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Chapter 1
Introduction

h HE presence of undesired behaviors is inherent in a multitude of systems in
engineering [91]. The source of these unwanted behaviors can vary for a
! plethora of reasons. Among these reasons are, for example, physical issues
in the plant [92], communication problems [110], imprecision on the identification
procedure [109], missing dynamical behavior in the model, etc. All the listed
reasons are aggravated as systems become more complex as technology advances.
Since the occurrence of these undesired behaviors is innate to all types of systems, it
is of utmost interest that a procedure to detect, isolate, or mitigate these behaviors
is developed.
Before any remedial actions can be planned to deal with those behaviors, it is
crucial to understand and classify them. Following the definitions given in [69],
we use the following definitions of unwanted behaviors:

 Fault. A fault is an unwanted abnormal behavior of at least one characteristic
of the nominal system. A fault can be characterized as follow i) a fault
may cause a reduction of the nominal performance; i) some sources of the
fault are design fault; manufacturing fault, assembling fault, fault caused
by wear, wrong operation (human error), hardware fault, software fault,
and communication fault; ¢i:) a fault may occur and the system may remain
functional; iv) a fault is the first step to greater problems (malfunctions and
failures); v) a fault can be abrupt, intermittent, oscillatory, or gradual.

* Malfunction A malfunction is a temporary interruption of the system capa-
bility to fulfill its nominal functions. A malfunction can be characterized
as follow i) a malfunction is a temporary interruption that may or may not
be intermittent; i) a malfunction is commonly a result of wear or lack of
maintenance; ¢i¢) a malfunction is the result of one or multiple faults; iv) a
malfunction is an event;

* Failure A failure is the permanent interruption of the capability to fulfill its
nominal tasks. A failure can be characterized as follow i) a failure is the
permanent loss of the system’s ability to perform its functions; i) a failure is
a result of one or multiples faults; ¢i7) a failure is classified by the number of
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failures, or predictability (random, deterministic, systematic); iv) a failure is
an event;

In order to illustrate the above notions we provide the following example. Let us
say the reader is driving a manual car with a regular clutch. Assuming the driver
knows how to change gear, the clutch system will perform a smooth change of gears
without any noise, which is the nominal behavior. A fault in this scenario would be
the change in the clutch pedal "sensation”, where the driver would need to change
the force applied to the pedal to change gear, but the change of gear would still
be smooth without any noise. A malfunction in this scenario would be the next
step where sometimes the driver will not be able to change gears, the clutch would
”slip”, but after a few attempts, the driver would be able to change gear. Finally, a
failure happens when the clutch system would stop working permanently.

To provide a visual representation, the following image in Fig.1.1 is a repre-

Crack path

Operatmg pitch circles \\\ \ ‘
\ s
TR \\\\\ Q)
Backlash Maximum
(transverse operation) stress concentration
Figure 1.1: Backlash, a normal behav-  Figure 1.2: Fatigue crack, a gear fail-
ior, image extracted from [84]. ure, image extracted from [98].

sentation of the backlash, which is a typical physical phenomenon but can be
gradually increased due to wear. Fig.1.2 exemplifies a failure caused by overload
or other improper use of the equipment or caused by wear associated with the lack
of maintenance.

Now that we understand the problem it is necessary to define what are the
goals for a procedure that is responsible to detect, isolate, or mitigate a fault. The
purpose of this procedure is to maintain three characteristics: reliability, availability,
and safety. Reliability can be defined as the ability to fulfill a task in a given time.
Availability is the amount of time a system is able to fulfill its task properly. Safety
is the ability to keep the people involved in the system’s operation safe.

In industrial process control systems, fault detection and fault mitigation solu-
tions are used simultaneously. This issue is dealt with using a supervisory loop. A
supervisory loop is defined as a technical process that provides all the information



regarding the system, to point out any unwanted behavior, and also helps with
the decision-making process to solve these problems. The placement of each pro-
cedure in a supervisory loop is represented in Fig.1.3. As can be seen in Fig.1.3,

Control ' Fault Fault Fault .
FauFt System Detection ’ ISolation * Evaluation * Decision

Fault Management

Stop
Operation

Reconfigu-
ration

o/ e |

Figure 1.3: Graphic representation of Supervisory Loop, and all the sub-processes
that compose it. The standard controller is embedded in the "Control System”
block. The Supervisory Loop is divided into two main processes the monitoring and
management. The monitory part is responsible to acquire the information, and the
management part deals with the decision-making and actions to keep the system
working properly.

>0
A

Repair

~7
1

Fault Detection (FD), Fault Isolation (FI), and Fault Evaluation (FE) are classified
as monitoring procedures. The processes of reconfiguration, operational change,
maintenance, and repairs are considered to be fault management procedures. The
procedures of reconfiguration and change operation can be automated.

As seen in Fig.1.3 the monitoring process is divided into three main parts, the FD
is the process that signalizes the presence of a fault, the FI points out where the fault
is occurring, and the FE estimates the magnitude of the fault. Concerning the fault
management procedures, the reconfiguration process refers to all procedures that
keep the system working and manage to change some characteristics to mitigate
the fault and the change in the operation block represents the action altering the
entire process to keep the plant working (this is a more severe action compared to
the reconfiguration). Repair is the action to send a team of workers to fix a piece
of equipment that already failed and maintenance is scheduled to send a team of
workers to do preventive fixes in an equipment to prevent a failure caused by wear.

From the standpoint of the system itself, the faults can occur in every part of the
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process. From the diagram in Fig.1.4 we can observe that the faults can occur on

Fault Fault

y

Y
- —»

Actuator Controller

4 4

Fault Fault Fault

Figure 1.4: The placement of possible occurrence of fault in a generic system.

an actuator, sensors, a structural problem, and/or during the signals transmissions.
Therefore, to deal with the maximum amount of faults simultaneously, it is neces-
sary to consider the different sources of the faults during the design procedure of
fault detection systems.

1.1 Fault Detection and Fault Tolerant state-of-the-
art

Fault Detection

The literature on the fault detection problem is extensive. Among all the literature,
it is possible to classify the solutions related to the fault occurrence with two main
branches, namely, the model-based solutions [69, 79, 93, 128] and the data-driven
solutions [3, 49, 105]. Both classes have their pros and cons, as described in
[50, 111, 114, 125]. The main advantages of model-based approaches are:

* Guarantee on the performance when the model is precise and reliable,[69,
116].

* Easy to implement, and design. Since it is a well-established branch of
research in control engineering, there are plenty of suitable results for many
situations [128].

One major disadvantage of this approach is its reliance on the veracity of the
model being used. Thus the mathematical description or the identification process
must be precise.

On the other hand, the main advantages of data-driven approaches are:
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* They can directly be implemented using previously available data without
needing an analytical model [50].

* They do not demand a high level of computational effort, which enables their
implementation in real time [111].

The main difficulty of the data-driven are the data preprocessing, and the depen-
dency on data reliability, quality, and quantity [31].

Among the model-based branch of solutions, it is possible to categorize them
into four main approaches: Observer-based, Parity space, Parameter estimation,
and Bond Graph. All these approaches make some sort of comparison between
the expected/predicted behavior and the real behavior, the discrepancy between
behaviors indicates the occurrence of a fault. This comparison is made in two
steps. The first one is the residue signal generation, which is generated using
the aforementioned approaches. The second step is the evaluation process which
uses the residue signal to distinguish if a fault occurred or not in the monitored
processes.

Observer-based: This approach relies on the observability assumption where
systems behavior can be obtained from the output. As it is true for all model-based
approaches, the observer approach depends on a precise and reliable mathematical
model of the system. Yet, a perfect mathematical model is not achievable in
practice [93]. This inherent imprecision in the mathematical model is caused by
simplifications (i.e. linearization process), or overlooking a particular behavior
that at first glance seems irrelevant to the overall behavior. Bypassing those
behaviors may ease the task describing the system mathematically. But for an FD
procedure, this may cause bias or imprecision that leads to false alarms. Besides
the model imprecision, another important aspect is that all systems are subjected to
disturbances or noises, which can be interpreted as an unknown and uncontrollable
input. A possible way to deal with this is proposed in [92], where an approach to
decouple the control input from the fault signal is presented. Other approaches
propose the decoupling of the unknown input (noise/disturbance) from the fault
signal using the for example the Unknown Input Observer (UIO), as in [4, 30] or
the Unknown Input Filter (UIF) [92]. Besides the aforementioned approaches, we
can also point out the results based on observers that are derived in the following
frameworks as the Markov Jump Linear Systems [127], Fuzzy logic [32, 671, H_
index and H., norm [5, 25, 97], and Kalman filter in [78, 123].

Parity space: The Parity space approach was first presented in [96]. Roughly,
speaking a Parity space FD uses the transformation of the state-space model of
the system to gather the parity relations by observing the system on a finite
horizon, [58]. The idea behind this approach is to generate the parity relation to
acquire equations that only depends on known or measured parameters (inputs and
outputs). The major main disadvantage of parity space based approaches is that
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they do not consider the uncertainties on the system. Consequently, they are mostly
applied only on Linear Time-Invariant Systems. A few examples of FD approaches
based on parity space are [51, 59, 86, 91].

Parameter Estimation: The procedures based on parameter estimation are
based on the premise that the state variables can be estimated given the access
to the inputs and outputs of the system. A way to describe the FD based on the
parameter estimation is that the fault is detected via a comparison between the
estimated parameters of the nominal process and the online parameter estimation
over a pre-set time horizon. In this procedure, we consider that a fault occurred
when a discrepancy between these estimations appears [69, 115].

Bond Graph: A bond graph is another way to represent a system dynamic, its
main advantage is the direct representation of the bidirectional energy exchange
in the system. This characteristic allows to generate a residual signal based on
the energy exchange. Some examples of the bond graph being applied to the
FD problem are [7, 24, 52, 103]. An extension of the FD approach based in
bond graphs is the signed bond graph, which uses the bond graph qualitative and
quantitative structural properties to generate multiples behavior predictions, as
cited in [111], and presented in [27].

We can classify the FD approaches based on data-driven with two main classes,
namely, the supervised and unsupervised approaches. A supervised approach
can be sub-classify as Bayesian Networks, or Artificial Neural Networks. For the
unsupervised ones, we can classify them as Control Charts, Principal Component
Analysis or Partial Least Squares.

The supervised approach bases its function on the historical data to design a
learning model that will be used as an FD to evaluate the new data.

Bayesian Networks: Bayesian networks are a type of acyclic graphs where a
node represents a variable, which can be a discrete or a continuous variable [117].
Another similar approach is the Dynamic Bayesian Network, which besides the
stochastic modeling also includes temporal information [122].

Artificial Neural Networks: An Artificial Neural Networks are models that
imitate the learning process of a biological system. An artificial Neural Network
is composed of a series of interconnected processes called nodes, those nodes are
organized in layers, which form a complex network [95, 102].

The unsupervised approaches as opposed to the supervised approaches do not
use any previously acquired knowledge of the system. Some examples of methods
that can be classified as unsupervised are control charts, principal component
analysis or partial least squares.

Control Charts: Among all the data-driven approach presented here, the
Control Charts is the oldest, and is firstly presented in [107]. As described in
[81], the Control Chart approach is a statistical hypothesis testing, the design of a
Control Chart is separated into two parts. The first one is the retrospective analysis,
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and the second one is the monitoring process.

Principal Component Analysis: The authors in [120] state, that a Principal
Component Analysis is a multivariate data analysis method that is capable of
simplify the data to keep the important information and reduce the data set size.

Partial Least Squares: The Partial Least Squares method can be described as a
projection of a data set with a high number of dimensions in a data set with lower
dimension, this new data set is defined using latent variables. The purpose of those
latent variables is to define the most important information on the original data set
that should be retained [73].

It is important to mention that there are more types of FD approaches. The
above mentioned examples and classification are just a glimpse of how rich the
FD literature is. Another critical piece of information that worth mentioning is
that there are approaches that are based on both main branches of FD approaches,
the model-based and the data-driven approaches, these types of approaches are
called hybrid. The authors can refer to these works [57, 111] that are based on
this premise.

A graphical representation of the aforementioned classification of the FD prob-
lem is given by Fig.1.5.

Fault Detection

Model-Based Data-Driven
Observer-based Bayesian Network
Parity Space Artificial Neural Network
Parameter Estimation Control Charts
Bond Graphs Principal Component
Analysis
Partial Least Square

Figure 1.5: Classification of the FD approaches.
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Fault Tolerant Control

For the Fault Tolerant Control (FTC) problem we may classify it into two distinct
manners. The first one, similarly to the FD problem, the model-based [90] and
data-driven approaches [49]. The latter one is the classification based on whether
the approach is active or passive. A Reconfigurable Control approach correspond to
the solutions where the controller only acts (reconfigure) in the presence of a fault
[124]. For the passive approach, the potential fault is taken into account during
the controller design, which provides a Robust Control solution [76].

Referring to the FTC problem based on the data-driven we may cite some
procedures for the robust and reconfigurable approaches.

Markov parameter sequence: The Markov parameter sequence is a stochastic
tool utilized to identify a system from its input and output as presented in [68, 72].

Subspace Predictive Control (SPC): the SPC uses subspace identification pre-
dictors associated with predictive control applied to an affine LPV system [74].

Fault Tolerant Architecture: The FTA is an online fault tolerant control based
on residue generation designed using Youla parametrization, [118].

Regarding the model-based FTC problem, we can point out a few approaches
for the robust or reconfigurable approaches.

Gain Scheduled Control: A gain scheduled control is the type of control that
depends on a parameter. This parameter vary in time, and the variation is dictated
by the system [101].

Adaptive Control: The basic idea of adaptive control is similar to the one
presented for the gain scheduled control. There are plenty of approaches that fall
into this category, as for example, Model Reference Adaptive Controller (MRAC)
[26], Model Identification Adaptive controller (MIAC) [88]. Some other examples
can be seen in [113, 124].

Fault Accommodation: The fault accommodation procedure is a method that
changes the controller parameters or structure to mitigate the consequences of a
fault. The input and output between plant and controller remain unchanged but
the performance may decrease [8].

Robust Fault tolerant Control: The robust approach can be implemented using
any appropriate framework, such as, the Linear Parameter Varying (LPV), Markov
Jump Linear System (MJLS), or any other framework. We consider that a controller
is robust when during the design process the presence of a fault is considered, but
the controller acquired is static (meaning that the controller is not gain-scheduled
or mode-dependent) [25]. Usually, these controllers are suboptimal since they are
designed to work in multiple operational points.

As was mentioned for the FD, the same statement can be made here, where
all the classes and parameters presented above are just an example of the rich
literature of the Fault tolerant control.
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Fault Tolerant Control

Model-Based Data-Driven
5
a
5 Gain Scheduled Control Subspace Predictive
)
= Control
S Adaptive Control
d:v Fault Tolerant
Fault Accommodation Architecture
., Robust Fault tolerant Markov parameter
3 Control Sequence
a)
e}
o

Figure 1.6: Classification of the FTC approaches.

1.2 Outline and Main contributions

From the discussion and explanation presented in the previous section now we
are prepared to describe the main contributions presented in this thesis, and also
positioning of the results in the literature. As the title of the thesis says, we deal
with the fault detection and fault accommodation problem.

From the classifications discussed in the first part of the introduction, all the
results presented herein are model-based. Regarding the Fault Detection results,
classifying them as shown in Fig.1.5, they are all based on residue generated using
observers. For the FAC problems, we proposed a FAC under some frameworks and
also a Gain-Scheduled FAC, as classified in Fig. 1.6.

Each chapter in this thesis is organized as follows. In the first two sections
a preliminary discussion is introduced, presenting the theoretical background
necessary to understand and implement the results in the respective chapter. They
are followed by the proposed design, theoretical works, and illustrative examples for
the respective frameworks. The chapter is concluded with simulations to exemplify
the usability of the approaches.

The content for every chapter is as follows.

* Chapter 2: In Chapter 2 we propose the FDF and FAC design under the
Markov Jump Linear Systems framework. We derive the results under this
framework intending to model the network communication loss. The results
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presented in Chapter 2 have been published in [13, 14, 16, 20, 47].

* Chapter 3: In Chapter 3 we follow the same idea of the previous chapter,
but including the assumption that the Markov chain is not directly accessible,
instead, the FDF and FAC depends on an estimation of the Markov chain
parameter. Chapter 3 contain the results from the following publications
[15, 17, 18, 19].

* Chapter 4: For Chapter 4, we follow the idea from Chapter 2, but instead
of the MJLS framework, we implement the Markov Jump Lur’e Systems, in
order to add the non-linear behavior during the FDF or FAC design. The
results in Chapter 4 are presented in [21].

* Chapter 5: In Chapter 5 we introduce the Gain-Scheduled FDF and FAC
design for Linear Parameter Varying systems. Besides, we also use some
techniques to include during the design process, the assumption that the
schedule parameter is imprecise. The results in Chapter 5 are published in
[22].

Chapter 2 Chapter 5

Chapter 3 Chapter 4

Figure 1.7: Interaction between chapters.

Finally, we wrap up the thesis with a conclusion chapter. For the sake of helping
the reader, we present Appendix A. Appendix A, provides the modeling of the
network using Markov chains, the modeling procedure of the illustrative models
used throughout the thesis, and some useful lemmas.



Chapter 2
FDF and FAC for Markov Jump Linear
Systems

ﬁ N this chapter we pres.ent the results for the Fault Detection Filter (.FDF)
and Fault Accommodation Controllers (FAC) under the Markov Jump Linear
% System (MJLS) framework. Herein, the MJLS is implemented as a tool to
model the communication loss between the system components, which allows us to
draw results for the design of the FDF and FAC assuming that the communication is
subjected to packet loss. This assumption is important since packet loss is inherent
to any communication channel. The usual workaround to the communication loss
is the retransmission of the information, however, this type of method burdens the
network infrastructure. Hence, design an FDF or an FAC under the communication
loss provides robust solutions against this type of problem and at the same time
does not increase the load imposed on the network infrastructure.
The results presented in this chapter were published in the following conferences
and journals

* Subsection 2.3.3 presented the # ., Fault Detection Filter for Markovian Jump
Linear Systems, which was presented in the European Control Conference
2018 [14].

* Subsection 2.3.3 presented the H» Fault Detection Filter for Markovian Jump
Linear Systems, which was presented in the Congresso Brasileiro de Automat-
ica 2018 [13].

* Subsection 2.3.3 presented the Mixed Hs/H., Fault Detection Filter for
Markovian Jump Linear Systems, which was published in Mathematical
Problems in Engineering [16].

¢ Subsection 2.3.3 presented the Mixed H_/H., Fault Detection Filter for
Markovian Jump Linear Systems, which was published in European Journal
of Control [47].

* Subsection 2.4.2 presented the # ., Fault Accommodation Control for Marko-
vian Jump Linear Systems, which was presented in the IFAC 2020, Berlin
[20].
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2.1 Notation

The real Euclidian space is presented by R™ where n denotes its dimension, and
n X m represents the real matrices dimension, for example A(R™ R™). The symbol
(1)’ denotes the transpose of a matrix, I indicate the identity matrix. The oper-
ator Her(-) represents the symmetric sum (X) = X + X'. A diagonal matrix is
represented by the operator diag(-). The symbol e represents a symmetric block
in a partitioned symmetric matrix. On a probability space (€2, F, P) with filtration
{F&}, the expected value operator is represented by E(-), the conditional expected
operator, by E(- | -), and the space of all discrete-time sequences of dimension r,
Fi-adapted processes, such that ||z]|3 £ Y27, E([|2(k)||?) < oo, by £5?. We set
20; 2 {w e Ly : ||| > 0}, and the operator E;(X) = Zjvzl pij X;.

2.2 Preliminary for the Markovian Jump Linear Sys-
tem

We consider the following general discrete-time Markovian Jump Linear System
(MJLS)

z(k) = Cé)(k)if(k) + Dg(k)w(k),

where z(k) € R"= is the state, y(k) € R™ is the measured output, z(k) € R™= is
the estimated output, w(k) € R™» is the exogenous input. We also consider that
w(k) € L3?. The index 6(k) is a random variable such that {6(k) : k € N}, denotes
a Markov chain.

With 6, € K = {1,...,N}, where N represents the number of modes in
which (2.1) may operate. The transition matrix is represented by P = [p;;] where
pij = Prob[0y1 = j|0r = i] and Z;V:l pij = 1forallie K.

2.2.1 Stability for Markovian Jump Linear Systems

2.1. DEFINITION. Consider system (2.1), with null exogenous input w(k) = 0 Vk € N,
and initial conditions x(0) = zo € R", §y € K. The systems is

* Mean Square Stable (MSS) V (x0,6) if

lem E{z(k) z(k)|xqo,00} = 0. (2.2)
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* Stochastically stability (SS) V (xo, 6o) if

E{ix(k)’x(k)m,eo} < 0. (2.3)

k=0

As in [33], the definition (2.2) and definition (2.3) are equivalent, and are known
as Second Moment Stability (SMS).

2.2.2 H. norm for MJLS

Assuming that (2.1) is MSS with 2y = 0, the H., norm of G is given by (see
[55, 106])

Z||2
IGllo = sup =12
0#weELsy,0p0€K ||UJ||2

24

Notice that the case K = {1} corresponds to the deterministic case, that is, the case
without jumps.

It is possible to calculate the H,, norm using the so-called Bounded Real Lemma
for Markovian Jump Linear Systems, first presented in [106], and stated below.

2.1. LEMMA. System (2.1) is MSS and satisfies the norm constraint ||G||%, < v if and
only if there exist matrices P, = P/ > 0 such that

(& L) PO (& L) - |5 o] <oviek 25)

Proof: See [106].

Applying the Schur complement to (2.5) we get that
P; . . °
0 24 o o
[Ei(P)Ai E;(P)J; E;(P) .] >0, (2.6)
Ci D; 0TI

and the LMI constraint (2.6) can also be described by the inequality below

P,
0

L]
~
A; J;
C; D;

~

B (P)! :1 > 0. (2.7)
0 I

s
-
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2.2.3 #H, norm for MJLS
Assuming that (2.1) is MSS with zy = 0, the 5 norm is given by

Ny N

IGI15 =D > mill=""II5. (2.8)

s=11i=1
where =z represents the output z(0), z(1), ... obtained when
* the input is given by w(k) = e;6(k), where e; € R™ is the s-th column of
the m x m identity matrix and §(k) is the unitary impulse, see [35].
* 0y =i € K with probability u; = P(6y = 1)

In [36] it is shown that, if the Markov chain is ergodic, and taking u; = p;,
where p; = limy_, o, P(6(k) = i), the norm defined in (2.8) can also be written as

IGII3 = lim E[=(k)'=(k)) (2.9)

where z(k) is the controlled output and w(k) represents a wide-sense white-noise
with covariance given by the identity matrix that is independent of the initial
condition x¢, and the Markov chain {6, }. From the above, we have the following
lemma.

2.2. LEMMA. System (2.1) is MSS and satisfies the norm constraint ||G||3 < X if and
only if there exist matrices P; = P > 0 and S; = S} > 0 such that

N
> wiTr(S;) < A, (2.10)
=1
S; o o
[MP)L; Ei(P) } >0, (2.11)
D; 0 1
P; . °
[m(P)Ai E:(P) } >0, Viek. (2.12)
C; o I

Proof: See [54] or [35].

Pre- and post- multiplying (2.11) and (2.12) by diag(I, E;(P)~!,I) we obtain
that if the inequalities

S . .
{J@- E;(P)~! .] >0, (2.13)
i 0 I
P; . .
|:Ai E:(P)~! 0:| >0, (2.14)
C; 0 I

are satisfied then ||G||3 < A.
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2.2.4 H_ index for MJLS

Assuming that (2.1) is MSS and zy = 0, the H_ sensitivity index is defined as

[[2]l2
0#weLy,0peK ||wH2

IGII> = (2.15)

2.3. LEMMA. : Assuming that (2.1) is MSS we have that ||G||— > & for £ > 0 if there
exist matrices P; > 0, ¢ € K such that

(&1 [0 2] (& 0] - [, b ] <OV € K, (216)

is satisfied.
Moreover for P; > 0 we have that (2.16) is satisfied if and only if

P;+CiC; . .
DG Dipi—el e | >0Vi € K, (2.17)
A; J; ]Ei(P)il

holds.

Proof: Let us show first that if there exist matrices P; > 0 such that (2.16) is
satisfied then ||G||- > &. Pre and post multiplying (2.16) by [x(k)" w(k)’] and its
transpose we get that
[mu«) }’ |:Alg(k)Ee(k)(F)Ae(k)_Pe(k)_cé(k)ce(k) Ab (k) Ee(r) @ o (k) = Ch(k) Po (k) } [z(m] <0

w(k) To)Bo(k) P A0y ~PhyCock) ook ® k) ~Po iy Po(k)y+EI | Lwk)

(2.18)

From (2.18) and (2.1) we get that
x(k+1)Eouy(P)z(k + 1) — x(k)Pg(yz(k) — 2(k) 2(k) + {w(k) w(k) < 0. (2.19)

Denoting by §. the o-field generated by the variables {x(1),w(l),0(1);l =0,...,k}
we get that x(k + 1)'Eg(x)(P)x(k 4 1) = E(x(k + 1)'Po(pt1)z(k + 1)), and thus
E(z(k + 1) Eg)(P)xz(k + 1)) = E(z(k + 1)'Pg(r+1)z(k + 1)). Recalling that xo =0
we get from (2.19) after taking the sum over k from 0 to T that

T

ZE{w(k’ + 1) Poernyz(k + 1) — 2(k)Poyx(k) — [|2(K)|1* + &llw (k)|
k=0

T T
E(2(T + 1) Porrnz(T + 1)) — > _E(||2 +&) E(lw(k)|*) <0. (2.20)
k=0 k=0

Taking the limit as T — oc in (2.20) and recalling that (2.1) is MSS, we obtain that
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limr o0 E(2(T + 1)'Po(r41y2(T + 1)) = 0, and we conclude that
1213 = €llwll3 > 0,

showing the first part of the proof. Let us show now the equivalence between (2.16)
and (2.17). Suppose that there exists P; > 0 satisfying the constraints in (2.16). For
any a > 0 we may rewrite (2.16) as

[ofecoporer| = (&3] { B0 0] - Bado] LG >0 @2D)

Reorganizing (2.21) we get that

e e S [ PP S (&6 >0 @22)
>0 20

From Schur’s complement we obtain that (2.22) is equivalent to

P;+(1+a)C.C; . . .
D;Ci D;Difﬁl . .
" PN (2.23)
C; 0 0 a7'r

and from the Schur’s complement again we get that (2.23) is equivalent to

Pi+(1+a)C.C; . . c’
D/C;  DiDi—¢I e -« [ 0"} [cioo] >0,
Ay Ji E;(P)~* 0

showing (2.17). On the other hand, suppose that (2.17) holds. By taking the reverse
steps as before we get that (2.16) is satisfied, completing the proof. B

2.1. REMARK. Notice that, unlike Lemma 2.1, we cannot guarantee from (2.16) that
(2.1) is MSS.

2.3 Fault Detection Filter Formulation

Let us conider the FD scheme in Fig. 2.1. As shown in Fig.2.1, the main points for
a model-based FD to perform properly are the 7) accurate model for the plant; i) a
reliable network communication; iii) a well-designed residue generator filter; and
iv) a proper residue evaluation. In this work, we concentrate our endeavors on
providing residue generator filter designs that contemplate some common issues
as imprecise modeling, unreliable network connections, and unknown network
behavior.

It is important to state that the design of a residue evaluation procedure is not
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Evaluation Al
ar|
Fault function > _n‘
Threshold
Residye .
Control sl SUSE Eo

/ Evaluation .
Nominal
function < _n‘

Noise
Threshold

Plant
Filter

Figure 2.1: Block diagram detailing the Fault Detection scheme, presenting the
residue generation and residue evaluation steps.

in the scope of this work. However, a proper residue evaluation is required to
guarantee the FD procedure overall performance. The block diagram representing
the FD topology is presented in Fig.2.2 We assume that the MJLS subject to faults

Control u(k)

Noise d(k) System ! .
— ég(k) » Filter Fg(k) #

Fault f(k) )
f(k)

Weighting
filter Wg(k)

Figure 2.2: Block diagram representing the topology used to design the Fault

Detection Filter.

is defined as
z(k+1) = Agiyz(k) + Bogeyu(k) + Jogyw(k) + Foay f(K),
G: y(k) = Coayx(k) + Doyw(k) + Egry f (K),
z(0) = zo, 6(0) = 6o,

(2.24)
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where z(k) € R, y(k) € R™, u(k) € R™, w(k) € R™, f(k) € R"f, represent
the state, measurements, control, exogenous, and fault signals respectively.

2.3.1 Residue Generator using Fault Detection Filter

The goal here is to design a FDF, which is responsible to generate the residue signal
r(k). The FDF is defined as

n(k +1) = Ayoyn(k) + Myoulk) + Bhognyy(k),
F (k) = Choryn(k) + Doy (k), (2.25)
7)(0) = To,
where n(k) € R™, r(k) € R"" representing filter state, and residue signals, respec-
tively.
A possible way to improve the FDF performance is to consider a weight system
during the design process, as used in [28, 126, 127]. As described in [28], the

weight system improves the FDF performance for a specific frequency range. Herein,
the weight system W is denoted by

vp(k+1) = Awzs(k) + Bw f(k),
W f(k) = Cway(k) + Dw f(k), (2.26)
z7(0) =0,

where z;(k) € R"" is the weight matrix state, f(k) is the same signal as in (2.24),
and f(k) € R™ is the weighted fault signal.

2.2. REMARK. In [28], a non-minimal phase FDI system is presented, using the H,
criterion. It is important to state that the weighting system (2.26) is given, and its
sole purpose is to be used as a tuning tool during the design process. In [28, 83], this
technique is implemented for the continuous-time domain, and in [127] the same
approach is used for the discrete-time domain. As described in [83], the presence
of (2.26) allows us to choose between a fault detection or a fault isolation problem,
depending solely on the structure of (2.26). If the designer decides to solve a fault
estimation problem with the same framework, the only action would be to set the
values of (2.26) as Byy = 0, Cyy = 0, and Dy, = I. It is important to make it clear
that the filter VW is not present in the implementation, it is just a part of the design
procedure.

The difference between the fault detection and fault isolation approaches is that
fault detection needs only a single residue signal, and for the fault isolation case
it is necessary to generate a set of residue signals, called structured residual set,
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as described in [29]. In our case, for the fault detection approach, we can set Ay,
Byy, Cyy, and Dyy as fixed matrices to generate a single residue signal (k). On the
other hand, for the fault isolation approach, the matrices Ayy,, By, Cyy, and Dyy
would need to be designed differently in a way to generate an appropriate number
of residue signals to reach the fault isolability. The size of the residue set should
be similar to the number of known recurring faults so that to isolate these specific
faults. It is important to mention that a complete fault isolability is not always
achievable since complete knowledge of all possible faults may be unreasonable for
some practical situations.

The major goal in here is to design the matrices A,;, By, Cpi, Dy, My; so that
the Fault Detection Filter (2.25) is mean square stable when x(0) = 0, u(0) = 0,
d(0) = 0 and f(0) = 0 and minimizes the value of ~ in for the # ., norm cases as in

sup Irell2 ~, (2.27)

w#0, weLs, 0N HU)”2

where r.(k) = (k) — f(k). For the #, norm the goal in the problem formulations
is

m

N
oD mllrels < A (2.28)

s=1i=1
From the above, the equivalent system can be written in the augmented form as

(2.29)

G . i’(k + 1) = Ag(k)f(k) + Bg(k)if}(k),
“ Te(k) = Cory (k) + Do(yw(k),

where the augmented state and the input signal are z(k) = [z(k)’ n(k) x¢(k)']
and @ = [u(k) w(k) f(k)') with

Ai 0 0 Bi Ji Fz’
A; | B, B,Ci Ay 0 | My ByD; B,.E;
o o = . 2-
.| D; 0 0 Ap 0 By (2.30)

0
DyiCi Cp —Cw| 0 DyD; DyE;— Dy

2.3.2 Evaluation Function

In the evaluation stage, it is necessary to set an evaluation function EVAL(k) and
also a threshold TH, both as defined in [127]. We consider L as the evaluation
time, and with that, we can separate the evaluation process into two distinct cases,
the first one is defined by £ — L > 0 and the second one, k¥ — L < 0. Thus, we
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define the auxiliary vectors for each case as

{for k—L>0,7(k)=[r(k)r(k—=1) ... r(k = L) (2.31)

fork — L <0, #(k) = [r(k) r(k —1) ... 7(0)]’

and, given the discrepancy between the intervals, the evaluation functions for each
case are set as

o=k—L %
for k — L > 0, EVAL(k) = { > r’(U)T(U)} :
(2.32)

o=0

for k — L < 0, EVAL(k) = {Z F’(U)F(a)}

o=k

2.3. REMARK. It is important to highlight that the choice of a suitable L is deeply
linked with the FDI performance, since if L is not large enough, the faults may not be
detected since the evaluation signal will not have enough time to reach the threshold.
On the other hand, if L is too large, the number of false alarms will drastically increase.

Another part of the evaluation process is the definition of a threshold, denoted
by TH. We refer to [29] or [56] for an in-depth discussion on how to choose
one among the different types of thresholds. In our case, we implement a fixed
threshold, which is obtained after performing a Monte Carlo simulation when
there is no fault. After this simulation being performed, we obtain a curve that
represents the mean and standard deviation of the evaluation function (2.32) for
the evaluation window L. We assume that TH is the peak value of the curve that
represents the mean summed with the standard deviation of EVAL(k) in the period
(0, L). For a more detailed description of this subject, see [29],[56].

Considering the aforementioned discussion, the decision for the fault detection
is as follows:

EVAL(k) > TH = fault occurrence —> alarm,
EVAL(k) < TH = absence of fault.

2.4. REMARK. For simplicity suppose in (2.24) and (2.25) that u(k) = v is a con-
stant input set-point and that w(k) is a white noise sequence with null mean and
constant covariance matrix. By combining equations (2.24) and (2.25) we obtain, for
appropriate matrices Ai, Bl, Cl, (see (2.52)) the system

f(k‘ + 1) = Avg(k)f(k‘) + Eg(k)@(k),

) = 4o 2.33
r(k) = Con3(h). (2:33)

gnh:{
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where

~ z(k)| - v

0= (1] 7= |ufe)
Suppose that system (2.33) is MSS and that the Markov chain {6(k)} is ergodic. Then
it was shown in Theorem 3.33 and Proposition 3.36 of [36] that E(z(k)1g()=;3) —
p; and that U;(k) = E(z(k)Z (k) 1{o)=j3) — U; as k — oo for some vectors ju;
and positive semi-definite matrices U;, j = 1,..., N. By noticing from (2.33) that
r(k) = S Cia(k)1gg(r)=iy it follows that E(r(k)r(k)') = S, C;U;(k)CL. From
this one can see that E(r(k)r(k)’) — R as k — oo where R = Zfil C;U;C!. Since

k
E(EVAL(k)®) = > Tr(E ())),
i=k—L

it follows that E(EVAL(r,k)?) — (L + 1)Tr(R) as k — oo and also, from Jensen’s
inequality, that 0 < limsup,,_,.  E(J(r,k)) < (L 4+ 1)Tr(R))"/%. In the numerical
simulation we can observe this kind of limit behavior for the evaluation function.

2.3.3 Theoretical Results

In this subsection we present the design of the FDF under the MJLS framework
using the following performance indexes H,, Ho norms, and H_ sensibility index,
also the design for the mixed Ho/Hoo and H_/Hoo

‘H oo Fault Detection Filter Design for MJLS

2.1. THEOREM. There exists a mode-dependent FD Filter as in (2.25) satisfying
Gaugll?2, < 7 if there exist symmetric matrices Z;, X;, W;, and matrices O;, V,,
I';, Cyi, Dyy; with compatible dimensions that satisfy the following LMI constraint

Z; o . . o . . ° ° .
Z; X; . . . ) . . . .
0 0 W; . o . . . ° .
0 0 0 ~yI ] . . . . .
0 0 0 0 I . . . . .
0 0 0 0 0 yI . . e o >0,
1'[8,1 Hs 2 0 IIg 4 IIg 5 Ils 6 E,(Z) E;(X) . .
0 0 E;(W)Aw 0 0 E;(W)By 0 0 E;(W)e
L DyiCi —Cw 0 Dy D; 0 0 0 1 |
(2.34)
where

Hg,l = El(X)Al + V;C; + O;, H&g = El(X)Al + V,;C;, Hg,4 = Ei(X)Bi + Ty,
g5 =E;(X)J; + ViD;, Tlge=E;(X)F; +V,E;, o1 =DpiCi + Cps,
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ITio,6 = Dy i — Dy,

for all i € K. If a feasible solution for (2.34) is obtained, then a suitable FD Filter
is given by A, = (E;(Z) — E{(X)) 0y, By = (Ei(Z) — Ei(X)) "'V, My =
(Ei(Z) — Ei(X))~'Ty, Cyi, Dyyi, for all i € K.

Proof: The first step to derive the result is to impose the following structure,
similar to the structure in [62], for the matrices P; and P[lz

X; U; 0 L Y; Vi 0
P=|v/X 0|, PPo=|v/Yio], (2.35)
0 0 W 0 0 H

and also consider the following structure for the matrices ;(P) and E;(P)~!:

Ei(X) E;(U) 0
Ei(P) = [

Ri1; Ro; 0
E;(U)" E;(X) 0 :| R EZ(P)il = |:R/21 Rs; 0 :| . (236)
0 0 E;(W) 0 0 EwW)?

We define the matrices = and ¢ by
I 10 RV E(X) 0
™= [V,/Yil 0 0] , ¢=1] 0o EU)Y o . (2.37)
0 or 0 0 E(G)

Since U; = Z; — X; in (2.35), we get from (2.35), and (2.37) that ¥; = V/ and
Y, = Z;l. Also considering U; = —X; we get Ril =E;(X+U) = E;(Z). Moreover,
we have that R};' = E(Z), and so we have that

v,y o _ Ry A; Ry A; 0
Pt = 1 "A:m = = "
TLLGT =Y, X, 0 |, CAm= 21 Ei(X)Ai+E;(U)ByiCs 0 >
0o 0 W 0 0 E,(W)Aw
I 1y —1
Iy, = E;(X)A; + E;(U)B,,:C; + E;(U) A VY,
= Ry'B; R, Ry'F;
('Bi = | Tan Ei(X)Ji+Ei(U)ByiDi Ei(X)Fi+E;(U)ByiEi |
0 0 E;(W)Byw

M1 = Ei(X)B; + E;(U)M,,,
R Ei(2) o ~
CIEi(P)71C = |:]E1(Z) Ei(X) 0 :| s Cim = [D77'ic'i+C1)iVL'/Zi DyiCi —Cw |,
0 0 E, (W)
D; = [0 DyiD; DyiDi—Dw | .

Applying the change of variables E;(U)A,,;V/Z; = O;, E;(U)B,; = Vi, E;(U)M,; =
Iy, CiV{Z; = Cyi, Dy and also substituting E(Z) = Rfil in (2.34), we get the
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following inequality

71"[:’1-71' . ] .

0 61 . .
(/Aiﬂ' C/Bi C/Ei(P)—lc ° > O, (238)
éiﬂ' Dl 0 I

and it is easy to see that inequality (2.38) is equivalent to the inequality (2.34).
Multiplying to the right by diag[z~!,1,¢~!, I] and to the left by its transpose, we
get the inequality (2.7) and with that we can guarantee that |G||2, <. B

‘H, Fault Detection Filter Design for MJLS

2.2. THEOREM. There exists a mode-dependent FD Filter in the form of (2.25) satis-
fying the HgaugH% < )\ if there exist symmetric matrices Z;, X;, S;, T; and matrices O;,
Vi, ', Cpi, Dy, with compatible dimensions that satisfy the following LMI constraints

N
> wTr(Si) < A, (2.39)
i=1
5 Lo
E:(Z)B; E(2)J; E,(Z2)F; Ei(Z) e e o > 0’ (240)
E,(X)B;+T; E;(X)J;+V:D; E;(X)F;+V,;E; E;(Z) E;(X) e e
0 0 ]E,L(T)BW 0 0 ]El(T) [ ]
o 0 DniDi ’an',Ei—DW 0 0 0 I
B Z; . . . ° ° °
Z; X, . . . o o
0 0 T . . o o
Ei(Z)A; Ei(Z)A; 0 Ei(Z) e e | >0, (2.41)
0 0 E,(T)Aw O 0 EiT)e
DmCi-&-Cm- ’D,,iCi —Cw 0 0 0 I

for all i € K. If a feasible solution for (2.39), (2.40), (2.41) is obtained, then
a suitable FD Filter is given by A,; = (E;(Z) — Ei(X))7'0;, By = (Ei(Z) —
Ei(X))_lvi, Mm; = (EZ(Z) — EZ(X))_:LF“ Cm, Dm, fOT' all i c K.

Proof: In the same way as presented for the H,, case, the structures for the
matrices 7; and T, ' are as shown in the equation (2.35) for, respectively, P;
and P, '. For the matrices E,(T) and E;(T)~! the structure are equal to the
one in equation (2.36) for, respectively, E;(P) and E;(P)~! . Furthermore, the
matrices 7 and ¢ are as shown in equation (2.37). Applying the change of variables
Ez(U)Anz‘/;/Zz = Oi, Ei(U)an == Vi’ EZ(U)Mm = Fi, Csz/Zz = Cm', Dm; ==
D,,; and also substituting E;(Z) = Rfll in (2.40), (2.41), we get the following
inequalities

N
D Te(S;) < A, (2.42)
i=1
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Si . .
{c/ﬁn CE(P)I¢ } >0, (2.43)
D; 0 I
= . °
[c’fim ¢'Ei(P)7'¢ -} > 0. (2.44)
Ciﬂ' 0 I

Multiplying (2.43) to the right by diag[I, (~*, I] (respectively (2.44) by diag[r—*, (™1, I])
and to the left by its transpose we get the inequalities (2.13), (2.14) which, com-
bined with (2.42), yields that ||Gaug[3 < A. W

Mixed #,/H., Fault Detection Filter Design for MJLS

Note that the structure of the FDF for the 5 and H., allows us to reformulate the
problem mixing H2/H ., norms, in order to attain a better performance in some
cases. Therefore, it is necessary to rewrite the problem as mixed problem by setting
the objective function as

inf{g(),7), such that ||Gasg|2 < A and [|GagllZ < 7}, (2.45)

which considers the restrictions as defined in (2.27) and (2.28). By inspection it is
possible to note that there are three possible ways to define the objective function
in (2.45), as described below.

First Case: Find a minimum guaranteed cost \ for the 5 norm of system (2.29),
subject to a given upper bound v > 0 on the H,, norm. In this case, we have

g(v, A) = . (2.46)

Second Case: Find a minimum guaranteed cost « for the H., norm of system
(2.29), subject to a given upper bound A > 0 on the #5. In this case, we have

gy, \) =\ (2.47)

Third Case: Find a minimum for a weighted combination of the guaranteed cost
for both H5 and H ., norms of system (2.29). Thus, for given scalars B8(>°) > 0 and
B3 >0, we set

97, ) = 1B £ A8, (2.48)

where 3() represents the weight for each upper bound. A similar approach is
presented in [43].

In this subsection we consider the mixed H,/Ho case. The set of variables is
defined as

P = {Zz >0, X;>0 W;>0,T; >0, 5;, >0, O;, V;, T';, Cm', 'Dm} UC(249)
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where ( represents a set that contains A, v or both, depending if these parameters
A, v are assumed to be given or a variable of the problem. Hence, we also define

U = {¢ as in (2.49) such that the LMIs (2.34),(2.39),(2.40),(2.41)  (2.50)

are simultaneously feasible}.

The next theorem provides a sufficient condition for the FD Filter design for the
mixed Ha/H case.

2.3. THEOREM. There exists a mode-dependent FD Filter as in (2.25) such that
|Gaugll3 < X and ||Gaugll?, < 7 if there exists ¢ € U, where v is defined as in
(2.50). If a feasible solution is obtained then a suitable FD Filter is given by A,; =
(Ei(Z) — Ei(X)) 7104, By = (Bi(Z) — Ei(X)) ™'V, My; = (Ei(Z) — Ei(X))'T,
Chi Dy, forall i e K.

Proof: The proof follows directly from the proofs for Theorems 2.1 and 2.2. B

Mixed H_/H ., Fault Detection Filter Design for MJLS

For the mixed H_/H., FDF design we rewrite (2.24) in a particular manner where
(2.24) is rewritten into two forms: one for the H., norm design and another for
the H_ sensibility index. In the H., norm design we rewrite the system as

l‘(k 1) = Ag(k)l‘(k) + Bg(k u(k) + Jg(k)w(k)7
50(0) = Zo, 9(0) = bo,

One can observe that comparing (2.24) with (2.51) it is noticeable that the fault
signal f(k) is ignored. We choose this particular structure for the mixed H_/H oo
FDF approach due to two major factors. The first one is that we need to guarantee
the stability of the filter, and the latter one is that we want to minimize the effects
of the exogenous and control input in the FDF residue signal. The idea supporting
this choice is that two factors will reduce the presence of false alarms in the FDI
scheme. Since there is no fault signal f(k) we also ignore (2.26).
The augmented system under these considerations are

G - .’Z‘(k + 1) = Ag(k):i‘(k) + Bg(k)w(k’),
“ (k) = Co(ryZ(k) + Doryw(k),

where the augmented state is Z(k) = [z(k)’ n(k)']’ and w(k) = [u(k)" w(k)’]" and

A=[e0, 8], Bi=[mn musun], G=[ocu], Di=oa].
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The fault detection problem for the ., case may be represented by the opti-
mization problem to derive the matrices that compose the FDF (2.25) in such a
way that system (2.52) is MSS and minimizes the value ~ in

sup [l <7, (2.53)

wll2£0,wess [wl|2

where v > 0.
Using the augmented system (2.52), and the Bounded Real Lemma (BRL)
constraints (2.7), the following theorem is proposed:

2.4. LEMMA. There exists a mode-dependent FDF in the form of (2.25) satisfying
the constraint (2.53) for some ~ > 0 if there exist symmetric matrices Z;, X;, and
matrices O;, V,;, I';, C,; with compatible dimensions that satisfy the following LMI
constraint

Z; ° ° . ° ° °
Z; X; ° ° ° ° °
0 0 I . . o o
0 0 0 I . o o 2
E;(Z2)A; Ei(Z2)A; Ei(Z)B; Ei(Z2)J; E;(Z) e e > 0’ ( 54)
mé! %2  Ey(X)Bi+H; %% Ei(Z)Ei(X) e
Cni 0 0 0 0 0o I

where I1%! = E;(X)A; 4+ V;C; + Oy, P2 = Ey(X) A; + V;C;, and IS = Ey(X).J; +
ViD;. If a feasible solution for (2.54) is obtained, then a suitable FDF is given
by Ay = (Ei(Z) — Eo(X))"10;, By = (Ei(Z) — Eo(X))"'Vi, My = (Eo(Z) —
E;(X))™'Ty, Cyi, for all i € K.

Proof: The proof of Lemma 2.4 is similar to the proof presented in [62] and for
this reason it will be omitted. B
Now to design the H_ side we rewrite (2.24) as follows

o(k+1) = Agayz(k) + Foy f(K),
g: y(k) = Coyr (k) + Egry f(K), (2.55)
x(O) = X0, 9(0) = 903

where z(k) € R, y(k) € R™, f(k) € R" , that represents the state, measure-
ments, and fault signals, respectively. Therefore, the augmented system for the H _
case is

ga_ug : {x(k + 1) = Ag(k).’f(k) + Bg(k)ﬂ}(lﬂ) (2.56)

re(k) = Co(yZ(k) + Dogryw(k)’

where the augmented state is z(k) = [z(k)" n(k) xs(k)']), w(k) = f(k)’, and
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considering the equation r.(k) = r(k) — f(k)

_ A, 0 0 _ 7 _ _
A = l:Bm‘Cz‘ Ani 0 :| , B = |:Br,iEi:| R CZ':[OBm' *CW], D; = —Dyy.
0 0 AW BW
For the H_ case, the purpose of this sensibility index in the fault detection
problem is to maximize the FDF (2.25) sensitivity against the fault signal, recalling
that f(k) € L5. Therefore, the definition is somewhat inverse of the usual H,
norm since the H_ is defined as

o Irels

feca | fll

> &, (2.57)

¢ > 0, with the intention of increasing the sensibility of the output r. (k) against
the weighted fault signal f(k).

Considering the augmented system (2.56) and Lemma 2 and the constraint in
(2.17), we can propose the following theorem.

2.4. THEOREM. If there exist symmetric matrices Z;, X;, W; and matrices 0;, V;, Cypi,
with compatible dimensions that satisfy the following Bilinear Matrix Inequality (BMI)
constraints

Zi+C;/”va; . . . . . °
Z; _ X . . . . .
70{,\,Cm' 0 C‘/,VCWqui . . ° °
—D},,Cri 0 D}, Cyw Diy,Dw—EI e . o > 0, (2.58)
El(Z)Al El(Z)A1 0 El(Z)FI E; (Z) ° °
—=6,1 6,2 —=6,4
=, =, 0 =, Ei(z) E;(X) e
0 0 E;(Wi)Aw E;(W;)Bw 0 0 E;(W)

where E?’l = ]EZ(X)Al-l-vlCZ-l-OZ, E?’z = IEZ(X)AZ—kaC“ and E?A = E1(X)Fz+szz,
and the following LMI constraints

[7e]>0, (2.59)
then there exists P; > 0 for all i € K such that (2.17), replacing A;, J;, C;, D; by

respectively A;, B;, C;, D; as in (2.56), and taking

Api = (Bi(Z) —Ei(X))7'05,  Byi = (Ei(2) —Ei(X))"'Vi,  Cpi, (2.60)
will hold.

2.5. REMARK. Notice that, as pointed out in Remark 2.1, we cannot guarantee from
(2.17) that system (2.56) will be MSS.Therefore we cannot guarantee that a suitable
FDF will be derived. However; since the goal is to combine the H _ index with the H,
filter; we will obtain MSS from the conditions for the H . filter (see Remark 2.1).



28 2. FDF and FAC for Markov Jump Linear Systems

Proof: Consider that (2.58) and (2.59) hold and set the matrices A,;, B, (fm
as in (2.60), and the matrices A;, B;, C;, D; as in (2.56). Notice that from (2.59)
we have that X; — Z; > 0, which implies that E;(X) — E;(Z) > 0. Partitionate P;, P, L
E;(P), E;(P)~! as

X; U; O Y; Vi 0
Pi—{ugiio}, P;l—{v;vioy
0 0 W 00w’
]EI(X) ]EI(U) 0 R1; Ro; 0
E;(P) = {Ei(U’) E;X) 0 ] , ]Ei(P)*1 {R;i Rgi O ] ,
0 0 E;(W) 0 0 E;w)™*

where Y, = Z; !, —X; = U; = Z; — X;, V; = Z; ', Vi € K, which yields to R;;' = E;(2).
Defining the matrices g; and ; as

IIo E;(z)  Ei(X) 0
0i = |:I 0 O:| , G = 0 ]Ei(z)—]qu(X) 0 s
001 0 0 E; (W)

and noticing that

Z; Z; 0 o CriCni 0—C,,Cw
/ vt Dali ni ni
o;Pi0; = [zi X; 0} , 0;C;Ci0i = { 0_ 0 0 ,
0 0w —Ci)Crni 0 C1,,Cyy
_ B _ E;(Z)A; E;(Z)A; 0
DiCio0i = [~DiCni 0 DyOw ],  <lAj0; = | BEi0)A+0;4+V:C; Ei(X)Ai+V:Cs, 0
0 0 E; (W) Ay

Cigi = [Cni 0 =Cw], DiD; = Dyy,Dyy,

_ E;(Z)B; E;(Z) E;(z) O
(8= [mrisn |, dm@) e = [F0EE b |,
E;(W)Bw 0 0 E;(W)

we conclude that the inequality in (2.58) can be re-written as

0iP; Qi:‘r.g; CiCioi . o
D;Cio: D.;D;—¢I J > 0. (2.61)
' A0 $iBi  <Ei(P) s

Pre and post multiplying (2.61) by diag(o; ', I,s; '), we obtain that (2.17) holds,
showing the result. B

Coordinate Descent Algorithm

Note that the constraint (2.58) is a BMI since the term é%iéni is quadratic. Hence,
it is necessary to use an appropriate method to solve this type of problem. A possible
procedure to solve this BMI is to implement a Coordinate Descent Algorithm, as
in [18, 19]. For this define ¢ = {Z;, X;,V;, 0;, Cyi,i € K}, T = {T;,i € K}, and
Si(¥,&,T) the inequality in (2.58) with the variables ¢, £ and replacing the block
(1,1) in 2.58 by Z; + T; (that is replacing F;F; by T; in the block (1,1)). For
TF = {TF,i € K}, with TF > 0 fixed, solve the following LMI optimization problem,
denoted by Pr(T*): max ¢ subject to the following LMIs: S; (3, &, TF) > 0, (2.58)
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and
B (2.62)
Coi 1
Suppose that there is a solution ¥, ¢* for this problem. Set now TF+! = C¥.CF,
and solve the problem Pr(T**!). Consider that the solution for this problem is
JMH1, €M1 From (2.62) we have that TF > ChCk, = T > CFHYCEF, and
Si(PFHL ehHL TR > S (htt ghtl TR+ > 0, that is, R, €5+ s feasible for
problem Pr(T*), so that ¢*+1 < ¢k, Based on that, we propose the following
algorithm.

Algorithm 1: Coordinate Descent Algorithm

Input: T, tyax, €
Output: A,;, A,; , C,; as in Theorem 2.3.
1 At iteration k use T* to solve the LMI optimization problem Pr(T*) posed
above. Obtain a solution ¥, ¢*.
k—1 k —1 1 =
2 If £ =5 > e and k < tyaq, g0 back to step 1 using T/ = CECF,.

£r=
Otherwise stop the algorithm.

Since the sequence &* > 0 is decreasing, it will converge and the algorithm will
stop at some iteration.

2.6. REMARK. Observe that in Algorithm 1, the initial condition has impact on the
feasibility or convergence speed of the algorithm. Note that, the first iteration finds a
feasible solution the CDA convergence is guaranteed, meaning that the final results will
be equal or better than the initial condition. A possible way to define the T = C_?,;C_?,i,
where C_’gi is obtained using Lemma 2.4.

It is important to point out that the FDFs obtained using Lemma 2.4 and
Theorem 2.3 have a similar structure, thus, this key aspect allows us to solve both
problems simultaneously. Based on this property, we present an approach to solve
the mixed H.,/H_ problem, in a similar way as presented in [43]. We need to
impose the following constraints

Vv={" & Zi=2, X; =X, Vi=Vi, 0; =0;, Cpi =Cpi}. (2.63)
Set

U = {9 as in (2.63) such that the LMIs (2.54), and the BMIs (2.58),

are simultaneously feasible}. (2.64)

2.5. THEOREM. There exists a mode-dependent FDF as in (2.24) such that
|Gaugll?e < v and ||Gaugl® > € if there exists 1 € ¥, where U is defined as in (2.64).
If a feasible solution is obtained then a suitable FDF is given by A,; = (E;(Z) —
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Ei(X)) 7105 By = (Bi(Z) — Ei(X))7'Vs, Cpiy Myi = (Ei(Z) — Ey(X))7'Ty,
Vi e K.

Proof: The proof follows directly from the proofs of Theorems 2.4 and 2.3. B

2.7. REMARK. Observe that is not necessary to mention the LMI constraint (2.59) in
(2.64), since (2.58) already has this constraints within.

We define the mixed objective function

g(v,8) =0y —(1-0)8, (2.65)

where ||G||2, <7, [|[G||2 > &, and o > 0 is a weighting scalar.

The goal is to minimize (2.65) subject to ¢ € V. If one of the bounds is fixed the
problem will be to minimize the objective function under the constraint ||G||%, < v
or |G|~ > ¢.

2.3.4 Simulations Results

As an illustrative example we use a coupled-tank, the modeling is described in the
Appendix A. The matrices that compose the state-space system are

A = [590222?%9 :8:85%] » Bia=1[%7¢ A0l
Ji2 = [0'0871 0,0%71], Fi2=01 [0'7&00], Dy = [0'00100 0A00100]v
Ei, = [8], Anw =025 By =05 0Cy=0.75 Dy =0.5,

As seen above, the matrix that represents the fault in the actuator (F) is a 10%
ratio of the input matrices B. This choice of value represents the eventual fault in
the actuator. Another aspect is that (/) should not be switched since the fault has
no direct relationship with the network behavior. Regarding the sensor fault matrix
(E) we consider it to be null since we are only considering an actuator fault and
not a sensor fault. To model the communication loss between the FDF and plant
sensors, the matrices C; are defined as

Ci=1[5%], Ca=1[80].

The transition matrix is defined as P = [ &% (%2, ], which represents a network
with a packet loss rate of 25%.

2.8. REMARK. It is important to clarify the distinction between the concept of com-
munication loss and sensor fault. The first one represents the information lost during
the transmission, which is a network problem. The latter represents an equipment
(sensor) problem where data gathering is compromised.
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2.9. REMARK. It is possible to implement more complex network models by changing
the number of modes, and imposing different structures in the transition matrix PP.
However; this is not the main goal of this work. Some works that tackle this subject
are [9].

Using Theorem 2.1 and the aforementioned systems we get,

__ [0.0021 —0.0020 __ [0.0058 —0.0375 — [ 0.1342 0.0698
A’fil - [0.0021 70.0020] ) 'A772 - [0.0478 70.0669] ) Mnl - [—0.5776 0.7818] )

—0.0259 —0.0107

Mz = [(:3684 0:0331]» B = [ 0.0106 —0.0265] B2 =1[50]

Cp1 = [—0.0489 0.0469],  Cpo =[00], Dyy =[0.0523 —0.1963], D,s =[00],
(2.66)

and the upper bound obtained was v = 1.4142. Now considering Theorem 2.2 we
obtained

__ [—0.2535 0.2444 __ [ —0.0132 —0.0070 __ [ 0.6814 —0.2061
Anl - [ 0.2540 —0.2621]’ An2 - [ 0.0070 —0.0157] ) Mnl - [—0.2060 0.6814 ]’

— [0.7100 0.0000 __ [ 0.4334 —0.4475 _ 100
M"72 - [0.0000 0.7100] ’ Bﬂl - [—044419 0.4521 ] ’ BVIQ - [0 0} )

Cpp = [-01239 —0.1239], C,o =[00], Dy =[-03259 —0.3259], Dyo =[00],
(2.67)

and the upper bound obtained was A = 5.6378. For the Theorem 2.3 the FDF
obtained was

__ [—0.2534 0.2617 __ [—0.01298 —0.0077 __ [ 0.7399 —0.1475
'A7I1 - [ 0.2605 70.2383] ’ Aﬂz - [ 0.0069 70.01668] ’ MU - [70‘1475 0.7399 ] ’

1
_ [0.7572 0.04728 0.4330 —0.4802 100
Mn2 = [0,0472 0.7573 ] ) Bnl - [—0.4544 0.4071 ] ’ Bn2 - [0 0} ’

Cpy1 = [—0.0379 —0.1094],  Cpo = [—0.0061 —0.0370 ] ,

Dy1 = [0.0036 0.0096 ], Dyo = [00], (2.68)

the upper bound v = 5 and A\ = 5.8224. At last, the FDF obtained using Theorem
2.5,
_ [—0.2979 —0.0109 _ [—0.0239 —0.0127 _ [ 0.7100 —0.0000
At = [ 075008 —o3017) » Az = [0o1s7 —0.0285)» M1 = [ 50000 0.7100 ] -
_ [ 0.7101 —0.0000 _ [0.2740 —0.0018 — 7[00
Mz = [—0.0000 0.7101 ] v By = [0.0135 0.2732 ] » Bp2=1[00l,

Cp1 = [0.4896 0.1075 ], Cyo = [3.1892 —2.0479 ], (2.69)
with the upper and lower bounds v = 1.2270 and £ = 1.01.

Monte Carlo Simulation

As previously discussed, the system is a coupled tank, the fault signal implemented
in this simulation is an abnormal input on the first tank at £ = 125. The intensity
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of this input is equal to 10% of the regular input. Also considering the threshold
TH = 0.3. Under this specific situation, we present five graphical results from the
simulation. The first four results are shown in Figs. 2.3a, 2.3b, 2.3c, 2.3d where
the mean and standard deviation of the residue signal for each theorem are given,
and the fifth result is the evaluation signal EVAL(k) obtained for all three cases and
shown in Fig. 2.5

(k) with fault

[Estandara

Doviation
====1l) withou faul or Theorem 2.1

) 50 100 200 250 300 ) 50 100

150
Instant k

150
Instant k

(a) Mean and standard deviation for residue (b) Mean and standard deviation for residue
signal obtained using Theorem 2.1. signal obtained using Theorem 2.2

(k) with fault

0 50 100 150 200 250 300

(k) without fault

200 250 300 50 100 200 250 300

) 50 100 150 150
Instant k Instant k

(¢) Mean and standard deviation for residue (d) Mean and standard deviation for residue
signal obtained using Theorem 2.3 signal obtained using Theorem 2.5

Figure 2.3: Mean and standard deviation for the residue signal obtained using FDF
designed using the Theorems 2.1, 2.2, 2.3, 2.5. There are two graphics for each
theorem, representing when the system is subjected to a fault and another graphic
without fault.

Examining Figs. 2.3a, 2.3b, 2.3c, 2.3d it is possible to observe that the lower
value of standard deviation is obtained using Theorem 2.5, and the results obtained
using Theorem 2.1 provided the higher value. Note that, the higher standard
deviation is directly connected with the number of false alarms. Therefore, the
results obtained via Theorem 2.5 will present a lower chance of false alarms.
Another important piece of information is that all the residue signals obtained with
the presence of fault were close to zero, which is the expected behavior.

Inspecting Figs. 2.4a, 2.4b, 2.4c, 2.4d we may state that all four approaches
properly detected the fault. However, there is a performance discrepancy between
the approaches, the fastest detection was obtained using Theorem 2.1, detecting
the fault in the interval of k = [143 155] (12 range). However, the result obtained
using Theorem 2.5 presented the most reliable results since the detection interval



2.4. Fault Accommodation Formulation 33

EVAL(K) with fault

EVAL(K) without fault
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(a) Mean and standard deviation for evalua- (b) Mean and standard deviation for evalua-
tion function obtained using Theorem 2.1. tion function obtained using Theorem 2.2

EVAL(K) with fault
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EVAL(K) without fault
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(¢) Mean and standard deviation for evalua-(d) Mean and standard deviation for evalua-
tion function obtained using Theorem 2.3  tion function obtained using Theorem 2.5

Figure 2.4: Mean and standard deviation for the evaluation function obtained using
FDF designed using the Theorems 2.1, 2.2, 2.3, 2.5. There are two graphics for
each theorem, representing when the system is subjected to a fault and another
graphic without fault.

was k = [153 160] (7 range).

In Fig. 2.5 a comparison with all the four approaches is presented, where solely
the mean value of the evaluation function is provided. Its clearer that the results
for Theorem 2.1 is faster, but the difference to the result obtained using Theorem
2.5 is equal to 6, and also there is an overlap in those intervals. Therefore, we
may conclude that all four result are viable solution Fault Detection and Isolation
problem for the MJLS framework.

2.4 Fault Accommodation Formulation

R N this section, we present the Fault Accommodation problem formulation
and propose some theoretical approaches to solve such a problem. The for-
mulation we present here is a particular case of a model-based Active Fault

7N

Accommodation Control (FAC) problem, where an auxiliary controller is designed
with the only purpose of mitigating the fault effect on the system performance.
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4 \ :
--—-EVAL(k) for Theorem 2.1
- - ‘EVAL(K) for Theorem 2.2 e
3 {—EVAL(k) for Theorem2.3, .7 4
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Figure 2.5: Average value of the evaluation function signal for four distinct cases,
where the blue curve represent the result using Theorem 2.1, the red curve represent
the result obtained via Theorem 2.2, the magenta curve represent the results
through Theorem 2.3, the black curve denote the result for Theorem 2.5, and the
cyan line denotes the threshold TH.

The MJLS for the fault-compensation problem is described as

l‘(k‘ + 1) = Ag(k)x(k) + Bg(k)uTotal(k‘) + Jg(k)w(k‘) + Fg(k)f(ki),
g: y(k) = Coyz (k) + Doyw(k), (2.70)
z(0) = z9, 0(0) = 0o,

where the system states are denoted by z(k) € R™=, the control input is represented
by u(k) € R™«, the exogenous input is w(k) € R™, the fault signal is denoted by
f(k) € R* and the measured output is represented by y(k) € R"v.

2.4.1 Fault Accommodation Controller

The Fault Compensation Controller scheme is presented in Fig. 2.6. We see from
this scheme that our main goal is to provide an FAC (K.,) that generates the control
signal h(k) with the sole purpose of compensating the fault signal f(k). The control
signal h(k) should be close to zero when the system is working properly.

The FAC can be described as

n(k 4+ 1) = Agyn(k) + Moyu(k) + Bouyy(k),
Kc : h(k) = Q:G(k)n(k)a (271)
’I](O) = To, 9(0) = 907
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!

Noise w(k) | System [ =(k) | Controller u(k)

: Go k) —> Ko I
y(k) h(k) I
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~

| FAC Kooy

UTotal ()

Figure 2.6: Fault accommodation control scheme diagram used to design the
controller.

where 7 € K7 represents the FAC, u(k) and y(k), are respectively, the control signal
from the regular controller and the measured signal from the system.
The mode-dependent state-feedback controller is

u(k) = Kg(k)a?(k), (2.72)
where z(k) € R" represents the states in (2.70). From that, we define u,1(k) as

UToral (k) = u(k) + h(k). (2.73)

Considering system (2.70), the state feedback control law (2.72), and the
FAC (2.71), as presented in Fig.2.6, the augmented system is given by

(k+1) = Agy (k) + Bywyw(k),
(k) = CyeyZ(k) + Dogyw(k),
(0) = To,

Kl

gaug :

I\

where Z(k) = [z(k) n(k)] and w(k) = [w(k)" f(k)']', with the following aug-
mented matrices are
A= (a5, 5] B [, )

_ _ (2.74)
C; = [0 —Bz:@i]7 D; = [0 FL'].

The main goal of this paper is to design a FAC as presented in (2.71) where the
difference o(k) = F;f(k) — B;h(k) is close to zero. Therefore, the optimization
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problem is described as

. [loll2
sup
w#0, weLsa, OpeN Hw”Q

(2.75)

2.4.2 Theoretical Results
‘H ., Fault Accomodation Control Design for MJLS

2.6. THEOREM. There exists a mode-dependent FAC as described in (2.71) satisfying
the constraint (2.75) for some v > 0 if there exist symmetric matrices Z;, X;, and the
matrices A;, V;, ;, and ©; with compatible dimensions such that

Z; . . ° . ° .
Z; X . . . . .
0 0 ~I . . . .
0 0 0 I . . °
>t 2 E:(X)J; E;(X)F; II2° . . >0, (2.76)
08! m%? B, (X)J;4+0;D; Ei(X)F; Ei(X) E(X) .
-A; 0 0 E;(X) 0 0 Her(E;(X))—1I
with
! = By(X)A; — Bi(X)BiK; + Ay,
I9! = Ei(X)A; — E(X)B;K; + 6,C; + Vi K; + Ay + Q;,
9% = By(X)A; — Ei(X)B;K; + 0,C; + VK,
92 = B;(X)A; — By(X)B;K;, 117° = Her(E;(X)) — Ei(Z),

holds for all K. If a feasible solution is obtained, a suitable fault-compensation
controller is given by ; = (E;(Z) — Ei(X))™1Q;, M; = (E;(Z) — Ei(X))~1V,,

Proof: The goal of the proof is to show that if the inequality (2.76) holds, then
(2.5) is also satisfied. First, consider the following structures for the matrices

_ XU -1_ |V

_ [ Ei(X) Ei(U) —1 _ [ Ry Ra
E,(P) = [EL_(U), Ei(X):| E,(P) = [3; R;} ,

2.77)

and define the matrices ); and T; as
I I E:(X) Ei(X)
7-; = |:V;/Yvi—1 0] 3 Q’L = |: (O ]E7((U),i| .

As demonstrated in [61], by imposing that U; = Z; — X, it follows from (2.77)
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that V; = V/, V; = Z;!. Setting the following matrices
—1 —1 _
TRT =[] AT = |

vt Ei(X)AFEi(X)BiKi}
Vi21 V'L22 )
vi' = EBi(X)A; — Ei(X)BiK; + Ei(X)B;¢;,
p2t =
22

oe]l

= Ei(X)A; — Ei(X)B;K; + Ei(U)B:C; — Es (U)W K; — Ey(X)B; €,
v;© =

E,(X)A; —E;{(X)B;K; + E;(U)8B,;C; — E;(U)M; K;
5 Ei(X)J; Ei(X)F;
QiBi = Ei(X)Ji+E;(U)B;D; Ei(X)F; | °
CiTy = [-Bic; 0], Dy = [0 Fi]
as presented in [46], it is possible to write

Her(E:(X)) — E;(Z)

E(X)Ei(Z)'Ei(X).
This step allow us to write

QUE(P)'Qi = |

Her(E;(X))—Ei(Z) Ei(X) }
E;(X) Ei(X) ]~
Therefore the inequality given in (2.76) can be written as

Ti' P;T; . . .
0 I . )
QA T; QiB; QIE;(P)"'Q . > 0.
El(X)ClTl EI(X)D,L 0 Her(IEi(X))fl
Applying the congruence transform

diag(Tii% I7 Q;17Ei(X)_1)v

in this last inequality, the following constraint is obtained

[ i Bi ]E,-(P)71 o] > 07
;D; 0 I
concluding the proof. B

which, by applying a Schur complement, can be recognized as the BRL (2.5),

o

Qo
.l UJ\‘,io

s

S

2.10. REMARK. Note that, from (2.76), matrix B; in (2.70) should be invertible.
However, by requiring it only to be square, we can obtain the matrix €; using a Penrose
inverse.

37
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2.4.3 Simulations Results

To disclose the usability of the proposed approach we use the same coupled tank
model example used in the previous section. A proper discussion of the modeling
process is presented in Appendix A. The matrices that compose the coupled-tank
system are:

A172 _ [70.024 70.013} ,

—[0.71 0
0.013 —0.029 B1»2_[ 0 0.71]7

Ol :I27 62:027

J1’2 = 0.131’2,
DLQ = 0112

F172 = diag(Ih 01),

Additionally, consider that the transition matrix is given by

P=[3283], (2.78)
The nominal controller obtained using the results in [63] is

__ [—1.3456 0.0154 __[—0.0315 0.0167
Ky = [—0.0154 —1.3398} , Ko [—0.0167 —0.0375] )

and the H ., norm value is v = 0.1276. The fault-compensation controller obtained
designed using Theorem 2.6 is

__ [ 0.2233 —0.0080
ey = [—0.0059 0.2731 ] )

_ [—0.1745 0.0041
Ber = [ 0.0045 —0.2079} )

__ [ 0.0488 —0.003
ey = [—0.0013 0.0651 ] )

_ [—0.1745 0.0041
By = [ 0.0045 —0.2079] ’

__ [—0.1701 0.0063
Mey = [ 0.0016 —0.2018} ’

__ [ —0.4597 0.0239
Q:d - [—0.0006 —0.5075} ’ ¢

_ [—0.1701 0.0063
Meo = [ 0.0016 —0.2018] )

— [—0.4596 0.0239 ]
¢2 — | —0.0006 —0.5075 ] *

and the H., norm value is v = 1.9002.

Monte Carlo Simulation

The fault signal implemented is a sinusoidal wave as 0.025sin(k). The noise signal
is a white noise with zero mean and deviation equal to 0.01. The results presented
herein were obtained via Monte Carlo simulations with 300 rounds. In all the
simulation we made a comparison between the proposed approach (Theorem
2.6), and a regular solution using only the controller designed using [63]. The
simulation results are organized in two sets of six subfigures, where the first set
contains the results when there is a fault and the second set shows the results for
the case without fault. Each set is organized as follows: the first graphic represents
the mean and standard deviation for both tank levels h; and hs obtained using
Theorem 2.6, the second graphic represent the mean and standard deviation for
both tank levels h; and hsy obtained using solely the nominal controller, and the
third graphic compares the mean of both previous graphics. The fourth graphic is
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the mean and standard deviation of the control signal obtained using Theorem 2.6,
the fifth graphic is the mean and standard deviation of the control signal obtained
using the nominal controller and the sixth graphic is the comparison of the fourth
and fifth graphics. In Fig. 2.7c it is possible to observe that the fault is compensated
for both levels, which can be seen by comparing the mean value of the system
states using the accommodation and the nominal controller. In both graphics the
compensation is noticeable, the sinusoidal behavior is mitigated in both levels.
Fig. 2.7a, and 2.7b show that the standard deviation for both the plant states are
slightly higher, approximately 0.05 meter. Additionally, note that the control signals
for both actuators, which are shown in Fig. 2.7f, minimize the fault behavior while
keeping the level near the linearization points, that is, 0.25m and 0.1m for the first
and second tanks, respectively.

The analyzes of the simulation without fault is important since it shows that
the proposed approach in Theorem 2.6 will not drastically change the nominal
behavior of the plant. In Fig. 2.8c, we can observe that there is not a significant
change when comparing it with the nominal results, which is desirable. The step
response for the compensated approach is closer to the step signal. As seen in
Fig. 2.8d, Fig. 2.8e also shows a distinct difference between the graphics, however,
this difference is around 0.001, which is acceptable. For the control signal presented
in Fig. 2.8f, there is a difference between the control signals for both actuators.
Based on the aforementioned results, we see that the FAC approach proposed in
this section indeed mitigates the fault signal as intended. However, there is a slight
difference between the FAC and the nominal controller, which was not desired.
This phenomenon can be explained due to the step input, as the FAC detects this
abrupt change as a fault.

2.5 Concluding remarks

In this chapter, we presented the theoretical results obtained for the design of a
FDF and FAC under the MJLS framework, additionally we also presented examples
to illustrate the viability of the proposed methods. Analyzing the simulation results
allows us to state that all approaches fulfilled the intended purpose. The next
chapter presents the design of FDF and FAC with the additional assumption that
the Markov mode is not accessible.
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Figure 2.7: Mean and standard deviation for the states and control signal for the
FAC designed with Theorem 2.6 when the system is subjected to the fault.
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Chapter 3

FDF and FAC for Markovian Jump Linear
Systems with Parameter Estimation

E N this chapter we present the theoretical background necessary to under-

stand the results obtained for the FDF and FAC design herein. The major
% novelty in this chapter is the assumption that the Markov chain mode is
not directly accessible. For that reason the FDF and FAC designed under this
assumption do not depend on the Markov chain parameter (%), but instead, the
FDF and FAC depend only on an estimation of the Markov chain mode denoted
by A(k). From the practical point of view, the assumption of the Markov mode in
our case is interesting, since we are using the Markov chain to model the network
behavior, and the hypothesis that the network state is instantaneously acquired
might be unrealistic. Therefore, the design methods presented here can circumvent
this issue and guarantee the performance simultaneously.

The results presented in this chapter were published in the following journals
and conferences:

* Subsection 3.2.1 presented the # ., Fault Detection Filter for Markovian Jump
Linear Systems with Estimation Parameter, which was presented in the 9th
IFAC Symposium on Robust Control Design (ROCOND’18) [15].

* Subsection 3.2.2 presented the H» Fault Detection Filter for Markovian Jump
Linear Systems with Estimation Parameter, which was presented in the Con-
gresso Brasileiro de Automatica 2020 [17].

* Section 3.3 presented the Simultaneous Fault Detection and Control for
Markovian Jump Linear Systems with Estimation Parameter, which was pub-
lished in IEEE ACCESS [18].

* Section 3.4 presented the Fault Accommodation controller under Markovian
jump linear systems with asynchronous modes, which was published in
International Journal of Robust Nonlinear Control [19].
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3.1 Preliminary for Markovian Jump Linear Systems
with Parameter Estimation

Consider the following hidden discrete-time MJLS in the stochastic space (2, F, P)
with filtration F,

g: {x(k 1) = Ay () + Ty w k), (3.1

z(k) = Ce(k)é(k)x(k) + De(k)é(k>w(k)’

where z(k) € R"= is the state, y(k) € R™ is the measured output, z(k) € R™= is
the estimated output, w(k) € R™» is the exogenous input. We also consider that
w(k) € La.

Observe that (3.1) depends on two distinct stochastic processes (k) and 6(k).
The first one represents a homogeneous Markov chain, with values are in the set N.
Considering that Fy, is a o-field generated by

2(0), w(0),0(0),0(0),. .., z(k), w(k),0(k),0(k), (3.2)
we assume that

Prob(8(k + 1) = j|Fi) = Prob(8(k + 1) = j|i) = pi;, t€N. (3.3)

It is assumed that 6(k) is unaccessible and that A(k) is observable and takes
values in the set M. From the above, we consider the sigma field Fo, generated via

2(0),w(0),6(0), and Fi, by x(O),w(O),G(O),é(O), oo x(k),w(k),0(k),0(k), k>0,
and assume that

Prob(A(k + 1) = j|Fx) = Prob(0(k + 1) = £|i) = ¢y, L€M. (3.4

We have that ¢,y > 0,Vi € N is such that ZKM ¢ir = 1, where the set M;,7 € M
is defined as in

M £ {f e M: ¢ij > 0} s UienM; = ML (3.5)

The detection probability matrix is denoted by T = [¢;¢], ¢ € N,£ € M;. This
process is known as a Hidden Markov Model, as in [100].

We define the transition probability matrix by ¥ = [p;;] where p;; = Pr{fy4+1 =
jl6x = i] and Z;V:l pi; = 1 for all ¢ € K. Observe that system (3.1) depends on the
index 6(k), but also depends on the index 8 (k), which represents an estimation for
the index 6(k).
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3.1.1 Stability for Hidden Markovian Jump Linear Systems

Consider the hidden MJLS (3.1) with w(k) = 0 defined on the probability space
(2, §, Prob) with filtration {F}. As presented in [37], the definition of stochastic
stability is described as below.

3.1. DEFINITION. Considering (3.1) with w(k) = 0, system (3.1) is said to be stochas-
tically stable if for any initial condition 6(0 = 6y), and for all second moment x,

)13 = Y Ella(k)]*) < cc. (3.6)
k=0

For V = (V1,...,V,) € H" consider the following linear operators &;, £;, T;
€ H"=, which allow us to draw the stability conditions for (3.1) as

= Z pi; Vi, (3.7
jJEN
V)£ i AiEi(V) A, (3.8)
eM;
ENTN pijtiAuViAl, Vi, jEN. (3.9)

1€N LeM;

3.1.2 H. norm for Hidden MJLS
3.2. DEFINITION. Assuming that (3.1) is MSS, the H, norm is given by

[| 22|

0AwELs,00€EK ||IU2 ” .

G112, &

The next lemma is known as Bounded Real Lemma for the detector approach,
which was first introduced in [112].

3.1. LEMMA. If there exists P; > 0, M;; > 0, S;y > 0, and Ny, such that (3.10),
(3.11), hold

{0 72 1] > dulNi ], (3.10)
leM;
My o Ao Jis !/ ]EE(P) 0 Aie Jis
[N;zf Sié} > [C’:g Dl“{] [ 7/0 [} [C;z DLiJ 5 (311)

foralli € Nand ¢ € M, then ||G||eo < -

Proof: See [112]. W
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Applying the Schur complement in (3.11) we obtain the following inequality,

My o . .
B SHE 512
Civ Die 0 I

3.1.3 H, norm for MJLS for Parameter Estimation

Assuming that (3.1) is MSS, the H, norm is given by

s=11i=1

Ny N
161 = Jzzmnzivsna (3.13)

where the initial Markov chain state distribution is given by Prob(6(0) = i) = u; > 0
for all 7 € N. Considering the strict inequalities,

Qi > Y bl AjEi(Q)Aw + CjyCy), i€N, LeM, (3.14)

£eM;
for Q; > 0, we have that
N
(1612)% < 33" dienTr(JLEi(Q) Jie), (3.15)

=1 leM;

3.2. LEMMA. If there exists Wy > 0, R;y > 0, and Q; > 0, such that (3.16), (3.17),
(3.18), (3.19), hold

N
SN it Tr(Wig) < A2, (3.16)
i=1 £eM;
Wie ° o]
[ Jie E(@Q)"te | >0, (3.17)
Dig 0 I
Qi > Y dueRir, (3.18)
LeM;
Ry . o]
|:A1-g E(Q) ' e| >0. (3.19)
Cig 0 I_

foralli € Nand ¢ € M, then ||G|2 < A

Proof: See [37] or [42].
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3.2 Fault Detection Filter Formulation for MJLS with
Parameter Estimation

In this section, we provide FDF design under the assumption that the Markov Chain
mode is not accessible. From the discussion made at the beginning of this chapter,

we may provide a block diagram of the system as in Fig.3.1 We assume that the

Control u(k)

Noise d(k) s y(k) ) _ r(k) re(k)
Fault £(k) )
f(k)
Weighting
filter Wg(k)

Figure 3.1: Fault detection and isolation scheme diagram assuming that the network
mode is not accessible.

MJLS subject to faults is defined as

x(k+1) = Aguyx(k) + Boyu(k) + Joyw(k) + Fory f (),
G: y(k) = Coyx(k) + Doyw(k) + Egay f(k), (3.20)
z(0) = zo, 6(0) = 6o,

where z(k) € R", y(k) € R™, u(k) € R™, w(k) € R, f(k) € R"f, represent
the state, measurements, control, exogenous, and fault signals respectively.

Using the same idea of the FDF in the previous chapter, we also implement a
system W given by (3.21), which is described as

xy(k+1) = Awxs(k) + Bw f(k),
W Fk) = Cypa (k) + Dy f(k), 3.21)

where z¢(k) € R™" is the weight matrix state, f(k) is the same signal as in (2.24),
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and f(k) € R™ is the weighted fault signal.

We assume that the FDF depends only on the detected variable A(k) as in

n(k+1) = A g00n(k) + Ms00uk) + B, 50y (k),
F r(k) = C’,,@(k)n(k) + Dné(k)y(k)7 (3.22)
n(0) = no,

whereby (k) € R? represents the filter states, and r(k) € R is the filter residual.
We point out that this filter structure depends exclusively on the detector mode
(k).

With the intention of designing an FDF in the form of (3.22) to be mean square
stable when z(0) = 0, u(0) = 0, d(0) = 0 and f(0) = 0 and minimizes the value
of v considering the #., norm case, we define criterion to be minimized in the
optimization problem as

[I7ell2
sup

’, (3.23)
w#0, wELy, OpEN HU)”2

where r.(k) = r(k) — f(k). The definition of the criterion to be minimized in
optimization problem for the H> norm case is

SN pillrell3 < A (3.24)

s=1 i=1

Considering system (3.20), weighting system (3.21) the two different criteria
(3.23), (3.24), allow us to describe augmented state and the input signal as z(k) =
[2(k) n(k)" z¢(k)']" and w = [u(k)" w(k)" f(K)T,

G . {:E(k +1) = Ae(k)@(k)i(k) + Be(k)@(k)w(k), (3.95)
aug ~ B ~ B .
re(k) = CoiyacryT (k) + Doy @ (k).
where each matrix is described as
A0 0 B, J; F,
Air | Big B,Ci Ay 0 Mo BueD; B E; (3.26)
Cit | D 0 0 Aw | © 0 By 2

Dnéci C’r]f _CW 0 DnéDi D'r/éEi - DW
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3.2.1 ?H,, Fault Detection Filter Design for MJLS with Parameter
Estimation

3.1. THEOREM. There exists a filter in the form of (3.22) such that ||Gau,ll% < 7 if
there exist symmetric matrices Z;, X;, Hie, Nii, Sit, Wi, and matrices Ry, Oy, Vg, Ty,
Cne, Do, with compatible dimensions that satisfy the following LMI constraint

Z; o e o
Z, X; e . Hie ®
00w e | > E bie [ 3 s ] (3.27)
L0 0 0 ~%I LeM;
B [Hlé] L] L ] L] (]
{./\/',g} I:Sl ] 4 . . . .
Ei(2)A; Ei(2)A; 0 E;(2)J; E(Z)F; E(2) o o o >0, (3.28)
H4’1 H4.2 0 H4.3 H4,5 H4,6 0 H4.7 ° °
0 0 Ei(W)A“, 0 0 ]Ej,(W)Bw 0 0 E; (W) °
LDyeCi+Crne DpeCi  —Cl 0 D,D; T8¢ 0 0 0o I
where

% = Ei(2)B;, T =ReA; + ViCi+ Op, T = RyA; + VG,
% = RyB; + Ty, " =RyJ; +V,D;, T =R,F; +V,E;,
o7 = Her(Re) +Ei(2) — Ei(X), %0 = DyeEi — Dy

If a feasible solution is found a suitable FDF is given by A, = —R; 'Oy, By =
~R; Vi, Mye = —R; Ty, Cot, Do

Proof: Consider the structure for the matrices
~ Xi o o ~ Y e hd - Ty ® .
Pi = |:U1/ X; e :| ,Piil = |:Vzl Y . :| s EZ‘(P>_1 = Tél Tsz . (329)
0 0 P 0 0 pF 0 0 Ei(P¥®)7?
and the linearization matrices
I I0 T E(X) 0
= |V/yytoo|, t=| 0o E@W o , (3.30)
0 07 0 0 Ei(P3®)

that leads to

_ vyt o 5 Ei(Z) e .
T{PiTi = Yi_1 X; 0 s L;Ei(P)ilLi = |:]E1,(Z) E;(X) i :| . (331)
o o P 0 0 Ei(P¥)

Considering the constraint (3.28), and U; = Z; — X}, X, =-U, %4 Yi_1 and from
(3.27) we can say that E;(X) — E;(Z) is invertible since X; > Z;. This observation
also allows us to write Ry(E;(X) —E;(Z)) 'R, > Ry + R, + E;(Z) — E;(X), (see
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[46]), in such a way that the term Her(R;) + E;(Z) — E;(X) can be changed by
Ri(E;(X) — E;(Z))~' R} in the constraint (3.28). Define the matrix Q;, as,

I, I, 0
Qie =] 0 (R (B:(X)-Ei(2) 0| . (3.32)
0 0 I
Applying the congruence transformation diag(l, Q;¢, I, I) in (3.28), and from that
we acquire the term R,(E;(X) — E;(Z)) "' R). By consequence we can make the
variable transformation Oy = R¢ A, Ve = RiBye, T'v = ReMye, Cho, Dre. As
presented in [41] and the references therein, Tl_il =E;(X)-E;(U)E; (X)_lEi(U),
and we also have that E;(U) = —E;(X). Therefore, T},' = E;(Z) = E;(X) +E;(U),
and so the constraint (3.27) and (3.28) can be also described as

' D ! 17
/P 0 Z {T,Him . }
> i - 3.33
|: 0 721} Nieri Sie ]’ ( )
LeM;
T Higr; ® .
NiZT'i gz‘z .
L;/—iig‘l'i L;j,,j[ L;Ei(ls)’lbi . > 0. (334)
éiﬂ'i Eiz 0 I

Using the congruence transformations diag(r; !, I) in (3.33) and diag(r; *, I,:; *, I)
in (3.34) we get the constraints in Lemma 3.1, concluding the proof. B

3.2.2 7, Fault Detection Filter Design for MJLS with Parameter
Estimation

3.2. THEOREM. There exists a filter in the form of (3.22) such that ||Gaugl|l3 < A if
there exist symmetric matrices Z;, X;, Vo, G, and matrices Ry, Op, Vi, Ty, Cpo, Die,
with compatible dimensions that satisfy the following LMI constraints

N
SO idiuTr(Wig) < A, (3.35)
i=1 lEM;
-Zi e o
Z X, G] >3 e [Vael, (3.36)
- eM;
(2) [I:Vl)] (.) (. ) ..
E(2)B: Ei(2)J; E,(Z)F; E.(Z o o o
ReBi+Ty ReJi+VD; ReFi+V B0 Her(Ro)+E;(Z)—E;(X) o o >0, (3.37)
0 0 E:(G)By 0 0E;(E) e
Lo DyDi  DyeEi—D., 0 0 0 I
_ (2)A [(VZ)I]4 ; (. ) . .
E;(Z)A; E;(Z)A; 0 E;(Z . e o
' ReA+V.Ci 0 0 Her(Re)+E(2)-E(X) o o >0, (3.38)
0 0 Ei(G)A, 0 0 Ei(G) o
L DneCi+Cne DyeCi —Cu 0 0 0 I
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where II3! = R, A; + V,C; + O,. If a feasible solution is obtained the matrices that
compose the filter are A,y = —R;l(’)g, B = —R;lw, Mpe = —RZlI‘g, Cne, Diy.

Proof: Fixing the following structure for the matrices
N Xi o o 5 Yi o . N T, o e
P = [U? X e } Pt = [V?m . ] E;(P)™' = | 72 75 o |, (3.39)
0o o0 p¥ 0 o0 PPt 0 0 T
and the linearization matrices
I 10 ;' Ei(X) 0
= |vivyroo|, =1 o E()T o , (3.40)
we get that
vy o

tTPr= vt xi o |, JE(P) = |1 E(x) e
0 o P

(3.41)

The matrix E;(P)~!, as explained in [61], depends nonhnearly on E;(P). Assuming
that U; = — X, addltlonally from the structure of P; and P! provides U; = —X; =
Y, ' — X, = Z; — X;, which enable us to rewrite .7 E;(P)"'s; as

Ei(Z) e .
} (3.42)

T]E( ) 1 = |:]Ei(Z) Ei(X) o
0 0 E;(P3%)

Considering the constraints (3.37), (3.36) and (3.38), and U; = Z; — X, X, = -U;,
V'Y, ! and from (3.36) we are able to say that E;(X) — E;(Z) is invertible due
to X; > Z;. This observation also allows us to write R,(E;(X) — E;(Z))"'R] >
Her(Ry) + E;(Z) — E;(X), (see [46]), such that

[Ww] e o o o
E(Z)B: Ei(2)J; Ei(2)F; Ei(Z) o e e
RuBitTe ReJitVeD; RoFitArE; 0 130 o of >0 (3.43)
0 0 Ei(E)Bw 0 0 Ei(G)e
0 DyD; DyE~D, 0 0 0 I|
[‘/‘:L[] [ ] [ ] [ ] ._
E;(Z)A; Ei(2)A; 0 Ei(Z) o o e
ReA;+V(Ci+0s ReAi+VeC; 0 0 m5 e o >0 (3.44)
0 0 E;(G)Aw O 0 Ei(G) e
DyeCi+Cope DyeCi —Cly 0 0 0 I

where I1*° = R,(E;(Z) — E;(X)) ' R}. Recall that O, = pr.An/, V/ = —RyB,y,
Uy = —ReMye, Coe, Dye. As in [41], T = Ey(X) — Eq(U)E;(X)'E;(U)", and
since E;(U) = —E;(X) we get that T};' = E,(Z) = E;(X) + E;(U). Define the



52 3. FDF and FAC for Markovian Jump Linear Systems with Parameter Estimation

matrix ), as,

I I 0
Qie = | 0 (R7HT(Bi(X)-Ei(2)) 0 | . (3.45)
0 0 I

Applying congruence transformations diag(I, Q;¢, I) and diag(7, I, I, Qs I), re-
spectively, in (3.43) and (3.44) we obtain the constraints below (similarly as
presented in [61])

{Wz } . . ° o_
E;(Z)B; E;(Z)J; E;,(Z)F; Ei(Z) e e o
E;(U)Bi+E; (U)Mye E;(U)Ji+E;(U)BreD;s E;(U)Fs+E;(U)ByeE; Ei(Z) Ef(X) o o > 07
0 0 E:(G)Bu 0 0 Ei(G)e
0 Dn[Di DvylEi_Dw 0 0 0 I_
(3.46)
[V; ] L] [ ] [ ] ._
E;(U)A;+E;(U)BpeCi By (U)A;+E; (U)BpeCi+E; (U)Ane 0 Ei(Z)E(X) e o > 0.
0 0 Ei(G)Aw O 0 Ei(G)e
,Dnéci+cn[ Dnlci 7Cw 0 0 0 I_
(3.47)
The constraints (3.36), (3.46) and (3.47) can also be described as
TiTpiTi > Z ¢ilTZTRigTi, (348)
LeM;
Wie 3 °
|:LfBi[Ti LfEi(P)*lLi -:| > 0, (3.49)
Dy 0 I
‘riTRizTi . .
L?Ai[Ti L?Ei(ﬁ‘)’lu, o | > 0. (350)
C’M 0 I

Applying the congruence transformations 7, !, diag(I,:; ') and diag(r; *,+; ', I) in
(3.48), we end up with the equivalent LMI constraints as in [42], concluding the
proof. &

3.2.3 Mixed #H3/H ., Fault Detection Filter Design for MJLS with
Parameter Estimation

The reason behind mixing both norms is to obtain an FDF with two characteris-
tics, the robustness against exogenous signal w(k) from the H .., and the energy
sensibility from Hs.

Note that the FDF obtained using Theorems 3.1 and 3.2 have the same structure,
so that this particular aspect allows us to solve both optimization problems at the
same time. Keeping in mind this particularity, the mixed H2/H ., optimization



3.2. Fault Detection Filter Formulation for MJLS with Parameter Estimation 53

problem may be defined as
inf{g(\,v), such that ||Guuell3 < A and ||Gaugll% <7}, (3.51)

so that (3.51) considers both (3.23) and (3.24) simultaneously. Observing (3.51),
there are several different ways to solve it. We here choose to solve (3.51) find-
ing a weighted combination of the guaranteed cost for both Hs and #., norms.
Therefore, the objective function can be defined as in (2.46), or (2.47), or (2.48).

In order to solve the LMIs in Theorem (3.1) and (3.2), it is necessary to define

Y = {Ry,00,V¢,Cre, Dy} (3.52)
We set
U = {9 as in (3.52), such that the LMIs (3.27), (3.28),
(3.35),(3.37), (3.38) are simultaneously feasible}, (3.53)
and,
Inf {g(A7)} (3.54)

3.3. THEOREM. There exists a mode-dependent FDF as in (3.22) such that ||G .4 |% <
v and ||Gaugll3 < X if there exists ¢ € W, where U is defined as in (3.53). If a feasible
solution is obtained then a suitable FDF is given by A, = —R[l(’)g, By = —R;lw,
Mo = —R;'Ty, Cyp, Do

Proof: The proof follows directly from the proofs for Theorems 3.1 and 3.2. &

3.2.4 Simulations Results

For the illustrative example we used the same model as presented in Appendix
A, which is a coupled tank where the fault is an abnormal input on the first tank.
However, it is necessary to add the detector matrix information as in

=[085 6:33]- (3.55)
Using this information and solving Theorem 3.1 we obtain the FDF in the form of

(3.22) as

__ [0.0021 —0.0020 __ [0.0058 —0.0375 _ [ 0.1342 0.0698
‘A771 - [0.0021 70.0020} ’ ‘AUQ - [0.0478 70.0669] ) Mnl - [—0.5776 0.7818] ’
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—o0. —0.0107
M = (53383 89%58), Ban = [oo106 —0.0265» Boz = [38],
Cpp = [-0.0489 0.0469 ],  Cyp = [—2.1824 1.7279 |, D,y = [0.0523 —0.1963 ],
Dy2 =[00], (3.56)

and the upper bound obtained was v = 1.4142. Now considering Theorem 3.2 we
obtained
A = [05550 “o2621] > Anz = [looro —o0ts7) M = [ %060 o6sta -
M = 35683 89681, B = [ Sliio 0lisar’ |+ Bz = (881,
Cpp = [-0.1239 —0.1239],  Cyo =[00], Dy =[-03259 —0.3259], Dyo =[00],
(3.57)

and the upper bound obtained was \ = 5.6378. For the Mixed problem presented
in Theorem 3.3 the results are

__ [ —0.0034 0.0107 __ [—0.0037 0.0110 __ [ 1.5849 —0.3285
Anl - [ 0.0018 —0.0222} ’ An2 - [ 0.0021 —0.0242]7 Mnl - [—0.0001 0.7664 } ’

Muz = [ Zia000 010 > B = [oorio —o006e)» Bz = [88],
Cpp = [-1.3640 —1.2157],  Cpo =[00], Dy =[014160.1841], Do =[00],
(3.58)

and the upper bounds obtained are A = 5.8733 and v = 1.8795.

Monte Carlo Simulation

The simulations were made using the same setup from the previous section. Re-
membering that the system used in this simulation is a coupled tank and the fault
signal represents an abnormal input on the first tank at the time of ¢t = 125s. We
consider that the threshold is TH = 1. Performing the simulation under these partic-
ular circumstances the results obtained are the residue signal r(k) using Theorem
3.1, 3.2, and 3.3. The second result is shown in Fig.3.4 with the evaluation function
for all cases in this section. Examining Figs. 3.2a, 3.2b, 3.2c¢ it is possible to observe
that the residue signal for all three approaches behaved as intended, where they
reacted to the fault properly when it occurs. There were no changes on the residue
signal when there was no fault. Figs. 3.3a, 3.3b, 3.3c show the evaluation function
obtained using all three theorems in this section. It is noteworthy that the fastest
detection was provided by Theorem 3.1 with the detection range of [176 186]s, the
detection range obtained using Theorem 3.2 was [223 236]s, and for Theorem 3.3
was [242 253]s. All approaches detected the fault properly, therefore, all can be
considered a suitable solution for the FDI problem.
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(k) with fault

(k) without fault

(k) without fault

i

150 150
Instant k Instant k

(a) Mean and standard deviation for residue (b) Mean and standard deviation for residue
signal obtained using Theorem 3.1. signal obtained using Theorem 3.2

(k) with fault

005

(k) without fault

150
Instant k

(¢) Mean and standard deviation for residue
signal obtained using Theorem 3.3

Figure 3.2: Mean and standard deviation for residue signal obtained using FDF
designed via Theorems 3.1, 3.2, and 3.3.

3.3 Simultaneous Fault Detection and Control for-
mulation for MJLS with Parameter Estimation

In this section, we present the design of simultaneous fault detection and control
for MJLS with parameter estimation. In this particular problem, we design an FDF
and a state feedback controller at the same time. The major advantage provided by
this topology is that a single element in the system is capable of detect a fault, and
perform the regular controller task. The formulation presented here considers that
the Hidden Markov mode as in Section 3.2. However, it is necessary to redefine the
BRLs for the H, and H. cases, and also rewrite the system for this specific design.
Consider the following MJLS in the stochastic space (92, %, P) with filtration {.%},

z(k+1) = Agmyr(k) + Bogyu(k) + Joryw(k) + Frog f (k)
g : y(k) = Lg(k)x(k) + ng( )w(k) + Hfg(k)f( ) (359)
z(k) = C@(k)x(k) + Dg(k)u k),

where z(k) € R™= is the state, u(k) € R is the control input, w(k) € R"r is the
disturbance, f(k) € R"f is the signature of the failure, y(k) € R"v is the measured
output, and z(k) € R"= is the controlled output. As we described in Section 3.2,
the index 6(k) represents a homogeneous Markov chain.



56 3. FDF and FAC for Markovian Jump Linear Systems with Parameter Estimation

[Standard Deviation

[E=TStandara Deviation
H= = EVAL( for Theorem 3.2

Throshold e

EVAL(K) with fault
EVAL(K) with fault

EVAL(K) without fault
EVAL(K) without fault

50 100 150 200 250 300 50 100 150 200 250 300
Instant k Instant k

(a) Mean and standard deviation for evalua-(b) Mean and standard deviation for evalua-
tion function obtained using Theorem 3.1. tion function obtained using Theorem 3.2

EVAL(K) with fault

ault

EVAL(K) with

Instant k

(¢) Mean and standard deviation for evalua-
tion function obtained using Theorem 3.3

Figure 3.3: Mean and standard deviation for evaluation function obtained using
FDF designed via Theorems 3.1, 3.2, and 3.3.

2 T

====-EVAL(k) for Theorem 3.1
1.8 -|= = ‘EVAL(K) for Theorem 3.2 N
——— EVAL(k) for Theorem 3.3 L=
1.6 Threshold T :

EVAL(K)

0.8
0.6 -

0.4

02

O L L L L
50 100 150 200 250 300
Instant k

Figure 3.4: The mean value of the evaluation function signal for three distinct
approaches, where the blue curve represents the results using Theorem 3.1, the
red curve represents the results obtained via 3.2, the magenta curve represents the
results through Theorem 3.3, and the cyan line denotes the threshold TH.

We would like to design a type of stabilizing controller that simultaneously can
act as a residual filter as well as a controller. The controller/filter structure is given
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by
Te(k+1) = AgnT(k) + Bgyy(k)
C: u(k:) = Cy(y®e(k) (3.60)
f(k) = Cfé(k)17C(k) + Dfé(k;)y(k)a
where z, € R™ is the controller state and f(k) € R™ is an estimate of the
signature signal f(k).

The goal is to stabilize (3.59) through (3.60) whilst at the same time the
controller acts also as supervisory filter providing estimates of f(k) through the
residual signal

r(k) = f(k) — (k).

By connecting (3.59) and (3.60) and defining #(k)' £ [z(k)’ :pc(k)’]/ and, (k)" £
[w(k)  f(k)] " we get the closed-loop dynamics

T(k+1) = %e(k)é(k)j(k) + je(k)é(k)w(k)
G, : 2(h) = Copyigy (k). 3.61)
(k) = Cromyam TR + Epgryon @ (k)

where

oA A BiCu sl uF
Aig = [BC/L- A }’ Jiw = |:BCZI7:Iwi BCZIZ_Ifi ’

Clir £ [Ci Diccl] , éfi[ £ [—DféLi —Cflf] s

Efif é [7DfZHwi If*'D‘ngfi] .

Let us introduce some basic concepts required for properly describing the main
goal. The concept of internal stochastic stability and stabilizability are stated next,
where A £ (Ay,...,A,) € B(R"™), B £ (By,...,B,) € B(R" ,R™), and K £
(Ki,...,K,) € B(R™,R"), and for Q € H", E;(Q) £ > jenPijQj. Considering
the augmented system (3.61) is stochastic stable, as defined in 3.1.1, the class of
the class of admissible controllers is given by ¢ £ {C}.

Next we redefine the concept of H., norm of (3.61) concerning outputs z(k)
and r(k) adapted from [112]. This process is necessary since we aim to provide a
solution that is an FDF and a state-feedback controller simultaneously. To fulfill this
purpose, it is necessary to redefine the optimization processes and their respective
LMIs constraints twice, where the optimization considering the output z(k) refers
to the control part of the problem, and the other considering r(k) to take up the
FDF side of the problem.
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For that, we set W, 2 {&w € I/ : |||y > 0}, where for any signal
g={g(k),k=0,1,2,...}, lg9ll% = E(|lg(k)||* | 6o = i). Now we redefine the H,
and Hs norms, which will be used to present later on the mixed formulation. We
start with the H ., norm definition.

3.3. DEFINITION (H., NORMS). Given that € € C, the H,, norm of (3.61) with
respect to z is given by

G|~ 2 sup sup 2L
ieN wew; || W]|2i

and the H., norm of (3.61) with respect to r by,

ll7 |2

1G] S27) £ sup sup

Consider the following inequalities for given ~. > 0 and 7, > 0,

(58] > X i ). (3.62
LeM;
- ~ / e 7
Nead> e renlac] 69
and
[ } Z die | ff el (3.64)
leM;
(T ] [{m jm} [B:(P) 0] [ i Jie } (3.65)
Nie Sie Crie Eyie 0 IJ[Crit Eie |’ .

for all i € N. The following bounded-real lemma is adapted from [112].

3.3. LEMMA (BOUNDED-REAL LEMMA). If there exists P € H*"*, P > 0, P € H*"T,

B > 0, such that (3.62), (3.63), (3.64), and (3.65) hold, then € € C, ||gc|\§§fHZ) <
(W)

Ve and HgC”OO < Y-

(w—2) (w—r)

Therefore the goal is to design € € C so that ||G.||so < veand ||G.||so
for w € W, i € N. Specifically in this work we focus our efforts in finding

< Y
inf  {veBe+vrBr}: s t. (3.62),(3.63), (3.64) and (3.65) (3.66)
CEeC,Pyr,ve

hold for a given 5. > 0, 5, > 0. This particular formulation will be useful later on
in this paper. We present next the H, norm definition.

3.4. DEFINITION (Ha NORMS). Assume that € € C. For #(0) = 0, define 2*' and r*7,
the outputs of (3.61) for the initial condition 6(0) = i and the input w(k) = 0 for
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k > 1 and w(0) = e,, where e, is the s—th vector of the standard basis of R®. The H,

norms of (3.61) with respect to the ouputs z and r are given by

s=1 i=1

~ r N
1GNS" 7 = (D0 pall=i3

and

r N
G157 = J SO w3,

s=11i=1

where the initial Markov chain state distribution is given by P(6(0) =14) = p

all t € N.

Considering the strict inequalities,

Qi > Y bit(ARi(Q)Air + CliyClir),i € N, £ € M,

LeM;

and

{]i > Z Qﬁlg(z‘l;[Eq({])Aw + é}ieéfw),i e N, € M;,
leM;

for Q; > 0 and 9; > 0, we have that
_ 2 N - ..
(19:15777)" < D2 37 duem Te( T Eu(@) o)
i=1 leM;
and

N
N2 IO
(”gc”gw”)) < Z Z Gieni Te(J{Ei(Q) Jie + E}yp Eric)-

=1 LeM;

(3.67)

(3.68)

i = Ofbr

(3.69)

(3.70)

(3.71)

(3.72)

Following the discussion presented in [38] and [42], we get that if the following

inequalities for the filter part

N
DY i Tr(Wie) < A2,
i=1 LeM;
Wie . .
{jﬂz Ei(Q)~" '] > 0,
Epe 0 T

(3.73)

(3.74)
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Qie > Z bieRis, (3.75)
leM;
RLZ L] [ ]
Aig Es(Q) e | >0. (3.76)
Cre O I
and for the controller side
N
DD it Tr(Wie) < A2, (3.77)
i=1 LeM;
[??ij Ei(g)fl} >0, (3.78)
Qi > Y bR, (3.79)
£eM;
ﬁiz L] °
Ceiv 0 I

hold, then € € ¢, ||G.]|{"~* < A, and [|G.||S"~" < A,. Similarly to the Ho, case,

the main goal is to design € € C so that ||G¢[|S"* < A. and ||G.[|{”~" < A, for
w € W;, i € N. Specifically in this work we focus our efforts in finding

) = {Wie, Qi, Rie, Wi, Qi, Rir, i €N, £ € M;} (3.81)
A = {4 such that (3.73)-(3.80) hold }
ol | DA MG s L p e, (3.82)

for a given (., , > 0. Similarly to the H, case, we choose this particular formula-
tion in order to derive some results later on.

3.3.1 H, Simultaneous Fault Detection and Control Design for
MJLS with parameter estimation

The next result presents BMI constraints regarding the controller design (3.83),
(3.84), and for the filter design (3.85) and (3.86).

3.4. THEOREM. There exists an SFDC described as in (3.60) such that € € C, |G| S2)
< e, and ||gc|| 1) < o, for fixed . > 0 and 4, > 0 if there exist symmetric ma-
trices Z;, X, M}gl, Mff, Sil, 8% 3, X, ML}, M2, &1}, &%2, and the matrices
Mzzzl, SM, 93?1[, w, Nzlzl, NZIEQ, Nfgl, fo, ‘JTM, ‘ﬂw, ‘ﬁw, ‘ﬁff, Gg, Fg, Xt @g, ‘I)g,
and K, with compatible dimensions such that inequalities (3.83), (3.84), (3.85), and
(3.86) hold Vi € N, ¢ € M. If a feasible solution is obtained, a suitable SFDC is given
by A = =G 'Ty, Beo = =G "Xty Coo = Ko, Cpo = —Oy, Dyy = — .
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Z; o e . MY} o e e
Zi Xy e e Z M2 M2 e e
. il il
0 042 1 > d)zf NI} N12 st e 5 (383)
00 0 ~2_I leM; NE NE2 g2 g2
Mi,lel L4 L] ° ° e o
Mfél M'i2€2 L4 L] . e o
N11141 N}f Siﬁ.l . . o o
N N7} K S22 . e o >0, (3.84)
o1 Ei(Z)A; Ei(2)J; Ei{(Z)F; Ei(Z) o o
n%'  GeAit+xeLi GeJi+xeHwi GeFi+xeHpi 0 T%% e
Ci+D; K, C; 0 0 0 o I

%! = E;(2)(Ai + BiKy), %' = Gy(A; + BiKy) +To + xeLi,
%% = Her(Gy) + E;(Z — X),

3 e . ° 93?}2 . . .
3 X; e . 2l om22 o e
. ie Hip
[ 0 042 1 . ‘| > E bie M M2 S e ) (3.85)
00 0 Il iem N NG S 67
93771} . . . . o o
93?12@1 93??[2 ° . . o o
m}g ‘ﬁif Giel . . o o
NG o NG &% &7 o o o >0 (3.86)
' E(3)A; E;(3)J; E;(3)Fi [Ei(3) e o
%" GeAi+xeLi GeJitxiHuwi GeFitxeHp; 0 %% o
a-t eI, By Hy; I+®,Hy; 0 0 I

! = E;(3)(4; + BiK,), %' = Gy(A; + B;Ky) + Ty + xeLs,
"' =0, +&,L;, 1% =Her(G) +Ei(3 - X).

Proof: The proof follows similar reasoning as presented in [44] and [61]. We
set the structure of matrices P; and P[l of (3.62)-(3.63) as

P=[y] p=1% 0] (3.87)

and similarly for matrices 3; and B; L of (3.64)-(3.65), we set

B = [i x} prl= [331 . } (3.88)

; D
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We also define the matrices 7; and v; as
I E(X
i = [ViIZi é] y Ui = |:0 IE’L((U))} ’ (389)
along with
I B (X
6=l 8], w=[E0]- (3.90)

By verifying the diagonal blocks of (3.83) and also (3.84), we note that Her(G/) >
E;(X — Z) > 0 so that G, is non-singular. Considering the fact that PZ'PZ._1 =1
and ‘}33}3;1 = I, we rewrite the matrices P; and PZ._1 by setting U; = —X;, and
matrices P; and ;! by setting I, = —X;, as follows

Pi=[,5 x 2] (3.91)
— z ! °
P = [Z*l Z;1+(Xﬁzi)*1} ’ (3.92)
and
Pi=[55% 2251 (3.93)
-1 __ 3;1 .
B [3;1 3;4(3&:—3»*1} : (3.94)

Besides, (3.146) and (3.90) become

1[I E(X)
e L 0} T [0 Ei(Z — X)} ’ (3.95)
and ®)
I 1 I E; (X
ti = |:I O:| 5 u; = l:o EL(B —:{):l . (396)

Since G is non-singular, we set I'y = —GyAcr, xo = —GoBes, Ko = Ceq, ©¢ = —Cypy,
and &, = —Dy,. As presented in [46, 61], we get that G/E;(X — Z)"'GT >
Her(Gy) + Ei(Z — X) and G/E;(X — 3) " 'G} > Her(Gy) + &;(3 — X) so that (3.84)
and (3.86) still hold if the diagonal blocks in which Her(G,) + E;(Z — X) and
Her(Gy) + E;(3 — X) appear are substituted by G/E;(X — Z)"'GT and G/E;(X —
3)7'GT, respectively, resulting in

11
M;, . . .

[ ] [ ) [ ]

Mle Mflz ° ° ° o o

Nilzl N}ZQ Sile1 ° ° o o
N2 N2 52 522 . 4 o >0, (3.97)

=5t Ei(Z)A; Bi(Z)J; Bi(Z)F; Bi(Z) o o

g8 =62 =63 =0 0 =6

Ci+D;Cey C; 0 0 0 0o I
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and
93?,1[1 ) . . . o o
93??[1 93??82 . . . o o
‘)'1711,1 mjf 671,1 . . o o
e w2 o el &% e o o >0, (3.98)
=5t Ei(3)A: Ei(3)Jw: Ei(3)Fi Ei(3) e e
=61 =62 =63 =64 0 =66 o
—Cf@—'ngLi —Df[Li, _DfZH'wi I—Df[qu' 0 0o I

where

551 = EZ(Z)(AZ + BZ-CCg), 561 = GZ(Az + Biccé) - GEACE - GZBCZLZ';
=02 = GyA; — GyBuLi, =% =GJ; — GeBuyHyi, =% =GiF; — GBoHyi,
B = GE(X — 2)7'G), B =Ei(3)(Ai + BiCer), E% = GiEi(X - 3)7'G).

By defining the following matrices

_ [Ei(2)~* I
R e (3.99)

and

- [E()T I
me_[ 0 G[TEi(xfii)}’ (3.100)

and applying the congruence transformations diag(7, I, I1;, I) and diag(I, I, 7;¢, I)
to (3.150) and (3.98), respectively, we get that

_'r i MigT; @ . )
N”gn SJ . .
v A,/‘rl vl Jie viE; (P)"tv; o > O’ (3101)
L Ceseri 0O 0 I ]
and
[9Met; @ . o]
migt Clg . °
u; A“gt u Jl[ u; "Ei ()T Tu; e > O’ (3102)
Cflzti Eflg 0 1_

hold, for 7;, v;, t;, and u; given as in (3.149) and (3.96). By applying the congru-
ence transformations diag(r; !, 7,v~',I) and diag(t;*, I,u; ', T) to (3.152) and
(3.102), respectively, and the Schur complement to the resulting inequalities, we
get that (3.63) and (3.65) hold. Finally, by noting that (3.83) and (3.85) can be
equivalently rewritten as follows

[TPT . } ZW[T%T -A’ (3.103)

leM;
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and

Pt e ‘ timz G e
[ 0 vil} > Z ‘W[ Mok, GM:| ) (3.104)
leM,

we get, after applying the congruence transformations diag(; ', I) and diag(t; ', I)
to (3.153) and (3.104), respectively, that (3.62) and (3.64) hold. Thus, since
(3.62)-(3.63) and (3.64)-(3.65) hold for the closed-loop system as in (3.61), we
get from Lemma 3.3 that € € C, ||Gc|laz < Ve, and ||Gell@sr < 7w, and the claim
follows. &

3.3.2 H, Simultaneous Fault Detection and Control Design for
MJLS with parameter estimation

The next result presents BMI constraints related to the control and filter design of
the SFDC system (3.60).

3.5. THEOREM. There exists an SFDC described as in (3.60) such that € € C, HQCHngz)
< A, and ||QC||§’D'_”') < A, for fixed A\, > 0 and )\, > 0 if there exist symmetric ma-
trices Wi, W2, T,, O;, V', V22, 01}, , B% T, O,, V}}, V?? and the matrices
W2zt VAl 992}, 02} Gy, Ty, xi, O, @y, and K, with compatible dimensions such
that inequalities (3.105), (3.106), (3.107), (3.108), (3.109), (3.110), (3.111), and
(3.112) hold Vi € N, ¢ € M. If a feasible solution is obtained, a suitable SFDC is given
by Ay = =G 'Ty, Beo = =G X0, Cot = Ky, Cpp = —Oy, Cpp = —Oy, Dyp = — .

Proof: The proof follows the similar reasoning as the one employed in the proof
of Theorem 3.4. Similarly as presented in [61], [44], the structure of matrices Q,
and Q; ' of (3.73)-(3.76), and 9, and 9; ' of (3.77)-(3.80), are

~ Y ~_ .—1 .

Q=25 e =[""1] (3.113)
and

= O; e o1 [%7t e

a=[os] =[5 ] (3.114)
We also define the matrices n; and o;

I Ei(T)
=k t]s o= o)) (3.115)

along with n; and s;,

_ _ | TE(%)
ni[—_ | } si = [om |- (3.116)
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2
DD widuTe(Wie) < AZ, (3.105)
€N leM;
T; e Vi e
(751> Va2 | (3.106)
LeM;
Wilel . . °
ngl Wizf . .
BTV E(T)F E(T) . >0, (3.107)
GeJitxeHwi GeFi+xeHyp; 0 Her(Ge)+E;(T-0)
V,L.lz1 ° ° ° °
Vi Vi . . .
E;(T)(Ai+B; Ke) E,(T)A; Ei(T) . o | >0, (3.108)
Gi(Ai+B;iK¢)+Te+xeLi GeAi+xeLi 0 Her(G)+E;(T—-0O) e
Ci+D; K, C; 0 0 I
2
DN mitaTe(Wie) < A2, (3.109)
€N LeM;
T e B, e
EFAED> w2l w2 | (3.110)
LeM; ]
QU%} . . . .
Qﬁ?zl Qﬁfez . . .
E;(T)J; Ei(T)F;  Ei(T) o o| >0, (3.111)
GoJi+xeHuwi G(Fi+X(Hf7j 0 Hel’(G[)+]E7,(‘If§D) °
Dy Hoypi I-‘r‘i)szi 0 0 I
‘ﬂi} . . . °
B2 522 . . °
E:(T)(A; +B; Ky) E(T)A; Ei(T) . o| >0. (3.112)
Gg(Ai+BiKg)+F[+XgLi GoAi+xeL; 0 Her(Gg)HEl(‘IfD) °
Oi+d,L; DyL; 0 0 I

We get from (3.107)-(3.108) as well as (3.111)-(3.112) that G, is non-singular.
By setting U; = —0; and {; = —9; in (3.158) and (3.114) and using the fact that
QiQi_l = ] and Qiﬂjl = I, we get that (3.158)-(3.116) can be rewritten as

Qi=11%. 0] @ =[72 1] (3.117)
where Yy; =T, — (0; — T;)}, and

éi = [T}ED oilzi} ) 5;1 = [le ..} ) (3.118)
where Yo; = T, — (O; — T;)~!, along with

I &(T
i = [% (1]]7 0 = |:O 51(757)0):| (3.119)
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and

I 1 I Ei(%)
n; = {I o]’ 5 = [0]&,(‘2—0)}' (3.120)

Recalling the previous reasoning applied in the proof of Theorem 3.4, we get that
Gg]Ei(O—T)ile > Her(Gg)HEi(T—O) and GgEi(D—T)71G2 = Her(Gg)+Ei(‘I—
). By performing the change of variables I'y = —Gy A, x¢ = —GeBee, Ko = Cey,s
©, = —Cys, and &, = —Dy,, we can rewrite (3.107)-(3.108) and (3.111)-(3.112)
as follows

W-lzl . . .
Wfll Wi22 . .
Ei(TgJi ]Ei(TgFi E; (T) . >0, (3.121)

GolJi—BeeHuwi) Ge[Fi—BerHyp;l 0 GeE,(O-T)"'G,

and
Vile1 . . . .
v Vi . . .
Ei(T)Ai(Cor)  Ei(T)A;  Ei(T) . o| >0, (3.122)
GeTsie  GelAi—BeeLi]l 0 GE(O-T)"'Gj e
Ci+DiCer Ci 0 0 I

where A;(C.) = A; + B;Cep and V3,0 = [A;(Cer) — Ace — BeeLi]. Along with

imjg . ] . )
Qﬂfel Qﬂ?? . . .
Ei(T)J; E(T)F;  Ei(T) . o| >0, (3.123)
Gz[J,‘,—Bchwi] Gz[FL'—BC(Hfi] 0 G[Ei(D—T)71G2 °
—DjoHui I—DyoHy; 0 0 I
and
QT%} . . . .
mf} mf} . . .
Ei(%)Ai(Cee)  Ei(D)A;  Ei(T) o o| >0. (3.124)
GiYsie  GelAi—BeeL;] 0 GUE(D-%)7'G e
—Cpe—DyeL; —DyeL; 0 0 I

By defining the matrices

= [E(m)*! I
H“_[ 0 G;T]Ei(O—T)}’

and
_ (Rt I
Tie = { 0 G[TIEI-(DJI)} ’

and applying the congruence transformations diag(/, s, Il;,) and diag(Ian, II;e, I4)
to (3.162) and (3.163) as well as diag(/,. f, Ti¢, I ) and diag(Isy,, T, I5) to (3.123)-
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(3.124), we get

LA ) (3.125)
UQRM?% ° °
ol Aem; a;]E,;(Q)fla',; | > 0, (3126)
Ceieni 0 1
and
Qﬂif . .
{5%}% 5B (Q) s '] > 0, (3.127)
Egy 0 I
nRen; . .
5,1-141'5117; ﬁéEi(ﬁ)ilsi (] > O (3.128)
éfmni 0 I

By applying the congruence transformations diag(I,o; '), diag(n; *,0; ', 1),
diag(I,s; ', 1), diag(n;',s; ', 1) to (3.164)-(3.128), we get that (3.74), (3.76),
(3.78), and (3.80) hold with the closed-loop matrices of system (3.61). Finally, by
noting that (3.106) and (3.110) can be rewritten as follows

Qi > Z bien; Riomi, (3.129)
LeM;
and
niQn; > Z biniRien;, (3.130)
LeM;

and thus, by noting that (3.105) and (3.109) are equivalent to (3.73) and (3.77),
and by applying the congruence transformations n; * and n; ' to (3.166)-(3.130),
respectively, we get that (3.75)-(3.79) are also satisfied. Therefore, considering the
discussion presented in Section 3.2, see, for instance, [38] and [42], we get that
C e, ||G]5"* < A, and [|G.||{"") < ., and the claim follows. W

3.3.3 Mixed H,/H., Simultaneous Fault Detection and Control
Design for MJLS with parameter estimation

We present now the design of mixed H3/#Ho, SFDC for MJLS with partial informa-
tion on the jump parameter.
Observing the constraints in Theorems 3.4 and 3.5 it is possible to notice that the
structure to obtain SFDC is the same, therefore a mixed solution can be formulated.
To increase the overall performance the H, norm will be considered in the
controller side of the design due to its equivalence to the LQR controllers, which
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provide good performance in practical solutions. For the fault detection side, we
consider the H., norm, which provides an FDI with a lower occurrence of false
alarms, [93, 127].

From the aforementioned discussion, we consider the mixed solution with the
control side of the SFDC designed using the BMI conditions for Theorem 3.5 and
the fault detection side obtained using the BMI from Theorem 3.4. Hence, the new
rewritten optimization problem is

¢ = {313 xi; mtifa mi[v GM; WM7 ‘/Ma Ti7 Oina FZv Xt KZ7 efa (I)/} (3131)
k = {¢ such that (3.85)-(3.86) and (3.105)-(3.108) hold

inf : st . 132
ol L DGt nB) istoEn  (3132)

for a given (. > 0, 3, > 0.

3.6. THEOREM. There exists an SFDC described as in (3.60) such that € € C, HQC||(01§HT)
< v, and ||QCH(2“~HZ) < A for fixed, v, > 0, and A. > 0 if there exist symmetric

matrices 3;, X;, ML}, M2, &1}, &22, Wi, W22, Vil, V2, T, O, and the matrices

mzl, &4, m, Nz, L, v, WA, VLG, Ty, xe O ©4, and K, with com-

patible dimensions such that inequalities, (3.85), (3.86), (3.105), (3.106), (3.107),

and (3.108), hold Vi € N, ¢ € M. If a feasible solution is obtained, a suitable

fault-compensation controller is given by A, = ng_ng, Ber = fGL,_le, Ceo = Ky,

sz = —@z, and sz = —(I)g.

Proof: The proof for Theorem 3.6 is a direct consequence of Theorems 3.4 and 3.5.
|

Coordinate Descent Algorithm

As explained at the start of this section the constraints in Theorem 3.4 and
3.5 are in the form of Bilinear Matrices Inequalities. Therefore it is necessary to
implement an appropriate procedure to solve such a problem. It can be found
in the literature several numerical ways of dealing with BMI as, for instance, a
combination of line search and a sequence of LMI as presented in [121]. Although
of great interest, an analysis of the techniques to solve the BMI in Theorems 3.4
and 3.5 would fall outside the scope of this thesis. Due to that, we will focus on a
procedure that is extensively used in the literature known as the Coordinate Descent
Algorithm (CDA), as implemented in [108], or [119]. The specific approach
implemented in the present paper was first introduced in [44].

By inspection, it is possible to observe that all the non-linearities are "caused”
by the state-feedback controller K. A usual workaround for those non-linearities is
to fix the state-feedback controller and solve the resulting LMI. Assume that there
exists a state-feedback controller K, and apply this controller in the constraints
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(3.83), (3.84),(3.85), and (3.86) for the H., case, or (3.105), (3.106), (3.107),
(3.108), (3.109), (3.110), (3.111), and (3.112) for the H, case. If a feasible
solution is found it may or may not be the optimized solution, due to the choice of
the state-feedback controller. The CDA algorithm is described as in Algorithm 2.

Algorithm 2: Coordinate Descent Algorithm

Input: K;,7 " tmae,€
Output: A.,B.,C.,.C¢, Dy

1 Design stabilizing state-feedback controller(e.g. [112]).

2 Fix K in the LMI constraints for the ., case or for the 5 case, and solve it
to obtain the matrices Z;, 3;, and G, for the H . case, or T;, ¥;, and G, for
the #, case, or 3;, T;, and G, for the mixed case.

3 Fix Z;, 3;, Gy for H, case, or T}, T;, and G, for the H5 case, or Z;, T;, and
G, for the mixed case, and solve the same LMI constraint and now obtain
Ace, Bee, Cer, Cye, Dyg, and the upper bound values ~., +, for the H, case
and )., )\, for the H, case.

t—1_ _t
4 If Vcwhﬂc < eort < tmaa, g0 back to step 2.

c

3.1. REMARK. Note that the initial condition for K; can be obtained from the results
in [112], which is a state-feedback controller with similar MJLS assumptions. If the
first iteration finds a feasible solution then the CDA will eventually converge to a better
solution, and the amount of iteration is set using the stop criterion e.

3.3.4 Simulations Results

In the same manner as in the other examples in this chapter we use the coupled
tank. The discrete-time domain space-state model is

—0.0239 —0.0127
A1>2 = [ 0.0127 70.0285] ; Big= [0'071 0.071]7
Jw1,2=001B12, Jri12= 12%2,
Ll _ I2><2, L2 — 02><2’ Hw 12 = 0.1I2><2, Hf 12 = 02><27
Cl — 12><27 02 — 02><2, D1 — IQXQ, DQ — 02)(2'

The transition matrix, initial distribution, and ¢;, are
P=[0803], # =[03], ©=[8583] (3.133)

The SFDC obtained using Theorem 3.4 is
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— [ 0.5053 0.1653 — [ 0.2048 0.0686
ACl - [—0.2767 0.4161} ’ A02 - [—0.1065 0.1725] ’

__ [ —0.8252 —0.2487 __ [—0.7180 —0.2263
BCl - [ 0.5756 —0.8252] ’ BCQ - [ 0.5173 —0,7661] )

_ —4 [ —0.1854 —0.0811 _ —4 [ 0.4957 0.3046
Cer =107 [ ooas —otaos) > Cez =107 [ %0602 03865 |,

_ —6 [ —0.1244 —0.0451 _ —6 [ —0.5927 —0.2846
Cfl =10 [ 0.0547 ,0,1130} ’ Cf2 =10 [ 0.2542 70.6101} ’

Dpy =107 [ 205305 “0ose | D2 = 1077 [§:3288 89347
The SFDC obtained using Theorem 3.5 is

— [0.5929 0.0388 _ [ —0.5929 —0.0388
Ac = [0.0201 70.1255] ;o Aw = [70,0201 0.1255 ] s

_ —6 [ —0.2409 —0.0079 — —670.3691 0.0010
Bcl =10 [ 0.0093 ,()_33()3] ) 362 =10 [().0()44 0.0364 1>

C.. = [0.8648 0.0728 ] Co= [70.8053 70.0366]
¢l = [0.0108 —0.1349 | » c2 — | —0.0460 0.2186 ] >

_ 10—1370.0748 —0.0001 _ 1n—13 [ —0.0835 0.0001
Cfl =10 [o.oooo —0.1463} ’ Cf2 =10 [—0.0000 0.1375] ’
__ [ 43.2163 —0.0000 _ [ —33.2163 0.0000
Dfl = [70.0000 7.5839 } ’ Df2 - [ 0.0000 2.4161] :
For the last, the SFDC obtained using Theorem 3.6 is

— [0.5929 0.0388 _ [ —0.5929 —0.0388
Acl - [0.0201 70.1255] ) ACQ - [—0.0201 0.1255 ] ’

_ 10—6 [ —0.2409 —0.0079 — 10—670.3691 0.0010
B, =10 [ 0.0093 ,0‘3303] ’ B =10 [0.0044 0.0364] ’

— [0.8648 0.0728 __ [ —0.8053 —0.0366
CCl - [0.0108 —0.1349] ’ CC2 - [—0.0460 0.2186 ] ’

 __1n—13 [0.0748 —0.0001 __1n—13 [ —0.0835 0.0001

Cfl =10 [o.oooo —0.1463} ’ Cf2 =10 [—0.0000 0.1375] ’
__ [ 43.2163 —0.0000 _ [ —33.2163 0.0000

Dfl - [—0.0000 7.5839 } ’ Df2 - [ 0.0000 2.4161] :

Monte Carlo Simulation

The same setup from the other examples was also implemented in this simulation.
The Monte Carlo simulation with 300 iterations was performed, and the results
obtained are shown in the following manner, first we present the output signal
obtained using Theorem 3.4, 3.5 and, 3.6, in Figs. 3.5a, 3.5b, the average and
standard deviation of the control signal obtained using Theorems 3.4, 3.5, 3.6 is
presented in Fig. 3.7a, 3.7b, and 3.7c show the residue signals acquired for each
case, and the evaluation function in Fig, 3.8.

Observe that all controllers manage to stabilize the system, even in the presence
of the fault, however, some presented a higher level of steady-state error after the
fault, which is expected, since this controller was not designed to mitigate nor
accommodate the fault. The important aspect that is observed in Figs. 3.5a, 3.5b
that all controllers designed simultaneously worked properly.
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(a) Mean for first output signal obtained using (b) Mean for second output signal obtained
Theorems 3.4, 3.5, and 3.6 . using Theorems 3.4, 3.5, and 3.6.

Figure 3.5: The Mean of the output signals obtained for SFDC designed via Theorem
3.4(blue curve), 3.5(red curve), and 3.6(magenta curve). All three curves were
obtained when there is a fault, except for the green curve which represents the
states without fault.

Now we present Figs. 3.6a, 3.6b, 3.6¢ which represents the mean and standard
deviation for the control signal using Theorems 3.4, 3.5, and 3.6 respectively.
Observe that all control signals presented a proper behavior and standard deviation.

x10

B PN T 5 S o)

?vivﬂ_i:‘-.'mﬂbfw.w‘ﬁ.a_J.W\A*Mﬁ!w‘,ﬂw =

u(.
&
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(a) Mean and standard deviation for control (b) Mean and standard deviation for control
signal obtained using Theorem 3.4. signal obtained using Theorem 3.5

%10

0

-5 [—TJStandard Deviation
— u(k) Theorem 3.6

“o 50 100 150 200 250 300
Instant k

(c) Mean and standard deviation for control
signal obtained using Theorem 3.6

Figure 3.6: Mean and standard deviation for all control signals acquired using the
SFDC designed via Theorems 3.4(blue curve), 3.5(red curve), and 3.6(magenta
curve).

Therefore, the controller side of the SFDC works properly.



72 3. FDF and FAC for Markovian Jump Linear Systems with Parameter Estimation

The residue behavior obtained via Theorems 3.4, 3.5, and 3.6 are presented in
Figs. 3.7a, 3.7b, and 3.7c. Regarding the residue signal obtained with Theorems

e e e By i s =

e ol

) 50 100 150 200 250 300 0 50 100 150 200 250 300
Instant k Instant k

)
Lo - nvw s oo N

(a) Mean and standard deviation for residue (b) Mean and standard deviation for residue

signal obtained using Theorem 3.4. signal obtained using Theorem 3.5
b AR e

0 50 100 150 200 250 300
Instant k

(¢) Mean and standard deviation for residue
signal obtained using Theorem 3.6

Figure 3.7: Mean and standard deviation for all residue signals acquired using the
SFDC designed via Theorems 3.4(blue curve), 3.5(red curve), and 3.6(magenta
curve).

3.4, 3.5, and 3.6 presented a similar behavior, however, the result obtained using
3.4 in 3.7a show a slightly better performance. Observe that the standard deviation
for all three approaches is low. Leading to a low chance of false alarms.

The last result obtained via Monte Carlo simulation is the behavior of the
evaluation function for each case. This result is presented in Fig. 3.8 Fig.3.8
allows us to state that the results obtained using Theorem 3.4 presented a better
performance, but all the proposed approaches successfully detected the fault, hence,
all approaches are viable solution for the FDI problem.

3.4 Fault Accommodation Formulation for MJLS with
Parameter Estimation

The Fault Accommodation Control problem is a particular class of FTC, which uses a
different approach when compared to the usual FTC in the literature. The majority
of FTC approaches consider the occurrence of faults during the design process of
a static controller. In the case of FAC, two controllers are working alongside each



3.4. Fault Accommodation Formulation for MJLS with Parameter Estimation 73

70

T
Theorem 3.4

——-EVAL(K) Theorem 34| =
60 ||- - ‘EVAL(k) Theorem 3.5 | 7 B
——EVAL(k) Theorem 36| =7
50 ||——EVAL(K) without fault P
TH Threshold
L 40F
<
= a0l
7 30
20 -
10+
o : : : :
50 100 150 200 250 300

Instant k

Figure 3.8: The mean value of the evaluation function signal for three distinct
cases, where the blue curve represent the results using Theorem 3.4, the red curve
represent the results obtained via 3.5, the black curve represents the results through
Theorem 3.6, the green curve portrays the evaluation function signal when there is
no fault signal, and the indigo line denotes the threshold TH.

other where the first one is designed for the nominal conditions while the other
one will be active when a fault occurs.

For the FAC problem, we consider the following MJLS formulation

z(k+1)= Ag(k)(E(k) + BG(k)uTOtal(k) + Je(k)w(k) + Fe(k)f(k)7
G: y(k) = Coryx(k) + Doryw(k), (3.134)
x(0) = o,

where the vectors z(k) € R"=, y(k) € R", w(k) € R, f(k) € R", upy1(k) €
R™= are respectively, the system state, output, exogenous input, fault signal, the
control input, and (k) denotes the mode of a Markov chain which is initialized at
6o. The nominal control is provided by a state-feedback controller

ulk) = Kg,x(k), (3.135)

where z(k) € R"= represents the states of system (3.134).

Fig.3.9 depicts the overall block diagram of the MJLS along with the FAC
controllers K, for the nominal one and K, for the faulty ones.

As shown in Fig.3.9, the signal u (k) is the sum of the nominal control signal
u(k) and the fault compensation control signal h(k), as in

Uotal (k) = u(k) + h(k). (3.136)
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Figure 3.9: Fault accommodation control scheme diagram under the assumption
that the network model is not accessible.

Consequently, in nominal conditions the signal h(k) is close to zero. In other
words, the fault compensation control signal only acts in the presence of a fault as
expected.

The FAC controller K. is assumed to have the following structure

n(k +1) = Ay n(k) + Mgy ulk) + By y(k),
Ke: § h(k) = €4n(k), (3.137)
n(0) = o,

where n € K" represents the FAC state vector, u(k) and y(k), are respectively, the
control signal from the nominal controller and the measured signal from the system.
It is of utmost importance to note that the FAC does not depend on the index (k).
Instead, it depends solely on the index é(k), which is one of the novelties of the
present work.

As presented in Figure 3.9 the closed-loop for system (3.134), the state feedback
control law (3.135), and the proposed FAC (3.137) can be compactly written as

T(k+1)= a(k)a(k)l‘( ') + (k) w(k),
Gaug : 4 2(k) = Cyp 50 T(k) + Dy, ( )s (3.138)
f(O) = To;

where Z(k) = [z(k) n(k)] and w(k) = [w(k) f(k)], with the augmented matrices
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given by

A

— A; — B;K, B; &,
= 3.13
) B,C; — MK, 2A; ] ’ ( )

T = [ Ji Fi:|

B,D; 0

As previously stated, the main purpose of this work is to provide a FAC design,
as in (3.137), where the supplementary control signal will accommodate the
fault signal. This accommodation for the #., case is described by the difference
o(k) = Fya) f (k) — Byyh(k), which we desire to be close to zero. From the above,
the optimization problem regarding the #, case can be described as

Gauglle =  sup ol v, >0, (3.140)

| @ll2 0,0, |02

where the augmented matrices C;, and D;, are given by

Ciy = [0 7Bi¢14] , Dip = [0 Fi] . (3.141)

The use of the H, norm as a performance criteria is due to the similarities to the
LOR controllers, which are known in the literature for its good performance and
reliability. Therefore, the optimization problem for the #5 case can be described as

m N
[Ganglls =D wlloll3 <6, (3.142)

s=11i=1

where the augmented matrices are

Cip = [0 -Biec], Dy = [0 Fi].

It is important to point out that the controller K, is obtained beforehand, for
instance the controller in [112], but any other controller that guarantees stability
in the same condition can be implemented.

3.4.1 H. Fault Accommodation Control Design for MJLS with
Parameter Estimation

Our first main result on the procedures to design the FAC for the #,, norm case is
presented in Theorem 3.7 below.

3.7. THEOREM. There exist a mode-dependent FAC as described in (3.137) satisfying
the constraint (3.140) for some ~ > 0 if there exist symmetric matrices Z;, X;, M}/,
MZ22, S}, S and matrices MZ!, Ni', N2, N2, N22, S2}, Ry, Uy, By, My, and €,
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with compatible dimensions such that inequalities

Z; o o @ Jwilgl L °

Z; X; e . ]\/I%,l M.2[2 .

[0 T ] > Y Gie | wih nie g, | (3.143)
0 0 0 ~°I LeM; Ni221 Nizez S?gl ng

Milg1 ] . o . o o

Mf,} ]Wff . . . o o
11 12 11

NM N@Z Sif o ° e o

N2} NZ SZ} 522 . o o < O, (3.1449)
2t n;fj,f £i(2)J; E(Z)F; £(Z) o o

' 0%° ReJi+ReBD; ReF; 0 %5 e

—B;¢, 0 0 F; 0 0 I

with
11! = Ei(2)Ai — Ei(Z)Bi K¢ + E(Z)B;€, 1L;> = Ei(Z)A; — Ei(Z)B; Ky,
I15;" = Ry(A; — BiKy + Bi€ + A4 + B,C; — MKy,
%% = Ry(A; — BiKy + B,C; — MyKy), T5° = Her(Ry) — Ei(X) + Ei(2),
hold for all i € K and for all £ € M; .

Proof: The proof is based on the results presented in [44] and [61]. We impose
as before, the structure of the matrices P; and Pi_1 of (3.10)-(3.11) as

P, = [jj X} pl— [Zfl . } (3.145)

Also define the matrices 7; and v; as

=i 4] vi= [0 Ed] (3.146)
Observing that (3.144) is diagonal block, we can also write that Her(R,) > E;(X —
Z) > 0, and as a by-product R, is non-singular. Setting U; = —X;, allow us to
rewrite the matrices P; and P, ' as

Pi = I:ZL)E’L-XL X,i:Zi] 5 (3147)
1 _ [z .
L {Z;l Zi_l+(Xi_Zi)*1} . (3.148)

Hence, (3.146) are now

I Ei(X
n=114 vi=[oei ] (3.149)

Following the same idea from the proofs provided for the FDF case in Section
3.2. As R, is non-singular, and using the results presented in [46, 61], we get
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that R,E;(X — Z)"'R), > Her(R,) + E;(Z — X), so that the constraint (3.144) still
hold if the diagonal term Her(R,) + E;(Z — X) is substituted by R/E;(X — Z)" 'R,
resulting in

]\41-121 . . . . o o

M?ll J\lff . . . o o

N ll L N2 Sy . . o o

Nle leiz szl Sff ° o o > 0, (3-150)
=5 =357 Ei(2)J; Ei(2)F; Ei(Z) o e

=6,1 :6,2 =6,3 =6,4 0 =66 o

a0 Sie =it =ie =if
—-B;¢ 0 0 F; 0 0 I

where

= =Ei(2)A; — Ei(Z)B, K, — Ei(2)Bi€;, =3 =Ei(2)A; — Ei(Z)BKy,
25" =Re(Ai — BiKy + Bi€ + Ay + B,C; — MKy),

202 =Ry(A; — B;K; + B,C; — M Ky),

=0° =RyJ; + R¢BD;, = = RF;, E5° = RE(X —Z) 'R,

Now defining the matrix II;, as

IL; =

Ed(2)™ y } (3.151)

0 R;TE{(X-2)

and pre and post multiplying (3.150) by diag(7, I, 11, ), and its transpose, respec-
tively, we get that

Ti/Mi[Ti . . .

Niei  Sie o o

U;A“z,n v;j“g v;IEi(P)’lvi ° > 0. (3152)
éigTi DiZ 0 I

By pre and post multiplying (3.152) by diag(r; ', I,v; ', I), and after that using
the Schur complement to the resulting constraint, we obtaln that (3.11) holds. At
last, observing that (3.143) can be rewritten as

[TPT . } Z Bio {%\4; J (3.153)

we get, after pre and post multiplying (3.153) by diag(r; ', ), that constraint
(3.10) holds. Since (3.10)-(3.11) hold for the closed-loop system as in (3.138), we
get from Lemma 3.3 that ||Gayg/|oc < 7, and the claim follows. [ |

3.2. REMARK. Notice that the matrices for the FAC controller in (3.137) and satisfying
(3.140) are directly obtained from the solution of the inequalities (3.143), (3.144).
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3.4.2 7, Fault Accommodation Control Design for MJLS with
Parameter Estimation

We present now the design of an FAC for the 5 norm case.

3.8. THEOREM. There exists a mode-dependent FAC K. as in (3.137) satisfying the
constraint (3.142) for some 6 > 0 if there exist symmetric matrices T;, O;, W}el,
W22, Vi, V22 and matrices W2, V321, Ry, 4, By, My, and €, with compatible
dimensions such that the inequalities

Z > woiTr(| i o ) < 8%, (3.154)
i=1 LeM;
1 L]
1 Z ¢1Z |:V21 V22:| ) (3155)
eM;
Willl ° ° o o
ngl Wff . o o
Ei(T)J; Ei(T)F; E«(T) e o >0, (3.156)
ReJi+R¢B¢D; ReF; 0 ©O}%e
0 F; 0 o Id
Vilz1 . o o o
ViL VP e e e
8%t 632 e,(T) o o| >0, (3.157)
et @4 2 61" e

“Bie, 0 0 0 14
with

©%5' = Her(R,) + Ei(O) — Ei(T), ©%' =Ei(T)(A; — B;K; + B;€)),
0% = Ei(T)(A; — BiKy), ©3;' = Ry(A; — BiKy + Bi€; + Ay + B,0; — MKy,
642 = Ry(A; — BiKy + B,C; — M Ky), ©4" = Her(Ry) + E;(O) — Ei(T),

hold for all i € K and for all ¢ € M.

Proof: The proof uses a similar scheme as the one of Theorem 3.7. Consider Q; in
(3.16)-(3.19) with the following form

a-[93]. a-[%';)

and define the matrices »; and o; by

I E;(T)
= [‘71171 (I)] y 00 = [0 IEi(U)} . (3.159)
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It follows from (3.156)-(3.157) that R, is non-singular. By imposing U; = —0; and
recalling that Q;Q; ' = I, we can rewrite (3.158) as

A O; . A— Tfl °
Qi = [Tz‘*oi Oi*Ti} , @ = [Tfl Tu} ’ (3.160)
where T; = Ti_1 — (O; — T;)~1, and we can also rewrite (3.159) as

I E; (T
vi=[11, o= [0sidh)]- (3.161)

Using the same idea applied as in the proof of Theorem 3.7 we get that R/E;(O —
T)"'R, > Her(R,) + E;(T — O). Let us rewrite (3.156)-(3.157) as follows

Wvlll . . o o
Wfl W1'22 . o o
E(T)J,  E«T)VF E«T) o | >0, (3.162)
Rg]i—Rz‘BgDi RzFi 0 T33 L]
0 F; 0 0 I
T33 = Her(Ry) + E;(O) — Ei(T),
and
Vilf1 . ° ° °
Vit Vi e . .
vyl E(T) . o| >0, (3.163)
it w2 0 RE(O-T)'R, e
—B;¢, 0 0 0 I
U4 = Ry(A; — BiKy + Bi€y + 2y + B,C; — MKy),
\I/?f = Rl(Al — BiK;+ B; +8,C; — W@Kg).
By defining

=  [E/(T)7! I
H“*[ 0 R;TE,-(O—TJ’

pre and post multiplying (3.162) by diag(I, I,11;,), and (3.163) by diag([, I, I1;;, I)
we get

Wie . .
|:c7£]7:z olEi(Q) oy 0:| > 0, (3.164)
Dy 0 I
V,;Rigl/qj . °
|:0;Aizu,; ag]Ei(Q)floi o:| > 0. (3165)
Clglli 0 I

By pre and post multiplying (3.164) by diag(1, o, *, ), and (3.165) by diag(v; *,o;*, I)
we get that (3.17), (3.19), hold with the closed-loop matrices of system (3.138).
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Consequently we can rewrite (3.154) as

ViQv; > Z GieVi Rigv;. (3.166)
e,

Therefore, it is noticeable that (3.154) and (3.16) are equivalent, we can see that
(3.18) is also satisfied by pre and pos multiplying (3.166) by v; *. From Lemma
3.2, ||Gaugl|2 < 4, and the claim follows. [ |

Remark: As for the H,, case, the matrices for the FAC controller in (3.137)
and satisfying (3.142) are directly obtained from the solution of the inequalities
(3.154)-(3.157).

3.4.3 Mixed H,/H. Fault Accommodation Control Design for
MJLS with Parameter Estimation

Now we provide the design of mixed H3 / H, FAC for MJLS with partial informa-
tion on the jump parameter.

By inspecting the BMI constraints provided in Theorems 3.7 and Theorem 3.8
we can observe that the structure to solve the FAC problem is similar. This similarity
allows us to also obtain a mixed solution.

The main motivation to provide the mixed solution is that the FAC will consider
both H ., and Hs norms during the design process. On the one hand, a guaranteed
Ho norm implies that the closed-loop system is robust against external noise
signals. On the other hand, the energy of the control signal is minimized in the -
design approach which is desirable as there is no parallel actuators in the systems.

Bearing in mind this information, we provide the mixed design of a FAC using
the BMI conditions for Theorem 3.7 and 3.8. Hence, we rewrite the constraints as

¢ ={Z;, X;, M} M2, S} 75”5, LN N N N2 S T, 0, W
W2 w22 vt ,V 1% Rp,%lp,‘Bg,S)ﬁg,Qﬁp, ieN, EEM-} (3.167)
k= {{Z;, X;, M}, MZ? Su, S22 MAY NG N N NE S T, 0, Wi
Wi, Wi Vi, Vg Vig? Rzyﬂea‘Bﬁmeﬁe}w € 9|
(3.143)-(3.144) and (3.154)-(3.157) hold for some ~ and 4} (3.168)

in which case, the mixed # ., and H- optimization problem is given by

})Ielf {(7v2¢ + 628}, (3.169)

for given weighting scalars ¢ > 0, 5 > 0.
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3.9. THEOREM. There exists a mode-dependent FAC K. as in (3.137) such that
|Gauglloe < v and ||Gaygll2 < 6 for given v > 0 and § > 0 if there exist symmet-
ric matrices Z;, X;, M}}, MZ%, S}, S22, T, O;, Wil, W22, V.11, V22 and the
matrices M2, N}!, N2, N2\, N2, S2', W2l V21 R, Ay, By, My, and €, with
compatible dimensions such that inequalities, (3.143), (3.144), (3.154), (3.155),
(3.156) and (3.157) hold for all i € N and for all £ € M.

Proof: The proof for Theorem 3.9 is a direct consequence of Theorems 3.7 and 3.8.
[ ]

3.3. REMARK. It is important to mention that the level of conservatism in Theorem
3.9 is higher in comparison to that of Theorem 3.7 and Theorem 3.8, since Theorem
3.9 considers the BMI constraints (3.143)-(3.144) from Theorem 3.7 and (3.154)-
(3.157) from Theorem 3.8 simultaneously. Note that the number of variables for each
theorem is

Theorem 3.7 — 10 X 4max X max + 2 X tmax + 5 X Lmax + 1
Theorem 3.8 — 6 X imax X lmax + 2 X tmax + 5 X bpaxe + 1
Theorem 3.9 — 16 X tmax X max +4 X tmax + 5 X Lmax + 2

It is noteworthy that the number of variables in Theorem 3.9 is not the direct sum of
the variables in Theorem 3.7 and 3.8, because matrices Ry, 2,4, B4, M,, and &,, which
are the matrices that compose the FAC (3.137), are present in the BMIs constraints
of Theorem 3.7 and 3.8. Regarding the number of BMI constraints Theorem 3.7 has
2 X imax X lmax BMIs, Theorem 3.8 have 4 X gy X e BMIs, and the number of BMIs
in Theorem 3.9 is the sum of BMIs in Theorems 3.7 and 3.8, therefore, the number of
BMI is 6 X imax X {max- Hence, the region of feasible solutions in Theorem 3.9 is smaller
in comparison to the ones for Theorem 3.7 and Theorem 3.8, and by consequence
increasing the computational effort necessary to solve Theorem 3.9.

Coordinate Descent Algorithm

As stated previously, the constraints in Theorem 3.7 and 3.8 are Bilinear Matrices
Inequalities (BMI). For solving these optimization problems with BMI constraints,
there are a number of approaches presented in literature, to name a few, [108] or
[119]. In this paper, we use the Coordinate Descent Algorithm (CDA) for solving
the problems which is also used and presented in [44]. The CDA is presented below.

In the above algorithm, the input ¢ is the stop criteria and ¢,y is the maximum
number of interactions allowed.

3.4. REMARK. The controller used in the CDA can be obtained using any design
approach, but it is recommended to use a controller that is also under the MJLS
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Algorithm 3: Coordinate Descent Algorithm.

1 Input: Ky, 7, tmax, ¢
Output: 2y, B,, My, .
Initialization:
While: % < nort < tmax do:
Step 1: Solve the constraint in Theorem 3.7 or 3.8 considering ¢, as
a constant, which can be obtained using [112] . Obtain the values of Ry,
and Z; for the Theorem 3.7 or R, T; for the Theorem 3.8.
6 Step 2: Solve the constraint in Theorem 3.7 or 3.8 this time using
the values of Ry, and Z; or R, and T; obtained in Step 1 and €&, as a
variable. Obtain the value of ~.

w N

[S BN

framework. If the first iteration is feasible, the algorithm will at least keep the same
result obtained, or improve the results.

3.4.4 Simulations Results

For the illustrative example we used the exact same matrices that represent the
coupled tank presented in Appendix A. The only necessary addition is the detector
matrix information as in

I'=[32083]. (3.170)

Tt
ot

The fault-compensation controller obtained designed using Theorem 3.7 is

__ [ 0.0535 —0.1895 0.0458 0.0214
2 = [—0.1481 0.4341 } ) s [ ] )

—0.0254 0.0574

_ [—0.0238 0.0539 _ 71—0.0239 0.0540
By = [ 0.0542 70.1331} ; By = [ 0.0542 70.1332] )
__ T 0.7693 —0.4043 _ [ 0.0492 0.0630
my = [70.2708 1.5212 ] My = [—0.0040 —0.0587] )
¢ = [ 0.0149 70.0409} ¢, — [ 0.0570 70.1254]
1 = [ —-0.0307 0.1017 |5 ~2 — [ —0.1222 0.3138

and the upper bound of the H, norm value is v = 2.2.
The fault-compensation controller obtained designed using Theorem 3.8 is

__ [—0.0857 0.0121 __ [—0.0995 0.0141
2 = [—0.0129 —0.0769} _— [—0.0149 —0.0893] )

__ [ —0.0293 0.0036 __ [ —0.0340 0.0042
%1 - [—0.0044 —0.0230} ’ %2 - [—0.0051 —0.0267] )

_ [0.1734 —0.0256 _ [—0.0118 0.0091
My = [0.0259 0.1620 } ;o My = [70.0083 70.0133] ’
¢ = [0.0130 —0.0007} ¢, — [70.0130 0.0007 ]
1= [0.0006 0.0047 1> 2 = [ —-0.0006 —0.0047 | -

and the upper bound of the #, norm value is v = 1.49.
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Monte Carlo Simulation

The simulation setup is the same as in Section 2.4, where the fault is a sinusoidal
signal 0.025sin(k), and the system is subjected to a white noise with zero mean
and deviation equal to 0.01. The Monte Carlo simulation with 300 rounds was
performed.

In this simulation it is presented a comparison between the proposed approaches
in Theorem 3.7, 3.8 and a nominal solution using solely the state-feedback con-
troller, which is designed using [112]. The results obtained are presented in two
distinct sets of graphics, the first set presents the situation when the system is
subjected to fault, and the second set is the situation where there is no fault. The
sets are organized in the following manner: in Fig. 3.10a we present the mean
and standard deviation for both tank levels h; and h, obtained using Theorem 3.7,
in Fig. 3.10b we present the mean and standard deviation for both tank levels h;
and hs obtained using Theorem 3.8, the third graphic represents the mean and
standard deviation for both tank levels h; and h, obtained using solely the nominal
controller, the fourth graphic compares the mean of both previous graphics. The
fifth graphic is the mean and standard deviation of the control signal obtained using
Theorem 3.7, the sixth graphic is the mean and standard deviation of the control
signal obtained using Theorem 3.8, the fifth graphic is the mean and standard
deviation of the control signal obtained using the nominal controller, and the sixth
graphic is the comparison of the fourth and fifth graphics.

In Fig. 3.10d it is possible to observe that the proposed approaches mitigated
the effect of the fault when compared to the nominal approach. Another important
aspect is that the standard deviation obtained in all simulation are all similar, which
is important since it shows the second-moment stability. As shown in Fig. 3.10d,
the mitigation is noticeable for the approach in Theorems 3.7, and 3.8, which was
the aim of the approaches. Regarding the control signal, as shown in Fig.3.10h the
control signal presented a discrepancy between the control signal obtained using
the Theorems 3.7, 3.8 and the nominal controller, however, this difference is not
relevant.

Now for the analysis of the simulation without fault, it is important to ob-
serve that the effect of the accommodation controller in the nominal situation
was neglectable, which is desirable, since the FAC should not alter the nominal
performance. From Fig. 3.11d we may state that there is no noticeable difference
between all three curves, the same can be said regarding the standard deviation.
Therefore, the results in Theorems 3.7, and 3.8 are suitable solutions for the FAC
problem.
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Figure 3.10: Mean and standard deviation for the states and control signal obtained
using the FAC designed via Theorems 3.7, 3.8, 3.9, and the nominal control. These
results were obtained via simulation where the system is subjected to an oscillatory
fault.
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3.5 Concluding remarks

In this chapter we provided the theoretical results to design an FDF and FAC under
the MJLS with parameter estimation, furthermore, we also illustrated the viability
of the methods presented using some examples. From the results obtained via
simulation, we can say that the proposed approach worked as expected. For the
next chapter, we introduce the design of the FDF and FAC under the Markov Jump
Lur’e Systems.
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Figure 3.11: Mean and standard deviation for the states and control signal obtained
using the FAC designed via Theorems 3.7, 3.8, 3.9, and the nominal control. These
results were obtained via simulation where the system is subjected to an abrupt
fault.



Chapter 4
FDF for Markovian Jump Lur’e Systems

jected to faults, including communication loss. However, another intrinsic
aspect that is present in the majority of the systems is the non-linear behav-
ior. The earlier results presented herein, are based on the premise that it is possible
to linearize the system and get a proper model. Yet, in some cases, linearizing the
system removes a crucial behavior of the system [70]. Therefore the use of a proper
framework that considers the nonlinear behavior is of utmost importance. For that
reason, here we are using the Markovian Jump Lur’e System, which allows us to
model the network as in the previous chapter and add the nonlinear behavior at
the same time.

The results presented in this chapter were published in the following:

@S already discussed in the previous chapters all systems are inherently sub-

* Subsection 4.2 presented the Fault detection filter for discrete-time Markov
jump Lur’e systems, was published and presented in the European Control
Conference 2021 [21].

4.1 Preliminary for Markovian Jump Lur’e Systems

Consider the discrete-time Markov jump Lur’e system as

x(k+1) = Agiyz (k) + Gomy oy (p(k)) + Joyw(k),
G:Qp(k) = Coyz(k), 4.1
2(k) = CLouyx(k) + Hory o) (p(k)) + Dogyw(k),

where vectors z(k) € R", p(k) € R", z(k) € R"=, and w(k) € R", represent
the system states, the output related to the nonlinearity, the system output, and
the exogenous input, respectively. We consider that w(k) € £,. The term ¢(.) is
considered to be a memoryless non-linearity. Observe that all the terms in (4.1) are
dependent on the index (%), which represents as before the Markov chain jump
parameter [100].

The N non-linearities ;(-) are restricted by the following assumptions:

* Assumption I: ¢;(0) =0
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* Assumption II: for each non-linearity there exist positive define matrices
Q; e R™»*™ forallp e R",¢=1,--- ,ny, such that

vie)(P)wi(p) — Qipley < 0. (4.2)

As described in [71], the non-linearities ¢;(.) satisfy their respective cone bounded
sector conditions and are assumed to be decentralized, which allow us to write

SC(i(.),p, Ai) = wi(p) Ailpi(p) — Qip] <0, (4.3)

where A; € diag(A\g,i)¢=1,... n, € R"»*"» are diagonal positive semidefinite matri-
ces, considering (4.2) we can say that (4.3) holds for all i € K, for all p € R"». As
a by product of (4.2) the inequality (4.3) holds for

[Qiple[pi(p) — Qiple <0, 4.4
which implies that
0 < @i(p) Niwi(p) < wi(p) Nihip < P'QAp, Vp e R, (4.5)

when A; is a diagonal positive semi definite matrix. Now we present the Mean
Square Stable (MSS) definition used throughout this work.

4.1. DEFINITION. System (4.1) with w(k) = 0 is MSS if, for any initial condition
x(0) = g € R™=, and initial distribution 6(0) = 6, € K,

lem E{z(k)'z(k)|zo, 00} = 0. (4.6)

For a detailed discussion, see [33, 55].

4.1.1 Candidate Lyapunov function

We define the candidate Lyapunov function as

K x R — R,
V. { “4.7)

(1,2) = 2’ Pix 4 2(p}(Cx)) A Q;Chix,

where matrix P; € R"=*"= V¥ € K is symmetric positive definite, and the diagonal
matrix A; € R™*"» is positive definite.

Observe that inequality (4.5) allows us to define a lower bound, as in v,(z) =
2/ Pz, and an upper bound, v;(z) = z'(P; + 2C[QA;Q,;C;)z, for the candidate
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Lyapunov function. By consequence,

(x) < V(i,z) < 9;(x),Vi e K (4.8)

Y

From the above, we can state that the candidate Lyapunov function possess these
properties:

* V(i,x) > 0,V € R" 4 € K, which is guaranteed by the left hand of the
inequality (4.8).

* V(i,z) = 0if and only if x = 0,Vi € K. This property is guaranteed by
imposing that P; > 0 in the inequality (4.8).

* V(i,x) is radially unbounded, Vi € K.

The main reason to use this particular Lyapunov function is to allow us to draw
results solely under Assumptions I and II. As consequence, it is no longer required
any further assumptions regarding the slope of the non-linearity, which is the
classical approach for the discrete-time domain Lur’e system, [64, 65, 66].

4.1.2 *H,, norm for Markovian Jump Lur’e Systems

Assume that the system (4.1) is MSS and zo = 0. Its H., norm [34] is then given
by

2|2
Gl = sup
0AweL2,00€K ||w||2

(4.9)

An upper bound v > 0 for the H ., norm can be acquired by using the following
lemma which is based on the stochastic stability constraints presented in [64, The-
orem 5].

4.1. LEMMA. Consider that the Assumptions I and II are satisfied. System (4.1) is
stochastic stable and the norm constraint |G|« < 7y holds if there exist symmetric
P, > 0 and diagonal positive semidefinite matrices T;, W;, A; such that the following
LMI

P; . . . e o
(W;—A)Q;C; 2T; . . o o
(E;(W)—E;(A))Q;C; A; I 2E(W) e o e
0 0 1 VI e e >0, (4.10)
C.i H; 0 D; I e
E;(P)A; E,(P)G; 0 E;(P)J; 0 E;(P)

is satisfied for all i € K, where Il = (E;(W) — E;(A)Q,C;Gy, TT = J/CIQ (B (W) —
Ei(A)).
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Proof: Let us show that if there are matrices P; > 0 such that (4.10) is satisfied
then |G| < 7. Pre- and post-multiplying (4.10) by diag(Z, I,1,1,1,E;(P)~!) and
applying Schur complement in (4.10), we get that

AlE;(P)A;—P;+C.,C; . . °
il GiE;(P)G;+H/H;—2T; . |l <o 11
(Ei(A)—E;(W))Q:iCiA; (Ei(A)—E;(W))Q:CiGi —2E;(W) o | = (4.11)

J/E;(P)A;—D}C.; J!E;(P)Gi+D,H; o I

I = J/E;(P)J;+D,D;—~?. Pre- and post-multiplying (4.11) by [z(k)" ¢;(p(k)) ¢:(p(k+
1)) w(k)], and following a routine computation, we obtain

2(k + 1) Eoq (P)z(k + 1) + 20(k+1) (0(k + 1)) Eo(r) (A) Q0 (k1) Coper (ki +1) - -
+ x(k) Poryz (k) + 200(k) (P(K))" Do (k) Q0 (k) Cory 2 (k) - - -
—28C(wo(k+1)(k +1),p(k + 1), Egy (W)) - - -

- QSC(@G(k)(k):p(k’)v T9(k)) + Z(k)lz(k) - ’YZW(k),w(k) 0. (4.12)

N

Considering that the o-field § is generated by the variables {z(l), w(l),0(l);] =
o,--- ,k} we get that (E(k + ].)’Eg(k)(P):L'(k + 1) = E({E(k} + 1)’Pg(k+1)$(k + 1)‘3k)
Hence E(z(k+41)'Eg(y)(P)x(k+1)) = E(x(k+1)' Py(pq1)2z(k+1)). In what follows,
we recall that SC(.) < 0 as in (4.3). From (4.12), and summing over k from 0 to T,
we get

T
ZE |:$E(k‘ + 1),P9(k+1)$(1€ + 1) s
k=0

+ 200(r+1) (P(k + 1)) Agrt1)Qos+1) Cornyz(k +1) - - -
—28C(wo(k+1)(k +1),p(k + 1), Wo(kg1)) — 2SC(pi(k), p(k), Tock)) - - -

<0 <0

+ 2(k) z(k) — 72w(k)'w(k)] < 0.

It follows then that

T T
E(V(T + 1)) — E(V(T) + S E(l=(k)[%) — 7 S E(lw(®k)|?) < 0. (4.13)
k=0 k=0

Considering w(k) = 0 and recalling that C.,C,; > dI we obtain from (4.13) that
22:0 E([|z(k)|[* < LE(V(0)) and taking the limit as T — oo yields the stochastic
stability property. When zy = 0, it follows from (4.13) that ZE:O E(||z(k)|?) —
vy 2270 E(||lw(k)||?) < 0. By taking the limit T — oo, we obtain the desired result.
|



4.2. Fault Detection Filter for Markov Jump Lur’e Systems 91

4.2 Fault Detection Filter for Markov Jump Lur’e Sys-
tems

The scheme that describes the Fault Detection Filter is presented in Fig. 4.1.
Observing the topology in Fig.4.1 we need to describe the system, control law, and

Noise w(k) z(k)

|
A 4
Fault (k) | Syst y(k) eom [ r(k) re(k)
> éz(i;“ oy (-) -] Filter Go(x) > @ >
y
A
Po(k)
u(k)
_.
¢ o

Figure 4.1: Fault Detection Scheme for Lur’e systems.

the Fault Detection Filter (FDF), to provide the design of the FDF.

The Markov Jump Lur’e System subject to faults is described as

z(k+ 1) = Agryz(k) + Bogryu(k) + Gory o) (Y(k)) + Jouyw(k) + Foqy f(K),
G: (k) = Couyz(k),
z(k) = Ceoyz(k) + Hoky o) (y(k)) + Doyw (k) + Ep f(K),

(4.14)
where z(k) € R"= represents the system states, u(k) € R™ represents the control
input, w(k) € R™ denotes the exogenous input, z(k) € R"= represents the output
signal, and f(k) € R™ denotes the fault signal. We assume that w(k), f(k), € £

Recall that, ¢;(-) is under the assumptions I and II in (4.2). The index 6(k)
represents the Markov chain, as described in (4.1).

The control signal is obtained using the state feedback controller
K= {ulk) = Kogrya (k) + Rogwy 2o (u(k)). (4.15)

The main objective in this paper is to design a Fault Detection Filter to generate
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a residue signal r(k), the FDF is defined as

n(k + 1) = Apoeyn(k) + Mgy ulk) + Buo 2(k) + Lok o) (y(k)),
F (k) = Cporyn(k) + Doy 2(k), (4.16)
77(0) = "o,
where (k) € R"= represents the filter states, u(k) € R™ represents the control
input, (k) € R™ denotes the residue signal, and f(k) € R"™/ denotes the fault

signal.
Considering that r.(k) = r(k) — f(k), we get the augmented system

w(k + 1) = Agy@(k) + Gou Bocy (y(k)) + Jouyw(k),
Gaug = § y(k) = é&(k)j(k)> (4.17)
2(k) = Coou@(k) + HownyBor) (y(k)) + Doy (k),

where #(k) = [e(k) n(k)], Goy(y(k) = Pog(y(k)), (k) = [w(k) f(k)], hence,
the augmented matrices that compose system (4.17) are

e Mm'Ki + BmCzi Am' ’ e Mm'Ri + ﬁm' ’
= Ji F; % o _
Jz' - |:B7,7D1 BmEz:| ’ Ozz - [Dnzczz C'r]z} ’
D; = [D,;D; DyFE;—1I], Hi=DyH; C;=][C; 0]. (4.18)

Define the performance criterion for the H., norm case as:

)
IGanglloo = sup  Arel2 o 4.19)
@lla20,0es 1012

where the main purpose is to design the FDF as in (4.16) minimizing the H ., gain
~ > 0 for the augmented system (4.17).

4.2.1 *H,, Fault Detection Design for MJS Lur’e Systems

4.1. THEOREM. Consider that both Assumptions I and II are satisfied. There exists a
filter as in (4.16) such that (4.17) is stochastic stable and ||Gaug||oo < 7y if there exist
symmetric positive matrices Z;, X;, matrices with appropriate size O,;, V;, I';, T;,
and diagonal positive semidefinite matrices T;, W;, A; € R™*™v such that the LMI
constraints (4.20) are satisfied for all i € K where
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Z; ° . ° ° ° ° ° .
Z; X, . . . . e o .
(E; (W)=Ei(A)Q:Ci (E:(W)—E;(A)QCs 2T; . . . o o .
II 11 3 2E, (W) ° . o o .

0 0 0 ot 4%r o o o . >0,
0 0 0 1164 0 VI e e .
DyiCi+Coi DyiCli Dyi H; 0 DniDi DpiE;i—I1 e .
E:(2)(A;+B; K;) E;(Z)(A;+B;K;) 103 0 Ei(2)J; Ei(2)F; 0E;(Z) e

it mit2 o3 0 L8 M0 0 Ey(2) Eo(X)
(4.20)

1% = JICIQ (B (W) — Ei(A)), T%* = F/Ci4(E:(W) — Es(A)),

%% = By(Z)(BiRi + Gi), T = Ei(X)(Ai + BiK;) + TiK; + ViCi + Oy,

M2 = Ey(X)(A; + BK;) + 1K + V0, T3 =Ey(X)(BR; + G;) + TiR; + T,
nte® = E,(X)J; +V,D;, T =E(X)F; + V. E;.

If a feasible solution is obtained, then a suitable FDF is given by A,; = E;(Z—X )1 Onis

Bﬁi = ]El(Z — X)_lvi, ./\/l»,]i = El(Z — X)_lfi, Em- = Ez(Z — X)_lTi, C and
Dy

nis

Proof: Firstly, we introduce the variable substitutions O,; = E;(Z — X)A,;,,
V= Ez(Z — X)Bni; I = Ez(Z — X)Mm‘, and Tz = EZ(Z — X)Enz in (4.20). Now
consider the structure, extracted from [62], for P;, E;(P), as

32[55]7 Pi—lz[é‘}gﬂ, (4.21)
E;(X) Ei(U) — Ri1; Ro;
Ei(P) - |:Ei(U)/ Ei(U):| ’ Ez(P) t= [R; Ri} : (4.22)
We define the matrices o; and o; as
o
ai=[wrva]s o= [ 5G] (@.23)

From (4.21) we getthat U; = Z; — X;, V; = V/, V; = Z; !, as well as R;}' = E;(2),
as in [61]. Therefore, we can write the following matrices

Z; Z; _ [Ei(2) Ei(2
o P = [Z'i Xi] , oiEi(P)oi = [EiEZg Eiézg] ’
(E;(W) — E;(A)Q:Cia; = [(B:(W)—E;(A)2;C; (B; (W) —E; (A)2;C; ],
(Ei(W) — E;(A)QC; Ajary = [(Bi (W) —E; (A)QC4 (Ai+Bi Ky) (B (W)—Ei(A)2Ci(Ai+BiK) ],

1 E;(Z)(A;+B;K;) E;(Z)(A;+B; K;
Cz’LOli:[Dniczi+C77'i Dmczi}, a‘gAiai:[ i )(Héj i Bi) Eq( )(Héz g 7')],

020 = B (X)(A; + BiK;) + B (U)Moyi K + By (U)ByiCai + Es (U) Ay,
%2 = E;(X)(A; + BiK;) + Ei(U)My; K; + E;(U)Byyi Cs,
(E;(W) — E;(A)QCiGy = [ (B:(W)—Ei (M) Ci(B; Ri+G:)],  H; = DyiHi,
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1AL E;(Z)B;R;+E;(2)G; N — D D E.—
0;Gi = [EL’(X)(BiRi+Gi)+Ei(U)(MniRi+£ni) » Di=[PniDi PoiBiml],
ol J = [ Ei(2)J; E;(Z2)F; ]

i Ei(X)J;+E; (U)ByiD; Ei(X)Fi+E;(U)Byi E; | -

From the above LMI, (4.20) can be rewritten as

oz;Piai . . e oo

(WifAi)Qié’ia,; 2T; . e oo
0 0 O; ~%I ee | = 0, (4.24)

ézj&i, gi’ 0 Dl I e

aéAiaqy UéGi 0 o'é 5 011

where

IL; = (Ey(W) — E;(A))QC:Gy, 11 = J[CIU(E; (W) — Ei(A)),

1:[ = O';E,;(P)ila'i.

Pre- and post-multiplying (4.24), respectively, by diag(a; *,I,1,1,1,1,0; "), and
after that pre- and post-multiplying it by diag(Z,I,I,1,,I,I,E,(P)), we get that
the LMI constraint (4.20) implies the LMI constraint (4.10). It follows subsequently
that (4.17) is stochastic stable and that |G| < 7. [ |

4.2.2 Simulations Results

For the illustrative simulation for the Lur’e system, we used the classic example
of a mass-spring from [71]. A deeper discussion about the model is presented in
Appendix A. The matrices that compose the discretized model of the mass-spring
system are

Ao = [ 200100 Joorst)» Bz =[S503], Gia=1[0%5],J1.2 = 0.01 X By,
F1,2 :B1,27 Cl 2127 CQ :02><27 Czl = 27 CZ2 :02><27

Hyp =021 Dy, =10731**" E,=0"' Q=075 Qy=0.50,
P=[5§63] (4.25)
The matrices that compose the control law in (4.15) are

Ky =[-00002 —0.0158], Ky = [—0.0368 —0.2877]

Ry =[55373x107°%], Ro = [2.1034ex107%% ],

The non-linearity is ¢(y) = Q;(y)?, i € [1,2]. The noise signal is a white noise in
the broad sense, with null mean and standard deviation of 0.1.
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The FDF designed using Theorem 4.1 is

_ [—0.0097 —0.1416 _ 107 [ —0.0257 —0.2720
Anl = [ 0.0001 0.0012 ] ’ An2 =10 [ 0.0007 0.0374 ] ’

B, = [ 1.0522 105.2372} B,o = [72.0240 2.0240 ]
nl — [ —0.0165 —0.0713 | » m2 — | 0.0172 —0.0172] >

Mo = [S5] - Moy =107 [8557),
L = [_—10?'03268226] o Ly = 10° [T)%ig?g] )
Cn = 107° [0.0781 —0.1328] Cpa = 103 [0.0170 ~0.1342]

-5 . —5 (¢ 1a
Dy = 1077 [-0.1711 —0.1893 ], D5 = 1077 [0.1335 —0.1333]

and the upper bound is v = 0.92.

Monte Carlo Simulation

Observing the matrices of system (4.25), we consider that the fault in this example
represents problems with the actuator. The specific fault signals represent that the
actuator performance drops by 10% starting at ¢t = 125s. A Monte Carlo simulation
with 300 iterations was performed, and the results are presented in Fig.4.2, Fig.4.3,
which represent, respectively, the residue signal, and the evaluation function.

5
[Istandard Deviation [Istandard Deviation
- - 'r(k) Theorem 4.1 r(k) without fault

50 100 150 200 250 300 50 100 150 200 250 300
Instant k Instant k

(a) Residue signal obtained using the FDF (b) Residue signal obtained using the FDF
designed via Theorem 4.1. designed via Theorem 4.1 without fault
signal.

Figure 4.2: The mean and standard deviation of the residue signal obtained using
the FDF designed via Theorem 4.1.

In Fig. 4.2, it can be observed that the FDF designed using Theorem 4.1 properly
reacted to the fault signal as designed. Regarding the residue signal without fault
in Fig. 4.2, when there is no fault signal the residue is close to zero for the entire
simulation. It is not completely zero due to the presence of the noise signal w(k)
and to the switching behavior from the Markov Jump Systems.

Fig. 4.3 presents the evaluation function that is represented by the mean and
standard deviation. It can be seen from this figure that the designed FDF is able
to detect the fault in all cases within the range of [127 132]s. It shows that the
designed FDF provides a satisfactory level of reliability. The above simulation
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[Istandard Deviation

[Istandard Deviation
- - “Eval(k) Theorem 4.1
TH

Eval(k) without fault

Eval(k)

50 100 150 200 250 300 50 100 150 200 250 300
Instant k Instant k

(a) Evaluation function obtained using the (b) The mean of the evaluation function
FDF designed via Theorem 4.1. for the simulation without fault.

Figure 4.3: The mean and standard deviation of the evaluation function obtained
using the FDF designed via Theorem 4.1.

results show that the proposed method can provide a feasible solution for the fault
detection problem.

4.3 Concluding remarks

In this chapter, we presented Lemma 4.1 and the design of an FDF under the
assumption that the non-linear system is subjected to network communication loss,
which was model by using Markov Jump Lur’e Systems. In the next Chapter, we
will tackle the FDF and FAC problem from another point of view, based on the
linear parameter varying systems instead of the Markov Jump Systems.



Chapter 5
FDF and FAC for LPV Systems with
Uncertain Parameters

}o‘ HIS chapter introduces the results regarding the Fault Detection and Fault
Accommodation using the Linear Parameter varying as a base. An important
E premise in this chapter is that the LPV parameter is not directly accessible.
To circumvent this issue usually, we implement an estimation process to gather
the LPV parameter, when these procedures are implemented normally we assume
that the estimation is precise, however, this is not completely true, and in some
occasions there will be a discrepancy between the parameter and the estimation.
To deal with this imprecision and guarantee the FDF and FAC performance we
added this imprecision during the design process using the multi-simplex approach
to model an additive noise on the parameter.
The results presented in this chapter were published in the following:

* Subsection 5.3 presented the H., and s Gain Scheduled Fault Detection
Filter, which was published in IEEE ACCESS October 2021, [23].

* Subsection 5.4 presented the #., and H, Gain Scheduled Fault Accommoda-
tion, which was published and presented in the 4th IFAC Workshop on Linear
Parameter Varying systems 2021, [22].

5.1 Notations

5.1. DEFINITION. The unit-simplex Ay of dimension N € N, with N > 2 is defined
as

N
Av={CeRN:) (=1,G20i=1,...,N}. (5.1)
=1

5.2. DEFINITION. The multi-simplex A, n is defined as the Cartesian product of
m simplexes (as in Definition (5.1)) with dimension of N, that is, A, v = Ay X

- X Ay with the Cartesian product containing m terms. Thus any 0 € A, n
can be decomposed as 0 = (01,0s,...,0,,), with 0; = (0;1,0;2,...,0;n) € An,
ie{l,...,m}.
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5.3. DEFINITION. Homogeneous polynomial: For a unit-simplex Ay of dimension
N €N, a polynomial ¢g(0), 6 € Ay is named a homogeneous polynomial of degree
I € N if all its monomials have the same total degree [. As an example, assuming
0 = [61,0:] € Ay, and g(0) = 63 + 03605 + 0,03 + 03, g(0) is said to be homogeneous
polynomial with a degree of | = 3. Set Kg\l,) as the set of N-tuples obtained from
all possible combinations of N nonnegative integers k;, j = 1,...,N, with sum
k1 + ko + ...+ kn = . A homogeneous polynomials with o degree is defined as

A(0) = Z 0% Ay, (5.2)

0
kek{

ke gk k ke
where 0% = 017052 - .03 =TI0L 677

5.2 Preliminary for LPV Systems
Consider the following discrete-time LPV system

. (5.3)

{L(k + 1) = Ag(k)l(k) + Jg(k)w(k),
z(k) = Cyaryz(k) + Doryw(k),

where z(k) € R™ represents the state vector, w(k) € R™ represents the exogenous
input, and the z(k) € R"= denotes output signal. We assume that the matrices
Agys Joeky> Cory> Docry in (5.3) depend on the parameter (k) in the affine form

as
m

Agry = Ao + Z 0; (k) A, (5.4)
=1

where Ay, ..., A,, are given matrices and (k) = (0;(k), ..., 60,,(k)) are bounded
time-varying parameters satisfying |0;(k)| < ¢;, t; € RT, i = 1,...,m, V k> 0.
Similarly for Jy (1), Co(r), Do(r)- Observe that the affine form is a particular case of
the parameterized form in (5.2) with a degree of 1. Note that if we describe the
matrices in (5.3) as polynomials with a degree equal to 0, system (5.3) becomes
parameter-independent.

5.2.1 H. Guaranteed Cost Analysis

In this subsection, we introduce a few concepts that will be important later on
regarding the #., norm. The H., norm is a classical performance criterion that
can be computed using the Bounded Real Lemma (BRL), as proposed in [40] for



5.2. Preliminary for LPV Systems 99

LPV systems. For the system as in (5.3), its ., norm is defined by

k
10l = sup JZB:

T wk) € Ly (5.5)
lw(k) 2220 lw(E) |2 (k) € £

In the following lemma, based on the conditions from [39], we present the
Bounded Real Lemma (BRL) for LPV systems where an upper bound for the H
norm is computed via parameter-dependent LMIs. For the sake of simplicity we set
0 =06(k),and v = 0(k + 1).

5.1. LEMMA. If there exists a symmetric positive definite matrix P,, such that

Py . o o

Py A, P, o o

[ f]é‘) o oI e ] >0, (5.6)
0 CoPy Dy vI

holds for all 6(k), k > 0, then ~y is an upper bound for the H ., norm of system (5.3),

that is, |Gleo < -

The proof for Lemma 5.1 can be found in [48, Lemma 3].

5.2.2 #H, Guaranteed Cost Analysis

The H» norm is a performance criterion that is associated with the energy of the
impulse response of the system, or in other words,

1 T
[Gll2 = li;njolipE{TZZ(k)’Z(k)}, (5.7)

k=0

where T is a positive integer that represents the time horizon and w(k) is a standard
white noise (Gaussian zero-mean in which the covariance matrix is equal to the
identity matrix) as defined in [6].

Considering an asymptotically stable system in the form (5.3), an upper bound
for its H, norm can be obtained by a set of parameter-dependent LMI constraints,
as introduced in [39] and shown in the following lemma.

5.2. LEMMA. If there exist symmetric positive definite matrices Py, and Wy, such that

[P es] s o, (5.8)
Wy—DgDj e
[ *DaD) Pg} >0, (5.9)

and
Tr (W) < A, (5.10)
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hold for all (k), k > 0, then X is an upper bound for the Ho norm of system (5.3),
that is, ||Gll2 < A

Lemma 5.2 and its proof are presented in [39, Theorem 2].

5.3 Gain Scheduled Fault Detection Formulation

Consider the following LPV discrete-time system

G, — {ﬂ?(k? +1) = Apyz(k) + Boeyu(k) + Jouyw(k) + Fyg f(k), 5.11)

y(k) = Coueyr (k) + Doyw(k) + Do f (K),

where z(k) € R™ represents the state vector, u(k) € R" denotes the control input,
w(k) € R™ is the exogenous input and f(k) € R™ is the fault signal. We also
consider that the signals w, f € £, and recall that the time-varying parameter 0(k)
is bounded as |0;(k)| < t;, t; e RT, i=1,....,m,V k > 0.

The major component in a Fault Detection and Isolation process is the Fault
Detection Filter (FDF), which we can describe as follows

n(k +1) = A 50nk) + M 50 uk) + B, 50 9(k),
]_-::{ n6 (k) n6(k) nf (k) (5.12)

r(k) = (fng(k)n(k) + :Dné(k)y(k)7

where n(k) € R™ denote the filter state and r(k) € R" is the residue signal. Note
that the FDF (5.12) depends only on the estimated parameter 6. We assume that
the FDF in (5.12) can be written in the affine form similarly to (5.4), so that the
matrices in (5.12) are defined as

A, g = Ao + > 0i(k)Ayi, (5.13)
=1

Hence, the main focus of this chapter is to design all the matrices in i, Mpi, By,
Q:ni; :Dni, ) € {1, e ,m}.

Parameter under additive uncertainty

One of the major premises of the present chapter is that the time-varying parame-
ters 6(k) are not directly accessible. Instead, we implement estimation procedures
to gather an estimation (k) of the time-varying parameter (%), which are not com-
pletely precise, meaning that we must assume that 6(k) is an inexact measurement
of 9(k). The design under the assumption of inexact measurements is dealt with
a general model described in [75],[89], in which we assume that the estimated
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parameters 6(k) is a sum of the actual parameter (k) with an orthogonal additive
uncertainty o(k), that is

Hl(k) 291(]{3)4—0'1(]4:), t=1,....m (5.149)

where |0;(k)| < d;, d; € RT, i =1,...,m. Thus, the domain of (6(k),o(k)) is as
displayed in Fig.5.1.

di |-~
oi(k) O
—d; F-- i i
—:tl 0 tL ’
0: (k)

Figure 5.1: Feasible region for each pair (6;(k), o;(k)), borrowed from [89].

From the aforementioned discussion, we may define the augmented system
which depends on both time-varying parameter 0(k), 8(k), by taking e(k) = r(k) —
f(k), as

Gons {i“(k: +1) = Aé(k)e(k)f(k) + Jé(k)e(k)w(k), | 5.15)

e(k) = Cv’é(k)e(k)j"(k) + Dé(}c)@(l@)w(k)’

where we consider the augmented vectors & = [2/(k) ' (k)]', w = [o/(k) d' (k) f'(k)] .
In order to simplify the visualization of the resulting LMIs, we consider hereafter
0 = 0(k), and 6 = 0(k). The following augmented matrices can be obtained:
X Ag 0 < Bo J F
Aé@ = |:%n9‘609 Ql"é:| b) Jég - {Qﬁjé ’BnéeDg %néeng )

Oée =[9,0C0 €3], Dy =[09,4D0 ©,45Ds0-1].

Based on the augmented system as above, we can define the ., Fault Detection
problem as follows.
‘H ., Fault Detection problem: Given a desired H.,-gain v > 0, design the FDF as
in (5.12) such that the H., norm of the augmented system (5.15) satisfies

e
[Gunglloe = sup  Aell2 (5.16)
lofz 20,06, lwll2
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Similarly, we can define the 7 Fault Detection problem as follows.
‘Ho Fault Detection problem: Given a desired H,-gain A > 0, design the FDF as
in (5.12) such that the H; norm of the augmented system (5.15) satisfies

1 T
[Gaugll2 = lim sup E {T > e(k)’e(k)} <A (5.17)

Change of variables

From the discussion presented in the previous sub-sections, a major assumption
in this chapter is that the parameter used by the filter is an estimation of the real
one affecting the system. To deal with this assumption it is necessary to employ
some procedures to design the fault detection filter (5.12). Using, for instance,
the procedures given in [12, 75], we can perform a variable transformation to
deal with this type of parameter subjected to additive uncertainty. These variable
transformations, applied to our context can be seen as

0;(k) +t;

i1 (k) = o dir (k) =

2d;

and the original parameters are retrieved as

Ql(k) = 2t2a11(k) — ti, Ji(k) = 2dl@11(k) — di,

i=1,---,m.

Thus we have that «; (k) = (a;1(k), as2(k)) and &; (k) = (&1 (k), dia(k)) belong
to the unit-simplex as in (5.1) with N = 2, so that a(k) = (a1 (k), ..., am(k)) and
a(k) = (&1(k),. .., Gum(k)) belong to the multi-simplex A,, 2 = Ag X --- X Ay with
m terms. We set a(k) = (a(k),&(k)) € Am2 x Ay 2, where a(k) is related to
0(k), and &(k) to o(k) (the additive noise time-varying parameter). Notice that
the matrices in system (5.3) and in the FDF in (5.12) can be rewritten using the
new multi-simplex a(k), following the procedure explained in [75], which uses the
polynomial homogenisation process presented in [87].

Another assumption made for the numerical procedure is that the parameters
are arbitrarily fast in time so that, by consequence, §(k + 1) is independent from
0(k).

When using the parser ROLMIP [2], associated with YALMIP [77], this proce-
dure is as simple as setting the degrees of the multi-simplex polynomials and the
parameter boundaries. Thus for the numerical procedure, this change of variable
will be applied to derive the FDF in (5.12).
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_Hl,l ° ° ° -

HZ,l W . A ° ° ° °
520 & (Her(Vy)) . . . . . .
3t Vé“eréé Wl/w*Her(Kw") . . . . .
4, 7 7 i
o+t VK Wiy~ Kj—K,5 Whys—Her(K;) o . o . 0
51 §(K,5Be+Ty)  ByK,,+T,  ByKL.+T, 21 e . o | <V,
%Y &(K,5Jo+925Da0)’  JoK! 54+ DygQ JoK 4Dl 0 —~21 . .
07 &(K,5Fa+Q5Dge) FoK|;4D5Q, FoKl,+D5eQ%5 0 0 —2I .
Bigth €6 0 0 0 ©,;Dap ®,45Ds0—1 1 ]
(5.18)

5.3.1 Theoretical Results

In this section, we describe the main contributions of this chapter on the design
of the fault detection filters for solving the previously defined #,, and H., fault
detection problems. It is important to stress that the results will be presented in
terms of the original parameters (k) and 6(k) to highlight that the derived filter
only depends on the measurable parameter (k). For the numerical procedure,
the change of variable presented in Section 5.3 should be applied so that we
end up with multi-simplex polynomials with the new multi-simplex parameter
& € A2 X A 2. As before, for the sake of simplicity in what follows we set
0 = 0(k), 6 = O(k) and 8 = 6(k + 1), and by feasible 6, 3, § we mean that the
constraints imposed in Section 5.3 are satisfied.

‘H oo Fault Detection Filter Design for LPV with uncertain parameter

In the following theorem, we present the design of LPV FDF via LMI to obtain a
guaranteed H., upper bound of the augmented system in (5.15).

5.1. THEOREM. For a desired H, upper bound v > 0, if there exist symmetric positive
definite matrices W11, and Wagp and matrices Wiazg, K45, Kyp, K o Qs Vi, Tp, Q:né’
O with compatible dimensions and a given scalar parameter £ € |—1 1] such that
(5.18) with

! = —Wiip + §(Her (K5 Ag + Q4Cy)),

2! — W+ g(vg + K540 + CéQé% 3! = K ;A9 + Qgco + fKig,

et — K540 + QgC'e + g}{’é, st = E(K 3By +Ty),

%! = (K g Jo +QDap)', T = E(K,gFy +QyDyp)', T =D, ,C,,
holds for all feasible 6, j3, 0 then the LPV FDF (5.12) with ané = Ké_lvé: %né =

K’glﬁé, M,y = K’glfé, € 5=C4 andD ;=12 ;solves the Ho, fault detection
problem (5.16).
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Proof: We apply the variable substitutions V; = K2 5, Q5 = K;B,;, Iy =
Kézmné, ¢n9 = ané, and @né = Dné in (5.18). Assuming the structure of Wy, Ky,
as

Wiie W K,; K,
We = [W};j W;jj], Ky = [Kl? K;] : (5.19)
as well as the augmented matrices in (5.15), the inequality (5.18) can be rewritten
as

—WotE(Her(KsAgg)) Ay, Ki—EKs €K5755 Cpy

KsAgs—6KG  —Wp—Ks=Kj Kzlpg 0
914K Tk 1 g, | <0 20
Cps 0 Dys -1
Moreover (5.43) can be written as
Qosp + U(;élC;;VJr V'KgUys < 0, (5.21)
where
Wy 0 0 ¢
| o -ws 0 0
Qaéﬁ - 0 0 —*I Djs |~
Chpo 0 Dy -I
S 2 I
U= || V:[é]. (5.22)
00 0
0
Now, we pre- and post-multiply the inequality (5.50) by
IA;00
{0 T T 0] ; (5.23)
00 01

and its transpose, respectively, and after that applying the Schur complement and
using arguments similar to those explained at the end of the proof for Theorem 5.2
we end up obtaining constraints that are equivalent to those for the bounded real
lemma (5.6), concluding the proof. B

‘Ho Fault Detection Filter Design for LPV with uncertain parameter

The next theorem presents the LPV FDF design using an upper bound for the
guaranteed cost for the s norm of the system (5.15).

5.2. THEOREM. For a desired Hy upper bound A > 0, if there exist symmetric positive
definite matrices Y110, Ya29, My, and matrices Y129, X4, X5 X'é, Qp, Vi, T, 6179’
D, with compatible dimensions, and a given scalar parameter § € ]—1 1] such that
the following inequalities
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Tr(Mpg) < A%, (5.24)
—Y110+E(Her (X, 540+24C0)) . . ° e o o
7Y129+§(X29*A9+Qé09+vg) 7Y229+£H61’(Vé) ° ° e o o
X,6A0+Q3Co+EX V@—&-{X;é Yllﬁ_Xié_Xlé . e o o
XzéAg-i-QéCg-‘eré Vé+£Xé Yl/zﬂ—XQQA—Xé Y225—Her(Xé) e o o
§(BéX1é+F;§) g(BéXééJrFé) BéX1é+F;§ BéXQ{;Jng —I e o
E(JéXié—Q—D&GQé) §(JéXéé+DQQQé) JéXié"‘D:iteg JéX;é—&-D;wQ;» 0 —I1 e
{(FéXié-l-D/fng) §(FéX;é+D}QQ/é) FéXié—&-D}eQé FéX;é-i-D/fng 0 0 —1I
(5.25)
My ° e oo o
Cé@:]é Yiie o eee
C;]é Y/pp Yooo 0 @ @ S O, (526)

0 0 0O Tee
Dl’w@’né 0 0 O01le

’ ’
ng@né_l 0 0 001

hold for all feasible 6, j3, , then the LPV FDF (5.12) with A5 = Xé—lvé, B, =
X';lQé, Mm, 5 = X'eflI‘é, ¢ 5=C4 and D, ; =D, ; solves the Hy fault detection
problem (5.17).

no’

Proof: First, apply the variable substitution V; = Xy, 5, Q5 = X8 5, T; =
X,;m €5=C0 and 9,5 =9,,1n(5.25). Considering the augmented matrices

no>
given in (5.15), and the following structures for X, Yy, V3,
X145 X4 Y; . Y .
X5 = {X:: X:] , Yy = [Y;Z Ym] , Yg= {Y;Z Yzza] , (5.27)

we can rewrite the constraint (5.25) as

0670 ’
° Yg—Her(Xé) XgJdgs
.

—Yo+&Her(X5A,5)) AL X5—€Xg €X5,5
< 0. (5.28)

Rewriting (5.28) we get

Qop + Uy X5V A+ V' XUy < 0 (5.29)

where

~Ys 0 0 ) .
QGB:[ o Y 0]7 Ups = [Aes =1 o5, V =[el10].

o o —]

Let the null space for U,; and V' be given by

I 0 —10
Ny = {Agé J} cand Ny =[erol. (5.30)
0 I 0

1

<0,
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Now, if we pre- and post-multiply (5.28) by N/, and Ay, respectively, and apply
twice the Schur complement to the result of this procedure we recover the condi-
tions presented in (5.8) with P, = Y, * and P, = Yﬁfl. Regarding the constraints
(5.26) we consider the same variable substitutions as at the start of the proof. After
that, applying twice the Schur complement we obtain the constraint (5.9) with
Wy = My. B

Mixed Hs / Ho, Fault Detection Filter Design for LPV with uncertain parame-
ter

In this section, we provide a mixed procedure aiming to improve the FDI per-
formance combining the results for H, and H., norms introduced earlier in this
section. A simple approach to obtain a mixed solution when dealing with LMI
constraints to solve both optimization problems simultaneously, for instance, we
can consider the following two optimization statements

(i) Assume a weighting scalar v, we solve the constraints assuming an objective
function of the form

where ||Gaugll3 < A and ||Gaygl/% < 7-

(i) Given one of the upper bounds of the H, or H., norms, A > 0 or v > 0,
respectively, we solve the constraints in order to minimize the other upper
bound.

Before we introduce the main result of this section, consider the following set
of variables

Y= {Wna >0, Wigg, Wazg >0, X5, Xo5, Y110, K5, Y120, Yoo, Ky,
My > 0, X(; = Ké > O,Vé, Qé, Fé7 Cné, @né}, (5.32)
Y1 = {Wi1g > 0, Wizg, Wazg >0, X 5, Xo5, Y110, K 5, Y120, Ya20, Koy,
My >0, X5 = K;> 0,5 @ Ty, €5, 9,5 UG (5.33)
where (; denotes the set containing A and ~.

The next theorem provides a sufficient condition for the FDF design for the
mixed Ho/H o problem.

5.3. THEOREM. If for a given upper bounds \ > 0 and v > 0 there exist ¢ as in
(5.32) such that the inequalities (5.18), and (5.24)-(5.26) hold for all feasible 6, (3,
0, then a suitable LPV FDF as in (5.12) which solves simultaneously the H., and Hs
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fault detection problems (5.17) and (5.16) is given by 2, 5 = Xé—lvé, B, = Xé_lQé,
S)T("é = X(;lfé, ¢ 5= Qné’ and Dné = @né. Alternatively, one can consider both or
one of the upper bounds X\ and =, as variables, and solve the optimization problems in
11 (5.33) according to the stages (i) or (ii).

Proof: The proof follows directly from the proofs for Theorems 5.1 and 5.2. B

5.1. REMARK. Notice that Theorems 5.2, 5.1 and 5.3 are LMI conditions that provide
the system performance regarding the Hoo, Hz, and Ha/Ho, respectively. Observe
that the LMI conditions in (5.24), (5.25), (5.26), and (5.18) , are defined as infinite
dimensional optimization problem that must be solved. By using the change of
variables presented in sub-section 5.3 and explained at the beginning of this section,
we can re-write the LMI optimization problems in terms of the new multi-simplex
parameter & € Ay, 2 X Ay, o. This sort of optimization problems is hard to deal with
but, however, they can be handled by using the modern LMI Parsers as ROLMIP [2]
and YALMIP [77], which allow us to set polynomial degrees for the optimization
variables. This type of polynomial relaxation permits the problem to be rewritten as
an analysis of the positivity of homogeneous polynomial matrices (see Definition 5.3),
which is the procedure made by the ROLMIP, and after that the next step is to use a
semidefinite programming solver to acquire the solution.

5.2. REMARK. Note that in Theorems 5.2, 5.1, and 5.3 the variables that define if the
FDF is in the Robust form or in the Affine form, are V5, 3, T'y, € 5, ®, 5, and X;. If
the degree of those homogeneous polynomial matrices are set to be 0, the FDF designed
will be Robust, meaning that the FDF obtained will be parameter-independent. For a
homogeneous polynomial matrices degree equal to 1, the FDF obtained will be in the
affine form. Observe that a higher degree of the homogeneous polynomial can be set,
leading to the design of FDF with a higher degree. It is important to discuss that it
is also allowed to change the degree of the other variables in Theorems 5.2, 5.1, and
5.3, such as Y114, Yi2s, Yoou, My, Wi19, Wise, and Waog , with this choice mainly
affecting the level of conservatism and the computational effort.

5.3.2 Simulations Results

As in the previous sections, we are using the coupled-tank model with a fault signal
representing an abnormal input on the first tank. The LPV parameter in the tank
couple models a flux variation in the connection between tanks. The matrices that
compose the system on the LPV formulation is given by

__ [—0.0239 —0.0127 _ [0
Ay = [ 0.0127 —0.0285] , Ax= [1
0

1, B:[O'glo.()?ﬂ» J:[O'O(())no.o%?l]a
F=[0, c=I1"? D=]| ]

1

0

.01 0 — [0 _
o9, E=[3], l0(k)I<t:=0.03,
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where F has the same structure of the control input matrix B, representing an
abnormal input in the first tank, and the matrix F is null since we do not consider
that there is a sensor fault during the simulation. Observe that the only matrix that is
subjected to LPV is matrix A, representing a variation in the valve that connects both
tanks. Regarding the estimation parameter, we need to set a specific value for the
range of o (k) beforehand. We can find in the literature some possible ways to obtain
this range, see for instance [89], where a Monte Carlo simulation is performed
to obtain this information which is a reliable method to find this range when
implementing the FDI. However, since finding the range of o (k) is not the focus
of the present chapter, we arbitrarily set the range of o(k) as |o(k)| < d; = 0.01.
To obtain the estimated parameter § we implemented the Recursive Least Square
(RLS) algorithm [94, 104]. We note that any other adaptive filter algorithms can
also be implemented to obtain 6, such as ., adaptive filter algorithm or Least
Mean Square-based algorithm.

Remark: Note that the level of reliability in the estimation process is directly
connected with the value of o(k), as the less reliable the process the higher the
value of o (k) must be.

The parameter (k) behavior is presented in Fig. 5.2 which we assume to be

[

—alk)

a(k) = a(k) + o(k)

-0.02 1
0 150 300

Instant k

Figure 5.2: Behavior for the Linear-Parameter variable 6(k) and o (k).

the representation of an imprecision in the valve that interconnects the first tank
with the second one.

In the sequence, we present the simulation results given in two distinct parts,
the upper bound behavior analysis, and temporal analysis. First, we analyze the
obtained values for the upper bounds A and v when performing a search in the
scalar ¢ in the range ]—1 1[ with 100 steps with the same length. These values for
the upper bounds are shown in Fig. 5.3.

Examining the curves in Fig. 5.3, for the first behavior we can observe is that the
values of v and A considering the robust form are higher than the affine structure.
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—~05F Theorem 5.1 i

Theorem 5.2

Figure 5.3: Upper bounds ~ and A behavior for Theorem 5.1 and 5.2 when scalar £
varies. Rob denotes the results using the Robust structure, and Aff represents the
results using Affine structure.

This is an expected result, mainly due to the less amount of variable in the LMIs
that leads to a higher level of conservatism imposed in the optimization problem.

Following a similar procedure, we consider the mixed #H5/H ., guaranteed costs
approach. For that, we assume a fixed upper bound v = 0.01 related to the upper
bound for H, and we search for the minimum value of )\, as it was introduced in
statement (ii) in Subsection 5.3.1. In Fig. 5.4 we present the obtained values for
the upper bound )\ given the aforementioned information when the scalar ¢ varies
in the same interval as previously used.

0.8
——Rob
= 0.6 Theorem 5.3 i
S
o4t 1
-
,<
0.2t \ ]
O L I T
-1 -0.5 0 0.5 1
3

Figure 5.4: Behavior of the upper bound X for Theorem 5.3 when ¢ varies and
~ = 0.01. Rob denotes the results using the Robust structure, and Af represents the
results using Affine structure.

Looking at the curves shown in Fig. 5.4 a few statements can be made. Re-
garding the robust form of the FDF, we see that the first feasible solution for
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Theorem 5.2 is provided at £ = 0.5. As expected, the upper bound values are higher
considering the robust structure for the FDF when compared to the affine structure.

Similarly to what we observe in Figs.5.3 and 5.4, the higher values obtained
for the upper bounds are the ones assuming the Robust form for the FDF in all the
studied approaches.

The robust filter obtained using Theorem 5.1 to provide the upper bounds for
the H ., norm is given by

_ [~—1.07 —87.06 _ [—1.057 —82.75 _ [—047
A”rob = [oo1 o ] B"rob = [G6007 1058 - M”rob = [Z000) »
C"rob = [0.49 38.31], DT’rob = [0.49 38.35] .

The affine structure obtained from Theorem 5.1 to provide upper bounds for the
‘Hoo norm is given by

A"affl - [70(-](')819 707.%?9] ’ Anaff = [700%30 f()?ga} )
B”affl = [Z0:00 089" ] B"aff2 = [ %%, Tv9%8 ],
Maggg, = (66671 Mg, = [0']

C”affl = [0.49 38.96] , C"affz = [0.00 0.04],

D"affl = [0.49 38.96], D”affz =[-0.49 —38.91].

Regarding the results obtained for the #5 norm using Theorem 5.2, the robust filter
is given by

Anp = 068 03] Bugy = [0 038"], M =[2650]
C"rob = [0.49 4.01], D”rob = [0.49 4.90].
The affine filter obtained with Theorem 5.2 is given by
Angee = [ ) Angge =[50 888),
B’iaffl = [:8:88 70?0?39] J Bnaff2 = [—00980 23(')9170] )
Magee = [Z060] . Mugge = [Zo00]
Cnaff1 = [0.49 1.82], C”affz = [0.00 0.04],
D”afﬁ = [0.50 1.95], D"affz =[-0.49 —1.90].

Regarding the mixed #H, / H results, the robust filter obtained using Theorem
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5.3 is given by

[—1.02 —12.16} ;

ooz 2 [—1.00 —12.14] )

= :[—0.71]
"rob 0.00 0.14 "rob 0.00 1>

n ob = [0.49 36.24].

A"rob:
Cy ob = [0.49 36.28]

The matrices for the affine structured using Theorem 5.3 are given by

afﬁ = [’ =] aff, [ 000 —6.01] »
”aff1 = [00) Tot' ) s B"affg [ Lo foog2]
Mafflz[ ]’ M”afoZ[ 8(7)8],
C"affl [0.49 32.34] C"affg = [0.00 ~16.76]
Dy N4 ff, = [0.49 32.25], D"affz = [-0.50 —49.21] .

Monte Carlo Simulation

Using the similar setup as defined in the previous section, the major difference is
that the network dropout is not accounted for in this simulation, since the designs
proposed in this Section do not deal with this particular problem. For instance,
matrix C is static. The Monte Carlo simulation with 300 iterations was performed
and the results are divided into two classes the Robust, and Affine results. For
each class, we provide the following results, the mean and standard deviation of
the residue signal obtained using Theorems 5.1, 5.2, and 5.3, and after that the
evaluation function for the respective residues.

In Figs. 5.5a, 5.5b, 5.5¢, we present some temporal simulations using all the
FDF designed using Theorem 5.1, 5.2, 5.3 in the Robust forms. Firstly, we present
the residue signal obtained. Observing Figs. 5.5a, 5.5b, and 5.5c, allow us to
conclude that all three cases presented a low standard deviation and similar residue
signal. The result obtained using Theorem 5.3 presented a small advantage when
compared with the results obtained with Theorems 5.1 and 5.2, since it provided
the higher values. This information can be verified after the evaluation process,
which will be displayed next. In Figs. 5.6a, 5.6b and 5.6c we can see that the
interval where the fault was detected was respectively k = [121 132] for Theorem
5.1, k = [134 146] for Theorem 5.2, and k = [119 126] for Theorem 5.3. We can
see that the evaluation function for Theorem 5.3 has a stepper curve and a shorter
detection range (7) showing that the FDF designed has a higher performance. As
expected the evaluation function when there is no fault is almost null in all cases.
Now in Fig. 5.7 the evaluation function for all the robust cases are presented. We
assume that the threshold is equal to TH = 10. Analyzing Fig.5.7 we can confirm
that the better performance is provided by Theorem 5.3. But observing all curves
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Figure 5.5: Mean and standard deviation for the residue signal (with and without
fault) obtained using the FDI in the robust form designed via Theorem 5.1 (blue
curve), 5.2 (red curve), and 5.3 (magenta curve).

we can confirm that all the FDF in the robust form designed using Theorem 5.1,
5.2, and 5.3 are viable solutions for the FDI problem. Another important aspect is
that the evaluation function when there is no fault is almost null during the entire
simulation, which is different from FDF counterparts in Chapters 2, 3 that consider
Markov Jumps.

In Figs. 5.8a, 5.8b, 5.8c, we present some temporal simulations using all the
FDF designed using Theorem 5.1, 5.2, 5.3 in the Affine forms. We present now
the residue signal gathered during the simulation. Note that in Fig.5.8a the higher
value and the smaller standard deviation, which provide a fast and at the same
time reliable detection process. On the other hand, results presented in Fig. 5.8b
the level of reliability is lower since the standard deviation is higher, which may
lead to false alarms. This particularity observed in the results in 5.8b, is expected
due to the fact this design is based solely on s norm, which does not mitigate
the exogenous disturbance. Figs. 5.9a, 5.9b, and 5.9c the detection interval are
respectively, k = [120 126], k¥ = [137 156], and k = [122 125]. Once again, the
FDF designed using Theorem 5.3 provided a better performance, regarding the
steepness of the curve and the standard deviation. Besides these performance
differences, all three approaches behave as intended.

The evaluation function obtained using the Affine form are presented in Fig.5.10
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without fault) obtained using the FDI in the robust form designed via Theorem 5.1
(blue curve), 5.2 (red curve), and 5.3(magenta curve).
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Figure 5.7: The mean value of the evaluation function signal for three distinct
cases, where the blue curve represent the results using Theorem 5.1, the red curve
represent the results obtained via 5.2, the magenta curve represents the results
through Theorem 5.3, and the cyan line denotes the threshold TH.

As expected the results obtained using Theorem 5.1 presented the better perfor-
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Figure 5.8: Mean and standard deviation for the residue signal (with and without
fault) obtained using the FDI in the affine form designed via Theorem 5.1 (blue
curve), 5.2 (red curve), and 5.3(magenta curve).

mance, but closely followed by the results using Theorem 5.3. All the solutions are
seen as viable solutions for the FDI problem, however, the results for Theorem 5.2
are more prone to false alarms.

5.4 Gain Scheduled Fault Accommodation Formula-
tion

Consider the following discrete-time linear system, that depends on time-varying
parameters

G {x(k +1) = Agyx(k) + Boryu(k) + Boryh(k) + Joayw(k) + For) f(k),
y(k) = Coryx (k) + Doryw(k) + Dyocry f(K),

(5.34)
where z(k) € R, u(k) € R™, w(k) € R", and y(k) € R"v, are the system states,
control input, exogenous input, and the measurement signal, respectively. The fault
signal is represented by f(k) € R™/. The fault accommodation control signal is
denoted by h(k) € R™=. It is assumed that the signals w(k), f(k) € L2. As defined
for the FDF in the previous section, the index 6(k) represents the same bounded
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time-varying parameter.
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Another particularity presented in the previous section that also remains true
here, is that the matrices that compose the system (5.34), are all in the affine form,
as described in (5.4).

The change of variable presented in Section 5.3 is also implemented here, since
the premise of the time-varying parameter (k) is not precisely known, and the
assumption of #(k) is contaminated by an additive disturbance o(k), where o is
also a bounded parameter.

Assuming the nominal situation (without fault signal), system (5.34) is con-
trolled by a state-feedback controller, as in [39]. Therefore, the nominal control
law is described as

u(k) = (KO + Z é(k;)iKi> (k). (5.35)

=Ko k)

Since the problem we tackle in this chapter regards the occurrence of faults, the
access of the system states x(k) is unrealistic. Therefore, we assume that the states
are estimated using some type of adequate procedure. However, for the sake of
simplicity, we are omitting the notation to avoid overcrowding the equations.

The present chapter aims to provide a fault accommodation controller with the
main purpose of producing an auxiliary control signal whenever a fault occurs, or
no input otherwise. The fault compensation controller can be described by

n(k+1) = QlA(k)n(k) + Smé(k)“(lﬁ) + ‘/Bé(k)y(k),
Ke: < hik) = Qté(k)n(k), (5.36)
7)(0) = To, é(o) = é07

where 7n(k) € R™ represents the FAC signal, u(k) and y(k) are, respectively, the
control signal from the regular controller and the measured signal from the system.
Note that the nominal controller (5.35), and the Fault Accommodation controller
(5.36) depend both only on the estimated LPV parameter 6(k). Therefore, the
matrices that compose the FAC (5.36) can be written using the affine form, as
in (5.4), where the matrices affinely depend on (k). Thus, the system (5.34)
depends on the parameter (%), while the state-feedback controller (5.35) and FAC
controller (5.36) depend on the parameter (k).

The augmented system with the state feedback control law (5.35) and with the
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FAC (5.36) is given by

Tk+1)= Aa(k)é(k)f(k) + Be(k)é(k)w(k),
gaug : O(k) = Ce(k)é(k)i.(k) + DQ(k)é(k)w(k)’ (537)
Zo = 1o,
where z(k) = [2/(k) 7' (k)] and w(k) = [w'(k) f'(k)]'. To simplify the visualization
of the resulting LMIs, we omit the time-dependency in the time-varying parameters

by considering hereafter # = 6(k), and § = d(k). The augmented matrices are as
follows:

A - Ag—BgKé Bg@é B R Jé’ FG
00 = | ByCo—MyKy A, |0 P06 = | ByDo ByDyo |

C’GZ[O_BQCé}y DGZ[OFH]

(5.38)

The main goal of this chapter is to design a FAC as presented in (5.36) where
the difference o(k) = Fyu)f(k) — Bé(k)h(k:) is close to zero, meaning that the
fault accommodation control signal will suppress the fault signal. Therefore, the
optimization problem for the H ., norm is described as

[loll2

@220, weLs |02

Hgaug”oo = <7, (5.39)

where v > 0, as similarly described in [39]. For the H5 norm case, the optimization
problem is given by

1
|Gl = timsup & {T kz o(k)’o(k)} <A (5.40)

=0

where A > 0, T is a positive integer that represents the time horizon, @w(k) in (5.37)
is a standard white noise (Gaussian zero-mean in which the covariance matrix is
equal to the identity matrix), and £ represents the expected value operator, see
[39] for more details.

5.4.1 Theoretical Results

In this section, we present our main results on obtaining a gain-scheduled fault
accommodation controllers for LPV systems, having as performance indexes the
Hoo and Ho norms.

It is essential to explain that the results will be presented in terms of the original
parameters (k) and 0(k) to feature that the FAC designed depends solely on the
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measured parameter (k). Afterwards, in order to solve the theorems presented in
this section, it is imperative the use of the change of variables in sub-section 5.3
and rewriting all matrices in terms of the multi-simplex parameter & € A,, 2. As
previously stated, to easy the notation, we set § = 0(k), 0 = 0(k), and 8 = 0(k + 1).

‘H oo Fault Accommodation Control Design
Firstly, we present a theorem for obtaining a gain-scheduled FAC using the H
norm.

5.4. THEOREM. If there exist symmetric positive definite matrices W19, Wasg matrices
Wise, Y4 Yop Y Q4 Vi, Tp, ané with compatible dimensions, and a given scalar
parameter & such that the following inequality

bt mh? I3 I 6(Y, 500+ Do) (Y3 Fo+Q4Dyse) 0

o %2 %% II** £(Y,;J0+Q5D0) E(YyFo+Q; Do) Bo€,,

o o IPPIIP* Y ;Jo4+Q;D9  YsFe+Q;Dg0e 0

o o e T Y,519,D  Y;Fe+2;D;e 0 | <0, (5.41)
. ) . —~21 0 0

. ) . . . 7"/21 0

. . . . o ° -1

with

"' = —Wiig + EHer(Y, 540 — Y,3Bo Ky + Q3Co — T4 K ),

Y2 = —Wiag + £(Y3Bo€, 5 + Vi + (Ap — K;By)Y; + CoQy — KiT's),
IT° = (Af — K};By)Y,s + CoQy — KTy — €Y,

I = (A) — K3Bj)Yy, + CpQy — KTy — €Y5,

%% = — W,y + EHer (Y, Bo€ 5 + V),

%% = € 5 BpY{; + Vi — Yy, 1M =€ 5 ByY]; + T — £Y5,
%% = Wi — Her(Y,5), II°* = —Wias — Y; — Yy;, I = —Waop — Her(Yj),

holds for all 0,0, 3, under the boundaries |o;(k)| < d;, |0:(k)| < t;, then a suitable
linear parameter-varying FAC, as in (5.36), is given by 2 ; = % éflv@, B, = Yéleé,
m = Yé*ll“é, and € 4, and (5.39) is satisfied.

Proof: Consider the augmented matrices in (5.37), and the following structure
for Wg, Wﬁ, Yé

_ | Wi1e Wiag  [Wiip Wazg o Y,; Y;
wo=[wiwin] we=[wilwi] w=[R] e
From the above, the constraints (5.41) can be rewritten as
Q + Uy Y5V + V'YUys <0, (5.43)
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where
-Wy 0 0 Cp,
0 -Wg 0 0 _ _
Q=1 o o 1oy | Us=[dw-15,0], V' =[e1700]. (544)

Cya 0 D,y —1

Pre- and post-multiplying (5.43) by

ITA .00
7 ] , (5.45)

By = {0 B, T0

00 07

and then applying the Schur complement we have that (5.41) implies the constraint
in [48, Lemma 3], which yields (5.39), completing the proof. B

‘Ho Fault Accommodation Control Design

We present as follows a theorem that proposes a FAC having the H5 norm as a
performance index.

5.5. THEOREM. If there exist symmetric positive definite matrices W19, Waog, My
and matrices Wiag, X o X1p Xopr Qs Vg, Lp, Q:né with compatible dimensions, and
a given scalar parameter & such that the following inequality

gt g2 gt3 gl E(X,5J0+QDg) £(X5Fo+3Dyo)
o WRT P vt €(X55J0+25De) £(X3Fo+24 Do)
o« o TP vt Xy5Je+ QDo XFo+9Q5D 0 <0, (5.46)
° ° ° WQQQ*Her(Xé) X2éJ9+QéD9 XéFgﬁ»QéDf@
° . . o —1I 0
° ° ° ° ° —1I

with
Ut = —Wiig + EHer(X,5Ag — X, 3By + Q3Co — TK),
W2 = —Wizg + (X 5BoC, 5+ Vg + (A — KjBg) X + CpQy — KiTy),
WS = (A — K} Bp) X, + Co — KT — X5,
U = (A = KGBy) X, + Cofy — KTy = €5,
U2 = —Wang + EHer(X 3 Bo€, 5 + V), % =€ ;ByX |5+ Vj — Xy,
W= By X, + T — €Xg, W% = —Ways — Her(X,),
W = —Wigs — Xy — X5,
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My 0 By€,, 0 Fy
o e e 00 | >0, (5.47)
° ° ° I 0
° ° ° o |
Tr(Mp) > \?, (5.48)

holds for all 6, B, 6 under the boundaries |o;(k)| < d;, |0:(k)| < t;, then a suitable
linear parameter-varying FAC as in (5.36), is given by 2, ; = Xé*lvé, B ;= X(;lQé,
m ;= Xgll“é, and ¢, ; which satisfies (5.40).

Proof: Consider the augmented matrices in (5.37), and the following structure for
Wy, Ws, X;

_ | Wiie Wiae _ [Wiip Wazg
Wy = |:W1,29 W229} , Wg= [szg Waag |2
| %16 Xe
X =03 (5.49)

The inequality (5.46) can be rewritten as

Q+ Uéé%gV + V’.’{éUeé <0, (5.50)
where
-Wy 0 0 , Ay €1
Q=| o —ws 0 |, U, =]|-1I ,V:{I}. (5.51)
0 0 —I 06 B), 0
Assume the null bases for U and V as
TA .0 _
U= [OBZZO}’ v=[3%1 (5.52)

By pre- and post-multiplying (5.50) by Ny, and, using the Schur complement twice
we obtain the same constraints as presented in [39, Theorem 2]. The results within
[39] show that [39, Theorem 2] is equivalent to (5.40). Concerning the constraint
(5.48), we use the same variable substitution as described at the start of the proof
and applying the Schur complement twice we get that the constraint (5.48) is
equivalent to the second constraint in [39, Theorem 2]. This concludes the proof.
H.

Coordinate Descent Algorithm

Note that the constraints in Theorem 5.4 and 5.5 are BMIs, due to the term
L multiplying other variables in the problems. To solve an optimization problem
in the context of BMI forms, we can use, for instance, the Coordinate Descent
Algorithm (CDA), as it was applied in [18]. The algorithm implemented to solve
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the constraints in this chapter is given as follows.

Algorithm 4: Coordinate Descent Algorithm.

1 Input: Kg, ~9 or A2, tmax, @
Output: mné’ %nf)’ zmn(,, < ;

3 Initialization:
4 While: % < ¢ ort < tmax do:

Step 1: Solve the constraint in Theorem 5.4 or 5.5 considering €; as
a constant, to initialize the algorithm the first value of ¢ ;6 €an be set as K
which can be obtained using the results in [80]. Obtain the values of Y, 5,
for the Theorem 5.4 or X, for the Theorem 5.5.

Step 2: Solve the constraint in Theorem 5.4 or 5.5 this time using
the values of Y} ; or X, obtained in Step 1 and ¢ ;asa variable. Obtain
the value of 4'*! for Theorem 5.4 or A\‘*! Theorem 5.5.

N

v

[=)}

Notice that the inputs Kg represent the starting value of €, 7% or \° are the
input to calculate the stop criteria at the first iteration, ¢ is the stop criteria, and
tmax 1S the maximum number of iterations.

5.4.2 Simulations Results

To illustrate the viability of the proposed approaches, we apply our method to a
simple quarter vehicle model system, [82]. The states vector for the linearized
model is z(k) is obtained from the discretization of x(t) = [zs Z5 zus Zus|, Which
represents the displacement for the sprung mass, its variation, the displacement for
the mass unsprung, and its variation. The matrices that compose the discrete-time
system are

—0.23 0.97 0.05 0.02 —0.19 0.98 0.04 0.01
0.01 0.00 0.98 0.00 0.00 0.00 0.98 0.00
1.75 0.17 —14.42 0.81 1.75 0.17 —14.42 0.81

—0.00 —0.00 0.00 —0.00
—0.017 _ | —0.018 _ | —0.02 _ | —0.018
By = 0.0006 | * By = 0.00 |° J= 0.00 | > F= 0.00 |°
0.13 0.14 0.014 0.14

_ _ [—0.01 _ |6(k)|<t;=0.05,
C= , D= [ 0.10 }a Dy = [8}7 |o(k)|<d;=0.005

0.99 0.01 0.00 0.00 0.99 0.00 0.00 0.00
Al ) A2 = )

from where we can see that the time-varying parameter 6(k) affects the dynamical
behavior of the system in A and B, forming a polytope with 2 vertices. In this way,
matrices Ay, By, and Ay, By represent the vertices of such polytope. The other
matrices are not affected by the time-varying parameter, therefore, their degree of
dependence on the parameter §(k) is 0. Note that, matrix F' has the same structure
of the control input matrix B, for the purpose of representing an abnormal input.
Since in this example we are not considering the presence of any sensor fault, we
have that, Dy is null. We assume that the nominal gain-scheduled state-feedback
controllers are obtained using the method described in [80, Lemma 2], where the
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authors search for such controllers in the context of LPV systems without faults.
The resulted controller for the system of this example is

o B 4
K ¢, = [ 01201 ~0.2372 6.3420 0.4433 ] x 107,

— _ 4
K o, = [0-3094 0.0391 ~1.5798 0.0369 | x 10°.

The range of the disturbance o (k) is defined a priori, and we arbitrarily set its range
in |o(k)| < d; = 0.005. The value of (k) is obtained in a practical situation by
implementing a variate of the filter, such as Recursive Least Square (RLS) algorithm
[94, 104].

In the first part of this example, we apply separately Theorems 5.4 and 5.5
searching, respectively, for the upper bounds of the H., and H5 norms (y and \).
For doing so, we perform a search in the scalar ¢ in the range |—0.9 0.9[ with 10
steps with the same length. A discussion about the £ range is made in [99].

Additionally, we consider the affine and robust structures for the FDF, that is,
one structure that depends on the estimated parameter with degree 1 and another
with degree 0. The upper bounds v and A\ obtained with the aforementioned
considerations are shown in Fig. 5.11. From this figure, note that the scalar
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Figure 5.11: Upper bound behavior for Theorems 5.4 (#, norm) and 5.5
(H2 norm) when scalar ¢ vary for the Robust, and Affine form.

search was more effective for the Robust form than the results obtained using the
Affine form. This discrepancy was expected since the Robust form is a more restrict
optimization problem, hence, performing the scalar search provides a higher impact
on the results for the Robust form. Summing up, the results presented in Fig. 5.11,
shows that the using Affine form in this example provides better results since the
upper bound values obtained for both H ., and H, norms are in general, lower than
the values obtained for the Robust form. Therefore, for the temporal simulations,
we analyze the results obtained using solely the affine form, which we highlight as
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follows.

Monte Carlo Simulation

Here we implement a Monte Carlos Simulation since the parameter 0(k) has some
imprecision, meaning it is not completely deterministic.

The FAC in the affine form obtained applying Theorem 5.4 with £ = —0.6 is
given by

r0.97 0.31 0.10 0.02 0.31 0.03
oo  _ |-1.09-0.03 1.71 —0.21 B®  — | —0.95 —0.07
Naff, | 009 0.31 053 0.06 |- N 0.31 0.03
atto L 1.59 1.04 —24.05 0.19 atlo 0.73 0.49
r—0.13 3.84 7.10 0.14 3.65 0.36
A% —24.64 29.02 153.36 —2.17 B®  — | 8L79 317
naﬂ: - 3.21 —-5.35 —19.71 0.13 ’ naff - —6.04 —0.60 | »
1 L —92.32 453.01 596.26 26.82 1 463.43 46.33
r 0.00 0.00
.02
MOO — 0.02 MOO — 0.0
Z0. 0.00
Taffo L 0(')1010 ’ Taff: —0.21 ’
4
C>®  =[-2.09 —0.08 8.54 —0.65| 10
"affo [ ] ’
Cf;o = [-0.87-0.105.59—0.19 | 10%.
aff:

The affine filter obtained with Theorem 5.5 with £ = —0.6 is given by

r0.99 0.00 —0.00 0.00 —0.01 0.01
2 —0.47 2.11 —0.77 0.15 B2 _ 1.16  0.01
Naff, | 002 027 0.8l 0.03 | Naffo 0.26 —0.01 | »

0 L 3.04 —24.91 —30.92 —2.16 0 —25.21 —0.07
r 1.04 041 —0.13 0.05
A2 _ | 9.78 107.58 —32.81 13.87
Naff —0.27 —3.46 1.79 —0.45 |>
1 L —79.73 —846.70 225.81 —109.05
, r 041 —0.05 ) —0.00
_ | 104.11 —11.68 _ | —0.03
Bnaff - —3.77 0.39 ] ’ Mnaff - |: 0.01 :| ’
1 L —807.37 91.51 0 0.19
) r 0.00 ) 5

Mn — :8-8(1) , Cn = [-0.40 —0.04 1.27 —1.02] 10°,

affi | 5 affo
Cf} = [-2.72 —2.44 7.52 —2.95] 10°.
aff:

For this example, we consider that the fault signal f(k) represents an oil leak,
which reduces the damping capability of the system. Consider that the leak started
at t = 2.5s, which reduces the damping capability by 20%, and then it gradually
lowers until it reaches a reduction of 50%.

We show in Figs. 5.12 and 5.13, the respectively results regarding the output
and control signals. From Fig.5.12, it can be seen that the control design based
on the Affine form provides a smoother behavior for all three situations of faults.
This particular behavior happens mainly due to the lower level of conservatism
of the Affine form, and also due to the parameter variation throughout all the
simulation time. Additionally, both FAC approaches provide an accommodation
behavior as intended. However, when we compare the FAC approaches with that of
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the nominal controller, the FAC approaches yield a more aggressive control signal,
which is an expected behavior. In summary, the proposed fault accommodation
control approaches provided a suitable solution to mitigate the fault signal, and at
the same time do not interfere with the controller when there is no fault.
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Figure 5.12: Mean of the states signal obtained using FAC designed in the affine via
Theorems 5.4 (black curve) and 5.5 (green curve), where the system is subjected
to a fault.
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Figure 5.13: Mean of the control signal obtained using FAC designed in the affine

via Theorems 5.4 (black curve) and 5.5 (green curve), where the system is subjected
to a fault.

5.5 Concluding remarks

In this chapter, we presented the theoretical results obtained for the FDF and FAC
using the LPV systems assuming that the parameter is not accessible. Hence, the
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assumption of the imprecision is incorporated during the FDF and FAC process. We
also provided an illustrative example, and the results obtained allow us to state
that the proposed methods are viable.






Chapter 6

Conclusions

mE summarize in a list the main contributions of this thesis and we point out

\Y

y/possible topics that can be tackled in the near future based on the results

herein.

6.1 Contribution

The main focus of this thesis was the development of procedures to design Fault
Detection Filters to be implemented in an FDI scheme, and Fault Accommodation
Controller to mitigate the effect of faults on ongoing processes.

* In Chapter 2 we addressed the FDF and FAC design under the assumption

that the network that is responsible to transmit the information packet is
semi-reliable. To model such behavior, we proposed that the FDF and FAC
design was made under the Markovian Jump Linear Systems framework,
which allow us to use Markov chains to model the network behavior and its
particularities. The main contributions in Chapter 2 were the design of FDF
using Hoo-norm, Ho-norm, H_ index, Mixed Hs/Hoo, and Mixed H_/H o
under the MJLS framework [13, 14, 16, 47]. For the contributions regarding
the FAC problem, we proposed the H., FAC design for MJLS [20].

In Chapter 3, we kept tackling the FDF and FAC problem from the MJLS
point of view but adding the assumption that the network mode is not
instantly accessible. This new assumption is important because the idea of the
instantaneous access to the network is not realistic from a practical standpoint.
To deal with this issue we proposed the use of the MJLS approach which
uses Hidden Markov modes to model this inaccessibility. The contributions
in Chapter 3, were divided into three sections on FDF, SFDC, and FAC. The
results referring to the FDF section were the design using H..-norm, Ho-
norm, and the Mixed Ho/H oo [15, 17]. The novelty regarding SFDC part is
the SFDC design using H..-norm, #H,-norm, and Mixed Hs/H o [18]. The
results for the FAC section were the FAC design using H..-norm, H,-norm,
and Mixed Ho/Hoo [19].
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6. Conclusions

* In Chapter 4 we focus our effort on providing an FDF and FAC design where

the network behavior was considered and adding the possibility to consider
a Lur’e type non-linearity that occurs in the system. This proposition is of
utmost importance since all systems are non-linear on some extent, and
on some occasion, the use of linearization processes may not provide an
adequate solution. Therefore, it is important to put into account those non-
linear behaviors to provide a more trustworthy solution for the FDF and FAC
designs. The contribution of Chapter 4 was the design of FDF for Lur’e MJS
using H,-norm [21].

In Chapter 5 we changed the pace and tackled the FDF and FAC design
problem from another point of view, which was achieved using the Linear
Parameter Vary framework. Following a parallel idea from Chapter 3, we
assumed that the LPV parameter was not directly accessible. Hence, the
parameter was estimated, but we assume that the estimated parameter was
not precise, meaning that the parameter was contaminated by additive noise.
To add the imprecision in the parameter and still guarantee the performance,
we proposed the use of the Multi-simplex technique to model an additive noise
in the parameter. From the practical point of view, this idea is interesting,
since it allows us to implement less sophisticated identification processes
to gather the LPV parameter in real-time. The contribution in Chapter 5
were the design of Gain-Scheduled FDF and FAC for LPV systems using the
Hoo-norm, Ho-norm, and Mixed Ho/Ho.. The FDF was submitted at IEEE
ACCESS and the results regarding the FAC are presented in [22].

6.2 Further Research

There are many routes that we could take after the results proposed in this the-
sis. Some are closer to the results presented, and others are more exciting and
challenging.

* A more direct way to follow the results herein would be to design an FDF and

FAC, under the assumption that network mode is not directly accessible, and
also considers that the system presents a non-linear behavior. This would be
a direct association of Chapters 3, 4.

One increment that may be possible is to derive the H_ index LMI con-
straint for the MJLS under the assumption that the parameter is not directly
accessible. And them design the FDF or FAC under these circumstances.

* Another possible follow-up would be the assumption that the Markov chain is

not homogeneous and redraw the results presented in Chapter 2. Removing
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the assumption that the Markov chain is homogeneous imposes some new
challenges. A possible way to deal with these new issues would be to use the
framework from Chapter 2, and use the techniques from Chapter 5 to model
the transition matrix with time-varying parameters. This approach is allowed
under the assumptions made presented in [1].

* Another possible path would be the transition from the model-based approach
to the data-driven strategy. That would be interesting due to the fact that in
some circumstances the data-driven design may be more advantageous when
compared with the model-based. Those discrepancies were discussed in the
first chapter of this dissertation. This could be achieved by using the approach
presented in [85]. [85] provided an approach to design LPV controller using
a data-driven strategy, which can be extended to FDF and FAC design.






Appendix A

Numerical Examples Modeling and Basic
Results

Here, we briefly explain and provide the necessary references of the models em-
ployed in the simulations throughout this thesis.

A.1 Coupled tank model

The model using in the majority of the examples in the thesis was the coupled tank
model, since it is a good benchmark model to test the viability of the approaches,
[53]. We borrowed the numerical values from the specific educational system. A
diagram that represents the structure of the system is presented below, We can

uy (k) ua (k)

e |l

Hy

Tank 1 Tank 2

Figure A.1: Coupled tank model.

describe the dynamic of this system by writing an equation that denotes the sum of
inputs and output flows on each tank. The height of each tank is determined by
the sum of flows which rules the volume on each tank.

D l
Z Q”h (t) - Z Qoutj (t) = Acsagit(t) (Al)
i=1 j=1
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where A, represents the area of tanks cross section. The flow output can be written
as

Qout; (t) = an/2g9H (1) (A.2)

where « represent the cross section of the output pipe or the interconnection pipe.
Hence, the non-linear system that models the dynamics is

l

! (> a)v2gH(t) (A3)

cs j=1

OH (t

Obtaining the LTI model using Taylor series, considering that the non-linear system
is at an equilibrium point. Assuming a specific value of Hy and Q;,,, allow us to
write

o = xH(t) +ZQin(t) (A.4)
———
H(t) — Hyp
H(t) . —aq _
ot = Acs\/m (H(t) HO) Cq (an(t ano) (A.5)
A Y Gne

X =

Now considering both tanks, one can write the dynamic equations as

O (t) _ QL () @y 2ng \/\/29(H1(t) — H2(1)) A6

ot ACS Acs
o) QL) oy V2 2gH2 L oV V20— B0)
o ACS A, A7

(A.8)

Considering the state vector as H(t) = [H'(t) H?(t)]'. The LTI dynamic matrix A is
acquired as

A= 1 ,/Qqu \/Qqu H2 _,/2q;g1 H2 (A9)
Acs \/2gH(1)—H(2) ‘/:gHQ \/2JH1 HZ2 ’ ‘

Now, the parameter values from the educational kit [53] are presented in Table
A.l.

For the last step, we used a zero order holder with sampling time of 0.05s. The
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g m/s? Gravitational acceleration 9.8
A m? Tank cross section area 0.40

@ m? Interconnection pipe cross section area 0.01
H} | m® height initial condition for the first tank | 0.16
HZ | m? | height initial condition for the second tank | 0.22

Table A.1: Numerical parameter of the coupled tank model.

discrete time domain state space model obtained is

A= [30057 “002%5] (A.10)

A.2 Mass-Spring System

For the approaches that consider Markov Jump Lur’e systems a more appropriate
example is the mass-spring system from [71]. A representation of this model is
given by Fig. A.2 We can write the equation that represents the dynamic of the

system as

. c . k ka?
#(t) + —i(t) + —a(t) + ——

—Zw(t). (A.11)

The parameter descriptions and values are presented in table A.2.
We can rewrite the equation in the space-state form as,

a=[25% %] 6=]u] (A.12)

m m m

Using the zero-order holder with a sampling time equal to 5ms, the matrices
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m kg Block Mass 12
¢ | Ns/m | Dumper viscous friction coefficient | 0.1
k N/m Spring elasticity coefficient 0.2

ka? Spring non-linear elasticity coefficient | 0.9

Table A.2: Numerical parameter of the Spring-Mass model.

that compose the state space system in the discrete time domain are given by,
_ [—0.0101 0.9588 _ [ 62.0699 1.0
A=[Zg0ie0 oom ] B=[%085], G=10%s] (A.13)

This particular model was used only in the examples in Chapter 4.

A.3 Quarter vehicle

We here use as a numerical example a simple quarter vehicle extracted from
[82] , which is represents a quarter vehicle body using a sprung mass(m;), the
wheel and tire are denoted by the unsprung mass (m.s). Those components are
connected by a spring with a stiffness coefficient k,, and a semi-active damper. The
coefficient k; represents the tire stiffness. The states vector for the linearized model

1, Semi-
Fs o R
ve

Damper

IIIIII I ST I IS IS SIS IS SIS 107
A

Figure A.3: Quarter vehicle model.

is x(k) = [2s Zs Zus Zus), Which represent the displacement for the sprung mass, its
variation, the displacement for the mass unsprung, and its variation. Therefore, the
space-state matrices are,

0 1 0 0 0
_ ks co ks co 0
A, = ms(ag)  ms(ag)  ms(ag)  mslag) J=
0 0 0 1 ' 0|’
ks <o _kstky [h) ks

Mus Mus Mus Mus Mus
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0 0 1 o1
1 1 0 0
Be= | "W E= T 0= 10 |
Dy = 0.012*! Bz =0.01*}, Dy = 0, a(k) = [-0.050.05].

where m,, = 37.5 denotes the unsprung mass, k; = 29500 represents the stiffness
of the semi-damper, k; = 210000 denotes the stiffness of the tires, and ¢y = 2850
damping coefficient for the semi-damper. The Linear parameter varying in this
model will be m the sprung mass, which vary linearly between m, = [315 285].
This variation represents a fast decrease in the sprung mass of the vehicle. The
discretization time is 7' = 0.025s.

A.4 Network Packet Loss Modeling

As explained throughout the thesis, one of the main advantages provided by the
MJLS framework is the capability of modeling the network packet loss in the
network. This procedure is made by setting the transition probability matrix with
appropriate structure and values that represent the network behavior. The first step
in the network packet loss modeling is the definition of the transition matrix. Firstly,
we need to define the amount modes of the system, to simplify the explanation
here, we will consider only two modes a nominal mode, and the packet loss mode,
by consequence, the transition matrix will be a 2 x 2 matrix. Another aspect during
the definition of the transition matrix is the type of Markov chain that will be
implemented. There are plenty of Markov chains that can be used to model a
network, each one has its advantages and disadvantages, a few examples Bernoulli
model [100], Gilbert-Elliot model [60]. A Bernoulli MC is the simplest case of
an MC, using this type of MC to model a network will ignore some key behaviors
in a network since it only describes a series of Bernoulli trials. To describe some
additional behaviors, as the burst communication loss, we can use the Gilbert-Eliot
model [60]. The other part of this procedure is to describe where the packet loss
occurs on the control loop, that is, in the communication between controller and
actuator, or between the controller and sensor, or even both cases. What determines
the packet loss placement in the control loop is the matrices that switches according
to the Markov chain. To model the packet loss between controller and sensor, the
matrices that should switch are C;, D;. For the packet loss in the communication
between actuator and controller, the matrix is B;. Regarding the case where we
consider all the packet losses, all matrices C;, D;, and B; should switch according to
the Markov chain. For the case where all packet losses are considered the transition
probability matrix implemented is a Kronecker product of the transition probability
matrix from the other two cases, leading to an increased number of modes in the
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Figure A.4: Diagram of the Markov chain for the Gilbert-Eliot model, for the
Bernoulli model the variables p and 3 are equal.
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Figure A.5: Control loop example.

resulting Markov chain.

A.5 Schur Complement

A.1. LEMMA. The LMI, with the symmetric matrices X e Z
55150 (814

holds if and only if the following statements are true
c {Z>0, X>Y'Z7lY}

e {(X>0, Z>YX Y}
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Proof: For the rough sketch of the proof for the necessity, we assume that the
statements above are true, hence

_y!/z—1
= {X vz Yg} >0 (A.15)
defining the non-singular matrix 7" as
lr7—1
T:[éY% ] (A.16)

by consequence we get that TQT” > 0, since () > 0. This implies that
TQT =[¥Y] >0 (A17)

A detailed discussion about the proof and applications can be obtained in [11].

A.6 Bounded Real Lemma

Suppose system

. {x(kz +1) = Az(k) + Bw(k), A18)

y(k) = Cx(k) + Dw(k),
where w(k) € R™ represents the exogenous input, and y(k) € R? is the measured

output. We can get the #,, norm, considering the Lyapunov function v(k) =
x(k) Px(k), and imposing

z(k+ 1) Px(k + 1) — 2(k)Px(k) + y(k)y(k) — yw(k)w(k) <0 (A.19)

z(k) ' [A’PA—P+C'C  A'PB+C'D (k)
{w(k)} [ B'PA+D'C B’PB+D'D7721} |:w(k)} <0 (A.20)

Matrix A is asymptotically stable and |G|« < 7 if and only if there exists a
symmetric matrix P > 0 such that

A'PA-P+C'C  A'PB+C'D
{ B'PA+D'C B'PB+D'D—~*I <0. (A.21)

A.7 Finsler Lemma

Considering w € R”, £ € R™*™ and B € R™*" with the rank (B) < n and B, is
a base for a null space, that it B8, = 0. Therefore, the following statements are
equivalent:
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e WLw<0,Vw#0:Bw=0

B\ LB, <0
e JueR: L—uB'B<0
e X eR™™: L+ XB+BX <0

The proof can be seen in [10, 45].
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Summary

Model-based Fault Detection (FD) and Fault Accommodation (FA) approaches
have been applied in a variety of cases. We propose several techniques to include
uncertainties in the design process. First, we focus on the design of the Fault
Detection Filter (FDF) and Fault Accommodation Controller (FAC) for Markovian
Jump Linear Systems (MJLS). The MJLS framework allows us to include the
network behavior (packet loss) during the design of the FDF and FAC. Second, we
propose an FDF and FAC design for the MJLS, under the assumption that the Markov
chain mode is not directly accessible. Since we are using the MJLS framework to
model the network behavior, the assumption that the network state is not instantly
accessible is useful because from a practical standpoint this is a truthful assumption.
Third, from the results presented for the MJLS framework, we provided follow-
up results using Lur'e Markov Jump System. This is compelling since on some
occasions the non-linear behavior cannot be ignored. Therefore, applying the
Lur’e MJS framework allows us to consider the same assumptions from MJLS, but
now adds the non-linearities. Fourth, we propose the design Gain-Scheduled FDF
and FAC for Linear Parameter Varying (LPV) systems, under the assumption that
the schedule parameter is not directly acquired. We assume that the schedule
parameter is subject to additive noise. This imprecision is included during the
design, using change of variables and multi-simplex techniques. Finally, throughout
the thesis, we provide some numerical examples to illustrate the viability of the
proposed approaches.






Samenvatting

Foutendetectie en foutenaccommodatie waarin het gebruikt van het systeem model
centraal staat, worden uiteenlopend toegepast. Wij stellen een aantal ontwerpme-
thoden voor die robuust zijn met betrekking tot de onzekerheden in het model. In
onze eerste bijdrage ligt de focus op het ontwerp van een foutdetectiefilter (FDF) en
van een foutaccommodatiecontrole (FAC) voor Markov Sprong Lineaire Systemen
(MSLS). Binnen het kader van MSLS is het mogelijk netwerkeigenschappen, zoals
verlies van een deel van de informatie, mee te nemen bij het ontwerp van een FDF
of een FAC. Aansluitend hierop stellen we een ontwerp van een FDF en een FAC
voor, waarbij we aannemen dat er geen toegang is tot de Markov ketting modus.
De aanname dat de staat van het netwerk niet direct volledig bekend is, is relevant
in de praktijk. Na deze analyse binnen het MSLS-kader breiden wij onze resultaten
uit door ook te kijken naar de Lur’e Markov Sprong Systemen. Hierbij mogen we
dezelfde aannames maken als bij MSLS, maar worden de statische non-lineaire
eigenschappen in de feedback lus meegenomen. Daarna presenteren wij een ont-
werp voor een versterkingsgeregelde FDF en een FAC voor Lineair Parametrisch
Varierende (LPV) systemen, met de aanname dat de modelparameters niet precies
bekend zijn. We nemen ook aan dat er ruis zit op deze parameters. De onzekerheid
van deze parameters wordt meegenomen tijdens het ontwerpproces door middel
van een wisseling van variabelen en multi-simplex technieken. Tot slot, presenteren
we een aantal numerieke en praktische voorbeelden in deze proefschrift, welke
laten zien dat de voorgestelde methoden levensvatbaar zijn.
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