. The structure of this Chapter and how it expands the knowledge boundaries
are illustrated in Fig.

Stochastic linear systems with
unknown inputs:
(Gillijns&De Moor, 2007)

» Simultaneous input and

state filter

Stochastic linear systems with +Unknown
known inputs: inputs
Kalman filter (Kalman, 1960)
+ State filter

Is it possible to unify
these two results?
(existence condition)

Unified linear systems with partially
observed inputs.
State filter with existence condition

v

Unified linear systems with partially
observed inputs.
» Simultaneous input and state filter

Figure 3.1. Illustration of this Chapter’s structure and its relationship with
the existing results.
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3.1.1 Properties of ULF

State estimation for discrete-time linear stochastic systems with unknown inputs
(also termed unknown input filtering (UIF) problem) has received considerable at-
tention since the original work of [67] first appeared. Various filters were developed
under different assumptions for the systems with unknown inputs (see, e.g., [2,/67-72]
among many others). Most of these researches used the technique of minimum vari-
ance unbiased estimation (MVUE), hence leading to an unbiased minimum-variance
filter (UMVF). In addition, various properties for these developed filters have been
investigated, including the existence condition [69], asymptotic stability [72] and
global optimality of the UMVF [71].

In some applications such as population estimation, traffic management [3|, and
chemical engineering [73|, however, the information on the input variables is not
completely unknown; rather, it is available at an aggregate level. Recently, (3] has
developed a Kalman filter (KF) for linear systems with partially observed inputs,
where the inputs are observed not at the level of interest but rather the input
information is available at an aggregate level. It has been shown that the developed
filter provides a unified approach to state estimation for linear systems with Gaussian
noise (consequently termed Unified Linear Filter (ULF)). In particular, it includes
two important extreme scenarios as its special cases: (a) the filter where all the
inputs are completely available (i.e. the classical KF [74]); and (b) the filter where
all inputs are unknown (i.e. the filter investigated in [67] and many others for
the UIF problem). Potentially the proposed filter can be applied to a variety of
practical problems in many different areas such as population estimation and traffic
control [3].

So far there is not any study discussing the properties of this newly proposed
unified filter including existence and asymptotic stability issues. So the first part of
the Chapter discusses the properties of the ULF developed in [3|. For linear stochas-
tic time-varying systems with partially observed inputs, the existence condition for
a general linear filter is established. Then it is shown that the developed filter is
optimal in the sense of minimum error covariance matrix. Finally, the asymptotic
stability of the filter for the corresponding time-invariant systems is considered based
on the established existence condition and optimality result.

The results in this Chapter can provide a unified approach to accommodating
existence and asymptotic stability conditions in a variety of filtering scenarios: it
includes the results on existence and asymptotic stability for some important filters
as its special cases, e.g., the filters developed for the problems where the inputs

are completely available and where all the inputs are unknown. Note that the
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former is the classical Kalman filtering problem and the corresponding existence
and asymptotic stability conditions are well established in the literature. For the
latter case with unknown inputs, there has been a continuing research interest in
existence and asymptotic stability conditions for various discrete-time systems (e.g.,

[67,169,(71}/72]) and continuous-time systems (e.g., [75-77]).

3.1.2 Extension: SISE

However, the aforementioned filter developed in [3] only considered the problem of
sole state estimation; the problem of simultaneous input and state estimation (SISE)
with partial information on the inputs has not been investigated. In the second part
of this Chapter, based on the resulted existence condition, the problem of SISE is
further considered for the case where the unknown inputs are partially observed.
To obtain simultaneous estimates of the state variables and unknown inputs,
Bayesian inference (see, e.g. [3}/78]) is drawn on both state and input on the basis
of [3]. According to the Bayesian theory, the obtained estimates are optimal in the
sense of minimum mean square estimation under the assumption of Gaussian noise
terms [3]. Then, the estimates of the original unknown inputs can be worked out
by pooling together all the available information on the unknown inputs.
Compared with the filter in [3] where only state estimate is of interest, the
proposed method obtains simultaneous input and state estimates, and hence the
estimated inputs can be used in fault detection and other applications. Compared
to the results in [2,59], the results in the Chapter take into account the additional
information on the unknown inputs, and hence it results in a better estimate of
the state and input vectors. In addition, it is shown that the Bayesian approach
to SISE provides an alternative derivation for the filter in [2]. The relationships of
the proposed filter with some existing estimation methods are further investigated.
In particular, it is shown in this Chapter that: (a) when the inputs are completely
available, the proposed filter reduces to the classical Kalman filter [74]; (b) when no
information on the unknown inputs is available, it reduces to the results of [2] where
both state and input estimation are concerned; and (c) if only state estimation is of

interest, it is equivalent to the filter for partially available inputs developed in [3].
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3.2 Problem statement

Consider a discrete-time linear stochastic system

{ i1 = Agxg + Grdy + wi (32.1)

yr = Crayp +up

where xp, € R™ is the state vector, d € R™ is the input vector, and y; € RP is
the measurement vector at each time step k& with p > m and n > m. The process
noise wi € R™ and the measurement noise v, € RP are assumed to be mutually
uncorrelated with zero-mean and a known covariance matrix, Qr = E [wsz;] >0
and R = F [vka] > 0, respectively. Ay, G and C) are known matrices. Without
loss of generality, following [2] and [67], it is assumed that G} has a full column-
rank. The initial state xg is independent of wy and vg with a mean Zg and covariance
matrix Py > 0.

The scenario is considered where the input vector dj, is not fully observed at the
level of interest but rather it is available only at an aggregate level. Specifically, let
D;. be a g x m known matrix with 0 < ¢z < m and Fj; an orthogonal complement
of Dg such that Dy Fy, = qux(m,qk) and FOYI;F% =1I_

the zero matrix and identity matrix of appropriate dimensions. It is supposed that

qr» Where O and I represent

the input data is available only on some linear combinations:
7, = Didy, (3'2'2)

where 7 is available at each time step k. Dy is assumed to have a full row-rank;
otherwise the redundant rows can be removed.

As pointed out in [3], the matrix Dy characterizes the availability of input in-
formation at each time step k. It includes two extreme scenarios that are usually
considered: (a) g = m and Dy is an identity matrix, i.e. the complete input infor-
mation is available; this is case that the classical KF can be applied; (b) gx = 0, i.e.
no information on the input variables is available; this is the problem investigated
in [2,/67,69]. Define Q4 =[Gk, Gi] and

Dy
I, = ( - > (3.2.3)
CrGr-1

The objectives is twofold: firstly the properties of ULF (for state estimation)

proposed in [3] for system (3.2.1) and (3.2.2) will be exploited; secondly, a SISE
filter is proposed for system (3.2.1)) and (3.2.2)).
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3.3 Existence condition of ULF

The existence condition of ULF is first considered. To establish the existence con-
dition of a general linear filter for system (3.2.1]) with (3.2.2), an invertible linear

transformation is first introduced.

3.3.1 Transformation

Consider the following invertible matrix:

Dy, qu X (n—m)
My = O(n—m)xm In-m lel
Fi  Om-a)x(n-m)

It is straightforward to verify that MGrdy can be expressed as:

My Grdy, = [D, Oy (n—m)> For] " du,
[(Dkdk) ) (O(n m)xmdk)Tv (Fgl;dk)T]T
[ kuolx(n m)s (F()j;gdk)T]T

= 71, + Gi0r,

(3.3.1)

where 7, = [r], O1x(n—m)> le(m_qk)]T, 8 = Fl dj and
G = [O(m_qk)qu,O(m_qk)x(n_m),fm_qk}T. One notes that 7 is completely avail-
able due to (3.2.2]).
Left-multiplying both sides of (3 - by 1 Gidy can be decoupled into two
parts:
Grdy, = M, L + M, LGk (3.3.2)

From (3.3.2)), the dynamics of x4 can be rewritten as:
Tyt = Apag + My + M Gy + wi = Agzy + wg, + Fiby, + wy,
where uy = Mk_lfk is a known term, and F}, is given by

Foy,

Fy = M 'G), = |Gy, G = G For. (3.3.3)

Consequently, linear system (3.2.1)) with the partially observed inputs ry = Dydj
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can be equivalently represented by the following system:

{ Trt1 = Apxr + up + Fpdr + wi (3.3.4)

Yk = Crap + vg

The above manipulation shows that a linear stochastic system with partially
observed inputs (3.2.2)) can be transformed into a linear system with both known

inputs and unknown inputs.

3.3.2 Existence condition

In this subsection, the existence condition is established for a general, asymptoti-
cally stable and unbiased linear filter for system and hence for its equivalent
system, (3.2.1)) and (3.2.2)).

Motivated by the linear filter structure in the literature (e.g. [68]), a general
linear filter for discrete-time linear system is considered with the form

Tp1 = Ep@r + Jrug + Kip1Yrt1, (3.3.5)

where the gain matrices Fy, Ji and Ky, are to be designed. Based on (3.3.4) and
(3.3.5)), one can obtain the error dynamics €1 = Tg+1 — Tkt1:

ert1 = (Apzp + up + Fidp +wy) — (Ep2y + Jyug + Kip1yr+1)
= Erep — (Jp — I + Kj1Cpq1)up + (Ap — K1 Cr1 A — Ey) oy,
— (Kp1Ck1 Fi, — Fi) 0 + (I — K1 Cp1 )wi — K1 Vg4

To ensure the filter is unbiased, it is required that the filtering error is indepen-
dent of uy, xp and ;. In addition, it is expected that the error approaches to zero

as time k increases. Hence the existence condition for filter is given by:
(i) Ey is stable (i.e., any eigenvalue of Ej satisfies |A\(Ey)| < 1);

(il) B = A — Kj1Cp1 A

(ili) Kpy1Cp1Fr = Fis

(iv) Jp =1 — Kp41Chia-

For system ([3.2.1)) and (3.2.2)), however, the existence condition for system ((3.3.4])

should be expressed in terms of matrices Ay, Gi,Cr and Dy. To this end, a lemma

is first given.
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Lemma 1. For system and (3.2.3), one has

zI, — A, —Gy
rank( Chri1 O |)=rank( !
0 Dy,

ZIn — Ak —Fk

+ rank(DDT).
Cin o ) (DxDy,)

See the Appendix for proof. A condition for the existence of a general linear

filter for a dynamic system with partially observed inputs is provided.

Theorem 1. Suppose that both matrices D,{ and Gy have a full column-rank. Then
a sufficient condition for the existence of a general linear filter for system

and is given by:
rank(Igy1) =m (3.3.6)

and for all z € C (C is the field of complex numbers) such that |z| > 1:

zI, — A, —Gp
rank( Chri1 O |)=n+m. (3.3.7)
0 Dy,

Proof: It is noted that one can select matrices Ey = A — Kx11Cr11Ax and Ji, =
I — K;11Cky1 to ensure that condition parts (i) and (iv) are satisfied. Hence, the
focus is on condition parts (i) and (iii). It is first shown that (3.3.6) guarantees

there exists a matrix Ky, such that condition part (iii) holds. It is noted

Dy,
Cr+1Gr

OQkX(m—Qk) DkDg

| (3.3.8)
Cr1Grlor  Cr1GrDy,

[ #n DL ] =

Since [Fog, DZ] is invertible and II;y; has a full column-rank, one can obtain that
Cri11GrFor = Cri1Fy (see, Eq. (3.3.3) is also of full column-rank, i.e.

rank(Cyg+1Fr) = m — gx. (3.3.9)

Eq. (3.3.9) guarantees there exists a matrix Ky, q such that condition part (iii)
holds.

Next, since Ci11Fy has a full column-rank, there exists an invertible matrix
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Nj, € RP*P such that

NiCri1Fy =

Op—m+au)x (m-ar) ] ‘
Im_Qk

The general solution Kk-i—l of Kk+1ck+1Fk = Fk is given by Kk—i—l B [Fk,Fk]Nk,
where I'y, can be any matrix of suitable dimensions and is to be designed for the
gain matrix Kp41.

Now define Sy and Soi such that

[ Stk
Sar

Then from condition part (ii), one can obtain

= NyChoi1 Ay, (3.3.10)

Eyp = Ak — Kp1Cp1 Ay

S
e ] (3.3.11)
2k

= Ay — Fp.Sor — T'r.S1.

According to |79] (see, pp. 342), the existence condition part (i) holds if and
only if the following equivalent conditions holds:
(a) Ap — FpSap — 'Sy is stable for a matrix I'y;
(b) Sixn = 0 and (Ax — FSor)n = An for some constant A and vector n implies
A\l <1orn=0.

The condition (b) can be expressed in the following equivalent form for all z € C
and |z| > 1:
2l — A + FpSop,

=n. 3.3.12
- ) ( )

rank([
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The following identity, in conjunction with Lemma 1, shows that (3.3.12]) is satisfied:

I, — A —F L, O L, — Ay —F
rank( ‘ ¥ F ) = rank( ‘ ¥ F )
Cri1 O —Cry1 21 Crt1 @)
[ 2L, — A,  —F I, O I,— Ay —F
= rank( ‘ ¥ i ) = rank( ‘ ¥ F )
| Cr1Ar CrpiFy O Ni Crr1Ar  CrpaFy
zI, — A, —F zl, — A + FpSop,  —Fy
= rank( Sik @) ) = rank( S1k O )
| SQk Iquk 0] Iquk
21, — Ay + FL.S O
F Ro2k zl, — Ay + Fi.Sop
= rank( Sk @) ) = rank( ) +m — qg.
S1k
| o Y

Hence, Egs. (3.3.6) and (3.3.7) guarantee there exists a gain K41 such that: (a)
Ky 1Cxi1 Fy, = Fy; and (b) E. = A, — Kk+1ck+1Ak is stable.

Remarks:

(i) Eq. is the estimability condition for the filter developed in [3] for system
with partially observed inputs . From the proof of Theorem 1, it
also guarantees the unbiasedness of a general linear filter. In addition, Theorem 1
shows that to ensure the estimation error of a general linear filter is stable as time
k increases, a detectability condition needs to be met.

(ii) When condition (i)-(iv) is satisfied, the general linear filter is given by

Tpr1 = (A — Kp1Ck14k) 2k + (I — Kp1Crpr)uk + K1Yk (3.3.13)

(iii) The error dynamics of the above filter (3.3.13|) that satisfy condition (i)-(iv)

become
€k+1 = (Ak - Kk+1ck+1Ak)€k + [I — Kk+1ck+1, —Kk+1][wk,vk+1]T. (3.3.14)

3.3.3 Relationships with the existing filters

As mentioned earlier, system with partially observed inputs includes
two important scenarios as its special cases: (a) the complete input information
is available; and (b) no information on the input variables is available. In this
subsection, the developed existence condition in the previous subsection for partially
observed inputs is compared to the condition derived for the classical KF with

complete information on the inputs, and to that of the filter with unknown inputs.
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Theorem 2. The proposed existence condition for filter in Theorem 1 re-
duces to: (a): the existence condition of the classical KF when the complete informa-
tion on the inputs is available, i.e., Dy is invertible; and (b) the existence condition

of the filter with unknown inputs, i.e. Dy is an empty matrizc.

Proof: First, the case that matrix Dy is invertible is considered. It is clear that
(3.3.6) is satisfied due to the non-singularity of Dj. In addition,

zI, — A, —Gy zI, — A O
rank( Cri1 O |)=rank( Clrt1 o |)
0 Dk 0] Dk
I,— A
= rank( : g ) + rank(Dy D).
Cr+1

Since rank(Dg DY) = m, the existence condition (3.3.7) reduces to

I, — A
rank( © g )=n,Vzel,|z|>1

Crt1

which is the detectability condition of the classical KF (see, e.g. [74L|79]).
Next, the scenario where no information on the inputs dj is available is con-
sidered. Since matrix Dy reduces to a zero-by-zero empty matrix in this case, Eq.

(3.3.6) becomes
rank (Cr+1Gr) = m. (3.3.15)

In addition, Eq. (3.3.7)) reduces to

zI, — A Gp

)=n+m,Vz€C,|z| > 1. (3.3.16)
Cri1 )

rank(

Egs. (3.3.15))-(3.3.16)) are identical to the results for the filter with unknown inputs
[69]. This completes the proof.

Theorem [2| shows that the obtained existence condition is a more generic condi-
tion. In addition, comparing the existence condition and of the general
linear filter for systems with partially available inputs to the existence condi-
tion —, it can be seen that partial information on the unknown inputs
has relaxed the existence condition of a general linear filter. In other words, with
the information on the unknown inputs at an aggregate level , it is more likely
that the general linear filter exists.
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3.4 The filter with partially observed inputs

Now attention is paid on the filter proposed in [3| for linear stochastic systems
when the inputs are partially observed. Note that this filter was derived under
the Bayesian framework with the assumption that wg and v, follow a Gaussian
distribution, and J; has a noninformative prior distribution. The results of the filter

is summarized as below. Define

Dk _ ( Dk qux(n—m)> .
O(n—m)xm In—m

Let M, = [)kQ]:l. It is shown in [3] that for system (3.2.1) with the input data
available at an aggregate level (3.2.2)), if matrix II; has a full column-rank, then
the posterior distribution for z; at any time step k is a Gaussian distribution with

posterior mean Iy, and posterior covariance matrix Py, given by:

S = A1 k-1 + Pop ML (M- Py ML) 7!

! ) (3.4.1)
X Th—1 + Ki(yr — CrAp—1Z5—1)k-1),
and
Pye = Prjp—1 — Pii—1CFH; CriPrjjo—1 + [Froa
— Py CTH, OBy [FE L CTH, O Fy ] 71 (3.4.2)
X [Fy—1 — Py—1CF Hy O Fy1]7,
with

Ky, = Py—1CFH + [Fooy — Py CLH ' CuFy]

T T rr—1 -1 T T r7—1 (343)
X [kale Hk Cka_l] kalc’k Hk 5
where TE = [Tg, OT]T, Pk|k—1 = Ak—lpk‘—l\k—lAg_l +Q]<;_1 and Hk = C’kPk‘k_lC;f—l-

Ry > 0. Note that lb guarantees lb holds, and hence FkT_leTH,c_leFk_l

is invertible in the above equations.
Under the Bayesian framework, 2, was shown to be a minimum mean square
error (MMSE) estimate in [3]. However, no further properties of the filter were

explored. The dynamics of the state estimation error ey = xy — &y, will be derived.

Lemma 2. The estimation error ey = xp — Iy, of the filter — follows

the recursive equation
ex = (Ap—1 — KiCrAg_1)ex—1 + [I — KCr, — K] [wi—1, k)", (3.4.4)

where Ky, is given by —.
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Proof: Let W, 1 = Pk|k]\;_f,?71(Mk_lPk‘k_lMgfl)_l. The error dynamics of the

filter (3.4.1)-(3.4.3)) are given by

e = Ap—1Tp—1 + Gr1dk—1 + wr—1 — Ag—1Tp_1)k—1
— Wi17k—1 — Ki(yp — CrAr—1%—1jk—1)
= (Ap—1 — KiCrAp_1)ep—1 + (Gr—1 — K CrGr—1)dp—1
— Wiag—1 + (I — KxCp)wg—1 — Kgvg.

Noting that 7,1 = ]\ka,le,ldk,l, one can obtain

(Gr—1 — KiCrGr_1)dp—1 — Wi_1T—1
= [I — KxCr — Wi—1 My _1]G—1dp_1.

Inserting (3.4.2) and (| into ( , one can obtain (3.4.4)) by noting that I —

K,Cl, — W1 My = O. This completes the proof.

Lemma [2| shows that, for the gain K given in Eqgs. —, if Ap_1 —
K. CrA,_q is stable, the error of the developed filter in [3] will be stable as time k
increases. In addition, the estimation error shares the same structure as that
of (3 m, upon which one can conclude that the filter - falls into the
filter family with the generic linear structure .

Now the error covariance matrix Py, is considered.

(3.4.5)

Theorem 3. Let ﬁk‘k denote the error covariance matriz of any filter & (Yy) based
on the sequence of measurements Yy = {yo,y1, - ,yx}. Then for linear system
3.2.1) with partially observed inputs , one has Pk|k > Pk, where Py s

given by .

Proof: By definition, the conditional covariance matrix of the estimate Zj(Y}y) for
given Yy is
Py, = B[z — &1(Ye)l [ — 2(Y3)] T |Ye}-

It is easy to verify the following identity:

Py = E{[wr — &g + Epppe — (V)] [2k — Eppre + Epgre — 26(V)] T Vi)
= Py + E{[Zx — £V [Zrpe — 21 (Ya)]T Vi }
+ E{[xr — B [Erpe — 2 (V)T 1Ya} + E{[Ege — 1 (Yi)][zr — Ee] " Ve }-

Li [3] shows that the estimated state vector Zy; in (3.4.1) is the posterior mean
conditional on the sequence of measurements Y = {yo,y1,- - ,yx}. Hence, one has

E{xy|Yy} = p), and the last two terms on the right-hand side of the above equation
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vanish, i.e.
Py = P + E{ @, — 2] [Erpre — 26(Ye)] 7 [Ve}-

It is thus concluded that Pk|k attains the minimum if and only if the second term

of the right-hand side is equal to zero, i.e. #4(Y)) = ;. This completes the proof.

Theorem |3| shows that the filter given by Eqs. (3.4.1)-(3.4.3)) is optimal in the

sense of both MMSE and minimum covariance matrix. This result is not only
important in its own right but also useful in the subsequent asymptotic stability

analysis.

3.5 Asymptotic stability

In this section, the asymptotic stability of the filter developed in [3] for time-invariant
system ([3.2.1) and is discussed. Hence the subscript k of matrices Ay, Gy,
Cl, Dy, Qr and Ry, is suppressed.

Noting from Lemma [2| that the covariance matrix in can be re-written as

Py, = (A — KyCA)Py_q 1 (A — KxCA)T

3.5.1
+ (I — K,0)Q(I — Ki,O)T + K RK} . (35.1)

Under the condition given in Theorem [I] and in conjunction with Theorem [3] that
the covariance matrix of the filter given by — is optimal, it can be shown
that the covariance matrix Py, in is bounded for all k£ and for an arbitrary
bounded initial covariance Pyjg. On the basis of boundedness of Py;, and inspired

by the approaches in [72.,|79], one can further show the following result.

Theorem 4. If the condition in Theorem is satisfied and (A, Q%) is stabilizable,
then the covariance matriz Py of the filter filter - will converge to
a unique fized positive semi-definite matriz P for any given initial condition Fy.
Moreover, with the associated limiting gain matrices K, the time-invariant filter is
also stable, i.e. all the eigenvalues of A — KC A satisfy INA— KCA)| < 1.

The proof is given in Appendix

It is of interest to compare the asymptotic stability condition obtained with
partially observed inputs to the asymptotic stability conditions when the complete
information on the inputs is available and when the inputs are completely unknown.

This is investigated in the following theorem. It shows that Theorem 4 provides a
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unified approach to accommodating asymptotic stability conditions in a variety of

filtering scenarios.

Theorem 5. The asymptotic stability condition for the filter — in The-

orem 4 reduces to: (a): the asymptotic stability condition of the classical Kalman
filter when the complete information on the inputs is available, i.e. D 1is invertible;
and (b) the asymptotic stability condition of the filter with unknown inputs, i.e. D

18 an empty matrix.

Proof: First, one notes that when matrix D is invertible, the asymptotic stability
condition reduces to: (a) (A, C) is detectable; and (b) (A4, Q%) is stabilizable. These
are the asymptotic stability condition of the classical KF (see, e.g. [79]).

Next, when no information on the inputs is available, one knows from Theorem
2 that in Theoremreduces to . In addition, condition (A4, Q%) along
with R > 0 (and hence Rz > 0) can guarantee that the matrix below has a full

row-rank, i.e.,

A—e®lT G Q3 O
rank( o

e C O R2 (3.5.2)
=n+p,Yw € [0, 27].
Eqgs. (3.3.16) and (3.5.2) are identical to the asymptotic stability condition for the
filter with unknown inputs [69]. This completes the proof.

3.6 Extension to SISE

The problem of SISE for system (3.2.1) and (3.2.2]) is then considered. Bayesian

inference is drawn to obtain recursive estimates of both state variables z; and un-
known inputs & for system , upon which the estimate of the original input
vector dj, is obtained. The relationships between the proposed method and the rel-
evant existing filters are discussed. The diagram of the system and the proposed

filter structure is shown in Fig. [3.2

3.6.1 Filter design

It can be seen from Eq. that g, is a function of zy, and x; is related to
the unknown inputs dx_1. Hence the unknown input estimate of 0 is delayed by
one time unit [2]. The objective of filter design is to obtain the estimate of z; and
dk—1 based on the available measurement sequence Yy = {y1,¥2,...,yx}. For the

new system (3.3.4]), one can either solve the filtering problem based on the approach
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Figure 3.2. Diagram of the system and filter structure.

of minimum variance unbiased estimation (MVUE) (e.g. [2]) or Bayesian inference
(e.g. [3,/59,/78]). The Bayesian method is used which can be seen as an alternative
approach to that of [2].

In the context of Bayesian inference, the first step is to predict the dynamics of
xy, and d;_1 based on the available measurement sequence Y1 = {y1,y2, ..., Yx—1}-
Since it is not assumed that the unknown input vector dp satisfies any transi-
tion dynamics, prediction is only performed to determine the dynamics of xy, i.e.
p(zk|Yi—1). The likelihood function can be determined based on the observation
equation of system . The second step is to obtain the posterior distribution
of the concerned variables after the measurement vector y; is received based on

Bayes’ chain rule:

P(zk, 0k —1|Yk) o< p(yklzr)p(T, Op—1]Yi—1)- (3.6.1)

The main results on filtering design are summarised in Theorem [6]

Theorem 6. For state space model , suppose the matriz CypFy_1 has a full
column-rank, then the prior and posterior distribution for xp and 6_1 at any time

step k can be obtained sequentially as follows:

(i) Posterior of xy_1 for given Yi_1: xp—1 ~ N(:f;k_”k_l,PIf_l'k_l).
(ii) Prediction for xy:

N (&1, P ), with Tyjp—1 = Ap1@y-1jp—1 + M o,
Pk = Ak—lplf—uk—lAzq + Qk—1- (3.6.2)

(iii) Posterior of 0p_1 for given Yi: 6p_1 ~ N(0p—1, P,f|k).
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where the posterior mean is given by
Op_1 = k|k(Cka DTR (e — Crigpe—1)s (3.6.3)
and the posterior covariance matriz is given by
P,f‘k (FL CTR CpFi—1)7Y, (3.6.4)

while posterior of xy. for given Yy, is: xp ~ N (Zy, ka“g),

where the posterior mean is given by

Tk = Thpp—1 + P,ﬁk,lCZRgl(yk — CrZpii—1)

o1k T ’ (3.6.5)
+ (Fi = Py, Cp Ry, CF) 01,

and the posterior covariance matriz is given by

T x 1
Pk\k_PkUc 1 Ic|k: 1C R Cr Py k|k—1

+(F—1 — k|k—1Ck Rk Cka—l)( k\k;) (Fk—l - PﬁkquTR/;leFk—l)Ta
(3.6.6)

where Ry, = C,P? i CF+ Ry, OT in (x)A()" stands for the transpose of .

Proof From Eq. (3.6.1)), the posterior distribution p(z, dx—1|Y%) is governed by:

p(k, 6k—1|Ys) oc exp{—(yr, — Crar) "Ry, (yk — Crzy)

—(Tp = Tppp—1 — Fk715k71)T(P;f|k,1)71(93k = Tpph—1 — Fr—10k-1) }-

By completing the square on [z1, 6] |]7, the exponent can be rewritten as —([z7, 6} |]—

[xk|k’51{ 1])P;J;1()T7 where
Tk
Ok—1

CFRCp+ (Pl )™ =Pl y) P

_Flz—l(PIﬁk D FkT—l(Piﬁk D) P

CIR  yp + (P;ﬁk_l)_li”km_l

L (Pr. )l
k—1\"k|k—1 k|k—1

and
—1

Py =

This indicates that the posterior distribution is a Gaussian distribution with mean
[xk|k’ 5k 1] and covariance matrix Py,. When CyFy_1 is of full row-rank, based on
the inverse of partitioned matrix, one can obtain the recursive estimation of both
xy, and 01 as shown in Egs. (3.6.2)) to (3.6.6]).

So far, the state estimate iy, and estimate b1 for the transformed system
have been obtained. When F&,lqu =y is obtained, based on Eq. one
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can further obtain the estimate of the original unknown inputs di_; as follows:
CZk = (GgGk)fng(Mk_lfk + Mk‘lék(?k) .

It can be verified that the obtained unknown input estimate satisfies the un-
known input information Eq. (3.2.2)), i.e.,

Dydy, = 7. (3.6.7)

The proof is given in the Appendix
Remark: The proposed SISE filter can be seen as a Full Order Disturbance OB-
server (FODOB) since all the state information is required in derivation of the
disturbance estimates. Besides, from the results of ULF in [3] and the proposed
SISE filter, one can find that the existence of ULF can guarantee the existence of
SISE, consequently the existence results on ULF established in the first part of this
Chapter can guarantee the existence of SISE filter proposed in the second part of

this Chapter.

3.6.2 Relationships with the existing results

In this subsection, the relationships between the proposed approach and the rele-
vant results in the existing literature are investigated, which is summarized in the
Theorem [

Theorem 7. The set of recursive formulas (3.6.2) to (3.6.6) reduces to:

1. the classical Kalman filter when all entries of the input vector di are available;
2. the filter in [2] when no information on the unknown inputs dy, is available;
3. the filter in [3Jwhen only state estimation is concerned.

Proof:  For the case where all the input variables are available at the level of
interest, Dj becomes an m x m identity matrix, and FOYI; becomes an zero-by-zero

empty matrix. Consequently the last term on the right-hand-side of (3.6.5) and
(3.6.6)) vanishes, and ([3.6.5)) and (3.6.6|) reduces to

T _ pzT _ pz T rr—1 T
klk — Pk\k—l Pk|k—1Ck: Hy, CkPk|k—1-
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Since M,;_llfk_l = Gp_1di_1, Eq. 1' becomes

Trip = Ap-1Z—1)k—1 + Gr—1dk—1
Py CFH (g — Op(Apa@ i1 + Gro1di—1))-

Clearly, these recursive formulas are identical to the classical Kalman filter [74].
Next, consider the case where no input information is available. Clearly 7 is an

empty vector, Fj, becomes Gy, and 6 = di. Hence, Eq. (3.6.6]) reduces to

T T pz 1
klk = T klk—1 " k:|k 1CkR Cr Py k|k—1
+[Gk_ k:\lc 1OIZH 1Cka 1] k|k[G k:\lc 1C;?H Cka 1]

and the unknown input covariance matrix becomes
k|k = (GE_ | CFR'CyGpq) ™
In addition, Eq. becomes
Tpp = Thjp—1 + P,ijk_lc‘,?ﬁgl(yk — Cr@pp—1) + (G — P;;ﬁk_lckTR;ZICka)gkq
and the unknown input estimation Eq. becomes

Op_1 = P;f‘k(Cka—l)TRI;I(yk — CrZpjp—1)-

These recursive formulas are identical to: (a) the results in [67] when only state
filtering is of interest; and (b) the results in [2] for both unknown input and state
estimation obtained using the approach of minimum variance unbiased estimation.

Finally, if only state estimation is concerned, the proposed method leads to the
same results as those in [3] To show this, it is noted that the state estimation error
covariance matrix Eq is the same as the one in [3]|. In addition, inserting

Eqs. (3.6.3) and (3.6.4]) into Eq -, Eq. - can be rewritten in the following

form:

Tk = Trpp—1 + Kr(yx — Crgp—1)

where the gain matrix K}, is defined as

Ky, = Pl O R + +[Fpy — Py CF Ry CRFa)(P) T FE L CE R
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It can be further shown that (see Appendix for details)
M Py — KpCu M 1 = P ML (Mg Py ML)y (3.6.8)

where the left hand side of Eq. (3.6.8)) is the term associated with the prior infor-
mation of the proposed filter, whereas the right hand side of Eq. (3.6.8) is the term

associated with the prior information of the filter in [3]. This completes the proof.

3.7 Simulation study

In this section, a numerical example is given to illustrate the developed filter. First,
it will be shown that, when only state estimation is of interest, the proposed filter
can obtain the same result as that of [3]. Next it is further demonstrated that incor-
porating the partially available information on the unknown inputs can effectively
improve on both state estimation and unknown input estimation in comparison with
the one without using the unknown input knowledge [2].

The system for the simulation is chosen the same as that of [80] that has been
widely used in many previous studies (see, e.g., [71]). However, to better assess the
performance of the proposed filter under uncertainties, a system subject to larger
random variation is considered: the covariance matrices (Q; and Ry of the system
and measurement noises were taken 10 times as those of [71]. The detailed matrices

are given as follows.

05 2 0 0 0 10 0
0 02 1 0 1 00 0
Ay=1 0 0 03 1 |,Gk=|01 0 |,
0 0 07 1 00 0
0 0 01 0 0 01 |
1 0 0 0 0] 1 0 0 05 0 |
0 05 0 0 0 1 0 0 03
Qr=102x]0 05 1 0 0],R=10"1x 0 1 0 ,
0 10 05 0 0 1 0
[0 0 0 1| 0 030 0 1 |

and Cy = I5 is a 5 x b identity matrix. Qp and Rj are the input and sensor noise
covariance matrices respectively.
To investigate the effect of partial information of unknown inputs on state fil-

tering performance, it is further assumed that the unknown input variables are
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observed at an aggregate level with

101
Dy, = :
[011]

For the input vector di = [dyx, dok, d3i]”, this means that the information on dyy +
dsi and doi + ds is available at each time step although each individual input is
unknown.

The recursive formulas are applied to estimate the state and unknown input
vectors at each time step. To evaluate the quality of the state estimate and unknown
input estimate obtained using the developed filter, one can calculate the trace of
the error covariance matrix Pg‘" . and the trace of the error covariance matrix P]f| k
at each time step, as displayed in Fig. (a) and Fig. (b) (real red line),
respectively. For comparison, the state estimation algorithms using the filter in [3]
(only state estimation is concerned) and [2] (assuming the inputs were completely
unknown) are also considered. The traces of P]f‘ , are superimposed in Fig. (a)
(dotted line for [3] and dashed line for [2]), and the trace of P,f| ., is superimposed in
Fig. 3.3 (b) (dashed line for [2]).

0.6 15
-------- Li (2013) ® Proposed
§ Proposed e o Gilliins-De Moor(2007)
K] e Gillijns-De Moor (2007) 8
S 0.4 g 10
Q =]
t et
S 5
@ @
S 0.2} “ao: 5
= =
- - - - 0
00 100 200 300 400 500 0 100 200 300 400 500
(a) time (b) time

Figure 3.3. (a) Traces of the covariance matrix P, for three different filters;

(b) Traces of the covariance matrix P,f‘ . for the proposed approach and the
filter in [2].

It can be seen from Fig. [3.3|(a) that the trace of state estimation error covariance
using the proposed filter is the same as that of [3]. Both the method in [3] and the
proposed method have a smaller trace of the covariance matrix than that of [2].

In addition, Fig. (b) shows that the trace of the error covariance matrix
of the unknown input estimate using the proposed filter is smaller in comparison
with that of [2]. This is because more information on the unknown inputs was used
by the filter developed. This demonstrates that when the unknown inputs are of

practical interest, the proposed method will have a better performance than [2] if
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there is additional information available on the unknown inputs for filtering.

The state estimates obtained using the three filters are also compared, i.e., the
filter in 3] (Fig. [3.4), the proposed filter (Fig. and the filter in [2| (Fig. [3.6).
The upper graphs of Figs. display the simulated true values of the fifth state
variable (real line) and the estimated state using the filters (dotted line), while the
lower graphs plot the corresponding state estimation error for each filter.

It can be seen from Figs. [3.443.6] that the three methods can provide a reasonably
good estimate of the state vector. However, overall the state estimation errors using
the proposed filter and the filter in [3] are smaller compared with that of [2] because
the additional unknown input information was incorporated into the proposed filter
and that of [3].
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time
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Figure 3.4. State estimation of the filter in 3] and its estimation error.
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Figure 3.5. State estimation of the proposed filter and its estimation error.



Section 3.8. Summary

43
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Figure 3.6. State estimation of the filter in |2] and its estimation error.

Finally, the proposed method is further compared with the results in |2] for the

purpose of unknown inputs estimation. The comparison results are shown in Fig.
(the proposed method) and Fig. (the method in [2]), where real unknown

inputs are depicted by real lines, and the unknown input estimations are depicted

by the dotted lines.

~
—
©

d3k

Figure 3.7. Unknown input estimation based on the proposed filter.
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time

time
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One can see from Figs. and [3.§ that, by incorporating the information on

the unknown inputs, the proposed method can obtain a much better performance

for the unknown input estimation.

3.8 Summary

This Chapter first established existence and asymptotic stability conditions for the

recently developed filter with partially observed inputs in . The obtained existence
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Figure 3.8. Unknown input estimation based on the filter in .

and asymptotic stability conditions provide a unified approach to accommodating
a variety of filtering scenarios as its special cases, including the important Kalman
filter and the unknown input filtering problems. On this basis, Bayesian inference is
drawn to obtain simultaneous input and state estimation. The relationships of the
proposed approach with the existing results are also discussed. Numerical example
shows that, in comparison with the filter without using any input information, the
proposed filter that makes use of the input information available at an aggregate

level can substantially improve on the quality of both the state and input estimation.



Chapter 4

RODOB: WITH DISTURBANCE
MODEL

4.1 Introduction

In Chapter [3| the problem of state filter in the presence of unknown inputs was
considered. On this basis, the problem of simultaneous input and state filter was
further considered, where no explicit assumption is made on the unknown inputs. In
this Chapter the unknown input estimation problem is considered, where a slowly
time-varying disturbance assumption is assumed. The contribution of this Chapter
is illustrated in Fig.

With disturbance model

Discrete-time linear systems Discrete-time linear systems

Reduced order

with unknown inputs: with unknown inputs:
(Chang, 2006) (Kim&Rew, 2013)
* Input and state filter * input and state filter

Is it possible to unify
these two results with
easy-to-check
existence condition?

Reduced order disturbance observer:
with disturbance model.
Easy-to-check existence condition.

Figure 4.1. Illustration of the relationship between this Chapter with the
existing results.

Different from the second part of Chapter (3| in this Chapter the focus is on
reduced order disturbance observer (RODOB) design. Practically, there are three

major reasons why a RODOB is needed. Firstly, in areas such as fault diagnosis, an

45
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estimate of the entire states may not be necessary for the purpose of fault estimation
[61]. Secondly, there are some practical scenarios where disturbance estimation
is required even if the states are not fully estimable [81]. Finally, when a fast
disturbance estimate is required, DOBs with a smaller order are more desirable [1].

The conventional DOBs assume that all the system states are estimable or even
directly measurable, and consequently the disturbance estimation is dependent on
the estimated system states. For example, the researchers in 1] proposed a DOB by
treating the disturbances as additional states and estimating them using a deadbeat
function observer [82] under the assumption that the augmented systems are com-
pletely observable and the disturbances can be approximated by known transition
dynamics. A proportional integral observer was used in [58] for simultaneous esti-
mation of system states and unknown disturbances under the slowly time-varying
disturbances and state observability assumptions. On the other hand, to relax the
assumption on disturbances and incorporate noise information for stochastic sys-
tems, the authors in [2] proposed a simultaneous state and disturbance observer on
the basis of [69] using the minimum-variance-unbiased-estimation (MVUE) method.
The assumption that the states are fully estimable inevitably restricts the applica-
tions of the FODOs. An important earlier work of RODOB can be traced back
to [61] where the concept of state function observer based on the Lyapunov ap-
proach was investigated for continuous-time systems. Recently, a RODOB has been
proposed in [57] by combining a state function estimator of minimal order and a full
measurable state based DOB [4]. The existence condition in [4], however, involves a
static output feedback problem, for which the general solvability is not known yet.
It also depends on an assumption that the disturbances are slowly time-varying.

Consequently, the RODOB design is further improved by being formulated as
a state functional observer problem. By carefully designing the state functional
matrix L in the functional observer theory, a generic RODOB is resulted with an
easily-checked existence condition. It is also shown that both the RODOB in [4]
and the full order disturbance observer (FODOB) in [58] are special cases of the
new RODOB.

4.2 Existing results

Motivated by the applications in disturbance rejection control and fault diagnosis,
a discrete-time FODOB was proposed in [58]. To reduce the observer order and
relax the existence condition, a RODOB was proposed in [57] to reconstruct dis-

turbances/faults with a minimal observer order for continuous-time linear systems.
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Recently, this work has been extended to the case of discrete-time linear systems
in [4]. The discrete-time linear system under consideration (the matrix notations

are directly borrowed from [4]) is

{ Tt1 = Pxg + [up + Gdy, (4 9 1)

Yk = ka,

where z;, € R™, u;, € R™, di, € R? and y; € R are the states, control inputs,
disturbances and measurements at k' step, respectively. G is supposed to have
a full column-rank, i.e., rank(G) = ¢. The disturbances dj are assumed to be

unknown but slowly time-varying, i.e., the following assumption is assumed:
di , =di,+Adj (4.2.2)

with dy .= [d},, -+, d}]T, |Ad) | = |d},, —dj| < Tp; where T is the sampling time,
1; is a small positive value. In practical application, if u; is not small enough, the
disturbance estimate performance may not satisfy the specification.
Define N, := (I, — CTC) with C* being the Moore-Penrose pseudo-inverse of
C' and define H, as
He::[ KN, ]_ [Hl
K(®—1I,)N,

with K being a deigned gain matrix, H; € R?*" H, € R™>*" VT ¢ R"™" with
h =rank(He).
Defining 1, := V7 z; € R", the RODOB constructed in [4] is given by

Eer1 = RE, + Sy + Wouy, + Wady,

Mk = &k + Qur,

Zh1 = 2k + K{(@ — L,)Cryp + Dug} + KGdy, + Hafig,
dy, = KCFyy, — 21, + Hyiy,

(4.2.3)

where 2, € R? and &, € R?, W, = (VT —QC)I", Wy = (VT —QC)G for the matrices
S, Q, R satisfying

VT —QC)yd — R(VT —QC) - SC =o. (4.2.4)

Denoting the disturbance estimation error and the state function estimation error as

e = dp — cfk and €, = 1 — M, respectively, the composite error dynamic consisting
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of both state function 7 and disturbance dj, estimation errors is given by [4]

€k+1 €L I
€k+1 €k

where the composite error matrix A, is defined as

Adji1
Oh><1

— A,

Y

A, =

I, - KG+ H,(VT —QC\G H{R- H; — H
[ g + Hi( @C) ! o ] . (4.2.5)

VT - QC)G R

As pointed out by [4], the existence of a stable RODOB in (4.2.3) depends on

whether there exists a gain K and other design parameters such that: (i). the
Sylvester equation (4.2.4]) holds; (ii). matrix A, in (4.2.5) is asymptotically stable

(i.e., the amplitudes of its eigenvalues are less than 1). Condition (i) is implied by

the matrix rank equality

C
A
rank( ! ) =rank(Zy) ,Z1 :=rank( | CP |). (4.2.6)
vie T

However, condition (ii) is not easy to check directly. The existence problem is
related to a static output feedback problem. As pointed out in [57] and [4], although
numerical solutions are available, the general solvability of the static output feedback
is not known.

To further develop this promising approach, this note improves the results in [4]
by presenting a generic RODOB with an easily-checked existence condition.The dis-
turbance observer design is transformed into a problem of state functional observer
(SFO) design (see, |83,184], etc.). This is achieved by first augmenting the distur-
bances with the state and then carefully designing the state functional matrix L.
Consequently a generic RODOB is resulted with the necessary and sufficient exis-
tence condition. A promising feature of the new RODOB is that the corresponding
existence condition is easy to check. On this basis, the relationship between the new
RODOB with the RODOB in [4] and the FODOB in [58] is investigated in terms of

the observer structure and existence condition.

4.3 RODOB design with SFO techniques

SFO firstly introduced in [23] received much attention in the field of control (see,

[83,184]) due to its properties such as lower observer order. Its existence condition
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has been rigorously established in [83]. However, less attention has been paid on its

applications in disturbance or fault estimation.

4.3.1 Observer design

Combining systems (4.2.1)) and (4.2.2), and defining 7), = [95;{, df]T, an augmented
system can be obtained as

(4.3.1)

{ Tr+1 = ATy + Ty, + Ady,
Yk = éi’ka

where the gain matrices and Adj, are given as follows:

_ (0] G _ I

A = ) = )
Onxq Iq Oan

= - On><1

C=[C Ony | 0di= Ady

Remark 1: For the case where the measurement outputs are also subjected to
disturbances, i.e., yr = Cx + Gadg, this approach is also applicable by choosing
C = { C Gy }

To obtain the disturbance estimate, the state function matrix L in [83] is chosen

with a special structure:
Lo Opyy
Ogxn Iy

L= (4.3.2)

The design of Ly € RA*™ with full row-rank will be discussed in Section m
Define
v = LTy, with dp = [qun, Iq]vk, (4.3.3)

which is the state function to be estimated.

The problem of disturbance observer design is now transformed into the problem
of state functional observer design for system with state function vy in
to be estimated.

According to [83] and [84], the disturbance observer dj, along with the state

functional observer ¥y, takes the following form

wit1 = Nwg + Jyr + Huy,
U = Bwi + Eyg, (4.3.4)
i = [Ogxn I)0p.
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Define an intermediate error y, = PZ, — wy with P being an intermediate

matrix, its dynamics is given by
Xk+1 = Nxx + (Pf_l — NP — JC’):ik + (P]:' — H)ug + PAd;,. (4.3.5)
The state function estimation error e, = v — U3 can be written as
ex = Bxi + (L — EC — BP)xy, (4.3.6)
from which one can obtain e; — 0 as k — oo for any Zj if and only if the following
two conditions hold:
(i) xx > 0ask — o0 ;

(i) L—EC—-BP=0

For any invertible B, the aforementioned condition (ii) is implied by choosing P as
P=B"'L-BEC. (4.3.7)

Ignoring the term PAdjy, as it does not affect the analysis, (4.3.5)) implies that
Xt — 0 as k — oo if and only if the following condition holds

(a) PA— NP — JC = O (Sylvester equation);
(b) PI' - H = 0;
(c) N is asymptotically stable.

Choosing P according to with any invertible B and H according to Con-
dition (b), then the existence condition reduces to condition (c¢) N being asymptot-
ically stable under the constraint Sylvester equation condition (a). The existence
condition in the form of easily-checked matrix rank equalities has been rigorously
established in [83] with B = I and later in [84] with B being any invertible matrix,

summarized in Theorem [&

Theorem 8. There exists a stable generic RODOB given by for system
if and only if the following condition holds:

i) the matriz rank equality holds:

Lo®
Co Co
rank( c )=rank(| C |), (4.3.8)
L
Lo ’
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it) Vs € C with Re(s) > 1,

[ sLo— Le® —LoG | o
O, xn sl, — 1
rank 7 1 7 = rank C +q. 4.3.9
( o oo ) ( ¢ ) (4.3.9)
0
L C Ol><q

Proof: The existence condition is established by substituting the chosen state
function gain matrix and the definition of the variables to be estimated as
in into the existence conditions in Lemmas 1 and 2 of [83] and Theorem 3
of [84]. After a number of manipulations, and are resulted.

4.3.2 Relationships with the existing results

In this section, the relationship of the RODOB designed with the SFO technique with
the existing disturbance observers is investigated including the RODOB proposed
in [4] and FODOB proposed in [58].

Relationship with RODOB [4]

Inserting 7 of |D into cik yields
dy = KCtyp, — 2 + Hi (& + Qu).- (4.3.10)

Combing 7, of (4.2.3)) with (4.3.10]), one can obtain

e | | I Onxq &k N Q y

~ - k'

dy, H I 2k KCt + HiQ (4.3.11)
Vg B Wi E

Substituting the dynamics of 7 and di, in (4.3.11) into that of & and z; in
(4.2.3)), a compatible form with SFO based RODOB (4.3.4]) for & and z is given

by
Eht1 _ R+ WqH,; - Wy &k
Zk+1 KGHy+H, I-KG 2k
N—— SN——
Wkt N Wk (4.3.12)
S+ Wy(KC* + HiQ) u
Yk Ul
KG(KCT 4+ H\Q) + K(¢ — I,)CT + HyQ KT
——

J H
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which means the RODOB (4.2.3]) proposed in [4] is a special case of the proposed
RODOB with Lo = V7 in and B in a special form as in (4.3.11)). All
the other corresponding matrices are defined in (4.3.11)) and (4.3.12)).

It shall be noticed that the existence condition in Theorem [8|is actually
the same as condition (i) (4.2.6) of [4] with Ly = V. However, condition

with Ly = V7T in Theorem [§] is a matrix rank equality, which is much easier to

check than that of [4] (i.e., no general solvability for the existence of a static output

feedback).

Relationship with FODOB [58]

An observer simultaneously estimating full states and disturbances was proposed

in [58] for system (4.2.1]), given by

{ ik-ﬁ-l = @i’k + Fuk + Ll(yk — Ci‘k) + GdAk, (4 3 13)

i1 = di, + La(yp — Ciy).

One can put (4.3.13]) into an equivalent form to have a compatible structure with
the generic RODOB (4.3.4)).

Tht1 ®—L1C G Ty Ly r
. = |t Yk + Uk,
dk+1 —LQC I dk L2 qum
N—— —— N — N——
Wi+1 N W J H
Ok = Intqwk + Onyqyxt Yks dic = [Ogxns L]0k
~ SN——
\ B E

which means the FODOB proposed in [58] is a special case of the proposed RODOB
with Lo = I, and so L = I, ¢,.

In addition, with Ly = I,, the existence condition in Theorem |1| always
holds and the condition reduces to Vs € C' with Re(s) > 1,

sl, — & -G
rank(| Ogxn sly—1, |)=n+gq,
C Oqu

which is equivalent to that of [58].

4.3.3 Design process of the generic RODOB

The design of the generic RODOB using the SFO technique starts from choosing L

to satisfy the existence conditions in Theorem |8} In practice, an observer with small
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order may be more desirable. So the selection of Ly could start with a low order and
then increase the order until the conditions in Theorem [ are satisfied. This could
make sure a disturbance observer with a minimal order is designed. Then a similar
design procedure as [83] (except B = I in [83]) can be followed as summarized below
for the sake of completeness:

Form the state functional matrix L according to and choose an invertible

matrix B. Then define matrices F and M as

_ _ CAL*B
F =B 'LAL*B—- B 'LAN; Xt | . \

CL™B

n CAL'B
M=1[]-XXT] _ ,
CL™B
CANy, _ , :
where Y = on , L™ is the Moore-Pensrose pseudo-inverse inverse of the
L

matrix L, given by LT = LT(LTL)~! due to L being of full-row rank, Nj = (I —
L*L). Then the matrix N can be calculated by any pole placement procedure for
the pair (F, M) as

N=F-7ZM, (4.3.14)

where Z is the matrix obtained from the pole placement of the pair (F, M). The
observability of the pair (F, M) is guaranteed by the condition (4.3.9).
Then one can further obtain gain matrices J and E based on the following

relationship
[B7'E J—-NB™'E| =B lLAN, X" + Z[I - X X7].
Finally the matrix H is obtained by

H=(B~'L-B'EC)I.

Remark 2: From (4.3.5) and (4.3.6), one can obtain e, = BNB e, + BPAdy,
which means the convergence rate of disturbance observer is determined by the
eigenvalues of N. From (4.3.14)), the relationship between convergence rate with

gain matrices has been established in the proposed approach.
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4.4 Simulation study

In this section, a numerical example in [4] and [58] with two different types of
disturbances will be used to verify the effectiveness of the proposed disturbance
observer in estimating slowly time-varying disturbances and also its limitation in

estimating fast time-varying disturbances.
The system matrices in (4.2.1]) are given by

[ 0.9630 0.0181 0.0187 0.0996 0.0213
&= 0.1808 0.8195 —0.0514 |, G = | 0.0050 0.1277 |,
| —0.1116 0.0344  0.9586 0.1510 0.0406
1 0 -1
C = . T=0.
11 1

Ly is “chosen as Lo = [0 0 1] such that the existence condition of RODOB
is satisfied, which means the third state is required to be estimated to obtain
disturbance estimate. The eigenvalues for matrix IV in are designed as
p1 = 0.5;p2 = 0.55;p3 = 0.6, based on which the rest matrices can be calcu-
lated. The initial states for system dynamics and observer dynamics are selected as
xo = [0;1;0] and wy = [0;0;0] respectively. The slowly time-varying disturbances
and fast time-varying disturbances are considered respectively as follows.

Case 1: slowly time-varying disturbances First consider slowly time-varying

disturbance estimation. The disturbances under consideration are given by
di(k) = 0.3 % sin(0.05k) + 2; da(k) = 0.2 % cos(0.05k) + 2.

The simulation results for di, do and x3 estimates are shown in Figs. and

8 2 8 2t
c ‘%
§ Oz £ 1
3 -2  of-
a [a) N ‘ ‘
-40 40 80 120 160 0 50 100 150
Time (step) Time (step)
4 : 2
g S ol
= 0 b 0
-2 -1
-4 . . . 2 . . .
0 40 80 120 160 0 40 . 80 120 160
Time (step) Time (step)

Figure 4.2. Slowly time-varying disturbance estimation: left figure (d, ); right
figure (ds).

One can see from Figs. [4.2]and that the proposed reduced order disturbance

observer can effectively estimate slow-varying disturbance with very small estimation
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Figure 4.3. State x3 estimate under slowly time-varying disturbances (left)
and fast time-varying disturbance (right).

erTors.
Case 2: fast time-varying disturbances The fast time-varying disturbance es-

timation is then considered. The disturbances under consideration are given by
dy (k) = 0.3 % sin(0.5k) + 2; do(k) = 0.2 x cos(0.5k) + 2.

The simulation results for di, do and z3 estimates are shown in Figs. and
(the right hand figure)

g2 g2
g 0 8 1
2 2f —Disturbance|] 2 ol
[ T Estimate =)
_40 40 80 120 160 _lO 40 80 120 160
Time (step) Time (step)
4 ‘ ‘ ‘ 2
: —/\/\A/\/\/\/\/\/\/\ i
5 I 8ol
g ° 50
-2 1 -1
-4 . L . 2 . .
0 40 80 120 160 0 40 80 120 160
Time (step) Time (step)

Figure 4.4. fast time-varying disturbance estimation: d; (left); dy (right).

One can see from Figs. [f.4]and [4.3]that the proposed RODOB may result in large
estimation error for disturbance with fast time-varying dynamic. And this motivates

the research in Chapter[3, i.e., RODOB design with no disturbance model.
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4.5 Summary

In this Chapter, the state functional observer technique is applied to reduced-order
disturbance observer design by augmenting the disturbances as additional states and
carefully selecting the state function matrix L. As a result, the existence condition
of a fixed order disturbance observer is represented in the forms of two easily-checked
matrix rank equalities. It is also shown that both the RODOB in |4] and FODOB
in [58] are special cases of the generic RODOB discussed in this Chapter.



Chapter 5

RODOB: WITHOUT
DISTURBANCE MODEL

5.1 Introduction

In Chapter[d, RODOB algorithm was designed for discrete-time linear systems where
the disturbances are assumed to be slowly time-varying. In the simulation study (see,
Section [4.4)), one can observe that the RODOB with slowly time-varying disturbance
assumption may result in poor disturbance estimation performance for systems with
fast time-varying disturbances such as periodic disturbances among many others.
In this Chapter, another RODOB is designed, which can remove the slowly time-
varying disturbance assumption and consequently can obtain a better disturbance
estimation performance for fast time-varying disturbance. The motivations and the

relationship with the existing results are illustrated in Fig.

FODOB without RODOB with
disturbance model disturbance model
(Gillijns&De Moor, 2007) (Chapter 4)
Reduced Improve performance
order for generic disturbances

RODOB: without
disturbance model.

Figure 5.1. Illustration of the motivations and the relationship with the
existing results.

The RODOB design for discrete-time linear stochastic systems is investigated
without imposing any assumption on the disturbance dynamics. Compared with
the existing FODOs, a simpler criterion for the existence of RODOB is developed

and the full state estimability condition is removed. Compared with the existing

57
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RODOB (e.g., the RODOB in Chapter , the RODOB in the Chapter does not
make any assumption on disturbance dynamics. Hence it extends the applicability

of the existing results in [24|3,8,/69] to a much wider application area.

5.2 Problem statement

Consider a discrete-time linear stochastic system in the presence of disturbances
[2,3,/69] as follows:

T, = Az + Gd, + w

{ k+1 k bW (5.2.1)

yr = Cxp + v

where 2y = [T1, ..., Tka)T € R™ is the state vector, di = [dg1,...,dgm]T € R™ is
a vector of the lumped unknown disturbances, and y; € RP is the measurement
vector at each time step k with p > m and n > m. The process noise w, € R”
and measurement noise vy € RP are assumed to be mutually independent, and
each follows a Gaussian distribution with a zero-mean vector and known covariance
matrix, Q = E[wkwg] > 0 and Ry, = E[vkvg] > 0 respectively. In addition, A, G
and C are known matrices, where G is supposed to have a full column-rank [69], [8].

In general, the objective of a DO is to estimate the disturbance vector dj based
on the measurement output y; and model . This Chapter, however, focuses
on the design of RODOB, aiming to: (a) remove the assumptions of the full state es-
timability and assumption on the disturbance dynamics; (b) increase the estimation

speed with a lower observer order.

5.3 Reduced-order disturbance observer

In this section, an existence condition of a general RODOB for system is
first established when the full state vector is not estimable. This is undertaken
based on the fact that one can still estimate the disturbances using the information
of the estimable part of the state vector [4], [81]. To this end, a reduced-order
state function observer is used for disturbance estimation. Then on the basis of the

existence condition, a set of recursive formulae are derived for the RODOB.

5.3.1 Existence condition

Define .Z = {l|Al = Xl and Cl = 0, with [ € R™ and X is a scalar} to be a set
of eigenvectors of A that are orthogonal to CT. Suppose there are in total ng
linearly independent vectors in .. Now, let l1,ls,--- ,l,, denote any of n; linearly

independent vectors in % and let LT = [l1,l2,---,l,,] be an n x n; matrix. In
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addition, define T to be an (n — ni) x n matrix such that 77 is an orthogonal
compliment of matrix LT satisfying TLT = O.

Let z = Tzp. Then the dynamics of z; are

2pr1 = Ty = T Az, + TGdy + Twy,
=TAT 2z, + TA(I — T+T)xk + TGdy, + Twy,

Noting that L™ = LT(LL")~! and each column of matrix L is an eigenvector of A
that is orthogonal to T, one has TALTL = TALT(LLT)~'L = O. Hence, one can
obtain

Zk+1 = TATJer + TGdy, + Twy,. (531)

In addition, noting that CLT = O, a similar argument can be applied to the
measurement equation of (5.2.1)), yielding

yp = CAT 211 + CGdj_1 + Cwp—_1 + vp. (5.3.2)

For the scenario that zj is not fully estimable. dj will be estimated based on

and (£33)

First, motivated by the linear filter structure in [2], a general DO structure for
system ([5.3.1) and (5.3.2) is designed as

{ Zpt1 = Epip + K1 Yi+ (5.3.3)

dy = Jiy1(Yrr1 — N2g)

where the matrices Fy, Ki11, Jy+1 and N are to be designed (and as it will be shown
later, the matrix N is time-invariant).
Based on (5.3.1)-(5.3.3)), one can obtain the dynamics of the state function esti-

mation error, ex11 = 2g+1 — Zk+1, s

€kt+1 = TAT+Zk + TGdy, + Twy, — (Ekﬁk + Kk+1yk+1)
= Eper + (TAT+ — Kk+1CAT+ — Ey)z + (TG (5.3.4)
— Kp1CG)dy + (T — K1 C)wy, — Kpy 1041

The disturbance estimation is governed by

di = Jyps1 (CAT 2z, + CGdy, + Cwy, + vy — N2
= Jk+1N€k + Jk+1(CAT+ — N)Zk (535)
+ S 1CGdy, + Jpy1(Cwp, + Vpg1)-
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First focus on . To ensure an unbiased disturbance estimate, cfk must be
independent of the term zj, and matrix Jx11 has to satisfy Jx11CG = I. In addition,
for 1} it is noted that the effect of e; on cZk should disappear as k increases, and
hence it is required that the filtering error e in is independent of z; and dj.
Moreover, the error e; should also approach to zero as time k increases, i.e., Fj is a
stable matrix. Therefore the existence condition for RODOB is summarized

as follows:
(i) E is stable (i.e., all the eigenvalues of E} satisfy |\(Ey)| < 1);
(il) By = TAT* — Ky CAT,

(i) Kx41CG =TG;

(iv) N=CAT™;

(V) Jk+1CG =1.

For system (5.2.1)) with disturbance observer (5.3.3), however, the existence
condition should be expressed in terms of matrices A, G,C and T. A condition for
the existence of a general linear DOB is provided ((5.3.3]).

Theorem 9. Suppose G has a full column-rank. A sufficient condition for the

existence of a general RODOB for system is that
rank(CG) = m, (5.3.6)

and the matriz

z2l,, —TAT* —TG
pP= (5.3.7)
CAT* CG

has a full column-rank for all z € C such that |z| > 1.

Proof: First, one can select Ej based on condition part (ii) as
Ep =TAT" — Kx 1CATT (5.3.8)

and N = CAT™ based on condition part (iv). Jx41 can be further chosen such that
Jr+1CG = I since C'G has a full column rank. In addition, one can obtain from [67]
that condition ([5.3.6)) guarantees there exists a matrix K1 such that condition part

(iii) holds. Hence, one only has to focus on condition part (i) with the constraint on
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Kj1 given by condition part (iii). Since CG has a full column-rank, there exists

an invertible matrix M € RP*P [8] such that

MCG =

O(p—m) xm |
Im

From (iii), the general solution Kj;1 can be expressed as:
Ki1 = [T, TGIM, (5.3.9)

where I'y can be any matrix with suitable dimension and is to be designed for the

gain matrix Kyy1. Define S7 and Sy as

S1

Sa

] = MCAT™.

Inserting ([5.3.9)) into ([5.3.8) gives

Ej, = TATT — K\ CAT+ = TAT+ — [T, TG]MCAT+

S1

= TAT+ — [T, TG] = TAT+ — TGSy — T;S1.

Sa

According to [79] (pp. 342), existence condition part (i) holds if and only if either
one of the equivalent conditions holds:

(a) TAT* — TGSy — T'y.Sy is stable for a matrix T'y;

(b) S1n =0 and (TAT*T — TGS3)n = A for some constant A and vector n implies
A\l <1orn=0.

Condition (b) can equivalently be expressed as:

oI, — TAT* + TGS, )
=N y
S, ! (5.3.10)
Vz e C,|z| > 1.

rank(

The following identity shows that (5.3.10]) is satisfied if condition (/5.3.7]) holds:
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21, — TAT* —TG
rank( )
CAT™ CG
| T Om | [ I - TATT —TG :
L Oanl M CAT+ CG
] oI, —TAT*  —TG
w| 2 TAT+ -TG ) K < o )
=ran =ran —m)xm
MCAT+  MCG ' (pm)x
- Sg I,
2l —TATT + TGSy Opixm
= Tank:( Sl O(p—m)xm )
L On1 xm Im
[ 21, — TATT + TGS,
= rank( S )+ m.
L 1

Therefore, Egs. (5.3.6) and (5.3.7) guarantee there exists a gain matrix Ky, such
that: (a) Ky 1CG =TG; and (b) Ey, = TATT — K 1CATT is stable. O

5.3.2 Condition relaxation

It is of particular interest to compare the proposed RODOB with the conventional
FODOs. Apart from the fact that the proposed RODOB is a lower-order filter, The
existence condition of RODOB can be more easily satisfied than that of FODOs, as
shown in Theorem

Theorem 10. If the existence condition of FODOs (see, [69], [8]) holds for a system
given by , then the existence condition of RODOs is also satisfied.

Proof: First, it is noted that the following identity holds for any non-singular

matrix Pr:
Pr O I, O ||z2,-A -G || P! O
O I -C zI C (@] O I
P ‘ 1 P (5.3.11)
. ZIn - PTAPE —PTG
CAP;! cG
Let Pr denote the matrix on the right-hand-side of (5.3.11)). Then (5.3.11)) indicates
I,—A -G
that rank( ‘ c o ) = rank(Pg). The full rank condition of left hand

matrix for |z| > 1 is the part of the existence condition for FODO [8}/69).

Now choose Pr = [TT, LT)T and let P}' = [T L*] denote the Moore-Penrose
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Pseudo inverse of matrix Pp. Substituting Pr and P;f into Pp gives

[ Iy, —TAT*  —TAL*  -TG |
Pp = —LAT* I, — LAL* —LG
CAT+ CAL* cG
s - (5.3.12)
eIy, — TAT 0 ~TG
= —LAT+  zI, — LAL* —LG
| cArt 0 el

From (5.3.7) and ([5.3.12)), it can be seen that matrix P in ([5.3.7)) is a sub-matrix of

Pr. This indicates that matrix P is of full column-rank if Pr has a full column-rank.

5.3.3 Disturbance observer design

In this subsection, the two gain matrices of the RODOB in (/5.3.3)) will be investigated
using the MVUE method. Under the existence condition given in Section one

can obtain the dynamics of ef | = Txp 1 — 241 from (5.3.4) and (5.3.5)):
i1 = Brep + (T — K1 C)wy, — K y1Vk41- (5.3.13)
In addition, the dynamics eg = dj, — dj, are governed by
eff = —Jpy1Ney — Joy1(Cwp + Vgy1). (5.3.14)

State function observer

The estimation error covariance matrix Py, = E(efetT) can be calculated from

(15.3.13)):

Pljpis = BePELEL + (T = K O)Qu(T — K1 O + K1 Ry Ky
= (TAT" — Ky CATH) Py (TAT™ — K 1CATH)T
+ TQTT — TQRCT K] | — Ky CQiTT

+ Ky 1CQuC KL 4+ K1 Rl KL .
(5.3.15)
Let A = TAT+, C = CATT, & = C*P,j'kéT + CQrOT + Rpy1, ¥ = CQTT +
C*P,gl WAL and P* = APg'kAT +TQ,T". Eq. (5.3.15) can be simplified to be:

P$

el = Ky @KL — Ky 0 —WTKL | + P*. (5.3.16)
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In addition, the unbiasedness condition of state estimation imposes a constraint on

the gain matrix K41 (see [85]), i.e.
Ky 1CG = TG. (5.3.17)

One can solve the MVUE problem by finding Kj; which minimizes the trace
of (5.3.16]), subject to the constraint (5.3.17)). The Lagrangian for the problem of

constraint optimization is
Tr(Kpp®KL,  — 20T KL | + P*] = 2Tr[(K11CG — TG)AL, ], (5.3.18)

where Ay, is the Lagrange multiplier. Setting the derivative of (5.3.18)) with respect

to Kj41 equal to zero yields:

20K!, | — 20 —2C0GA],, = 0. (5.3.19)

Combining (5.3.17)) and (5.3.19]), one can obtain the following equation:

PoCG Ko | Y (5.3.20)
GTcT o AT, GTTT

Then using the approach in [67] and [85] (see, pp. 68), one can obtain Kj.q as

follows:
Kpy1 =707 (TG - 070 1CG)(GTCTo 1Cca)1GTCTo~t.  (5.3.21)

Inserting K11 in (5.3.21)) into (5.3.16)), one can obtain:

X __ px T &— T +—
Pl = P =007 W 4+ (TG - 0" 971CG) (5.3.22)
x (GTCTo~1CcG)" (TG —v'o~1CG)T.

Disturbance observer

One can work out Ji41 in (5.3.3) in a similar manner. First, from ([5.3.14)) one can

obtain the disturbance estimation error covariance matrix Pg| . = E(efedT):

Py = Jen NPGNT T + T (CQRCT + Rir) T (5.3.23)
Noting N = CAT™ and by the definition of ®, Eq. ((5.3.23)) can be re-arranged as

Py = k@I (5.3.24)
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In addition, the unbiased estimation of dj also imposes a constraint on gain matrix

Ji+1, 1i.e. Jk11CG = 1. One can obtain the optimal Jg1 below via minimizing the
trace of (5.3.24)), subject to this constraint:

i1 = (GTCTe1CG)1GTCTd 1. (5.3.25)

Inserting (5.3.25) into ([5.3.24]), one can obtain an explicit expression of the

disturbance estimation error covariance matrix:
P, =(GTCTo7lCG) (5.3.26)
The obtained RODOB is summarized in Theorem [I1]

Theorem 11. Under the existence condition given in Theorem [9, there exists a

minimum-variance unbiased estimator of the disturbances d;. given by

)

Zp1 = TAT 2 + K (yrr1 — CAT 2y,)
dy, = Jop1 (yer1 — CAT* %)

where the gain matrices Kiy1 and Jxy1 are given by (5.3.21]) and respec-

tively, and the corresponding state function estimation error covariance matriz and

disturbance estimation error covariance matriz are given by and

respectively.

5.3.4 Relationships with the existing results

The relationships between these FODOs and the proposed RODOB are summarized
in Theorem [12

Theorem 12. When the states are fully estimable in the presence of disturbances,
the proposed RODOB is equivalent to the FODO in [67] for sole state estimation,

and to the one in (2] for the estimation of both states and disturbances.

Proof: When the states are fully estimable, T' can be chosen as the identity
matrix and hence the RODOB reduces to:

{ Eryr = Adp + Ky (yps1 — CARy) (5.3.27)

de = Jpi1(Ypr1 — CAZy)
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where Jy1 = (P,)'GTCOTH [\, and

K1 = PO  Hiy + (G = Py CT H [, CG)

k+1
x (GTCTH,},CG)'CGH |

with Py 1 = APy AT + Qiy Hiy1 = OBk, CT + Ry
In addition, Eq. (5.3.22)) reduces to

P$

k+1k+1 =D

o~ PrapCTHL OPEy + B(GTCT RN CG) BT,
with B = G— P]fﬂ‘kCTHkHC’G and Eq. reduces to P, k‘k = (GToTH, 'CcG)™!
These recursive formulae are identical to the results in [67] for sole state estimation,
and the same as the results in [2] for the estimation of states and disturbances. O
Next, the proposed RODOB is briefly compared with the recently developed
RODOB for deterministic discrete-time systems in [4]. It is first pointed out that
the existence condition in [4] requires the existence of a gain matrix such that the
corresponding composite matrix is asymptotically stable. This gain matrix also
involves a static output feedback problem, for which the general solvability is not
known yet (see [4] for details). In contrast, the existence condition of the proposed
RODOB without disturbance model is easy to check and it collapses to that of the
conventional FODOs for fully estimable states. In addition, unlike the RODOB in [4]
that assumes the disturbances are slowly time-varying, no particular assumption on
the disturbance dynamics is imposed in the proposed method, hence extending its

applicability.

5.4 Case studies

5.4.1 Simulation study 1: performance comparison

First of all a simple numerical example is used to compare the proposed algo-

1.1 05 O
rithm with the RODO in [4]. Consider systems (5.2.1) with A= | 0 0.9 0 |,
0 05 2
1
1 00 .
G=10]|,C= , Qr = 0.02 x I3, and Ry = 0.01 x I5. The distur-
010
1

bance profile in simulation study as shown in the upper plot of Fig. was used
to represent a generic disturbance which included a slowly time-varying disturbance

(i.e., step-type disturbance) and a fast time-varying disturbance (i.e., sinusoidal
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disturbance). The step amplitudes at 0 and 70" step were taken as 7 and -7 respec-
tively, whereas the sinusoidal function between 30" step and 70" step was chosen
as 4sin(407¢/180) + 2 with ¢t being each step index. The disturbance profile was
designed to verify the effectiveness of different disturbance observer algorithms and
therefore was assumed to be completely unknown to the observer design.

It can be easily verified that this system does not satisfy the existence condition

of the FODO in [2] and [83], and hence no FODO exists.
1 00

010
condition in Theorem [0l The initial states of the system and observer are taken

as o = [1,2,1]7 and zy = [0,0]7 respectively. The RODO in [4] for discrete-

In the proposed RODO, we chose T' =

] which satisfies the existence

time system with slowly time-varying disturbance assumption is also applied for the
purpose of comparison, where the matrix K therein is chosen as K = [0.9,0,0]. The
comparison results are shown in Fig. where upper figure depicts the disturbance

estimates and the lower figure displays the disturbance estimation errors.
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Figure 5.2. Disturbance estimation based on the proposed RODO and the
algorithm in [4]: real line (actual disturbance), dashed line (the proposed
RODO) and dotted line (the result in [4]).

We can see from Fig. [5.2that in the presence of unknown disturbance consisting
of step-type and sinusoidal-type, the proposed RODO can obtain unbiased estima-
tion. For the algorithm in [4], on the other hand, it can be seen that it works well and
obtains unbiased estimate for constant disturbance. However, the disturbance esti-
mation error is quite large in the presence of sinusoidal-type disturbance; this is due

to the fact that the RODO proposed in [4] requires that the disturbance is slowly
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time-varying and will result in disturbance estimation error for fast time-varying
disturbances. This example demonstrates the advantages of the proposed RODO
in generic disturbance estimation that includes both slowly and fast time-varying
disturbances over the traditional algorithms.

In some applications in practice, the covariance matrices of input noises and
measurement noises may not be exactly known. It is therefore of practical interest
to investigate the performance of the proposed algorithm in such scenarios. For
this end, we tested the robustness of the proposed RODO by choosing different
covariance matrices for data generation. Specifically, we first considered the effect of
input noises. In this scenario, the measurement covariance matrix was fixed as Ry =
0.01 x I but a different input noise covariance matrix was used, i.e. Q = 0.04 x I3
and @ = 0.06 x I3 respectively. Next, we considered the effect of measurement
noises. In this scenario, the input covariance matrix was fixed as @ = 0.02 x I3 but
a different measurement noise covariance matrix was used, i.e. R = 0.03 x I and
Rj, = 0.05 x I respectively.

During the estimation stage, however, we supposed that the true covariance
matrices used to simulate the system states and measurements were not perfectly
known; rather, it was the covariance matrices Qp = 0.02x I3, and Ry = 0.01 x I that
were used to estimate the states and the unknown disturbances. The mean squared
error (MSE) was used as the criterion in the performance comparison between the
proposed RODO with the one in [4].

Simulations were run for 50 times for each scenario and the average MSEs were

calculated and summarized in Table [5.11

Table 5.1. Average MSE comparison under different noises

Method/Noise x I | Qr =0.04 | Qr = 0.06 | R, = 0.03 | R, = 0.05
Proposed 0.3475 0.3637 0.3668 0.4135
Kim and Rew (2013) 2.7946 2.8351 2.8301 2.8461

One can see from Table 5.1l that both methods were still valid in terms of conver-
gences when the true covariance matrices were not perfectly known in the state and
disturbance estimation. In addition, the performances for both methods became
worse when the true covariance matrices deviated more substantially from the ones
used in the estimation. Overall, the proposed RODO still outperformed the one
in [4].
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5.4.2 Simulation study 2: double-effect pilot plant evaporator

Next, we apply the proposed RODO to the disturbance estimation problem for a
double-effect pilot plant evaporator represented by a fifth-order linear model inves-
tigated in [4,/61,86]. The problem is briefly outlined as follows. The feed solution
(flow Fy and concentration Cp) is pumped into the first effect, where the first effect
solution (hold-up W) is heated by saturated steam (temperature Ts) and the boil-
off travels into the second effect steam jacket. The concentrated solution from the
first effect (flow F; and concentration C7) enters the second effect which operates
under vacuum. The hold-up in the second effect is W5. The concentrated prod-
uct (flow Fy and concentration C3) is pumped to storage. Based on the physical
properties, the evaporator can be modelled by a fifth-order linear state-space model
with unobservable states, where the system variables and disturbance variables are
x = [Wy,C1,T1,Ws,C5] (T1 denotes the temperature of the first effect solution)
and d = [Cy, Fy] respectively. A schematic diagram of the pilot plant double effect
evaporator system is available in [86].

In our case study, we chose the system matrix in continuous time domain used
in [61], and then we discretized the continuous-time model with a sampling time of

30s (see, [86]). This resulted in the following discrete-time system

1 0 —00030 0 0 0  30.6207

0 0.2923 0.0003 0 0 1.0702 —2.4170
A=]|0 o0 o o0 0 |.G=| 0 —620671 |,

0 0 —0003 1 0 0 0.6572

|0 0.7121 0.0019 0 0.2165 | | 1.1068 —3.0385 |
c_|toooo0]

(0100 0

In the simulation, the parameters are given as follows: Qr = 0.1 x I5, Ri =
0.05 x I, and dj,; = —dj 2. The initial values of system and observer ((5.3.3))
were taken as xo = [1,2,5,1,1]7 and zg = [0,0,0]7 respectively.

It can be easily verified that this system does not satisfy the existence condition
of the FODOs in [2], [69], [8]. Hence the system state variables xy; (i = 1,...,5)
are not fully estimable and no FODOs exist. Now the proposed RODOB is applied.
T = [I3,O3x2] is chosen, which satisfies the existence condition in Theorem [0} The
simulation results for disturbance dj; and state x; 3 are shown in Fig. where
the left (or right) two graphs display the estimated disturbance (or state) and the
corresponding estimation error where the simulated (estimated) values are plotted
using a real (dotted) line.

One can see from Fig. that the proposed RODOB can obtain a reasonably
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Figure 5.3. Disturbance estimation based on the proposed RODOB.

good (by taking the larger noises into account) unbiased disturbance estimate even

if no FODOs exist.

5.5 Summary

This Chapter investigates reduced-order disturbance observer (RODOB) design for
discrete-time linear stochastic systems when the states are not fully estimable. An
existence condition of a general form of RODOB is established. It shows that under
some mild condition, the disturbances can still be estimated even if the full state
vector is not estimable. The existing FODOs in the literature are shown to be
a special case of the proposed RODOB when the states are fully estimable. In
comparison with the recently developed RODOB in [4], the proposed RODOB does
not impose any particular assumption on the disturbance dynamics. Hence, this
research extends the applicability of the disturbance observer techniques to a wider

application area.



Chapter 6

TIME/FREQUENCY DOMAIN
DOBS

6.1 Introduction

In the previous Chapters, disturbance observer (full order or reduced order) design
for discrete-time systems (deterministic or stochastic) was considered, which can
be applied for fault estimation in fault diagnosis design. In this Chapter, however,
attention is moved to continuous-time domain, particularly emphasis is put on the
relationship between time-domain DOB and frequency-domain DOB, and its appli-

cation. The motivations and contribution of this Chapter is illustrated in Fig.

DOB in time-domain:

DOB in frequency domain: UIDO (Johnson, 1968),

(Ohishi, et al, 1987)

ESO (Han 2009)
Are these two
approaches essentially
the same? Reduced
order
v

The relationship betweenw Motivations f Functional DOB (FDOB)
time/frequency DOBs. J 'L in time-domain:

Figure 6.1. Illustration of the motivations and the relationship of the results
in this Chapter with the existing ones.

There are two distinct approaches for linear system disturbance observer de-
sign including time-domain DOBs [8},48,149}63,87] and frequency-domain DOBs
[1,/52,/188,/89]. The time-domain DOB firstly appeared in the late 1960s when [48]

first developed the Disturbance Accommodation Control by proposing Unknown In-

71
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put Disturbance Observer (UIDO). Recently, from different prospects, Han [49,87]
developed Active Disturbance Rejection Control (ADRC) through the technique of
Extended State Observer (ESO). The key idea behind the above state space ap-
proaches is to firstly augment the plant with the disturbances/uncertainties and
then construct an observer estimating the augmented states including the distur-
bances. On the other hand, the frequency-domain DOBs were originally proposed
by [1] (see also recent work [90] for detailed design guidance). The original idea is
to obtain the disturbance estimate by filtering the difference between control input
and the calculated input using the inverse model of nominal plant. This approach
has recently been further developed to achieve robust stability in [91] and handle
system with unknown relative degree in [89].

The aforementioned two types of DOBs were developed from different prospects
with different design principles and tools. So far, little literature is available to
investigate the relationship between them except the work in [52]. [52] pioneered
the study of the relationship between frequency domain and time domain DOBs
by analysing their structure and transfer functions. It is concluded in [52] that the
frequency domain DOB is a generalization of the time domain DOB. This is because
that there is less freedom in time domain DOB of choosing the order and the relative
degree of the transfer function from control to disturbance estimate, and the time
domain DOB generates an observer with a higher order compared with frequency
domain DOB. However, as pointed out in [92], the frequency domain DOB structure
in [52] mainly focused on minimum phase system due to the involvement of the
inverse of the normal plant. It shall be highlighted that both the system model and
disturbance model are supposed to be in an observable canonical forms in the time
domain DOB design discussed in [52]. Therefore it may not be easy to see how
the disturbance model is incorporated in the corresponding transfer functions of the
time domain DOB. Consequently, as pointed out in [52], it becomes hard to select
the equivalent low pass filter in corresponding frequency domain DOB to handle
generic disturbances for non-minimum phase systems.

This Chapter first presents more generic analysis of the relationship between
time-domain and frequency-domain DOB design methods, which extends the work
of |52 from a frequency domain DOB structure mainly for minimum phase systems
to a more general DOB structure. Furthermore, the system model and disturbance
model of the time domain DOB discussed in this Chapter are in a generic form. As a
result, it is explicitly pointed out how the system model and disturbance model are
incorporated in the equivalent transfer functions realisation of the DOB designed in

the state space approach. It is also discovered that the traditional frequency domain
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DOB employing a low pass filter with unity gain is only able to effectively handle a
specific class of disturbance that satisfies the matching condition.

As pointed out in [52], compared with the frequency domain DOB, the exist-
ing time domain DOB generates an observer of a high order. This Chapter then
further addresses this issue by proposing a new type of time domain DOB (termed
as Functional Observer based DOB (FDOB)). This new state space DOB design
method reduces the observer order by combining the idea of augmenting the system
states with disturbance states and the functional observer design method proposed
in [4,[83/84]. Detailed discussion on FDOB is given including the observer structure,
transfer function implementation of the time domain DOB, geometric interpretation,
and its existence condition. Compared with frequency domain DOB, the proposed
FDOB can directly handle more classes of disturbances (matched or mismatched
disturbances, harmonic disturbance, etc.), while compared with the traditional time

domain DOB, the proposed FDOB can generate an observer with a lower order.

6.2 Preliminaries

In this section, preliminary results on the frequency-domain DOBs in [1] and time

domain DOBs in [48.|52,63| are briefly reviewed.

6.2.1 Frequency-domain DOBs

The frequency-domain DOBs were originally proposed in |1]. Suppose that the
transfer function of the considered system is G(s). The basic idea in [1] is to obtain
disturbance estimate by filtering (through a low pass filter Q(s)) the difference
between control input and the calculated input using the inverse model of nominal
plant Gj,(s). The basic diagram in [52] with some modification from [53] is given in

Fig. where Q(s) is designed as a low-pass filter with unity gain and the relative

Q)G (s

Figure 6.2. The diagram of classic Q-filter based DOB in [1]

degree of Q(s) is no less than that of the nominal plant G, (s) such that Q(s)G;,*(s)

is implementable (see, [1,/52] among many others).
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However, as pointed out in [92], the original structure in [1] can not effectively
handle the non-minimum phase systems since the direct inverse of the nominal
plant G,,(s) brings unstable poles in Q(s)G;;'(s). To this end, an improved and
more generic version of DOB in frequency domain is given in [53], which can be

equivalently represented in Fig. where M(s) and N(s) take the following form

u e+
dr
) G

Figure 6.3. The diagram of a generic DOB structure.

e M(s)

T Li(s)’

_ Nn(s)
Ll(S)7

M(s) N(s) (6.2.1)

where the nominal plant G, (s) = M,(s)/Nn(s), Li(s) is a stable polynomial,
K (s) = Ky,(s)/La(s) is designed as a low pass filter such that M (s) K (s) is a low-pass
filter with unity gain.

6.2.2 Time-domain DOBs

The time domain DOB was originally proposed in [4863] to remove the effect of
unmeasurable disturbances on control system performance. Its basic philosophy is
that the disturbance estimate can be obtained by simultaneously estimating the
augmented states consisting of state dynamics and the disturbance dynamics. The
mathematical interpretation is given as follows. Without loss of generality, con-
sider a single-input-single-output (SISO) linear system (it should be noted that
this approach can directly handle multiple-input-multiple-output (MIMO) systems)

subjected to unknown disturbances, given by

(6.2.2)

i = Ax + Bu + Dd,
y = Cu,

where z € R", u € R, d € R and y € R are the system states, control input,
disturbance and measurement, respectively. A, B, C, D are the corresponding system
matrices, which can be considered as a state space realization of the nominal plant
Gn(s) in Fig. If there does not exist a D of appropriate dimension such that
D = BD, then d becomes a mismatched disturbance [66,93].
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The disturbance is supposed to be generated by the following linear exogenous
system [63]
w=Sw, d=Huw, (6.2.3)

where w € R? and the pair (S, L) is known and observable.

To facilitate the discussion, a definition is given here to category the different
disturbance models.
Definition: If the matrix S in satisfies det(S) = 0, the disturbance is defined
as Type I disturbance; otherwise, the disturbance is defined as Type II disturbance
for det(S) # 0.
Remark 1: It should be noted that the widely investigated high order disturbance
is a special case of Type I disturbance, e.g., constant disturbance when S = 0 and
H =1, which is the case investigated by DAC in [48] and Extended State Observer
Ow-—1nx1 Ir—1 ]

(ESO) in [49] and r-th polynomial disturbance when S =
0 O1x(r—1)

and H = [ L Opxpr—1) }, which is the case investigated by high order disturbance
observer in [94], generalized ESO in [95], Generalized Proportional Integral (GPI)

0 A
observer in [96], etc. While harmonic disturbance represented by S = [ \ ]
-2 0

with A # 0 and H = [ 10 } (e.g. [62]) is a special case of Type II disturbance.
Combing the system dynamics ((6.2.2]) and disturbance dynamics (6.2.3)), a com-

posite system can be obtained:

: Ar+ B
{36 SN (6.2.4)
y

where 7 = [z7,wT]T, the system matrices are given by

B
Oq><1

A= _

A DH| _
B
Opn S

70:[0 leq:|'

Under the detectability condition of the matrix pair (A4,C), an observer esti-
mating the augmented states Z of (6.2.4)) and consequently the disturbance can be

designed as

&

= Az + Bu+ K(y — CZ),
o=C% d=Ha,

SIS

(6.2.5)

where K is the observer gain matrix to be designed (e.g. pole assignment of the
matrix pair (4,C)) and C' = [O,,I]. Similar technique has also been used for
stochastic systems in Chapter
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6.3 Relationship between DOBs in time/frequency domain

In this section, frequency-domain analysis is performed on the time domain DOB
to derive a set of transfer functions such that comparison can be made be-
tween the time and frequency domain DOB design methods. It should be noted that
the frequency-domain analysis of time domain DOB has been investigated in [52]

with both the system model and disturbance model (6.2.2) and (6.2.3]) in observ-

able canonical forms. A generic system model and a generic disturbance model
are considered in this Chapter which explicitly shows how the system model and
disturbance model are incorporated in the transfer functions.

From ([6.2.5)), one can obtain the transfer functions from control input u(s) and
measurement y(s) to disturbance estimate d(s) using Laplace transformation, given
by

d(s) = —Gud(s)u(s) + Gycz(s)y(s), (6.3.1)

where
G i(s) = —HC[sI — (A— KC)] !B, (6.3.2)
G,i(s) = HC[sI — (A— KC)|'K. (6.3.3)

The transfer function realisation of the time domain DOB (6.2.5) is represented

in Fig. [6.4]

Figure 6.4. Frequency-domain interpretation of time-domain DOBs.

To explicitly find out the relationship between the transfer functions G ;(s),
Gy j(5) and the system/disturbance models |D | , rigorously theoretical
analysis is performed on (6.3.2) and (6.3.3]), and the results are summarized in
Theorem [13]

Theorem 13. For linear system with disturbance model , if the time
domain DOB is designed by , then the transfer function realisation 18

given by
_ Hadj(sl — S)Ka2M,(s)

Cuils) = T — (A= KO))

(6.3.4)
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_ Hadj(sl — S)KaNy(s)
Cils) = T — (A= KO))

(6.3.5)

where M, (s) and N,(s) are the numerator and denominator of the nominal
plant G (s).

The proof is given in Appendix
Remark 2: Different from the results of [52], it can be explicitly seen from Egs.
and that how the system model (i.e., the system matrices (4, B, D, C))
and disturbance model (i.e., the pair (S, H)) of the DOB are incorporated

into the transfer functions.

6.3.1 Similarities of time/frequency-domain DOBs

The relationship between frequency domain DOB and frequency domain DOB given
in Fig. [6.2 was first investigated in [52]. However, as pointed out in [92], the classic
frequency-domain DOB structure in [52] can not effectively handle non-minimum
phase system. To this end, much generic relationship is established in the compari-
son analysis. Specifically, generic system dynamics with generic disturbance
dynamics are directly handled, and the frequency domain DOB in Fig. |6.3
proposed in [53] can effectively handle non-minimum phase system. The result

in [52] is shown to be a special case of the results in this work.

Equivalence between time domain and frequency domain DOBs

The comparison results between the time domain DOB (6.2.5) and the frequency
domain DOB with generic structure given in Fig. [6.3]are summarized in the following

points.

i. The denominator of (i.e., a stable polynomial of degree n+q) can be
factored into det(sI — (A— KC)) = L1(s)La(s). Consequently, Eqs. and
can be reformulated into the same format of M (s)K(s) and N(s)K(s)
in Fig. by treating K, (s) := Hadj(sI — S)Ka;

ii. Comparing the structures of frequency domain DOB in Fig. and time do-
main DOB in Fig. [6.4] one can obtain that they share a same structure in

transfer function form by treating M(s)K(s) as G, ; and N(s)K(s) as G ;.

iii. For Type I disturbance (see, Definition 1, i.e., det(S) = 0) under disturbance

satisfying matching condition (i.e., D=B), one can prove that

G,i(0) =1, (6.3.6)
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which means G ; is a low-pass filter with unity gain. The proof is given in

Appendix
iv. One can also obtain the following identity

I det(sI — (A — KC))
1-G,; det(s] — A+ K C)det(sI — S)’

(6.3.7)

The proof is given in Appendix One can see from (6.3.7) that 1/1 — G _;
includes the disturbance model information 1/det(sI—S). The need of 1/1-G ;

including the disturbance model has been identified in [52] but it is hard to

choose Q(s) to implement it.

Relationship with the results in [52]

The results in this work significantly extend the celebrated work in [52]. First, the
aforementioned Points i and ii reduce to the results in [52] when the system dynam-
ics and disturbance dynamics take the special observable canonical
structure, and the frequency domain DOB in Fig. reduces to the traditional one
in Fig. [6.2] This can be obtained by selecting

In Point iii, it is rigorously proved that G ; = 1 holds only for Type I disturbance
satisfying matching condition. Specifically, the high order disturbance 1/s™ dis-
cussed in [52] is a special case of matched Type I disturbance. Based on the results,
the traditional frequency domain DOBs using low pass filter Q(s) with unity gain in
Fig. [6.2] can only handle matched Type I disturbance and fail to handle mismatched
disturbance or Type II disturbance such as harmonic disturbance, etc.

It has been pointed out in [52] that it is not trivial to select G ; to handle generic
disturbance model for non-minimum phase system, but the Theorem 1 and Point
iv explicitly point out how the G, ; contains the unstable zeros of the plant M;, and
1/(1 -G, ) includes the disturbance model information 1/det(sI — ). This result
can help us propose a frequency domain DOB which can handle generic disturbances

for non-minimum phase systems, which is discussed in Section [6.5}

6.3.2 Motivations: gaps of time/frequency-domain DOBs

Although the frequency domain DOB is equivalent to the frequency domain in terms

of structure, there still exist some gaps summarized in the following points.
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Observer order and minimum relative degree

Firstly, the observer order of time domain DOB is larger than that of frequency-
domain DOB for plants with stable zeros (see, P 546 of [52]). This can be explained
as follows. One can first obtain from the denominator of (6.3.4) and (6.3.5) that

the order of time domain DOB is n + ¢q. Suppose the relative degree of normal
plant G, (s) is n,. One can obtain from [52] (see, p. 541) that the minimum
degree of the denominator of equivalent G ; is ¢ + n, — 1 and consequently the
minimum order of the frequency domain DOB is determined by the equivalent Gy g
ie,q+n,—14+n—n, =n+q—1, which is smaller than the order of time domain
DOB.

Secondly, the minimum relative degree of G ; of time domain DOB is larger
than that of frequency domain DOB. As pointed out in [52] the relative degree of
equivalent G ; is larger than or equal to the relative degree of the nominal plant,
so the minimum relative degree of G ; in frequency domain DOB as given in Fig.
can be chosen to equal to that of G, (s), i.e., n,. However, this observation does
not hold in the time-domain DOB results. One can obtain from that

deg(Hadj(sI — S)K3) < q—1;
deg(M,(s)) =n —ny; (6.3.8)
deg(det(sI — (A — KC))) =n+q,

where ¢ and n are the dimension of system matrix S and A of disturbance model

(6.2.3) and system model (6.2.2)) respectively. The minimum relative degree of
G, i(s) happens when deg(Hadj(sI — S)K>) = q — 1, and equals to

n+q—(¢—1+n—n,)=n,+1, (6.3.9)
which is larger than that of frequency domain DOB by 1.

Disturbance types

In addition, from the proof of (6.3.6]) (see Appendix|A.3)), one can see that G, ;(0) =

1 holds only when the following two conditions hold simultaneously
D = B, det(S) =0, (6.3.10)

which means the frequency domain DOB using a low-pass filter Q(s) with unity
DC gain in Fig. [6.2] can only effectively handle matched Type I disturbances rather

than generic disturbance or mismatched disturbances.
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To avoid the aforementioned drawbacks of the current DOB design methods (i.e.,
higher observer order in existing time domain DOB and hard to handle generic and
mismatched disturbances in existing frequency domain DOB), a new type of time
domain DOB (termed as functional observer based DOB (FDOB)) is proposed to
reduce the observer order by combing the idea of augmenting the system states with
disturbance states and the functional observer design method proposed in [4,83,84].
The frequency-domain DOBs can also be designed to handle more types of distur-
bances (mismatched disturbance and Type II disturbance) using FDOB techniques

and its frequency domain counterpart through transfer function realization.

6.4 Functional observer based DOB

The basic philosophy of functional observer based DOB is that since part of the
states are directly available by the measurement y = C'Z, there is no need estimating
that part of the states and sometimes even part of the unmeasurable states do not
need to be estimated for the purpose of disturbance estimation. So only estimating

Lz rather than Z is needed, where L is designed in the special structure

Ly O

) 6.4.1
oL (6.4.1)

where the gain matrix L in L lies in the orthogonal complement space of measure-

L
ment matrix C and so [ _ | has a full row-rank. When LZ is obtained, one can

obtain the disturbance estimate d = CLz with C' = [0, I,]. In the following part,
the FDOB is introduced in terms of observer structure, transfer function realization,

geometric interpretation, existence condition and design procedure respectively.

6.4.1 Observer structure

To develop a FDOB, the idea of augmenting the system state with disturbance
state and the functional observer design method proposed in [83}/84] are combined
together. After choosing L in the special form as in (6.4.1]), the FDOB for linear

system (6.2.4)) has the form,

£=2+Jy, (6.4.2)
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where the gain matrices are designed such that the following matrix identities hold:

WA =FW +GC, (Sylvester equation)

W=L-JC,

_ (6.4.3)
T =WB,
F is stable.

Under condition 1) one can prove that the estimation error e = L:Z‘—é converges

to zero and consequently & is the estimate of the state function Lz (e.g., [83]).

6.4.2 Geometric interpretation

Inspired by the approach in [97], a geometric interpretation of the FDOB is given.
This geometric interpretation is not only important in understanding the observer
structure but also plays a key role in frequency-domain analysis for the purpose of
transfer function implementation.

Define an intermediate variable z; = LZ, from which one can obtain
T = L+ZZ‘ + (I — L+L)xd, (6.4.4)

where x4 is an arbitrary vector and may contain unobservable states if the original
Z system is not fully observable. This is also a division of the state space into a
space of dimension corresponding to the functional z; = LZ and its complement in
terms of projection operators, L™ L and I — L* L. Then one can obtain the following

model regarding the variable z;,

{ 4 = LAL" 2 + LAz, + LBu, (6.4.5)

Yy = CL+Zi + é$d,

where A = A(I — L*L) and C = C(I — L*L).
In addition, one can obtain from ((6.4.2)) that

A

=2+ Jy,

which means in the observer (6.4.2)), the information of y has actually been used in
derivation of €. In addition, one can obtain from (|6.2.4|) and d6.4.4|) that

y=Ci=CAz+ CBu=CAL" 2 + CAxy+ CBu. (6.4.6)
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Putting (6.4.5) and (6.4.6)) together, one can obtain

% = LALYz + LAz, + LBu,

g CAL* | CA CB (6.4.7)
= _ Zi + R xTq + U.
Yy CL* C O
CAL* CA ] ¥ CB
Define ¥ = _ , = . |yt = and U* = , (6.4.7) can
CL* C | Y (0]
be put into a compact form:
% = LALYz + LAz, + LBu,
(6.4.8)
y* =Yz + Xzg+ Utu.
For system ((6.4.8), a Luenberger-type state observer can be designed as
2= LAL* % 4 LBu + [J, K](y* — U2 — U*u) (6.4.9)

= (LALT — [J,K|9)2; + [J, K]y* + Tu,

where gain matrix K is defined as K := G — FJ, and the identity T = WB =
(L — JC) of (6.4.3)) has been used in derivation of the second equality of (6.4.9).

Define e; = z; — Z;, then its dynamic is given by

é; = LALT % + LBu + [J, K|(y* — V% — U*u)

= (LALT — [J,K])e; + (LA — [J, K]¥)zq (6.4.10)

unknown

ZFGZ‘,

if the following matrix equalities hold simultaneously,
F = LALT — [J,K|¥, LA—[J K]¥ =O0.

The observer structure in (6.4.9)) gives another explanation of the original ob-
server ([6.4.2). One can obtain from (/6.4.2) that

E=z24+Jy=Fz4+Gy+Tu+ Jy
=F(E—Jy) +Jj+Tu

= Fé4[J,G — FJ)

K

Y
Y

+ Tu,

which is the same as (6.4.9).
one can see from (6.4.9)) that different from the traditional Luenberger observer,



Section 6.4. Functional observer based DOB 83

the gain matrix [J, K] with K = G — F'J should satisfy the following two criteria

simultaneously, i.e.,

~

LA [J, K]V = 0, (6.4.11)
F = (LAL" — [J, K]¥) is Hurwitz matrix. (6.4.12)

Remark 3: Through the geometric interpretation, one knows from z; dynamic
and FDOB that the observer error converges to zero regard-
less of z4 in . That means the FDOB can still work due to the decoupling
principle even if the original systems are not completely observable and x4 contains

the unobservable states,

6.4.3 Transfer function realisation

In this subsection, frequency-domain analysis is performed on the FDOB (6.4.2)
such that the relationship between the proposed FDOB and frequency domain DOB
can be investigated, upon which the FDOB in time domain can be implemented in
frequency domain using the derived transfer functions. One can obtain the transfer
functions G ;(s) and G, i(s) based on Laplace transformation of (6.4.2)), given by

d(s) = =G 4(s)u(s) + G 4(s)y(s),

where

G, 4(s) = —HC[sI — F|7'T, (6.4.13)

G,i(s) = HC[(sI — F)"'G + J]. (6.4.14)

To explicitly find out the relationship between the transfer functions G ;(s),

Gy j(s) and the system/disturbance model 1) ( , theoretical analysis is
performed on (6.4.13]) and (6.4.14)) and the results are summarized in Theorem

Theorem 14. For linear system with disturbance model , if the DOB
is designed using FDOB , then the transfer functions from input u(s) and

measurement y(s) to disturbance estimate d(s) are given by

_ Hadj(sl — S)J2My(s)

G, i(s) = Gl —F) (6.4.15)
G q(s) = Hadjc(iz(;&'%v”(s) (6.4.16)

The proof is given in Appendix Similar to Theorem the disturbance

model (i.e., the pair (S, H)) is also explicitly reflected in the transfer functions
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and (ET6).

The comparison analysis of the newly proposed FDOB with the frequency do-
main DOB in Fig. are performed in the following ways.

i. Firstly, similar to the case of the time domain DOB, the denominator of (6.4.15))
(i.e., a stable polynomial) can also be factored into det(sI — F') = Li(s)La(s),

then (6.4.15)) and (6.4.16) can be put into the same format as M (s)K(s) and
N(s)K(s) in Fig. [6.3| by treating K,(s) := Hadj(sI — S)Ko>.

ii. Secondly, the frequency-domain structure of the FDOB is the same as that of
the time domain DOB in Fig. and consequently the same as that of the
frequency-domain DOB in Fig. [6.3

iii. Thirdly, one can also prove that
G,;(0)=1, (6.4.17)

under the conditions D = B and det(S) = 0, the proof is given in Appendix
A3

iv. Fourthly, one can also obtain the following identity

o det(sI — F)
1—-G ;5 det(sl — Ay + JiAy)det(sI — S)’

(6.4.18)
ud
The proof is similar to that of (6.3.7) and so omitted here. One can see from
(6.4.18) that 1/1 — G ; includes the generic disturbance model information
1/det(sI — S), which is consistent with the conclusion of [52] for the purpose of

generic disturbance estimation through frequency domain DOB.

Remark 4: Compared the G ; of the time domain DOB in (6.3.4) with that of
FDOB in (6.4.15)), one can see that the numerators of them are the same, however,
the denominator has been changed from det(sI — (A — KC)) to det(sI — F). On
Ly O

O I
Lo has a full row-rank and so the relative degree of G ; of the FDOB in ((6.4.15)

is less than that of the time domain DOB in (6.3.4). More importantly, one can

also see that the observer order of FDOB, i.e., the row number of L is smaller than

the one hand, the dimension of F' equals to the row rank of L = and

that of the traditional time domain DOB, i.e., the order of A. Consequently, the
proposed FDOB can substantially reduce the DOB order, especially when multiple
measurements are available. However, to reduce the observer order of FDOB, one

can not choose an L with an arbitrarily small row number, the L should be selected
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such that the existence condition of the FDOB is satisfied, which is summarized in

the following section.

6.4.4 Existence condition

As the disturbance observer design problem has been transformed into the functional

observer design, the existing results in [83] can be applied as summarized as follows.
First, the solvability of (6.4.11)) is guaranteed by

[ LA ] -
cA 4
rank( c y=rank(| C |), (6.4.19)
L
L

and the solution [J, K] in the constraint equation LA — [J, K]¥ = O is given by
[J,K] = LAYt + Z(I — ©51), (6.4.20)

with Z being any compatible matrix.
Using (/6.4.20)), one can obtain that the matrix F' in can be represented in the

following form

F=U-2V, (6.4.21)

with
U=LALt — LAY, (6.4.22)
V=>U-X%)U. (6.4.23)

From [83], one can obtain the condition , i.e., F' being Hurwitz (or the pair (U,V)

is detectable) is equivalent to

sL— LA CA
rank( CA )=rank(| C |),Vse€ C,Re(s)>0. (6.4.24)
C L

To summarize, the existence conditions for the FDOB are (6.4.19)) and (6.4.24])).

6.4.5 Design procedure

The design procedure of FDOB is based on the functional observer design procedure

in [83]. For the sake of completeness for the FDOB, the design procedure is also
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given. With the aforementioned geometric interpretation and existence condition

results, the design procedure of the FDOB is summarized as follows:

i. Matrices U and V are firstly obtained from (6.4.22)) and (6.4.23));

ii. Z and F can be obtained from (|6.4.21)) based on pole assignment of U and V;

iii. The matrices J and K can be obtained from (6.4.20) and G can thus be obtained
from K =G — FJ,

iv. Matrix T can be obtained from T = (L — JC)B.

6.5 Applications of the results

One can see from the proof of (6.3.6) and (6.4.17)) (see Appendix|A.3) that, G ;(0) =
1 holds only when condition (6.3.10)), i.e., D = B and det(S) = 0 hold simul-

taneously. This two conditions may restrict the application scope of the existing

frequency domain DOBs. Firstly, the existing frequency domain DOBs can only
handle Type I disturbance under disturbance satisfying matching condition [98].
In classic frequency domain DOBs, the transfer function G ; is designed as a low-
pass filter with unity gain. However, for generic disturbances (harmonic distur-
bance, etc.), the filter G_; actually relies on the disturbance model information, i.e.,
the pair (S, H) and may not always generate a unity gain. Secondly, the classic
frequency-domain DOBs can only handle matched disturbance. For mismatched
disturbance estimate [99], one can see from both Theorem [13|and Theorem that
the disturbance distribution matrix D should also be taken into account (see, the
denominators of the transfer functions).

However, based on the frequency-domain analysis results (see, Theorem
and Theorem of the time-domain filters (the traditional time domain filter
and the newly proposed FDOB), one can actually extend the application scope
of the frequency-domain DOBs based on their frequency domain counterparts. The
method is summarized in the following steps:

Step 1: One can design the DOBs in time-domain, since the time-domain DOBs
can directly handle matched, mismatched and generic disturbances.

Step 2: One can calculate two transfer functions G, ; and Gy j based on the
results of Theorem [13] and [I4l

Step 3: Implement the DOBs using the diagram in Fig. [6.4] based on the

obtained two transfer functions.
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6.6 Examples

In this section, two examples are given to illustrate the main findings. In the first
example, a non-minimum phase system with three different kinds of disturbances are
considered including matched step disturbance, mismatched step disturbance and
matched harmonic disturbance with unknown amplitude and phase. This example
is to illustrate the results in Sections and Then the proposed FDOB is
applied to the disturbance estimation and rejection problem for a practical rotary

mechanical system of non-minimum phase.

6.6.1 Numerical example
Consider a unstable non-minimum phase system with transfer function given by

5(s—9)

Gls) = s(s —25)

(6.6.1)

The state space model of it in the presence of matched disturbance d is given by

MR R

Without loss of generality, suppose a state feedback controller u = | 20.67 —2.37 ] T
has been pre-designed. The initial state for simulation study is chosen as zg =
[0, 57

Matched disturbance

Fist consider the matched unknown step disturbance estimation based on the pro-
posed FDOB, i.e., S =0, H = 1 in disturbance model (6.2.3). The Ly in functional

matrix (6.4.1) as Lo = { 01 ], based on which one can check that the conditions

(6.4.19) and (6.4.24)) are satisfied. Then following the design procedure in Section
one can calculate U,V as

25 80 15
U= V= .
0 0 00

By choosing the poles of F' as p; = —30, po = —40, one can calculate the correspond-
ing Z, F and then the rest of the matrices J, G,T. The initial states of the FDOB
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(6.4.2]) are chosen as a zero vector. Simulation result of the disturbance estimate is
shown in Fig.

3
) =
2
g 1r
£
3 1 &7 N
G -1k —Disturbance d||
s} R S Estimate
0 0.5 1 15 2
Time (sec)
6
w 4r
o
wol
0 ‘ ‘
0 0.5 1 15 2
Time (sec)

Figure 6.5. Matched step disturbance: upper plots (disturbance estimate),
lower plot (estimation error).

One can see from Fig. [6.5that the proposed FDOB can exponentially asymptot-
ically estimate the step disturbance, where the initial disturbance estimation error
is due to the mismatch between the initial states of original system and observer
system.

Besides, one can calculate the transfer functions from the disturbance estimate

to the control input and output, given by

_ —400(s —9)
Cuils) = 305 730) (5 1 40)

~ —80(s — 25)
“il®) = 3055 30)(s 1 40)°

One can verify that Gud(s)/Gyd(s) = G(s) and G_;(0) = 1. Besides, the relative
degree of G ;(s) is 1, which is equal to that of the original system (6.6.1). And,
the observer order of FDOB equals to the dimension of original plant. That means
there exists a disturbance observer in state-space, where the relative degree of G _;
and the order of the observer are equal to those of the frequency domain DOB.

Mismatched disturbance

Then consider the case of mismatched unknown step disturbance estimation. The
T

disturbance distribution matrix is selected as D = [ 0 80 } and the matrices

S, H, Lo are selected the same as that of Section One can calculate the U,V

as
25 80 10
U= V=
0 0 00
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The rest of the design procedure and parameter selection is the same as that in
Section and the simulation result of the disturbance estimate is shown in Fig.

6.6l

3
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& 1,
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% -1r — Disturbance df]
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2
« 1r
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w OW
1 s i ‘
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Figure 6.6. Mismatched step disturbance estimate: upper plots (disturbance
estimate), lower plot (estimation error).

One can see from Fig. that the proposed FDOB can exponentially asymp-
totically estimate the mismatched step disturbance. Besides, one can also calculate

the transfer functions, given by

_ 75(s—9)
Cudl®) = 1 30)(s + 40)°

~ 15s(s —25)
@ils) = (T3 30)(s + 40)°

One can verify that G, ;(s)/G j(s) = G(s). However G ;(0) = —675/1200 # 1,
which verifies the observation in Section[6.5l For the case of mismatched disturbance
estimate, the traditional frequency-domain DOBs can not be applies and so one can

implement the FDOB in frequency-domain using the procedure given in Section

Harmonic disturbance

In this part, the matched harmonic disturbance is considered. The harmonic dis-
turbance with unknown amplitude and phase is supposed to act on the system at 1

sec,
d = 2sin(10t),

-10 0

H = [ 10 } The initial value is selected as wg = { 2 0 ] for simulation but is

0 10
which can be put into the state space model (6.2.3)) with .S = [ ], and

unknown for observer design.
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The matrix Lg is chosen as Ly = { 0 1 ], one can check the existing condition

for FDOB is satisfied, then one can calculate U,V as

25 80 0
1 50
U=10 0 10 |,V= .
0 00
0 —-10 O

Choosing the poles of F' as p; = —30,p2 = —40,p3 = —50 and the rest of the
design procedure is the same as that of Section [6.6.1] and the simulation result of
the disturbance estimate is shown in Fig.

5
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Figure 6.7. Mismatched step disturbance estimate: upper plots (disturbance
estimate), lower plot (estimation error).

One can see from Fig. that the proposed FDOB can exponentially asymp-
totically estimate the harmonic disturbance with unknown amplitude and initial
phase. The transfer functions G ;(s) and G ;(s) can also be calculated. One can
verify that Gud(s)/Gyd(s) = G(s). However G ;(0) = —0.0232 # 1, which verifies
the observation in Section For the case of Type II disturbance, the traditional
frequency-domain DOBs can not be applied and so one can implement the FDOB in
frequency-domain using the procedure given in Section if the frequency domain
DOB is preferred in applications.

6.6.2 Practical example

In this section, the proposed FDOB is applied to the disturbance estimation and
rejection problem of a rotary mechanical system of non-minimum phase from [100].

The system can be represented using a transfer function

1.202(4 — 5)
s(s+9)(s2 + 125 + 56.25)

G(s) =
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A normal controller has been pre-designed in state space such that the closed-
loop poles are —3, —2+1.51, —2—1.54, —4. A step reference position with amplitude
5 is supposed to act on the system at 2 sec. At 10 sec, a harmonic disturbance with

unknown amplitude, phase and bias is supposed to act on the system , which can

be given by
d =5+ 5sin(10t).
10 0
One can also put it into the state space model (6.2.3) with S= | —10 0 0 |,and
H = [ 1 0 1 } The initial value is selected as wg = 0 for simulation

but is unknown for observer design.

Then the proposed FDOB is used to estimate the disturbance, where the poles
of matrix F' is selected as —5,—10, —15, —20, —25, —30. When the disturbance is
estimated, its effect can be rejected by direct feedforward the disturbance estimate
based on the principle of disturbance observer based control (DOBC) (see, [50,51]).
The initial values of the plant and FDOB is selected to be zeros. The disturbance
estimation performance is shown in Fig. where the upper plots give the dis-
turbance estimate and the lower plot shows the disturbance estimation error. The
position control results with and without disturbance compensation are given in Fig.
where the upper plots depict the position control and the lower plots depict the

control error.
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-5 . . ;
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Figure 6.8. Biased harmonic disturbance estimate using FDOB: upper plots
(disturbance estimate), lower plot (estimation error).

One can see from Fig. that the proposed FDOB can asymptotically estimate
the harmonic disturbance with unknown amplitude, phase and bias. One can see

from Fig. that the controller with direct feedforward the disturbance estimate
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Figure 6.9. Position control performance with and without disturbance com-
pensation: upper plots (position control), lower plots (control errors).

of the FDOB can effectively remove the effect of unknown disturbances, while the

nominal controller results in control error in the presence of disturbances.

6.7 Summary

This Chapter provides a generic analysis of the relationship between time-domain
and frequency-domain DOBs, which extends the work of [52] from minimum phase
frequency-domain DOB structure to more general form DOB structure. The tra-
ditional frequency-domain DOB structure using a low pass filter with unity gain
can only effectively handle a specific class of disturbances satisfying the so-called
matching condition, while the existing time-domain DOB always generates a higher
order observer. A functional observer based time-domain DOB (FDOB) is proposed
to improve the existing time-domain DOB together with its existence condition,
design guideline and transfer function implementation. Compared with frequency-
domain DOBs, the proposed FDOB can handle more types of disturbances, while
compared with the existing time-domain DOBs the proposed FDOB generates a
lower-order observer. Numerical examples including a rotary mechanical system of
non-minimum phase are given to verify the proposed algorithms. The proposed
FDOB has the potential in the fields of both disturbance rejection control and fault

diagnosis.



Chapter 7

SYSTEM VERIFICATION AND
THRESHOLD SELECTION

7.1 Introduction

In the previous Chapters, the focus was mainly on observer design to generate fault
estimate for the purpose of fault diagnosis. In this Chapter and the following one,
attention is turned to the fault diagnosis system verification and robust threshold

selection. The motivations of this research are illustrated in Fig.

Fault diagnosis observer Robust threshold selection:
design: abundant literature limited results.

Under what condition (level
of uncertainties) the fault
diagnosis system is valid?

Fault diagnosis
system verification:
almost no result.

Figure 7.1. The status of fault diagnosis: observer design, threshold selection
and system verification.

With the ever-increasing requirements on system safety and reliability in con-
junction with the rapidly growing computation power, model-based fault diagnosis
approaches are attracting more and more attentions in both academia and industry
(see, [64{101-103] and recent survey papers [13,104] among many others). Observer
based fault diagnosis, as one type of model-based diagnosis approaches, performs
fault diagnosis by consistency-checking between the observed behaviour and pre-

dicted behaviour using observer techniques based on the mathematical model of

93
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concerned plant |13]. There are generally two steps involved including observer de-
sign to produce a fault indicating signal (FIS) [105] and a threshold generation to
evaluate the FIS such that a Boolean decision can be made-normal or faulty [6].
For example, in residual based diagnosis approach [13], a fault is alarmed when a
residual (serves as the FIS, which is defined as the function of output estimation
error) is larger than a given threshold (being zero in the ideal fault-free case). While
in fault estimation based diagnosis approach [6], a fault is indicated when the fault
estimates (serves as the FIS) deviate from a pre-defined threshold (also being zero
in the ideal fault-free case).

The most important and challenging issue in model based fault diagnosis ap-
proaches is the robustness [13,/106]. Since in real applications, there are always
some mismatches between the real plant and the mathematical model used for fault
diagnosis observer design [8,(50,93], such as system parameter uncertainties, external
disturbances, sensor noises, etc. As a result, it brings many challenges to the prob-
lem of fault diagnosis algorithm verification, i.e., verifying whether a fault diagnosis
algorithm is still valid in the presence of all kinds of system uncertainties, since any
algorithms should go through verification and validation before being applied in real
engineering to see whether certain performance criteria/specifications are satisfied.
Besides, the FIS under normal cases are also inevitably corrupted by all kinds of
system uncertainties, i.e., being non-zero even under normal cases [6,/107,/108], which
brings challenges to the problem of robust threshold selection, since if the threshold
is selected too small the false alarm rate will be high and if the threshold is selected
too large the missing detection rate will be high.

To this end, many algorithms have been proposed to handle the robustness
issue. According to at what stage the uncertainties are considered, they can be
categorised into the active approach and the passive approach [109]. The active
approaches reduce or even decouple the effect of the uncertainties on FIS in the stage
of observer design based on unknown input observer [8,[110], robust filter (e.g., Hy
observer) [104,/111,/112]. While the passive approaches solve the robustness issue at
the stage of threshold selection (or residual evaluation, decision-making, etc.) by
taking the uncertainties into account [35.[36}/109].

Although fault diagnosis observer design, algorithm verification and threshold
selection are equally important for a successful fault diagnosis system in real appli-
cation, less attention has been paid to algorithm verification and threshold selection
in the existing literature. The commonly used approach for algorithm verification
is stochastic simulation. Stochastic simulation based approach [37] obtains the en-

velope of states or outputs based on a finite (possibly large) number of different
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linear models selected from a continuum of models corresponding to each possible
value of the system parameters. However, as pointed out in [113], the number of
required simulations grows exponentially with the number of state, input, and para-
metric variables due to a necessary gridding of the multidimensional set bounding
all variables. Besides, although large numbers of different models are performed
on fairly fine grids for uncertain parameters or Monte Carlo parameter sampling,
it is still possible to miss the model corresponding to the most critical parameter
combination.

The threshold should be selected such that the fault diagnosis system is ro-
bust to all possible model uncertainties, unknown inputs and faults of no inter-
est (see pp. 8 of [114]). The existing robust threshold selection methods can
be categorised into three groups including uncertainties amplification based [114]
(see, pp. 289), [42,/115,|116], optimality based [35,38], set-membership based ap-
proaches [35-37]. In amplification based approach, a traditional observer is firstly
designed, then in the stage of FIS evaluation the system uncertainties are modelled
(or approximated) as unknown input vector with limited bound or bounded by a
known function and their effect on FIS is amplified based on norm inequality [114],
triangular inequality [42], integral inequality [115,|116]. This method may result
in conservative or even useless threshold, especially when multiple parameter un-
certainties exist (see, pp. 251 of [114]). While, in the latter two approaches, the
traditional fault diagnosis observer for FIS generation is replaced by new observers
which can potentially capture the possible upper and lower bounds of system states,
and consequently a fault is alarmed when the measured states deviate from the
calculated state interval. Specifically, optimization based approach [35,38] obtains
the upper bound and lower bound of state envelop in each time step by solving a
constrained optimization problem where the constraints may include the parameter
uncertainties interval, initial state interval, input and output uncertainties interval,
etc. However, due to the complexity of the non-linear optimisation in each time
step, this method can not guarantee a globe optimum and is subjected to high com-
putation problem especially for multiple parameter uncertainties and over a large
time interval, which constrains its application [38}/39]. Set-membership based ap-
proaches [40}43,45] calculate the possible state or output interval by taking the
system uncertainties into account. This method is promising and has been used for
fault detection of an electrical drive in [45]. However, it has been pointed out in [46]
that the existence issue of observer gains for interval observer is not yet clearly es-
tablished even for linear system, since the observer gains should not only guarantee

the error system matrix is Hurwitz, but also cooperative (all the off-diagonal term
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are non-negative). Besides in the presence of system parameter uncertainties, two
bounded functions are needed to cover the effect of parameter uncertainties, which is
not an easy task due to the time-varying and unknown property of states. It should
also be highlighted that the later two interval observer approaches provide new fault
diagnosis solution by proposing new fault diagnosis observer, however, they do not
actually evaluate the FIS for existing fault diagnosis observer since the system state
interval rather than fault diagnosis observer state interval are calculated and conse-
quently the problem of algorithm verification and threshold selection is not handled
by them.

Rather than providing a new fault diagnosis observer, a solution to the problem
of algorithm verification and threshold selection is proposed by evaluating the FIS of
the existing fault diagnosis observer using the technique of reachable set computa-
tion. Its basic philosophy is to calculate the effect of all types of system uncertainties
on the FIS. Specifically, the effect of parameter uncertainties on the FIS under the
normal case is first analysed such that a normal reachable set can be obtained.
Then, the same effect of system uncertainties on the FIS under a selected set of
faults is further analysed such that a set of faulty reachable set is obtained. Based
on the aforementioned two reachable sets, several objectives can be achieved. First,
it can be qualitatively verified that whether a candidate fault diagnosis algorithm
with a chosen threshold is still valid in the presence of system uncertainties. Second,
an appropriate threshold can be quantitatively selected such that it is robust to all
kinds of system uncertainties. Third, the level of fault that can be detected by a
given algorithm can also be determined by checking the intersection of those two
sets. Finally, the proposed approach is evaluated through the actuator and sensor
fault diagnosis problem of a motor system using fault estimation based diagnosis

approach.

7.2 Problem formulation and preliminaries

In this section, the problem will be first formulated including model based fault
diagnosis, fault estimation based fault diagnosis approach and two challenging issues
therein. Then the reachable set computation tool for linear system with system
parameter uncertainties and uncertain inputs will be introduced, which plays a key

role in fault diagnosis algorithm verification and robust threshold selection.
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7.2.1 Problem formulation

Model based fault diagnosis system

Consider an uncertain linear system subjected to unknown load, actuator and sensor

faults, given by

{ i = (A4 NA)z+ B(u+ f,) +TTy | (72.1)

where x,u, f,,'q are the system state, control input, actuator fault, unknown dis-
turbance respectively, and A, B, D,I" are the corresponding distribution matrices.
Ym, fs,n are the measurements, sensor faults, sensor noises and C,,, S, N are the
corresponding distribution matrices respectively. A A is the system matrix pertur-
bation to account for effect of system parameter uncertainties and each element of
AA lies in a bounded interval.

To facilitate the design of integral control in state space modelling such that the
steady state tracking error can be removed, the error integral (e.g., position error
integral [(—64)dt in the following case study) is also modelled into system ,

resulting in

= (A+ AA)x + B(u+ fu) + Dyg +TTy (7.2.2)
From system ([7.2.2]), the commonly used feedback control law v = — K ym + Kqya

can be designed to achieve position tracking. It should be noted that although the
same notations (e.g., x) have been used in and (7.2.2)), the variables in (7.2.2)
accommodate the new state (i.e., the controlled output error integral).

The objective of model based fault diagnosis system is to detect the presence of
fault f, and fs (i.e., fault detection) and determine what kind of fault has occurred
when faults are detected (i.e., fault isolation) based on the system model .
The fault diagnosis system should be designed to be robust to the system parameter
uncertainties A A, external disturbance I'y such that the false alarm rate is kept at
a low level. To this end, without loss of generality the following fault estimation

based fault diagnosis algorithm is introduced to detect and isolate the faults.

Fault estimation based diagnosis system

Fault estimation based diagnosis approaches perform fault diagnosis by directly
estimating faults based on observer theory, such as Kalman filter type observers
[107], disturbance observers [6], etc. So the diagnosis logic of fault estimation based
approach is as follows: when faults are estimated by observers, one can directly tell

whether a fault has occurred or not (i.e., fault detection) and where the faults come
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from such as which actuator, sensor (i.e., fault isolation) by checking whether the
fault estimate deviates from a pre-defined interval (i.e., threshold) centred at zero.

To obtain fault estimates for the linear system , the concept of state
augmentation is used [66], which obtains the fault estimate by augmenting the faults
as additional states. Since in real applications the external disturbance (for example,
unknown load in a motor system) I'y has an enormous effect on the state estimation
performance and consequently the FIS, its effect is reduced through estimating it
by augmenting it as an additional state as well.

Let &z = («, fa, fs,'q), then the system can be equivalently represented

by the following extended system equation:

t=(A+AA)Z+ Bu+ D
{x (A+Ad)z+ButDya (7.2.3)

y=CZ+ Nn

A B O T

O O O O 0 O
Then a state observer can be designed for extended system (7.2.3) under the

observability of the pair (A, C):

where A = , D=

9

andC‘:[C 0 S 0]

K
Il

{ i = A% + Bu+ Dyg + Ko(y — §) (124)

C

<>
Il
S8

where the gain matrix K, is the observer gain matrix to be designed (e.g., pole

assignment of the pair (4,C)). Combing (7.2.3) and (7.2.4), the error dynamic

e = T — = can thus be obtained as follows:

¢=(A—KC)e+ AAz — K,Nn. (7.2.5)

When the extended state & is obtained, one can approximately obtain the ac-
tuator fault f, and sensor fault fs, which will serve as the FIS. After the FIS are
obtained, one should choose an appropriate threshold to evaluate the FIS such that

a Boolean decision can be made—normal or faulty. The overall diagram for fault

estimation based diagnosis approach is shown in Fig.

Challenging issues

The fault diagnosis observer ([7.2.4)) is usually designed based on the normal model
of real system (7.2.3)). As a result, one can see from ([7.2.5) that the state esti-

mation error and consequently the fault estimates are inevitably corrupted by the
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Closed-loop system

Faults Uncertainties  Faults

sensor

Decision 1

Estimate 1
Threshold

Estimate m || ==l2ailely |Decision m
L

FIS generator FIS evaluation

Figure 7.2. The diagram of fault estimation based FD approach including
three elements: closed-loop system, FIS generator and FIS evaluation.

system uncertainties AAZ and measurement noises. It should be noted that this
phenomenon is inevitable in all kinds of model based fault diagnosis algorithms such
as residual based , parameter estimation based and parity space based ap-
proach , etc. and there is the reason why the robustness is seen as the most
important and challenging issue of model based fault diagnosis algorithm [13]) in
practice.

This phenomenon results in two challenging problems to the application of fault
diagnosis algorithm in real engineering. Firstly, how to verify whether a fault diag-
nosis algorithm with a given threshold is still valid in the presence of all kinds of
system uncertainties, since verification is an essential and inevitable step if a fault
diagnosis algorithm is to be applied in real engineering. Secondly, how to quanti-
tatively choose the threshold evaluating the FIS such that the false alarm rate of a
given fault diagnosis algorithm satisfies the given specifications. A solution is pro-
posed to the aforementioned two challenging problems. To achieve this goal, the

following reachable set computing tool is introduced.

7.2.2 Reachable set computation

The reachable set computation plays a key role in fault diagnosis algorithm veri-
fication and robust threshold selection. Consequently, its principle will be briefly
introduced in this section. The tool for reachable set computation of a linear sys-
tem with uncertain initial states, system matrices and inputs is based on known
techniques given in . As discussed in the reachable set compu-
tations are typically performed iteratively for short time intervals 7 = [tg, tg41]
with t; := ki where k € N is the time step and ¢ € R' denotes the step-size. The

reachable set iterative computation requires set-based addition and multiplication,
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which are defined as follows.

Definition 1: (Set-based addition/multiplication) The rule for set-based ad-
dition and multiplication are defined as X & Y := {z + ylr € X,y € Y} and
X ®Y:={zy|lr € X,y € YV} respectively.

Besides, there are multiple ways to represent a set including polytopes, zono-
topes, ellipsoids, support function, etc [113]. The zonotopes are preferred to rep-
resent a reachable set of states since they can efficiently represent reachable sets
in high-dimensional spaces while operations required for reachability analysis can
efficiently be applied to them [113]. The definition of a zonotope is given as follows.
Definition 2: (Zonotope) Given a centre ¢ € R" and so-called generators g(¥) €

R"™, a zonotope is defined as
Z={zeR'zv=c+> 7", &g(i)ﬂi € [-1,1]},

which can be written in a short form as Z = (c,g(l), e ,g(p)). The order of a
zonotope is defined as p := £, where p is the number of generators. The zonotope
can also be seen as the set-based addition of line segments [—1, 1]g(").

The multiplication of a zonotope with a matrix M € R°*™ and the addition of
two zonotopes 21 = (¢, gV, - - 7g(pl)) and 2, = (d, R ... ,h(p2)) are also zono-

topes, defined as

Zl @ZQ = (c+d7g(1)7. .. ’g(pl)’h(1)7. .. ’h(p2))7
M ® Zy = (Mc, MgV, .. Mg®V),

Besides, other functions (such as the convex hull, Cartesian product, etc.) of two

zonotopes are referred to |113].

Computation tool

Consider an uncertain linear system, which can be described by a differential inclu-
sion,

&= Az + uc @ u(t), (7.2.6)

where the uncertain system matrix A C Z™*" initial state z(0) € Xg C R", u. € R"
is the known input and u(t) € V' C R" is the uncertain input. The reachable set
computation can over-approximately obtain the reachable set R([0,r]) of system
in a time interval ¢ € [0, 7] denoted as R%([0,r]), where R([0,7]) 2 R%([0,7])
with R4([0,7]) = {x|x(t) is a solution of(7.2.6)),¢ = 7, 2(0) € X}, which can be seen
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as the exact reachable set [l

The detailed algorithm and its implementation can be found in [113}/117,/118].
However, for the completeness, its basic algorithm structure for a time interval 7
is given as follows. Suppose the reachable set of the affine dynamics & = Ax + u, is
RY(t), the reachable set of the particular solution due to the uncertain input wu(t)
is Rg(u(t),t), and the partial reachable set correcting the initial assumption that
trajectories are straight lines between ¢, and ¢4 is Rg According to [113}/117,118],

the reachable set for a time interval 73, is computed as shown in Fig. [7.3]

convex hull of
RE(ty), RE(tky1)
R (t41)

@ @ ®

Rd(Tk) —>

enlarge-
ment

Figure 7.3. Steps for reachable set computation of uncertain linear systems.

i Starting from R%(t3), compute the reachable set R% (¢ 1)

ii Obtain the convex hull of R%(t;) and R%(t41) to approximate the reachable

set for the time interval 7

iii Compute R%(1;) by considering uncertain inputs by adding Rg(u(t), Tk) and

accounting for the curvature of trajectories by adding RY.

Numerical example

A numerical example in [118] is given to show the effectiveness of the reachable
set computation algorithm. Suppose the uncertain matrix A in (7.2.6) is given by
A= Ay+]-0.1,0.1] * AA, where the normal matrix and uncertain matrix are given
by

(-1 -4 0 0 0 11000]
4 -1 1 0 0 11100
Ao=|10 0 -3 1 0 |,AA=]00110
0 0 —1-30 00110
0 0 0 0 -2 (00001 ]

!The computation of exact reachable set is an open problem [117] and consequently
over-approximation is usually preferred.
2This illustrating figure is from [113].
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The known control input u. is a step input with amplitude 1 (the initial value is
chosen as 0) at 3 sec and the amplitude is changed to 2 at 6 sec. Each element of
the uncertain input u(¢) lies in the interval [—0.05,0.05]. The step-size is chosen as
0.001 and the order of zonotope p is 600. The state reachable set of x3 (red, green

and yellow interval) and 200 stochastic trajectories (blue lines) are shown in Fig.

e

151

control 1

o
S 0.5
n control 2
zero control
O,
0% 1 2 3 4 5 6 7 8 9

Time (sec)

Figure 7.4. The state reachable set of x3 and its stochastic trajectories under
different control amplitudes: area in read: without control; area in green:
control with amplitude 1; area in blue: control with amplitude 2.

One can see from Fig. that: (i) all the stochastic simulation trajectories
of state w3 lie in the calculated reachable set, which verifies the effectiveness of
state reachable set computation tool; (ii) when the input amplitude is increased, the
corresponding width of reachable sets will get larger. This is due to the fact that when
the input amplitude is increased, the state amplitude and consequently the effect of

system parameters on the states also get larger.

7.3 Main results

In this section, the main results will be provided including the qualitative verification
of a candidate fault diagnosis algorithm with a given threshold and the quantitatively
robust threshold selection for a given fault diagnosis system. Besides, based on the
robust threshold, the fault amplitude that can be detected by a given fault diagnosis

algorithm can also be determined.
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7.3.1 Fault diagnosis algorithm verification

Algorithm verification can answer the question that whether a given algorithm is still
valid in realistic environment (i.e., in the presence of all kinds of system uncertain-
ties, such as parameter uncertainties, external disturbances, sensor noises, etc.). It
can be seen as a bridge between academia and industry, since any algorithm should
go through verification and validation to see whether certain performance criteria
are satisfied before being applied in industry. Although in the past few decades
there are a lot of model based fault diagnosis algorithms proposed in academia, lit-
tle attention has been paid to fault diagnosis algorithm verification and as a result
the model based fault algorithms have not been extensively applied in industry. The
commonly used algorithm verification tool in engineering is stochastic simulation,
i.e., simulating the real system by choosing a large number of system models with
different parameter combinations. However, as pointed out in [113], the number
of required simulations grows exponentially with the number of state, input, and
parametric variables and more importantly, it is still possible to miss the model
corresponding to the most critical parameter combination. Consequently, efforts
should be made to bridge this gap, i.e., proposing a systematic approach for fault
diagnosis algorithm verification.

The philosophy of fault diagnosis algorithm verification is that, different intervals
are used to capture the uncertainties in system parameters and sensor noises, such
that an uncertain model (e.g., (7.2.2))) is obtained to represent the real system.
Then for a candidate fault diagnosis system (e.g., (7.2.4)), the FIS reachable set
under normal case is first obtained, i.e., with only system uncertainties and sensor
noises; then the FIS reachable set under faulty case is further obtained, i.e., with
all kinds of system uncertainties and a selected set of faults of interest. Then it
can be qualitatively determined whether the candidate fault diagnosis system is still
valid or not under uncertainties by comparing the normal FIS reachable set and
faulty FIS reachable set. The rule is that if the normal FIS reachable set is close to
zero, and the faulty FIS reachable set substantially deviates from the normal FIS
reachable set then one can qualitatively conclude that the fault diagnosis system is
valid under this level of system uncertainties. The calculation of FIS reachable sets

under normal and faulty cases are discussed in section [7.3.3]

7.3.2 Robust threshold selection

The threshold is selected to evaluate the FIS and consequently a Boolean decision—

normal or faulty is produced. In the absence of system uncertainties, the threshold
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can be easily set to be zero since the state estimation error and consequently FIS
approaches to zero in the steady-state under normal case. However, one can see from
that the state estimate error and consequently fault estimates are subjected
to the effect of system uncertainties AAZ and sensor noise Nn, which means the
fault estimates are not zero even under normal conditions. So a threshold should be
carefully designed such that it is robust against the system uncertainties.

The commonly used robust threshold selection approach is approximating all the
uncertainties using unknown input with limited bounds or a bounding function [114].
There are two problems within this approach. Firstly, it is not an easy task to find
an appropriate unknown input to cover the uncertainties due to the time-varying
and unknown nature of state z. Secondly, it is pointed out in [114] (see, pp. 251)
this approach will lead to a conservative threshold, since valuable information about
the structure of the model uncertainties has not been taken into account.

To this end, the robust threshold is chosen by analysing the FIS reachable sets
under normal case and a selected of faulty cases as discussed in Section.
Based on these two reachable sets, two objectives can be achieved. Firstly, a robust
threshold can be chosen based on the calculated normal reachable set, which means
if the fault estimate lies in the normal reachable set, it is concluded that no fault
appears, while if the fault estimate deviates from the normal reachable set then it can
be concluded that the corresponding fault has occurred. Secondly, by comparing the
normal reachable set and faulty reachable set, the level of fault that can be detected
by the observer based fault diagnosis system can also be determined. When the
intersection of these two sets is empty, it can be concluded that the fault diagnosis
algorithm can effectively detect the presence of fault, while if the intersection of
these two sets is not empty (e.g., the amplitude of fault is too small), then the fault
diagnosis algorithm fails to detect that particular type of fault. The principle of the

proposed robust threshold selection for fault estimate based diagnosis approach is

shown in Fig.

y \
[ System model, | ( ) " Fault
Uncertainty FDI F: estimate
model, b « Fault
Fault model / ) ( \ glai
) Reachable Normal
measurement set ‘
S computation

What level of fault
can be detected?

¥
‘ Faulty set

Figure 7.5. Overall diagram of fault diagnosis system with robust threshold.
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7.3.3 FIS reachable set computation

In this section, the FIS reachable set computation is discussed under normal case
and a selected of faulty cases. The aforementioned FIS reachable set computation
problem is transformed into the problem of two state reachable set computation
such that the existing tool on reachability analysis introduced in Section. [7.2.2| can
be applied.

To facilitate analysing the effect of A AZ and sensor noises Nn on the augmented
state = and consequently fault estimates, the dynamic of Z is derived and put into
the format of such that the technique of reachable set computation can be
used.

On the one hand, from e = Z — Z, the state estimation error dynamic can

be put into the following form
¢=(A—-K,Ce+ NA(e+z) — K,Nn. (7.3.1)

On the other hand, one can see from (7.2.4) that the time-varying input u =
— K ym+ Kgyq and y,, are involved in derivation of Z, which will make the reachable
set computation complicated. To simplify the problem, the control input u and

measurement y,,, are substituted into (7.2.4)), such that the Z dynamics are given by

oy

[~ K.(CZ+ Nn) + Kgyaq] + Dyg + Ko(CZ + Nn — CZ)

K.C)i + (K,C — BK.C)e+ (D + BKy)yq + (K, — BK.)Nn.
(7.3.2)

Combing ((7.3.1) and (7.3.2)), one can obtain the following composite dynamics

K
I

= Az +
= (A—

wef]

including extended state estimate error e and extended state estimate

(7.3.3)

Using the under-brace notations in (|7.3.3)), the composite dynamic ([7.3.3|) can

be put into a compact form, given by

X = Ax + uc ® u(t), (7.3.4)

where x = [T, 2T]T, A is the uncertain system matrix, u. is the known input and
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u(t) is the uncertain input. One can see that falls into the same format as
that of the uncertain system in Section. which means the standard
reachable set computation tool in Section. [7.2.2) can be applied. Then one can
obtain the reachable set of x and consequently FIS reachable sets under normal
case and a selected of faulty cases, since the FIS are chosen as the fault estimates
in fault estimation based diagnosis approach which are the elements of x.

Remark: One can see from that the distribution matrices of known input
ya and uncertain input n are different. To make the reachable set computation
problem of system solvable based on the existing tool (i.e., putting
into (7.3.4), the original uncertain input n has been transformed into wu(t). This
process will result in conservativeness in reachable set computation due to the fact
that the dimension of uncertain input has been increased and consequently the
single-use-expressions of interval computation can not be achieved. However,
future work can be done to handle this problem and consequently attenuate the

conservativeness.

7.4 Simulations

In this section, the actuator and sensor fault diagnosis problem of a motor system
using fault estimation based approach will be used to illustrate the principle of the
proposed approach. The overall diagram of motor fault diagnosis system is shown

in Fig. where the closed-loop control system using state space feedback with

Closed-loop system

Faults Uncertainties  Faults

yd Ym
w actuator Motor SENSOr pun gl

s T

N =
N Fault GELEES A ctuator fault
Threshold
Robust eloc:t ‘aul
Threshold @743 faulg

Figure 7.6. Overall diagram of motor fault diagnosis system.

'

integral action is introduced in Section. the actuator fault estimator and

sensor fault estimator and their corresponding robust threshold selection are given

in Section. and respectively.
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7.4.1 Motor system

A linear model of the motor system with actuator and sensor faults can be repre-
sented in the state-space model where x = |11, 72, 23, 24])7 = [0,w, I, [(0 —
04)dt]T are the system states (the state x4 = [(6 — 64)dt is introduced such that an
integral control can be designed to remove the steady state tracking error), u is the

control voltage, which is designed as

u = _k0<9m - ed) — keixa — kowwm — kitm

(7.4.1)
= —K.ym + Kqbq4

where 0,,, w,, and i,, are the measurement value of position, velocity and current,
respectively. The parameters K. = [kg, kw, ki, ke;] are the control parameters to
be designed (see Appendix [A.4) and Ky := ky. yq = 64 is the desired output po-
sition, I'y the unknown load, ¥,, the measurement output, f, the actuator fault,
fs = [fsv ], where fg, is the velocity sensor fault, f,. is the current sensor fault,

ScC
respectively. System matrix A, control input matrix B, desired output matrix D,

load matrix I', measurement matrix C,, are given as follows:

01 0 0 0 0 [0 ] (0 0]
0 —% kg 0 0 —1 10
A = JoJ , B = , D = r = T, 8 = ,
0 -k Ly 1 0 0 01
1 0 00 0 ~1 0 00
I3
N = y Cm = Iyxq.
zeros(3,1)

The meaning of the aforementioned parameters and their corresponding normal
values are referred to Appendix[A.4 A A denotes the system parameter uncertainties
and suppose that there are four key parameters with uncertainties, i.e., kg4, k7, ke and
resistance R. The uncertainty levels are given as follows: kg € [kagn — 4%kan, kan +
A%kan), kr € [krn — 2%krn, krn + 2%k, ke € [ken — 2%ken, ken + 2%ken] and
R € [R, —5%R,, R, +5%R,)|, where kg, krp, ken, Ry, denote the normal parameter
values. Without loss of generality, suppose that the sensor noises nyp, n,, n; lie in a
bounded interval € [-0.01,0.01].

7.4.2 Actuator fault diagnosis

In this section, the fault estimation based diagnosis approach is applied to the
problem of actuator fault diagnosis. In this scenario, suppose that no sensor fault

occurs to satisfy the observer observability and consequently only the actuator fault
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and unknown load are treated as the additional states when designing the generalized

state observer, i.e., T1 = (x, fu,'q). The fault diagnosis observer is designed as

T1 = A1Z1 + Biu+ Diyg + Ko1(y — 9),
§=Ciy

ABT B
O 0O O (@)
and C; = [ C O O } The observer gain K,; can be found in Appendix |A.4

The reference position is chosen as a step signal at 0 sec with amplitude of 1rad,

7B1:

where the system matrices are given by A; = , Dy =

)

while the unknown load I'; is given by the following function,

1 Nm, te€]0,3]
T, =
0.5 Nm, t € (3,10]

The initial state of both the control system and observer system are supposed to be
zero vector of appropriate dimension. The actuator fault with different amplitude
fa =1V and f, = 0.1V are supposed to occur at 6 sec respectively. The reachable
set computation results for both normal case and actuator faulty cases are shown in
Fig. and where the black lines are the stochastic simulations of the actuator

fault estimate.

151
Fault reachable set
1 L
5
8
S L
£ 0.5
=
b Actuator fault 1 V
0
Load 1t0 0.5 Normal reachable set
_05 L L L L L L L L L |
0 1 2 3 4 5 6 7 8 9 10
Time, sec

Figure 7.7. Reachable set of actuator fault estimate under normal case and
actuator fault f, = 1: green area (no fault under I'; = 1), yellow area (no
fault under I'; = 0.5), red area (with and without fault under I'; = 0.5).

One can see from Figs. [7.7]and [7.§|that reachable set computation can effectively
capture the dynamic of the fault estimates, since all the stochastic simulated fault

estimates lie in the computed reachable set for both normal case and faulty case.
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Fault reachable set
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Figure 7.8. Reachable set of actuator fault estimate under normal case and
actuator fault f, = 0.1: green area (no fault under I'; = 1), yellow area (no
fault under I'y = 0.5), red area (no fault under I'y = 0.5); pink area (with fault
under I'; = 0.5). There are some overlaps between pink area and red area due
to the effect of uncertainties.

When the unknown load is changed from 1 to 0.5 at 3 sec, the amplitude of reachable
set reduces accordingly. This is due to the fact that when the load amplitude is
reduced the state amplitude and also the effect of parameter uncertainties AAx on
the fault estimate will also be reduced.

Firstly, based on the two reachable sets in Fig. one can qualitatively verify
that the fault estimation based diagnosis algorithm is valid in the presence of given
system uncertainties and sensor noises, since the FIS reachable set under normal
case is close to zero and FIS reachable set under faulty case is substantially different
from the one under normal case. Besides, based on the principle of the proposed
threshold selection approach, the threshold can be chosen as the upper and lower
bounds of the normal reachable set.

Secondly, one can see from Fig. [7.7that in case of actuator fault f, = 1, the fault
reachable set (after 6 sec) does not intersect with the normal reachable set (after 6
sec) and so the fault diagnosis algorithm can effectively detect the presence of fault.
While in case of actuator fault with a smaller amplitude f, = 0.1, the fault reachable
set intersect with the normal reachable set and so the fault diagnosis algorithm fails
to detect the presence of the actuator fault with this particular amplitude. This
phenomenon is reasonable since when the fault amplitude is too small, its effect on
the fault estimate is limited and can not be distinguished from the effect of system
uncertainties. So based on the proposed approach, one can determine the minimal
fault amplitude that can be detected by a given fault diagnosis algorithm under a

given scenario.
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Remark: The reachable set computation is achieved in Matlab using the algorithm
in Section. in conjunction with the existing toolboxes including “INTerval
LABoratory ” E| and Multi-Parametric Toolbox EL The step-size of reachable set
computation is chosen as ¢ = 0.0015 and the order of zonotope p is 600. To further
improve the computation precision, one can reduce the step-size or increase the

order of zonotope, however, it will result in longer computation time.

7.4.3 Sensor fault diagnosis

In this section, the problem of sensor fault diagnosis is further considered, where
both velocity sensor fault and current sensor fault are considered. To satisfy the
observability, it is supposed that no actuator fault occurs and so only the speed
velocity fault, current sensor fault and unknown load are treated as the additional
states when designing the extended state observer, i.e., Zo = (z, fs,'¢). The fault

diagnosis observer is given as follows:

Ty = AsZo + Bou+ Daya + Ko (y — 1),
§ = Cox

AOT
O 0 O
and Cy = [ C S O } and the observer gain matrix K,y is referred to Appendix [A.4

where the system matrices are given by Ay = , Bs =

The fault profile is given by the following function,

/ Orad/s, t€]0,5] ; 0A, te€][0,7]
0.5 rad/s, t € (5, 10] 0.5 A, t € (7,10]

The rest of simulation scenario is the same as that of Section [.4.2l The reachable
set computation results for speed sensor fault estimate and current sensor fault
estimate are shown in Fig. and respectively, where the black lines are the
stochastic simulations of the sensor fault estimate.

Similar to the case of actuator fault diagnosis, one can see from Figs. and
that all the stochastic simulations lie the calculated FIS reachable sets, which verifies
the effectiveness of reachable set computation algorithm. Besides, at 3 sec, the load
amplitude is reduced and consequently the effect of uncertainties on FIS is reduced,

i.e., the width of reachable set becomes smaller. Due to the presence of current

3i.e., Intlab, see the software via http://www.ti3.tu-harburg.de/rump/intlab/
4i.e., MPT, see the software via http://people.ee.ethz.ch/ mpt/3/
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Figure 7.9. Reachable set of speed sensor fault estimate and stochastic simu-
lations: green area (load with amplitude 1); yellow area (load with amplitude
0.5); red area (the presence of speed sensor fault); pink area (the presence of
both speed and current sensor faults).

0.81
0.6

0.4r

Current fault

0.2l Load 1t0 0.5

Current fault

Time, sec

Figure 7.10. Reachable set of current sensor fault estimate and stochastic
simulations: green area (load with amplitude 1); yellow area (load with ampli-
tude 0.5); red area (the presence of speed sensor fault); pink area (the presence
of both speed and current sensor faults).

sensor fault at 7 sec, there is a jump in the reachable set of speed fault estimate,
this is due to the fact that the fault estimates for velocity sensor fault and current
sensor fault are coupled with each other. Based on the calculated FIS reachable
sets under normal case and faulty case, one can easily choose the threshold similar
to the case of actuator fault diagnosis. Besides, one can also roughly determine the

minimum detectable fault as that of actuator fault diagnosis.
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7.5 Summary

In this Chapter, the problem of fault diagnosis system verification and robust thresh-
old selection is considered for a typical model based fault diagnosis algorithm, i.e.,
fault estimation based approach. Due to the presence of system uncertainties and
sensor noises, the fault indicating signals deviate from zero even under normal con-
dition. To this end, the reachable set computation tool is drawn to calculate the
fault indicating signal reachable set under normal case and a selected of faulty cases.
Based on the calculated two reachable sets, a candidate fault diagnosis system can
be qualitatively determined where it is still valid under all kinds of uncertainties.
Besides, a robust threshold can be quantitatively selected which is robust to system
uncertainties and consequently false alarm rate can be substantially reduced. In
addition, by comparing those two reachable set, one can also determine what level
of fault that can be detected by a given fault estimate algorithm. Actuator and
sensor fault diagnosis of a motor system is given to illustrate the principle of the
proposed approach.

This Chapter mainly focuses on the idea of fault diagnosis algorithm verification
and robust threshold selection. The reachable set computation tool used may not
be the latest one and the results may not be perfect now. But with more advanced
reachable set computation tool and increasing computation power, the results in this
Chapter can be substantially improved. Besides, the method in this Chapter can
also be applied to the case of algorithm verification and robust threshold selection
for other model based approach such as residual based and parameter estimation

based fault diagnosis approach.



Chapter 8

COMPARISON VERIFICATION

8.1 Introduction

In Chapter[7] the framework of fault diagnosis system verification and robust thresh-
old selection was proposed. In Chapter[2] a comparison analysis between the residual
based and fault estimation based fault diagnosis approach was made in a qualitative
way along with simple simulation comparison study. In this Chapter, however, the
framework proposed in Chapter [7]is applied to the quantitative comparison analysis
between the residual based and fault estimation based diagnosis approaches, which
can shed light on the application scope of different fault diagnosis approaches. The
sensor fault diagnosis problem of vehicle lateral dynamics is chosen as a case study.

The relationship of this Chapter with previous Chapters is illustrated in Fig.

Qualitative comparisons of Fault diagnosis system
fault diagnosis approaches: verification:
Chapter 2 Chapter 7

Quantitative
comparisons of fault
diagnosis approaches

Figure 8.1. The relationship between this Chapter and previous Chapters.

8.2 Vehicle lateral dynamics

In model based fault diagnosis system design, the first step is to derive an appropri-
ate model describing the system dynamics under consideration. To this end, in this
section, vehicle lateral dynamics are introduced, where the standard one-track model
is utilized, since it is one of the most widely used models for the purpose of vehicle

lateral control and fault diagnosis system design [119-H122] due to its availability for
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on-line application (i.e., with low system order) and ability to well describe vehicle
behaviour with lateral acceleration under 0.4 g (g denotes the acceleration of grav-
ity) on normal dry asphalt roads [119-121]. The diagram of one-track model for
vehicle lateral dynamics is shown in Fig. where [ 7. denotes the yaw angle and

the rest of notations are explained whenever needed.

= P ;
—]

Figure 8.2. The diagram of a one-track model for vehicle lateral dynamics.

Assuming a constant vehicle velocity (see, Chapter 2 of [119] or pp. 79 of [121] for
other assumptions), taking vehicle side slip angle 8 and yaw rate r. as state variables,
and the front wheel steering angle é; as input signal, vehicle lateral dynamics can

be described by differential equations [119]

{mv(8+m — Fyv + Fy 821)

sz’c = lVFyV - lHFyH

where m,v are the vehicle mass and longitudinal velocity, Fyy, Fyy are front and
rear tire forces, I, is the yaw moment of inertia, and ly,lz denote the distances
from Centre of Gravity (CG) to front and rear tires, respectively.

Moreover, for small tire slip angles, lateral tire forces are usually approximated

as a linear function of tire slip angles, which are defined by

{ Fyv = cav(8e = B = lyre/v) (8.2.2)

Fyr = cay (=B +lare/v)

where ¢, and copr are cornering stiffness of front and rear tires. The values of all
the parameters are given in Appendix

Define vehicle state © = [3;7.] and control input u = dr, substituting
into , one can obtain the state-space model of vehicle lateral dynamics, given
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by
Ccav +caH  lHCAH — lvCav . Cav
i muv mu? - mo |
lacar —lvcav  Brcav + fcan lveav | ™ (8.2.3)
I L I
Aun Bun

The variables that can be directly measured are the lateral acceleration signal a,
through accelerometer and the yaw rate signal 7. through gyrometer, i.e., y = [ay; 7]

and consequently the measurement model is given by

Cav + CaH lHCAH — lvCav

y= m mu
0 1

Cav.
x + m U.
0 (8.2.4)

~—_—
Cun DUTL

In practical applications, the system parameters in system model and
measurement model inevitably have certain variations. As a result, rather
than being a point, the elements of system matrices will fall into different intervals.
That means the system matrices Ayn, Bun, Cun, Dun also fall into interval matrices
(note: interval matrix denotes a matrix whose elements take values within intervals)
according to the range of each parameters. For example, A, € A, where A = [A, A]
is a interval matrix with A and A being the lower and upper bound matrices element-
wisely. The interval matrix A can also be equivalently represented by A = A+ AA,
where A is the normal matrix and AA can be seen as the radius matrix element-
wisely. As a result, the vehicle lateral dynamics with uncertainties and sensor faults

can be represented by the following generic systems

{ i=(A+AA)z+ (B+ AB)u 525)

y=(C+AC)z+ (D+AD)u+ Ff '

In this model, the effect of sensor faults is also modelled through introducing
fault variables f = [fq; fy] (i-e., accelerometer fault f, and gyrometer fault f,) and
their distribution matrix F' (i.e., identity matrix for simultaneous accelerometer and
gyrometer fault detection).

The objective of FD is to detect the presence of faults f, and f, (i.e., fault de-
tection) and isolate which fault has occurred when a fault is detected (i.e., fault iso-
lation). The comparison between two different types of model-based FD approaches
are considered including residual based and fault estimate based approaches. Each
approach contains a fault diagnosis observer for residual generation and a robust

threshold for residual evaluation. The diagram of the overall fault diagnosis system
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is shown in Fig.

Uncertainties Faults
) i 4 y
L Vehicle Lateral -
. sensors —>
dynamic
I'1
17
)

Accelerometer fault|
diagnosis | J)| Threshold |Gyrometer fault
observer —>

(& J
Residual generation Residual evaluation

Figure 8.3. The diagram of fault diagnosis system for vehicle lateral dynamics
including fault diagnosis observer and robust threshold selection.

8.3 Main results

In this section, the main results are presented. Specifically, the model-based FD
observer design for residuals (fault estimates) generation is firstly discussed including
conventional residual based and recent fault estimation based approaches, whose role
in the overall FD system is shown in Fig. The residual is chosen to indicate the
presence of fault, and consequently it is expected to be close to zero in fault-free case
and deviate from zero in the presence of faults [13]. However, due to the presence
of inevitable uncertainties in practice, the residuals (or fault estimates) are not zero
under normal condition. Then the problem of verification and robust threshold
selection for the aforementioned model-based FD systems are further investigated,
where both of them are transformed into the problem of reachable set computation

for uncertain systems.

8.3.1 Residual based approach

In residual based FD, a set of FD observers are usually needed to isolate different
faults, where each observer is designed to be only sensitive to one particular fault
[6,21]. The diagram of the residual based FD for vehicle lateral dynamics is shown
in Fig.

The i*" residual based FD observer for system , which is only sensitive to

ith sensor fault, takes the following form

9i = CiZi + Diu
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Uncertainty Faults
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o > Accelerometer fault
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Residual generation Residual evaluation

Figure 8.4. The diagram of residual based FD system for vehicle lateral
dynamics including two FD observers and robust threshold.

where the subscript ¢ means the " observer. y;, the sub-vector of the original mea-
surement vector y, is chosen in such a way that the i*" observer is only sensitive to
it" sensor fault (see, [5,6] for details). C;, D; are the normal matrices corresponding
to y;. K] is the observer gain matrix, which can be designed based on H, theory or
simply pole assignment technique under the observability of the matrix pair (A, C;).

The output estimation errors r; = y; — ¢; or their functions in the case of y; with
high dimension are usually chosen as the residual signal. The residual r; can be put

into the following form

ri =y — Ui = Cie; + AC;x + ADju + Fi f, (8.3.2)

where e; = x — Z;. One can further obtain from Eqs. (8.2.5) and (8.3.1)) that

the error dynamics satisfy

(8.3.3)
+(AB — KTAD)u — KI'F,f

Substituting Eq. (8.3.2) into Eq. (8.3.1]), the state estimate can be put into an

equivalent form, given by

i; = Ad; + Bu+ K'Cie; + KTACx + ADju+ KT Ff. (8.3.4)

From Eqgs. (8.3.2)) and (8.3.3]), one can see that the residuals 7; is sensitive to fault

F;f. However, it is also subject to the effect of system uncertainties AA, AB, AC, AD,

and state x and control input u. This will bring many challenges to the FD verifi-
cation and threshold selection, since the uncertainties take values in intervals and

result in infinite combinations.
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Verification and threshold

The verification and threshold selection results in Chapter is directly applied.

From e; = z; — Z;, one can obtain x; = e; + ;. Substituting it into Eqgs. (8.3.3]) and
(8.3.4)), one can obtain the following composite system

A—KICi+AA— KIAC; AA - KIAC; ei]

T

KIC; + K[ AC; A+ KIAC;
\Y/ ~—~—
X A X (8.3.5)
AB — KI'AD; —KI'F; P
B+ AD; KI'F,
BU

Using the under-brace notation, system ({8.3.5) can be put into the following
compact format
x = Ax + BU. (8.3.6)

where x, A, B and U are all interval variables.
Following the same procedure, the residual Eq. (8.3.2) can be put into the
following form,

ri = [Ci + AC;, ACH] + ADju + Fi f (8.3.7)

€;

T

As a result, after the reachable set of system (8.3.6) or equivalently (8.3.5) is
calculated, the reachable set of r; in (8.3.7) can be further calculated through set

transformation.

8.3.2 Fault estimation based approach

The fault estimation based approach [6,/122] is further considered; different from
residual based approach, the fault estimates directly serve as the residuals for fault
detection and isolation, which can simplify the fault detection and isolation logic [6].

Considering that the common sensor faults are bias, drift, scaling with unknown
amplitude and occurring time, a linear model can effectively describe their dynamics
[122]. Without loss of generality, the state augmentation approach is used for fault
estimate, where a first-order model is chosen (see [122] for second-order models
and [7] for high order models). In this approach, faults are augmented as additional
states and can be estimated along with the original system states [6]. Taking z =

(z, f), system (8.2.5) can be equivalently represented by the following extended
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system
= (A+AA)z+ (B+AB)u (838)
y=(C+AC)Z+ (D+AD)u o
_ AO| - B _
where A = , B= andC:{C F}
O O O

Then a FD observer can be designed for system (8.3.8)) using the normal matrices
under the observability of the pair (A, C), as follows

= AZ + Bu+ K,(y — 9)
§ = CZ + Du , (8.3.9)
f=Pz

where the gain matrix K, is the observer gain matrix to be designed (e.g., pole
assignment of the pair (4, C')) and P is the projection matrix to obtain fault estimate
from the augmented state estimate. Then fault estimates f directly indicate the

status of the sensors.

Verification and threshold

Similar to the case of residual based approach, the verification and threshold se-
lection problem is formulated into the sate reachable set computation problem for

uncertain systems.

Combing ({8.3.8)) and ({8.3.9)), the error dynamic e = Z — # can be obtained

é=(A—K,Ce+ (AA - K,AC)Z + (AB — K,AD)u. (8.3.10)

In addition, substituting measurement y = (C' + AC)Z + (D + AD)u of (8.3.8) into
system ([8.3.9)), one can obtain

K

A
A

SIS
Il

+

+ Bu o(Ce + ACZ + ADu)

K

Both system (8.3.10) and (8.3.11)) involve unknown state variables Z, to make

the reachability analysis feasible, it is eliminated through the relationship z = e+ z.

Substituting Z = e + & into (8.3.10) and (8.3.11) and putting them together, one



Section 8.4. Application study 120

can obtain
¢] [A-FR,C+AA-K,AC AA-K,AC] [e
z K,C + K,AC A+ K,AC | |7
~— ~—
A (8.3.12)
AB — K,AD
+ _ _ U
B+ K,AD
BU

Similar to the case of residual based approach, using the under-brace notations
in , Eq. can be put into a compact form similar to Eq. .
Consequently, if the reachable set of the system can be calculated, then the
reachable set of the fault estimates f can thus be obtained.

Now the problem of residuals (or fault estimates) reachable set calculation under
normal case and a selected faulty cases has been transformed into the state reach-
ability analysis of uncertain system , the implementation issue of which has
been discussed in Chapter

8.4 Application study

In this section, the results will be demonstrated through the case study of sensor
fault diagnosis problem for vehicle lateral dynamics given in Section. [8.2] Both the
verification and threshold selection problem for residual based and fault estimation
based FD approaches discussed in Section. [8.3] are considered. The accelerometer
fault and gyrometer fault of vehicle lateral dynamics are considered simultaneously.
The simulation scenario including initial state interval, uncertain parameter intervals
and steering control input is given as follows.

Without loss of generality, assume that the uncertainty appears in the vehicle
velocity v, since it is the main uncertainty source [123] due to sensor measurement
errors (other parameter uncertainties can be similarly considered). The vehicle
velocity is assumed to be within a bounded interval v € [19, 21] m/sec, then following
the procedure of |[123], system matrices A, and By, in can be calculated as interval
matrices Ay, € A+ [—1,1] x AA, By, € B+ [—1,1] x AB, with A,AA, B and AB
given by

~42832 —0.9275 | [ -0.2142 ~0.0073
23.6162 —5.8513 | 0  —0.292 |
B = [1.7662 33.2580} AB = [0.0883 0] .
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where A is a stable matrix with complex poles.

The initial values of slip angle and yaw rate are within a bounded interval vector
([—0.02,0.02]; [0.03,0.07]). The known steering angle input u.(t) is a step input with
amplitude 0.05 rad at 1 sec (in this case, the lateral acceleration is guaranteed to
be less than 0.4 g such that the one-track mode can well describe the vehicle lateral
dynamics). The accelerometer sensor fault f, and gyrometer fault f, will given
where needed and will be plotted in the following figures directly. The sensor faults

with different amplitudes are considered to evaluate the FD algorithms.

8.4.1 Residual based approach

The residual based approach in Section. is first considered. The observer gain
matrices K,i = 1,2 in are designed using pole assignment of the normal
system matrix pair (A, C;) such that the poles of matrix A — K} C; are [—8; —7]; the
results are K| = [—0.0607, —0.2256] and K% = [—0.4999, 4.8655]. Since the initial
system states x(0) = [0;0.05] can not be known exactly due to measurement errors,
the initial states of the FD observer are supposed to lie in a bounded interval, given
by &(0) = | (~0.02,0.02), (0.03,0.07) |.

Given the uncertain parameters, the interval matrices in Eq. can be
calculated using INTerval LABoratory (INTLAB) software. Now the initial state
uncertainties, system matrix uncertainties in are all available, the reachability
analysis tool can be applied to calculate the reachable sets of the residuals. The
step-size for reachability analysis is chosen as 0.01 and the order of zonotope p
is 800 (the calculation accuracy can be further increased by reducing step-size and
increasing zonotope order, which will require longer computation time), under which
configuration the computation time for each observer is about 1.5 sec using Matlab
2012 with Intel Core i5-3570 CUP @ 3.40 GHz. The reachable sets of the residuals
(grey areas) and 200 exemplary trajectories (blacks lines) using stochastic Monte
Carlo Simulations are shown Figs. and [8.6] respectively.

It can be observed from Figs. and that all the exemplary trajectories fall
into the calculated reachable sets and the reachable sets are not conservative, i.e.,
the trajectories are not far away from the boundaries of the reachable sets, which
again verifies the effectiveness of the reachability analysis tool.

During 0 to 1 sec where no steering control input is given, one can see that
the effect of initial state uncertainties and parameter uncertainties on residuals will
gradually decrease. This is because in the absence of control input, the system states
of vehicle lateral dynamics and consequently the effect of uncertainties will converge

to zero in steady-state due to the system convergence (i.e., the real parts of the
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Figure 8.5. Accelerometer fault profile (red lines); the reachable set of resid-
ual 1 sensitive to accelerometer fault (grey areas) with its zoom-in plot from
1.6 sec—1.8 sec and their stochastic simulated trajectories (black lines).
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Figure 8.6. Gyrometer fault profile (red lines); the reachable set of resid-

ual 2 sensitive to gyrometer fault (grey areas) and their stochastic simulated
trajectories (black lines).

eigenvalues of A, are negative). After 1 sec, steering control input v = 0.05 rad is
executed on the system, as a result, the system states of the vehicle lateral dynamics
and consequently the effect of system uncertainties on residuals will no long be zero.

One can see from Figs. and that in the presence of accelerometer fault
at 2 sec (or gyrometer fault at 3 sec), the residual 1 sensitive to accelerometer fault
(or residual 2 sensitive to gyrometer fault) substantially deviates from its normal
reachable set before 2 sec (or 3 sec), which verifies the effectiveness of the residual
based FD algorithm.

After the FD observer converges, one can choose the upper and lower bound of the

residual reachable set as the interval threshold, which is [—0.2,0.2] for accelerometer
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fault detection and [—0.01,0.01] for gyrometer fault detection. Residuals that deviate
from the interval threshold indicate the presence of fault. By iteratively decreasing
the fault amplitude and performing reachable set calculation such that the upper
bound of residual under normal case and lower bound of residual under faulty case
are equal, one can find the minimum fault amplitude that can be detected by the
residual based FD algorithm under described uncertainties; that is 0.55 m/s? for

accelerometer fault and 0.05 rad for gyrometer fault.

8.4.2 Fault estimation based approach

The fault estimation based approach in Section. is then considered. The ob-
server gain matrix K, in is designed using pole assignment of the normal sys-
tem matrix pair (A4, C) such that the poles of matrix A — K,C are [~10; —9; —4; —3].
Similarly, the initial states are supposed to be lie in a bounded interval zy =
[(—0.02,0.02), (0.03,0.07), 0, 0}-

Similar to the case of residual based approach in Section. the interval
matrices A and B in can be calculated. Consequently, the reachability
analysis tool can be applied to calculate the reachable sets of the accelerometer and
gyrometer fault estimates. The setting for the reachable set computation tool is
the same as that in Section. and the computation time is about 3 sec. The

reachable sets of accelerometer and gyrometer fault estimates (grey areas) and 200

exemplary trajectories (black lines) using stochastic Monte Carlo Simulations are
shown Figs. and [8.8 respectively.
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Figure 8.7. Accelerometer fault profile (red lines); the reachable set of the
accelerometer fault estimate (grey areas) with its zoom-in plot from 1.7 sec to
1.72 sec and stochastic simulated trajectories (black lines).

From Figs. and similar conclusion (to the case of residual based ap-
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Gyrometer fault
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Figure 8.8. Gyrometer fault profile (red lines); the reachable set of the
gyrometer fault estimate (grey areas) and stochastic simulated trajectories
(black lines).

proach) can be drawn about the effect of initial state uncertainties and control
input on fault estimates. One can see from Figs. and that in the presence of
accelerometer fault at 2 sec (or gyrometer sensor fault at 3 sec), the reachable set of
the accelerometer fault estimate (or gyrometer fault estimate) substantially deviates
from its normal reachable set before 2 sec (before 3 sec for gyrometer fault), which
verifies the effectiveness of fault estimation based FD algorithm. One can also see
the effect of gyrometer fault on accelerometer fault reachable set at 3 sec (or the
effect of accelerometer fault on reachable set of gyrometer fault estimate at 2 sec);
this is due to the fact that they are coupled with each other in the FD observer
design.

Based on the threshold selection principle, the interval threshold is chosen
[—0.16, 0.16] for accelerometer fault detection and [—0.012,0.012] for gyrometer fault
detection. One can also find the minimum fault amplitude that can be detected by
fault estimation based FD algorithm under described uncertainties; that is 0.4 m/s?

for accelerometer fault and 0.02 rad for gyrometer fault.

8.4.3 Comparisons

Although both residual based and fault estimation based FD approaches have been
verified to be effective for sensor fault diagnosis (for fault with large enough am-
plitude) using the case study of accelerometer and gyrometer fault diagnosis for
vehicle lateral dynamics. There exist many differences in terms of fault diagnosis
logic, sources of false alarm, application scope. A comparison between them has

been made and summarized in Table. Bl
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Table 8.1. Parameters in longitudinal dynamics of the missile

Approach Residual Fault estimation
Observer number Multiple Single
Fault decoupled Yes No
Source of false alarm initial uncertainties | fault coupling
Detectable accelerometer fault 0.55 m/s? 0.4 m/s*
Detectable gyrometer fault 0.05 rad 0.02 rad

Some observations from Table. [8.1] are given as follows:

e Residual based FD requires multiple observer to achieve fault isolation, while

fault estimation based one only requires one observer;

e Residual based approach can achieve fault decoupling, while fault estimation

based approach fails to decouple different faults;

e The initial uncertainties have more effect on the performance of residual based

approach than fault estimation based one;

e Fault estimation based approach can detect sensor faults (accelerometer and

gyrometer sensor faults) with smaller amplitude than residual based one.

8.5 Summary

In this Chapter, the quantitative comparison analysis between residual based and
fault estimation based diagnosis approach is made using the fault diagnosis verifi-
cation and robust threshold selection tool proposed in Chapter [7l The sensor fault
diagnosis problem of vehicle lateral dynamics is chosen as the case study. The ef-
fectiveness of residual based and fault estimation based diagnosis approaches are

summarized and compared in an quantitative way.



Chapter 9

SUMMARY AND FUTURE
WORK

In this Chapter, the contributions of this thesis are summarized. Furthermore, a

discussion on possible future work is also included.

9.1 Summary

This thesis is mainly on practically-motivated theoretical research on fault estima-

tion algorithms: design and verification. The overall objectives are threefold:

e Compare residual based and fault estimation based fault diagnosis approaches

both qualitatively and quantitatively;

e Propose a set of disturbance estimation algorithms for the purpose of fault

estimate according to different specifications;

e Provide a new perspective to the problem of fault diagnosis system verification

and robust threshold selection.

To this end, the fault diagnosis algorithms are first reviewed, where emphasis
is put on model based fault diagnosis algorithms (e.g., the residual based and fault
estimation based approaches). The disturbance estimation algorithms are also re-
viewed and categorized according to the different state information used for the
derivation of disturbance estimate. On this basis, a comparison analysis between
the traditional residual based and fault estimation based fault diagnosis approaches
is made, from which it is discovered that the fault estimation based approach pro-
vides a simple fault diagnosis logic (especially for fault isolation) and also the fault
severity information.

Then a set of disturbance observer algorithms (for the purpose of fault estima-

tion) are proposed. Specifically, the properties of a unified Kalman filter are first

126
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investigated including existence, optimality and asymptotic stability. The results
can provide a unified existence condition accommodating the classical Kalman filter
and Unknown input observer as its special cases. On this basis, the results are ap-
plied to the problem of simultaneous state and disturbance estimation, termed full
order disturbance observer design since all the state information is needed in the
derivation of disturbance estimate.

Noting that not all the state information is needed to derive the disturbance
estimate, reduced-order disturbance observer design is then considered. A reduced
disturbance observer is first proposed for discrete-time linear systems where a slowly
time-varying disturbance model is assumed, which can unify both the full order
and reduced order disturbance observer on this topic (i.e., disturbance observer
design with a slowly time-varying disturbance model). And more importantly, an
easily verified existence condition is provided thorough two matrix rank equality
conditions.

To improve the disturbance estimate performance for the case where poor prior
disturbance model information is available, another reduced-order disturbance ob-
server is designed for discrete-time linear stochastic system with easily-checked ex-
istence condition. This is achieved by using a functional observer structure in con-
junction with minimum-variance-unbiased-estimation technique.

Following this line of thought, attention is then turned to the relationship
between time-domain disturbance observer and frequency-domain disturbance ob-
server. It is rigorously shown that these two complete different disturbance observer
design principles share the same structure in transfer function format. The main dif-
ferences between them are also identified such as disturbance observer order. Then
a time-domain disturbance observer is proposed based on the functional observer
design to reduce the disturbance observer order.

In practical applications, however, there are always some mismatches between
the real pant and the mathematical model used to describe it. This phenomenon
will bring two challenging issues for model based fault diagnosis. On the one hand, it
is challenging to verify a fault diagnosis algorithm, i.e., answering the question that
under what condition (e.g., level of uncertainties) a given fault diagnosis algorithm
is valid. On the other hand, it is hard to choose an appropriate threshold to evaluate
the fault indicating signals.

To this end, the rest of the thesis focuses on these two challenging issues. They
are formulated as the reachability analysis problem for uncertain systems. The
basic philosophy of the proposed approach is to quantitatively evaluate the effect

of uncertainties and faults on fault indicating signals. Two practical illustrating
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examples including actuator and sensor fault diagnosis for a direct motor system,
and sensor fault diagnosis for vehicle lateral dynamics are presented to demonstrate
the main idea of the proposed approach. Particularly, a quantitative comparison
between the residual based and fault estimation based fault diagnosis approaches

are further made based on the newly proposed approach.

9.2 Future Work

Based on the research outcome in this thesis, the future work (or research challenges
to be more exact) involved are provided below in conjunction with the possible
solutions. They are categorized in terms of algorithm design (see, Section.
and application verification (see, Section. [9.2.2]).

9.2.1 Algorithm design

The future work on algorithm design can mainly be categorised into algorithm design
for disturbance observer and algorithm design for system verification and robust

threshold generation.

Disturbance observer design

Disturbance observer design for linear systems is relatively mature and in the stage
of practical application. However, the disturbance observer for nonlinear systems
(see, [50,62,/124] among many others) assumes that the full states are directly mea-
surable or the system nonlinear terms satisfy some assumptions (e.g., Lipschitz).
Consequently, the disturbance observer design for generic nonlinear systems should
be further developed. A Bayesian inference approach (particle filter for discrete-
time stochastic system to be more exact) may provide a solution. Two examples
are taken as follows:

The first example is about unknown input estimation in input channel (i.e., for
actuator fault estimation). Consider the following generic nonlinear system in the

presence of fault (or disturbance) in input channel:

{f_ﬂ@+mmw+@wﬂ’ (9.2.1)

y = h(z)

The fault d can be modelled (or approximately represented) by a linear system with
unknown initial values

W =Wuw, d=Vw. (9.2.2)
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Then systems (9.2.1)) and (9.2.2]) can be combined to obtain a composite system,

91()
+[ 0 ]u (9.2.3)
y = h(z)

Putting the aforementioned system into the corresponding discrete-time counter-

given by
i) _[f@) +o@Ve
Wuw

w

part, the particle filtering can be drawn to solve the problem of augmented state
estimation problem, considering that particle filter can handle generic nonlinear
system.

The second example is about unknown input estimation in measurement channel
(for sensor fault estimation). Consider the following generic nonlinear system in the

presence of fault (or disturbance) in measurement channel:

{i—ﬂ@+mmm (9.2.4)

y = h(z)+ Dd

Combing systems (9.2.4)) and (9.2.2)) results in a composite system, given by

H _ f<x>] . [gl@c)]u
w Ww 0 , (9.2.5)

y = h(z)+ DVw

Similar to the case of example 1, after transforming the systems into the discrete-
time counterpart, the particle filtering can be drawn to solve the problem of aug-
mented state estimation problem. Particularly, given system states x, the remaining
systems are conditionally linear system and marginalized particle filtering can be used
to derive the state and fault estimation in a more efficient way.

The disturbance observer design should also accommodate some practical issues,

which may lead to new research challenges. Some examples are given as follows:

e How to design a disturbance observer based control for uncertain systems
using saturated actuator, since in practical applications input saturation is
prevalent due to the limited capabilities of actuator. The mechanism of anti-

windup control can be integrated with disturbance observer based control.

e How to design a disturbance observer accommodating the effects of sensor
noises, since they are inevitable in practical applications and may degrade
performance if not being handled properly. The classical Kalman filter and

disturbance observer can be fused together to reduce the effect of noises.
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It is demonstrated in Chapter. [3|that by incorporating certain prior information
on disturbances, both state estimation and disturbance estimation performance can
be enhanced. The prior information in Chapter. [3]is still limited, more types of
prior information should be exploited, particularly the prior information learned
from history data. Machine learning algorithms can be drawn to learn and build

the prior information in large amount of history data.

Verification and robust threshold generation

In Chapters [7] and [§] the problem of fault diagnosis system verification and robust
threshold generation is formulated into reachability analysis for uncertain systems.
The effectiveness of the algorithm is also verified using different examples.

However, the examples therein are linear systems. Although there is no such
assumption in the proposed approach, the fault diagnosis system verification and
robust threshold selection for uncertain nonlinear systems have not been considered
and is more challenging in comparison with the linear one. For the verification prob-
lem of nonlinear system fault diagnosis, more advanced reachable set computation
algorithms should be drawn to compute the reachable set. Besides, in practical ap-
plications, the reference inputs may be time-varying. Consequently, effective reach-
ability analysis algorithms for uncertain systems with time-varying inputs should
also be developed.

Exact reachability analysis is only possible for a limited type of linear systems.
For generic linear systems and nonlinear systems, approximation is usually used
to obtain an over-approximation of the true reachable set. How to obtain a tight
approximation for true reachable set is also an open and challenging question to be

answered.

9.2.2 Experimental validation

Most of the results in this thesis are verified using numerical examples, experimental
verification and validation is necessary and may pose new research challenges. The
future work on experimental validation will mainly be focused on the following
three aspects including application validation of the comparison analysis between
the residual based and fault estimation based fault diagnosis approaches in Chapter
different kinds of disturbance estimation algorithms proposed in Chapters and
the validation of verification and threshold generation algorithm based reachable set

computation in Chapter [7]
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SUPPLEMENTARY MATERIALS

A.1 Appendix for Chapter 2|

In this section, the motor driver system for electric A/C is introduced, which serves

as the case study in Section. of Chapter

A.1.1 Principe of motor systems

The whole model of a motor system can be divided into two subsystems including
an electrical model and a mechanical model.

Electrical subsystem: According to Kirchhoff’s law, one can obtain the equation
of the electrical model as

LI+RI=V —kw (A.1.1)

Mechanical subsystem: The equation for the mechanical subsystem can be de-

rived based on the torque balance as follows:
Jw =kl — kg —Ty (A.1.2)

The meanings of all the aforementioned notations and their corresponding values

for simulation study are referred to [125], which are summarized in Table

A.1.2 Controller design

To eliminate steady-state position control error under external load and system
uncertainties, an integral action is usually introduced when designing a controller.
To this end, the integral of the output error is augmented as an extra state, i.e.,
z4 = [(yo — ya)dt, where y, is the system output and yq = 6, is the reference
position. Since all of the state variables are very easy to measure (a potentiometer
for position, a tachometer for speed and an ammeter for current), one can design

a full-state feedback controller without a state observer. In this paper, the control

131
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Table A.1. Meanings of Notations

Notation Significance Value
L Armature inductance 170E-3 (H)
I Armature current A
ke Back-EMF constant 14.7E-3
R Armature resistance 4.67 Ohms
% Input voltage \Y%
J Motor inertia 42.6E-6 Kg-m?
w Rotor rotation speed rad/s
kr Motor electrical constant 14.7E-3
kq Mechanical dumping constant 47.3E-6
Iy Load torque N-m

scheme is designed as
u=—kg(Om — 0q) — kexg — kpwpm — kiim (A.1.3)

where 0,,,w,, and i,, are the measurement value of position, velocity and current,
respectively. The parameters kg, k., k, and k; are the control parameters to be
designed. The aforementioned systems can be put into state space model, which is

discussed in the following section.

A.1.3 State space model

Based on the aforementioned two subsystems (A.1.1)) and (A.1.2)), a linear model of

the motor system can be obtained as follows:

&= Ax+ Bu+ Dyg+I'Ty,
ym = mxa (A1.4)

Yo = Co

where © = [21, 72,73, 24]7 = [0,w,1, [(0 — 04)dt]T is the system state, u = V the
control voltage, y4 = 04 the desired output position, I'y the load, ¥, the measure-
ment output and y, the controlled output. System matrix A, control input matrix
B, desired output matrix D, load matrix I', measurement matrix C,, and output

matrix ¢, are given as follows:

01 0 0 [0 ] [0 ] [ 0 |
0 —ka Er 0 0 1
A= S B =| || D= P=| 7| Cn= I,
0 ke _E g 1 0 0
1 0 00 0 —1 0




Section A.2. Appendix for ChapterH 133

co:[l 00 0].

A.2 Appendix for Chapter 3

A.2.1 Proof of Lemma (1]

2I, — A —Gy, zl, — Ay, —Gj, I o
rank(| Cppn O |)=rank(| Crya O " D
O [Fox Dy]
0] Dk 0O Dk:
In — Ay, —GpFo, —GipDf
z k kFok x Dy, LA, _F, .
=rank(| Ciri1 O 0] ) = rank( c )+rank(DyDy, ).
k+1

0 DyFo,  DpDY

A.2.2 Proof of Theorem 4

Inspired by the approaches in [72,/79], the proof of Theoremis organized as follows.
First, it will be shown that Py, is monotonically increasing and converges to a fixed
point P for the zero initial covariance matrix Pyjo = 0. Next, the asymptotic stability
of the proposed filter is proved. Finally, one can demonstrate that the convergence
of Py, and the asymptotic stability of the filter still hold for any arbitrary initial

covariance Fyg > 0.

Monotonicity

First, one can show by induction that Py is monotonically increasing for initial

covariance Pyjg = 0. Define a matrix function

H(K,X)=(A—-KCAX(A—-KCA)T
+(I - KO)Q(I — KC)T + KRKT,

and define f(X) = ¢(K*, X), where K* is the gain matrix (3.4.3) of the filter that
corresponds to the covariance matrix X. Note that for any 0 < X <Y, one has

F(X) = o(K%, X) < o(Ky, X) < ¢(K5,Y) = f(Y), (A.2.1)

where the first inequality can be obtained from Theorem [3|and the second inequality
is immediate from the definition of ¢(K, X).
Clearly one has Pyg < Pyy for Pyg = 0. Now suppose P_yjx_1 < Py, holds
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for step k. Then noting that Py, = f(Py_1jx—1) and Pyyqjp41 = f(Pgx), one can
obtain Py < Ppyqjr41 based on Eq. (A.2.1)). By induction, Py, is monotonically
increasing for all £ when initial covariance Pyjq = 0.

From the monotonicity of Py, and in conjunction with the boundedness of Py,
shown in Lemma 3, one can conclude that Py; converges to a unique fixed point for

zero initial covariance Py)q.

Asymptotic stability

Let P be a solution of the steady-state version of the error covariance equation in
Eq. , i.e. P=¢(K,P), where K is the corresponding gain matrix. Note that
the fixed point obtained previously also satisfies this equation.

Suppose the asymptotic stability of the time-invariant filter does not hold, i.e.

there exist some || > 1 and the corresponding eigenvector w # 0 such that
(A— KCA)Tw= . (A.2.2)
From P = ¢(K, P), one can have
(1 - A)wPw=w*(I - KC)Q(UI — KC)'w+ w*KRK"w,

where the superscript * denotes the complex conjugation. Since |A| > 1, the above
equation indicates that both sides of the equation are equal to zero since the right-

hand side is nonnegative. Hence one has
(I-KC)Q2]Tw=0 and KTw=0. (A.2.3)
Then one can obtain from Eq. that
(Q2)Tw = 0. (A.2.4)
In addition, from the second equality of and Eq. , one can obtain
ATw = \w. (A.2.5)

Egs. 1) and 1’ implies that (A, Q%) is not stabilizable. This contradiction

disproves the assumption that the time-invariant filter is unstable.



Section A.2. Appendix for ChapterH 135

Non-zero initial covariance

It is now demonstrated that Py approaches to P for any non-negative initial co-

variance Fyjo. First, note that

Py, — P = ¢(Ky, Po_yji—1) — ¢(K, P)
< ¢(K, Py_qjj—1) — (K, P)
= (A= KCA)(Py_yjy—1 — P)(A = KCA)",

where the inequality holds due to Theorem [3} and K and P are a solution of P =
¢(K, P).Since (A — KCA) is stable, the right-hand side of the above equation will
approaches to 0 as k tends to +o0o. Hence one can obtain Py, < P for large k.
Now let PIS‘ i denote the covariance matrix corresponding to the initial covari-
ance Fyp = 0. Then from 0 = Pg\o < Fyjp and applying l) one can obtain
"
covariance matrixes propagates for all k, i.e. P]?| w < Py for all k. Since

1 < Pyj1. By induction, it can be easily verified that the inequality in the initial
- 0 ] _
P= lm Py < lim Py < P,

One can conclude that Py, will converge to a unique P. This completes the proof
of Theorem [4]

A.2.3 Proof of Eq. (3.6.7)

First, one can obtain the inverse of M} as follows

B I — Fo, FT)DT (D, DIY"1 O Fy,
Mk 1 — [Gk, Gé_] ( 0]€> k ( k)

0 I 0|
Then Eq. (3.6.7) can be obtained:
Tk 0]
Dydy, = Di(GEGL)'\GEM | O | + Du(GFGY)'GEMY | O | %
(@] I

= Dyp(GEGy)'\GEG(I — For, FL ) DE (D DI~ try,
+ Dy(GEGR) LG Gy Fordy, = 7.
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A.2.4 Proof of Eq. (3.6.8)

Define M{” | = Pk|k]\_4,$1(Mk_lPk‘k_lj\Zkal)_l. Then one has

MY o — KyCp My 7y

= (I — KxCrp) M, " 751

= MF M1 M7

= M} My 1Gy_1Di_(Dy—1D}_ ) Dy_qdi—1

Di_1 O
=M, [ [Gr-1, Gi_y) 7' X Gea Df_ (D1 DE_)) ' Dy _1di

@)

Tk—1 _
= M]f,1 [ ] = M]ffle—le—ldk—l
O
= Py ML (My—1 Pyj_y M),

where in the above derivation, the following identities have been used:
M, 71 = Gey DF_ (D1 DY) "' Dyp_ydye_1, (A.2.6)

I — KCy=MF M. (A.2.7)
Now one can show Eq. (A.2.7):

I— KCp— MV My,

=1 — KiCr — Py M (M1 Pyjj_y M) 7P My

=1 — PyCF R Cr — Py [MI (My—y Pyjoy M) 7"
X My_1 + CLR;'Cy, — CF R; ' Cy]

=1— PyCIR;"Cr — [I — Py CF R, Cy]

—0,

Dy O

where M), = Gk, GE]7L

A.3 Appendix for Chapter [6]

A.3.1 Proof of Theorem 13|

First consider transfer function G ;. From the identity A" = adj(A)/det(A), one
can obtain: )
G,j=—-HC[sI - (A-KC)|'B
_ —[0,H]adj(sI — (A— KC))B (A.3.1)
N det(sI — (A — KQ))




Section A.3. Appendix for ChapterH 137

In addition, for SISO system (A, B, C), the following property holds,
sl—A B
-C 0
Partitioning the gain matrix K into K = [K{, KI]T in conjunction with ,
the numerator of is
—[0, H]adj[sI — (A — KC)|B

Cadj(sl — A)B = . (A.3.2)

sI - A+ FK,C —DH B I -DH K ||si—A0B
- - jree. [-SO0|=-|0sI-§ “K|| 0o IO
2 i i 2 (A.3.3)
0 “H 0 O -H 0| -c oo
-8 —K,||s1—AB
= |° 2117 — Hadj(sI — S)K2Cadj(sI — A)B.
“H 0 —C

Then consider transfer function Gy g Similar to 1' and 1| one can

obtain the following two identities,
G,;=HC[sI — (A— KO) 'K
y _ /.
[0, Hladj[sI — (A — KC)|K (A.3.4)
det(sI — (A — KC))

and
[0, Hladj[sI — (A — KC)|K
sl — A+ KiC —DH K; I -DH —-K;||sI-A O O
= KyC sI—S Ko |=—|0 sI -8 —K> O IO (A.3.5)
O -H 0 O —-H 0 -C 01
sl —S —Ky

" det(sI — A) = Hadj(sI — S)Kadet(s] — A).

Substituting (A.3.3]) into (A.3.1) and (A.3.5) into (A.3.4) ends the proof.

A.3.2 Proof of Eq. (6.3.6)

To prove G, ;(0) = 1, one only needs to prove the subtraction of the denominator
and numerator of ({A.3.1)) is zero at s = 0, which is given as follows:

-A+KC -DH B

—-A+ KC —DH
KyC -S O]+
KyC -5
0 -H 0
-A+KC -DH B —-A+ K,C —DH O
= K,C =S 0|+ K,C -S O

(0] -H 0 @) -H 1
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-A+KC —-DH B -A+KC —-DH D
= KyC =S 0O]|= Ky C -S 0
(0] -H 1 0] -H 1
-A+K,C O D
-A+ K, C O
= KyC -5 0| =
KyC -5
(0] O 1

= det(—A + K;C)det(—S),

where the identity D = B has been used in the third equality. The proof ends since
det(S) = 0.

A.3.3 Proof of Eq. (6.3.7)

From (A.3.1), one can obtain the denominator of 1/(1 — G, ;), given by
det(sI — (A — KC)) + [0, Hladj(sI — (A - KC))B

sl —-A+ K,C —-DH O sl—A+ K,C —-DH B

= K>C sI—S O |+ KC sI—S O
0] -H 1 (0] -H 0

sl —A+K,C —DH B sl -A+K,C O B

= KyC sI—S O|= KyC sI —S O
O —-H 1 (@) O 1

=det(s] — A+ K,C)det(s] — S5),
where in the third equality D = B has been used.

A.3.4 Proof of Theorem 14

Without loss of generality, suppose C' = [1, O1xp—1] (this assumption can always be

satisfied for SISO system ([6.2.2)) through some non-singular linear transformation).

Partitioning [J K ] into jl gl and taking the specific structure of L into
account, the matrix F' can be 1;2)ut iletO the following form:
F=LAL" — [J,K] C,ALJF
CL*
_|LoO| | A DH Ly O| | Ji K1 | |CALy CDH (A.3.6)
O I o S O 1 Jo Ko CL§ 0]
B LoAL{ — JWCAL{ — K\CL$ LoDH — J,CDH
B —LCALY — K>CLE S— J,CDH

Noticing that Ly = [O,I] has a full-tow rank and so L{ = LI and matrix
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A Ay
Az Ay

By
A, B can be partitioned into , respectively, one can obtain

By

the following matrix equalities:
LoAL = Ay, CAL{ = As,
CL$ =0, LoB = By, CB = By.

First consider G ;. Similar to the proof of Theorem [I3| one can obtain the

(A.3.7)

following identity.

—HCadj(sI — F)T
det(sI — F)
Based on in conjunction with the definition of F' in , the numer-

ator of is governed by

HCadj(sI — F)T

G, j=-HC(sI—F)'T = (A.3.8)

sl — Ay + J1Ay —LoDH + J\.CDH By — J1B;
= — JoAs sl — S+ J,CDH —Jo By
0] —-H O
sl — Ay + J1As O By — 1By
- - J2A2 sl — S —JgBl
0] —-H O
I —Jl O SI—A4 0] Bg
=0 —J —(sI-9)|| -4 0 B
O O H O -1 O
(A.3.9)
O —-4A B
—Jy —(sI—S)
= - O sl— A4 B2
0] H
-1 O O
0 —-Ay B
Tl e | I IR
H 0 3 S 4 2
—1I 0] 0]
sI—A, —-A, B
(| BT Ry 1 I ix B1
= e — S J—
_H 0 3 4 2

—I (@) (@)
= Hadj(sI — S)J2Cadj(sI — A)B.
Secondly, consider Gy g+ Similar to the proof of Theorem one can obtain the
following identity,
G,g=HC[(sI - F)7'G + J]
_ HCadj(sI — F)G =~ HCJdet(sI — F) (A.3.10)
~ det(s] — F) det(sI — F)
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the numerator of which is as follows:
HCadj(sI — F)G + HCJdet(sI — F)

_|sI-F G sI-F O | |sI-F G
| -HC 0| | —-HC HCJ| | -HC HCJ
|s[=F sJ-FJ+G| |sI-F sJ+K
| —HC 0 | -HC O ‘
sl — A4+ 1Ay —LogDH + J\.CDH sJi + K3 (A.3.11)
= JoAs sI — S+ JCDH sJy+ Ky
O —H O
sl —Ays+J1As O  sJi+ Ky
= Jo Ao sl — S sy + Ko
O —-H O

At this stage, suppose the following identities hold (its proof will be given later):

{ K==+ 4s, (A.3.12)
Ky = —JyA.
Substituting into gives
HCadj(sI — F)G + HCJdet(sI — F)
sl —As+J1As O sJy— Ji A + Az
= Jo Ay sl —8S sJo+ —JoyAq
O —H O
I O —-Ji||sI—A4 O As (A3.13)
=10 sI—8 —Jy 0 I 0
O —-H O —Ay O —sl+ A
| sI=S —Ja || sl — Ay As
| —H O || Ay —sI+ A

= Hadj(sI — S)Jodet(sI — A).
Substituting (A.3.9) into (A.3.8)), and into ends the proof.
Then the proof of is given, which is based on the Sylvester equation in
(6.4.3)). From the Sylvester equation, one can obtain

GC=WA—-FW. (A.3.14)

Taking the structure of C and W into consideration, is equivalent to
G1 OO\ | (Lo—JC)A (Lo — 1C)DH
G, 00| ! ~J,CA  §—J,CDH ]
Ay — W As (Lo — JLC)DH
—J2As S—Jo,CDH ]

Lo — J1C O
—LC 1
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based on which in conjunction with [Ly — J1C] = [—Ji, I], one can obtain
G1= A3 — A1J1 + (Agy — J1A2)Jy
+ (LoDH — JiCDH)Js,
Gy = —Jo A1 — JoAsJ1 + (S — Jo,CDH) Jo
From K = G — F'G, one can obtain
Ky =Gy - F1J1 — FoJy = A — Ay Jy,
{ Ky = Gy — FyJy — FyJy = —Jo Ay
This ends the proof.

A.3.5 Proof of Eq. (6.4.17)

To prove G, ;(0) = 1, one only needs to prove the subtraction of the numerator and
denominator of (A.3.8) is zero at s = 0, which is given as follows:
From (A.3.9)), the denominator minus the numerator is

—As+J1Ay O By—J1B —Ay+ J1Ay —LoDH + J,CDH O
Ja Ay -S —JhB |+ JoAs -S+J,CDH O
O —-H O O -H I
—Ay+J1Ay O By—J1B; —Ay+ 1Ay O —LoD+ J,CD
= Jo Ay =S —JhB |+ Ja A -5 JoCD
O —-H O O —-H I

When D = B and consequently JoCD = J,By and —LygD+J,CD = —By+.J1 By,
the above equation can be further calculated as
—As+ 142 O O
J2As -S 0|= |
0] —-H I
= det(—A4 + J1 Ag)det(—S).
The proof ends since det(S) = 0.

—Ay+ J1As O
JoAs -5

A.4 Appendix for Chapter [7|

The meanings of the motor system parameters and its corresponding normal values
for simulation study are summarized in Table

The controller gain matrix is designed as K. = [8,1.3,0.2,12.6] and kg = 8.
The observer gain K, for actuator fault diagnosis is based on pole assignment,
where the poles are selected as [—8, —7,—6,—5, —2, —2.2]. Similarly, the observer
gain K,y for sensor fault diagnosis is also based on pole assignment with poles
[-8,—-7,—6,—5,—2,—2.2, —2.4].
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Table A.2. The normal values of motor parameters

Notation Significance Value
L Armature inductance 0.046 H
ke Back-EMF constant 0.57
R Armature resistance 1 Ohms
J Motor inertia 0.093 Kg-m?
kr Motor electrical constant 0.57
kq Mechanical dumping constant 0.008

A.5 Appendix for Chapter

Table A.3. Parameters of vehicle lateral dynamics.

Notation Value Significance
m 1621 kg vehicle total mass
ly 1.15m distance from CG to front axle
Iy 1.38 m distance from CG to rear axle
I 1975 Kg -m? | moment of inertia about the z-axis
Cav 57117 N/rad | front axle tire cornering stiffness
Call 81396 N/rad rear axle tire cornering stiffness
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