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Abstract

Over the last three decades, observer design for dynamical systems has emerged as a
pivotal topic in the control system domain. This is a consequence of the fact that observers are
used to collect real-time information about the systems, monitor the systems, control the system,
and make decisions. The LMI-based observers have garnered considerable attention among the
various established observer methodologies. The thesis predominantly deals with the design of
the LMI-based observers for the Lipschitz nonlinear systems. One of the valuable contributions
of this thesis is the establishment of more generalized matrix-multiplier-based LMIs. These
LMI conditions are derived through the utilization of reformulated Lipschitz property, Young
inequalities, and newly defined matrix multipliers. Further, an LMI-based H., observer is
designed to estimate the states of the nonlinear systems under the presence of disturbances/noise
by using the previously defined matrix multipliers. The proposed LMIs contain additional
numbers of decision variables as compared to the existing approaches, which add extra degrees
of freedom thus improving their feasibility. The effectiveness of the developed approach is
validated through numerical examples.

This new matrix-multiplier-based LMI approach is extended for the state estimation for a
class of non-globally Lipschitz nonlinear systems under the effect of noise/disturbances. It is
achieved by deploying the Hilbert projection-based observer structure. The novel LMI con-
dition is established to ensure the ISS behaviour of the state estimation error of the proposed
observers. Furthermore, the proposed matrix-multiplier-based LMI approach is exploited for the
stabilization of the disturbance-affected nonlinear systems using the observer-based controller.
The judicious implementation of the matrix-multiplier-based LMIs made it possible to obtain
less conservative LMI conditions than existing LMI methods in the literature. Finally, all these
developed LMI-based observers are used in the autonomous vehicle area for various tasks, such
as longitudinal state estimation, slip angle estimation, and so on to validate their performances.

Keywords: Nonlinear observer design, Lipschitz systems, Lyapunov stability, Input-to-state
stability and Linear Matrix Inequalities (LMIs).



Résumé

Au cours des trois derniéres décennies, la conception d’observateurs pour les systémes dy-
namiques est devenue un sujet important dans le domaine des systemes de contréle. Ceci est dii
au fait qu’un observateur est utilisé en temps-réel pour la supervision des systemes, le controle
des systemes, ainsi que pour la prise de décision. Les observateurs d’état basés sur les techniques
LMIs ont suscité une attention par rapport aux autres techniques d’observation. Cette thése de
doctorat porte sur les techniques de relaxation LMIs pour des classes de systémes non linéaires
avec des non-linéarités lipschitziennes. La contribution principale de la thése est la proposi-
tion de nouvelles matrices dites Matriz-Multiplier. Les conditions LMIs obtenues en utilisant
ces matrices (ainsi qu’une reformulation de la propriété de Lipschitz et la relation de Young
de fagon judicieuse) ont été testées moins contraignantes que les autres techniques existantes
dans la littérature. Une extension au cas Hoo a été proposée pour les systémes en présence de
bruits ou perturbations. Grace aux variables de décisions supplémentaires créées par les Matriz-
Multiplier permettent d’améliorer la faisabilité des conditions LMIs. L’efficacité et la supériorité
de la nouvelle technique ont été validées a travers plusieurs exemples illustratifs.

Une version de la nouvelle approche LMI proposée est étendue a une classe de systemes non
linéaires avec des non-linéarités localement lipschitziennes, en présence des bruits/perturbations.
Cela est réalisé en utilisant la structure d’observateur basée sur la projection de Hilbert. La
nouvelle condition LMI est établie pour garantir le comportement ISS de 'erreur d’estimation
d’état des observateurs proposés. De plus, 'approche LMI basée sur les multiplicateurs de
matrices proposée est exploitée pour la stabilisation des systémes non linéaires affectés par des
perturbations en utilisant une commande basée observateurs. La mise en ceuvre judicieuse des
LMI basés sur les multiplicateurs de matrices a permis d’obtenir des conditions LMI moins
conservatrices que les méthodes LMI existantes dans la littérature. Enfin, tous ces observateurs
basés sur les LMI développés sont utilisés dans le domaine des véhicules autonomes pour diverses
taches, telles que I'estimation de I’état longitudinal, ’estimation de ’angle de glissement, etc.,
afin de valider leurs performances.

Mots- clés : observateurs ; inégalités matricielles linéaires (LMIs) ; stabilité de Lyapunov.
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Introduction

“In the discipline of control system engineering, nonlinear observers emerge as reliable tools,
revealing the intricate dynamics of nonlinear complex systems to enhance state estimation
strategies.”

Unknown

Background and Scope of the research

State estimation of dynamical systems is a pivotal research topic in the control system. The
knowledge of such real-time information of the systems obtained from the state estimation is used
for tasks related to these systems such as monitoring, controlling, and decision-making. Thus,
these tools play a vital role in various applications, such as self-synchronization in multi-agent
systems [1]; cyber-attacks and faults detection in the connected autonomous vehicle platoon [2],
and so on. In the literature, numerous methodologies have been developed for the purpose of the
state estimation of the linear systems, for example, Kalman filters [3], Luenberger observer [4].
However, the design of such tools for nonlinear systems is still a challenging task. This is due to
the complex structure of system nonlinearities. Several approaches have been proposed in the
literature to reconstruct the states of nonlinear systems, for instance, the extended Kalman fil-
ter [5], the unscented Kalman filter [0], the high-gain observers [7], the sliding-mode observers [3],
etc. In addition to these techniques, the LMI-based nonlinear observers have recently received a
lot of attention in the control domain [9—12]. Despite various effective LMI-based observer design
strategies presented in contemporary literature, there is a potential for further improvements
in the LMI-based approaches. These possibilities of enhancements in LMI-based methodologies
inspire the author to carry out their research work in this domain. The subsequent segments
illustrate the primary focus and the detailed framework of this thesis.

Objective

As mentioned earlier, the LMI-based nonlinear observer design approach has become one of the
trending research topics in control system engineering.Several LMI-based observer techniques
are presented in [12—17]. Some of these approaches depended on S-Procedure lemma [15], Riccati
equations [19] and Young inequality [20]. All these methods provide an enhanced LMI condition
as compared to the other approaches. Recently, some enhanced LMI conditions have been
showcased in [14,15,21,22]. Though all these LMI methods are enhanced and less conservative

3



4 Introduction

than the existing ones, there is scope for further improvements. Among all these aforementioned
methodologies, the approach proposed in [14] is based on the reformulated Lipschitz property
of the nonlinearities and a newly defined variant of Young inequality. One of the fundamental
components of this method is the introduction of a block-diagonal matrix multiplier which
was inspired by [12, 13]. The authors of [I1] papers provided enhanced LMI conditions with
additional numbers of degrees of freedom from a feasibility point of view. The addition of a
block-diagonal multiplier matrix in the LMI approach is intriguing and beneficial, yet there
is still scope for improvement. The question that arises here is why a block-diagonal matrix
structure only. This question inspires the authors to propose a novel LMI condition based on
a more generalised matrix multiplier than a block diagonal matrix. The inclusion of such a
matrix multiplier inside LMIs can be beneficial in terms of the enhancement of existing ones.
In the summarised manner, this thesis primarily concentrates on the development of novel LMI
conditions that have more degrees of freedom and a larger feasibility region than those presented
in [13,14,22]. The objectives of the research work presented in this thesis are outlined as follows:

e To design a new LMI-based observer design: The key goal is to propose an observer
design approach for the class of globally nonlinear Lipschitz systems by utilising the new
LMI conditions, which are less conservative than the existing approach, and offer more
enhancements from a feasibility point of view.

e To employ the proposed LMI approach for several control applications: In the second part
of this thesis, the authors aim to implement the previously developed matrix-multiplier-
based LMI approach for estimating the states of nonlinear systems affected by disturbances.
Further, the thesis focuses on designing nonlinear observers tailored for non-global Lips-
chitz systems. Later on, this thesis will delve into the topic of the observer-based stabi-
lization approach for nonlinear systems using LMIs.

e To implement the developed observer techniques in autonomous vehicle technology: The
purpose of the last segment of this thesis is to deploy the proposed nonlinear observers
into various autonomous vehicle tasks.

In the sequel, we showcased the layout of this thesis.

Thesis outline

The elaborated layout of the thesis is described in the following manner:

I) An overview of some important notions required in observer design and several existing
observer techniques are presented in Chapter 1. In order to enhance comprehensibility,
Chapter 1 is structured as follows: Section 1.2 is dedicated to the overview of some
fundamental concepts that are essential for the nonlinear observer design. Section 1.3
provides a summary of various existing nonlinear observer design methodologies. Further,
Section 1.4 contains some conclusions.

IT) Chapter 2 is dedicated to the introduction of novel matrix-multiplier-based LMI con-
ditions which are less conservative than the existing ones. The authors have organised
this chapter in a subsequent way: An overview of LMI-based observer and the motiva-
tion of the proposed methodology is discussed in Section 2.2. The prerequisites required
for new observer design methods are illustrated in Section 2.3. A new matrix multiplier-
based LMI approach is presented in 2.4. Further, Section 2.5 contains an enhanced matrix



multiplier-based LMI approach. Section 2.5 includes the validation of the proposed tech-
niques through numerical examples. In Section 2.7, some conclusions are given.

III) In next parts of this thesis, Chapter 3 encompasses the implementation of the proposed
new LMI-based observer techniques for several tasks, such as the state estimation of the
disturbance-affected nonlinear system and observer design for the non-globally Lipschitz
system. The configuration of this chapter is illustrated as: Section 3.2 encompasses the
design of H nonlinear observer. The development of the LMI condition based on standard
Young inequality is illustrated in Subsection 3.2.1, whereas Subsection 3.2.2 includes the
formulation of the LPV-based LMI approach. The extension of the proposed new matrix-
multiplier based-LMI approach for the nonlinear system with local Lipschitz nonlinearities
is showcased in Section 3.3. Further, Section 3.4 emphasises the effect of the different
structures of matrix multipliers on the proposed LMI. The enhancement of the developed
LMI conditions and the validation of the proposed observer is demonstrated in section 3.5.
Some conclusions are drawn in Section 3.6.

IV) Further, in Chapter 4, an observer-based stabilization strategy for nonlinear systems
is established by using our newly developed matrix multiplier-based LMI approach. We
arranged this chapter in the following manner: Section 4.2 focuses on the formulation of
the problem statement. For the proposed observer-based controller, a novel LMI condition
is formulated in Section 4.3 using the Ho criterion. Further, the property of ISS is utilised
in Section 4.4 for deriving an LMI criterion. The performance of the proposed approaches
is validated in Section 4.5 through numerical examples. In the last, Section 4.6 provides
some concluding remarks.

V) Later on, the deployment of the proposed observer in the domain of autonomous vehicles is
showcased in Chapter 5. The layout of this chapter is illustrated as follows: Section 5.2 is
dedicated to implementing the proposed observers of Chapter 3 on the longitudinal vehicle
model. The deployment of the ISS-based observer of Chapter 3 for the purpose of slip-angle
estimation of the nonlinear vehicle model is illustrated in Section 5.3. Further, Section 5.4
encompasses the development of the coordinate transformation-based nonlinear observer
for a vehicle tracking model. Finally, some conclusions are showcased in Section 5.5.

In the next segment, the authors illustrate the contributions of the research work presented in
this thesis.

Contribution of the thesis

The overall contribution of this thesis is listed as:

A. The establishment of new and enhanced LMI condition: One of the notable outcomes of
this thesis is the development of novel LMI conditions based on a matrix multiplier. These
conditions are formulated by integrating the newly defined matrix multiplier with a well-
established LPV approach and a recently introduced reformulated Lipschitz property. Due
to the judicious use of the newly proposed matrix multiplier, the obtained LMI conditions
contain extra numbers of decision variables than the existing LMI approaches [12—141]. The
additional decision variables expanded the LMI’s feasibility region, enhancing these condi-
tions from a feasibility point of view.
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B. The applicability of the proposed LMI method: The developed LMI approach is applied in
various control tasks, as described below:

)

The developed matrix-multiplier-based LMI approach is employed to design an enhanced
Hoo Observer for estimating the state of nonlinear systems affected by external distur-
bances and noise in both their dynamics and outputs. The established LMI conditions
provide a better noise attenuation than the existing methods of [12-11], as shown in
numerical examples.

Further, for the disturbance-affected non-global Lipschitz nonlinear systems, the observer
proposed in [23] is incorporated with the newly developed LMI approach for state estima-
tion. The obtained LMI conditions are formulated by using the ISS notion. The utilisation
of this developed method relaxes the main assumption of global Lipschitz nonlinearities
required during nonlinear observer design problems.

Later on, the new LMI condition is designed for observer-based stabilisation of a class of
nonlinear systems by integrating newly defined matrix multipliers, reformulated Lipschitz
property, and Young inequalities. Due to the deliberate deployment of these mathematical
tools in the LMI formulation, the resulting conditions are enhanced and less conservative
than the one presented in [21-20]

C. The deployment of the proposed observers in several autonomous vehicle applications: The
formulated LMI-based observer methodology is deployed for various autonomous vehicle
tasks, including longitudinal state estimation, vehicle tracking, and slip angle estimation. It
aids in validating the performance of the proposed observer in practical applications.
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1.1 Introduction

One of the fundamental topics in control system engineering is observer design. Since observers
play a vital role in state estimation and control, it has attracted a lot of attention. This is mainly
due to the fact that knowing the current state of the systems is required in many applications.
In practical situations, this real-time information is necessary for monitoring, decision-making,
and controlling the systems. In such cases, the use of sensors is possible in order to obtain
information from the system. However, in reality, not all states are measurable, either because of

7
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the expensive cost of sensors or simply because of their unavailability. These problems associated
with the sensors are summarised in Figure 1.1.

Sensitive Lo

| |
disturbances/ ) | Observer I
. I |

| |
I An estimation tool which |
| interpret/reconstruct the |
- | state varables of system |
Unavailability | ! | using imperfect data |

of sensors | obtained from sensors |

Figure 1.1: Illustrating the obstacles associated with sensors

An alternative for the sensors is to use an observer for the reconstruction of the states of
the system. In addition to this, the observer structure is employed for estimating unknown

Sensors

State-space Model of a System
e State variables (x)
e Parameters (p)
e Unknown external inputs: faults/disturbances
(fo/d)

known input
(u)

measured
outputs
. P!

0

Control

action

YN

r\ bserver

-
-

O

A

Identification
p)

i)

Control (x),

Monitoring

(d)

Figure 1.2: Tasks performed by an observer
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parameters of systems, unknown external signals (for example, faults or cyber-attacks), and so
on. Figure 1.2 illustrates the various tasks performed by the observers. Hence, the observer is
an important element in the control system domain.

The objective of this chapter is to provide an overview of some important notions and several
existing observer techniques. This chapter is arranged as follows: Section 1.2 encompasses a
summary of some important concepts that are essential for the nonlinear observer design. Within
this section, the definitions of the observer and observability are provided in Subsections 1.2.1
and 1.2.2, respectively. Whereas Subsections 1.2.3, 1.2.4 and 1.2.5 contain the overview of
stability conditions, Lyapunov conditions from the stability point of view, and ISS property,
respectively. Section 1.3 is dedicated to a synopsis of various existing nonlinear observer design
methodologies. Further, some conclusions are drawn in Section 1.4.

1.2 Some important notions

This section provides an outline of some fundamental concepts such as the observer, observability,
and stability of the system. The aforementioned concepts enable us to better comprehend how
observer design performs.

1.2.1 State observer

Let us consider a generalised class of nonlinear systems as follows:

(1.1)

where
« z € R™ is a state vector, taking values in a connected n dimensional manifold X.

e u € R® denotes the external input vector, which takes values in some s dimensional open
subset U. Input functions u(-) are assumed to be locally bounded and measurable in a set

u.

e The vector y € R? indicates measured outputs which are confined in some p dimensional
open subset Y.

e Functions f and h represent the nonlinearities present in the system dynamics and outputs,
respectively. Further, both are assumed to be Lipschitz-continuous w.r.t. their arguments.

Let @, (t,z¢) denotes the solution of (1.1) by applying input u(t) on [0,¢] with an initial condition
@, (xo) = zp. In order to control or monitor the system (1.1), it is necessary to know xz(t), but
in practical cases, the available measurements are restricted to y or u. The observation problem
is formulated as:

Find an estimate Z(t) for z(t) for a given system (1.1) using the information of u(t;) and
y(ty) for 0 <ty <t.

This problem makes sense when h w.r.t. x cannot be inverted at any time.
One of the possible solutions to this problem is to use optimization tools. In terms of optimisa-
tion, one can look for the best estimate Z( of xg which provides y(t1) over 0 <¢; <t. Further, by
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integrating (1.1) from #¢ and the knowledge of u(t;), it is easy to obtain #(¢). For more details,
one can refer to [27] and [28]. Though this approach provides a systematic way to find &(t), it
has some drawbacks such as computational burden, local minima, and so on.

An alternative method is to use the concept of explicit feedback in the estimation of z(¢). In a
simple manner, one can obtain the estimate of x(¢) by integrating (1.1) from x¢ if z¢ is known.
When z( is unknown, one can try to integrate (1.1) for some erroneous Zy to determine Z.
Further, the estimated #(¢) can be corrected online according to the error h(Z(t)) —y(t). In
another words, one can find an estimate Z of x as a solution of the following system:

z(t) = f(@(t),u(t)) +r(t,h(2(t) —y(t)), with x(t,0) = 0. (1.2)

Such an auxiliary system is known as an observer, and (1.2) represents the standard form of an
observer for a system (1.1). The schematic representation of an observer (1.3) for the system (1.1)
is shown in Figure 1.3.

x =f(a:,u) e = F(X,y,u)
:H(Xsyau)

Plant dynamics Observer

)

y = h(a:,u)

Figure 1.3: Illustration of an observer as an auxiliary system

A more generalised definition of an observer is as follows:

/ Definition 1.1: Observer [29]: \

For a system (1.1), an observer is given by an auxiliary system:

X(t)
2(t)

FX(1),u(t),y(t),t)
H(X(t),u(t),y(t),t)

such that
(i) 2(0) ==x(0) = &(t) = x(t), V¢ >0.

(ii) ||2(t) —2(t)]] — 0 as t — oo.
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o If (i) holds for any x(0),2(0), then the observer is global.
o If (ii) holds with exponential convergence, then the observer is exponential

o If (ii) holds with a tunable convergence rate, then the observer is tunable

From (1.1) and (1.3), an observer error is defined as:

T=x—-2 (1.4)
The prerequisites needed for any eventual solutions to the auxiliary system (1.3) will be illus-
trated in the sequel.
1.2.2 Observability

This subsection is devoted to the discussion of various conditions which are required to design the
observer (1.3) for a given system (1.1). Such conditions are known as observability conditions.
According to [29], these conditions are classified into two wide classes

1. Geometric conditions - conditions based on initial states (zg)

2. Analytic conditions - conditions based on input u(t)

1.2.2.1 Geometric conditions

The designed observer must be able to extract the state information from the initial time via
measured output. And more particularly, it must identify the initial values of the states. It
means that the designed observer must be able to differentiate between various initial states, or
analogously, it cannot hold indistinguishable states, which is defined as follows:

Definition 1.2: Indistinguishability [29]:

o A pair (z9,2}) € R" x R" is indistinguishable for a system (1.1) if

Yueld, VYt>0, h(®o(t,zg))=h(Po(t,z})) (1.5)

o A state z is indistinguishable from x¢ if the pair (x,z¢) is indistinguishable.

From Definition 2, the observability is defined as:

Definition 1.3: Observability [29] :

A system (1.1) is observable if it does not admit any indistinguishable pair (any state
indistinguishable from )

The definition of observability is quite generalised (more global). However, in several cases, the
indistinguishability of states can be achieved in the neighbourhood but not globally.
For instance, consider the following system:

T=wu; y=sinx (1.6)
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It is easy to show that system contains indistinguishable states between | -7, [ but not in [0, 27].
It implies that this system is not observable in [0,27] but observable in |—7,5[. It leads to the
introduction of the notion of weak observability and local weak observability.

Definition 1.4: Weak observability [29]:

A system (1.1) is weakly observable if there is no indistinguishable state from x in a neigh-
bourhood U for any z.

Weak observability is a weak notion of observability as compared to Definition 3.

Definition 1.5: Local weak observability [29]:

A system (1.1) is locally weakly observable if there exists a neighbourhood U of any x such
that for any neighbourhood V' contained in U, there is no indistinguishable state from x in
V when considering time intervals for which trajectories remain in V.

]
No indistinguishable ' No indistinguishable I No indistinguishable
pair I pairin U I pair in V

| I
i i
i i
i i
i i
i i
i i
i |

Globally ! Weakly I Locally weakly

observable ! observable ! observable
I
o = h(®o(t, zq)) # h(Po(t, 2g)) %o i. U H. v |

Figure 1.4: Schematic representation of geometric conditions of observability

The concept of local weak observability is more local than weak observability. The schematic
representation of the geometric conditions is illustrated in Figure 1.4.

The notion of a weakly observable system implies that there exists a particular space where the
states of systems are observable. It leads to the following definition:
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/ Definition 1.6: Observation Space [29]: \

The observation space for a system (1.1) is defined as the smallest real vector (O(h)) of C*
functions containing the components of h and closed under Lie derivative along f, := f(.,u)
for any constant u € R?, i.e.,

\ for any 1 € O(h), Ly, (¢(x)) € O(h), where Ly, (¢(x)) = g—i](f(x,u)) J

The observation space describes the observability region and it characterizes the notion of rank
condition.

Definition 1.7: Observability rank condition [29] (resp. at () :

A system is said to satisfy the observability rank condition (resp. at xg) if

Va, dim(dO(h)|z)=n [resp. dim(dO(h)|z,) = n],

—~
—_
~

~—

where dO(h)|; is a set of dy(z) with ¢ € O(h)

From Definition 7, the authors of [30] stated the following lemma:

Lemma 1.1: [30]

A system (1.1) satisfying the observability rank condition (1.7) at zg is locally weakly
observable at xg.

NG

If dim(dO(h)|;) = n, then it means that there exist n elements of the observation space which de-
fine a diffeomorphism around xg. The observability condition is explained through the following
examples:

/ Example 1.1 \

Let us consider a linear system as follows:

t=Azx, y=Czx, zecR" (1.8)

The observability rank condition of the system (1.8) is equivalent to rank(O,,) = n with
observability matrix Oy, which is given by

Lzy C

Ly CA
Om - . == . 5

Lty cAr1

where L’]}y represents " Lie-derivative of y.
Qhe pair (A4,C) is called observable if system (1.8) fulfils (1.7). /
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/ Example 1.2 \

For the system (1.6), the observability matrix is given by

B L}h(:):) | cosz
Om = [L?h(m)} N [—sinx} ’

Qc is clearly seen that dim(dO(h)|,,) =1 for any xo. Hence, system (1.6) is observable. )

Similarly, for the system (1.1), the observability matrix is given by,

Lzh(a:)
h(z)
O = | Lh(x)

L3h(z)

From Definition 7 and Lemma 1.1 , the system (1.1) is locally weak observable if dim(dO(h)|z,) =
n for any xg. More details about the observability rank condition of the nonlinear systems can
be found in [31] and [29].

One can easily develop the observer for the system (1.1) if it satisfies the observability rank
condition. However, these conditions are not sufficient to design an observer for the system (1.1).
In the subsequent part, the remaining conditions are discussed.

1.2.2.2 Analytic conditions

The geometric observability conditions rely on the initial states of the systems. Whereas, in
some systems, the observability is dependent on the input of the system also. This can be
exemplified by the following example:

leg glx, y:{l 0}3:. (1.9)

The system (1.9) is observable for any constant input u except at u =0. It means to design
the observer, there is a need for certain conditions on the inputs to achieve observability. These
types of conditions are known as analytic conditions.

To ensure an adequate comprehension of analytic properties, the following functions are defined.

/ Definition 1.8: Class K functions and KL function [32] \

1. A continuous function « : [0,a) — [0,00) is said to belong to class K if it is strictly
increasing and «(0) =0.

2. It is said to belong to class Ko if a =00, and «a(r) — oo as r — oo.

3. A continuous function f: [0,a) — [0,00) is said to belong to class KL if, for each fixed
s, the mapping (3(r,s) belong to class K with respect to r, and for each fixed r, the
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\ mapping [3(r,s) is decreasing with respect to s and 5(r,s) — 0 as s — 0. /

Further, the definitions of universal inputs and uniform observability are provided.

/ Definition 1.9: Universal input(resp. on [0,t]) [29] \

o An input w is universal for (1.1) if

V xg # 23,37 > 0 such that  h(®,(1,20) # h(Pu(T,20)). (1.10)

o The condition (1.10) is equivalent to:

\ /tuh(@u(nxt)—h(@u(r,x;{)HQdT>0, VY zo # xh (1.11)
t

\Z

An input u is said to be singular if it is not universal. For instance, in the system (1.9), u(t) =0
is a singular input.

Definition 1.10: Uniformly observable system [29]

The system (1.1) is uniformly observable if every input of the system is universal (resp. on
[0,2]).

The aforementioned property implies that the observability of the systems is independent of the
inputs. However, there is a need for some conditions to ensure the universality of the input over
a particular time interval. In the sequel, these conditions are illustrated.

Definition 1.11: Persistent input [29]

An input u is persistent input of the system (1.1) if

Jtg,T: V t>to, V xy # ),

+T - (1.12)
/ (Do (7, 20) — B(Bo (7, 2)) |2 dr > O
t

Though this condition preserves the observability over a given time interval, it does not eliminate
the possibility that observability may disappear when ¢ — oco. Thus, it leads to the following
definition:

/ Definition 1.12: Regularly persistent input [29] \

An input u is regularly persistent input of the system (1.1) if
3to,T: Vt>to, ¥V ay_p#x_p, V>t

t L ) ) (1.13)
| n(@u(r,zir) = h(@u(rzlp)|Pdr > Bl = o )
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Qr some function S € class K. J

This condition preserves the observability when ¢ — oo and it is very useful in the effective state
estimation. It relies on the amount of time 7" needed to gather sufficient information. However,
if one wants to estimate the states over a short interval of time, then this property is quite
restrictive. For this purpose, the following property is defined.

/ Definition 1.13: Locally regular input [29] \

An input w is locally regular input if
Jto,T: Vt>tg, ¥V ayr# i 5y V> t,

t , ) , 1 (1.14)
| In(@u(r,air) = h(@u(r,af )| dr = Bl =) ]|

7

Qr some functions § € class L. /

The positive outcomes of each analytical property are depicted in Table 1.1.

Table 1.1: Summary of the analytic conditions of observability

Input characteristic Advantages
Uniform input System is uniformly observable
Persistent input System is observable over a given interval of the time

Regular persistent input | System is observable at t = co.

Locally regular input Useful for the estimation over shorter duration

/ Remark 1.1 \

If considered system (1.1) is not observable, but it holds:

V u such that zy and a;(ll are indistinguishable by w :

Dy (t,20) — Pyt zd) = 0 as t — oo.

Then, system (1.1) satisfies the property of detectability.
Qn that case, one can propose the observer in the sense of (i) and (ii). /

The above-mentioned conditions are sufficient to design the observer for a given system. How-
ever, an observer must estimate the states of the systems accurately, i.e., the estimation error of
the observer (1.4) should zero (or Z — 0) at t — co. In the sequel, the stability conditions will
be recalled from the literature.

1.2.3 Stability

This subsection is dedicated to an overview of stability properties. For simplicity of representa-
tion, the following part focuses on the stability of the states (z) of the system (1.1). Whereas,
in the observer design problems, the stability of the error dynamic (i.e., &, where & = x — ) is
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essential. It is easy to deploy the stability conditions on Z if one understands how to implement
these conditions on the system (1.1).

For better comprehension, let us examine the stability of an autonomous system which is de-
scribed as follows:

i = f(x), (1.15)
where x € D and f:D — R" is a locally Lipschitz function and D C R™. Let z. =0 be the
equilibrium point of (1.15).

/ Definition 1.14: Stability [33] \

The equilibrium point z. = 0 of the system (1.1) is
o stable if, for each € > 0, there is § = §(¢,0) > 0 such that
|z (0)]| < d=||z(t)|]| <€, VE>0. (1.16)
o unstable if it is not stable.

o asymptotically stable if it is stable and § can be chosen such that

\_ le(O)]] <8 = Jim x(t) =0. 0

Definition 14 is local as the stability is restricted to the equilibrium point z. = 0. The global
stability of the system can be achieved if it is stable for all initial conditions x. € R™. In practical
situations, the global stability of the system is always preferred. The given system (1.15) is said
to be globally stable if it holds (1.16) for all initial conditions z. € R™. It is easy to notice that
the autonomous system (i.e., (1.15)) fulfils the conditions of stability and asymptotic stability
uniformly at the equilibrium point z. = 0 w.r.t. the initial time (to = 0).

Now, let us define the stability condition for the non-autonomous system (1.1). For this system,
it needs to be recalled that top = 0 is the initial time of system (1.1).

/ Definition 1.15: Stability [33] \

=

The equilibrium point z, = 0 of the system (1.15) is

stable if, for each € > 0, there is § = (¢,0) > 0 such that

12(0)]| < 8 = ||z(t)|| < e, Vt>0. (1.18)

e unstable if it is not stable.

o asymptotically stable if it is stable and there exist a positive constant p = p(0) such
that
z(t) > 0ast—o0, YV ||z(0)|] < p. (1.19)

o uniformly stable if and only if, it holds

2@ < allzoll), V=0, ¥V [lzol| <a, (1.20)
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where « is a class K function, zp indicates an initial value of z (i.e., (0)), and a is a
positive scalar, independent of ¢y = 0.

o uniformly asymptotically stable if and only if it satisfies
lz@®)[] < B([[zol]), V=0, V [zl <a, (1.21)

where ( is a class KL function, and a > 0 is a constant, independent of ¢g = 0.

\ o globally asymptotically stable if and only if it holds (1.21) for any initial state xo. /

If the class KL function § is considered in the form of an exponential function in (1.21), then a
special case of uniformly asymptotic stability is obtained. Let us define this condition as follows:

/ Definition 1.16: Exponential stability \

The equilibrium point . = 0 of the system (1.1) is exponentially stable if there exist positive
scalars a, b, and ¢ such that

()] < bllzolle™", ¥ [lzol| <a (1.22)

Qhe system (1.1) is globally exponentially stable if it holds (1.22) for any initial state 35'0/

After defining the stability and asymptotic stability of a system at an equilibrium point, the
next objective is to illustrate methods which aid to determine the stability. The subsequent part
is focused on such methods.

1.2.4 Unveiling Lyapunov theory: a comprehensive study of system stability

The necessary condition for the system (1.1) to be stable at x, =0 is described by (1.16).
However, condition (1.16) needs an explicit solution of the differential equation (1.1), which is
often very difficult to compute or impossible to calculate in some cases. Thus, in the control
domain, the well-known Lyapunov theory is widely used to investigate the stability of systems.
The Lyapunov functions are extensively used for the analysis of the stability of the system
without solving it explicitly. In this method, the energy of the system is represented in terms
of a function. Further, the rate of change of the energy function is exploited to ascertain the
stability of the system.

/ Definition 1.17: Lyapunov functions and Lyapunov surface [33] \

1. Let D C R™ be a domain containing x, = 0. If there exists a continuously differentiable
function V : D — R such that it holds:

V(0)=0and V(z)>0in D—0, (1.23)

V(z) <0 in D, (1.24)

where V(z) = g = =5 f(z(t),u(t)). Then, V(x) is called as a Lyapunov func-
tion.
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\ 2. The surface V (z) = ¢, for some ¢ > 0, is called as a Lyapunov surface. /

Let us introduce a few more definitions which will be used to define the Lyapunov stability
theorem.

/ Definition 1.18: Definiteness of function [33] \

1. If a function V(x) holds conditions (1.23) and (1.24), i.e., V(0) =0 and V(x) >
0 for x # 0, then, it is said to be a positive definite function.

2. If V(z) fulfils weaker condition V(x) > 0 for x # 0, then, it is said to be a positive
semidefinite function.

3. However, V() is said to be a negative definite or negative semidefinite if —V(z) is a
\ positive definite function or a positive semidefinite function, respectively. /

The conditions V (0) =0 and V(z) > 0, for  # 0 imply that the solution trajectory of V (z) lies
inside a ball o C ID. The condition V(a:) < 0 indicates that when a trajectory crosses a Lyapunov
surface V(z) = ¢,c > 0, it enters inside the set V. = {x € R" | V(z) < ¢} and can never come
out again. Whereas in the case of V(x) < 0, the trajectories move to the next Lyapunov surface
V(z)=c1,¢> c1 >0 from the surface V(z) = c¢. The Lyapunov surface V() = ¢ shrinks to the
origin as ¢ decreases. Hence, the trajectory approaches the origin.

By using Definitions 17 and 18, the authors of [33] proposed the following theorem.

/ Theorem 1.1 \

The system (1.1) is stable at equilibrium point z. = 0 if it admits a continuously differen-
tiable positive definite function V' (x) so that V(z) is negative semidefinite, i.e.,

V(z) <0in D.

Further, the system (1.1) is asymptotically stable if it holds a continuously differentiable
positive definite function V' (z) so that V(x) is negative definite, i.e.,

K V(z) <0 in D—{0}. /

Theorem 1.1 provides the sufficient condition for global stability of the system (1.1) at equilib-
rium point z. = 0 in the sense of Lyapunov. While the system (1.1) is said to be locally stable
at an equilibrium point x. = 0 if it admits a Lyapunov function V x € B, where BC D C R" is

a particular domain.

In addition to this, there is no systematic approach proposed in the literature to determine the
Lyapunov function for a particular system. For example, in electrical or mechanical systems,
we can consider their energy function as a Lyapunov function candidate. In other cases, it is
primarily an instance of trial and error.

The Lyapunov method can be easily illustrated through the following example:

Example 1.3: [33]

Let us consider the following sets of equations which represent the pendulum model without
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friction:

T = X9,
T (1.25)
9 = —asinxq,

where 1 and zo denote the angle subtended by the rod of the pendulum, and the an-
gular velocity of the pendulum, respectively. « is a scalar. For checking the stability of
system (1.25) at the origin, a Lyapunov function is defined as:

1
V(z)=a(l—coszy)+ 5:6%

It is also known as the energy function of the system (1.25). Further, the derivative of V()
is computed as follows:

. 1
V(z) =asinz 21 + 523:23’72 = arysinzy —axrgsinz, = 0.
Clearly, V(0) =0, V(z) >0V z; € |-2,2x[, and V(x) = 0. Therefore, V(z) fulfils (1.23)
and (1.24). Hence, system (1.25) is stable at the origin as it admits a Lyapunov function.
Q{owever, since V(z) =0, it is not asymptotically stable. /

The aforementioned example demonstrates how the Lyapunov function is utilised in stability
analysis. Furthermore, the sufficient condition to achieve the exponential stability of the system
at its equilibrium point is stated as follows:

Theorem 1.2: [33
( = R

o The system (1.1) is exponentially stable at an equilibrium point . = 0 if it admits a
continuously differentiable function V : [0,00) x D — R such that:

arllz]|’ SV (t,2) < asllz|’, (1.26)
oV oV ,
—+— < — .

Vt>0, VxeD, where ay,a2,a3 and b are positive scalars, and D C R” is a domain
containing z, = 0.

\ e If the assumptions hold globally, then the system is globally exponentially stable. /

The following example demonstrates the comprehension of Theorem 1.2 .

Example 1.4:
/ ple 1.4: [33] \

Let us consider

&1 = —x1—g(t)zo,

. (1.28)
T2 =71 — T2,
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where g(t) is continuously differentiable and fulfils:
0<g(t) <k, and g(t) < g(t), V¢t >0, (1.29)

where k is a positive scalar.
For analysing the stability of (1.28), the Lyapunov function is considered as:

T

st 1 0 T1

=] bl 7
—_———

P

It is easy to interpret that V(x) holds:
2., .2 2 2 2
xi+xy <V(x) <azi+(1+k)z3, VaeR (1.30)

Hence, V() satisfies (1.26) with a1 =1, ag=1+a and b=2.
Now, V(x) is given by

V =227+ 2x119 — (2+2g(t) — (1)) 23.

Since §(t) < g(t), (2+29(t) —9(t)) = 2+29(t) —g(t) 2 2,

I

1%4 < —2x% +2x129 — 233% < - .

As Q >0, V(z) holds (1.27) with a3 = Amax(Q) = 3. Thus, from Theorem 1.2 , system (1.28)
&s globally exponentially stable at z. = 0.

In the case of the system (1.1), the stability of the system also depends on the input. In the
sequel, this input-based stability of the system is discussed.

1.2.5 Reiterating ISS notion: grasping its Impact on the system stability

If we consider the system (1.1) as the unforced system, i.e., u(t) =0, then it is globally uniformly
asymptotically stable at the equilibrium point x, = 0. But what if we consider a class of nonlinear
systems: '

C:f(C,’LL,t), (131)

where f:[0,00) x R” x R™ — R" is piece-wise continuous in ¢, and it is assumed to be locally
Lipschitz in « and u. The input of the system wu(t) is considered as a piece-wise continuous
bounded function of ¢.
In order to establish the stability condition of the system (1.31), the concept of ISS is used.
In [34], an ISS notion was introduced in the control system domain. Further, the authors of [37]
proposed an ISS-Lyapunov function to use the ISS property for the stability of systems. Let us
recall the definitions of the ISS notion and an ISS-Lyapunov function.

( Definition 1.19: ISS property [34]
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If there exists a class KL function § and a class K function « such that for any initial state
¢(0), and any bounded input u(t), solution ((t) exists for all ¢ > 0 and satisfies:

HE@I < BUICOI 1) +(lulleo), ¥V = 0. (1.32)

Then, the system (1.31) is input-to-state stable.

The notion of ISS is often used in the literature (for instance, [36], [37]) for examining the
robustness of nonlinear systems with regard to their inputs across a wide variety of applications.
It is a challenging task to demonstrate the ISS of a system. Thus, the following ISS-Lyapunov
function is widely used for the ISS analysis of the systems.

/ Definition 1.20: ISS-Lyapunov function [35] \

e A smooth function V(¢) : R™ — R is called as an ISS-Lyapunov function for the sys-
tem (1.31) if there exist Ko functions aj,as, and K functions x1,x2, such that

ar(|I¢])) < V(C) < aa(lI¢]]) (1.33)
V(¢,u) < —xa(I¢]D), (1.34)

for any ¢ € R™ and u € R® so that ||C|| > xa(]|ul]).

o Further, the authors of [35] have provided another definition of the ISS-Lyapunov
function which is as follows: A smooth function V(¢) : R" — R is called an ISS-
Lyapunov function for the system (1.31) if and only if there exist a; € Koo (1 <7< 4)
functions such that (1.33) holds along with

V(¢ u) < —as([[¢]]) +aa(llul]). (1.35)

Qlearly, (1.35) implies (1.34). /

Further, the authors of [35] stated the following theorem:

Theorem 1.3

The system (1.31) is ISS w.r.t. the input u(t) if and only if it admits an ISS-Lyapunov
function.

One can use example 4 to illustrate Theorem 1.3 .
The next section of the chapter is dedicated to the summary of a few observer design method-
ologies.

1.3 State-of-the-art on nonlinear observer design

State estimation techniques for linear systems have been extensively studied and proven to be
quite reliable. The Kalman filter [38] and the Luenberger observer [39] were the first state
estimation approaches designed for linear systems. In contrast to linear systems, designing
observers for nonlinear systems remains a difficult task. As a result, a substantial amount of
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research is conducted in this domain, and several methods for each type of system are developed.
All these techniques have their own advantages and limitations. Several variants of nonlinear

observer approaches are described in Figure 1.5.

a N O I
Based on type of the
system-
Observers for continuous or
discrete type systems,
observers for stochastic or
deterministic systems, etc.

- - /
B

ased on observer structure-

State observers, reduced order
observers, unknown input
Lemm T T observers, etc.
- e
*
J‘ “
" R
L

Based on observed variables-

Based on designing
approach-
High-gain observers,
sliding mode observers,
adaptive observers, etc.

L L]
:’Dl“@l‘éﬂf types of’ Observer used to estimate
'.‘ observers :' different variables such as states,
. ! disturbances, parameters etc.
L '
L] &

Based on stability
property-
Observer based exponential
stability, ISS based
observers, etc.

Based on handling
nonlineairites-
Observer based on Lipschitz
property, observer based
Jacobian matrices, etc.

Figure 1.5: Various observer design methods

The subsequent subsection outlines a short recap of the various observer design methodologies.

1.3.1 Nonlinear transformation based method

The authors of [10] introduced the methodology based on coordinate transformation for designing
the observers for the nonlinear autonomous system.
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Consider a class of nonlinear autonomous systems in the subseqent form:
(1.36)

where x € R", y € RP are state vectors and output measurements, respectively. f(-): R™ — R™
and g(-) : R™ — R" are the nonlinearities of the system dynamics and measurements, respectively.
In this method, by using a nonlinear change of coordinates Z = ¢(x), the nonlinear system (1.36)
is transformed into the linear system under the following form:

z:Azz‘i‘fz(y):

1.37
y=0C,z. ( )

The matrices A, and C, are represented under the Brunovsky dual form [11], i.e.,

A, = [@g)—l gir—_lll - O, = []11 @2_1} .

The form of the transformed linear system (1.37) is known as the canonical observer form.
Further, the Luenberger observer for the system (1.37) is considered for the estimation purpose
which is given by

2:A22+fz(y)+L(y_ng)7 (138)
where % is an estimated state, and L is an observer gain needs to be determined. The estimation

error of the observer is defined as Z = x — %.
From (1.37) and (1.38), we obtain:

r=(A,—LC,)7. (1.39)
The gain L is computed by using pole placement conditions.
Furthermore, in [12], this method is extended for the systems with multiple outputs.
The authors of [13] considered the ensuing system for the design purpose:
T = f(x,u),
f(@w) (1.40)
y=g(z,u),

where u € R® is the input of the systems. Further, the following nonlinear coordinate transfor-
mation is employed for the observer development:

z=o¢(x,uy),
o w) (1.41)
Yz = w(‘r7 ul)a
T .
where uq = [u ué ug} , and u}; represents i*h derivative of u. Under this transformation,
the system (1.40) is reformulated as
Z=A,z+ ,u1),
Y. =C.z.
The subsequent observer is considered under the assumption that all the terms uil exist:
2=A%+ f.(y,u1) + Ly, —3),
22+ f2(y,ur) + L(y. — §2) (1.43)

7, =C,z.
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The dynamic of the estimation error of the observer (1.43) is identical to the one described
in (1.39). Observer gain is computed by using pole placement methods. Hence, the observer
based on the nonlinear transformation can be implemented for multi-input systems.

In addition to this, several approaches based on the coordinate transformations are illustrated
in [44], [45] [46] and [17]. The drawbacks of this approach are listed as follows:

1. The types of systems that exhibit the aforementioned coordinate transformations tend to
be restricted and fail to encompass all classes of systems.

2. The method deployed for identifying such transformation is intricate and demands an
elevated level of complexity.

3. For systems with multiple outputs, the transformed systems encompass all the derivatives
of the input terms. It is quite restrictive in many scenarios, as derivatives of the input
terms may not exist.

1.3.2 High-gain observers

Over the last few decades, triangular forms of systems have become a centre of research in
control systems. The authors of [18] related the triangular structure of the systems to uniformly
observable systems, while the phase-variable form was introduced for deferentially observable
systems in [19]. The high-gain observer for the phase variable form was presented in [50],
while [51] dealt with the design of high-gain observers for the triangular forms. High-gain
observers are extensively used in control domains for state or parameter estimation and for
achieving the desired control. Some of the results were outlined in [52], [53], [7], [54], [59]
and [50].

Let us consider the subsequent class of nonlinear systems which is widely used for high-gain
observer design:

z=Ax+Gf(x,u),

1.44
Y= Cr, (1.44)

where x € R™ denotes state vectors, y € RP represents output measurements, and u € R? is inputs
T
of the system. G = [() 0 -- 1} ,C= {1 0 -- 0], and state matrix A is defined by,

(1.45)

f(-) : R™ — R™ is the nonlinear part of the system dynamics which is assumed to be globally
Lipschitz w.r.t. = and u, i.e., it holds (A.1). In addition to this, the pair (A,C) is considered
as detectable. Further, the high-gain observer structure for the system (1.44) is given by,

&= Ad+Gf(&,u)+ Ly —Cz), (1.46)

where T € R" is an estimated state and L is the observer gain which needs to be computed.
From (1.44) and (1.46), the estimation error dynamic is obtained as follows:

= (A—LC)+G(f(z,u) — f(2,u)). (1.47)
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The aim of the proposed high-gain observer methodology is to compute the gain matrix L such
that estimation error ¥ is stable, and Z — 0 when ¢t — co. The error dynammics (1.47) is altered
based on the Lipschitz condition (A.1), and it leads to:

¥=(A-LO)Z+Gv,i. (1.48)

The estimation error depicts a time-dependent rise for the high Lipschitz constant vy, as seen
in (1.48). Thus, the gain L needs to be large enough such that it compensates for the huge differ-
ence between actual states and estimated states. Hence, the proposed observer with computed
gain matrix L is called as High-gain observer.

In high-gain methodology, the gain matrix L is written under the following form:

L=T)K, (1.49)
where T'(0) = diag (0 62 ... 9") ,0 > 1, and K € R"™*P. For further information, one can
read [7]. The following theorem delivers a sufficient condition for the asymptotic stability of the

error dynamic (1.47).

/ Theorem 1.4: [7] \

If there exist symmetric positive definite matrix P, matrix R, § > 0 and 6 > 1 such that

ATP+PA-CTR-RTC+41<0, (1.50)
27t Amax (P
0>90:7f5(), (1.51)

@en estimation error # is asymptotically stable for K = P~'R.

Proof: One can find additional information on the proof of the theorem in [7], [57] and [58]. O

Table 1.2: Summary of HGO approaches

No Method Important consequences References

provides a trade-off between
estimating accuracy and [59], [60]
the rate of convergence

Astolfi/Marconi
high-gain observer

aids to minimize
h i lexi
Reduced-order the computation comp e).ﬂty
2 hieh-eain observer of the observer, and provides [61]
g8 robustness to disturbances

and uncertainties

estimate the states of system
along with unknown parameters
3 | Adaptive high-gain observer | efficiently, and offers a trade-off between | [62], [63]
estimating accuracy and
the rate of convergence
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According to [56] and [64], the key benefit of the high-gain methodology is that it always ensures
the existence of an exponentially convergent observer due to the tuning of only one parameter
which should be selected to be a large enough.

Recently, an abundance of research on high-gain observers has been conducted. Among these
proposed methods, a few approaches are summarised in Table 1.2.

Although authors of [33] and [65] have demonstrated the efficiency of high-gain observers in
output feedback control problems, the major drawback of the method is the use of high-gains.
The limitation of high-gain in this approach is resolved in [7].

1.3.3 Luenberger observers

The Luenberger observer, presented in [39], is the first state estimation technique designed for
linear systems and has manifested consistent reliability. Whereas it is not an easy task to develop
an observer for nonlinear systems. As a result, there has been a tremendous amount of research
done on the topic of the development of Luenberger observers, and various techniques have been
established.

Let us consider the ensuing system:

&= Az + Bu+ f(z),

1.52
y= C, (1.52)

where x € R™, y € RP and u € R® are state vectors, output measurements, and inputs of the
system, respectively. The nonlinear function f(-) : R” — R™ is assumed to be globally Lipschitz
w.r.t. x, i.e., it satisfies (A.1). A, B and C are known constant matrices, and the pair (A,C) is
presumed to be detectable. Then, system (1.52) admits the following observer structure:

&= A&+ Bu+ f(2)+ L(y— C#). (1.53)
From (1.52) and (1.53), the error dynamic is obtained as:
r=(A-LO)Z+ (f(z)— f(2)). (1.54)

The observer (1.53) is known as the Luenberger observer, and it is widely used in control systems
for state estimation purposes, for example, [19], [66], [10], [L1], [12], [I3], and so on. There are
various methodologies that have been developed in the literature to derive the conditions for the
stability of the error dynamic (1.54). Among these techniques, a few are recalled in the sequel.

1.3.3.1 LMlI-based approach

Over the last few decades, LMI-based observers have gained a lot of attention from researchers.
Due to the rigorous use of Lyapunov theory, Lipschitz property of nonlinear functions, and
other mathematical tools such as Schur complement and Young inequality, various novel LMI
conditions have been developed which are presented in [18], [66], [12], [13], and [21].

The following theorem provides an LMI condition for the stability of the error dynamic (1.54):

Theorem 1.5: [18]

The estimation error dynamic (1.54) is asymptotically stable if there exist a symmetric
positive definite matrix P and a matrix R of the appropriate dimension so that the ensuing
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LMI condition holds:

ATP+PA-R'C-CTR+1, P

Further, gain matrix L is given by L =P 1R".

For the proof of the theorem, one can delve into [15].

The authors of [ 1] proposed an improvement in LMI condition (1.55) to tackle the problem of
nonlinear systems having larger Lipschitz constants. The developed LMI condition is stated in
the subsequent theorem:

/ Theorem 1.6: [11] \

The estimation error dynamic (1.54) is asymptotically stable if there exist matrices P =
PT >0 and R of appropriate dimension, and a positive scalar § so that the following LMI
condition holds:

ATP+PA—RTC—C"R+6+21, P
* s o o | <O (1.56)

Qurther, gain matrix L is computed as: L =P 'RT. /

For more details about this, one can refer [I1]. Furthermore, in the same article, the authors
presented a less conservative Lipschitz condition which is illustrated in (A.2). Based on (A.2),
the consequent corollary is presented:

/ Corollary 1.1: LMI based on (A.2) \

If there exist matrices P = P' >0 and R of appropriate dimension, and a positive scalar §
so that the successive LMI condition holds:

A"P+PA-R'C—-C"R+6T'T P
p oL, <0. (1.57)

Then, the estimation error dynamic (1.54) is asymptotically stable. The gain matrix L is
inen by L=P'RT.

In addition to this, further enhancements to the standard LMI approach were proposed by the
authors of [13,14,22], and [15].

1.3.3.2 Riccati equation-based method

Authors of [67] have employed ARE approach for the nonlinear observer design. Later on, in [19],
a novel observer design technique is proposed for nonlinear systems. Further, the authors of [11]
proposed an ARE as an alternative for the LMI condition. Both LMIs (1.57) and (1.56) contain
two unknown variables P and L. The deployment of this approach reduces the computation
of unknown variables. A sufficient condition for the observer design is illustrated as follows:
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/ Theorem 1.7: [11] \

If there exist > 0 and 8 € R such that the following Ricatti inequality has a solution as
P=P">0:

1
ATP+PA+6T T+ 5PTP—ﬁ?CTC<0. (1.58)

Then the error dynamic (1.54) is asymptotically stable. Further, gain matrix L is given by
_ B p-1pT
Q— 5P R . j

In theorem 1, since P is the only unknown, the Riccati inequality (1.58) is relatively simpler to
solve than solving both LMIs (1.57) and (1.56). The efficiency of this method is demonstrated
in [11].

In the literature, various observer methodologies are proposed for the state estimation of the
systems. However, in many practical applications, the dynamics and measurements of the system
are very susceptible to being corrupted by external disturbances or noise. In such scenarios, the
proposed observers must be able to reconstruct the system’s state by attenuating the noise or
disturbances. In the sequel, such observer design techniques are recalled.

1.3.4 Revealing the nonlinear observer design for the disturbance-affected
systems

Designing observers to estimate the states of the systems in the presence of noise and distur-
bances is one of the most challenging tasks in the control system. Due to noisy measurements
and external disturbances, it is difficult to obtain the states precisely. In such circumstances, it
is essential to develop the observers that perform within specified performance thresholds. Thus,
the observer design for systems states estimation under the presence of disturbances/noise has
become a critical issue.

For example,

o An H criterion-based nonlinear observer has been proposed in [68] for the state-of-charge
(SoC) estimation of the lithium-ion battery model.

o The authors of [(9] and [70] developed an observer for the control of glucose levels in type-2
diabetic patients.

o In [14], the nonlinear observer is designed for the slip angle estimation of an autonomous
vehicle model with noise-corrupted outputs and dynamics.

A few design methodologies are discussed in the subsequent part.

1.3.4.1 ISS based approach

In Subsection 1.2.5, the notion of ISS is illustrated. The ISS approach enables an easy and
robust examination of the influence of system and measurement disturbances on estimate error.
From the Definition 19, it is easy to interpret that the states of the system are bounded for the
given bounded input. Similarly, in ISS-based observer design methods, the estimation error of
the observer is considered as the state, and noise w is taken as input to the system. Further, a
sufficient condition on the gain matrix L is determined such that the estimation error dynamic
is ISS w.r.t. w.
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Let us consider a generalised class of nonlinear systems under the presence of external distur-
bances or noise as follows:

&= Az + Bu+ f(z)+ Ew,

1.59
y=Cx+ Dw, (1.59)

where w € R? is the disturbance or noise present in both system dynamics and measurements.
E € R and D € RP*? are known constant matrices and other parameters are the same as
described in (1.52). The system (1.59) holds the following assumptions:

1. The pair (A,C) is detectable.
2. The nonlinear function f(-) : R™ — R™ is globally Lipschitz w.r.t. z, i.e., it fulfils (A.1).
For the state estimation purpose, the ensuing observer structure is considered:
&= A&+ Bu+ f(2)+ L(y—Ci). (1.60)
From (1.59) and (1.60), the error dynamic is obtained as:
¥=(A-LC)i+ (f(z)— f(2))+(E - LD)w. (1.61)

The objective of the observer design is to compute an observer gain L such that the estimation
error & is an ISS w.r.t. w. The subsequent theorem of [32] showcases a sufficient LMI condition
such that system (1.61) is an ISS w.r.t. to w.

/ Theorem 1.8: [32] \

If there exist matrices P = P' > 0, R of appropriate dimensions and a positive scalar o
such that

ATP+PA-R'C—CTR+anfl P

o
* 2

<0, (1.62)

kthen, the system (1.61) is an ISS w.r.t. the disturbance w. The gain matrix is computed as
L=P'R".

O

Proof: For more details about the proof of theorem 1.8 , one can refer to [32].

The efficiency of ISS-based nonlinear observer is highlighted in [71], [72] and [37].

1.3.4.2 7H,.observer

An alternative for ISS-based observers is H ., observers. For the simplicity of representation, let
us consider a generalised class of nonlinear systems:

t=Ax+Bu+Gf(Hz)+ FEw,

1.63
y=Cx+ Duw, ( )

where all parameters and variables are illustrated in (1.59). f(Hzx) denotes the state-dependent
nonlinearity, where H € R"*" is a known constant matrix. In (1.59), the nonlinearity is con-
sidered in a generalised way whereas in (1.63), the nonlinearity in the form of f(H x) allows to
introduce a constraint which is often found in the multi-variable systems.



1.3. State-of-the-art on nonlinear observer design 31

The observer for the system (1.63) is given by
t=A2+Bu+Gf(Hz)+L(y—C%). (1.64)
From (1.63) and (1.64),
T=(A-LC)Z+G(f(Hz)— f(HZ))+ (E— LD)w. (1.65)

Furthermore, it is assumed that f(Hzx) satisfies:

(F(Ha)~ (1) ((f(0) - £(6)) - KH3 ) <0, (1.66)

where K is a symmetric positive definite matrix of appropriate dimension.
The aim is to calculate the observer gain L such that the estimation error dynamic (1.65) holds

1elcy < \fullellZ + A7l (1.67)

where p > 0 indicates the disturbance attenuation level and v > 0 is to be determined.
The authors of [73] proposed the ensuing theorem which provides a sufficient condition for
asymptotic stability of the error dynamic (1.65).

/ Theorem 1.9: [73] \

If there exist scalars 7 > 0, ¢ and a matrix P =P > 0 of appropriate dimension such that
the subsequent optimization problem is solvable:

min uz
Subject to P > tl, 7 > 0, and
My Mo M3 (1.68)
* —7l 0 <0,
* x —p’I—oD"D
where
My =ATP+PA—oCTC+I, (1.69)
1
My = PG+ 5THTKT, (1.70)
M3=PE—oC'D. (1.71)

Then the estimation error dynamic (1.65) fulfils H, criterion (1.67). The gain matrix L is

@lcula‘ced as: L= %P_IC. /

One can refer to [73] for the proof of Theorem 1.9 .
Though the standard nonlinear Luenberger observers are proven to be quite reliable, there are
certain nonlinear estimation techniques were established in the literature. Among these, one of
the popular methods is recapitulated in the sequel.
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1.3.5 A generalised Arcak’s observer

The authors of [74] proposed a new observer configuration for the state estimation of nonlinear
systems. In this method, a standard Luenberger observer structure is modified with the addition
of a gain inside the nonlinear part of the system dynamics.

The class of generalised nonlinear systems used for this method is given by,

&t =Ax+ Bu+Gf(Hzx),

1.72
y=C, (1.72)

where x € R", y € RP and u € R® are state vectors, output measurements, and inputs of the
system, respectively. A, B, G, H and C are known constant matrices of appropriate dimensions,
and it is assumed that pair (A,C) is detectable. The nonlinear function f(Hz) is considered as
a m~dimensional vector where each entry is a function of a linear combination of states, i.e.,

fi= 10O Mijzy), i=1,...,m. (1.73)
j=1
. In addition to this, each f; is assumed to be non-decreasing, i.e., it fulfils:

fi(w1) — fi(x2)

1 —x2

0<

, Vo #x9 R (1.74)

For ease of comprehension, let us define 6 = Hz.
The structure of the proposed observer is represented as follows:

i=A2+Bu+Gf(0)+Li(y—C2),

) (1.75)
0 =Hx—Ly(y—Ct),

where Z represents the estimated state obtained from the observer, and L1, Lo are observer gain
matrices of appropriate dimension. The pictorial illustration of Arcak’s observer is displayed in
Figure 1.6.

From (1.72) and (1.75), the estimation error dynamic is achieved as follows:

i=(A-LC)Z+G(f(0) - f(9)). (1.76)

A sufficient condition to ensure the stability of the error dynamic (1.76) is described in the
succeeding theorem.

/ Theorem 1.10: [74] \

If there exist a symmetric positive definite matrix P, a positive scalar ¢ and a diagonal
matrix A such that

(1.77)

[(A—LlC)TP+P(A—LlC)+e]I PG+(H—L20)TA] “0
* 0

Qhen, the estimation error dynamic (1.76) is exponentially stable. /
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System dynamics

0

Input (W) |5 _ 4p+ Bu+ cf(Ha),

S =nCh?

Y

~ 2 = A& + Bu + Gf(0)

v

>
>

0 = Hx — Lo(y — C%)

Arcak’s observer x
strcuture

A AL

Figure 1.6: Diagrammatic representation of Arcak’s observer

Further, authors of [75] relaxed the constraint (1.74) on f(Hz) by considering that it holds

0< fi(z1) — fi(x2)

Sbi, YV a1 #I‘QER, (1.78)
Xr1 — X9

where each b; is a positive scalar.
From (1.78), the ensuing LMI condition is deduced.

/ Theorem 1.11: [75] \

If there exist a symmetric positive definite matrix P, a positive scalar ¢ and a diagonal
matrix A such that

_ T _ _ T
[(A L,C) P+*P(A LiC)+el PG+(H 2L2C) Al g (1.79)
b
Qhen, the estimation error dynamic (1.76) is exponentially stable at the origin. /

Furthermore, Arcak’s observers gained a lot of attention from researchers, and several enhanced
results are presented in [13, 14,22, 76,77].
1.4 Conclusion

This chapter primarily provided a brief summary of the fundamental notions utilised in the
development of nonlinear observers. The presentation offers a distinctive point of view on
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the subject and makes no claim to be exhaustive. In particular, some important concepts of
observability and stability are illustrated in the chapter. In addition to this, some mathematical
tools required for the observer design were recalled. Further, a few observer design methodologies
were discussed. It shows that there is no particular method for nonlinear observer design.
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2.1 Introduction

Observer design for nonlinear systems has garnered a lot of attention in recent years. This is
because comprehending the system’s current state is crucial in numerous applications. Vari-
ous tasks in the control domain, such as monitoring the systems, controlling the systems, and
decision-making, are performed through the utilisation of such real-time information. Conse-
quently, observers serve an integral role in modern-day applications, for example, autonomous
vehicle tracking [15], the state-of-charge estimation of LI-ion battery model [68], cardiovascular
application [78], and so on. The effectiveness of observers for linear systems has been thoroughly
investigated. The first observer approach developed for linear systems was the Luenberger ob-
server [39]. In comparison to linear systems, observer design for nonlinear systems is still an
arduous problem. There seems to be no standardised design process for the development of
observers in nonlinear systems. Due to this, an abundant amount of research has been con-
ducted in this discipline, and numerous methods have been developed for each type of system
(for example, [75], [76], [79], [56], [80], etc.). In the most recent literature, several novel observer
design techniques have been proffered in [31] [22], [82], [23] and [24]. Among these techniques,
LMI-based methodologies have earned an ample amount of interest and several outcomes have
been published in [12], [13], [21], [14], [22] and [15]. Some of these approaches depended on S-
Procedure lemma [18], Riccati equations [11], and Young inequality [17]. Though each method
provides a unique way to tackle nonlinearities, there is scope for improvement.

The objective of the chapter is to introduce a novel LMI condition that can be enhanced further
to provide a less conservative LMI method than existing ones. The remainder of the chapter is
organised as follows: An overview of LMI-based observers and the motivation of the proposed
methodology are discussed in Section 2.2. The prerequisites required for new observer design
methods are illustrated in Section 2.3. A new matrix multiplier-based LMI approach is pre-
sented in 2.4. Further, Section 2.5 contains an enhanced matrix multiplier-based LMI approach.
Section 2.6 includes the examination of the proposed techniques through numerical examples.
At the end, some conclusions are given in Section 2.7.

2.2 Towards enhanced LMI-based observers: hurdles and po-
tentialities

As stated in the aforementioned section, there has been an enormous amount of research con-
ducted on the topic of LMI-based nonlinear observers. Amidst these methods, a few design
techniques are summarized in Table 2.1. Several of these methods are recapitulated in Sec-
tion 1.3. In this section, additional popular approaches are revisited to showcase the possible
enhancements of the existing LMI-based techniques.

Table 2.1: Summary of LMI-based nonlinear observer approaches

No Method Citation

1 Observers based on Lipschitz properties [14], [21], [11]
2 Observers based on bounded Jacobian [83],

3 | Observers for systems with nonlinearities satisfying dQC [77], |

4 | Observers for systems with non-monotonic nonlinearities [15]

This section begins with a discussion of the features of the method proposed in [21]. In this
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chapter, the authors presented the LMI-based nonlinear observer by utilising a reformulated
Lipschitz property (see Definition 3 of Appendix A.1 and the well-known LPV approach.
In [21], the following class of a nonlinear system is used:

& = Az + G~(z) + Bu,
y=Cu,

(2.1)

where x € R” is the state vector, y € RP is the output measurement and the input of the system
is denoted by u € R®. The matrices A € R™*" G € R™*™ B € R"** and C € RP*™ are known
and constant. The function v(-) : R” — R™ is assumed to be globally Lipschitz. The subsequent
observer structure is employed for the state estimation purpose:

&= A2+ Gy(#)+ Bu+L(y—C%), (2.2)

where Z is the estimated state obtained from the observer, and L is a gain matrix. The estimation
error of the observer is defined as & =« — 2. From (2.1) and (2.2), the error dynamic is given by

7= (A-LCO)Z+G(y(z) —(2)). (2.3)

Further, by implementing the reformulated Lipschitz property (A.6) on f(z), we get

y(z) —~(2) = ZZ%’;’HU, (2.4)

i=1j5=1
PYijmin S 77'.7 S Pyijmax' (25)

For more details about this, one can refer to [21]. Therefore, the error dynamic (2.3) is modified
as

i= (A—LC)ZZ‘—FG(ZZ%J"HM). (2.6)

i=1j=1

The stability condition of the error dynamic (2.6) is obtained by utilising the LPV approach
and Lyapunov theory. The derived criterion is and stated as follows:

/ Theorem 2.1: [21] \

The error dynamic (2.3) is asymptotically stable if there exist matrices P > 0 € S™ and
R € RP*™ g0 that the ensuing optimization problem is solvable:

A(®)"P+PA®)+A"P+PA-C"R-R'C <0,Y® € Vy,, (2.7)
where
A®) = > Gy, (2.8)
i=1j=1
Vir, ={® € R™™ : ¢ij € {Vijypi» Vidax - (2.9)
Qhe observer gain is computed by using L = P~'RT. /

Proof: For the proof, one can follow the steps provided in [21]. O
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The positive aspects of this method are enumerated below:

I. LMI (2.7) provides a feasible solution for the larger Lipschitz constants, whereas, for the
same constants, the LMI conditions of [11] and [75] are infeasible. It interprets that the
LMI of [21] is more efficient than the one proposed in [11] and [75].

II. Another advantage of the aforementioned approach is that the use of the newly reformulated
Lipschitz condition allows the introduction of additional degrees of freedom than those
obtained from the standard Lipschitz property.

Further, the authors of [14] and [17] had incorporated a new variant of Young inequality (A.10)
with the reformulated Lipschitz property and derived a new LMI condition for H,, nonlinear
observers. In [17], the authors considered the subsequent nonlinear system:

&= Ax+Gvy(x)+ Bu+ Ew,

2.10
y=Cx+ Duw, ( )

where w € R? is Lo bounded disturbance affecting both system dynamics and measurements.
E € R" % and D € RP*? are known constant matrices. Other parameters are the same as those
defined in (2.1). The function (-) : R™ — R™ is presumed to be a global Lipschitz nonlinear
function, and it is represented in the following form:

Y1(Hyx)
Y2(Ha)

W =| | .11
i(Hix)

o ()

where H; € R™*™. For the state estimation of the nonlinear system (2.10), an observer structure
specified in (2.2) is used. From (2.10) and (2.2), the error dynamic is computed as

T=(A-LO)Z+G(y(x) —~(2))+ (E— LD)w. (2.12)

Furthermore, analogous to (2.4), we get:

m  Ng

V(@) =y (@) =D yijHiHi(x — 2), (2.13)

i=1j=1

where H;; = e, (i) Ten(j). In addition to this, each function v;; fulfils (2.5).
Hence, the error dynamic (2.12) is reformulated as
F= (A—LC)@—FZZ(%]'GHZ‘]'H@@') +(FE—LD)w. (2.14)
i=1j=1

The following theorem provides an LMI condition for the asymptotic stability of the error
dynamics (2.14):
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Theorem 2.2: [17
1 = ™

The estimation error dynamic (2.14) is H asymptotically stable if there exist P >0 € S",
Zij >0e8MVie{l,....,m},j € {l,...,n;} and R € RP*" such that the ensuing convex

optimization problem is solvable:
minimize , (2.15)

. A X
subject to l* Azl < 0, (2.16)
where
(AT _pTo_ T T_pT
4_ |[ATP+PA-RTC-CTR+1, PE'-R D]7 (2.17)
* —ply
Y= [21 Sy e zm] , (2.18)
Si= [N (P Zin) NE(PZia) - '/V’ini(P7Zini)} ’ (2.19)
: [PGH,;| | [H]
. 2 2 2 2

A = block-diag (m T M Ymlmax ’Ymnmmax) ) (2.21)

\ Z:block-diag(ZH S T A Zmnm). (2.22)/

Proof: For the proof, one can follow the development presented in [17] by considering o = 0. [J

In [17] and [14], the authors had developed a less conservative LMI condition than the one in [12]
and [13] for the nonlinear Lipschitz systems. The key point of this method is the inclusion of
a block-diagonal matrix along with a new variant of Young inequality in the LMI formulation.
It yields an enhanced LMI condition with additional numbers of degrees of freedom from a
feasibility point of view. The addition of a block-diagonal multiplier matrix in the LMI approach
is intriguing and beneficial, yet there is still scope for enhancement. The question that arises
here is why a block-diagonal matrix structure only.

This question inspires the authors to propose a novel LMI condition based on a more
generalised matrix multiplier than a block diagonal matrix. The inclusion of such a
matrix may include additional decision variables inside the LMI condition and may lead
to an enhancement in existing LMI approaches. The motivation behind the development
of the new LMI condition is depicted in Figure 2.1.

Before presenting the novel LMI conditions, some preliminaries are illustrated in the next section.

2.3 Preliminaries

This section is devoted to the introduction of some prerequisites that will be utilised in this
chapter and the subsequent chapters.
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Key elements used to formulate a novel LMI condition
in [1] and |2]

Reformulated New variant of Young
Lipschitz property inequality

LPV approach Blnck—dlag.on.al matrix
multipliers

To derive an LMI condition
based on a more
generalised matrix
multipliers

|r [1]: Zemouche, Ali, and Mohamed Boutayeb. "On LMI conditions to design :
| observers for Lipschitz nonlinear systems." Automatica 49.2 (2013) |
| [2]: Zemouche, Ali, et al. "A new LMI based ¢, observer design method for |
Lipschitz nonlincar systems." 2016 European Control Conference (ECC). |

IEEE, 2016. |

Figure 2.1: Encouraging towards the development of new matrix multiplier-based LMIs

/ Lemma 2.1: [21] \

Let ¢ : R™ — R" be a nonlinear function. Then, the following two statements are equivalent:

1. ¢ is globally Lipschitz with respect to its argument, i.e.,

[6(X) = o(Y)|| < &I X =Y, VX, Y €R" (2.23)

2. For all, 4,5 =1,...,n, there exist functions ¢;; : R" x R" — R, and constants ¢;; . and
Gij.... Such that VX,V € R",

PX)=p(Y) =D M (X =), (2.24)
i=1j=1
Yij-1 ng

where H;; = en(i)e,—[(j), and ¢;; £ oij (X,

X, ).
The functions ¢;;(.) are globally bounded as follows:

\ Gij. < dij < dij (2-25)/

One can go through Appendix A.1 for more details about Lemma 2.1 .
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/ Lemma 2.2 \

Consider the ensuing matrices:

\Ifj:[alﬂn asl, ... anﬂn], (2.26)
xI/T:[bl]In bol,, ... bnﬂn}, (2.27)

where 0 <a; <b; Vie {1,...,n}.
Let us define ) )

Z Za% Za?q Zan
* Zz Za;“l Zag
Z=1, . . : : , (2.28)
* * Zn—l Za271
R * Zn |

where ZZ-:ZZ-T >0eR™™, Z ; :ZaTj >0eR™"™ Vie{l,...,n} so that Z > 0.

Then, the succeeding inequality is true:
\ U] 20, < U] 20, (2.29y

Proof: By using (2.26), (2.27) and (2.28), ¥} ZV¥, and ¥ ZV,, are computed as follows:

\IIIZ\IIQ = a%Zl —|—a%ZQ +... —i—aiZn —|—2a1a2Za% +... —|—2a1anZavlz +2a2a3Zag +...
+2a2an Zay + 20304203 + ... +2an-1anZar_,,
Uy 20y = b1 Z1+ 570 + ...+ by Zn 42010 2,2 + .+ 2b1bp Zay +2b2bs Z s + ..
+2b2bn Zay +2b30aZ 41 + ... +2bp 100 Zar_ -

Then,
U 20, - U] 20, = (a2 —b}) Z) + (a3 — b3) Zo+ ...+ (a2 — %) Z, 4+ 2 (a1ag — biby) Z,2
—— —_—— —_——— ﬁ/_/ 1
Al Az An 11

+...4+2 (alan — blbn) Za;l +2 ((lQCLg — bgbg) Zas +...
—_—— —_—— 2
Ai(n-1) A2y
+2 (agan — bgbn) Zag +...4+2 (an_lan — bn—lbn) Za271 .
~—————

Agz(n—2) A1
Since 0 < a; <b; Vie{1,...,n},

AZSOV’LE{L,H}
Az‘jSOVi,jE{l,...,n—l}.

Further, from Z; >0 and Z,, > 0, we get:
U 20, -] 20, <0.

Hence, proved. O



42 Chapter 2. Fvolving the LMI-based nonlinear observers: matrix multipliers as a key element

/ Corollary 2.1 \

If there exist matrices Wy and Wy, illustrated in (2.26) and (2.26), respectively, along with
the matrix Z in the following form:

Zl OéZQ e OéZn
*x oy ... aZy,

Z = ) , (2.30)
* * aly

where Z; = Z,' >0Vie€ {1,...,n}, and 0 < a < 1. Then, the following inequality fulfils:

\ U 70, <V 7V, (2.31y

Proof: In the proof of Lemma 2.2 , if Z ; is replaced by aZ;, it is easy to deduce the inequal-
ity (2.31). g

Corollary 2.2

If there exist matrices ¥,, ¥, and Z defined in (2.26), (2.27) and (2.28) respectively, and
both fulfils the inequality (2.29). Then, for any block-diagonal matrix A of appropriate
dimensions, the subsequent inequality holds true:

U AT ZAV, <0 AT ZAV,. (2.32)

Proof: For any block-diagonal matrix A, if matrix Z is positive definite, then matrix AT ZA
is also positive semi-definite. Thus, by applying Lemma 2.2 on ¥, and ¥, with a positive
semi-definite matrix AT ZA, the inequality (2.32) is achieved, which ends proof. O

2.4 Incorporating the matrix multipliers in LMI-based nonlin-
ear observers
This section is focused on an attempt to address the question raised at the end of Section 2.2.

In the corresponding section, an LMI condition is derived by using Young inequality, the refor-
mulated Lipschitz property, and a newly defined matrix structure.

2.4.1 Problem formulation

For simplicity of the presentation, the system with nonlinear dynamics and linear outputs is
considered for observer development and it is portrayed by the following set of equations:
&= Ax+Gf(x)+ Bu,

2.33
y= C, (2.33)

where r € R", y € R? and u € R® represent the states, the output measurements, and the input
of the system, respectively. A € R*"*" G € R"*™, B e R"*% and C € RP*™ are known constant
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matrices. The function f(-):R™ — R™ is assumed to be globally Lipschitz, and it is written
under the succeeding form:

[ fi(Hix) |
f2(Hax)
floy=1 2 |, (2.34)
fi(H;z)
Lfm (Hmz)]
where H; € R™*"  Without loss of generality, let us presume that n; is the same for all the
nonlinear functions fi,..., fm, i.e., n; =n, Vi=1,...,m. Since matrices H; are not unique, this
gives the freedom of choosing n accordingly which is the benefit of the proposed method over
the method of [76]. The choice of n plays a vital role in the improvements of the new LMI

condition, which is highlighted in the sequel.
The ensuing Luenberger state observer is utilised for state estimation purposes:

[ fi(H12) T
f2(Ha%)
b=Ai+C % | +Bu+L(y—C2), (2.35)
fi(H;z)
o ()]

where Z is the estimate of state x and the matrix L € R™*? is an observer gain. The estimation
error of the observer (2.35) is defined as

—z— 3. (2.36)

=

Further, from (2.33) and (2.35), the estimation error dynamic is given by

&=A7+G(f(z,2)), (2.37)
where
A=A-LC, (2.38)
Ji(v1) fl(’fl)
Fad) = ) - g0 = | 0 [ <[ PP, (239)

JmWm) | [ fm(Pm)
Since f(.) is globally Lipschitz function, then from Lemma 2.1 | there exist functions
fij :R"xR" - R for i€ {l,...,m} and j € {1,...,7},
and constants fq,; and fp,;, such that,

fl@,2)= " fijMHi;Hit, (2.40)

3,j=1
faij S fl] S sz‘ja (241)
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where f;; £ fl-j(yfi’jfl,yfi’j) and H; ;= em(i)es (4).
Without loss of generality, let us assume that f,,, =0 Vi€ {1,...,m} and j € {1,...,n}, and it
leads to:

For more details about this, one can refer to [12] and [21].
Through the use of (2.40), the error dynamic (2.37) is reformulated as

i=AZ+ ) [;GHyHi. (2.43)
ij=1

Objective

The primary goal of this section is to determine the gain matrix L such that the error
dynamic (2.43) is exponentially stable.

To obtain the necessary condition, the following standard quadratic Lyapunov function is de-
ployed:
V(%) =i ' PZ, where where P>0¢e S".

Thus, V(Z) holds:
Amin(P)[12]* < V(&) < Amax(P)[|Z]]*. (2.44)

The essential criterion for the exponential stability of a system is illustrated in Theorem 1.2
. The condition (2.44) is identical to the one specified in (1.26). To achieve an exponential
convergence of Z towards zero, another necessary condition on V'(Z) is described as follows:

V(%) 4 €||Z]|? <0, where € is a positive scalar. (2.45)

The inequality (2.45) is equivalent to the expression (1.27). The derivative of V(Z) along the
trajectories of (2.43) is given by

m,n m,n T
V(@) szP<A:E+ S fijG’HZ-jH@) + <Aa§+ S fijGHinﬁ:) Pi.
i,j=1 b,j=1

Hence,

Vig)=z" (ATPJr PA):;? +z7 (( % fijPGHini) + ( nff fijPG”Hini> T) z. (2.46)

i,j=1 1,j=1

From (2.45) and (2.46), the required condition for obtaining the exponential stability of the
error dynamic (2.43) is

(ATP+PA+6H)+ ((

In the literature, several LMI-based methods have been developed for this class of systems.
All the proposed approaches provided LMI relaxations; however, the resulting LMI conditions

m,n m,n T
>, fz‘jPGHini> + ( > fz‘jPG%z‘sz‘) ) <0. (2.47)

3,j=1 4,j=1

N1
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remain conservative, and further improvements are possible. This is the motivation for proposing
new LMI conditions.

In the next subsection, Lemma 2.2 and Young inequality (A.9) will be exploited to improve
the standard LMI methods. In this approach, a matrix multiplier will be incorporated in the
LMI conditions, providing more degrees of freedom from a feasibility perspective compared to
existing methods.

2.4.2 Synthesis of LMI condition

Over the last two decades, various LMI-based techniques were proposed to address the Lipschitz
nonlinearity. Some classical methods rely on the S-Procedure lemma [1 1] or the standard Young
inequality [32]. In all these approaches, the authors tackled the nonlinearities with the standard
Lipschitz property (A.l), rather than using reformulated Lipschitz property (A.6). In this
subsection, a new LMI condition is designed by using Lemma 2.2 and an inequality (A.9). The
use of the detailed form allows the inclusion of more decision variables than methods using the
global form. Such extra degrees of freedom enhance the LMI feasibility.

In the proposed technique, the nonlinearity is handled differently as compared to [14]. The
nonlinear term Nj of (2.47) is written under the following form:

[ (PGH11H1)' T
(PGH1zHy) "
M=|fuly oo fieale oo forln ... fmﬁﬂn} : +UT . (2.48)
7 (PGH 1 Hp) "
_(PGHmﬁHm)T_
U
By implementing Young inequality (A.9) on (2.48), we get:
N=d"U+0"0<U'27'U+0" 7, (2.49)
where Z > 0, and it is illustrated as follows:
[ le O[Zlg aZ]_ﬁ aZml OéZmﬁ_
CkZlg Z12 OéZlﬁ OzZml OéZmﬁ
* * oalyy . gl ... O
* * * i . Qlml .. Oma
7= ) , (2.50)
* * * * o alml ... Qi
* * * * *x Ll .. Qi
* * * * * * o o
| * * * * * * *x L |

where Z;; >0e€ 8" Vie {l,....m};je{l,...,n},and 0<a < 1.

Let us define
-

B = [fouln - foaln - fopaln o omaln (2.51)
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Since 0 < f;; < fs,;, the following inequality is derived by using Corollary 2.1 on the matrices @,
®,, and Z:

o720 - ) 78, <0. (2.52)
Thus, the inequality (2.49) is modified as
N <U'Z7'U+0) 28, (2.53)

Hence, the necessary condition (2.47) is satisfied, if
<ATP+PA+6H> +U'27'U+ 9 729,, <0 (2.54)

Now, we can proceed to establish the subsequent theorem.

/ Theorem 2.3 \

The estimation error dynamic (2.43) converges exponentially towards zero if there exist
scalars € > 0, and 0 < o < 1 along with matrices P > 0 € S™, Z under the form of (2.50) and
R € RP*™ such that the following LMI condition is feasible:

A(AP,R) U" o7

* -7 0 | <0, (2.55)
* * —7Z
where
A(A,P,R)=A"P+PA—R"C —CTR+l,. (2.56)

The matrices U and ®,, are defined in (2.48) and (2.51), respectively. The observer gain is
Qomputed as L=P 'R".

Proof: Since we have (2.54), the proof is straightforward. Indeed, by using the change of
variables R = LT P, and implementing the Schur lemma ( A.3) on (2.54), LMI (2.55) is obtained.
If the LMI condition (2.55) is feasible, then the exponential converges of error dynamics (2.43)
towards zero is ensured. ([l

Table 2.2: Computation of the number of decision variables of LMI (2.55)

Number of Number of
decision variables decision variables Total
inside element A(A, P,R) inside matrix Z
— [ n(n+1)
et ) g (a2
R T (*: «is chosen by users)
P additional variables
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2.4.3 Comment about the proposed LMI condition

The objective of this subsection is to highlight the advantages of the proposed LMIs. In order
to achieve more feasibility in convex optimization problems, one of the important parameters
is the number of decision variables inside LMIs. Thus, the computation of this parameter
for LMI (2.55) is showcased in Table 2.2. It interprets that the number of decision variables
inside LMIs (2.55) is dependent on the system parameters n and n. In the next section, the
effectiveness of these parameters on the LMI feasibility is evaluated. The comparison of the
number of additional decision variables with existing LMI methods is demonstrated in Table
2.3.

Table 2.3: Number of additional variables for several LMI methods

LMI of [17] LMI of [1] LMI (2.55)

Number of additional mo " malnat) ins1)
variable 2 i1 i=1 (nz(2 mn| =5 ) +1

It is easy to show that the number of additional variables inside the LMI (2.55) is higher than
the existing LMIs of [13] and [14]. It is one of the advantages of the proposed LMI method over
existing methods. This is due to the introduction of a new matrix multiplier in the LMI.

Though the proposed LMI includes an extra decision variable than existing approaches, these
newly defined matrix variables are dependent upon variables n (i.e., number of states) which is
restrictive in the case of large-scale dynamic systems. It may increase computational costs. In
addition to this, the inclusion of this additional variable is unable to provide any substantial
advancements in LMIs. Thus, there is a potential for improvements in the newly designed
LMI method such as consideration of a more generalised matrix multiplier. In the sequel, the
proposed LMI condition is enhanced by integrating a new matrix multiplier structure.

2.5 Enhancement in the matrix multiplier-based LMI approach

This section is dedicated to the development of an enhanced LMI condition based on a more
generalised matrix multiplier than the one employed in Section 2.4. In this segment, a class of
systems having nonlinear dynamics and nonlinear outputs is used for the observer design purpose.
This case is often encountered in many industrial applications, for example, the problem of
magnetic position estimation [37], the state of charge (SoC) estimation in battery management
system [68], and automotive slip angle estimation problem [11].

2.5.1 Problem Contextualization

The following sets of equations represent a class of nonlinear systems with nonlinear outputs:

&t =Azx+Gf(x)+ Bu

y=Cx+ Fg(x), (2:57)
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where F' € RP*" is constant matrix. The function ¢(-) : R" — R" is assumed to be globally
Lipschitz, and it is written under the following form:

[91(G17)]

)
g(z) = a@m | (2.58)

L0,(Gr))

where G; € RPX™ is a constant matrix. The other matrices and variables remain the same as the
ones specified in (2.33).
Consider the subsequent observer form:

&= A2 +Gf(2)+ Bu+L(y—9),

2.59
g=Ci+ Fg(%). (2.59)
where Z is the estimated state, and L € R™*P is the observer gain matrix.
From (2.57) and (2.59), the error dynamic is computed as follows:
i=Ai+Gf(x,2)— LFj(x,%), (2.60)
where A and f(z,#) are described in (2.38) and (2.39), respectively. §(z,#) is given by
91(Gr2)]  [901(Gi)]
.‘97,' éz
g(x,2)=g(x)—g(z) = = | — .. 2.61
§(@,2) = g(x) — g(2) 5@ (@) (2.61)
_gr(er)_ _gr(G’rﬁ?)_
Since g(+) is a globally Lipschitz function, then from Lemma 2.1 , there exist functions
gij : Rﬁ X Rﬁ —R
and constants g,,; and gp,;, such that
r’p
Gz, 2) = 9i;Gi;(Gi)i, (2.62)
ij=1
gaij < Gij < gbij’ (263)

where g;; £ gij(ﬂf I 4,0?”) and Gi; = e,(i)ey (j). Without loss of generality, we assume that

Ja;; =0 forallie {1,...,7} and j € {1,...,p}, i.e,
Hence, from (2.40) and (2.62), the error dynamic (2.60) is altered as:

m,n r,p
r=A7+ Z fUG’HZ]HZ{Z' — Z gijLngjGi.f. (2.65)
i,j=1 i,5=1
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The aim of this section is to compute the gain matrix L which ensures the exponential stability
of the error dynamic (2.65).

Let us consider the Lyapunov function V(&) = Z " P#, where P >0 € S™ for the stability analysis
of the error dynamic (2.65). Analogous to Section 2.4, V(z) fulfils the condition (2.44), which
implies that V(Z) admits (1.26).

Further, V/(Z) is computed along the trajectories of (2.65), and illustrated as follows:

V(i) =i <ATP+PA)5C+5UT (( "f fijPG”Hini) + ( % fijPG’Hini>T>5c

ij=1 ij=1
r’p T,ﬁ T
—5?T<< Z gijPLngjGi> + ( Z gijPLngjGi) >9~U
ig=1 ig=1

Similar to Section 2.4, we deduce that the error dynamic (2.65) satisfies the exponential stability
condition (2.45), if the following inequality holds:

m,n m,n T
(ATP-I—PA-FE]I) + (( Z fijPG/Hini) + ( Z fijPG’Hini> >
i,j=1 ,5=1

. s . (2.66)
+ (( > gij(_PLF)gijGi> +< > gij(_PLF)gijGi> ) <0.
i,j=1 =1
By considering R = PL, the inequality (2.66) is rewritten as:
_ Vij _ Nij
m,n A T 4 T —_— T
A(A,PR)+| Y <(PGHij)(fini)+VijUij) +1 > ((—R ngj)(gijGi)+NijMij) <0,
Q=1 T Q=1 N~
iJ ij
N1 N2
(2.67)
where A(A, P,R) is described in (2.56).
Now, the terms N7 and Ny are written under the following form:
N =U'"V4+V'U, (2.68)
Ny =M'N+M'N, (2.69)
where
- T
U=[of - VR o UL e UL (2.10)
T
Ve[VT o VI o Ve V] @)
- T
— _MlTl e My e M Mjﬁ] 7 (2.72)
- T
N=[N - N - N§ - Njﬁ} . (2.73)

Further, the terms V and N can be expressed in the following manner:

V=H®, and N=GU,
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where,
H =block-diag(Hy,...,H1,...,Hp,...,Hp), (2.74)
n times n times
G = block-diag(Gy,...,G1,...,Gr,...,G}), (2.75)
p times p times
@T:[fllﬂ oo fial o feal L fmﬁﬂ}, (2.76)
\IJT:[gHH gl o ogml gmﬂ]. (2.77)

Thus, (2.68) and (2.69) are modified as:

N =U"(H®)+ (H®)'U, (2.78)
No=M"(G¥) + (GT) M. (2.79)

2.5.2 LMI design with Young inequality

In this part of the chapter, the enhanced LMI condition is developed by using (A.9) and more
generalised matrix multipliers.
The ensuing inequalities are obtained by implementing Young inequality (A.9) on (2.78) and (2.79):

M <U'Z7'U+®"H'ZH®, (2.80)
Ny <M'S™'M+¥'G'SGY, (2.81)

where matrices Z and S are described in (2.82) and (2.83), respectively.
Let us define

O =fonl oo foal o fonD o o] (2.84)

and
L /TR ST R SRR o | (2.85)

As Z >0 and S > 0, we get HTZH >0 and GTSG > 0. Since each element of ® and ®,,
fulfils (2.42), one can obtain the successive inequalities through the utilisation of Corollary 2.2:

®'H'ZH® <o H'ZH®,,, (2.86)
v'GTSGY <] GTSGY,,. (2.87)
It leads to
M <U'z"'U+o H'ZH®,, (2.88)
Ny <M'S'M+ V! GTSGY,,. (2.89)

Therefore, condition (2.67) is satisfied if
A(A,P,R)+U'Z'U+®) H'ZH®,,+M'S"'M+ v, GTSGV,, <0. (2.90)

With the necessary background established, the forthcoming theorem can be articulated, encap-
sulating a new LMI condition.
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Z Z 1 . Zyi1 Zyin ... Zy 7,11 Zy11 e Zi1a
7 1 Zam Zalﬁ szl Zb22 ZbQﬁ mel meQ me'r'z
1 2 12 12 ... 12 ... 12 12 12
a1g 12 A ba1 b33 ban bt o bn
Z 1 Z 2 AT Z1 Zi1 R/t . Za Ziin eo. Ziin
Zalﬁ Zal'ﬁ 7 n szrf Zng ZbQ:{ bt b brna
11 2 ... 17 1 1 AP 7,21 A
bay b3 bot 221 Z‘122 Zazﬁ b b2 brn
11 Zii2 ... Ziin 1 2 AT 7,22 AT
bas b33 boy A9 22 Aon bo2) b2 b
Z= : R : e S . (2.82)
Zb%}i Zb%% Zb;,':i Za%ﬁ Zagﬁ e Jom ... Zb?'l ZZ)Qﬁ_) coo Ly
mn maz mn
anl Z12 Zyn Ly Zyeo oo Ziono .. Zml L v L
Z m Z ml ml m1 7 m1 7 m1 Z Z m2 Z mn
11 12 17 /121 /122 A0 1 2
bm2 m2 bn;,,LQ ()/71,2 bm,_’ brr:]'l am2 m2 amﬁ
Zbll, Zb127 me? Zb-_n szz szn, Za1 B Za2 e Zma
L mn mn mn mn mn mn mn mn -

where Zij; >0 € 8", Zy >0 € SWik e {1,....m},&j € {1,...,n}; Zyu >0¢€ S"Vie
9 (%)
{2,....m}ke{l,.... m—1},&j € {1,...,n} such that Z > 0. ’

S11 Sa%z Sa%ﬁ Sb%% Sb% Sb%% Sbii Sb}é Sb};;
Si1 S2 ... S5 S5 S ... Sis S5 Sap ... S
alﬁ alﬁ lp b2€ b2§ bQZ brII) brg 7b'r§
Sb%% Sb%f e Sb%’f S91 Sa%2 .. Sa%,; . *Sbﬁ Sbf.ﬁ . bhgzl)
S S .. Sap S S ... S voe Sioa Sie2 .. Sioo
by by by Pay, P22 a3; R ob72
S= : : : : : L : |, (2.83)
S S P S D S P S_ P b"_y SQ') SQ'A
by Sbiz vy Sal, S, 2 2 S v
5 921 S ... Sop ...
S Spiz Sz Spar Sy b2 Sr S, Sat,
S S oo Sip St S ... S ... S S, ... S
by b3 bs by b7 b2 ap, P12 a?;
S S o S 9 Sz ... S22 ... S S e S
L b'rl“;? b}ﬂ% b:g [)72'/1> [)7)‘;)) b ,)»ﬁj a'll*ﬁ azﬁ p J

where S;; >0€ 8P, Sx >0€SPVi,ke{l,...,r},&je{l,...,p}; Sk >0€ SPVie{2,...,r},ke
(¥} ij
(1,....,r—1},&j € {1,... j} so that S > 0. ’

Theorem 2.4

Let us assume that there exist the matrices Z and S as specified in (2.82) and (2.83), respec-
tively, along with matrices P >0 € S™ and R € RP*", and a positive scalar e. The estimation
error dynamic (2.65) fulfils the exponential stability criterion (2.45) if the following LMI is
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feasible:
A(A,P,R) UT @®)H'Z M' ¥!G'S
* —Z O O O
* * —Z O O <0, (2.91)
* * * —S O
* * * * -S

where matrices U, M, H, G, ®,, and ¥,, are illustrated in (2.70), (2.72), (2.74), (2.75),
(2.84) and (2.85) respectively. Other variables and parameters are defined in Theorem 2.3
\The gain of the observer is calculated by using L =P~ 'RT. j

Proof: The proof of the theorem is obvious, as the Schur complement of (2.90) yields an
LMI (2.91), which ensures exponential stability of the error dynamics (2.65). O

2.5.3 LPV-based LMI approach

Recently, the new variant of Young relation (A.10) is used in the LMI-based observer design to
derive an enhanced LMI condition (for example, [11] and [22]). In this subsection, a well-known
LPYV approach is incorporated to deduce a novel LMI condition.

The subsequent inequalities are derived by applying inequality (A.10) on (2.78) and (2.79):

1

N < -(U4+ZH®)'Z Y (U+ZH®), (2.92)

| =N

Ny < —(M+4SG®) 'S HM+SGW), (2.93)

2

where matrices Z and S are defined in (2.82) and (2.83), respectively.
Therefore, inequality (2.67) holds if

1 1
A(A,PR) + 5 (U+ZH¢>)T2—1(U+ZH<1>)} +2{(M+SGW)TS—1(M+SG\P) <0.  (2.94)
From (2.42), and (2.64), each element inside ® and ¥ are bounded and belong to convex sets

Fm and Gy, respectively.
The sets F,,, and G, are defined as follows:

Fn 2{®:0< fij < fo,.Vie{l,....om}&je{l,...,n}},
Gr 2{V:0<gij <g,,Vic{l,....,r}&je{l,...,p}}.
The set of vertices of F,, and G, are given by

Fu = {{]—"11,...,fln,...,]-"ml,...,]-"mn} L Fy € [O,fbij]}, (2.95)

gGT = {{glla"'7g1ﬁ7"'7g7‘17"'7g7‘]5} : gz] € [Ougb”]} (296)
Hence, (2.94) is rewritten as:

A(A,P,R)#—[ (U+ZH¢)T21(U+ZH¢>)}

1
2
VEF Hm (2.97)

+ B(MJrSG\I/)TS_l(MJrSG\IJ)

<0.
YVvela,

After establishing the fundamental framework, we can define the following theorem.



2.5. Enhancement in the matriz multiplier-based LMI approach 53

/ Theorem 2.5 \

Let us consider the matrices Z and S as specified in (2.82) and (2.83), respectively, along
with matrices P > 0 € S™ and R € RP*™ and a positive scalar €. The estimation error
dynamic (2.65) achieves exponential stability if the following LMI is feasible.

A(A,P,R) (U+ZH®)' (M+SGU)’
x —27. 0 <0,Y® € Fp,, YV € Ga,, (2.98)
* * -2

where all variables and parameters remain consistent with those specified in Theorem 2.4 /

Proof: The LMI (2.98) is derived by implementing Schur lemma on (2.97). From convexity
principal [18], the exponential stability criterion (2.45) is satisfied by estimation error dynam-
ics (2.65) if LMI (2.98) is solved for all ® € Ff, and V¥ € G, . O

2.5.4 LMlIs for the nonlinear systems with linear outputs

The proposed LMIs (2.91) and (2.98) can be reconfigured for the system (2.33).
The subsequent corollaries present the novel LMI conditions for the computation of the observer
parameter of (2.35).

/ Corollary 2.3 \

The estimation error dynamic (2.43) fulfils the exponential stability criterion (2.45) if the
following LMI is feasible:

A(A,P,R) UT @ H'Z
* ~7 0 <0, (2.99)
* * —7Z

there all variables and parameters remain coherent with those specified in Theorem 2.4 /

Similarly,

/ Corollary 2.4 \

The feasibility of the following LMI indicates that the estimation error dynamic (2.43)
exhibits exponential stability, i.e., it satisfies criterion (2.45).

A(A,P,R) (U+ZH®)'

<0, VY€ Fp, 2.100
* —27Z Fom ( )

there all variables and parameters are the same as the ones described in Theorem 2.5 . /

The proof of both corollaries is straightforward. If one follows the proof of Theorem 2.4 and
Theorem 2.5 , it is easy to prove the corollaries mentioned above.



54 Chapter 2. FEwvolving the LMI-based nonlinear observers: matrix multipliers as a key element

2.6 Validation of proposed methodologies

This section is dedicated to highlighting the validity and effectiveness of the proposed method-
ology through numerical examples and practical application. First, an example of a nonlinear
system with linear outputs is considered to analyse the effect of various parameters on the LMI
feasibility. Further, another numerical example is used to compare the efficiency of the proposed
LMIs with the existing LMI methods. In addition to this, the practical application of a flexible
link robot model described in [11] is used to demonstrate the performance of the observer (2.35).

2.6.1 Numerical example 1

The following numerical example is taken from [I11], and it is used to analyse the effect of the
parameter « on the feasibility of LMI (2.55).

Consider the nonlinear system described in (2.33) with following parameters:

010 1 0
AzOll,GzO,B:OandC:[lol}.
01 1 0 0

The nonlinear function f:R? — R is a differential function. Without loss of generality, we
assume that f satisfies condition (2.42), i.e.,
af

0<=—<9, for j=1,2.

2.101
o (2.101)

Let us consider the following two cases of 7,

1 00 _
Case 1l : H| = 00 1l n=2
1 1 0
Case2 :H1=|(0 -1 0|; n=3
0 0 1

Further, by using the YALMIP tool, LMI (2.55) is solved for this example and the LMI feasibility
is analysed for the following two cases of 7.

Table 2.4: Maximum value of 6 (i.e., 8,,) for which LMI (2.55) is feasible

a=1|a=07 | a=05|a=025| «=0.1
Case 1l | 6,, | 0.249 0.285 0.333 0.399 0.454
Case 2 | 0, | 0.333 0.399 0.499 0.65 0.747

The effect of @ on the feasibility of (2.55) is clearly seen in Tables 2.4. The term 6,, indicates
the maximum value of 6 for which LMI (2.55) gives the feasible solution. From these two tables,
0., is increasing as « is reducing. Thus, LMI (2.55) has a larger feasibility region for smaller
values of a. The feasibility of a new matrix multiplier-based LMI (i.e., LMI (2.55)) is totally
dependent on the parameters « and 7, as seen in this example.

In the sequel, another numerical example is considered to analyse the effectiveness of LMIs (2.99)
and (2.100).
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2.6.2 Numerical example 2

Let us analyse the feasibility of the proposed LMIs for the system (2.33) with respect to the
following parameters:

01 O r
1 00 1 00
A= 8 i 1 [;G= 0 0 1] andC—lO 0 11.

The nonlinearities present in this system are as follows:

1 0 0
1. fi(H1) =sin(0z1)sin(fxs) and Hy = |0 —1 0 |. Hence,
_0 1 -1
—QS%SQand —QS%SG.
81‘1 I3
1 1 0
2. fo(Haz) is a function such that, it holds 0 < g—g{i <86, along with Ho = |—1 0 1 |.
0 0 -1

Hence, m =2 and n = 3.
To highlight the effectiveness of the proposed LMIs, the following cases are considered.

1. Case 1: LMI (2.99) with
VAT VAR VAN
Z = * Z12 OzZzl s (2102)
* * Zgl

where Z11,Z12, Zo1 € R™™ are symmetric positive definite matrices, and o = 0.5.

2. Case 2: LMI (2.99) with
Zn Zay Ly
7 = * Z12 Zb§1 s (2103)
* * Z21

where Z11, Z12, Z21 € R™" are symmetric positive definite matrices, and Zauva;laZbgl €

R™Mare symmetric positive semi-definite matrices.
3. Case 3: LMI (2.100) along with a matrix Z which is described in (2.103).
4. Case 4: LMI proposed in [21]

For different 6 values, the LMIs from the above cases are solved using the MATLAB toolbox.
Table 2.5 indicates the maximum value of 6 (i.e., 6,,) for which different LMIs are feasible. It
highlights that the proposed LMI (2.100) provides a better solution. In other words, it has the
maximum feasible region than the other methods described in the above cases. Thus, it validates
the efficiency of the proposed LMI.

From the above analysis, one can interpret that the inclusion of the newly defined matrix mul-
tipliers aids in the enhancement of the LMI approach from a feasibility point of view. In the
next chapter, the relaxation of the LMI conditions through the inclusion of matrix multipliers
will be discussed in detail.
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Table 2.5: Comparison of different LMI methods

Case 1 Case 2 Case 3 Case 4
0, | 0995 |6.528 x10* | 2.004 x 10° | 1.413 x 10°

Estimation errors ()

Time (sec)

Figure 2.2: Plot of estimation error (Z) in Case 1

Estimation errors (%)

10 15

Time(sec)

Figure 2.3: Plot of estimation error (z) in Case 2

2.6.3 Implementation on a robotic arm manipulator

In this segment of the chapter, the observer performance is validated through a practical appli-
cation, a flexible link robot model. The proposed observer design is implemented in MATLAB,
and the effectiveness of the observer is evaluated.
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78]

(=Y

Estimation errors ()

22 ! !
0 5 10 15
Time (sec)

Figure 2.4: Plot of estimation error (Z) in Case 3

Consider the system dynamics of the flexible link robot represented in the form of (2.33) with
the following parameters,

0 1 0 0 0 0
—486 —-1.25 486 O 21.6 0 1 0 0 O
A= 0 0 0 1’B7 0 , G = 0 7Cl0 1 001
19.5 0 —-195 0 0 —-3.33
0 1 0 1]
. -1 -1 0 0 _
Further, f(Hix) = sin(x3), where Hy = ] 0 1 0l Thus, m =1 and n = 4.
0 0O 0 -1

The input of the system is assumed as u = sin(t). The ini_jcial states of system and observer are
considered as z(0) = {1 11 1} and z(0) = [O 0 0 0], respectively.
The proposed LMIs, i.e., (2.55), (2.99) and (2.100) are solved in the MATLAB toolbox, and

the obtained result is summarized in Table 2.6. Further, the observer (2.35) is implemented in
MATLARB for the purpose of state estimation of robotic arm manipulator for each gain matrices.

Table 2.6: Representation of the results obtained from the solution of the proposed LMIs

Case 1 Case 2 Case 3
LMI (2.55) with « = 0.5 LMI (2.99) LMI (2.100)
1.5389  —23.9559 1.1694  —24.3703 0.7399  —21.4370
I_ —22.8269 10.1797 I— —23.8745  6.6162 I— —25.3612  3.4518
5.6981 69.0578 2.7935 48.9559 2.7557 52.6295
53.7942  288.2865 30.1371  142.4056 26.9135 103.4519

Figures 2.2, 2.3 and 2.4 depict the plot of estimation error & of nonlinear observer based on



58 Chapter 2. FEwvolving the LMI-based nonlinear observers: matrix multipliers as a key element

the proposed LMIs (2.55), (2.99) and (2.100), respectively. In all cases, the estimation er-
ror is converging toward zero exponentially which highlights the effectiveness of a new matrix
multiplier-based LMIs.

2.7 Conclusion

The agenda of this chapter was to introduce a new LMI-based observer design. In the context of
this objective, a few novel approaches have been proposed in this chapter and validated through
numerical examples. The key points of this chapter are listed as follows:

1 The use of reformulated Lipschitz property, i.e., Definition 3 of Appendix A.1 in LMI devel-
opment to handle the Lipschitz nonlinearities;

2 The introduction of newly defined matrix multipliers, i.e., (2.82) and (2.83);
3 The judicious utilisation of Young inequalities (A.9) and (A.10) to derive new LMI conditions;
4 The inclusion of LPV approach to enhance the proposed LMI methodology;

All these major contributions lead to the introduction of additional numbers of decision variables
inside LMIs and enrich the degrees of freedom. Hence, the proposed LMIs are more enhanced
than the existing ones from a feasibility point.
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3.1 Introduction

In the previous chapter, novel nonlinear observer design methods are developed for state estima-
tion purposes. However, most of the system dynamics and outputs are frequently corrupted by
exogenous signals such as noise/disturbances. Therefore, it is essential to consider the impact
of such external factors during the state estimation process in order to achieve precise state
reconstructions by the proposed observers. In the literature, an abundant amount of research is
conducted on the development of observers for these types of systems, for instance, the authors
of [68] have developed an LMI-based nonlinear observer to estimate the state-of-charge (SoC) of
the Li-ion battery model. In [13,17], an H observer is designed to estimate the states of the
neural mass model under the presence of disturbances/noise. Furthermore, an observer for the
control of glucose levels in type-2 diabetic patients is proposed in [69,70]. Therefore, it moti-
vates the author to deploy the proposed matrix-multiplier-based LMI approach in the problem
of observer design for the disturbance-affected systems.

The objective of this chapter is to design an observer using a novel LMI condition for the
nonlinear system whose dynamics and outputs are corrupted by disturbance/noise. The primary
component of the novel LMIs is the newly defined matrix multipliers. The deployment of such a
matrix multiplier adds some additional numbers of decision variables inside LMIs and enhances
the LMI feasibility.

The rest of the chapter is structured as follows: Section 3.2 encompasses the design of Hoo
nonlinear observer. The development of the LMI condition based on standard Young inequality
is illustrated in Subsection 3.2.1, whereas Subsection 3.2.2 includes the formulation of the LPV-
based LMI approach. The extension of the proposed new matrix-multiplier based-LMI approach
for the nonlinear system with local Lipschitz nonlinearities is showcased in Section 3.3. Further,
Section 3.4 emphasises the effect of the different structures of matrix multipliers on the proposed
LMIs. The enhancement of the developed LMI conditions and the validation of the proposed
observer are demonstrated in section 3.5 through numerical examples. Some conclusions are
drawn in Section 3.6.
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Figure 3.1: Visualisation of disturbance-affected nonlinear system
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3.2 Design of Hnonlinear observer

This section is dedicated to the observer design for a disturbance-affected nonlinear system.

3.2.1 Articulating the problem statement

Let us consider that a class of nonlinear systems with nonlinear outputs in the presence of
exogenous signals such as noise or disturbances is expressed by the subsequent equations:

&t =Az+Gf(x)+ Bu+ Ewi,

(3.1)
y=Cx+ Fg(x)+ Dywo,

where
i) x € R" and y € RP denote the states and the measurements of the systems, respectively.

ii) u € R® depicts the input of the system.

)
iii) A,G,B,C,F are known constant matrices of appropriate dimensions.
)

iv) wp € R and we € R? are the exogenous signals such as noise or disturbances affecting the
system dynamics and outputs, respectively. Matrices £ € R"*% and D € RP*92 are known

and constant.

The graphical representation of system (3.1) is shown in Figure 3.1.
For the enhancement of comprehensibility, the system (3.1) is written under the ensuing form:

t=Ar+Gf(x)+ Bu+ Ew,

3.2
y=Cz+Fg(x)+ Duw, (3:2)

where

E=E 0]; D=[0 Di| andw= [‘”1].
w2
The system (3.1) represents a more generalised form and is often encountered in practical situ-
ations. Whereas, the form specified in (3.2) facilitates the simplification of the observer design.
Therefore, the nonlinear systems (3.2) is considered for the rest of this section.

Remark 3.1

Since there is no assumption regarding the structure of the matrices F1, D1, or the dimension
of the disturbances w; and wa, one can easily obtain the model (3.2) from (3.1).

The functions f(-) : R™ — R™ and g(-) : R — R" are assumed to be globally Lipschitz. The
detailed form of functions f(-) and g(-) are described in (2.34) and (2.58), respectively.
The following Luenberger observer is deployed for the state estimation of the system (3.2):

& =Az+Gf(2)+Bu+L(y—19),

3.3
j=Ci+Fg(), (33)

where Z, § denote estimated states and observer outputs, respectively, and L € R™*P is the
observer gain matrix.
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The estimation error of the observer (3.3) is defined as
IT=x—-2.

From (3.2) and (3.3), the dynamics of the estimation error () is computed and illustrated as
follows:

i=Ai+Gf(z,2) — LFj(z,&) + Ew, (3.4)
where
A=A-LC, (3.5)
E=E— LD, (3.6)
fz,2) = f(z) - f(&), (3.7)
§(z,2) = g(x) — g(2). (3.8)

The terms f(z,#) and j(z,2) are elaborated in (2.39) and (2.61), respectively. Further, the
subsequent equations are computed by deploying Lemma 2.1 :

flz.2)="Y" fijMiHiz, (3.9)
ij=1
and
T?p
9(x,2) = Y 9ijGijGif, (3.10)
ij=1

where functions f;; and g;; are defined in (2.40) and (2.62), respectively. H;; = em(i)es (j) and
Gij = er(i)e; (7). Both functions are bounded as follows:

faij Sfijgsz‘j’ (3'11)

Without loss of generality, let us assume that f,,;, =0 and g,,; = 0. Thus, conditions (3.11)
and (3.12) are reformulated as follows:

By using (3.9) and (3.10), the error dynamic (3.4) is altered as:

m7ﬁ rvﬁ
F=Az+ > fi;;GHiHii— Y g;;LFGi;Gi% + Ew. (3.15)
ij=1 ij=1

Remark 3.2

In various practical applications, it is possible to have fo,;, ga,; # 0. In such cases, (3.15) is
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rewritten as:
m,n 7D m,n
T = (A—I— Z faijG’Hini — Z gaijLngjGi)i'—l- Z (fz] — faij)G’Hini.i'
i,j=1 i,j=1 =1y
A ?
7"715
=Y (9ij = Yaiy) LFGijGiT + Ew.
Q=1
gij
Hence,
B m,n B r,p
i=Az+ > fiGHijHii— Y §i;LFGi;Gi% + Ew. (3.16)
1,j=1 4,j=1
For the error dynamics (3.16), functions f;; and §;; fulfil (3.13) and (3.14), respectively. In

Qddition to this, both forms, i.e., (3.16) and (3.15) are identical. /

Now, we can formulate the problem statement for this segment of the chapter, which is illustrated
as follows:

/ Objective \

The purpose of this section is to determine the observer gain L such that

I) When w = 0, the estimation error dynamic (3.15) is converging towards zero at t — oco.

IT) When w # 0, the estimation error dynamic (3.15) satisfies the Hoo criterion:

I#llcy < \fullellZg + v 1701, (3.17)

where p > 0. The term ,/u indicates the disturbance attenuation level, and v > 0 is
to be estimated.

In order to investigate the Hoo stability of the error dynamic (3.15), a subsequent quadratic

Lyapunov function is considered:
V(%) =i' PZ, where P >0¢e S™ (3.18)

The derivative of V(Z) is computed along the trajectories of (3.15), yielding the subsequent

outcome:
T

V(i) = f:T(ATP—i-PA)fC—i-CET ( Z fijPG'Hini> + ( Z fijPG'Hini> ‘|£
) n= o (3.19)
T?p T‘7p
—z" [( Z g”PLFQUGZ> + < Z g”PLFgZ]GZ> ZE—}—.@T(PE)LU —|—U.)T(ETP)1'.
Q=1 ij=1

The error dynamic (3.15) fulfil the Hoo criterion (3.17) if it admits a Lyapunov function (3.18)
such that ‘
W2 V(2)+]|Z] - pllw]* < 0. (3.20)

One can go through Remark 3.3 for more details about this.
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/ Remark 3.3 \

If the inequality (3.20) is true, then it is easy to obtain:

(V@) + 1)1 = sl Jar <0 321
Since V(Z(t)) >0, ¥t > 0, one can derive the following inequality from (3.21):
~V(@0) + 12725 — ullwllZs <0 when t — cc. (3.22)
Further, the inequality (3.22) can be rewritten as:
12112y < pllwllZg +V (Zo). (3.23)
Since V(#0) < Amax(P)||Zo|?, the condition specified in (3.23) is reformulated into:
1712 < pllolZg + Aumas (P o112 (3.24)

The inequality (3.24) is identical to (3.17) along with v = Apax(P) > 0. Hence, the error
dynamic (3.15) satisfies the H, criterion (3.17) if it possess a Lyapunov function (3.18)
thich holds the condition (3.20). /

Now, through the utilisation of (3.20) and (3.19), we get:

. MT [ATP+PA—PLC—CTLTP+]I,L PE—PLD] M
w w

(%) —plly
2T (PG, T [(Pery)] ] [
T i) | [ 17, e ij z
1 [;([ 0 ] fH; O] +|f;H; O] [ o 1 )1 M (3.25)
o] [ s> ([-rLras) G 0]+ lgc o |CPLEGE) BEE
+ w i]zz:l 0 {gw i }"‘{gz] i } 0 wl
Thus, W <0 if
H; : G,
—— " _RTFG.. —
AL+ Z <{ PG }fij [H; O] —|—VijT‘Uij> + Z ([( R@Fg”)} 9ij [Gi O] —|—N£Mij> <0,
i,j=1 M_,%V/—’ =1 T
(]—r * M; ]
(3.26)
where
T T ~T _pT
A = A'P+PA-R'C—-C'R+1, PE—-R'D 7 (3.27)
(*) —pully
and RT = PL

Various LMI-based approaches have been developed in the literature [12—15,21]. Each method
is formulated by using different mathematical tools and provides improved LMI conditions.
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Despite advances in this area of LMI relaxations, the resulting LMIs remain conservative. It
indicates that there is room for more enhancements.
To enhance comprehensibility and reduce complexity, the ensuing notations are introduced:

U=|vf; UuLo.Lul, U;ﬁf, (3.28)
V=Vl vV Vgﬁr, (3.29)
M=[M .. My oML MTHT, (3.30)
N=|N}| ... Nj ... N§ .. N,,HT, (3.31)

where U;j, Vij, M;; and Nj; are defined in (3.26). Further, V and N are expressed as follows:

Ve H, 0 .. O ©) O] [ ful
H x H; ... O o) 0 | | fiol
V:— *x x . 0 (@) @) :
n * x o+ Hy ©) @) firl
v *x ok x * ) ©) :
T"ﬂ * * x *x *x H, O | | fmal
V: ) * K Kk x %k * O) :
- * ok ox  ox  x  K* % Myl | fmsl
L 1L g
H ®
and ) o }
N G, O o) o) O |gul
.11 * Gl ©) ©) O glgﬂ
N: ) * % . 0 ©) ©) :
1p * x *x G (0) O | |g1pl
N=|:|= "l =cu (3.33)
N * ok x % O O :
.” * * x * x G, O] |gnl
N: ) * ok  x  Kx Kk *x O :
=P x x x  * & x * G| |gpl
L 1 [9rpt]
G v

By deploying these aforementioned notations, the inequality (3.26) is reformulate as:

AL +UT(H®) + (H®) U+ M (G¥)+ (GV)" M <0.
N1 Na

(3.34)

In the sequel, two novel LMI techniques will be proposed by exploiting Young inequalities (A.9)
and (A.10) as well as Lemma 2.2 .

3.2.2 LMI formulation with Young standard inequality

This subsection is dedicated to the development of the LMI condition by utilising the Young
inequality (A.9). It is often used in the literature for observer design tasks. In [20], this inequality
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is deployed with Z = 41, § > 0, while the authors of [13] used a diagonal form of matrix Z. In this
segment, the authors will use (A.9) with newly defined matrix multipliers (i.e., (2.82) and (2.83)).
The implementation of the Young inequality (A.9) on the terms Nj and N3 yields:

M<U'Z7'U+o "H'ZHO, (3.35)
No<MTSIM+UTGTSGY, (3.36)

where the matrices Z and S are described in (2.82) and (2.83), respectively.
Consider ®,, and ¥,, as described below:

O = fonl oo foal o fonl o o] (3.37)
UARES [gbu]l 70 S B gbrﬁﬂ] ) (3.38)
Since Z > 0 and S > 0, we can deduce the subsequent inequalities:
H'ZH >0 and G'SG > 0.

As each element inside ® and ®,, admits the condition (3.13), Corollary 2.2 is deployed on @
and ®,,,, and the ensuing inequality is derived:

O'H'ZH® < &) H' ZH®,),. (3.39)
Analogously, for ¥ and W¥,,, one can achieve:
U'GTSH® < ¥ GTSGW,,. (3.40)
By utilising (3.39) and (3.40), inequalities (3.35) and (3.36) are rewritten as:
M <U"Z27WU+ o) H'ZHS,),, (3.41)
No < MTSTIM + 3] GTSGW,,. (3.42)

Hence, the condition specified in (3.34) is altered as:

A +U'Z27 U+ @) H'ZH®,,, + M'S™'M + ¥, G'SGV,, <0. (3.43)

/ Theorem 3.1 \

If there exist the matrices Z, S, expressed as in (2.82) and (2.83), respectively, along with the
matrices P € S™ and R € RP*™ and positive scalar u, such that the subsequent optimization
problem is solvable:

min p subject to

Ap UT o/H'Z MT ¥!G'S

(*) (x) —Z 0 0 |<o,
() ) (%) =S 0

) ) *) (%) =S

where the matrices Az, U, M, H, G, ®,,and¥,, are depicted in (3.27), (3.28), (3.30),
(3.32), (3.33), (3.37) and (3.38), respectively. Then, the error dynamic (3.15) fulfils Hoo
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criterion (3.17) with v = Apax(P) and minimum g obtained from the solution of LMI (3.44).
The observer gain is computed as L = P~'RT.

Proof: One can easily derive LMI (3.44) by implementing Schur Lemma A.3 on (3.43). Hence,
it ensure that the error dynamics (3.15) satisfies Hoo criterion (3.17). This ends the proof. [

In the subsequent segment of this section, the establishment of the enhanced LMI condition is
illustrated by exploring a new variant of the Young inequality (A.10) and the well-known LPV
approach.

3.2.3 An Enhanced LMI criterion: exploiting LPV approach

Recently, the authors of [14,22] incorporated a new variant of Young inequality (A.10) into the
development of LMI-based observers, yielding the enhanced LMI conditions. In this part of the
chapter, the formulation of a new LPV-based LMI is elaborated.

The deployment of the new variant of Young inequality (A.10) on the terms A7 and N3 of (3.34)
resulted in the ensuing inequalities:

M < Z(U+ZH®) 771U + ZH®), (3.45)

— N =

No < =(M+SGW)'S™HM +SGW), (3.46)

2
where the matrices Z and S are specified in (2.82) and (2.83), respectively.
The substitution of (3.45) and (3.46) into the inequality (3.34) yields:

1
AL+ %(U—i—ZH(I))TZ_l(U—i—ZH(I)) + §(M+SG\I/)TS_1(M+SG\IJ) <0. (3.47)

Each element inside ® and V¥ fulfil (3.13) and (3.14). Therefore, every single component of &
and ¥ admits membership in convex sets V, and V), respectively. These two sets, V, and Vy,
are specified as follows:

Ve 2{®:0< fi; < fi,,,Vie{l,....m}&je{1,...,a}}, (3.48)
Vy £{U:0<gi <g,.Vie{l,...,r}&je{l,....p}}. (3.49)

Further, the sets of vertices of each set V, and V), are described as:

Hy = {{%R...,Hiﬁ,...,%gﬂ,...,ﬂgﬁ} M e [O,fbij]}, (3.50)
Hy = {{7—[}/},...,H}f,...,?—lﬁ,...,?—(;p} MY € [o,gbij]}. (3.51)

Therefore, the inequality (3.47) is modified as:

1
Ar+ 3

(U+ZH¢>)TZ1(U+ZH¢)]
Vv PeHy (352)
1
+ lz(M+SG\Iz)TS—1(M+SG\IJ)] <0.
\4 \I/G’Hw

Now, we can state the following theorem.
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/ Theorem 3.2 \

Let us consider the matrices P >0 € S™, R € RP*" 7 in the form of (2.82), S as illustrated
in (2.83), and the ensuing subsequent optimization problem:

min y subject to

(%) —27 O <0, VO € Hy, VU € Hy,
(%) (%) —2S

where all variables and parameters remain consistent with those described in Theorem 3.1 .

If the aforementioned LMI (3.53) is feasible, then the error dynamic (3.15) is Hoo asymptot-

ically stable satisfying (3.17) with v = Apax(P) and minimum g obtained from the solution
Qf LMI (3.44). The gain matrix L is determined by using L = P7'RT. /

Proof: The outcome of the implementation of the Schur Lemma A.3 on the expression (3.52)
is represented by the LMI (3.53). Further, from convexity principal [18], if (3.53) is resolved for
all ® € H4 and ¥ € H,, then the error dynamic (3.15) holds H criterion (3.17) which ensures
the asymptotic convergence of the error dynamic. O

Both LMIs (3.44) and (3.53) are able to assure the exponential convergence of estimation error
dynamic (3.15) in the absence of the external disturbances/noises, i.e., w = 0, which is demon-
strated in the subsequent remark:

/ Remark 3.4 \

At w =0, the inequality (3.20) becomes:

V(@) + |z <0, (3.54)

which is equivalent to the exponential stability condition (2.45) along with e = 1. From (3.18),
V(Z) admits (2.44). Therefore, V' (Z) satisfy (1.26) and (1.27). Since the error dynamic (3.15)
admits V' (Z) that fulfils all the conditions specified in Theorem 1.2 , it is exponentially stable
when w = 0.

In the subsequent part of this section, the development of the observer for the nonlinear systems
having linear outputs is discussed.

3.2.4 Hobservers for the nonlinear systems with linear outputs

The ensuing part is dedicated to the design of observers for a class of disturbance-affected
nonlinear systems with linear outputs. The explicit structure of these systems is illustrated as:

t=Az+Gf(x)+ Bu+ Ew,

3.55
y=Cx+ Duw, ( )

where all variables and parameters are the same as the one depicted in (3.2). The nonlinear
part of the dynamics of (3.55), i.e., f(x), is assumed to be globally Lipschitz and it admits the
detailed form (2.34).
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For the purpose of the state estimation of the system (3.55), the following observer structure is
employed:

>
Il
AN
=
_l_
()
<

+Bu+L(y—C%), (3.56)

o ()]

where # denotes the estimate of state z, and the matrix L € R™*P represents the observer
gain. Analogous to Section (3.2.1), the estimation error of the observer (3.56) is defined as:
Z =x — . Further, through the utilisation of (3.55) and (3.56), the error dynamic is computed,
and illustrated as:

&= Ai+Gf(x, &) +Euw, (3.57)

where A, E and f(z,#) are specified in (3.5), (3.6) and (3.7), respectively. Similar to the afore-
mentioned section, the objective of the LMI formulation is to determine the observer gain matrix
L such that the estimation error dynamic (3.57) fulfils Hoo criterion (3.17). The subsequent
corollaries present LMI conditions that ensure the H., asymptotic stability of the estimation
error dynamic (3.57).

/ Corollary 3.1 \

If there exist the matrices Z specified in (2.82), P >0€ S™, R € RP*" and a positive scalar
1, such that the following optimisation problem is solvable:

min p subject to
Ap UT o H'Z (3.58)
() —-Z O <0,
x) (») -Z

where the matrices Ar, U, H, and ®,, are depicted in (3.27), (3.28), (3.32), and (3.37),
respectively. Then, H criterion (3.17) is fulfilled by the error dynamic (3.57). The observer
Qain is given by L=P~'R".

Proof: One can follow the steps provided in the proof of Theorem 3.1 to derive LMI (3.58). O

Further, the reformulation of the LPV-based LMI (3.53) to ensure the stabilisation of (3.57) is
stated in the following corollary.

Corollary 3.2

Let us consider the matrix Z in the form shown in (2.82). The error dynamic (3.57) satisfies
Hoo criterion (3.17) if there exist the matrices P >0 € S", R € RP*" and positive scalar p
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such that the subsequent optimisation problem is solvable:

min p subject to

A, (U+ZH®)T
(%) —27Z

(3.59)
<0, V& € Hy,

where the matrices Ap,U, H, and Z are described in (3.27), (3.28), (3.35) and (2.82),
Qespectively.

Proof: One can emulate the proof of Theorem 3.2 in order to prove the aforementioned Corol-
lary. ([l

In the sequel, the development of a nonlinear observer for non-global Lipschitz systems using
the proposed matrix-multiplier-based LMI approach is investigated.

3.3 LMlI-based observers for locally Lipschitz systems: exploit-
ing an ISS framework

Although all the proposed observer methodologies mentioned in Section 3.2 provide efficient state
estimations, it has several obstacles such as assumptions about the systems. One of the explicit
assumptions for the nonlinear observer design is the existence of global Lipschitz nonlinearities
in the systems. All these proposed observers fail to perform the state estimation task in the local
Lipschitz nonlinear systems. The primary agenda of this segment is to provide a novel observer
methodology for a class of non-global Lipschitz nonlinear systems. In the previous segment of
the chapter, Hoo criterion-based observer design is proposed for the estimation of the state in
the presence of noise. An alternative for an H., criterion is the use of the ISS notion. The
concept of ISS is recapitulated in Section 1.2.5. This section is focused on the development of a
novel LMI condition to design the observers for a class of non-globally Lipschitz systems.

3.3.1 Insight on the Hilbert projection

An overview of the Hilbert projection is provided in this part of the chapter. The authors of [35]
had proposed the famous Hilbert projection theorem, which is illustrated as follows:

/ Theorem 3.3: Hilbert projection theorem [88] \

Consider a Hilbert space H and nonempty closed convex sets 2 C H. For any vector a in
‘H, there exists a unique vector ¢ € €2 which fulfils the subsequent inequality:

—c|| = mi —b]. 3.60
la — || = min fla — b (3.60)
Qhen, such vector c is known as the projection of a on ). /

Theorem 3.3 is a cornerstone element in functional analysis. The essential parameter for the
existence and uniqueness of the Hilbert projection is the closeness and convexity of set 2. One
can consider Hilbert space as H =R" or H =R in case of scalar variables. Through the utilisation
of this theorem, the ensuing definition is established:
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mq(a) = argmin ||a — b||
be2

Figure 3.2: Depiction of Hilbert projection

/ Definition 3.1: Projection 7q(a) \

For a closed convex and nonempty set {2 C R”, there exists a linear application mq : R™ — Q,
which is called as a projection on the convex set (2, and it holds:

mo(a) = argmin ||a — b, (3.61)
be2

there a,b,c € R" are vectors. /

Throughout this section, the notation mq(a) is used to represent a projection of the vector a € R™
on a closed convex set 2. The schematic representation of the Hilbert projection is portrayed in
Figure 3.2. The term mq(a) is a distinct vector in €2, and it fulfils the succeeding inequalities:

la—mq(a)| < |la—Dbl|,vbeQ (3.62)

and
(a—mq(a),b—mq(a)) <0,Vbe Q. (3.63)

The aforementioned conditions are utilised to prove some useful properties of mq(-). The vector
mo(-) encompasses certain characteristics that play a vital role in the observer design. These
advantageous attributes are listed as follows:

1. The projection mq is idempotent, that is,

TQOTQ = Q.
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This property is easy to prove by using (3.62). Va € Q and a = b, the inequality (3.62) is
reformulated as: |ja —mq(a)|| =a—a=0. It leads to mq(a) = a. Additionally, we obtain:
moomg =ma(ma(a)) = ma(a).

2. The linear application g is monotonic within the subsequent context:

Wg(a)_zg(b) >0,Va,b € R and a #b. (3.64)
a —_—
One can prove this condition by utilising (3.63) and (3.61).

3. The projection mq is a Lipschitz function with 1 as the Lipschitz constant. In simple words,
it is a 1—Lipschitz function, i.e.,

Ira(a) —=mo ()| < lla—bll, V a,b € R™. (3.65)

With reference to the above specified features of the mg, Lemma 2.1 is reformulated by the
authors of [23], which is as follows:

/ Lemma 3.1: [23] \

Let us consider a nonlinear function ¢ : R™ — R™, and it is Lipschitz on a convex closed and
non-empty set 2. Then, there exist functions gb% :R™ x R™ — R, and constants qb% _and

¢%max such that Va, b€ R"™, a # b,

o) 0() =33 623y (a—b), (3.66)

i=1j=1

where H;; = en(i)e, (4), and % £ ?j(abﬂ'—l,abf). The functions ¢2() are globally bounded
as follows:

\ Bl < O SO (3’67y

In the sequel, Lemma 3.1 will be used in the LMI-based observer formulation.

The concept of ISS is recapitulated in Section 1.2.5. The necessary criteria are illustrated in
Definitions 19 and 20 of Chapter 1. In the subsequent section, these ISS conditions are employed
in the LMI formulation in order to obtain a sufficient condition for the observer design.

3.3.2 ISS-based observer design: articulating the problem statement

This section is dedicated to the intricate establishment of the observer which is specifically
tailored for the disturbance-affected locally Lipschitz nonlinear systems.

For the simplicity and lucidity of presentation, first, a class of nonlinear systems having nonlinear
outputs is deployed for observer design purposes.

Let us consider the ensuing form of the nonlinear system:

t=Azx+Gf(x)+ Bu+ Ew,

3.68
y=Cz+ Hh(x)+ Duw, (3.68)

where x € R™ and y € RP are the states and measurements of the system, respectively, and
u € R? is the system input. The process dynamics and the outputs of the system are corrupted
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by a L2 bounded disturbances/noise, and it is denoted by w. The matrices A € R"*" B € R"**
GeR™™ CeRP*" and H € RP*", E € R"*? and D € RP*? are known and constant. Nonlinear
functions f(-) and h(-) are expressed in the following detailed form:

[ f1(Fiz)
fz(}iﬂ) (3.69)
_fm(me)

_hl(Hlx)

ha(Haw) (3.70)

_hT(H,,a:)
where F; e R"*" Fix € Qp,Vie{1,...,m} and H; e RP*", Hyz € Oy, Vi€ {1,...,1}.

Assumption 3.1

Let us presume that both sets €y, and (Q, are positively invariant compact non-empty
sets, i.e., Q # @&, and convex. Further, it is considered that f;(-) and h;(-) are locally
Lipschitz-continuous functions in €y, and €2j,, respectively.

For the state estimation of the systems (3.68), the observer form (3.3) is commonly used in the
literature. This type of observer relies on the assumption that the nonlinearities present in the
systems are globally Lipschitz. It is one of the major limitations of the standard Luenberger
observers (3.3). Additionally, the criterion of the global Lipschitz property plays a crucial role
in the Lyapunov analysis of the estimation error dynamics of the observer as well as in the LMI
formulations by offering an upper bound to the term (f(z)— f(2)). One can refer to [11,32, (0]
for more details about this. Since the nonlinear system (3.68) encompasses the non-global
nonlinearities, the observer form specified in (3.3) is can not used for this model. Further,
there are no such conditions that ensure that estimated states hold F;& € Qy, and H;Z € Qp,
even though system’s state fulfil Fyz € Qf and H;x € Qj,. One of the solutions to mitigate
the aforementioned drawback is proposed in [23]. The incorporation of the Hilbert projection
on the non-global nonlinearities allows us to extend these nonlinearities as global Lipschitz
nonlinearities in R™. The ensuing observer structure is proposed for the system (3.68):

f:Afc-i—G(fOﬂ'Qf(:E))-I—Bu-i—L(y—g]), (3.71)
§=Ci+ H(homg, (%)), '
where fomq, (%) and homg, (#) are defined as follows:
i fl O7'['Qf1 (Flj)
fromq, (Fhi
foma, (2) = ’:2( ) , (3.72)
fm OTerm (Fm'%)
hl Oﬂ'th (Hl.%)
hoomq, (HoZ
homg, () = fz( ) , (3.73)
hromq, (H,%)
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such that each fjomq, (-) and h;omg, (-) is globally Lipschitz in R". The terms fjomq, ()
and h;omg, (-) are known as the Hilbert projection of H;& and F;& on the set 2y, and €,
respectively.l

By using idempotent property of Hilbert projection, we obtain:

fi(ﬂ-ﬂfz‘ (Fzﬁf)) = fl(Fl.f) Vi e {1, . ,m} and hi(ﬂ'ghi (Hzi')) = hZ(HZ{i') Vi € {1,. .. ,T’}.

It implies that applying Hilbert projection mq(-) does not modify the system behaviour. For
additional information about this, one can go through Definition 1 and [23].
The estimation error for the observer specified in (3.71) is defined as:

i=x—3. (3.74)

Through the utilisation of (3.68) and (3.71), the estimation error dynamic is obtained as follows:

i=Api+GA;—LHA, + Erw, (3.75)

where
Ap=(A-LO), (3.76)
Ep=(E-LD), (3.77)

Ay = f(z)— fomq,(2) and Ap = h(x) —homg, ().
From (3.72) and (3.73), Ay and A}, are expressed in the subsequent form:

[ fi(Fyo) f1O7TQf1(F19§‘)
A= fla) — fora, (@) - fz(l:’ﬂ) B fZOWQ{Z (F22) , (3.78)
nFn2)] | fmoma,, (Fnd)
hy(Hiz)]  [hiomg, (Hi2)
A= i) — hom, () = |2 2o, (Hat) (3.79)
he(Hya) | hyoma,, (H,2)
By deploying Lemma 3.1 on (3.78) and (3.79), we get:
A= S R, (3.80)
i,i;l
Ap=S hiHi i, (3.81)
ij—=1

where £/ : R7 x R" — R, hy" : RP x R? — R are functions such that fi" 2 f2(x;9, x%),
Bl 2 R(X;, XN). The functions £, and by hold f < fi < f2  and A <
h?jhi < h?jmax’ respectively. Additionally, F;; = e, (i)es (§) and H;j = er(i)eg (J)-

Without loss of generality, let us assume that f}min =0 and h%min =0,1ie.,

0< fzg} = fig}max’ (382)
0<h% <h$ . (3.83)
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The additional information about this is elaborated in Remark 3.2 and [11].
By using (3.80) and (3.81), the error dynamic (3.75) is reformulated as:

m,n
i=Apz+ Y fi)GF;Fi— Z hit LHH;;H;z + Epw. (3.84)
i,j=1 i,j=1

Now, the key purpose of this section is outlined as follows:

Objective

The primary goal of this Section is to derive the necessary conditions such that the sys-
tem (3.84) is ISS with respect to w.

3.3.3 LMI synthesis

In this part of the Section, the novel LMI condition is derived by incorporating the ISS notion
with a popular LPV approach, which ensures the stability of the error dynamic (3.84) along
with optimal noise attenuation.

For the clarity and lucidity of the presentation, this segment of the chapter is structured as
follows:

1. First, the essential criteria to guarantee the ISS behaviour of the error dynamic (3.84) are
derived by utilising the ISS Lyapunov functions.

2. Later on, the novel LMI condition is deduced in sub-unit 3.3.3.2 by deploying the aforemen-
tioned conditions.

3.3.3.1 Formulating the essential conditions for ISS

The following theorem illustrates the required conditions that ensure the ISS behaviour of the
system (3.84) w.r.t. w:

/ Theorem 3.4 x

I) The error dynamic (3.84) is ISS with respect to w if it admits an ISS-Lyapunov function

V(#)=2'Pi, P=P' >0eR™", (3.85)

IT) The trajectories of the system (3.84) fulfil:

P 0
\/ P z(0)] + m”w(-)”w (3.86)

for any L, bounded noise w.
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ITT) The estimation error Z(t) is bounded when ¢ approaches to oo, that is,

l(00)]) < 4] ——

< m“w(-)”w (3.87)

Proof: To enrich the comprehensibility, the proof of the theorem is divided into the following
parts:

A. The proof for ISS-Lyapunov function:
Through the utilisation of (3.85), V(%) admits:

Amin(P)[|Z]* < V(&) < Amax (P)[| 7| (3.88)

Further, the derivative of the Lyapunov function V' (Z) is given by

V(@) =z" [PAL+AIP+ > <f§PG]-}jFi+(f§G}'¢jE)TP)

ij=1

r§ (3.89)
-> (h?jPLHHini—l—(h?jLHHin,;)TP> i+2' PELw+w' Ef Pi.
ij=1
By implementing Young inequality A.9, we deduce:
i'"PEw+w  E] PZ <6i"(PEL) (PEL)Z + 0w w, (3.90)
where 0 is a positive scalar. It leads to:
) m,n
V(@) <z' [PAL+AZP+ (PEL)" (01)(PEL) + Z < Z-S;PG]-}J-E-
. = (3.91)
+( Z-?G]-"UFZ-)TP) -> <h?jPLHHini+(h%LH’H¢jHi)TP)]5c+6wTw.
i,j=1
Further, inequality (3.91) is modified as:
V() <% Qi+iw'w, (3.92)
where
m,n
Q= PAL+ ATP+(PE)TOD(PEL) + 3 (F3PCFsF o+ (ISGF; 1))
ij=1
v (3.93)
-3 <h%PLH’HZ-jHZ- + (h?jLH’HZ-jHZ-)TP).
ij=1
In addition to this, matrix () satisfies:
Q< —oP. (3.94)

Hence, inequality (3.92) is rewritten as:

V(%) < —aV(E)+6|w|? (3.95)
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The incorporation of (3.88) into (3.95) yields:
V(&) < —0hmax (P2 + 8] 2. (3.96)
One can easily infer that the conditions described in (3.88) and (3.96) are equivalent to (1.34)

and (1.35), respectively. Hence, the function specified in (3.85) is an ISS-Lyapunov function
along with

a1 ([Z)11) = Amin (PYIZ]I*, a2(|Z()]]) = Amax (P)[[2(2)]

a3(Z) = —0Amax(P)[|Z]]%, and ay(w) = d]|w|*.

Since system (3.84) admits an ISS-Lyapunov function (3.85), from Theorem 1.3 , it is ISS
w.r.t. w. Thus, statement I of the theorem is proved.

B. The proof of statements Il and III:
The solution of (3.95) implies that the trajectories of V' (Z,t) satisfies:

t
V(F(t)) < V(F)e "t +de ot / e%%||w(s)]|2ds
0
t
< V(@o)e ™"+ sup w(s) e [ eds (3.97)
s€[0,¢] 0

~ N\ —O g -0
<V(Zo)e ™™ +—(1—e ) sup [lw(s)|3.
o s€[0,¢]

Since 0 <1 —e 7t <1, sup Hw(s)H% < HwH%w,
s€[0,¢]

V(D) < V@ + 2ol (3.98)

By using (3.88) and (3.98), we obtain:
C V@) _ e V(3,0)+ 0w _ Amax(P)l|Zol?e” + 0 w5

||j(t)”2 o )\min(P) o )\min(P) )\min(P) (399)
It leads to:
Jae)1? < S aolPe ot Ol (3.100)

From (3.100), one can easily derive the inequality (3.86) which is in the form of (1.32).

Further, when ¢ tends to oo, (3.86) is modified as: ||Z(c0)| < 1/ﬁnw)ﬂw(.)ﬂm, which is
in the form of (3.87).

Therefore, Statements II and III are proved.

This ends the proof. (Il

/ Remark 3.5 \

In the case of w =0, the condition specified in (3.86) is rephrased as:

Amax (P)

— 2t~
AR
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Q{ence, the error dynamic (3.84) is exponentially stable in the absence of disturbances (aj
=0).

3.3.3.2 Matrix-multipliers-based LMI formulation

This segment of the chapter is dedicated to the development of an LMI condition which is based
on the conditions illustrated in Theorem 3.4 .
One of the essential conditions for the existence of ISS is depicted in (3.95). The inequal-
ity (3.95) is true if matrix @ holds (3.94). The condition illustrated in (3.94) is very beneficial
for formulating the LMI condition.
From (3.93) and (3.94), we get:
m,n
PAL+ AP+ (PEL) (SI)(PEL)+ Y ( fi PGF;Fi+( ff}-Gf,-jﬂ)TP)
ij=1

v (3.101)
= (h?jPLHHinﬂr(h%LHHini)TP) <—oP.
ij=1
Inequality (3.101) is true if
Li+N1+MN2 <0, (3.102)
where . . . .
L= A'"P+PA-R'C-C'R+0P PE—-R'D ’ (3.103)
(%) —ol
M = [ 3 ([ o 31 i [F @] +VZ§U¢]~>}, (3.104)
i,j=1 —————
S—— F;
Ul
ij
r,p T ——N—
—R"HH;i|" q
Ny = { S q o J] h [H: O] +N$Mij>} (3.105)
i,7=1 ———
S———— H;
M
ij
and R=LTP.
To avoid cumbersome equations, the subsequent notations are introduced:
T
U=[U, ... UL .. UL .. U], (3.106)
T
V=[], .. VI o VI V] (3.107)
T
M= M ... M, .. MJ .. MJ], (3.108)
T
N=[N], .. N, ... N} .. Nj|, (3.109)

where Uj;, V;;, M;; and N;; are described in (3.104) and (3.105). Further, V and N are repre-
sented as follows:
V =Fo, (3.110)
N = HY, (3.111)
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where
F = block-diag(Fy,...,F1,...,Fpmny... . Frn), (3.112)
—_———— —_——
n times 7 times
o =1 .. AL T ] (3.113)
H = block-diag(Hy,...,Hy,...,H,,...,H,), (3.114)
p times p times
7T = [h%ﬂ U 115 R LY G h?ﬁﬂ} . (3.115)
Hence, we can express (3.104) and (3.105) in the ensuing form:
N =UT(F®) + (F)' U, (3.116)
No=MT (HE) + (HP) " M. (3.117)
The following inequalities are derived by implementing (A.10) on (3.116) and (3.117):
1
N1 < 3 {(UJFZ]F@)TZ*(UJFZM)}, (3.118)
1
N <5 [(MJFSH\IJ)TSl(MJFSH\II)}, (3.119)

where matrices Z and Z are defined in (2.82) and (2.83), respectively.
Thus, the inequality (3.101) is satisfied if

1
Li+- [(U+ ZF®) 771 (U + ZF®) ] 5 [ (M +SH¥) S~ (M + SH\I/)} <o. (3.120)
If we implement the steps from (3.47) to (3.52) described in Section 3.2.3, the ensuing inequality
is deduced:
1 1
Li+ [ (U+ZF®) ' 77! (IU+ZIB‘<I>)] + [ (M+SH®) 'S~ (M +SHY) <0,
2 VOEF VUEH,
(3.121)

where F,,, and H, are bounded convex sets, and their sets of vertices are given by

V}‘m = {{Fll,...,Flﬁ,...,Fm:[,...,Fmﬁ} : Fij S [0 fQ ]},

V’Hr = {{H117...7H11§,...,H7»1,...,H7‘I§} : Hl'j S [O,hg ]}

Now, we are ready to state the subsequent theorem.

/ Theorem 3.5 \

Let us consider two symmetric positive definite matrices Z and S, which are defined in (2.82)
and (2.83), respectively. If there exist matrices P > 0 € 8", R € RP*" and positive scalars
d,0 such that the following optimization problem is solvable:

min § subject to

Li (U+ZF®) (M+SHT)' (3.122)
* —927, 0) <0Vd e F,, V¥ eH,,
* * —2S
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where Ly, U, M, F, H, ®, and ¥ are defined in (3.103), (3.106), (3.108), (3.112), (3.114), (3.113)
and (3.115), respectively. Then the estimation error dynamic (3.84) is ISS w.r.t. w.
Additionally, L = P7'R" is used to determine the gain matrix L.

Proof: The Schur’s compliment of (3.121) results in LMI (3.122). According to the convexity
principal [18], if LMI (3.122) is solved for every elements of ® € Fr and ¥ € G¢,, then the
condition depicted in (3.95) is satisfied. It ensures that all conditions specified in Theorem 3.4
are fulfilled by the system (3.84). Hence, from Theorem 3.4 , system (3.84) is ISS w.r.t. w.
Thus, the proof is completed. O

3.3.4 Observer design for systems having nonlinear dynamics and linear out-
puts

The LMI proposed in Segment 3.3.3.2 is applicable to systems with nonlinear dynamics and
nonlinear outputs. In this part, the aforementioned LMI is extended for a class of nonlinear
systems having linear measurements. This type of system is illustrated as follows:

t=Ar+Gf(x)+ Bu+ Ew,

y=Cx+ Dw (8.123)

where all variables and parameters remain consistent with those defined in (3.68). The nonlinear
function f(z) admits the detailed form described in (3.69) and fulfils the Assumption 3.1.
Similar to the new observer structure illustrated in (3.71), the following observer form is used
for the state estimation of the system (3.123):

&= At +G(fomq,(2))+ Bu+L(y—Ci), (3.124)

where all variables and parameters adhere to the definitions showcased in (3.71).
Analogous to (3.75), the estimation error dynamic for the preceding observer (3.124) is given
by,

T=Ai+GAf+ Erw, (3.125)

where Ay, and Ep are outlined in (3.76) and (3.77), respectively. Whereas, Ay = f(x) — fo
T, (2).
The incorporation of (3.80) into (3.125) yields:

m,n
i=ALi+ Y fiGF;Fii+ELw. (3.126)
ij=1

The subsequent corollary portrays sufficient conditions to ensure that the system (3.126) is ISS
w.r.t. w.

Corollary 3.3

Let us presume that there exist the matrices P=PT >0 R"*" and R € RP*", scalars §,0 >
0 along with matrices Z=7" >0 and S=S' > 0, which are defined in (2.82) and (2.83),
respectively. The error dynamic (3.126) is ISS w.r.t. w if the following optimization problem
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is solvable:

min § subject to
[Ll (U+ZF®) " (3.127)

<0V®P e F,,
* —27 <

where all the variables are specified in Theorem 3.5 . Moreover, L = P~'RT is deployed to
calculate the gain matrix L.

Proof: The proof is very straightforward. One can follow the steps showcased in the proof of
Theorem 3.5 to obtain LMI (3.127). Further, through the utilisation of Theorem 3.5 , it is
easy to infer that the system (3.126) is ISS w.r.t. w such that the trajectories of the solution
of (3.126) satisfy (3.86) and (3.87).

O

3.4 Analysing the effectiveness of matrix-multipliers-based LMIs

The introduction of the newly defined matrix multipliers aids in the improvement of the LMI
conditions as compared to the existing approaches. These improvements are mainly because
of the additional number of decision variables in the proposed LMIs. Hence, these matrix
multipliers play a vital role in LMI enhancement. In addition to this, one must know how these
matrix multipliers add extra numbers of decision variables. The objective of this section is to
tackle such questions and to prove the uniqueness of the proposed LMIs. First, the computation
of the number of decision variables inside the derived LMIs is presented. Further, the comparison
with existing LMI approaches is provided to validate the novelty of the proposed method. In
addition to this, the superiority of the proposed matrix multipliers over the different possible
other matrix structures is highlighted.

3.4.1 Number of decision variables

The utilisation of the matrices Z and S in LMIs (3.44) and (3.53) allow the inclusion of additional
numbers of decision variables. Both LMIs include the following number of decision variables:

mﬁ(n";ﬁ—i—l)) (ﬁ(ﬁ;— 1)) N (rﬁ(r;;Jr 1)) (ﬁ(ﬁ;ﬂ)), 28)
Np Naddy oo

nn+1
Ndv1 :np+(2)+Q+<

where Np, Nadq, and Nagq, are the number of variables obtained from matrices Ay, Z and S,
respectively. Moreover, the terms Naqq, and NMuqq, represent the additional number of decision
variables in the proposed LMIs. The total number of additional variables is given by,

Noa = Noad, + Noad, = (mﬁ(n”;ﬁ—i— 1)) (ﬁ(ﬁz—l— 1)) N (rﬁ(m;+ 1)> (ﬁ(ﬁ;— 1)) (3.129)

Now, let us compute the number of decision variables in the subsequent cases:

1 Case 1: Z and S as the block-diagonal matrix multipliers (analogous to [14] and [22])

In this case,
n(n+1 p(p+1
aldd:mfl(n(n; )) +?”]5(p(p+ )>- (3.130)

2
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2 Case 2: Z and S as the diagonal matrix multipliers (same as the one used in [13])
Here, the number of additional variables is achieved as follows:

N2y =mn? +rp°. (3.131)

Since m,n € Z™T, that is, m and n are positive integers, it is easy to interpret
Naa < Naaa < Nada- (3.132)

Hence, the number of additional decision variables obtained from the proposed matrix multipliers
is greater than the one obtained in the existing methods. These additional variables add extra
degrees of freedom and may improve the feasibility of LMI.

3.4.2 A comparison of the number of additional decision variables in different
matrix multiplier structures

The structure of the matrix Z (2.82) is a generalised form of any symmetric positive definite
matrix. However, there are other possible ways to represent a symmetric positive definite matrix.
This part of the section emphasises the effectiveness of the used structure over other possible
forms of Z.

Multiple possible structures of Z =2Z" > 0 are described as follows:

I Structure 1 - A generalised form:

Zl Zb% ce Zbrln ZZ Zale e Za}ﬁ
* ZQ e 1’4,1 * Zz ce Zazi
7= o | ,where Z; = | o I Vie{l,...,m},
| * x ... D * * e Zin
- 3.133
Zyt s 2y (313
Zyz Lz e Ly
Z,=| * 2 mIVie{2,...,m},je{l,..., m—1},
2yt i 2yt

where Zij = Z,; >0 € RV, Zw =7, >0€RVWike{l,...,m},&je{1,...,n};
o ij ij

bejj = Z;E_ij >0 R™™ Vic{2,....m}ke{l,...m—1},&j € {1,...,7} such that Z > 0.
The structure represented by (3.133) is identical to the one defined in (2.82). For ease of
comprehension, (3.133) is utilised further.
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IT Structure 2 - In (3.133), Z;, is written under the form of Z;, = ZbTi, that is,
[ 74 Zbé Zb}n Zi Zagz Zallﬁ
* Zg Z;)z * Zi Zag_
7= _ "|,where Z; = | ) mVie{l,...,m},
| * * Lo, * * Zin
2y Dy g
* Ly Zy2
and Z,; = | A mIvied2,...,m},je{l,...,m—1},
| x * ij@
(3.134)
where Z;; = Zg >0eRY™ Z , = ZJc >0eR™™Wi ke{l,....m},&j € {1,...,n};
o ij ij
bejj = Zl;%. >0eR™Vic{2,...m}ke{l,...m—1},&j € {1,...,n}.
IIT Structure 3 - In (3.134), same Zj, is considered instead of different Zy,,Vi € {2,...,m}, i.e.,
_Z 1 sz me, Z/L Zazl2 Za}ﬁ
* Z2 me * Zl Zazi
7= . . | ,where Z; = mivie{l,...,m},
: * * :
R /. x % Zin
2ty 2y 2,
* Ly Zyp
and Zy, = | . 2 M Vied{2,...,m},
| * * Zyn
(3.135)
where Z;; = Z; >0eRY™M Z , = ZJc >0eR™™Wi ke{l,....m},&j €{1,...,n};
o ij ij
Zbg-j = Zbgj >0eR™ Vic {2, ... m},&je{l,...,n}.
IV Structure 4 - In (3.135), same Z,,; is considered, i.e.,
_Zl Zbg me Zi Zaiz Zam
* ZQ me * Zl Zam
Z=| . . | ,where Z; = | . . | Vie{l,...,m},
| * * Lo, * * Zin
2oty 2, D,
* Iy Zy1.
and Zp, = | . 2 i vie{2,...,m},
L* * T3
(3.136)
where Z;; = Z; >0 € R™", Z,, = Z;j >0cR™™Wic{l,....m},&jec{l,...,n};

- >0eR™™Vie{2,...,m},&j € {l,...,n}.
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All these variants of matrix Z encompass the different number of decision variables. In the
previous segment, it is already highlighted that matrix multipliers enhance LMI feasibility by
adding extra numbers of decision variables. Therefore, it is essential to determine the exact
number of decision variables provided by each above-mentioned structures. The computation of
the number of variables is emphasised in Table 3.1.

Table 3.1: A quantitative analysis of the variables inside different matrix configurations

Structure Calculation of elements Total n.umber
of variables
Structure 1 (14+2+4...c4+7+...+mn) = (m”(”;”“))("(”;j”)
Number of elements
7 L R 2
Structure 2 Zakj: (22;11 a)m = % _ ma(a+1)(m+1) (n(n+1)>
ig - _ = 1 2
7 (S a) () = T ]
ZU: mn mﬁ(;ifl) +ﬁ(m712)(ﬁ+1) +min
Structure 3 Zyp: (Cami a)m= "G _ ) @m=1) (n<n+l>>
. =7 A(m—1)(n+1 - 2 2
7y (S @) (m—1) = =gl
Z,,']‘Z mn
— — _ A(A+1
Structure 4 Za?j: Crinm=m(n—1) =(2m-1)2n—1) (W)
Z,: (S22 +1) m—1) = (m-1)(2a-1)

Further, the numbers of decision variables obtained from various matrix configurations are com-
pared to highlight the effectiveness of the employed matrix form (Structure 1, (3.133)). Let us
define

oy — (mﬁ(n”;ﬁ+1)> (ﬁ(ﬁ;l)); ny — (mﬁ(mi)(mﬂ)) (ﬁ(ﬁ;—l));

ng = (ﬁ(ﬁ+ 1)2(2m— 1)> <ﬁ(ﬁ2+ 1)>; and ng = ((2m—1)(2n —1)) (ﬁ(ﬁ;l)>

Now, consider

iy — (mﬁ(ﬂ;ﬁ—i— 1)> (ﬁ(ﬁ; 1)) B (mﬁ(ﬁ—i—i)(m—l— 1)) <ﬁ(ﬁ+ 1))7
[mn(m;b—i— 1) ma(n+1)(m+1)

4
_ <n’;ﬁ> <(m— 1)2(75,—1)) (ﬁ(ﬁ;— 1)>.

ni—ng 2> 0. (3.137)

Since m,n € Z™,
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Similarly,
o — 1y — (mn(n+i)(m+1)> (n(n;—l)) B <n(n+ 1)2(2m—1)> (n(n;—l)>’
_ lmn(nﬂ)(mﬂ) _ﬁ(ﬁ—i—l)(Qm—l)] ﬁ(ﬁ—i—l))
4 2 2 ’
_ (ﬁ(ﬁ; 1)> ((m—1)2(m—2)> (ﬁ(ﬁ;l))
In light of the fact that m,n € Z*,
ng —ng > 0. (3.138)
Analogously,
S (ﬁ(ﬁ—i— 1)2(2m—1)> (ﬁ(ﬁ;— 1)) _(@m_1)@n-1) (ﬁ(ﬁ;—l))
_ ”(”H)Q(Qm_ D —(2m—1)(2ﬁ—1)] ("(”;1)>
_ <2m1> ((n—l)Q(n—2)> (n(n2+1))
As m,n € Z", we get:
ng—mny > 0. (3.139)
From (3.137), (3.138) and (3.139), it is easy to ascertain that:
ny > ng > N3 > ny. (3.140)

It implies that the matrix form defined in (3.133) provides a higher number of additional de-
cision variables as compared to other forms. Hence, the LMIs obtained by using these matrix
multipliers possess more decision variables than the ones obtained from other configurations of
matrix multipliers. Therefore, the introduction of the proposed matrix multipliers enhances the
LMI conditions.

In the subsequent section, the effectiveness of the proposed matrix multiplier-based LMI condi-
tion is highlighted through numerical examples.

3.5 Evaluation of the proposed LMIs and the observers

The primary objective of this section is to emphasise the effectiveness of the proposed matrix
multiplier-based LMIs over the existing approaches through numerical examples. In addition
to this, the developed LMI-based observer is deployed on the same examples to validate its
performance.

3.5.1 Numerical Example 1

A numerical example is employed to showcase the efficacy of the developed LMIs (3.44) and (3.53).
Let us consider a nonlinear system in the form of (3.2) with the ensuing parameters:

TR R R
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Let us consider that both system dynamics and outputs are corrupted by the disturbance w ~~
(0,0.1). Additionally, the system is governed by the input u = —0.1sin 10¢.
The nonlinearities are described as follows:

| Ai(Hz)| | sin(0zq) . ,
f(z) = [f;(H;x)] = [sm(@x;)] and g(F1x) = sin(Ax1)sin(Ax2),

1 -1 1 1 10 _ _
where H; = 0 1 , Hy = 1 0 and F = 0 1].Therefore,m—Q,n—2,r—1andp—2.
In addition to this, the partial derivatives of f(-) and g(-) hold:

—9§%§9;—0§%§9; —)\S%S)\;and—)\gﬁg)\.
T 8.’E2 8,171 a$2

It leads tO: fCL11 = fa21 — _g;fbn = fb21 = 0;9(111 = ga12 — _)\;gbu = gb12 = )\
With reference to Remark 3.2, one can obtain:

f~a11 = f~a21 - Oa fbll = f~b21 == 29) gan = gam - Oa gbn = gblg =2\

In addition to this, A=A + fao, GH11H1 + fo,, GHo1H2 — 90, LEG11G1 — g4, LE'G12G1 is used
instead of A in the term Az of LMIs (3.44) and (3.53).
The performance of LMIs is evaluated in the following cases:

1. Case 1: LMI (3.53) with the proposed matrices,

Z1 2y Si1t S,
7 2| 5= 12 3.141
[Zbgl Z211 [Salg 512] ( )

where Z11, Zo1, Zy,, € R™" and Si1,S512,54,, € RP*P are symmetric matrices such that Z, S >
0.

2. Case 2: LMI (3.44) with matrices defined in (3.141).

3. Case 3: LMI (3.44) along with

Z11 oy St BSi2
7= . S= , 3.142
lOZZm Za1 ] [5512 S12 ] ( )

where Z11 = Z; >0 € R Zo1 = Z5, >0 € R Sy =S| >0 RP*P| §19 =S, >0 RP*P
and a = 0.25,3 = 0.25 (similar to the one defined in Section 2.4).

4. Case 4: LMI (3.44) accompanied by
7 = block-diag (Zn, 221) . S = block-diag (SH, 512) : (3.143)

where Z11,Z21 € R™™ and Si1,S12 € RPXP are symmetric positive definite matrices.

5. Case 5: LMI (3.44) with
7 = block-diag (ZH, Z21) - S = block-diag (511, 512) , (3.144)

where Z11 = 0117, Zo1 = 0217, S11 = (53]1;5; Sio = (54]1;5 so that Z, S > 0.
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Table 3.2: Optimal values of ,/u for different cases

No. Casel | Case2 | Case 3 | Case 4 | Case 5 | Case 6
1 f=02and A\=0.3 | 1.3259 | 2.1704 | 5.5342 | 2.5007 Inf 1.3737
2 |#=0.5and A=0.25 | 1.6874 | 5.0705 | 7.3810 | 7.3785 Inf 1.9786
3 |0=09and A=0.25 | 1.9779 | 6.3298 | 7.6233 | 7.6192 Inf 2.0380
4 f=08and A=0.8 | 4.2978 | 9.5368 inf inf inf 9.6790
5 0=0.7and A=1.2 | 3.0463 | 8.3907 inf inf inf 10.6595
6 f=0.8and \=1.5 | 5.7551 | 10.1047 inf inf inf 33.8465
7 =09 and A=2 9.0558 | 10.6686 inf inf inf 63.4416

6. Case 6: LMI approach proposed in [11]

For each of the aforementioned cases, LMI is solved in the MATLAB toolbox, and the obtained
optimal value of /1 is recapitulated in Table 3.2.

Table 3.2 interprets that the LMI (3.53) provides a better optimal solution than other cases.
It is due to the fact that the optimal value obtained in Case 1 is the smallest as compared
to the same obtained in other cases. In certain scenarios, the solution of LMI (3.44) is better
than the one estimated in Case 6( i.e., [I4]). All these results emphasise the efficiency of the
matrix multiplier-based LMI approach over the existing methods. The proposed LMI conditions
provide better feasibility than the existing ones. It is a consequence of the introduction of the
newly defined matrix multipliers which adds some additional numbers of decision variables inside
LMIs, and incorporates extra degrees of freedom. Thus, it leads to LMI enhancement.

The observer specified in (3.3) is deployed on the aforementioned example for the purpose of
state estimation. In order to emphasise the performance of the proposed LMI-based observer,
Case 1, Case 2, and Case 6 are taken into account for = 0.7 and A = 1.2. In each case, LMI
is solved in the MATLAB toolbox, and the gain matrix is computed. All these matrices are
outlined in Table 3.3.

Table 3.3: Values of gain matrix L for different cases

Case 1 Case 2 Case 6
0 :n(()ij I— —0.0006 46.5548 I _ —0.0000 335.7587 I— —0.0004 249.6421
)\a_ 1.9 | —0.0007 46.8323 ~ |—0.0000 392.2913 ~ |—0.0001 66.8295

Further, the proposed observer (3.3) is implemented in MATLAB for each case by using all these
gain matrices. The subsequent Figures 3.3, 3.4 and 3.5 depict the graphical representation of
the estimation error in Case 1, Case 2, and Case 3, respectively.

The obtained value of /u in Case 1 is lesser than the same achieved in Case 2 and Case 3.
Thus, Figure 3.3 showcase better noise compensation as compared to Figure 3.4 and Figure 3.5.
In addition to this, all these Figures portray the asymptotic convergence of estimation error
dynamics. Thus, observer performance is validated.
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3.5.2 Numerical Example 2

Let us consider the nonlinear system (3.68) with the following parameters:

01 0 00 0 0
a=fo 0 1| a=oofm=lof e~ o= |id o]l {]. o
0 0 -5 11 2 0.5
0
D= 1
The nonlinearities inside the system are illustrated as: fi(Fix) 2 fo(Fox) = xox3, hy(Hiw) =

01 0 0 1 0
sinzy and ho(Hax) = sinxg along with F; = [0 0 O,F,= |0 0 1
0 0 O 0 0 0

0 1 0 0 0 1
Hi=|1 -1 1| and Hb=1|0 1 0]|. Hence, m=2,r=2,n=3,p=23.
0 0 -1 0 -1 0

For initial condition x(0) = {—1 -1 —1} and input u = square(2t), the states are bounded
in the following sets:
€ {—10.2929 <z, < —1,
—1.0739 <z9 <0.2935,
and — 1 <z3 <0.4686} V¢ € [0,30].

=

In order to design an observer specified in (3.71) for the aforementioned system, the subsequent
fi 0T, (F1%) ' hloﬂghl (Hy

projection of the estimated states are considered:
| s homg, (&) = ) .
fromq, (Fo) haomg,, (Ha)

As stated in the previous section, fi(mq, (Fi2)) = fi(F;2) for i € {1,2} and h;(mq, (H)) =
hi(H;z) for i € {1,2}. Thus, it ensures that projection on the estimated states does not alter its
behaviour. In addition to this, it guarantees that the reconstructed states remain bounded in
the above-defined sets as actual states.

The partial derivatives of f and h satisfy the following inequality for the considered duration:

fomq, (%) = l

=

—2x (—1.0739) < oh 2% (0.2935); —1 < == O <0.5;—1.0739 < = 0f <0.3;
02 O Oz (3.145)
f10739<ai<1 f1gaigo.2935.
6:1:1 6$3

If one follow the steps described in Remark 3.2, it is easy to show that the nonlinear functions
ff;fl and h?jhi( i=1{1,2}) fulfil (3.82) and (3.83), respectively.
Further, the feasibility of LMI (3.122) is tested in the ensuing cases:

1) Case 1: LMI (3.122) with the succeeding matrices:

211 Zby, Dby
7, = me Zo1 4 : :[Sll Sb211’

Lboy  Lagy 422

(3.146)

where Zij;vav Z

ij) g

Z >0 and S > 0.

€ R™™ S;; S, € RP*P V4 j € {1,2} are symmetric matrices such that
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2) Case 2: LMI (3.122) with the following matrices which are similar to the one proposed in

Section 2.4:
Zn  aZan aZip
7 = |:OzZ21 Zo1 aZ22] ;1 S= {55511 5521] , (3.147)
aZay «lZzy L2 o
where a, 5 = 0.5, and all other matrices are defined in (3.146).

3) Case 3: LMI (3.122) accompanied by the block-diagonal matrices (same as in [11]), i.e.,

Z = block-diag(Z11, Z21, Z22);

: (3.148)
S= block—dlag(S’H, 521),
where all matrices are described in (3.146).
4) Case 4: LMI (3.122) with identity matrices (same as in [12]), i.e.,
7. = block-dia, ]Iﬁ, Hﬁ,ﬂﬁ
8 ) (3.149)

S = block-diag (I3, L5).

All LMIs defined in the above cases are solved by using the MATLAB toolbox. The estimated
optimal values of §, v and gain matrix L are outlined in Table 3.4.

0.2
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Figure 3.6: Plot of the estimation error (Z) in Case 1

Table 3.4 infers that the LMI (3.122) provides the best ISS gain with the proposed matrix multi-
pliers (i.e., Case 1 ) as compared to other cases. The matrices defined in (3.147), (3.148), (3.149)
are particular forms of the matrices stated in (3.146). Thus, the matrices of (3.146) encompasses
more number of variables than the one shown in (3.147), (3.148), (3.149). Hence, it is obvious
that the solution provided by the matrices of (3.146) is more general than other cases. These
additional decision variables add some extra degrees of freedom from a feasibility point of view.
Therefore, the inclusion of general matrix multipliers relaxes the existing LMI conditions from
a feasibility point of view and noise compensation.

Let us consider that system dynamics and measurements are corrupted with the Gaussian noise
(w~>(0,1)). Further, the proposed observer (3.71) is deployed in a MATLAB environment to
evaluate the observer performance. For each aforementioned case, the estimation error dynamics
of the observer (3.71) is evaluated in MATLAB. Figures 3.6, 3.7 and 3.8 depict the plots of the
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Table 3.4: Compiling the optimal values obtained from LMI solution
Parameters Case 1 Case 2 Case 3 Case 4

0 5.5499 x 1018 0.6160 0.4237 It
nfea-
5 —12
=/ 3.0326 x 10 2.4819 2.0585
i PAmin(P) sible
260.7229 0.0000 0.8643 1.4132 4.4501 1.1749
Gain matrix
149.7926 0 0.9302 1.7084 2.4572  0.7608

L

| —17.8321  0.5000

|-0.2009 —0.3696

| —0.6503  0.1732]

()

Estimation error

S
)

'

S

[
)

1
S
F'y

1
g
=)

1
S
(=]

1
-
f

=
[N}

=

=
9]

10

15 20
Time (sec)

25 30

Figure 3.7: Plot of the estimation error (Z) in Case 2

estimation errors in Case 1, Case 2 and Case 3, respectively. These figures showcase that the
noise attenuation achieved in Case 1 is better than the one obtained in other cases. In addition
to this, these figures highlight the asymptotic convergence of estimation errors. Further, the
RMSE values of estimation errors are summarised in Table 3.5. It implies the same fact that the
noise compensation is optimal in Case 1 as compared to the other cases. Thus, the performance
of the proposed observer is validated.

Table 3.5: Comparison of RMSE values of Z in different cases

Time Case 1 Case 2 | Case 3
F1 | 21450 x 1077 | 0.0454 | 0.0252
15<t<30 | & | 55216 <1077 | 0.0254 | 0.0126
Zg | 5.5216x 1077 | 0.0254 | 0.0126
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Figure 3.8: Plot of the estimation error (Z) in Case 3

3.6 Conclusion

This chapter presented two new LMI techniques for the design of a nonlinear observer. The
primary component of the proposed methods is a generalized matrix multiplier, which leads to
the inclusion of additional numbers of decision variables. Such extra variables provide some extra
degrees of freedom, thus enhancing the feasibility of LMI. Further, the proposed novel matrix
multiplier technique is combined with the LPV-based approach, which improves the feasibility
of the LMI condition (3.44). In addition to this, a novel observer approach for the class of
non-global Lipschitz nonlinear systems is developed. A well-known Hilbert transformation is
employed in the observer structure to handle the local Lipschitz nonlinearities. Further, the
asymptotic convergence of the estimation error is achieved through the utilisation of an ISS
notion. The introduction of newly defined matrix multipliers allows the inclusion of additional
decision variables as compared to the methods proposed in the literature. These extra variables
relax the LMI conditions from a feasibility point of view by adding some extra degrees of freedom.
The superiority of the proposed methods over the existing approaches is demonstrated through
the numerical examples.
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4.1 Introduction

Over the last two decades, the topic of output-feedback stabilisation has garnered a lot of
attention in control system engineering [89], [90]. This is due to external disturbances or noise,
which can occur through sensors and/or actuators, and it induces instability in the system.
The stability of such kind of system can be achieved through the employment of a controller.
However, in many applications, obtaining the necessary state information for the development
of the controller is not easily achievable due to economic or physical constraints on sensors.
Through the utilisation of observers, it is easy to obtain the current knowledge of the system’s
state, regardless of whether it is measurable or not. Thus, observers play a pivotal role in
the stabilisation problems. Several applications of observer-based controllers are showcased

in [91], [69] and [26].

93
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The design of observer-based controllers for linear systems is widely investigated by researchers,
for example, [92], [10], [93], and so on. However, the nonlinear observer-based stabilisation task
is a challenging task. The authors of [91] proposed the high-gain observer-based stabilisation
methodology, whereas the disturbance-observer approach is utilised in [25]. Due to the advance-
ments in computational technology over the last two decades, Linear Matrix Inequalities (LMIs)
have garnered a lot of attention in control system engineering. The authors of [24], [26] and [90]
incorporated LMIs in the development of nonlinear observer-based controllers. Though all these
cited articles provide less conservative LMI conditions, there is a scope for further enhancements.
In this chapter, the authors have developed the observer-based controller for the disturbance-
affected nonlinear system using the previously proposed new-matrix multiplier-based LMI ap-
proach. As stated earlier, the derived LMIs are formulated using a newly defined matrix multi-
plier, which results in the inclusion of additional decision variables compared to the existing LMI
methods. These variables add extra degrees of freedom and improve LMI feasibility. Further,
the effectiveness of the proposed matrix multipliers is investigated in MATLAB using numerical
examples.

The remainder of the chapter is organised as follows: Section 4.2 focuses on the formulation
of the problem statement. For the proposed observer-based controller, a novel LMI condition
is formulated in Section 4.3 using the H,o criterion. Further, the property of ISS is utilised
in Section 4.4 for deriving an LMI criterion. The performance of the proposed approaches is
validated in Section 4.5 through numerical examples. In the last, Section 4.6 provides some
concluding remarks.

4.2 Contextualising the problem statement

This section addresses the objective of the article. For better comprehensibility, a nonlinear
system with nonlinear outputs under the effect of noise is considered for stabilisation purposes,
and it is illustrated as follows:

t=Ax+Ff(x)+ Bu+ Ew,

4.1
y=Cx+Gg(xz)+ Dw, (4.1)

where z € R", y € RP and u € R® represent the states, the measurements of the systems, and the
input of the system, respectively. w € R? is the exogenous signal such as noise or disturbances
affecting the system dynamics and outputs. A,G,B,C, F,E and D are known constant matrices
of appropriate dimensions. The nonlinearities f(-) and g(-) are assumed to be globally Lipschiz,
and admit detailed form (2.34) and (2.58), respectively. The ensuing observer-based controller
is employed in this chapter for the stabilisation of (4.1):

i=Az+Ff(#)+Bu+L

y— (CJE—FGg(i“))], (4.2a)

u=-—-Kz, (4.2b)

where & denotes the estimated states, and matrices L, K are the parameters of the observer-
based controller. The depiction of observer-based stabilisation of the nonlinear system (4.1)
methodology is showcased in Figure 4.1.

The estimation error of the observer-based controller (4.2) is defined as follows:

e=x—12I.
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Figure 4.1: Illustratation of observer-based controller

Thus, the dynamics of the estimation error (e) are given by

¢=(A-LC)e+F(f(z)— f(2))— LG(g(x)—g(2))+ (E—LD)w. (4.3)
f(z,2) g(z,2)

Analogous to (3.9) and (3.10), one can express f(z,#) and §(z,#) in the following manner:

fla,2)="Y" fijHijHe, (4.4)
ij=1
r?ﬁ

g(z,z) = Z 9iGi;Gie, (4.5)
ij=1

where all the variables remain the same as the one specified in (3.9) and (3.10). The functions
fij and g;; satisfy (3.13) and (3.14), respectively.
Further, the incorporation of (4.3) and (4.5) in the dynamic (4.3) yields:
m,n D
ée= (A — LC’)e + Z fijFHinie — Z gijLGQ’ijGie + (E — LD)w. (4.6)
ij=1 ij=1



96 Chapter 4. Nonlinear Observer-based stabilisation using new matriz multiplier-based LMIs

Through the utilisation of (4.1) and (4.2b), one can obtain:
t=(A—BK)x+BKe+ Ff(x)+ Ew. (4.7)

Similar to (4.4), f(z) is written as:

F(@) = f2)— F(0) = F@,0) = S fisHisHie, (45)
=1

0

with fi; 2 fi; (67,6, and it holds

Hence,
m,n _
i=(A-BK)z+BKe+ Y  fijFHijHix+ Ew. (4.10)
i,j=1

Let us introduce an augmented vector { = l;l which consists of both estimation error vector

and state vector.
From (4.6) and (4.10), we deduce:

. [(A-BK) BK 0
C_l O (A—LC)]CJF [Zr’pzlgij(—LG)gijGi]C

’ i 1% (4.11)

n ZZ}’; fiFHijH; (0)
E—-LD

@) ST fii FHi H,

ij=1

¢+

Objective

The objective of this chapter is to determine the parameters L and K such that
I) The close-loop system (4.11) is exponentially stable at ¢ — oo when when w = 0.

IT) When w # 0, the estimation error dynamic (4.11) converge asymptotically with max-
imum noise attenuation at ¢ — oo.

A substantial amount of research has been performed to tackle this problem, resulting in the
establishment of numerous methods in the literature, for example, [24,95-97] and so on. Each
of these methods has provided enhanced LMI conditions, which are formulated by deploying
different mathematical tools. Regardless of these advancements in LMI relaxations, the resulting
LMIs remain conservative; thus there is a scope for further enrichment. In this chapter, the
authors have utilised the new-matrix multiplier-based LMI approach in the context of observer
design, to establish a new and less conservative LMI condition compared to the existing results
in the literature.



4.8. A robust circle-criterion based approach 97

4.3 A robust circle-criterion based approach

This section is dedicated to the development of the LMI condition using the H, criterion. In
order to mitigate the impact of external disturbances/noise w on the error dynamic, the H,
criterion (3.17) is commonly used in the control system domain [12—11]. The H criterion (3.17)
for the estimation error dynamic (4.11) is modified as:

1< 2c2ny, \/Nllcullﬁq+1/||Co||2 (4.12)

In order to analyse the Hoo stability of the error dynamic (4.11), let us consider the ensuing
quadratic Lyapunov function:

V(z)=('PC, (4.13)

P O
0O P
It needs to be noted that more general Lyapunov matrices may be considered for the analysis,
however, this will lead to bilinear matrix inequalities (BMIs), which are not suitable for this
method. Thus, to avoid computation complexity and BMIs, the function defined in (4.13).
Further, the V(¢(t)) is computed along the trajectories of (4.11) and illustrated as follows:

where P = l ] >0, and P, P, € S™.

.
. P E P E
T 1 T 1
V(()=¢ AC—I—C Py(E—LD) w+w PQ(E—LD)] ¢, (4.14)
where
A= (A—BK)"P,+ P (A- BK) P BK
¢ (BK)T P, (A—LC)T Py + P(A-LC)
m,n T
L | 2= fiPLE i H; 0 N ST (fig PLF M H;) 0
0 Z%Z1fijP2FHini o) Z” ((PyFFijFy)
T e |
_Zz] ngJPQLGgU Zz] 1gZ]P2LngJ
(4.15)

Similar to (3.20), the error dynamic (4.11) satisfies Hoo criterion (4.12) if the subsequent in-
equality is true:
WEV(Q)+¢I1? = pullwll* < 0. (4.16)

One can refer to Remark 3.3 for more details about this.
Through the utilisation of (4.14) and (4.16), we obtain:

T P E
W= m Actlon lPQ(E—LD)] f} <0. (4.17)
* —plly
Thus, W < 0 if
PE
Actlan [PQ(E—LD)] <0. (4.18)

* —ply
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In order to ensure the Hoo stability of (4.11), we need to satisfy the condition described
in (4.18). Since it includes several terms obtained from the coupling between the decision vari-
ables Pi, Py, L, and K, the inequality (4.18) is not easy to solve. Then, to overcome this problem,
a convenient congruence transformation is utilised. By pre-multiplying and post-multiplying the

Py O O
inequality (4.18) by | O I, O] and its transpose, we deduce:
O 0 I,
A E
¢ |RE-RiD|| <0, (4.19)
* —plly
where
A _ |P1AT + AP~ R BT —BRj, 0
¢~ 0 ATPy+PyA—CTR,—R]C (4.20)
PiP1 O 0) BK ’
& [pH 0 |[HLFT O _—
NLi= D, l 0 PQFHZ-J-] o fym] Vol (t21)
2,j=1
U Vij
_ Nij
T‘,p
1,j=1 N———’
M
ij
and Py = P!, Rl = KP; and R] = P,L.
PP O O B . . .
Further, the term [ 0 ]In‘| and [ (BK)T O ] are expressed in the following manner:
~1 T
PP O (P1 Of|L O P O (4.23)
o L |0 L0 I, 0O I.| ° '
—_——— ——
Sp pp
and
/—9\—\
0 BK] [0]7==F -
{(BK)T 0 ] = M [K"BT 0]+P'Q, (4.24)

PT
Now, the Young inequality (A.10) is exploited to linearize the terms K and to tackle the non-
linear terms NIL; and NLs. First, the following notations are introduced to avoid cumbersome

equations:
U=\, - Ugm - Uy - Umﬁ} 7 (4.25)
—[viy - Vig e Vi - Vmﬁ] , (4.26)
M = [Mn oo Myy oo My - Mrﬁ} ’ (4.27)
N = :N11 o Nipoooo Nppooeoe Nrﬁ} : (4.28)
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Then, (4.21) and (4.22) are reformulated as:
NL, =U"V4+V'U, (4.29)
NLy=M'N+NTM. (4.30)
The ensuing inequalities are deduced by employing (A.10) on (4.24), (4.29) and (4.30):

K< (P+eP1Q) ' (2¢P1) ' (P +eP1Q), (4.31)
NL; < (U+2V)'(22) YU + 2V), (4.32)
NLy < (M 4+SN) ' (2S)"1 (M +SN), (4.33)

where Z = block-diag(Z,Z). The matrices Z, Z and S are illustrated in (2.82), (4.34) and (2.83),
respectively. Through utilisation of (3.13) (3.14) and (4.9), each elements inside V' and M is

i Z Zl Zl Z 1 le Z 1 le le Zl T
_ 1 12 _%1n ,bél “bs ,béﬁ “bra “bro ,brriﬁ
Zl Z Z2 Zl2 ZlQ Z12 ZIQ ZlQ Z12

Aig 12 A1n boy bya bax bt b2 bivn
Z1 Zo> ... Zin Zyn Zyn ... Zy Zyn  Zy Zy1n
“n T _ 1n “bo1 “bs ~bon bt brna bis
I B I < R T R
S B A i A A

7 = : : : : : : : ' ,
SR Doy Ay Za, Zon i e e A
le Zl? 217 Z’JI Z’_’_ Z;’H Z Zl Zl
“bi “bim “b “bimn ,[’m)l Zbn _ ml ) _Amn
le Z12 Zl’ Z; / 22 2 Zl Z 2

me brn? b'nZIZ [)r)nl'l [)/)77_) ’n;') am2 m2 am'ﬁ

L 2ot Doz Zog Al Az L ey Za, Zmn

- S (4.34)
where Zij = Z; >0 e R, Z, = Z} >0e€RVWi ke {l,....m},&j € {1,...,n}; Zp =
B o ij ij _ ij
Zy; 20 € RV Yie {2,...,m} ke {l,....m—1},&j € {1,...,n} such that Z > 0.

ij

bounded and belongs to convex sets F,,, and G,, respectively. The set of vertices of F,, and G,
are given by

Fu, = {{@11,...,q>1n,...,<1>m1,...,c1>mn} LDy € [O,fb,.j]}, (4.35)
Fo = {{\1111,...,xylp,...,qfﬂ,...,qzw} W, € [O,gbij]}. (4.36)
From convexity principal, the inequalities (4.32) and (4.33) are fulfilled if
NL, < [(U+2V)T(22) (U + ZV)] : (4.37)
VeFn,,
NL; < | (M +SN)T(2S) "1 (M +SN)]nerg, , (4.38)
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The deployment of (4.23), (4.31), (4.37) and (4.38) into (4.20) results in:

_ P1AT + AP, — RgB" — BR}, ©) T
Ac< 0) ATP2+P2A—CTRL—RZC +2prip
+ (P +eP1Q) 2eP) L P +eP1Q) |+ |(U+2V)T(22) (U +ZV>1 (4.39)
VeFu,,

+ [(M+SN)T(2S) " (M +SN)]nere, -

Further, one can obtain the following inequality by employing Shcur Lemma 4 on (4.39):

Su Ip 0 Sz Sz i

B * —E[ 0) O (0)
AC < * * —26P1 O O y (4.40)
* * * —-2Z 0O
* * * * =2 VeFu, NeFe,
where
_ P1AT + AP, — Rxk BT — BR), O
X = 0 ATPy+ Py A—CTR,— R} C|’ (441)
Yo = (P + 6731Q), (442)
Yi3=(U+2ZV), (4.43)
Y14 = (M +SN). (4.44)

Now, we are ready to state the following theorem:

/ Theorem 4.1 \

If the matrices Z, Z and S described in (2.82), (4.34) and (2.83), respectively, exist along
with the matrices Py, P, > 0 € S, matrices Rx € R"*% Ry € RP*™ and positive scalars €, 1
such that the following optimisation problem is solvable:

minimise p subject to,

(Y11 Yp X2 Yiz Y Xy
* —21 (@) @) @)

@)
* x  —2P1 O O O <0 (4.45)
* * * -27Z O @) -
* * * * =25 O
* * * * *

L Mol yer, Nere,

.
where ¥, = [ET (PRE— RID)T} and the terms X11, X p, 312, X13, Y14 are specified in (4.41)
(4.42), (4.43) and (4.44), respectively. Then, the error dynamic (4.11) is H, asymptotically

Qable. The observer parameters are calculated as: K = R[T(Pl_ Vand L= P2_1Rz. /

(4.23),
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Proof: One can derive the LMI (4.45) by substituting (4.40) in the inequality (4.19). According
to the convexity principle [18], if the LMI (4.45) is solved for all V € Fpy, and N € Fg,, then
the error dynamic (4.11) satisfied the Hoo criterion (4.12) with v = Apax(P) and minimum g
obtained from the solution of LMI (4.45). This ends the proof. O

The aforementioned theorem can be modified for the disturbance-affected nonlinear system with
linear outputs, which is described in the subsequent Corollary.

/ Corollary 4.1 \

Let us consider the subsequent nonlinear systems having linear outputs:

t=Azx+Ff(x)+ Bu+ Ew,

4.46
y=Czx+ Dw, (4.46)

where all the variables and parameters remain consistent with those specified in (4.1). The
ensuing observer-based controller is utilised for the stabilisation of the system (4.46):

i=A2+Ff(2)+Bu+L(y—C#),
RI@) Oe) wn
u=—-Kz,
if the following optimisation problem is solvable:
minimise p subject to
Y11 Xp o X2 X1z Y
* ) I O O O
4.48
* x* —2P1 O O <0, ( )
* * * -2Z 0O
* * * *x —plg] . Fu
Where all the variables are the same as the one specified in Theorem 4.1 . /

For the proof, one can follow the proof of Theorem 4.1 .

4.4 1ISS-based LMI formulation

In this segment, the novel LMI condition is derived by incorporating the ISS notion 19, which
ensures the stability of the error dynamic (4.11).

In order to ensure the ISS behaviour of the closed-loop system (4.11), the quadratic Lyapunov
function (4.13) is considered. It infers that V(() satisfies:

Amin(P) [ < V(€) < Amax(P)[IC]1%- (4.49)

The derivative of V({(t)) along the trajectories of (4.11) is showcased in (4.14). Further, the
subsequent inequality is derived by deploying the Young inequality (A.9) on (4.14):

T

P C+6w'w, (4.50)

$t | pyE-LD)

V)<t lAg%- <00
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T
P E

h =
where Q [PQ(E—LD)
Now, let us presume that there exists a positive scalar p such that

1
A+ SQT@H pP <0. (4.51)
Through the utilisation of Schur’ lemma A.3, the condition specified in (4.51) is equivalent to
A, QF
[ R (4.52)

If the inequality (4.51) or (4.52) is true, then V(¢) fulfils :
V(C(1) < =pV(C(1) +0llw®* < =pAmax(P)ICO)? + 8]l (t)]|*. (4.53)

The inequalities (4.49) and (4.53) are identical to the conditions described in (1.34) and (1.35),
respectively. From Definition 20 of Chapter 1, the Lyapunov function (4.13) is an ISS-Lyapunov
function along with the ensuing K functions:

a1 (IS = Amin(PYICE, a2(ICE) = Amax (PICB),

az([CE)) = —pAmax(P)[[C(1)]|* and aa(w) = d]|w]*.
By using Theorem 1.3 , the system (4.11) is an ISS w.r.t. w as it admits an ISS Lyapunov
function (4.13).

One of the essential conditions required to ensure that the Lyapunov function (4.13) to be an
ISS-Lyapunov function specified is provided in (4.52). Similar to the aforementioned section, the

P O O
inequality (4.52) is pre-multiplied and post-multiplied by the matrix | @ I, O] to eliminate
O 0 I
the coupling terms, and we get:
DD W
< .
L —(5]Iq1 <0, (4.54)
where
5 _ P1AT + APy — Rk B" — BR}, + pP; 0
- 0) ATPy+ P, A—CT R —RLC+pPs (455)
@) BK ’
Jr[(BK)T 0 }+NL1+NL2,

where NIL; and NLg are specified in (4.21) and (4.22), respectively. Through the utilisation

of (4.31), (4.37) and (4.38), the term ¥ is rewritten as:

Y<S+ (P+e7>1Q)T(2eP1)—1(P+eP1Q)]
(4.56)
+|U+2zv)T(22)" Y (U+2V) + | (M+SN)T(2S)" (M +SN)|ner, ;
VG]'—Hm
where
5 - P1AT + APy — R BT — BR} + pPs ©) (4.57)
L 0 ATPy+ PLA—CTRL—R[C+pPy| '
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Analogous to (4.40), the deployment of Schur lemma A.3 on (4.56) yields:

X1 Y12 Y13 Xua
* —2€P1 (O)_ )
* * -27Z7 O ’

* * * =28 VeFy, NeFe,

¥ < (4.58)

where Y13,%14 are illustrated in (4.43) and (4.44), respectively. Now we can establish the
following theorem illustrating an LMI that ensures the ISS behaviour of the error dynamic (4.11).

/ Theorem 4.2 \

Assume that there exist matrices Z, Z, and S under the form (2.82), (4.34) and (2.83),
respectively, along with Py, P, >0 € 8™, matrices Rx € R™** R € RP*™ and positive scalars
€,p,0 such that the following optimisation problem is solvable:

minimise p subject to,
Y1 Y12 Y13 Xia Yyg

* —2¢P1 O O (©)

* * 27 0 0) <0, (4.59)
* * * -2S 0O

* * * * —01

VeFy, NeFg,

where 3, = {ET (PRE— RID)T}T and the terms ¥11,%12, 313,214 are specified in (4.41),
(4.42), (4.43) and (4.44), respectively. Then the system (4.11), with parameters of the
observer-based controller computed as K = R}-P; ! and L = Py 'R] | is ISS with respect to
w(t) according to the following inequality:

max ()

_p )
S ool < /322 e84 L (

4.60)

/

Proof: LMI (4.59) is obtained by incorporating (4.58) in (4.52). From the convexity prin-
ciple [18], if the LMI (4.45) is solved for all V € Fy,, and N € Fg,, then inequality (4.52) is
satisfied and it infers that the Lyapunov function (4.13) is an ISS-Lyapunov function. Through
the integration of (4.53) and utilisation of comparison principle, one can get: we deduce that

V() S VG 4o [ o uls) Bds

t
<V (¢)e P +6 sup ||w(s)|]%e_pt/ eP®ds
s€[0,t] 0

<V(Go)e ™ +2(1—e ) sup [w(s)| (4.61)
P s€[0,t]

Since 0 < 1—e " <1, sup fw(s)[3 < [wl|Z, and Amin(P)IIC]* < V(C) < Amax(P)I[[¢]1%, the in-
s€[0,t]
equality (4.60) is deduced. Hence, Theorem 4.2 is proved. O
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Analogous to the aforementioned section, the proposed LMI (4.59) can be modified for the
system (4.46), which is showcased in the subsequent corollary.

/ Corollary 4.2 \

The proposed observer-based controller (4.47) is deployed for the stabilisation of the sys-
tem (4.46) if the following optimisation problem is solvable:

minimise § subject to

Y1 Y2 X1z Yy

x* —2P1 O O <0 (4.62)
* * -27Z 0 ’
* * *x =g . Fu
&vhere all the variables remain coherent with the one specified in Theorem 4.2 . /

In the sequel, the effectiveness of the proposed observer-based controller is analysed through
numerical examples.

4.5 Validating the performance of the developed methodology

This section focuses on emphasising the efficiency of the proposed methodology through two
numerical examples.
4.5.1 Example 1: A single-link flexible joint robot model

The authors of [19, 98] have illustrated the model of a single-link flexible joint robot in the
subsequent manner:

ém = Wm,
B K,
. m m m (4.63)
0 = wi,
K h
w; = —71(91 — Qm) — mjj Sin(Ql),

where 6; and 6,,, depict the angular rotations of the link and motor of the robot arm, respectively.
Whereas, w; and w,, represent the angular velocities of the link and motor, respectively. The
remaining parameters and their values are showcased in Table 4.1.

Further, the system specified in (4.63) can be written in the form of (4.46) with the ensuing the

Om 0 1 0 0 0 0 1
o wm| , |-486 —125 486 o] . |o| , |216] . |1
parameters: x = 0 JA= 0 0 0 1 , F = 0 , B= 0 , B = e
wy 19.5 0 —-195 0 1 0 1
1 00O 1 .
C= lo 1 0 0], D= [1] and f(z)=—15.86-m-sin(x3).

Let us assume p = 1.35 and € = 0.1 for solving the LMIs (4.62). Through the utilisation of
YALMIP toolbox [99], the feasibility of the LMIs (4.62) and [24, LMI (22)] is tested for different
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Table 4.1: Parameters of the model of a single-link flexible joint robot

No. Parameters Value Unit
1 m - Mass of the pointer 0.21 kg
2 2h - Length of the link 3x 1072 m
3 | g - Acceleration due to gravity 9.8 m-sec?
4 k - Torsional spring constant | 1.8 x 10~ [ N-m-rad !
5 K. - Amplifier gain 8 x 1072 N-m-V!
6 | B - Viscous friction coefficient | 4.6 x1072 [ N-m-V !
7 J; - Inertia of the Link 9.3x1073 kg - m?
8 Jm - Motor inertia 3.7x1073 kg - m?

values of m. The obtained results are displayed in Table 4.2. It infers the developed LMI
provides the feasible solution for larger values of m, whereas the one presented in [24] for the
same values of m is infeasible. Hence, the developed LMI can provide a feasible solution for a
larger Lipschitz constant as compared to the existing methods which are infeasible for the same
constant. Thus, the efficiency of the proposed matrix-multiplier-based LMIs is highlighted.

Table 4.2: Comparison results for different values of m.

LMI Para- m= m= m= m=
approaches meters 0.21 0.3 0.7 1
5 9.7819 | 1.2058 | 5.7400 | 5.3920
LMI (4.62) x1079 | x1078 | x1077 | %1077

1.839 | 1.552
x 10! x 102
[24, LMI (22)] N 2.5745 | 3.2291 Inf Inf

Py | 25564 | 2.7852

Further, the proposed observer-based controller (4.47) is deployed to stabilise the states of the
system in the MATLAB environment for the case m = 0.21. The solution of the LMI (4.62)
yields the ensuing observer-based controller parameters:

20.5758 —19.5758
—2.4059  3.4059
L=| g _s4141 | 2nd K =[35343 0.8313 —2.3666 0.7819].

7.4211  —6.4211

T
The initial condition is given as xg = {1 11 1} . Assume that the dynamics and outputs of

the system are affected by the Gaussian noise w ~~ (0,0.01). The behaviour of the estimation
errors is shown in Figure 4.2, which highlights the asymptotic convergence of the estimation
errors with optimal noise attenuation. Further, Figure 4.3 depicts the plot of stabilised states
obtained from the observer-based controller and it emphasises the stabilisation of states. Thus,
the performance of the observer-based controller is validated.
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Figure 4.2: Graphical representation of Estimation error (Z) in case of the model of a single-link
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Figure 4.3: Graphical presentation of stabilised states (Z) for the application of a single-link

4.5.2 Example 2: A numerical example of unstable system

In this segment of the chapter, a numerical example is utilised for analysing the performance of
the proposed observer-based stabilisation approach. Let us consider the system (4.46) with the
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subsequent parameters:

0 1 1 1 —-0.1 1
2 oo 4l oob demon

The nonlinear function f(z) is illustrated as: f(x) = [ziﬁégliﬂ , where Hy = [(1) 111 and
2 _

-1 1| -3

dynamics and outputs of the systems are corrupted with the Gaussian noise (w ~» (0,0.01)). For

1
Hy = [ 0 The initial value of the state vector is zg = > . Let us assume that the

9
16 x10
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Figure 4.4: Visualisation of unstable states

input u =1, the plot of states of the given system is displayed in Figure 4.4 and it infers that the
states of the systems are not stable. Thus, to stabilise this system, the proposed methodology
is deployed.

Table 4.3: Recapitulating solutions obtained from different LMIs

LMI (4.62) LMI (4.48) | [21, LMI (22)]
_ ] 6
5 V= P)\min(P) \/ﬁ \/ﬁ
1.6186 x 10~? 0.2804 0.1844 0.3540

The established LMIs (4.48), (4.62) and [24, LMI (22)] are solved using YALMIP toolbox of
MATLAB [99] and the achieved results are outlined in Table 4.3. It showcases that the pro-
posed LMIs provide a better value of noise attenuation level than the method of [24]. Thus,
it highlights the superiority of the developed matrix-multiplier-based LMI approach over the
existing methods.

In addition to this, the following parameters are computed from the solution of LMI (4.48):

_ [13.7839
~ |13.1622

] and K = [10.5423 7.4572].
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Figure 4.5: Representation of stabilised states

Further, for stabilisation of this system, the proposed observer-based controller (4.47) is de-

Estimation error ()

_8 1 1 1
0 5 10 15 20 25 30

Time (sec)

Figure 4.6: Plot of estimation error ()

ployed in a MATLAB environment by using the aforementioned gain matrices. The obtained
results are shown in Figure 4.5 and Figure 4.6. The behaviour of the estimation error is illus-
trated in Figure 4.5, and it highlights the asymptotic convergence of the estimation error with
optimal noise attenuation. Figure 4.6 depicts the graphs of stabilised states and it emphasises
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the rapid stabilisation of the states. Hence, the performance of the proposed observer-based
controller is verified.

4.6 Conclusion

In this chapter, two novel LMI-based methods for designing the observer-based stabilization
strategy are established. The first LMI condition is developed by deploying the Ho criterion,
whereas the second one is derived by using ISS notions. The obtained LMI conditions are less
conservative than those existing in the literature. This is due to the prudent utilization of
well-known mathematical tools such as a reformulated Lipschitz property, the Young relation,
and then new matrix-multiplier techniques in a judicious way. The effectiveness of the proposed
control strategy over the existing LMI-based methodology is shown through numerical examples.
It implies that the feasibility of the proposed LMIs is enhanced.
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5.1 Introduction

The development of communication and robotic technology has substantially impacted our day-
to-day lifestyles, especially in the transportation sector. These technological advancements pio-
neered a path for the rise of autonomous vehicles (AVs). The primary objectives of these vehicles
are listed as follows:

1. to mitigate the number of crashes, or to improve the safety of the driver;
2. to minimize energy consumption and pollution;

3. avoid traffic congestion.

111
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The last few decades have witnessed growth in autonomous vehicle technologies which can be

seen in [100-102]. In addition to this, according to [103], Google launched a project of Google self-
driving car in 2009. In 2020, Uber initiated testing of self-driving vehicles through a partnership
with Volvo [104]. All these cited papers prove the potential for further enhancements in the

sector of smart vehicles. It motivates the authors to implement the aforementioned developed
methodologies in the application of the autonomous vehicle.

The task of control of autonomous vehicles is mainly divided into two parts:

I) Longitudinal control: It is primarily focused on control of the longitudinal motion of the
vehicle, such as, it’s velocity or position w.r.t. to preceding vehicle in platoon, and so on.
It plays a pivotal role in the control of connected autonomous vehicle platforms.

IT) Lateral control: It is mainly developed for avoiding lane departure accidents. There are
three types of tasks performed by these systems such as lane departure warning, lane
keeping and yaw stability control.

For each task, there has been a significant amount of research carried out in the literature [105—

]. For all these tasks, there are several approaches proposed in the literature. As there have
been continuous advancements in the autonomous vehicle industry, it encourages authors to
deploy the established methods for the numerous tasks in autonomous vehicles. In this chapter,
the authors are mainly focused on the implementation of the proposed observer methodology
for several tasks in autonomous vehicles, for example, longitudinal state estimations and slip
angle estimations, etc. It aids in highlighting the effectiveness of the developed techniques in
the real-time application domain (autonomous vehicle industry).

The remaining part of this chapter is structured as follows: Section 5.2 is dedicated to the
implementation of the proposed observers of Chapter 3 on the longitudinal vehicle model. The
deployment of the ISS-based observer of Chapter 3 for the purpose of slip-angle estimation of
the nonlinear vehicle model is illustrated in Section 5.3. Further, Section 5.4 encompasses the
development of the coordinate transformation-based nonlinear observer for a vehicle tracking
model. Finally, some concluding remarks are provided in Section 5.5.

5.2 state estimation of the longitudinal autonomous vehicle model

The control of autonomous vehicles is an important and popular topic ( [108-110]). The vehicle
control system requires the knowledge of the longitudinal vehicle states, i.e., velocity, position,
and acceleration, to control various vehicle parameters/states such as consecutive distances
between two vehicles, vehicle yaw rates, and side slip angles. Thus, in order to achieve efficient
vehicle control, the longitudinal vehicle states must be estimated. Several autonomous vehicle
models have been established in the literature for vehicle control tasks, which are presented
in [109,111-113]. Table 5.1 describes a few models that portray the longitudinal motion of

vehicles.

5.2.1 Longitudinal vehicle dynamics

The commonly used vehicle dynamics for longitudinal control are listed as follows:
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Table 5.1: The models to depict the vehicular longitudinal motion

No. Model References Features Drawbacks
“Position-Velocity"
1 second-order [112], [114] Simple in Lacks power-train
linear model the form dynamics; less
“Position-Velocity" as compared to accurate
2 second-order [113], [115] other models
nonlinear model
“Position-Velocity-Force' con?.ist single difficult to
. nonlinear term measure force
3 third-order [109], [116] .
nonlinear model which reduc.es term through
the complexity Sensors
“Position-Velocity-Acceleration” simple
4 third-order [L11], [117] | nonlinear terms;
nonlinear model high accuracy
“Position-Velocity-Acceleration” easy to needs an
5 third-order [118], [119] | implement in | exact information
linear model practise about vehicles
1. Position-Velocity-Force third-order nonlinear model ( [108], [109])
p(t) = v(t),
. 1 Kd 2 dm
ot) = —F(t) = — vt (t) =, (5.1)
1 1
F(t)= ;u(t) - ;F(t),

where p(t), v(t) and F(t) indicate the position, velocity and driving/braking force of the
vehicle, respectively. u(t) denotes the control input (desired driving/braking force or desired
acceleration). Other parameters of the model are specified in Table 5.2.

2. Position-Velocity-Acceleration third-order nonlinear model ( [120], [121]):
p(t) = v(t),
o(t) = a(?), (5.2)
1 90Ky 5, . 2Ky 1 o
t) = ——a(t) - =4 22y alt) + —u(t) — =2
i) = —Laf) - 20020y 2By ¢ Ly - O

where a(t) implies the acceleration of the vehicle. Other variables and parameters remain
consistent with the one specified in (5.1).

3. Position-Velocity-Acceleration third-order linear model ( [119], [122])
p(t) = (1),
’D(t) = a(t), (5‘3)
1 20Ky 5, . 2Ky 1 d,
t) = ——a(t) - 2 22y alt) + —u(t) — =2
i) = —La) - 2200y 2By ¢ Ly - I

where all variables and parameters are the same as the one described in (5.2).
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Table 5.2: Vehicle parameters

No. Parameter of vehicle Range Unit
1 m - Mass 950 - 1750 | kg
2 7 - Engine time lag 0.2-0.6 sec
3 | K4 - Aerodynamics drag coefficient 0.1-0.5 NEI—EQCQ
4 dm, - Mechanical drag 0-110 N

Among these models, the system (5.3) is frequently used in the longitudinal state estimation
problem. However, it is deduced from the exact feedback linearization of the nonlinear vehicle
plant (5.2) under the assumption that all the vehicular parameters are known. It is difficult to
obtain complete information on vehicle dynamics in practical scenarios. Thus, the model (5.2) is
considered over dynamics (5.2) and (5.1) for the longitudinal control of vehicles. In addition to
this, the acceleration term utilised in (5.2) is easy to measure as compared to the F'(t) of (5.1),
and the nonlinear system (5.2) is easy to deploy than.
The system output is given by

Y=o
Let us consider that both dynamics and measurements of the model are assumed to be disturbance-
corrupted by w.
Therefore, the state-space representation of (5.2) is:

n=Am+G,f(n)+Byu+Eyw,

_ (5.4)
y=Cyn+ Dyw,
P W2(0) 0 0 01 0
where n = v,f(n)zlvt)a(t)],En: 0 |,B,=]0|,4,=|0 0 1],
a 0.25 =1L 00 =
0 0
Gy=1| 0 0 |, Cy=[1 0 0] andD,=-1].
_2Kg 2Ky

5.2.2 Observer-based state estimation

The vehicular plant expressed in (5.2) is already in the form of (3.55) and (3.123). The vehicle
parameters are as follows:

N 2
m = 1000 kg, 7 = 0.5 sec, Kg = 0.25 ——— anddy, = 100 N.
m

The input u(t) of the vehicle dynamics (5.2) is showcased in Figure 5.1. For the given input and

T T
initial condition zg = {po 0 ao} = [25 2 2] , the states of the vehicle are bounded in the

subsequent set:
Vp = {:L’ cx € {—53.9192 < z1(=p) < 71.0380,
—5.1548 < x9(=v) < 2.8490,

and —0.1127 < z3(=a) < 1.9790}}, vt € [0,80].
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Figure 5.1: Input u(t) given to nonlinear vehicle model

Vz € V,, the partial derivatives of nonlinearities (f; = 23 and fo = x223) hold:

—10.309 < % <5.698, —5.154 < % <2.849, and —0.1127 < % <1.979.
8.%‘2 8333 ax2

Consider matrices H; and Hs of the nonlinearities f1(Hiz) and fo(Hax) as:

01 -1 010
Hl_|p 0 1]andﬂg—[0 0 11.

Thus, m =2 and n = 2.
Let the system dynamics and outputs be affected by the Gaussian noise w ~» (0,0.1) for ¢ € [0,80].
Let us consider the following cases for the analysis of the proposed LMIs:

1. Case 1: LMI (3.58) along with

Z11 aday s
7 = * Zgl QZQQ 5 (55)
* * Z22

where o = 0.1 and Z11, Zo1, Zoo € R™ ™ are symmetric positive definite matrices so that Z > 0.
2. Case 2: LMI (3.58) with the proposed matrix multiplier,

Ly Ly
7 = * Zgl Zaéz s (56)
* * 222

where le,ZQI,ZQQ,Zb%%,Zb%%,Za%Q € R™ " guch that Z > 0.
3. Case 3: LMI (3.59) with the matrix expressed in (5.6).

4. Case 4: LMI approach developed in [73].
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Table 5.3: Obtained optimal values in different cases

Case 1 Case 2 Case 3 Case 4
\//7 1.4323 1.4312 1.4276 7.5876
1.1006 1.1010 1.1008 99.0453
L 0.2568 0.2567 0.2556 4.2119
0.0516 0.0515 0.0515 0.1697
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Figure 5.2: Trajectories of estimation error (Z) in several cases

Through the utilisation of the MATLAB toolbox, the gain matrix in each case is computed. The
solutions obtained in all the above cases are outlined in Table 5.3. It showcases that the optimal
value of /i obtained in Case 3 is minimum as compared to other cases. It infers that the noise
attenuation achieved by the proposed LMI (3.59) is better than the other existing approaches.
Further, in the MATLAB environment, the observer specified in (3.56) is deployed on the afore-
mentioned vehicle model for the purpose of longitudinal state estimation. The graphical repre-
sentation of the estimation error () of the developed observer in the above cases is depicted in
Figure 5.2. The noise compensation displayed in Figures 5.2c, 5.2b, 5.2a is better as compared
to the same in Figure 5.2d. It implies that one can efficiently estimate the longitudinal states
of autonomous vehicles with the developed matrix-multipliers-based LMIs with optimal noise
compensation. Therefore, the performance of the proposed LMI-based observer is validated.
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5.3 Slip angle estimation using ISS-based observer

In the automobile domain, researchers developed several vehicle control systems to inhibit ve-
hicles from drifting out, rolling over and spinning. It is mainly classified as:

1. Yaw stability control system: It avoid skidding and spinning out of the vehicle.
2. Roll stability control system: It prevents roll-over of an vehicle.

In addition to this, there are numerous integrated control systems which perform both earlier-
mentioned tasks. According to [114], on low-friction road surfaces, it is beneficial to control
vehicle slip angle rather than yaw angle for lateral stability of vehicles. The feedback control
of vehicle slip angle is essential as its excessive value can hamper the tire’s ability to produce
lateral forces, potentially exposing the vehicle to danger. Consequently, both yaw rate and
vehicle slip angle are vital components in the control of autonomous vehicles. Due to the high
price of sensors, slip angles can not be measured directly in the case of autonomous vehicles.
Thus, model-based estimation is performed to determine the slip angle. The primary objective
of this section is to deploy the proposed observer (3.71) for the slip angle estimation.

5.3.1 Lateral dynamics of vehicle

‘ S o T T T T T T T OT OT OTT TS
| Fyr, Far : Lateral tire forces of rear tires; |
Y F¢.,F ¢, : Lateral tire forces of front tires; |
I oy, o : tire slip angles of front and rear tires;

I a, b : distance of front and rear tires from c.g.; |

| V' : Velocity; g : Vehicle slip angle; |
\ d : steering angle; r : Yaw rate; )

Y a

Figure 5.3: Pictorial representation of a single track model for lateral vehicle dynamic
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The lateral vehicle dynamic with 2 DOF is showcased in Figure 5.3. It includes lateral translation
and rotational yaw motion of the vehicle. The ensuing set of equations represents the nonlinear
lateral vehicle dynamics:

may =m(j+rug) =Fy 5 +Fy,

I.7 = aF, s —bF,,, (5.1
where
i) Fys,Fyr: the lateral tire forces of the front and rear wheels,
ii) a,: lateral acceleration; y: lateral translation; r: yaw rate;
iii) wu,: longitudinal velocity; m: mass of vehicle; I,: inertia of the vehicle;
iv) a,b: the distances of the front and rear tires from the c.g. of the vehicle.
Further, authors of [114] represented the lateral tire forces in the following form:
F, = cia —caa?sgn(a) + cza?, (5.8)

where a denotes the tire slip angle, while c¢1,co and c3 represent the coefficients of the tire form
model. The slip angles of front tires and rear tires (i.e., oy and «.) are expressed as follows:

af:5—(6+m),

Uy

o (o-2)

where 8 and ¢ indicate the vehicle slip angle and the steering angle, respectively.
Therefore, through the utilisation of (5.7), (5.8) and (5.9), The nonlinear vehicle model is rep-
resented in the form of (3.68) with the subsequent parameters:

0
x:[af],u: 5|, A=
a

(5.9)

- a2c - bl . 1 2 b
7(a1f|-b+ Iulzf) (alfl—bJr(}z(;lz) B = az—b 1 Tﬁ G = Iju;x; _I;ux
r . _( Uy _aclf) (ugj _b2c17.) ’ Uz ) =L ___ab b
ay a+b I ug a+b I ug a+b Uz Tug I ug
_  Ug Uy
C= [ c(%?_b %Trb‘|, H= l91 91], E = [1‘| and D = [1‘| .
‘m ‘m m  m
f(z) = _Zng ;] and h(x) = _77((27 )) are the nonlinearities present in the dynamics and out-
- r - T

puts, respectively, along with

1(¢) = —c2®sgn(¢) + 3¢’
The parameters inside the model are showcased in Table 5.4. Let us consider that both dynamics
and measurements are affected by the Gaussian noise (w ~~ (0,1)).

5.3.2 Employing ISS-based observer

In this subsection, the proposed observer is utilised for the estimation of the slip angle of a
nonlinear autonomous vehicle model.

The proposed LMI (3.122) is solved in the MATLAB toolbox for the above model, and we
achieve:

0.0535 0.9465
. —920 . —15 _
§=1.969 x 1077, v =9.7954x 10" " and L = l0.3580 0.6420] '

|



5.3. Slip angle estimation using 15S-based observer 119
Table 5.4: Parameters of vehicle model
No. | Parameter Description Value unit
1 m mass of the vehicle 1573 kg
I Inertia of the vehicle 2873 | kg-m?
3 a distance of front tires 11 m
from c.g. of the vehicle '
4 b distance of rear tires 158 m
from c.g. of the vehicle
5 Uy longitudinal velocity 10 m-s !
6 r Yaw rate 0.8 rad-s— !
7 c2,C3 coefficient of tire models | 8000 -
8 cif,Cly coefficient of tire models | 80000 -
0.1 T E
ol
0.1 (“m“ —3
-0.2 !
- @3] i
E ol |’
; 051 ’
-0.6 [ :
Yo 2 s 4 s 6 1 s 9w Ty 1 2 3 4 5 6 7 8 9 10
Time (sec) Time (sec)
(a) Plot of 3 and j (b) Plot of 3 —f3

Figure 5.4: Estimation of Slip angle
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Figure 5.5: Graph of estimation error (Z)
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The observer (3.71) is deployed in the MATLAB environment for the estimation of the slip
angle of a nonlinear autonomous vehicle. Figure 5.5 depicts the plot of the estimation error ()
obtained from the observer. It highlights the efficiency of the proposed observer which provides
accurate state estimation with the optimal noise attenuation. Further, the graphs of the slip
angle estimation (8) and its error are showcased in Figure 5.4. The estimation accuracy is
described in Figure 5.4a and 5.4b. All these figures emphasise the precise estimation of the
slip angle of the vehicle with efficient noise compensation. Therefore, the performance of the
developed LMI-based observer is validated.

5.4 Transformation-based observer for vehicle tracking model

The lateral and longitudinal position of an autonomous vehicle plays a vital role in vehicle
tracking problems. The model proposed by the authors of [114] is widely used in the estima-
tion of these components. The several observer methodologies for vehicle tracking problems
are developed in [123], [124], [125] and [15]. The objective of this section is to propose the
transformation-based observer for the purpose of the state estimation of a nonlinear vehicle
model.

A
Y

X

- >

L,. Ly : distances to the front and rear tires from c.g. of vehicle;

dr : steering angle of front wheel; 3 : Slip angle;

1 : Yaw angle of vehicle; V' : Velocity of vehicle

Figure 5.6: Vehicle motion model
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5.4.1 Vehicle model

In this section, a bicycle model from [15] for each tracked vehicle is used for observer design,
and it is showcased in Figure 5.6.
Let us define the state vector of the vehicle model as

n=[x v v 5

where X and Y denote a relative longitudinal position and relative lateral position of the vehicle,
respectively. 1/ and 0, represent the vehicle’s yaw angle and steering angle of the front wheel,
respectively. The derivative of the steering angle is presumed to be zero. Thus, the model
dynamics are illustrated as follows:

X V cos(v)
.Y Vsin(v))
of 0

where V' stands for the velocity of the vehicle. Additionally, Ly, L, are used to symbolise the
distances to the front and rear tires from the vehicle’s centre of gravity, respectively. Further,
the output of the vehicle is expressed as:

2y = m . (5.11)

Here, the process dynamics are nonlinear while the output equations are linear.

The state-space model represented in (5.10) and (5.11) is analogous to the one illustrated
in (2.33). Hence, one can easily deploy the observer based on the proposed LMIs (2.55) (2.99)
and (2.100) for the purpose of vehicle tracking. However, these aforementioned LMIs provide
an infeasible solution for this example.

Objective

The primary goal of this section is to develop a transformation-based observer for vehicle
tracking problems.

5.4.2 Observer development

One of the possible solutions to achieve the earlier-stated objective is to utilise a transformation-
based observer. With the help of a nonlinear transformation, the existing system is transformed
into a new form of system which does not contain any nonmonotonous terms. After trans-
formation, the proposed LMI-based observer can be implemented on the transformed model
to estimate the state of systems. The generalised schematic representation of this approach is
described in Figure 5.7. One can refer to Section 1.3.1 for more details about this methodology.

The transformation y : 7 — 2 of class C? for the autonomous vehicle model (5.10) is defined as
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System

Transformed
structure .
Applying system
&t =Az+Gf(x), transfor- '
y=Cxz mation x z=Az+n(z)
' on (5.12) y=Cz
(5.12) § (5.13)
k J
p W
Observer Observer
Asm'm.lption_ gain L is structure
e Y is invertible computed 5= As4n(2)
« System (5.12) Iy il +L(—C3)
f e fo the pro-
is noise free (5.14)
posed LMIs L )

Figure 5.7: Graphical depiction of the proposed transformation-based observer

follows:
21 =1y, =X
29 =1y, =Y
23:,21:X:Vcos P
. . . ) (5.15)
24 =20 =Y = Vsin(¢)
25 =43 =X = —Vsin(¢))y) = —a x vsin(t))
26=24=Y = Vcos(¥)) = a x Vcos(v)),
where a = ﬁtan(éf).
Further, through utilisation of (5.15), a is expressed in the subsequent form:
1
o= W(—Z4Z5+2326) (5.16)

Therefore, the transformed model for an autonomous vehicle system (5.10) is illustrated as
follows:

(5.17)

< 2
-(=) ()
(
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The state-space representation of (5.17) is given by

221 [0 0 1 000 1] [ O 0 |
29 000100 29 0 0
2/ 000 010 3|, 0 0 (—z425+ 2326)% 23
2] |00 O O 0 1 Za 01 0 (—z425+ 2326) %24 |
Z5 000 O0O0TUO z5 oz 0
. 1 f(2)
1 26 _0 00 0 00O 1 L%6 0 —W (518)
i l
A, z G,
100000 .
Y1010 0 0 0
C,

The system showcased in (5.18) is in the form of (2.33). The parameters corresponding to the
nonlinearities of (5.18) are as follows:

0O 01 0 0 0 00 0010
000100 0 00 O0O071 -

H, = 000010 ; Ho= 000100 . Hence, m =2 and n = 4.
000 O0O0°1 001000

Since yaw angle ¢ vary as 0 < <, z3 and z4 hold =V < z3 <V and 0 < z4 <V, respectively.
However, variation in z5 and z¢ depends on the values of both v and d;. It is assumed that
the slip angle of the front wheel fulfils —10 <4y < 10. It infers that the partial derivatives of
nonlinearities are bounded. Further, the gain matrix L of the observer (2.35) is computed by
solving LMI (2.99) in the YALMIP toolbox, which is as follows:

736.9026 —0.0575]
—0.0576  36.9140
68.0788 —0.0338
—0.0339 68.0848 | -
34.9946 —0.1109
|—0.1126  35.0030 |

The proposed observer (2.35) with the aforementioned gain matrix is implemented in MATLAB,
and the state variables of the transformed model are estimated, i.e. z vector. However, the main
purpose of this estimation method is to compute the state of the vehicle model, that is, x, y, ¥
and §. From the estimated vector Z, the vehicle trajectories are achieved through the utilisation
of the ensuing inverse transformation:

jl = Zz1,
:i2 = z2,
&3 =tan 1(%)7 (5.19)
23
VAR
#4=tan ! (fng> (2326 — 2425).

Figure 5.8 depicts the plot of estimated state &1 obtained from the proposed observer and actual
state 1 of the vehicle model. Whereas, the graph of 3 and x5 is portrayed in Figure 5.9. The
estimation of the yaw angle of the autonomous vehicle is shown in Figure 5.10. All these figures
highlight the accuracy of the proposed transformation-based observer. Thus, the performance
of the developed observer is validated.
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Figure 5.8: Estimation of relative longitudinal position (X) of a vehicle
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Figure 5.9: Estimation of relative lateral position (Y) of a vehicle
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Figure 5.10: Estimation of yaw angle (¢) of a vehicle
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5.5 Conclusion

In this chapter, several problems on the topic of autonomous vehicles are addressed. First, the
proposed LMI-based observer of Chapter 3 is deployed for the longitudinal state estimation of
a third-order nonlinear autonomous vehicle model. The problem of the slip angle estimation of
autonomous vehicles is tackled by utilising the newly derived ISS-based nonlinear observer of
Chapter 3. Later on, the vehicle tracking problem is solved by integrating transformation-based
observer methodology and the proposed LMI of Chapter 2. Hence, with these applications, the
performance of the proposed LMI-based observers is verified and analysed.
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Conclusion and perspectives

“Out of every end, there is a new beginning waiting to be written”

Unknown

This thesis is focused on the topic of nonlinear observer design using LMI relaxation techniques.
In the first part, the authors have primarily provided a brief summary of the fundamental notions
utilised in the development of nonlinear observers and several observer design methodologies. In
particular, some important concepts of observability and stability are illustrated. In addition to
this, some mathematical tools required for the observer design were recalled. All these retrieved
fundamentals were used in the subsequent parts of this thesis for the formulation of the new
LMI conditions.

Further, a few novel LMI-based observer approaches have been proposed in this thesis. Through
judicious utilisation of the newly defined matrix multipliers, namely (2.82) and (2.83); applying
Young inequalities (A.9) and (A.10); and incorporating the reformulated Lipschitz property, as
outlined in Definition 3 of Appendix A.1, new LMI conditions are established. These obtained
LMIs provide better feasibility for larger Lipschitz constant than those presented in the litera-
ture, which is demonstrated through a numerical example. The inclusion of a generalised matrix
multiplier in the LMI formulation introduces extra decision variables within these conditions,
enhancing degrees of freedom and consequently improving their feasibility. The performance of
the developed LMI-based observers is validated by using numerical examples.

Later on, the established LMI conditions are deployed in the case of H, nonlinear observer
design. The obtained LMIs are less conservative than those showcased in [12—11], and this is
demonstrated through numerical examples. Furthermore, this technique is infused with the
recently proposed Hilbert projection-based Luenberger observer of [23] for the state estimation
of the disturbance-affected non-global Lipschitz system. Later in this thesis, we have designed
the observer-based stabilization strategy for nonlinear systems using the aforementioned LMI
approach.

In the last part of the thesis, the applicability of the established LMI-based observer in the
domain of autonomous vehicles is demonstrated. We deployed the proposed LMI-based observer
of Chapter 3 to estimate the longitudinal state of a third-order nonlinear autonomous vehicle
model. The authors have employed the newly derived ISS-based nonlinear observer of Chapter 3
for the purpose of the slip angle estimation of autonomous vehicles. Later on, the vehicle tracking
problem is solved by integrating transformation-based observer methodology and the proposed
LMI of Chapter 2. Hence, with these applications, the performance of the proposed LMI-based
observers is verified and analysed.
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Research prospects

One of the major contributions of this thesis is the development of the matrix-multiplier-based
LMI methods for nonlinear observer design. Considering the importance of nonlinear systems
and LMIs in control systems, the proposed approaches open up new research possibilities in
various aspects of control engineering. The potential future tasks related to the new LMI
techniques from the author’s point of view are listed as follows:

1. Nonlinear observer design for discrete-time Systems: The utilisation of reformulated Lips-
chitz properties of nonlinearities, Young inequalities, and the proposed matrix multipliers
in establishing nonlinear observers for continuous-time systems has yielded enhanced LMI
conditions. We intend to apply a similar approach to develop observers for nonlinear
discrete-time Lipschitz systems, aiming to derive less conservative LMI conditions com-
pared to existing ones. Subsequently, we will employ the proposed observer to accomplish
tasks such as output tracking or stabilization in these systems.

2. Exploiting the proposed observers for uncertain systems: In complex nonlinear systems,
uncertainty present in dynamics or outputs is one of the critical obstacles during the state
estimation process. As a result, control systems researchers have shown a notable level of
interest in this area. The authors intend to use the established LMI approach in this area,
which may result in efficient state estimation tools for these types of systems.

3. Estimation of exogenous signals, such as faults, disturbances, and cyber-attacks, present
in the nonlinear systems: The continuous growth of modern-day technologies has resulted
in nonlinear complex systems becoming more vulnerable to external influences, such as
noise, faults, and cyber-attacks. In addition to monitoring the states of these systems, it
is crucial to gather data on these exogenous signals to mitigate the risk of system failures.
The authors had planned to solve this problem with the incorporation of the existing
unknown input observer methods with the proposed LMI techniques.

In addition to this, as the authors mentioned earlier, the developed matrix-multipliers-based
LMI approach can be deployed in other problems of control domains, such as observer design
for delayed systems, observer design of LPV systems, adaptive observer design for parameter
estimations, and so on.



APPENDIX

A

Tools used in nonlinear observer
design

In observer design, the researchers used many mathematical tools to develop significant ob-
servers. Some of these tools are illustrated in this section.

A.1 Lipschitz property

One of the common tools used to deal with nonlinear functions in observer design problems is
Lipschitz property of nonlinear functions. It was initially proposed by the German mathemati-
cian Rudolf Lipschitz. Later on, authors of [33] demonstrated that it is very essential to show
the existence and uniqueness of the solution of (1.1) or (1.31).

/ Definition A.1: Lipschitz condition [33] \

Let f(z,u) be piece-wise continuous function and holds:
|| f(z,u) = f(z1,u)|| <vp(z—21), Vo,z1 € R"z#21,&Vu e R, (A.1)

where 7y is a constant. Inequality (A.1) is known as Lipschitz condition and constant vy is
kalled as a Lipschitz constant of function f.

The Lipschitz property plays a vital role in nonlinear observer design. Various approaches for
the development of observers has been presented in [66], [12], [32], [33] and so on. Further,
authors of [11] proposed a less conservative Lipschitz condition which is described as:

1f(@u) — flan,w)| S T(@—a1), Voo € Rz # o1, &vu € RY, (A2)

where 7 is a sparsely populated matrix, and 7 (x — 1) < v¢(z —21). The use of such a less
conservative Lischitz condition enhances the existing observer conditions [!1].
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Furthermore, the existing Lipschitz condition is reformulated in [21] to derive a more efficient
observer condition than the one that exists in the literature. Before introducing the reformulated
Lipschitz property, let us consider the following definition:

/ Definition A.2: Auxiliary vector notation (X¥7) [21] \
Consider two vectors:
-
X = (931 £Un) (A.3)
T
Y = (yl yn) : (A.4)
Then, for all i =0,...,n, an auxiliary vector XY € R™ corresponding to X and Y can be
defined as,
T .
XYZ': (yl e Yi Ti41 .- l‘n) 5 fOI"Lzl,...,TL (A5)
\ X, fori=0.
/ Definition A.3: Reformulated Lipschitz property [21] \

For the given function f as defined in the Definition 1, the following statement is true:
For all, 4,5 =1,...,n, there exits functions f;; : R" x R" — R and constants f;; . and f;;
such that VX,Y € R",

FX) = f) =33 fuHa(X - V), (4.6)

i=1j=1

where H;; = en(i)e,) (j), and fi; & fij(Xz/i‘j’l,Xz/i’j). The function f;;(XYi-1, X¥7) is defined
as follows:

fij (X )jfl,Xij) = Fx%-1)— (XY (A.7)
X ) X :
The functions f;;(-) are globally bounded as follows:

\ Jigoo < fis < fij . (ABy

A.2 Young Relation (Completion of the Squares)

For any two vectors X,Y € R” and a matrix Z = Z" > 0 € R™*", the following matrix inequality
holds:
X'Y+vy'X<Xx"z7'X+Y "2V (A.9)

The inequality (A.9) is known as Young inequality. The authors of [14] proposed a variant of
Young inequality which is given by

1
X'v+Y'X< §(X+ZY)TZ*1(X+ZY). (A.10)
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Let us expand (X +Z2Y) " Z71(X + ZY) as follows:

(X+2V)' 27U X+2Y)=2(X"Z'X+Y " ZY)+ (XY +Y T X)

1
2

N | —

1
2

By implementing the inequality (A.9) on %(X TY +Y T X), the following inequality is obtained:

é(XTY +YTX)< é(XTZ_lX +YT2Y)+ %(XTZ_lX +Y T ZY).
Further, it leads to
%(X+ZY)TZ_1(X+ZY) < %(XTZ_lXJrYTZY) + %(XTZ_1X+YTZY).
Hence,
X'Y+Y'X < %(X+ZY)TZ*1(X+ZY) <(XTZ7'x+YT2Y). (A.11)

Both Inequalities (A.9) and (A.9) are used in various observer design approaches, especially, in
LMI-based methods, for example, [71], [14] and [22].

A.3 Schur lemma

/ Definition A.4: Schur’s compliment [126] \

If there exist A= A" e R"*" B=DB" ¢ R™*™ and C € R"*™ then the following statements
are equivalent.

A C

¢ p| <

e

2. A—C"B7'C<0and B<0
3. B—CTA 1C<0and A<0

Qhe statements (2) and (3) are known as Schur’s compliment of a block matrix M. /

Issai Schur, who utilized the Schur complement to prove Schur’s lemma, was named after it.
The Schur complement is a key element in the design of LMI-based observers.

A.4 Linear Matrix Inequalities

This section aims to provide an overview of a fundamental mathematical tool used in control
system engineering. This tool is known as linear matrix inequality (LMI). It is introduced by
the authors of [127] and [128]. Later on, some essential features of LMIs and their significance
in the optimisation problem are illustrated in [18]. Let us define LMI as follows:

Definition A.5: LMI [18]

If there exist a matrix inequality F : R™ — S™  in the variable z € R™ under the ensuing
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form: .
F(z)=Fo+) 2:F; <0, (A.12)
i=1
-
where x = [wl To ... xm} and F; € S"V i€ {1,...,m}. Then, the matrix inequality F
Q defined as a linear matrix inequality (LMI). /

From Definition 5, one can easily infer that F is a special semi-definite constraint. In addition to
this, it also implies that each element inside matrix F is an affine function of . The subsequent
lemma establishes one of the vital characteristics of LMIs:

Lemma A.1: Convexity of LMIs [129]

The set of solutions obtained by solving an LMI (A.12) holds the property of convexity. In
other words, the set of solutions to (A.12) is a convex set.

Proof: One can refer to [129] for the proof of the aforementioned lemma. g

Lemma 5.1 implies that an optimisation problem, which comprises an LMI and a convex
objective function, is convex. It is one of the advantageous properties of LMI and is widely
used in the control domain.
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Introduction

“Dans le domaine de l’ingénierie des systémes de controle, les observateurs non linéaires se
présentent comme des outils fiables, révélant les dynamiques complexes et non linéaires des
systémes pour améliorer les stratégies d’estimation d’état.”

Contexte et Portée de la recherche

L’estimation de I'état des systemes dynamiques est un sujet de recherche essentiel dans le do-
maine des systémes de contrdle. La connaissance de ces informations en temps réel des systémes
obtenue a partir de ’estimation de 1’état est utilisée pour des taches liées a ces systemes telles que
la surveillance, le contrdle et la prise de décision. Ces outils jouent donc un roéle essentiel dans
diverses applications, telles que 'auto-synchronisation dans les systémes multi-agents [1] ; les
cyber-attaques et la détection des défauts dans le peloton de véhicules autonomes connectés [2],
et ainsi de suite. Dans la littérature, de nombreuses méthodologies ont été développées pour
I'estimation de I’état des systémes linéaires, par exemple les filtres de Kalman [3], 'observateur
de Luenberger [1]. Cependant, la conception de tels outils pour les systémes non linéaires reste
une tache difficile. Cela est dii a la structure complexe des non-linéarités du systeme. Plusieurs
approches ont été proposées dans la littérature pour reconstruire les états des systéemes non
linéaires, par exemple le filtre de Kalman étendu [5], le filtre de Kalman non accentué [6], les
observateurs a grand-gain [7], les observateurs & mode glissant [38], etc. En plus de ces tech-
niques, les observateurs non linéaires basés sur les LMIs ont récemment fait I’objet d’une grande
attention dans le domaine du controéle [9-12]. En dépit des diverses stratégies efficaces de con-
ception d’observateurs basées sur le LMI présentées dans la littérature contemporaine, il existe
un potentiel d’amélioration des approches basées sur le LMI. Ces possibilités d’amélioration des
méthodologies basées sur le LMI ont incité I'auteur a mener ses travaux de recherche dans ce
domaine. Les sections suivantes illustrent 1’objectif principal et le cadre détaillé de cette these.

Objectif

Comme indiqué précédemment, I’approche de la conception d’observateurs non linéaires basée
sur le LMI est devenue ’'un des sujets de recherche les plus récents dans le domaine de 'ingénierie
des systémes de controle. Plusieurs techniques d’observation basées sur les LMI sont présen-
tées dans [12-17]. Certaines de ces approches reposent sur le lemme de la procédure-S [18],
les équations de Riccati [19] et l'inégalité de Young [20]. Toutes ces méthodes fournissent
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une condition LMI améliorée par rapport aux autres approches. Récemment, certaines con-
ditions LMI améliorées ont été présentées dans [14, 15,21, 22]. Bien que toutes ces méthodes
LMI soient améliorées et moins conservatrices que les méthodes existantes, elles peuvent encore
étre améliorées. Parmi toutes les méthodologies susmentionnées, I’approche proposée dans 1]
est basée sur la propriété de Lipschitz reformulée des non-linéarités et sur une variante réem-
ment définie de I'inégalité de Young. L’un des éléments fondamentaux de cette méthode est
I'introduction d’un multiplicateur matriciel bloc-diagonal inspiré de [12,13]. La question qui se
pose ici est de savoir pourquoi une structure matricielle bloc-diagonale seulement. Cette ques-
tion incite les auteurs a proposer une nouvelle condition LMI basée sur un multiplicateur de
matrice plus généralisé qu'une matrice diagonale. L’inclusion d’un tel multiplicateur de matrice
dans les LMI peut étre bénéfique en termes d’amélioration des LMI existantes. En résumé, cette
theése se concentre principalement sur le développement de nouvelles conditions LMI qui ont plus
de degrés de liberté et une région de faisabilité plus grande que celles présentées dans [13,14,22].
Les objectifs du travail de recherche présenté dans cette these sont décrits comme suit:

e Développer un nouvel observateur basé sur les LMIs: L’objectif principal est de proposer
une approche de conception d’observateurs pour la classe des systéemes Lipschitz globale-
ment non linéaires en utilisant les nouvelles conditions LMI, qui sont moins conservatrices
que approche existante et offrent plus d’améliorations du point de vue de la faisabilité.

o Utiliser 'approche LMI proposée pour plusieurs applications de controle: Dans la deux-
ieme partie de cette these, les auteurs visent a mettre en ceuvre I'approche LMI basée sur
le multiplicateur de matrice développée précédemment pour estimer les états des systemes
non linéaires affectés par des perturbations. En outre, la theése se concentre sur la concep-
tion d’observateurs non linéaires adaptés aux systemes Lipschitz non globaux. Plus tard,
cette these approfondira le sujet de I'approche de stabilisation basée sur I’observateur pour
les systemes non linéaires utilisant les LMI.

o Appliquer les techniques d’observation développées & la technologie des véhicules au-
tonomes: Le but de la derniére partie de cette these est de déployer les observateurs
non linéaires proposés dans diverses taches de véhicules autonomes.

Dans la partie suivante, nous présentons la structure de cette these.

L’organisation de la these

Le plan détaillé de la these est décrit de la maniére suivante:

I) Une vue d’ensemble de certaines notions importantes nécessaires a la conception d’un ob-
servateur et de plusieurs techniques d’observation existantes est présentée dans Chapitre
1. Pour faciliter la compréhension, Chapitre 1 est structuré comme suit: La section 1.2
est consacrée a la présentation de certains concepts fondamentaux qui sont essentiels pour
la conception d’observateurs non linéaires. La section 1.3 constitue un résumé des diverses
méthodologies de conception d’observateurs non linéaires existantes. Enfin, la section 1.4
contient quelques conclusions.

IT) Chapitre 2 est dédié a l'introduction de nouvelles conditions LMI basées sur le multipli-
cateur de matrice qui sont moins conservatrices que les conditions existantes. Le chapitre
est organisé comme suit: Un apercu de 'observateur basé sur le LMI et la motivation de la
méthodologie proposée sont discutés dans la section 2.2. Les conditions préalables requises
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pour les nouvelles méthodes de conception d’observateurs sont illustrées dans la section 2.3.
Une nouvelle approche LMI basée sur le multiplicateur de matrice est présentée dans la
section 2.4. En outre, la section 2.5 contient une approche LMI améliorée basée sur le
multiplicateur de matrice. La section 2.5 comprend la validation des techniques proposées
a laide d’exemples numériques. La section 2.7 présente quelques conclusions.

III) Dans la suite de cette these, Chapitre 3 englobe la mise en ceuvre des nouvelles techniques
d’observateur basées sur LMI proposées pour plusieurs taches, telles que l'estimation de
I’état du systeme non linéaire affecté par des perturbations et la conception d’observateur
pour le systéme non globalement Lipschitz. La configuration de ce chapitre est illustrée
comme suit: La section 3.2 englobe la conception d’un observateur non linéaire Hoo. Le
développement de la condition LMI basée sur 'inégalité standard de Young est illustré dans
la sous-section 3.2.1, tandis que la sous-section 3.2.2 inclut la formulation de ’approche
LMI basée sur LPV. L’extension de la nouvelle approche LMI basée sur le multiplicateur de
matrice proposée pour le systéme non linéaire avec des non-linéarités locales de Lipschitz
est présentée dans la section 3.3. En outre, la section 3.4 met 'accent sur l'effet des
différentes structures des multiplicateurs de matrice sur les LMIs proposée. L’amélioration
des conditions LMI développées et la validation de 1’observateur proposé sont démontrées
dans la section 3.5. Quelques conclusions sont tirées dans la section 3.6.

IV) En outre, dans Chapitre 4, une stratégie de stabilisation basée sur 1’observateur pour
les systéemes non linéaires est établie en utilisant notre approche LMI basée sur le mul-
tiplicateur de matrice réemment développée dans notre travail. Nous avons organisé ce
chapitre de la maniere suivante: La section 4.2 est consacrée a la formulation de 1’énoncé
du probleme. Pour le controleur basé sur ’observateur proposé, une nouvelle condition
LMI est formulée dans la Section 4.3 en utilisant le critere Hoo. En outre, la propriété
de I'ISS est utilisée dans la section 4.4 pour dériver un critere LMI. La performance des
approches proposées est validée dans la section 4.5 & ’aide d’exemples numériques. Enfin,
la section 4.6 présente quelques remarques finales.

V) Plus tard, le déploiement de I’observateur proposé dans le domaine des véhicules autonomes
est présenté dans Chapitre 5. Le plan de ce chapitre est illustré comme suit: La section 5.2
est consacrée a la mise en ceuvre des observateurs proposés au chapitre 3 sur le modele
de véhicule longitudinal. Le déploiement de I'observateur basé sur I'ISS du chapitre 3 aux
fins de I'estimation de ’angle de glissement du modele de véhicule non linéaire est illustré
a la section 5.3. En outre, La section 5.4 englobe le développement de ’observateur non
linéaire basé sur la transformation de coordonnées pour un modele de suivi de véhicule.
Enfin, certaines conclusions sont présentées dans la section 5.5.

Dans le segment suivant, les auteurs illustrent les contributions du travail de recherche présenté
dans cette these.
La contribution de la these

La contribution globale de cette these est listée comme suit:

A. L’établissement de conditions LMI nouvelles et enrichies: L’un des résultats notables de
cette these est le développement de nouvelles conditions LMI basées sur un multiplicateur
de matrice. Ces conditions sont formulées en intégrant le multiplicateur matriciel réemment
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défini a une approche LPV bien établie et & une propriété de Lipschitz reformulée récemment
introduite. En raison de 'utilisation judicieuse du multiplicateur de matrice réemment pro-
posé, les conditions LMI obtenues contiennent des nombres supplémentaires de variables de
décision que les approches LMI existantes [12—141]. Les variables de décision supplémentaires
ont élargi la région de faisabilité de la LMI, améliorant ainsi ces conditions du point de vue
de la faisabilité.

. L’applicabilité de la méthode LMI proposée: L’approche LMI développée est appliquée a
diverses taches de controle, comme décrit ci-dessous:

1) L’observateur basé sur le LMI est utilisé pour concevoir un observateur Ho, amélioré
pour estimer ’état des systémes non linéaires affectés par des perturbations externes
et du bruit a la fois dans leur dynamique et leurs sorties. Les conditions LMI établies
permettent une meilleure atténuation du bruit que les méthodes existantes de [12-11],
comme le montrent les exemples numériques.

2) En outre, pour les systémes non linéaires Lipschitz non globaux affectés par des per-
turbations, 1’observateur proposé dans [23] est incorporé a l'approche LMI réemment
développée pour l'estimation de I’état. Les conditions LMI obtenues sont formulées en
utilisant la notion d’ISS. L’utilisation de cette méthode permet d’assouplir I’hypothese
principale de non-linéarités globales de Lipschitz requise pour les problemes de conception
d’observateurs non linéaires.

3) Par la suite, la nouvelle condition LMI est congue pour la stabilisation basée sur I'observateur
d’une classe de systemes non linéaires en intégrant des multiplicateurs de matrice réem-
ment définis, la propriété de Lipschitz reformulée et les inégalités de Young. En rai-
son du déploiement délibéré de ces outils mathématiques dans la formulation des LMI,
les conditions résultantes sont améliorées et moins conservatrices que celles présentées

dans [24-20].

. Le déploiement des observateurs proposés dans plusieurs applications de véhicules autonomes:
La méthodologie de I'observateur basé sur le LMI formulée est dépldyée pour diverses taches
de véhicules autonomes, y compris ’estimation de I’état longitudinal, le suivi du véhicule et
I’estimation de ’angle de glissement. Elle permet de valider les performances de I’observateur
proposé dans des applications pratiques.



Conclusion et perspectives

“De chaque fin, il y a un nouveau commencement qui attend d’étre écrit.”

Unknown

Cette these porte sur la conception d’observateurs non linéaires a 1’aide de techniques de relax-
ation LMI. Dans la premiere partie, les auteurs ont fourni un bref résumé des notions fondamen-
tales utilisées dans le développement d’observateurs non linéaires et de plusieurs méthodologies
de conception d’observateurs. En particulier, certains concepts importants d’observabilité et de
stabilité sont illustrés. En outre, certains outils mathématiques nécessaires a la conception de
I’observateur ont été rappelés. Tous ces éléments fondamentaux ont été utilisés dans les parties
suivantes de cette theése pour la formulation des nouvelles conditions LMI. En outre, quelques
nouveaux observateurs basés sur le LMI ont été proposés dans cette these. En utilisant judi-
cieusement les multiplicateurs de matrice nouvellement définis, a savoir (2.82) et (2.83) ; en
appliquant les inégalités de Young (A.9) et (A.10) ; et en incorporant la propriété de Lipschitz
reformulée, comme indiqué dans la Définition 3 de I’Annexe A.1, de nouvelles conditions LMI
ont été établies. Ces LMIs obtenus offrent une meilleure faisabilité pour des constantes de Lips-
chitz plus grandes que celles présentées dans la littérature, ce qui est démontré par un exemple
numérique. L’inclusion d’un multiplicateur de matrice généralisé dans la formulation LMI in-
troduit des variables de décision supplémentaires dans ces conditions, augmentant les degrés de
liberté et améliorant par conséquent leur faisabilité. Les performances des observateurs basés
sur le LMI développés sont validées a I’aide d’exemples numériques.

Par la suite, les conditions LMI établies sont dépl oyées dans le cas de la conception d’observateurs
non linéaires H,. Les LMI obtenues sont moins conservatrices que celles présentées dans [12—11],
et ceci est démontré par des exemples numériques. En outre, cette technique est associée a
I'observateur de Luenberger basé sur la projection de Hilbert récemment proposé dans [23] pour
I’estimation de I’état du systeme Lipschitz non global affecté par des perturbations. Plus loin
dans cette these, nous avons congu la stratégie de stabilisation basée sur ’observateur pour les
systémes non linéaires a ’aide des LMI susmentionnés.

Dans la dernieére partie de la these, 'applicabilité de 'observateur basé sur le LMI établi dans
le domaine des véhicules autonomes est démontrée. Nous avons déploré 1’observateur basé
sur le LMI proposé au Chapitre 3 pour estimer I’état longitudinal d’un modele de véhicule
autonome non linéaire du troisieme ordre. Les auteurs ont utilisé ’observateur non linéaire basé
sur 'ISS nouvellement dérivé du chapitre 3 pour estimer I'angle de glissement des véhicules
autonomes. Par la suite, le probleme de suivi de véhicule est résolu en intégrant la méthodologie
de I'observateur basé sur le LMI proposé dans le Chapitre 2. Ces applications permettent donc
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de vérifier et d’analyser les performances des observateurs basés sur le LMI proposés.

Les perspectives de la recherche

L’une des principales contributions de cette these est le développement des méthodes d’observateur
basé sur le LMI pour la conception d’observateurs non linéaires. Considérant I'importance des
systemes non linéaires et des LMI dans les systemes de contrdle, les approches proposées ou-
vrent de nouvelles possibilités de recherche dans divers aspects de I'ingénierie du contréle. Du
point de vue de 'auteur, les taches futures potentielles liées aux nouvelles techniques LMI sont
énumérées ci-dessous :

1. Construction d’observateurs non linéaires pour les systéemes a temps discret: L’utilisation
des propriétés de Lipschitz reformulées des non-linéarités, des inégalités de Young et
des multiplicateurs de matrice proposés dans ’établissement d’observateurs non linéaires
pour les systémes a temps continu a permis d’améliorer les conditions LMI. Nous avons
Iintention d’appliquer une approche similaire pour développer des observateurs pour les
systemes de Lipschitz non linéaires a temps discret, afin de dériver des conditions LMI
moins conservatrices que celles existantes. Par la suite, nous utiliserons 1’observateur pro-
posé pour accomplir des taches telles que le suivi ou la stabilisation de la sortie dans ces
systémes.

2. Exploiter les observateurs proposés pour les systéemes incertains. : Dans les systemes
non linéaires complexes, 'incertitude présente dans la dynamique ou les sorties est 'un
des obstacles critiques au cours du processus d’estimation de 1’état. Par conséquent, les
chercheurs en systémes de contréle ont montré un niveau d’intérét notable dans ce do-
maine. Les auteurs ont 'intention d’utiliser I’approche LMI établie dans ce domaine, ce
qui pourrait aboutir a des outils d’estimation d’état efficaces pour ces types de systémes.

3. Estimation des signaux exogenes, tels que les défauts, les perturbations et les cyber-
attaques, présents dans les systemes non linéaires. : La progression continue des technolo-
gies modernes a rendu les systémes complexes non linéaires plus vulnérables aux influences
extérieures, telles que le bruit, les défaillances et les cyber-attaques. Outre la supervision
de I’état de ces systeémes, il est essentiel de recueillir des données sur ces signaux exogenes
afin d’atténuer le risque de défaillance du systeme. Les auteurs avaient prévu de résoudre
ce probléeme en incorporant les méthodes existantes d’observateurs a entrées inconnues aux
techniques LMI proposées.

En outre, comme les auteurs ’ont mentionné précédemment, I’approche LMI basée sur les
multiplicateurs de matrice peut étre déployée dans d’autres probleme de controle.
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