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“The conscious purpose of
science 1s control of Nature;
its unconscious effect is
disruption and chaos.”

WILLIAM IRWIN THOMPSON
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Abstract

Automatique et Diagnostic (PAD) Department of Gipsa-lab
PhD

Control of Partial Differential Equations in the Presence of Saturated
Actuators and Perturbations

by Suha SHREIM

The thesis investigates control problems for two types of partial differential equa-
tions. The first interest is the study of state-feedback boundary control design for
one-dimensional hyperbolic systems with an in-domain disturbance and a saturation
limitation imposed on the control law. Nonlinear semigroup theory is used to prove
well-posedness of the system and porve the existence and uniqueness of mild solu-
tion pairs to the abstract system. Sufficient conditions in the form of dissipation
inequalities are derived to establish global exponential stability for the origin of the
closed-loop system and input-to-state stability properties with respect to in-domain
disturbances. The control design problem is then recast as an optimization prob-
lem over linear matrix inequality constraints. Numerical analysis are carried out to
validate the effectiveness of the proposed control design.

The second interest is the study of the input-output stability (IOS) of a reaction-
diffusion equation with Dirichlet boundary output which admits a finite number of
unstable poles and is considered open-loop unstable. A finite-dimensional linear time-
invariant control system is designed to achieve global exponential input-output stabil-
ity. The control design problem consists of deriving sufficient conditions in the form of
linear matrix inequalities using Lyapunov methods and control synthesis algorithm.
Numerical simulations are presented to illustrate the efficiency of our approach.

The third interest is the study of the local exponential input-output stability
(I0S) of a reaction-diffusion equation with finite unstable poles using saturated dis-
tributed control and anti-windup compensators. It is the first work to deal with
anti-windup design on distributed parameter systems. Lyapunov functions and suf-
ficient conditions are used to estimate the regions of attraction and stability gains.
Numerical simulations are presented to illustrate the efficiency of our approach and
to highlight the positive role an anti-windup compensator plays in counteracting the
negative impacts that saturating actuators have on performance levels and regions of
attraction.
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Resumé

La thése étudie les problemes de controle pour deux types d’équations aux dérivées
partielles. Le premier intérét est 1’étude de la conception d’un contrdle limite par
retour d’état pour des systémes hyperboliques unidimensionnels avec une perturba-
tion dans le domaine et une limitation de saturation imposée a la loi de contrdle. La
théorie des semigroupes non linéaires est utilisée pour prouver que le systeme est bien
posé et pour prouver ’existence et I'unicité de paires de solutions douces au systeme
abstrait. du systeme abstrait. Des conditions suffisantes sous la forme d’inégalités de
dissipation sont dérivées pour établir la stabilité exponentielle globale pour 'origine
du systéme. stabilité exponentielle globale pour 'origine du systéme en boucle fer-
mée et des propriétés de stabilité d’entrée a 1’état en ce qui concerne les perturbations
dans le domaine. Le probleme de conception de la commande est alors refondu en
un probléme d’optimisation sur des contraintes d’inégalités matricielles linéaires. Des
analyses numériques sont effectuées pour valider 'efficacité de la conception de con-
trole proposée. Defficacité de la conception de contrdle proposée.

Le deuxiéme intérét est ’étude de la stabilité entrée-sortie (I0S) d’une équation
de réaction-diffusion avec sortie de frontiere de Dirichlet qui admet un nombre fini de
poles instables et est considérée comme instable en boucle ouverte. Un systeme de
contréle linéaire invariant dans le temps & dimension finie est congu pour atteindre
une stabilité globale exponentielle de ’entrée-sortie. Le probleme de conception de
la commande consiste a dériver des conditions suffisantes sous la forme d’inégalités
matricielles linéaires en utilisant les méthodes de Lyapunov et 'algorithme de synthese
de controle. Des simulations numériques sont présentées pour illustrer l'efficacité de
notre approche.

Le troisiéme intérét est 1’étude de la stabilité locale exponentielle entrée-sortie
(IO0S) d’une équation de réaction-diffusion avec des pdles instables finis en utilisant
un contréle distribué saturé et des compensateurs anti-windup. Il s’agit du premier
travail traitant de la conception anti-windup sur des systemes a parametres distribués.
Les fonctions de Lyapunov et les conditions suffisantes sont utilisées pour estimer
les régions d’attraction et les gains de stabilité. Des simulations numériques sont
présentées pour illustrer ’efficacité de notre approche et pour mettre en évidence
le role positif que joue un compensateur anti-windup en contrebalancant les impacts
négatifs que les actionneurs saturants ont sur les niveaux de performance et les régions
d’attraction.
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Chapter 1

Introduction and Problem
Motivation

Partial differential equations (PDEs) are mathematical expressions which are found
to be of great importance in the modeling of many physical systems that are described
simultaneously via spatial and temporal variables. Light propagation in optic fibers,
blood flow in the vessels, plasma in laser, liquid metals in cooling systems, road
traffic, acoustic waves, and electromagnetic waves are all examples of systems modeled
via PDEs that can be seen in civil, nuclear, mechanical, quantum, and chemical
engineering (see [10] and [39] for more examples). Thus, the importance of studying
the stability properties and control design of physical systems modeled via PDEs
is growing more and more in the community of automatic control. In fact, what
renders this topic challenging is the infinite-dimensional nature of the application. In
this thesis, we study three stability and control problems for hyperbolic and parabolic
systems in the presence of nonlinear controllers and perturbations.

1.1 Saturated Control

Control engineering is an engineering discipline that studies the problem of regulating
system behavior via some control devices. Those devices are usually electromechani-
cal actuators, proportional valves, electric circuits, power amplifiers, pumps, heaters,
and so on. These control inputs that are introduced to the modeled system as a form
of force, torque, thrust, stroke, voltage, etc are almost always limited in magnitude.
Those limitations, or constraints, are referred to as saturation. Saturation is a mag-
nitude limit that is present in practically all control systems due to physical or safety
constraints that may restrict the system performance. However, if control engineers
fail to take into consideration this limit when modeling the system, the closed-loop
system is most likely to perform poorly and dangerously in terms of steady-state er-
ror, oscillation, global stability and region of stability. In sensitive applications such
as nuclear power station or aircraft transport, neglecting control saturation leads
to disasters in a similar manner that a rain-saturated soil land leads to a deathly
flood. Thus, to protect against equipment malfunction, ensure a satisfactory system
behavior, guarantee safety regulations and provide better engineering choices for the
actuator capacities from an early stage, the study of saturated control systems is
necessary and constitutes a very attractive topic for researchers.

The main challenge when studying stability of saturated control systems is the
nonlinearity that appears in modeling the saturation function. Even though, in this
thesis, we focus on systems described by linear partial differential equations, the sat-
urated control input transforms the problem from linear to nonlinear control system.
Mathematically, for a control input u € IR, the saturation can be modeled using a



2 Chapter 1. Introduction and Problem Motivation

general piece-wise function o(u) given by

U if Umin < U < Umax
o(u) =S o(u) = umax if U > Umax (1.1)
O'(U) = Umin if u < Umin

where up, is the lower saturation limit and upyay is the upper saturation limit. Fic-
URE 1.1 shows the general saturation function in (1.1). In this thesis, we will use a

sat{u)

ulTIE‘IKI++++++++++++++++++++++++

O B B ® F G E B F B B RS EEE W R R B W

Umin :
L 3 & - > u
Umin Umax

FIGURE 1.1: General saturation function

symmetric saturation function given as:
o(u) := min(|ul, ug)sign(u) (1.2)

where ug is the saturation limit. The graph of the symmetric saturation function
in (1.2) is shown in FIGURE 1.2. Researchers have been studying several methods
to tackle saturation problems in closed-loop systems as we can see in [72], [80] or
[67]. Some examples of extensions of those works are presented in [63] and [48].
Stability analysis of PDEs in the presence of saturation has been studied in the
math community [30], [2], but it is still an open research area, especially from an
automatic control viewpoint [79], [34]. To the best of our knowledge, the particular
problem of designing a boundary controller under the effect of saturation, to stabilize
hyperbolic systems, has not been studied in previous works and will be presented as
the first control problem in Chapter 2. Furthermore, we design a saturated boundary
controller for a parabolic system in Chapter 4. As we have seen in [59], a natural
approach to study the stability problem is to combine both Lyapunov theory and
cone-bounded sector conditions (see more about sector conditions in [38], [72], [16]).
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FIGURE 1.2: Symmetric saturation function

1.2 Boundary vs In-domain Control

There are mainly two approaches for controlling a system governed by a partial differ-
ential equation: distributed, or in-domain, control and boundary control. Distributed
or "in-domain" control is a configuration in which controllers or actuators are located
inside the domain or throughout the domain. This method is usually impractical and
in some cases impossible due to the inaccessibility to the interior part of the system.
For example, it is less intrusive to place a heat source at the walls of a heat exchanger
rather than inside it (see FIGURE 1.3). On the other hand, boundary controllers or
actuators are exclusively placed at the boundary of the domain or at given isolated
points. In a one-dimensional domain, this translates to placing the control input at
the start of the domain and/or at the end. Imagine for example the vibration of
a string by a rocking movement at one or both ends (see FIGURE 1.4). In another
application, the flow of water through pipes are controlled through the placement of
water pumps at the source of the water tank and a control valve at the exit. This
type of control placement becomes essential for sensitive and high risk applications,
such as magnetic control for Tokamak plasma for example, to avoid any intrusive
operations directed towards the fusion process taking place inside the domain of the
reactor. Thus, modeling the boundary conditions that governs the relationship be-
tween the system input and outputs, enables us to control the output through a
boundary input and it is widely used in the context of PDEs. Thus, we can find a
lot of research conducted on the topic of boundary control [39]. In particular, differ-
ent control strategies, from Lyapunov stability and stabilization methods [10], [74],
to backstepping control [61], [39] and frequency domain approaches [44] have been
applied on PDEs. Unfortunately, the nature of the boundary control sytems renders
the control problem hard because the input and output operators of the abstract
linear time invariant (LTI) model are unbounded operators. The mathematical dif-
ficulties generated in those applications makes the subject of boundary control for
PDEs difficult.
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1.3 Background View on Lyapunov Stability Analysis

Throughout this thesis, we will study the stability of PDE models using Lyapunov
theory as a stability tool. Let us first recall the definition of exponential stability as
classically presented in [38, Page 40] for an ordinary differential equation, given by:

X = AX (1.3)

with X € R", a given matrix A € R™" and n € IN*. System (1.3) is said to be
exponentially stable at the equilibrium X = 0 if there exist k,« > 0 such that any
solution X to (1.3) satisfies

X)) < ke™ X ()] V>0, (1.4)

where ||| denotes the appropriate Euclidean norm. This stability is said to be global
if (1.4) holds for any initial state X (0) and local when the initial state is bounded.
One way to test this stability is using the method of Lyapunov stability which states
that system (1.3) is exponentially stable if and only if for any positive definite matrix
Q € 5}, there exist P € 5 such that the following holds

PA+ATP=-Q (1.5)
The previous equality leads to defining a positive definite Lyapunov function
V(X)=X"PX VYXeR"
such that its derivative along the solutions to (1.3), given by

V(X)=-X"TQX

is negative definite. The goal behind this method is to find P such that equation (1.5)
holds. This method can be extended to the infinite-dimensional case by rewriting the
PDE (for example) as an abstract model:

X =AX (1.6)
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FIGURE 1.4: Axially moving string under a right boundary control
force. [53]

where X is defined on a functional space and the unbounded linear operator A is
defined on that space.

1.4 Hyperbolic Systems

Hyperbolic equations are partial differential equations that find application in fluid
dynamics, aerodynamics, the theory of elasticity, optics, electromagnetic waves, the
road traffic, propagation of age-dependent epidemics, chromatography and the general
theory of relativity. By definition, an n*P-order hyperbolic partial differential equation
in a neighborhood A has a well-posed Cauchy problem in the same neighborhood for
the first n — 1 derivatives. Although the dynamics of most applications exist in three
dimensional, it is some times practical and useful to express the system dynamics in
one-dimension and neglect the rest. Perhaps the most popular hyperbolic equation
is the wave equation, known as the equation of vibration of a string and is often
applied in elasticity, aerodynamics, acoustics, and electrodynamics. Let us consider
that u(t, z) is the state that represents the position of a vibrating string at time ¢
and position z € (0,1) where [ is the length of the string. Then, the wave dynamics
are expressed by
zy(t, z) —cxyy(t,2) =0 ¢>0

where ¢ can be the ratio of the tension or the linear density. To determine the motion
of the string, the initial value problem is solved with a known and sufficiently smooth
initial position and initial velocity:

l‘(O,Z) =f<$), QZZ(O,Z) :g(z)

A perturbation of the initial (or boundary) value of a hyperbolic equation is not
felt by all points in the domain simultaneously but rather in a "wave-like" manner.
We can solve the initial value problem using the method of characteristics. In this
thesis we are mainly interested in homogeneous first order, one-dimensional hyperbolic
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equations. In particular, we study the following transport equation
Xt(t, Z) + AXZ(t, Z) =0, teRsy, z€ [0, L] (1.7)

where ¢ and z are the two independent variables, time and space, respectively, and
X :[0,+00) x [0,]] — R™ is the vector of state variables of dimension n. The term
A € ID™*™ corresponds to a matrix of real, constant eigenvalues or the characteristic
velocities denoted:

AL, A2, Ap.

We also assume that those eigenvalues positive.

1.4.1 Examples of Transport Equations

Transport systems are a specific type of hyperbolic equations that are widely used
to describe the flow of fluids in open or closed channels, the transport of electrical
energy and other physical systems. These systems undergo a time variation in one or
more of its states along a bounded space domain and balanced by its rate of flow per
unit length (flux) throughout this domain and its production or consumption inside
the domain ( [10], page 11). Take for instance the Saint-Venant equations, which de-
scribes the propagation of shallow water in open channels where the horizontal scale
is much bigger than the vertical (see FIGURE 1.5). The flow can be given by a system
of two nonlinear hyperbolic equations [71]:

Hy+ (HV), =0

Vit (V2/2+gH). + (CV?/H - gS) =0 (1.8)

where H (t,z) is the water depth, V (¢,2) is the horizontal water velocity, Sy is the
constant slope, g is the gravity acceleration and C is a constant friction coefficient.
Another example is shown in FIGURE 1.6 of the telegrapher equations which describe

H(t, z)'| V(t,2)

0 L z

FIGURE 1.5: Lateral view of a pool of an open channel with constant
bottom slope and rectangular cross section. [10]

the propagation of current and voltage along electrical transmission lines see ( [10],
page 18).

(Lil)¢+V.+RI=0 (1.9)
(CZV)t+IZ—|—GlV =0. )

where I is the current, V is the voltage, L; is the line self inductance per unit length,

(] is the line capacitance per unit length and R; is the resistance per unit length.
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FIGURE 1.6: Transmission line connecting a power supply to a resis-
tive load Ry,.

We notice that the dynamics of these types of systems are represented by one di-
mensional equations instead of three dimensional ones. The reason behind this is
that the dominant dynamics of the system occur mostly in one direction or coordi-
nate, so it is simpler and efficient to neglect the evolution occurring on the other two
axes.

Controlling hyperbolic systems, like any other type of system, means that we have
to ensure stability of the steady state. The main focus is on designing a controller
to achieve exponential stability over a one-dimensional real line interval. To define
exponential stability, we may refer to the Lyapunov definition which states that if we
start from any initial condition, the origin of the system converges to the steady state
exponentially fast. This is translated to mathematically expressing the energy of the
system by an £P-norm and deriving sufficient conditions for which the time-evolution
of this norm decreases exponentially. This process is challenging and not straight-
forward, especially when dealing with nonlinear systems because the well-posedness
is not guaranteed. The choice of the type of the norm might be ambiguous and we
should often conduct several stability analysis to determine the best one.

1.4.2 Problem Statement and Motivation for the Stabilization of
Hyperbolic Equations

Let Dy be the set of real diagonal positive definite matrices of dimension n. Let n
be the number of the states of the system and m be the number of control inputs.
Consider the one-dimensional linear hyperbolic system of the form:

Xi(t,z) + AX.(t,2) =0 (1.10)

where z — X (-, z) € R" is the state , A € D,",t € R>¢ and z € (0,1) are the two
independent variables, respectively, time and space. The linear boundary condition
of this system is given by the following expression:

X(t,0) = HX(t,1) + Bu(t) Vt € Rxg (1.11)

where H € R™ ™ and B € R™ are given. In this section, we present the results
already discussed and stated in [10, Page 86]. In particular, we compare the stability
analysis of (1.10), (1.11) in open (u = 0) and closed loop. Then, we present the same
stability analysis with a saturation at the boundary control. Let us first give the
following definition which will be later used.
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Definition 1.1 let M be a symmetric positive definite matriz. A matrix A is said
to be Schur with respect to M if:

ATMA-M<0

o
1.4.2.1 Exponential Stability in Open Loop
Let P € Dy, u € R>o. Consider the Lyapunov functional candidate V' given by:
1
V(X) = / e X T PXdz (1.12)
0

The formal computation of the time derivative of the Lyapunov function along the
solutions to (1.10) yields:

1 1
V(X) = / e (X PX + X "PX;)dz = —/ e M (XTAPX + XTPAX,)dz
0 0

Since P and A are two diagonal matrices, we have PA = AP. Then, using integration
by parts, we have

1 1
V(X)=— / e M (XTPAX),dz = —e "X T PAX|} — p / e M XTPAXdz
0 0

1
= X" (t,0)PAX(t,0) —e "X (t,1)TPAX (t,1) — u/ e M XTPAXdz
0

Using the boundary condition (1.11), we obtain:

1
V(X)=X"(t,1)(H"PAH)X (t,1) —e X T (t,1)PAX (t,1) — / e XTPAXdz
0

(1.13)
Since A is constant and known, we can upper-bound the integral part of (1.13) by
replacing the matrix A with its minimum eigenvalue Apin(A) > 0. Thus, we obtain
the following expression of the time derivative of the Lyapunov functional.

1
V(X) < X" (t,1)(H"PAH — e "PA)X(t,1) — pAmin(A) / XTPAXdz (1.14)
0
Thus, we conclude the final inequality:
V(X) < —pdmin(A)V + X T (t,1)(H" PAH — e *PA)X (t, 1) (1.15)

The term pAmin(A) is positive which means that if the expression H TPAH — e *PA
is negative semi-definite, then global exponential stability will be guaranteed.

According to Definition 1.1, since e < 1 and PA is symmetric positive definite,
in the case where H is a Schur matrix with respect to PA, we can write:
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Thus, the open-loop system (1.10) is globally exponentially stable if H is Schur with
respect to PA. For n = 2 and suppose that the initial condition is given by

Xo(z) = (COS 4z — 1)

cos2mz — 1

10
H—&(O 1)

where a is an arbitrary constant. FIGURE 1.7 shows the time evolution of the Lo-norm
of the state X (, z) depending on the values of a, which corresponds to the eigenvalues
of H. We notice that the stability performance weakens as a increases. FIGURE 1.8
shows that this norm diverges once @ > 1. However, in many cases, we do not

and H is given by

L, norm of sate X(t,z)

time t

FIGURE 1.7: Time evolution of the Lo-norm of the state X(t,z) for
a = 0.1 (in blue solid line), a = 0.5 (in red dashed line), and a = 0.9

(in green circle-line)

have this condition. Therefore, in the case where the system is unstable, we have to
introduce a controller in order to stabilize our system and relax our constraints.
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L, norm of state X{(t,z)

0 5 10 15 20 25 30
time t

FIGURE 1.8: Time evolution of the £o-norm of the state X (¢, z) for
a=1.1

1.4.2.2 Exponential Stability of the Closed-Loop System with Unsatu-
rated Control Law

We now implement a linear, static controller depending on the boundary value of the
state X (¢,1). The controller is unsaturated so this section will serve as a reference
to our upcoming work and we will compare it with the open-loop system to see the
efficiency of the boundary controller.

Consider the same system given in Section 1.4.2. We assume that the plant is
controlled at the boundary z = 0 using a static control law ¢ — u(t) = KX (t,1) with
K € R™*". Consider the given initial condition Xy : [0,1] — IR"”. We also assume
that the boundary point X (.,1) is the only measurable point. We have the following
closed-loop plant:

Xi(t,2) + AX.(t,z) =0 V(t,z) € Rsg x (0,1)
X(t,0) = HX(t,1)+ BKX (t,1) Vt € R>q (1.16)
X(0,2) = Xo(2) Vz e (0,1)

The goal here is to design K such that the closed-loop system (1.16) is globally
exponentially stable.

We will consider the same Lyapunov function in (1.12). The formal computation
of the time derivative of the Lyapunov functional along the solutions to (1.16) yields:

1
V(X) = XT(t,0)PAX(t,0) — e *X(t,1)T PAX (t,1) — u/ e M XTPAXdz
0
Then, we have:

V(X)=X"(t,1)[(H+BK)"PA(H + BK) — e "PA] X (t,1)
it fy e X TPAXdz

Similarly as in Section 1.4.2.1, we obtain the following inequality

V < —pAnin(A)V + X (1, 1) MX(t,1) (1.17)
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where
M = (H + BK)"PA(H + BK) — e *PA (1.18)

To prove that the origin of the closed-loop system is globally exponentially stable,
we need to design K such that M is negative semidefinite matrix. Unfortunately,
M is nonlinear in the terms P and K which renders the problem inconvenient from
a numerical standpoint. The next step is to reformulate the stability problem as a
linear matrix inequality.

1.4.2.3 Linear Matrix Inequalities

Linear matrix inequalities, or LMIs, are inequalities that involve matrix variables
with linear terms and usually exhibit convex regions of feasibility. It is a critical
tool in control theory that we will be using extensively throughout the thesis to
formulate and solve our stability conditions. Usually, we may try to apply the Schur
Complement lemma which transforms nonlinear inequalities into LMIs [81]. We recall
the definition of Schur Complement lemma from [81, Page 34]

Definition 1.2 For n,m > 0, let Q € S™, R € §™ and S € R™™. The following
equivalency holds:

Q S Q<0
[ST r <" T r_sTols<o
&
Using Definition 1.2, the following holds for (1.18):
[((H+ BK)'PA(H + BK) — e "PA] <0 —PA H+ BK
P>0 H" + K"BT —e *PA
(1.19)

The nonlinearity due to the term e™* is dealt with by performing a line search on pu.
Thus, we obtain a linear matrix inequality in terms of P and K which can be solved
numerically.

By observing (1.19), we can conclude that global exponential stability of the origin
of the closed-loop system (1.16) holds, if K is chosen such that the term H + BK is
Schur. We conclude that the Lyapunov approach provides a sufficient condition for
global exponential stability regardless of the value of H and for any initial condition.

In Chapter 2, we design a boundary controller under the effect of saturation
that renders the open-loop-stable hyperbolic system globally exponentially stable
and guarantee input-to-state stability with respect to some in-domain disturbances.
Unfortunately, using the £2 Lyapunov function, it seems that the stability problem
for local exponential stability is still an unanswered challenging task.

1.5 Parabolic Systems

Parabolic equations are partial differential equations which are widely used to math-
ematically describe the diffusion phenomena seen in heat conduction, population dy-
namics, electromagnetic waves and so on [40] [68] [42]. In particular, it models the
fluctuations in the density of materials undergoing movement generally from higher
concentration region to a lower one. This phenomena emerges to be of utmost im-
portance due to its presence in the fields of chemistry, physics, biology, economics,

<0
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sociology and finance [50], [49], [29]. Whether we are studying the progressive heat-
ing of a slab, particles dissolving in a solvent, or pricing values, this gradient change
is modeled by parabolic systems. Those systems are represented by the following

O
o..: —>.o.o
o ®

FiGURE 1.9: Diffusion of particles in water.

equation:
we(t, z) = (D(w(t, 2)w(t, 2)). (1.20)

where w(t, z) is the density of the diffusing material through space z and time ¢ and
D denotes the diffusion coefficient. Considering the diffusion coefficient is a constant
d independent of the density u, then we obtain Fick’s second law or the heat equation
in one-dimension (see FIGURE 1.10):

we(t,r) = dw,,(t, 2) (1.21)

The spatial operators that governs most parabolic equations usually admit a finite
number of slow, dominant eigenvalues and an infinite number of stable fast comple-
ment ones [28]. Thus, in the usual context of control of parabolic PDEs, a spec-
tral reduction approximates the system by a finite-dimensional ordinary differential
equation (see for example [4], [60], [43], [23]). Then, the ODE is used to design a
finite-dimensional controller. This is also called the Galerkin method for solving a
PDE [35].

1.5.1 Reaction-Diffusion Systems

In chemistry, the process in which chemical substances react together and spread
out over a common region is mathematically described by reaction-diffusion equa-
tions [70], [9]. This concept can also be applied in other scientific domains such
as ecology [36], physics [56], biology [27], population dynamics [50], Turing pattern
formation [8] and neural networks [41]. Recent applications on the spread of epi-
demics and viral diseases have captured universal interest for its application on the
Covid-19 epidemic [47], [46], [L1], [15]. In this thesis, we are interested in the control
and stabilization theory of such systems. This topic has been a challenging problem
for control scientists and it has witnessed some major contributions using delayed
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Heat source at

the boundary
'w(t, G‘) = f(f) wi(t, 2) = Dw,,(t, 2)

FIGURE 1.10: One-dimensional heat conduction of a rod with a
boundary heat source.

boundary control methods [31] [43], and backstepping control [39], [17]. Let us intro-
duce the simple, one-dimensional reaction-diffusion equation with Dirichlet boundary
condition on the space z € (0,1) with [ > 0:

x(t,2) = 2.(t, 2) + qx(t, 2)
z(t,0) =0  z(t,1)=0 (1.22)
x,(t,1) = z0(2)

where ¢ is an arbitrary constant. When system (1.22) is in open-loop (u(t) = 0),
Lyapunov stability analysis conducted on the spectral projection of the PDE reveals
that the plant is unstable due to the presence of the term qz(z,t) with the number
of unstable eigenvalues dependent on how large is ¢. For an initial condition given by
z0(2) = 2%, FIGURE 1.11 shows the unstable evolution of the H!-norm of the state
x(t, z) through time. Thus, an adequate controller needs to be designed to stabilize
system (1.22). In this work, we use the method of input-output feedback control that
will be further discussed.

1.5.2 Input-Output Feedback Control Problem

One of the most important problems in control theory is global stabilization by means
of output-feedback control. While the problem of the input-output stability (IOS)
property with respect to domain or boundary disturbances has been widely inves-
tigated in the general context of finite-dimensional linear time-invariant (LTI) con-
trol systems and is considered classical, its extension to distributed parameter sys-
tems is a challenge and is still an open problem. Recently, several works on the
IOS property extension to PDEs [77], [20] and output-feedback control extensions to
PDEs [76], [18], [78], [82] have been published.

From a practical point of view, there is an emphasized interest in designing
finite-dimensional feedback control for infinite-dimensional DPS mainly because the
controllers must be implemented by online digital computers with finite memory-
access time and finite wordlength. In past work, finite-dimensional approximations of
an infinite-dimensional system was obtained to design controllers on those so-called
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H1 -norm of state x(t,z)

time t

FIGURE 1.11: H'-norm of the state x(t, z) for an unstable open-loop
heat equation.

reduced-order models [5], [58], [54]. However, we cannot theoretically guarantee the
stability of the closed-loop system consisting of the actual DPS and the reduced or-
der controller. In contrast, the controller synthesis here is considered with respect
to a closed-loop system consisting of the infinite-dimensional system and the finite-
dimensional control system. In particular, we propose, for the first time, an output
feedback control design procedure to achieve the input-output stability (IOS) of a
reaction-diffusion system by means of a finite-dimensional, LTI control system.

1.6 Outline of the thesis

We now give an overview of the next four chapters presented in this thesis:

1.6.1 Chapter 2: Design of Saturated Boundary Control for Hyper-
bolic systems with in-domain disturbances

In Chapter 2, we focus on systems of one-dimensional conservation laws modeled as
a system of linear hyperbolic PDEs and study this class of hyperbolic systems in
the presence of nonlinear control laws [65] as well as an in-domain exogenous distur-
bance [25]. We consider a classical saturation function and we present a systematic
approach to design static boundary controllers to ensure closed-loop exponential sta-
bility and robustness with quantifiable margins with respect to in-domain energy
bounded disturbances. To achieve this goal, we first prove the existence and unique-
ness of solution to our closed-loop system. Then, we prove global exponential stability
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by using a sector condition and a suitable Lyapunov functional. The proposed con-
ditions are embedded into a convex optimization setup to enable the design of a
controller minimizing the effect of the disturbance on the closed-loop system.

The chapter is organized as follows. Section 2.1 illustrates the problem we solve
and defines the notion of solution we use. Section 2.2 tackles the well-posedness of
the closed-loop system using properties of non-accretive operators. Section 2.3 is
dedicated to Lyapunov analysis and provides the sufficient conditions for stability.
Furthermore, it presents the control design problem in the sense of an optimization
problem, which gives an optimal control gain. Section 2.4 validates the effectiveness
of the proposed design algorithm through a numerical example.

1.6.2 Chapter 3: Output Feedback Control of a Reaction-Diffusion
Equation with In-domain Disturbances

In Chapter 3, the considered reaction-diffusion plant, which is unstable, is modeled
by a Sturm-Liouville operator as classically introduced in the context of parabolic
partial differential equation (see [55]). We focus on a boundary control input along
with a Dirichlet boundary measurement and regulated output. This configuration is
interesting from a practical engineering perspective. This renders our problem more
challenging since it requires to deal with unbounded control operators. Further-
more, the disturbance is in-domain. The proposed control design strategy is based
on performing Lyapunov stability analysis on a closed-loop system consisting of the
partitioned reaction-diffusion equation and an output-feedback finite-dimension LTI
control system. It is important to note that when Dirichlet boundary conditions are
considered for the control input and to-be-regulated output respectively, the solu-
tions need to be sufficiently regular. However, our conditions do not need further
regularity than the one required by the existence results of classical solutions. The
main result of this chapter is a set of matrix inequalities, which constitutes sufficient
conditions for the input-output stability of the reaction-diffusion plant with respect
to in-domain disturbances. We use a predefined change of variable to linearize the
matrix inequalities and propose an algorithm to compute the control gain matrices.
Finally, we use numerical examples to assess the feasibility of the sufficient conditions
as a function of the order of the finite-dimensional controller.

The chapter is organized as follows. Section 3.1 presents the general properties
of the Sturm-Liouville operator. Section 3.2 introduces the reaction-diffusion plant
with Dirichlet measurement and Dirichlet regulated output. The spectral reduction
of the given plant is then partitioned into a stable finite-dimensional system and an
unstable infinite-dimensional system. Section 3.3 presents the general framework for
the output-feedback control problem by means of a finite-dimensional LTI control
system. The problem of input-output stability is explicitly stated. In Section 3.4,
the Lyapunov stability analysis is studied to derive sufficient conditions in the form
of matrix inequalities. Section 3.5 proposes a method to transform the results into
linear matrix inequalities and an optimization problem to minimize the effect of the
IOS gain on the dissipation inequality of the output. In Section 3.6, we propose a
numerical example that illustrates the efficiency and validity of our results.
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1.6.3 Chapter 4: Saturated Control Design for a Reaction-Diffusion
Equation with Anti-windup Compensator

In Chapter 4, we reconsider the same reaction-diffusion PDE presented in Chapter
3. We study the stabilizability problem of the unstable infinite-dimensional equa-
tion in the presence of in-domain disturbances using a distributed saturated control.
The general framework for the design of the control law is based on H! Lyapunov
stability analysis of the closed-loop system composed by the reaction-diffusion plant
and a dynamic control plant where the output of the control plant is plugged into a
saturation function. Obviously, the saturation constraint leads to loss of the global
stability property derived in the previous chapter.

The first result is the design of a saturated output feedback dynamic controller
which locally exponentially stabilizes the unstable reaction-diffusion equation and
evaluation of the region of attraction for the closed-loop system. We also provide
input-output stability properties with respect to the in-domain disturbances. The
sufficient conditions needed for the estimation of the region of attraction and output
decay rates are derived in the form of linear matrix inequalities using Lyapunov
techniques.

The second result is the design of an anti-windup compensator, which is intro-
duced into the closed-loop system and evaluation of a new region of attraction for the
local exponential stability of the origin of the new system. This addition is done to
compensate for the negative impacts on the region of attraction and stability gains
caused by the saturation limitation. We note that this is the first work dealing with
anti-windup design on distributed parameter system.

The chapter is divided as follows: Section 4.1 presents the reaction-diffusion equa-
tion with the distributed controller, defines the saturation function, and provides
the spectral decomposition of the PDE into an unstable finite and stable infinite-
dimensional systems4.2 presents the closed-loop system layout with the dynamic
output feedback control system. An estimation of the region of attraction for the
finite closed-loop system is provided and used to conclude that of the overall infinite-
dimensional system. Sufficient conditions for the problem of input-output local ex-
ponential stability are derived. Lyapunov functions are used to come up with the
sufficient conditions as quadratic conditions. A control synthesis method is proposed
to transform the quadratic conditions into linear matrix inequalities which can be
exploited numerically. Finally, optimization problems are formulated to find optimal
region of attraction and optimal performance levels. Section 4.3 introduces the anti-
windup compensator to enhance the system behavior in closed-loop. Assuming the
control parameters are given from the previous section, we repeat all the steps done
in the previously to derive the appropriate Anti-windup parameters that renders the
closed-loop system locally exponentially stable. The numerical results in Section val-
idates the stability properties found and illustrates the efficiency of the anti-windup
approach in terms of enhancing the performance levels and enlarging the region of
attraction. Section 4.5 presents some concluding remarks.

1.6.4 Chapter 5: Conclusion and Perspectives

Chapter 5 offers a resume to the work done in this thesis and a general conclusion for
each chapter. Furthermore, it opens horizon and perspectives for possible extensions
and future research on the subject of control of partial differential equations.
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Chapter 2

Design of Saturated Boundary
control for Hyperbolic Systems
with in-domain Disturbances

Studies on the well-posedness of infinite-dimensional systems in the presence of non-
linearities have been presented in [7] [75], and [6] based on semigroup theory. In [32],
the authors make use of infinite-dimensional linear systems theory to rewrite a linear
PDE and interconnect it with a static nonlinearity. Only few papers study the well-
posedness of hyperbolic PDEs in the presence of saturated boundary nonlinearity.
More specifically, [59] considers the wave equation, whereas [22] analyses the stability
of BV solutions.

The aim of this chapter is to provide a boundary feedback control design for 1D
hyperbolic systems with an in-domain disturbance and a boundary feedback con-
troller under the effect of actuator saturation. Nonlinear semigroup theory is used
to prove well-posedness of mild solution pairs to the closed-loop system. Sufficient
conditions in the form of dissipation functional inequalities are derived to establish
global stability for the closed-loop system and L£2-stability in presence of in-domain
disturbances. The control design problem is then recast as an optimization problem
over linear matrix inequality constraints. Numerical results are shown to validate the
effectiveness of the proposed control design. This chapter has been partially presented
at IFAC World Congress 2020 [65] and appeared in Automatica as a journal paper in
2022 [66].

2.1 Problem Statement

2.1.1 Problem setup

We consider the boundary feedback control of the following n linear 1-D hyperbolic
PDEs formally written as:

Xi(t,2) + AX,(t,2) = Nd(t,z) V(t,z) € Rso x (0,1)
X(t,0) = HX(t,1) + Bo(u(t)) Vte€ Rx (2.1)
X(0,2) = Xo(2) Vz e (0,1)

where t € R>¢ and z € (0, 1) are the two independent variables, respectively, time and
space, z — X (-, z) € R" is the state, and z — d(+, z) € R? is an exogenous in-domain
disturbance. We assume also that the matrices A € D}, H € R™*", B € R"*™ and
N € R™1? are given and that the state X (-, z) is measurable only at the boundary
point z = 1. Specifically, the measurable output of the system reads as y = X (-, 1).
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Let u := KX(-,1) where K € R™*" is the control gain to be designed and the
function u — o(u) is the symmetric decentralized saturation function with saturation
levels uy,Uo, . . ., Um € Rsg, whose components for each v € R™ are defined as:

o(u); = o(u;) := min(|ug|, w;)sign(u;) i=1,2,...,m (2.2)

Our goal is to design the gain K to induce closed-loop stability with quantifiable
convergence rate and robustness margins with respect to the exogenous input d. For
convenience, we define the function u — ¢(u) which is the symmetric decentralized
dead-zone nonlinearity function given by the following expression (see [72, Page 40]):

d(ui) == o(u;) —uy (2.3)
where ¢ : R™ — R™. By setting H, := H + BK, the closed-loop system turns into:
Xi(t,2) + AX,(t,z) = Nd(t, 2) V(t,2) € Rsg x (0,1)

(t, 0) = ClX(t 1)+ Bo(KX(t,1)) VteRs (2.4)
X(0,2) = Xo(z vz e (0,1)

2.1.2 Notion of the Solutions to the Closed-loop System

Before conducting the Lyapunov stability analysis to design a stabilizing control gain, one
must first check if the Cauchy problem (2.4) is well-posed. In other words, one must prove
that the solution X to (2.4) exists, is unique, and depends continuously on the initial value
X satisfying the compatibility conditions. As classically done in [19] and [57], we reformulate
the closed-loop system (2.4) as an abstract Cauchy problem.

Consider now the following operators defined, respectively, on the Hilbert spaces £2 (0,1;R™)
and £2 (0,1;R?) equipped with their respective standard inner products:

AD(A) — £%0,1;R")
X = —AX,(2)

N :£2(0,1;R?) — £2(0,1;R™)
d+~ Nd

(2.5)

where

D(A) := {X € H'(0,1;R"); X (0) = Hy X (1) + Bo(KX(1))}

Then, the closed-loop dynamics can be formally written as the following abstract system with
state X € £2(0,1;R™) and exogenous input d € £2(0,1;RY)

X = AX +Nd (2.6)

If Ais linear (¢(K X (¢)) = 0), we can use the Lumer-Philips Theorem [57, Page 14] to prove
that A is an infinitesimal generator of a C’-semigroup of contractions on £2(0,1;RR™) by
proving that A is dissipative and that there exists Ag > 0 such that the range of (Aol + .A) is
equal to the state-space [JQ(O7 1;R). Referring to [57, Page 109, Theorem 2.9], one can deduce
the existence and uniqueness of a classical solution by imposing d € C1([0,T]; £2(0, 1;R)).

Unfortunately, due to the presence of saturation limitation at the boundary condition,
the Cauchy problem is considered nonlinear (or semi-linear) and we are forced to deal with
less regular notion of solution. In particular, as in [7], we focus on mild solution pairs to (2.1).
We recall the definition of a mild solution pair to (2.6) introduced in [7, Definition 4.3, Page
120]:
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Definition 2.1 A mild solution pair for the system (2.6), with the initial condition X (0,z) =
Xy is a pair (X,d) satisfying the following: functions X € C'(domX; £2(0,1;R™)) and d €
L (domd, £2(0,1;RY)) where 'domX = domd is an interval of R>q including zero. In addition,
for each € > 0, there exists an e-approzimate solution® ¢ of the abstract system

X =AX +Nd

such that the following holds
1X(#) =)l <e
for allt € domX. o

In what follows, we use the shorthand notation £? instead of £2(0,1;R?) for simplification
purposes.
Now, we state the problem we solve in this chapter:

Problem 2.1 Given H € R, B € R™™, N € R"™4, and A € D}. Design K such
that for some K, w, v € R and for each mild solution pair (X,d) to (2.6) one has, for all
t € domX:

t
IX(W)leg < re [ Xoleg + ] [ 1400} 40 27)
<&

Inequality (2.7) corresponds to a classical input-to-state-stability (ISS) bound for the abstract
closed-loop system (2.6). Sufficient conditions to ensure ISS for infinite-dimensional systems
are given in [37] and [51]. The main contribution of this paper is to perform an optimal design
of the control design of the control gain K in order to minimize the ISS gain . In Section
2.3, we provide sufficient conditions to get an explicit estimate of the ISS gain ~.

2.2 Well-posedness of the Closed-Loop System

In this section, we state the well-posedness of the closed-loop system (2.6). Let us start by
defining the notion of non-accretive operator inspired by [7, Definition 3.1, Page 97]:

Definition 2.2 An operator A from D(A) to £2(0,1;R™) is said to be non-accretive with
respect to an inner product (-,-) if for every pair (X1, X2) € D(A) x D(A), the following
inequality holds:

(AX] —AX5, X1 — X2) <0 (2.8)

<

Inspired by [10, Appendix A, Page 224], let us introduce the following inner product on
£2(0,1; R"™):

1
(X1, X2), = / e"* X[ Xodz (2.9)
0

where p > 0 will be selected later. It is noted that this inner product is equivalent to the
standard inner product in £2 since the function z — e#* is bounded from below and above
on [0,1]. We now use the previous definition to apply it on a suitable operator which will be
vital in proving the uniqueness and existence of mild solution pairs to (2.6).

Proposition 2.1 There exist i > 0 and p € R such that the operator A+ pl is non-accretive
(with respect to the scalar product (-,-),). o

Proof. Let X1, Xs € D(A), X = X1 — X2 € D(A) and ¢ = ¢(KX1(1)) — p(K X2(1)) € R™.
Let us prove (2.8) for the operator A 4 pI for a suitable choice of p. First we can write the
following:

(A+pl)X, X))y = (AX, X), 4 p(X, X),u

'domd and domX can be either [0, 7] or [0, 0).
2The definition of e-approximate solution is found in 2.4
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where .
(AX, X)), = — / e XTAKX . dz
0

Using an integration by parts, we have:
. o I ot aolt 1 (1 ot o
<AX,X)M:—§e“ZX AX‘O+§/A/ e X' AXdz
0

Thanks to the boundary condition in (2.4), we have:

-~ - 1 o o o - o ~ 1 - =
(AX, ), = -3 (e“X(l)TAX(l) — (HaX(1) + B3 TA(HLX (1) + B¢)) + 1%, X,
(2.10)
We can rewrite the previous equation as:
o o L 7t (HJAH,—e'A H)AB 1o

here ¥ X(1) . . N . 3

w = s ) Hence, recalling that ¢ is 1-Lipschitz continuous °, one has:
T
x’ ( KK ?) X <0

which by using, (2.11) gives:

HIAH,—e!A+7K'K  H)AB

-~ 1 1 - -

2 *

for any 7 > 0. Pick 7 such that BTAB — 71 < —I. Thus, we can write

. U)X+ (X, X), (2.13)

T T T
(AR, < b (T AT AR ]

Now, consider the following matrix:

Q= (HCTZAch —elA+TKTK HCTl/I\B>
* J—

From the Schur-complement lemma (see [81, Page 34, Theorem 1.12]), one has that Q) < 0 if
and only if the following conditions hold

HIAH ; —e!A+7KTK <0

—I- (BTAHCZ)(HC—ZFAHCZ — el A+ TKTK)fl(HC—erB) <0 (2.14)

Pick p such that:

2
4> 1In (’ HIAH A + 7K KA~ + HHCTZABH A7l

) (2.15)

Thus, both conditions of (2.14) hold and Q) < 0. Finally, choose p < —%u and thus, (2.8)
holds and the proof is concluded. O

Following the work of [7, Page 97], we now prove that the non-accretive operator A + pI
enjoys the following property:

Proposition 2.2 There ezists p € R such that for all A > 0, the following range property
holds
Ran(I + A(A+pl)) = £2(0,1;R™) (2.16)

3This follows from the fact ¢ is continuous and piecewise linear with a slope bounded by 1.
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where Ran stands for the range. o

Proof. We know that
Ran(I + M(A+ pI)) C £%(0,1;R™)

Let us prove that
Ran(I + A(A+ pI)) D £2(0,1;R™) (2.17)

Pick any f € £2(0,1;R"), we show that there exists X € D(A) such that
(I+MA+pI)X = f

The above statement is equivalent to checking the existence of solution to the following
boundary value problem:

I, X(2)-AAX.(2) = f(2) Vz € (0,1)

X(0) = HquX (1) + Bo(KX (1)) (2.18)

where I, := (1 + Ap)I. The solution for the first line of (2.18) is given by:

X(z):e%A‘lprX(o)—/ e%/\‘lfp(H%A*f(s)ds vz € (0,1) (2.19)
0

In particular, one has:
1
_ — 1
X(1) =eXA ”px(o)—/ XA LA f(5)ds =2 2 (X(0))
0

Then, the boundary condition is rewritten as:
X(0) = Hagx(X(0)) + Bo(Kgx(X(0)) (2:20)

Therefore, (2.18) has a solution if and only if there exists X (0) satisfying (2.20). Let us
introduce the following map:

T:R" - R"

¢ Haga () + Bo(Kor(e)) (2.21)

Now, we show that this is the case by using Banach fixed point theorem [13, Page 138] to 7.
In order to show that 7 is a contraction, let us first write that

ga(c1) —ga(c2) = exAT e (c1—c2) Vep,eo € R™ (2.22)
Since ¢ is a 1-Lipschitz continuous function, it follows that for all ¢1,ca € R™:

[6(Kgx(c1)) = d(Kga(e2))l < [K(galer) — ga(c2))|
which, using (2.22), gives:

[0(Kaa(e1)) = o(Kaa(e2))| < [K (X1 (e1 —c2)) (2:23)
Using (2.21), (2.22), and (2.23), we get:

[T (c1) = T (c2)| = [Hagr(c1) + Bé(Kga(c1)) — Haga(cz2) — Bo(Kga(c2))l
< [Hg(galer) = ga(c2)) + [B(o(Kga(cr)) — d(Kga(c2)))l
< Ha(eXN T2 (1 — )| + |BE (X0 12 (01 — )|

< (Hche%A_II” ) le1 — ca

+|[BreAT
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1A-1
Let a = HHCleAA Tp . We have:

+ HBKe#VlIP

lA71] __Ap
o <(|Hall+ | BEI) 3271 | < X (| H]| + | B (224)

where Apax(A) is the largest eigenvalue of the matrix A. Pick p € R small enough, such that
P
e>max() (||Hy|| + || BK||) < 1. Then, we have that 0 < o < 1. The proof is concluded O

The main result of this section is presented in the following theorem where we show that
the system is well-posed.

Theorem 2.1 For every initial state Xo € L£2(0,1;R"),d € L£'(domd; £%(0,1;RY)), the
closed-loop system (2.4) admits a unique mild solution pair (X,d) € C'(domX; £2(0,1;R"™)) x
£ (domd; £2(0,1;R?)) such that X (0,z) = Xp. o
Proof. The choice of Xy € Ei(O, 1;R™) is equivalent to Xo € £2(0,1;R") where EZ is
defined by the norm induced by the scalar product in (2.9). By means of Propositions 2.1

and 2.2, the operator A + pI is m-non-accretive and thus, the Cauchy problem (2.4) has a
unique mild solution pair, (see [3, Theorem A.26, Page 286] and [7, Page 97]). O

Definition 2.3 In [7, Page 127], a strong solution pair to (2.6) is defined as a pair (X,d) €
(Whl(domX; £2(0,1;R™)) NC (domX; £2(0,1;R™))) x L' (domd; £2(0,1;RY)) such that

X
CiTt(t) +AX(f) = Nd(t)  te donX,
X(Z, O) = XO
where Xo € £2(0,1;R™) and with domX = domd. o

In the remaining part of this section, we restrict the focus on the perturbation

d € L£?(domd; £2(0,1;R™)) which is instrumental for the derivation of stability results of
Section 2.3. The following proposition is crucial for the stability analysis Section 4.1, in
which the mild solution pair (X, d) can be approximated point-wise via a sequence of strong
solution pairs (2.6).

Proposition 2.3 Let (X,d) be a mild solution pair to (2.6) and t € domX. There exists a
sequence of strong solution pair {(Xk, dk)}ke]N such that:

£2(0,1;R™)
_—

Xk(t) k—ro0

X(t) (2.25)
e £2(0,t;£2(0,1;R?))
_—

2.2

with domX* =]0,t] and for all k € N. o

Proof. Let (X,d) € £2(0,t,£%(0,1;R™))x £2(0,t,£2(0,1;R?)) be a mild solution pair to
(2.6). Pick {d*}ren € C°(0,t,£2(0,1;RY)) such that, one has:

g £2(0,6£%(0,1;R?)) d

2.2
k—ro0 ( 7)

Since D(A) is dense in £2(0,1;IR™), then there exists a sequence { X} ren C D(A) such
that ,
L: ¢R7l
Xk % Xo (2.28)

k—ro0

We know that a strong solution pair to (2.4) is also a mild solution pair. Moreover, A is
p-non-accretive, Xo € D(A), and since (X,d), {(X*, d¥)}ren are mild solutions to (2.4).
Therefore, from [7, Theorem 4.1, Page 130], it holds:

[x® - %) g+ [ NG = X, dle) - )i

= e#!|Xo - x|

L7
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where for functions z, y in real Banach spaces, [+, -] is the directional derivative of the function
x = ||z|| in the direction y, defined by

4+ Ayl =l
= 1 —_—
[, 9] A0 A

Using [7, Proposition 3.7, (iv)], one has

—|an —d @), < xE) - X dm) —dt @) < dm - @), 220
q q
Then using the previous statement, one has:
¢
k t k t— k
HX(t) X (t)’ oS¢ HXO fxo‘ o +/0 eP(t=7) ‘d(T) —d (T)‘ o (2.30)
Since the term ||d(7) — d* (7)|| z2 is convergent as we can see in (2.27-(2.28), we have:
q
" eplt=m) ¢ " eplt=m) ¢
. —r )
Jm [ e ’d(T)—d (7)‘ o g/o e kh_I)I;oHd(T)fd (7)’11g dr (2.31)
So taking the limit as k — oo in (2.30), one has:
lim || X (6) = X*(0)|| , < e lim ||Xo - x|
k;moo ( ) ( ) L2~ € k;moo 0 0 L2
> (2.32)
t— : k
+/0 e?t=7) klgmoo Hd(T) —d (7')’ o dr
Thus, from (2.27), (2.28), (2.31) and (2.32), we can infer that
. £2(0,1;R™)
lim X*(¢)” "= X (¢ 2.33
i X4(1) ) (2.33)
and the proof is concluded. O

2.3 Stability Analysis and Control Design

This section contains results on the £2-stability analysis to achieve closed-loop exponential
stability. This is done first by proposing sufficient conditions and then constructing a Lya-
punov functional to derive those sufficient conditions in the form of functional inequalities.

2.3.1 Sufficient Conditions

The following section presents the sufficient conditions for the solution to Problem 2.1 using
a dissipation inequality. This is done by proving the following proposition:

Proposition 2.4 Assume that there exists a Fréchet differentiable functional V : £2(0,1;R") —
R>¢ and c1,c2,c3,x € Rsg such that for each d € £2(0,1;R?) and ¢ € D(A).

e1¢12s < V(Q) < eallClZ (2.34)
DV (C)(AC +Nd) < —esV/(C) +x° ]2 (2.35)

Let (X,d) be a mild solution pair to (2.6). Then, for all t € domX, one has:

3¢ (6]

1
~ge(ez)? ] 2 2.36
X0 < #(2) 1oy + 2y [ 1012 0 (230
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Proof. First we show that the above results hold for all strong solution pairs to (2.6).
More precisely, we consider solution pair domX > ¢ — (X(t),d(t)) to (2.6) and assume that
X(0) € D(A),d € L (domd; £2(0,1;RY)). Then, since, as shown in the proof of Proposition
2.1, A is p-non-accretive, one has that (X,d) is a strong solution pair (this is proved in
[7, Theorem 4.14]). More precisely, one has that X € C!(domX, £2(0,1;R")), and for all
t € domX:

X(t) = AX(t) + Nd(t) (2.37)

where X (t) € D(A). Now, consider the following function:

W :domX — R

tis (Vo X)(1) (2.38)

Then, since V : EQ(O, 1;R™) — R is Fréchet differentiable everywhere and X : domX —
£2(0,1;R™) is differentiable almost everywhere, it follows that for almost all ¢ € domX:

W(t) = DV(X)X(t)
which thanks to (2.37) yields for almost all t > 0
W(t) = DV (X)(AX(t) + Nd(t))
Thus, using (2.35) one gets for almost all ¢ € domX
W(t) < —esW(t) + X ld(®) 12

Therefore, since W is continuous on domX, from the comparison principle (see Definition 2.6)
we have that:

t
W(t) < e 3W(0) + x* / e =0 11d(0) |72 do
0
At this stage, notice that for all ¢ € domX, one has:
t t
| e @l o < [ a2 o
0 4 0 a4
which allows one to conclude that for all ¢ € domX
t
Wit) <5 W(0) 457 [ 1d(O)]% de
0

Finally by using (2.34), it follows that for almost all ¢ € domX

t
_y /€2 X 2
Xy < o 210y + | [ 1012 do (2:39)

Now we conclude the proof by showing that the above bound holds also for mild solution
pairs to (2.6). Let (X,d) be any solution pair. By applying Proposition 3, there exists a
sequence of strong solution pairs {(X*,d*)}ren such that (2.25) and (2.26) hold. Then, for
all k € N, thanks to (2.39), one has for all ¢ € domX

t
_<3 c2 X 2
a5 Il Sy ) 1@l

Taking the limit for kK — oo, due to (2.25)-(2.26), one has for all ¢ € domX

t
_ey [e2 X 2
X < X +
[X(E)llpz <e 2 o [ Xoll 22 o /0||d(9)||z:3d9

This concludes the proof. O

el
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Remark 2.1 Proposition 4 provides sufficient conditions for input-to-state stability for the
closed-loop system in the form of a functional inequality. This provides an elegant general-
1zation to abstract dynamical systems of the well-known ISS dissipation inequality for finite-
dimensional nonlinear systems; see, e.g [69]. It is interesting to observe that the gradient of
V is replaced in (2.35) by the Fréchet derivative. o

2.3.2 Quadratic Conditions

Let us define the following global sector condition which will be useful in the upcoming
Lyapunov analysis computations.

Lemma 2.1 [72, Page /1] For all v € R™, the nonlinearity ¢(v) satisfies the following
inequality:
o) T((v) +v) <0 (2.40)

for any diagonal matriz T € D). o

The following theorem provides sufficient conditions in the form of matrix inequalities under
which Problem 2.1 admits a feasible solution.

Theorem 2.2 If there exist P € Dy, T € D', p,x, € Rxo, and T' € 5 such that the
following hold:

H}PAH,—e PN HJPAB-K'T
cl cl cl <
( * B PAB 21 ) =" (241)
r PN
(* X21> >0 (2.42)
Plal —pA)+T<0 (2.43)
Then, K solves Problem 2.1 and in particular (2.7) holds with
w=% r= Rt = mmet 240
o
Proof. Similarly as in [10], consider the following Lyapunov functional
V:L%(0,1;R") - R
(2.45)

1
X / e H* (X (2), PX (2))rnd=
0
with the same p defined in (2.9) and observe that for each X € £2(0,1;R"), one has
&1 X[ < V(X) < 2 || X] 2 (2.46)

where ¢1 := e HApin (P) and c2 := Apax(P) are strictly positive. As done in [26], for each
X € D(A), d € £%(0,1;R?) one has

DV (X)(AX +Nd) = /1 ez (72XZ(Z)TAPX(Z) + 2d(z)TNTPX(z)> dz
0

Since P, A € Dy, one has that

/01 —2e7M* X, (2) " APX (2)dz = — /01 e_#zdiz (X(Z)TPAX(Z)> dz

Using integration by parts, the following holds

DV (X)(AX + Nd) = —e " X(2) " PAX(z) ’; — ﬂ/l e M X (2) " PAX (2)dz + /1 2 "d(2) ' NTPX(2)dz
0 0
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Since X € D(A), one gets

T ek T
DV(X)(AX +Nd) =xT (HCZPAch e M PA HdPAB>X

* B'PAB
N /0 g (g((;)))T (qu PéV) (g((;))) i

X(1) ) . — . .
where X := . Similarly as in [65], after we introduce the global sector condition
(o) vasin (69 :

found in (2.40) one has

T _ T T
DV(X)(AX + Nd) <xT (Hcl PAH, —e"PA HJPAB—K T) N

* BTPAB - 2T

- g (g((zz)))T (qu PéV) (ij((jf) ”
where 7' € DZ". From (2.42) one has

T — e M T e 7a
DV (X)(AX + Nd) <x7T <HclPAch e""PA H})PAB-K T))(

* BTPAB 2T
1 T
_ X(z)) <—uPA+F 0 ) (X(z))
+ ne d
/0 ¢ (d(z) * X21) \d(z) ) “*
Finally, using (2.41) and (2.43) we have

DV(X)(AX + Nd) < —aV(X) + x? Hd||i§ (2.47)

which reads as (2.35). Hence, the proof is concluded. g

Remark 2.2 We emphasize that the result presented in Theorem 2.2 is global. However,
the feasibility of (2.34) is not always guaranteed. This is commonly seen in the literature of
saturated control (see [12, Chapter 3]). o

2.3.3 Control Design

Theorem 2.2 enables to recast the solution to Problem 2.1 as the feasibility problem of some
matrix inequalities, i.e. (2.41)-(2.42)-(2.43). However, those conditions are nonlinear in the
variables P, K, x, 4 and «. As such, Theorem 2.2 cannot be used directly to get a numerically
tractable solution to Problem 2.1. The result given next, provides sufficient conditions in a
form that is more advantageous from a numerical standpoint.

Corollary 2.1 If there exist Q € Dy, S € ID;”,f € Sy, pya € Ryg and W € R™*" such

that
—-QA~!' HQ+BW BS

* —eTHPAQ -WT ] <0 (2.48)
* * —25
I N
<* 1) >0 (2.49)
Q(al —puA)+T <0 (2.50)

Then, K = WQ™! solves Problem 2.1. In particular, (2.7) holds with w and x defined as in
(2.44) and

(V1S

Y= )\max(Q)e (251)

&
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Proof. Applying the Schur complement lemma to (2.41) gives

—-A"'P PH+PBK PB

* —e*PA  —K'T| <0
* * =27
which is equivalent to
Pl 0 0\ /—~A"'P PH+PBK PB Pl 0 0
Pt 0 * —e PPN —K'T « P71 0 ]<o0
* 71 * * =27 * * T-1

which gives
—P7'A"' HP~'4+BKP™' BT!
* —e HAPL —PlKT ] <0
* * —or-1

Then, by setting P~! = Q, 77! = S and W = KP~!, we have that the previous inequality
is equivalent to (2.48). In [26, Corollary 1], it is shown that (2.42) and (2.43) are respectively
equivalent to the linear inequalities (2.49) and (2.50) with P~! = Q, T = QTQ, and x = 1.

O

Remark 2.3 It can be easily shown that the conditions in Corollary 2.1 are actually equiva-
lent to those in Theorem 2.2 in terms of feasibility. As such, Corollary 2.1 does not introduce
any additional conservatism. o

In the formulation of Problem 2.1, no specific requirements on the scalar v are considered.
On the other hand, it is obvious that to minimize the effect of the exogenous input d on
the closed-loop system, the controller gain K should be designed so that (2.7) holds with a
minimal . This goal can be achieved by considering the following optimization problem

inf ¢
Q7W7I’L’a777lc (2.52)
s.t: (2.48),(2.49),(2.50),Q € Dy, pp > 0,0 > 0,Q — ¢l < 0.

It can be seen through equation (2.51) that the variable v is directly proportional to the
square root of the maximum eigen value of matrix . Therefore, minimizing c is equivalent
to minimizing Ay.(@)- One can note that (2.48), (2.49) and (2.50) are nonlinear in the
decision variables p and «. In fact, we select the scalars p and « via a grid search. In other
words,we set p and « as arrays of appropriate values and resolution, and then running the
code to generate a 3-dimensional diagram representing the feasible regions of the solution
with respect to the pair (u, a).

2.4 Numerical Analysis

2.4.1 Application on a Scalar System

In this section we consider that n = m = 1. In other words, the hyperbolic system is scalar.
We will also assume that there are no disturbances (d = 0) and that the matrix B is just the
identity matrix as our focus will be on the effect of the value of the matrix H on the region
of stability of the system. Thus we have the following closed-loop system:

Xi(t,z) + AX.(t,2) =0 V(t,z) € R>o x (0,1)
X(t,0) = (H+K)X(t,1) + ¢(KX(t,1)) Vt€Rx (2.53)
X(0,2) = Xo(z) Vz e (0,1)

where A,H,K € R. Let P,T € R, then the sufficient conditions for global exponential
stability given by (2.41), (2.42), (2.43) can be expressed through a single LMI (knowing that
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d=0):

(2.54)

M. — (H+ K)?PA—-PA (H+K)PA—KT <0
s * PA -2T -

Since Mg € R?, then My < 0 if and only if the determinant det(M;) > 0 and the trace
trace(M;) < 0. We now derive the expression of the determinant and trace of M and
deduct the conditions of H under which global stability is guaranteed. For simplicity of the
calculation, consider ; = 0. However, due to the continuity with respect to p, we know that
if inequality (2.41) holds for p = 0, then there exist e such the that inequality also holds for

we (0,€).
Corollary 2.2 Inequality (2.54) admits a feasible solution if and only if —1 < H < 1. o
Proof. The determinant of matrix M, is given by:
det(M,) = —2T(H*PA — PA) — (PA+ KT)? = 2PAKT(H +1) (2.55)
and the trace is given by
trace(Ms) = (H + K)*PA — 2T (2.56)

We use a numerical solver to show the variation of the region of stability. First we consider
that K and T are variables and we select several values for H and then find the region (K,T)
under which both conditions (2.55) and (2.56) are satisfied. We notice that once |H| > 1,
there are no feasible solution for K and T'. We also observe that as |H| approaches zero, the
region of feasible (K,T) increases. This is showcased in a comparison between FIGURE 2.1
where H = 0.5 and FIGURE 2.2 where H = 0.99. 0

FIGURE 2.1: Feasible Region of the pair (K,T) for H = 0.5.
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0.5

FIGURE 2.2: Feasible Region of the pair (K,T) for H = 0.99.

2.4.2 Numerical Example

To solve initial-boundary value problem for (2.4), numerical integration of hyperbolic PDEs
is performed via the use of the Lax-Friedrichs (Shampine’s two-step variant) scheme imple-
mented in MATLAB by Shampine [64]. YALMIP package in MATLAB is used to solve the LMIs
[45]. Consider the example presented in [65] modified to account for the presence of in-domain
disturbances. Specifically, we consider the following system for all (¢,z) € R>g x (0, 1):

Xi(t,2) + <(1) \%) X.(t,2) = G) d(t, z)

(2.57)
X(t,0) = (0;215 0";5) X(4,1) + (é ?) u(t) Vi Rsg

We consider the solution to Problem 2.1 obtained by solving (2.52), via a line search on the
scalars a and p. FIGURE 2.3 represents the set of feasible values of (2.52) of the pair (u, ).
As in [26], we have that the feasible values of p decreases as « increases. Then, as seen in
the figure, we choose 1 = 1, & = 0.5 in order to guarantee a feasible solution to our problem.
For this example, the solution to (2.52) yields:

125 0 4.07 0.2 —-0.24 0
@= < 0 82) T'= (0.19 36.3> K= < 0.33 —0.08>
Consider the following disturbance defined over ¢ € [0, 25]:

cos(zt)

(t,z) = d(t,2) =5 (Sin(Zt)) (2.58)

the initial condition:

0220 3= (575 1)
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FIGURE 2.3: Feasible (diamond) pairs (u, )

0.3
0.3
norm of the closed-loop system state compared to that of the open-loop (K = 0) in response
to the disturbance (2.58). As expected, the gain K designed via the proposed sufficient
conditions provides better disturbance reduction and convergence rate than that in the open-
loop case.

Consider again the same system (2.57) with a larger initial condition:

(0,1) 3 z — Xo(z) = 3% (cos(4m) _ 1>

cos(2mz) — 1

and the saturation level umax;, = ( ) In FIGURE 2.4, we report the evolution of the L2-

0.15
0.15
simulation is carried out and FIGURE 2.6 shows that the state norm manages to stabilize
successfully. FIGURE 2.7 shows the added saturation instances that appears with this case
and validates the good performance level of our control design. Finally, FIGURE 2.8 shows
the same time evolution of the £2- spatial norm of the closed-loop state X (¢) in comparison
with that of the right-hand side of the dissipation inequality (2.36)

and a lower (more constraining) saturation level: wmax, = ) . The same numerical

1
_e3,(c9\ 2
e (2) I¥ollc; + 2 Hd )2 do

¢l
Looking at the plot, the formal computation is consistent with the stability result.

Remark 2.4 In FIGURE 2.5 and FIGURE 2.7, one can see the saturation levels of under
which our controller perform. Thus, those results are in fact reflecting the behavior of this
stabilizing design for the controller acting on the hyperbolic system (2.1). o

2.5 Conclusion

Well-posedness and the global exponential stability of a class of 1D hyperbolic equations have
been studied. The PDE under consideration was the result of a perturbed hyperbolic system
in the presence of an in-domain exogenous disturbance connected in a feedback loop with a
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U,

1 1]

time t

FIGURE 2.4: Time-evolution of the spatial norm £2 of X(¢,-) in
closed-loop (solid-line) and open-loop (dashed-line)

0.5 .

_0.5 Il Il 1
0 5 10 15 20

time t

FIGURE 2.5: Time-evolution of o(K;Xi(t,1)) (solid-line) and
0 (K2X5(t,1)) (dashed-line) with respect to time
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FIGURE 2.6: Time-evolution of the spatial norm £2 of X(t,-) in
closed-loop (solid-line) and open-loop (dashed-line) for saturation level
0.15.

evolution of sigma(K, X, (t,1)) and sigma(K, X,(t,1)) with respect to time
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FIGURE 2.7: Time-evolution of o(K;Xi(t,1)) (solid-line) and
0(K2X>(t,1)) (dashed-line) with respect to time for saturation level
0.15.

saturated nonlinear control law. The controller acted on the boundary condition. The well-
posedness was investigated under the techniques of nonlinear semi-group theory proving the
existence and uniqueness of a mild solution pair. Then, the approximation of this solution to
a strong solution pair was established. Furthermore, sufficient conditions for the exponential
stability have been derived in the form of linear matrix inequalities using Lyapunov theory
for infinite-dimensional systems. Semi-definite programming tools were used to design the
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FIGURE 2.8: Time-evolution of the left (solid-line) vs. right (dashed-
line)-hand side of dissipation inequality (35)

controller to minimize the effect of the disturbance and boundary nonlinearity on the £2-
norm of the state. Numerical simulations were used to illustrate the effectiveness of the
proposed control design strategy in an example.

In the next chapter, we tackle another control problem of an infinite-dimensional system in
the presence of in-domain disturbances. In particular, we present the input-output stability
of a reaction-diffusion plant that admits a finite number of unstable poles using a finite-
dimensional controller.
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Auxiliary Results for Chapter 2
The e-approximate solution to the abstract system 2.6 is given in the following definition
found in [7, Definition 4.2, Page 129].
Definition 2.4 Let d € £1(0,T, £2(0,1;R?)). Consider the partition on the time interval
[0,tn] given by 0 <t; < --- <ty and a finite sequence {d*}Y_, C £2(0,1;RY) such that

tp —tp—1 <E€ k=1,...N, T—e<itn<T,

and
N tr
1£(s) — fill ds < e.
>,

An e-discretization solution to the abstract Cauchy problem 2.6 is a piecewise constant function
¢:[0,tn] = £2(0,1;R™) whose values i on (tr_1,11] satisfy the finite difference equation

STOel 4 Ae S Ny k=1,...N.

by —tp—1

The function ¢ = {Ck}évzl is called an e-approximate solution to the abstract Cauchy Problem
2.6 if it further satisfies:
16(0) = Xoll <e.

<

Definition 2.5 Let Y7 and Ya be linear normed spaces, U be an open subset of Y1, f:U —
Y2, and x € U. We say that f is Fréchet differentiable at x if there exists L € L(Y1,Y2) such

that ( n) () Lh
rz+h)—flz)—
tim 1 / Iy, =0 (2.59)
h—0 17lly;

In particular, L is the Fréchet derivative of f at x and is denoted by Df(z). When Y1 = R,

we denote f(x) = limp,— w .

Lemma 2.2 Let ® € C°(0,1;R), P € D} and £L*(0,1;R™) be endowed with its standard
inner product. Consider the following functional

V :£%(0,1;R") - R

1
X 5 V(X) ::/0 D) (PX(2), X (2))dz

Then, V is Fréchet differentiable on £2(0,1;R™) and in particular, for each X, h € £2(0,1;R™)

DV (X)h = 2®PX,h) 2

Proof. For any X,k € £2(0,1;R™), one has

VX )= V() = [ @E(E). ) R +2X(2). PH(:)) o)
< Ao (P) @] 11>+ 2(®P X, h) 12

Thus, it follows that

V(X +h) = V(X) = 2(X,®Ph) |

im 0
Il gz —0 Tl

This concludes the proof. O
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The following definition of the Comparison Lemma is found in [38, Page 102].
Definition 2.6 Consider the following differential equation

where f is continuous and locally Lipschitz in' Y on domY and for allY € J C R. Let W(t) be
a continous function whose Fréchet differential DV (W ()W < f(t, W (t)) with W (0) < Yo
and Y (t) € J on domY . Then, we have on domY that

W(t) <Y(t).

where domY is the interval of time on which Y is defined. o






39

Chapter 3

Output Feedback Control of a
Reaction-Diffusion Equation
with In-domain Disturbances

The input-output stability (IOS) of a reaction-diffusion equation by means of a finite-dimensional
linear time-invariant control system is studied. The reaction-diffusion plant admits a finite
number of unstable poles and is open-loop unstable. The infinite-dimensional plant is put
in feedback with a dynamic controller to achieve output stability via a Dirichlet boundary
measurement and regulated output. The control design problem consists of deriving suffi-
cient conditions in the form of matrix inequalities which allows us to show that the order of
the finite-dimensional controller can be selected large enough to achieve IOS even when the
control design is not optimal. This work has been presented to and accepted by the CDC
2022.

3.1 General Properties of a Sturm-Liouville Operator

A Sturm-Liouville differential equation is given by a second ordered ordinary differential
equation:
df

L oL |+ atrr = s (3.1)

Cdz dz

where p(z) > 0 and for z € (0,1). The differential equation (3.1) is essentially an eigenvalue
problem since A is not specified. Consider the mixed Dirichlet-Neumann boundary conditions

af(0)+bf'(0) =0

bf(1) +af' (1) =0 (32)

where a,b are real constants. Let the Sturm-Liouville operator A : D(A) C £2(0,1) —
£2(0,1) be defined by
Af=—(pf) +af

Let p € C'([0,1]) and ¢ € €°([0,1]) with p,q > 0. In [12, Chapter 11], the authors solve
the Sturm—Liouville boundary value problem. In the particular case where a = 0,b = 1
(Neumann boundary conditions), the normalized boundary value problem is given by:

” J—
qu> + g P =0 (3.3)
d'(0) =0, ®d(1)=0
The eigenvalues A\,,n > 1 of A are simple, non-negative, and form an increasing sequence
with A, — +00 as n — +o0o. Moreover the associated unit eigenvectors ®,, € £2(0,1) form
an orthonormal basis. The computation of the normalized eigenfunctions and eigenvalues for
problem 3.3 is straight forward and is given in [12, Chapter 11, Problem 11.2.2] by:

@, (2) = V2cos((n — %)772) (3.4)
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1
7)27r2p +q (3.5)

)\n:(n—2

We also have
D(A) = {f € H*(0, R) : Y [Aaf*|(f, Pn)|* < +o0}
n>1

and

Af = Inlf, Pn)Pn.

n>1
Let ps«,p*,q*, ¢« € R be such that 0 < p. < p(2) < p* and 0 < ¢« < ¢q(2) < ¢* for all
€ (0,1), then it holds (see e.g [55]):
0 <72(n—1)2ps + g < A\ < 720%p" +¢* (3.6)

for all n > 1. Finally, one can check that for all f € D(A)

1
(Af [) =D dnlf, Pn)? = /0 p() f'(x)* + q(x) f (x) . (3.7)

n>1

Moreover, for any f € D(A), we have

n>1

and

fl(@) = (f, @n) P, (2).

n>1

In [21], [33], one can find a proof that the Sturm-Liouville operator A is an infinitesimal
generator of a Cp-semigroup contraction on Hilbert spaces.

3.2 Problem Statement

We consider the stabilization problem of a one-dimensional linear reaction-diffusion system
with Dirichlet boundary condition by means of a boundary control input v € R ¢ > 0 and
z € (0,1):

zi(t,2) = (p(2)2=(t 2)) = + (ge — @)a(t, 2) +m(2)d(t)
z,(t,0) =0, z(t,1) = u(t)

z(0,2) = zo(2)

y(t) = x(t,0)

(3.8)

where p € C'([0,1]). Here ¢. € R is a constant, u(t) € R is the control input, y € R is
a boundary measurement and the to-be-regulated output, x(¢,-) € £2(0,1;R) is the state,
xo € £2(0,1;R) is the initial condition and d € R is the disturbance with m € C°([0,1]). The
objective is to design a finite-dimensional controller to achieve input-output stability (IOS)
with respect to the in-domain disturbance.

As classically done in the context of boundary control systems (see [19, Page 481]), for
sufficiently smooth inputs, it is possible to reformulate boundary control problems on an
extended state space in such a way that we obtain the associated system of the abstract
inhomogeneous Cauchy problem on £2(0,1;R):

w(t) = Aw(t) + f(t)

where f € C2([0,T];R). We are able to transform the boundary control system (3.8) into an
in-domain controlled equivalent system by introducing the change of variable

w(t, z) = x(t, 2) — 2%u(t). (3.9)
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For which we have

wi(t, 2) = (p(2)w: (1, 2))- ( —q(2))w(t, 2) + a(z)u(t) + b(2)u(t) +m(z)d(t)
wo(t,0) =0,  w(t1)= (3.10)

y(t) = w(t,0)
with a,b € £2(0,1;R) defined by a(z) = 2p(2) + 22p'(2) + (gc — q(2))2%, and b(z) = —2z2.
) =

In addition, wo(2) = xo(2) — 22u(0). Considering that v (¢ ( ) is an auxiliary command
input, we obtain the abstract Cauchy problem

w(t) = —Aw(t) + gew(t) + au(t) + bv(t) +md(t) (3.11)

with D(A) == {f € H?(0,1;R) : f'(0) = f(1) = 0}.

3.2.1 Existence and Uniqueness of Classical Solution to the Cauchy
Problem.

Consider the definition of a classical solution pair to the inhomogeneous abstract Cauchy
problem found in [19, Page 189].

Definition 3.1 The functions (w(t),d(t)) is a classical solution pair of (3.11) on domw if
w(t) € CH(domw; £2(0,1;R)) € D(A) and d(t) € C'(domd;R) for domw = domd, the time
interval R>o and (w(t),d(t)) satisfies (3.11) for all0 <t <T. o

Proposition 3.1 Assume m € £2(0,1;R), d(t) € C([0,T];R) and wy € D(A). Then,
(3.11) has a unique classical solution pair (w(t),d(t)).

Proof. According to [21], [33], the Sturm-Liouville operator A is an infinitesimal genera-
tor of a Cp-semigroup contraction on Hilbert spaces. In addition, functions a(z),b(z), m(z) €
£2(0,1;R). Thus, the abstract inhomogeneous Cauchy problem (3.11) has a unique classical
solution pair for wy € D(A) and d(t) € C'(domd;R) (see [19, Theorem 5.1.3, Page 189)]).
Finally, referring to [19, Theorem 10.1.4, Page 481], for xo(z) = wo(2) + 22u(0) € D(A), the
Cauchy problem (3.8) has a unique classical solution pair. Ul

3.2.2 Spectral Reduction of the Reaction-Diffusion System

We introduce the coefficients of projection w, = (w(-), ®p), an = (a, Py), by, = (b, ®,) and
my, = (m, Py,). We have w(t) € D(A) for all t > 0 and for n > 1

U, (t) ( An + qc)wn( ) + anu(t) + bnv(t> + mnd(t)v
i(t) = o), 12
y(t) = ) _ Pi(0)wi(t).

i>1

Let Ng > 1 and § > 0 be given such that —\, + ¢. < —0 < 0 for all n > Ny + 1. We now
introduce an arbitrary integer N > Ny which will be further constrained later. We design an
output feedback controller that will act on and modify the first N modes of the plant. First,
we introduce the following vectors:
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K

F1GURE 3.1: Closed-loop system.

—A1+qc 0 0
AQZI 0 —>\2+CIC :
: . 0

0 0 —Anv+qc

and, we focus on the following finite-dimension truncation of (3.12) which will be later used
in the stability analysis:

WN(t) = AgWN () + Ayu(t) + Bro(t) + Bad(t) (3.13)

Our objective is to design a finite-dimensional linear time invariant control system that renders
the closed-loop system (3.12) exponentially stable in the #1-norm while achieving a quadratic
performance specification on the controlled system. This controller serves to achieve 10S
for the infinite-dimensional system (3.8) with respect to the disturbance d. The general
framework of such a controller is given in the next section.

3.3 General Set-Up for the Output-Feedback Control
Problem

In this section, we present the general framework of the control problem using output mea-
surement feedback. This is presented in FIGURE 3.1 which conveys the problem of a feedback
interconnection of a plant P given by (3.11) and controller I with inputs d, u and regulated
output y.

We suppose that plant (3.12) is controlled by the following dynamic output feedback

controller IC given below:
(X [(Ae B\ (X
IC.(U>—<CC Dc)(y> (3.14)

where A, € RV+UX(N+1) B e RIVHD) ¢ e RI*(V+1) and D, € R are to be designed,
with N being the dimension of W¥. Let

C = [®1(0)...dx5(0)]"

g:z Z q)l(O)w,

i>N+1
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Then, the closed-loop system dynamics (P, K) can be formally written as follows:

W (t) Ag+B1D.C A, BiC.\ [WN(t) B1D, B
u(t) | = D.C 0 C. u(t) |+ De |g@)+ | 0 |d)
X.(t) B.C 0 A Xc(t) Be 0

iy (t) = (=An + ge)wn + b DeCWN (t) + anu(t) + bpCoXe(t) + by Degi(t) + mpd(t) n>N+1

y(t) = W™ (t) +7
(3.15)
From now on, we denote { := (w,u,Xc) and for all ¢ € D(A) x R x RV*1 we define the
following norm:

Clhsas = /Il +u? + X7 X (3.16)

We will refer to this norm as the H}-norm.
We are now able to formally state the problem we solve in this chapter.
Problem 3.2 Given p € C1([0,1]), ¢ € C°([0,1]) with p,q > 0 and q. € R. Design the con-
C BC
CC DC
(3.11) with (3.14):

trol parameters such that the following properties hold for the closed-loop system
e the origin of the closed-loop system is zero-input globally exponentially stable;

o for some (solution independent) p,¥,v > 0, for each classical solution pair (¢,d) to the
closed-loop system, the bound:

)| < 0 1Oy, + 01 [ dto)as (3.17)

holds for all t > 0.

Inequality (3.17) corresponds to an input-output stability (IOS) bound for the closed-loop
system (3.8) with (3.14). The main contribution of this chapter is to design an optimal
controller I in order to minimize the effect of the gain p. In Section 3.4, we provide an
explicit estimate of the IOS gain p.

3.4 Input-Output Stability Results

In this section we provide sufficient for the solution to Problem 3.2. First, we propose sufficient
conditions for #! stability and then construct a Lyapunov functional to derive the sufficient
conditions in the form of quadratic inequalities.

3.4.1 Sufficient conditions

The following section presents sufficient conditions for the solution to Problem 3.2. The result
relies on a dissipation inequality. This is done by proving the following proposition:

Proposition 3.3 Assume there exist a Fréchet differentiable functional V: H'(0,1;R) x R x
RN — Rsg and c1,ca,c3,x € Rsq such that for each d € R and ¢ € D(A) x R x RN*!

e llClEn < V() < ez ¢z (3.18)

DV(¢)¢ < —e3V () + x*d>. (3.19)

Then, the origin of the closed-loop system (3.15) is zero-input globally exponentially stable
and (3.17) holds with

2co c3
Vo YT
C; (3.20)
=2,
p o



Chapter 3. Output Feedback Control of a Reaction-Diffusion Equation with

44 In-domain Disturbances

Proof. First we consider a classical solution pair ((t),d(t)), i.e, ¢ € D(A) x R x R¥*! and
d € R for all t € dom{ where dom( is an interval of R>q including zero. Now, consider the
following function:

W :dom( — R
t— (Vo()(t)

Then, since V : H!(0,1;R) x R x RN+l — Ry is Fréchet differentiable everywhere and
¢ :dom¢ — H'(0,1;R) x R x RN+ is differentiable everywhere, it follows that for all ¢ > 0:

(3.21)

W(t) = DV (¢)¢(t).
Thus we have for all t € dom(

—Aw(t, )+ qw(t,-) + au(t)
+bu(t) + md(t)
v(t)
AcXc(t) + Bey(t)

W(t) = DV(()

Using (3.19), one gets, for all ¢ € dom(,
W(t) < —esW(t) + x2d(t)>
Therefore, since W is continuous on dom(, from comparison lemma, we have:
W(t) < e W(0) + x? /O t e~ 30 q(9)2dp, Vit € dom C.
This bound, thanks to (2.34), ensures that the origin of the closed-loop system is globally

exponentially stable with respect to the norm defined in (3.16) when d = 0. At this stage,
notice that for all ¢ € dom(, one has:

t t
/ e=3(=9)q(9)%dg < / d(6)2de

0 0
which allows one to conclude that for all ¢ € dom{

t
W(t) < e tW(0) +x2/0 d(6)%de.

Finally by using (3.18), it follows that for all ¢ € dom(

t
_3y [C2 X
t < b= 1¢(0 - d(0)2do. 3.22
160, < e 32 IO g, + 2y [ at0) (.22
Using the inequality (a + b)? < 2a® + 2b for all a,b € R, we have

2 t
C2 ot 2 X 2
OIIZ, <2=2e738¢(0 —/dt dt. 3.23
IC@) 15, < o 1€(0) (17,1 o ) (t) (3.23)

Since y(t) = w(t,0), and we know that since w(¢,1) = 0, we have
1 2 1
y(t)* = (/ wy (t, s)ds) < / wl(t, s)ds < lw(t)|3a (3.24)
0 0

Then, since
2 2
llw(@)l3n < [I<15
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using (3.24) and (3.23), we get
2 C2 ot 2 X2 t 2
y(0 <22 o)l + 5 [ (e (3.25)
C1 n c1 Jo

Since the terms /i—le*%t 1€(0)]l32 > 0 and \/% fg d(6)2df > 0, we can deduce the final
inequality:
. t
Dz < V2e 34 210 g + V2= / d(6)2de. 3.26
16Ol = 2 1Oy, + V22 [0 320

This concludes the proof. O

Remark 3.4 Inequality (3.22) in the proof corresponds to a classical input-to-state stability

(ISS) bound for the closed-loop system (3.15) with respect to the disturbance d. The ISS

asymptotic gain is equal to the I0S gain p = \/5\/% given in (3.20) to-be-minimized [69].

3.4.2 Construction of the functional V

Proposition 3.3 provides sufficient conditions for input-output stability (IOS) for the closed-
loop system in the form of functional inequality. In this section we provide a specific structure
for the functional V' in Proposition 3.3, which allows one to cast the solution of Problem 3.2
in the solution to some matrix inequalities.

We define the following matrices which will be necessary for the proof of the next theorem.

Ao+ B1D.C A, BiC.

Ay = D.C o C |,
B.C 0 Ac
Bi1D, By
Bii=| D¢ |, Bipg= 1| 0|, (3.27)
B, 0
4D2CTC 0 0
Ay = * alalZ: 0
* * 2a||b\|%2 clC.

2
We also define the constant Mo = >°,~ n1q q>*;\££)) which is finite when p € C2([0,1]) since

®,(0) =0(1) as n — +oo (see [55]) and (3.6) holds.

Theorem 3.5 Assume that p € C?([0,1]). Suppose there exist P € S%N+2, A, e RNHIXN+L B ¢
RN+ €. e RN*L D, € R and o, 8, x,1m,7 € Rsg such that:

As PByg PBiy
O=|* alm|i—x2 0 <0 (3.28)
. % 2a ||b||%2: D? — 8

where Az = AIP + PA; + As 4+ 2nP.
Select N sufficiently large such that for allm > N + 1

3

Then, the parameters Ac, Be, Ce, D solve Problem 3.2. In particular (3.17) holds with:

Vmin{min (P)ype7a:}

P (3.30)
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Proof. Let P € Sf,N+2,’y > 0, and X7 := (W u, X.). Consider the following Fréchet
differentiable Lyapunov functional:

V:D(A) xR x RN 5 R

w . ) (3.31)
u | = X[ PXi4y > An(w, )
X n>N+1

The first term corresponds to the dynamics of the truncated model (3.13) and the con-
trol model (3.14) while the second term, which is related to the H'-norm of the PDE tra-
jectories as depicted in 3.30, is used to handle the modes w, for n > N + 1. We have
c1 = min{Ayin (P), 7P+, ¢+ } and ¢z = max{Amax(P),vp*, v¢*} are strictly positive. Con-
sider the first term of the functional V:

Vi(X1) = X1 PX; (3.32)
and the closed-loop system (3.15). Then,

DVi(X1) X, =X| (A{ P+ PA)X, + 4 B],PX, +d" By;PX| + X{ PB11j+ X{ PBi2d.
(3.33)

We obtain the computation of the time derivative of V; along the solution pair to (3.12) and
(3.13):
T

X, X,
pvixNXi=[da | | 4 (3.34)
(] ]

where the matrix ) is given by:

AP+ PAy PBis PBn
Ql = * 0 0

* * 0

Now, consider Va(w) == 73,541 Anfw, @) with v > 0. The time derivative of V5
along the solution pair to (3.12), (3.13) yields:

DVa(w)io =2y Y An((=An + ge)w} + anuwy, + bpvwy, + mydw,). (3.35)
n>N+1

Thus, knowing that V' = V; + V5, we conclude the following expression:

b X1 T X1
DV (X1, w) (wl) +ov=|d ]| Qf d |+
] ] (3.36)
2y Z )‘n[(_)‘n + qc + n)w% + apuwy, + byvwy, + mndwn}

n>N+1

2nP 0 0
and Qo = O + * 0 0]. Using Young’s inequality, we have:
* * 0

1
2 Y Mgpwpu< = > Nwp +alla]|Zou?
n>N+1 anZNJrl

1
2 Z Anbnwnvga Z >‘721w721+a”b||3:2v2

n>N+1 n>N+1
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1
2 Z AnMpwpd < E Z /\%wi + O‘HmH2£2d2
n>N+1 n>N+1

for any o > 0. Recall that v = C.X. + D.(CW + 7). We have the following inequality:

v? < 2(X.CIC.X,) + 2D (CWN + §)?

(3.37)
< 2AXeCT CXe) +AD2(CWN  CTOWN) + 4D
Hence, using (3.37), (3.36) is bounded by:
% X\ /X
DV (X1, w) <w1> +omv<|d| Oz d
j j (3.38)
3
+2v Z An(=An +qe + 1+ a)wgz
n>N+1
and Q3 is given by:
A1TP+PA1 + Ao PBio PB11
Q3 = * a ||m||%2 0
* * 4o ||b| 22 D?
where
4D2CTC 0 0
ds={ +  allal 0
* * 2« ||b||%2 clc.

Knowing that

2

=Y. ®0)w

i>N+1

. 2
and Mo = 3 ;sni1 % is finite and ZiZNH)\,-w? is finite due to (3.7), we use the
generalization of the Cauchy-Schwarz inequality [14] to obtain the following

7

i>N+1 i>N+1
Hence, for any 5 > 0,
i>N+1
Combining (3.38) and (3.39), we obtain
X X1\ " X1
DV (X1, w) <w1> +omv<|d| Q4 d
y g (3.40)
3
+ 2 Z An <_)\n+QC+n++ﬁM<b) w%
a2y
n>N+1
where Q)4 is given by:
AIP—f—PAl + Ao PBio PBi1
Q= * a||m||%2 0

% * 2a ||b||%2 D2 — 3



Chapter 3. Output Feedback Control of a Reaction-Diffusion Equation with

48 In-domain Disturbances

and As is given in (3.27).
The latter implies that, for all d € R, (w,u, X.) € D(A) x R x RN*1 we have

% X\ (X
DV (X1, w) <w1) —x2dTd<-mV(Xp,w)+ [ d | O d|+2y > Tuw (341)
g Y n>N+1
0 0 O
where @ = Q4 — |+ x?I 0. At this stage, notice that (3.28), (3.29) state that @ < 0
* % 0

and I';, < 0 for sufficiently large N; therefore, (3.41) implies that
X 25T
DV (X1, w) o =2V (X1,w)+x"d'd

The previous equation reads as (3.19) and the proof is complete. O

Notice that the sufficient condition (3.28) is a nonlinear matrix inequality in the deci-
sion variables P, A¢, Be, Ce, and D.. Therefore (3.28) is hard to exploit from a numerical
standpoint for the design of the controller. To overcome this drawback, next we provide
sufficient conditions in the form of linear matrix inequalities. To achieve this, we adapt the
approach introduced in [62] for the design of dynamical output feedback controllers. This is
the objective of the upcoming section.

3.5 Control Synthesis

To simplify our approach and avoid nonlinearities in what follows, we enforce D, = 0. This is
not restrictive and leads to strictly proper controllers that can be more appealing in practice.
Let X,Y € SZ],VJrl and U,V € RWNVHDX(N+1) 16 nonsingular matrices such that Y X +
Y I X U .
VUT =1. Let) = (VT O) and P = (UT .) where “o” denotes “don’t care” symmetric
positive definite matrix. Under the considered assumptions ) is nonsingular and a simple
congruence transformation shows that

<0 <= X£<0

with
YAy  Y'PBi,  Y'PBp
ri= allm||Z2 — x? 0
* * —p

We define the following matrices:

— AO Au D . By
(6 ) ae2)
By = (%2), C=(C 0).

At this stage, as in [62], we consider the following invertible change of variables:

K L\ (XAy o U XBy\ (Ac B\ (VT 0
(M 0)( 0 0)+<0 I)(Cc 0)((:*3/ I (3.42)
This transforms the old variables (P, A, B, C.) into the new variables v = (X,Y, K, L, M).

Using the change of variable (3.42), applying the Schur complement lemma [81] and by fol-
lowing [62], one can show that ¥ < 0 is equivalent to the following linear matrix inequalities:

Y

X(v)>0 (3.43)
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and
AW)T + A(v) By (v) Be(v)T  C(v)
. allmla—x* 00
. : 5 0 <0 (3.44)
* * * —g-1
where
Y I
xw)=(} %)
_ (AY +BM A
A(”)_( K XA+LO)’

0 T
Y
- (I) ve, S_(aaH%g 0 )

C(v) =
() (0) . e 2ab)e
I

If conditions (3.43), (3.44) are feasible for certain K, L, M, one can use equation (3.42) to
deduce the values of A., B., C, that satisfy condition (3.28).

In the formulation of Problem 3.2, no specific requirements on the scalar p are considered.
On the other hand, it is obvious that to minimize the effect of the disturbance d on the closed-
loop system, the control parameters should be designed so that (3.17) holds with a minimal
p. This goal can be achieved by choosing v = B, a@ = 3 and considering the following
optimization problem

sup c¢
P,c (345)
s.t: (3.43),(3.44) hold P € S2V*2 P — ¢ > 0.
The optimization problem (3.45) is equivalent to finding a maximal ¢ such that

Y(P—eD)Y>0

We apply the Schur complement lemma [81] on the latter nonlinear inequality to obtain the
equivalent condition:

ir v v
« Y I]>0 (3.46)
* o+ X

which is linear in u = % Problem (2.52) can now be seen as designing minimal x4 such that

(3.46) holds.

3.5.1 Control Design Algorithm

We present the following algorithm to design the dynamic output feedback controller given
in (3.14).

Input: Specify the values of the system parameters p(z), q(z) and ..

Step 1: Calculate the value of Ny, the minimum value of n for which —\,, + g, < 0.

Step 2: Calculate the value of N > Ny, the minimum value of n for which (3.29) holds. This
N exists due to the fact that A, is positive definite and increasing. This will be the dimension
of the dynamic controller.

Step3: Use a numerical solver to find a feasible solution X,Y, K, L, M, N, c under which
(3.43), (3.44), (3.45) hold.

Step4: Derive the control parameters A., Be, Ce¢, D, using (3.42).

Output: The designed control parameters are given by A., B¢, C¢, D and p given by (3.30)
is computed.

In the next section, we use a numerical example to showcase our method.
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3.6 Numerical Analysis

In this section, we use the YALMIP package in MATLAB to solve linear matrix inequalities.
We illustrate the result of this chapter using a modal approximation that captures the 50
dominant modes of the reaction-diffusion plant with an in-domain disturbance given by:

d(t) = 0.1sin(2t)

Weset p=1,¢g=1, m =1, and ¢, = 4 for which the open-loop plant is unstable. We select
d = 0, and we obtain that Ny = 1 and N = 2, which is the minimum n for which (3.29)
holds. We choose the dimension of W¥ to be N = 3. The following control matrices renders
(3.43), (3.44) and (3.45) feasible.

~1524 119  —6.47  14.62
A _ | 484 2487 —2551 2.5
¢~ | 14535 —73.53 —126.97 —49.13
~36.28 —348 —586 —14.43
5.46 (3.47)
0.32
Be= | _9.98
0.66

Ce= (691 —045 —0.57 88) D.=0

We solve inequality (3.28) for the designed control parameters { A, Be, C¢, D.} and notice that
we do in fact have a feasible solution. The initial condition of the reaction-diffusion system
described by (3.8) is 2¢(z) = 2%. We simulate the closed-loop system (3.15) for the first 50
modes. Thus, we can deduce the time-evolution of the state x(z,t) in closed-loop system
and it is depicted in FIGURE 3.2 which showcases a convergence to a neighborhood of the
origin as predicted in Theorem 3.5 and one can observe the effect of the disturbance at steady
state. Similarly, FIGURE 3.3 shows the time and space evolution of the state w(t, z). Finally,
FIGURE 3.4 demonstrates the decay in the output y(¢) verifying the dissipation inequality in
Proposition 3.3 with p = 1.8.

3.7 Conclusion

The design of a finite-dimensional linear time-invariant (LTI) control system is proposed
in order to achieve the input-output stability (IOS) of a reaction-diffusion equation with a
Dirichlet regulated output and in-domain disturbance. Sufficient conditions in the form of
matrix inequalities are derived to solve the control design problem. Control Synthesis method
proposed by [62] is applied to the nonlinear matrix inequality to derive a suitable LMI. A
control design algorithm is proposed to provide a solution to the sufficient conditions. Finally,
a numerical example is presented to showcase the effectiveness and validity of our method.
In the next chapter, we investigate the problem of saturated distributed control of a
reaction diffusion equation to achieve local exponential stability results. We also design an
anti-windup compensator to enhance the system behavior under constrained controller.
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FIGURE 3.2: Time and space-evolution of the state z(¢, z)
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FIGURE 3.3: Time and space-evolution of the state (¢, z)



Chapter 3. Output Feedback Control of a Reaction-Diffusion Equation with

52 In-domain Disturbances

1.2

= 0.6
>
5
o
5
O 04f

0.2

0 -
_02 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20
Time t

FIGURE 3.4: Time and-evolution of the output y(t)
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FIGURE 3.5: Output y(¢) for N = 3 (red) and N =5 (blue)
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Chapter 4

Saturated Control and
Anti-windup Design for a
Reaction-Diffusion Equation
with In-domain disturbances

We design a saturated dynamic output feedback control law which locally stabilizes a lin-
ear reaction-diffusion equation with in-domain disturbance. As in the previous chapter, the
reaction-diffusion plant admits finite unstable poles. This chapter is divided into two parts.
The first part, found in Section 4.2, studies the input-output stabilization problem of the
infinite-dimensional system in closed loop with the finite-dimensional saturated control sys-
tem. The second part, found in Section 4.3, studies the input-output stabilization problem
of the infinite-dimensional system in closed loop with the saturated control system and an
anti-windup compensator. With the control system parameters designed and known thanks
to the studies done in the first part, we design an anti-windup compensator which locally
stabilizes the partial differential equation under consideration to ensure better performance
levels and bigger regions of stability. Using Lyapunov methods, dead-zone nonlinearities and
associated sector conditions, we tackle two main issues for each part. The first is estimating
the region of attraction for the closed-loop systems given in terms of linear matrix inequali-
ties when the in-domain exogenous signal is considered to be null. The second is evaluating
the performance level of each system by estimating the IOS gain when the in-domain exoge-
nous signal is different than zero and is energy-bounded. In the process of achieving those
two goals, two optimization problems for the two control problems in question are presented
which allow the optimization of the regions of stability and the stability gains. Finally, the
efficiency of the proposed methods is illustrated using numerical simulations which clearly
demonstrates the benefits of the anti-windup compensator in a saturated control problem.

4.1 Problem Statement

We consider the stabilizability problem of a one-dimensional linear reaction-diffusion equation
by means of a distributed control input « € R. The system model is given for all ¢ > 0 and
for z € (0,1):

wi(t, z) = (p(2)w:(t, 2)): + (g — q(2))w(t, 2) + b(2)u(t) +m(2)d(t)
w,(£,0) =w(t,1) =0 (4.1)
y(t) = w(t,0).

We assume that the state-space of this system is £2(0,1;R) and p € C2([0,1];R),q €

C°([0,1;R), ¢. € R and b,m € £2(0,1;R). Suppose that the input controller u(t) is a
nonlinear saturated controller subject to symmetric magnitude limitation %; such that:

—u; < u <y, u; > 0. (4.2)
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We can express the controller u(t) by the saturation nonlinearity defined by:
u = o(v) = min(|u|, @ )sign(u)

where the input signal v is given by the output of the control system dynamics which will be
defined later.

4.1.1 Existence and Uniqueness of Strong Solution Pairs to the
Cauchy Problem.

Recall the Sturm-Liouville operator defined in Chapter 3:

A :D(A) — L£*(0,1;R)

w = —(p(z)wy); + quw(z) (43)

where the domain of the operator A is given by D(A) == {f € H2(0,1;R) : f/(0) = f(1) =
0}. Then, abstract Cauchy problem is given by:

wi(t) = —Aw(t) + gew(t) + bu(t) + md(t) (4.4)

Proposition 4.1 Assumeb,m € £2(0,1;R), and wo € £L2(0,1;R). Then, (4.4) has a unique
mild solution pair (w(t),d(t)) € C*(domw; £2(0,1;R)) x £!(domd; R) where domd = domw is
a time interval of R>g.

Proof. Since o(v(t)) is 1-Lipschitz continuous on domw, then, according to [57, Definition
2.3, Page 106], there exists a unique mild solution pair (w(t),d(t)) € C*(domw; £2(0,1;R)) x
L' (domd; R) of the inhomogeneous Cauchy problem (4.4). O

By imposing further constraints on d, we can obtain strong solution pairs to the Cauchy
problem which will be useful later in the Lyapunov analysis. Strong solutions are similar to
classical solutions used in the previous chapter (see Definition 3.1). The following definition
of a strong solution pair of (4.4) is found in [57, Definition 2.8, Page 109].

Definition 4.1 A function w which is differentiable almost everywhere on domw such that
w € L' (domw; £2(0,1;R)) is called a strong solution of the abstract Cauchy problem (4.4) if
w(0) = wp and w(t) = Aw(t) + qew(t) + bu(t) + md(t) almost everywhere on domw. o

Proposition 4.2 Assume b,m € £2(0,1;R), wo € D(A), and d is Lipschitz continuous on
domd. Then, (4.4) has a unique strong solution pair (w(t),d(t)) € C'(domw; £2(0,1;R)) x
Cl!(domd; R) where domd = domw is an interval of R>q.

Proof. Since the state space £2(0, 1;R) is a reflexive Banach space, and o (v(t)) is 1-Lipschitz
continuous on domw, then, according to [57, Corollary 2.11, Page 109], for every wy € D(A),
the abstract Cauchy problem (4.4) has a unique strong solution pair (w,d) on domw. O

4.1.2 Partition of the System into Stable and Unstable parts

As seen in Section 3.1, A consists of isolated increasing eigenvalues with finite multiplicity
given in (3.5). Now, introduce the coefficients of projection wy, = (w(-),®y), b, = (b, Py)
and m, = (m,®,) for n € IN*. We have for all w(t,-) € D(A) and for all £ > 0 and for
n € IN*:

W (t) = (= + ge)wn (t) + bpu(t) + mypd(t),
y(t) =D ®;(0)w;(t). (4.5)

i>1

Let Ly and Hy be the subspaces of £2(0,1;R) and H'(0,1;R) spanned by (dDJ());V:l
respectively. Let LJN and H ]J\-, be the orthogonal complement of Ly and Hy in £2(0,1;R)
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and H#'(0,1;R) respectively. Let ¢ : R" — Hx be the isomorphism defined by «(®7) = @;(-),
where (P7) j=1,-,N is an orthonormal basis of RY. We will use the isometric representation of
£%(0,1;R) as £2(N*,R) and #'(0,1;R) as ' (IN*,R) obtained by the isomorphism induced
by @;(+) = ®7, where

o

(N*,R) = {(wn)nen+ € RN > Ju|* < o0},

n=1
and

o0
RY(N*,R) = {(wn)nen+ € RN+~ Apfw,|* < oo}
n=1

where ®7,j € IN* are the standard basis vectors in £2(IN*,R) and h!(IN*,R) and we use
the standard norm on those spaces. We also denote the decomposition Let "@" be the
orthogonal sum of subspaces. (2 (N*,R) = RN GB@ZNH corresponding to the decompo-
sition £2(0,1;R) = Ly @ Ly where g?ZNH is the set of sequences in ¢2(IN*,R) which
are zeros in the first N entries. Similary, h!'(IN*,R) = ]RN@TL}ZNH corresponds to
H1(0,1;R) = Hy @ Hy.

Let Ng > 1 and 6 > 0 be given such that —\, +¢. < —§ < 0 for all n > Ny + 1. We now
introduce an arbitrary integer N > Ny which will be further constrained later. We design an
output feedback controller that will act on and modify the first N modes of the plant. First,
we introduce the following vectors:

WN(t) == (w1 (t) ... wn(t) T,
B = (bl - bN)T,

By = (m mN)T,
M+ g 0 0
AO — 0 _>\2 +qC ,
: . 0
0 0 —Av+e

and we focus on the following unstable finite-dimension truncation of (4.5):

W () = AgWN (t) + Bru(t) + Bod(t). (4.6)

Assumption 4.1 The pair (Ag, B1) is controllable. o

Assumption 4.2 Consider that the Lipschitz continuous exogenous disturbance d(t) is en-
ergy bounded such that it belongs to the following set of functions:

S={d:[0,00) = R; /OO d(s)%ds <& 1)
0

for some € > 0. The energy of d(t) is now said to be bounded by £~ 1. o

Our first objective is to design a finite-dimensional linear time-invariant control system under
the effect of saturation that renders the origin of the closed-loop system (4.5) locally expo-
nentially stable in the Hj-norm while achieving a quadratic performance specification on the
controlled system. The second objective is to introduce an anti-windup compensator to the
system that allows for better system performance and larger region of attraction. The general
framework of the dynamic control law is given in the next section.
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FIGURE 4.1: Closed-loop system (P, K.) with saturation limitation.

4.2 General Set-Up for the Output-Feedback Control
Problem

Given N > Ny, consider the following state space representation for the continuous-time
linear plant P:

WH(t) = AW¥ (t) + Bro(v(t)) + Bad(1),

tn(t) = ( An +qc)wn( )+ bno(v(t)) + mad(t)  n>=N+1, (47)
=) Dy
i>1
We assume the following LTI dynamic output feedback controller /C.:
Xe(t) = AcXc(t) + Bey(t) (4.8)

YC(t) = CCXC(t)

where X, € RY is the state of the controller and A, € RV*N B, € RN and C, € R™*" are
to be designed, with N being the dimension of W¥. The dead-zone nonlinearity is denoted
by
d(v) =0o(v) —wv
and let
C = (®1(0)...®x(0) "

Z @;(0)w,
i>N+1

The general closed-loop system between (4.1) and (4.8) is given by:

w(t) = Aw(t) + gew(t) + bo (Ye(t)) + bu(t) + md(t)
y(t) = w(t,0)

Xo(t) = AcXc(t) + Bey(t)

Ye(t) = CeXc(t).

(4.9)

Let ¢, = ( ;(” ) € D(A) x RV, and the H}-norm is defined by
C

I¢ellzg =/ llwll3p + X Xe (4.10)
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The projected closed-loop dynamics (P,K.) of the plant (4.7) with the output feedback
control (4.8) (as seen in FIGURE 4.1) can be formerly written as:

() = (e ) () + () eoen () (5 ) e

Wn(t) = (=An + ge)wn(t) + 0pCeXe(t) + bpd(Ye(t)) + mpd(t) n>N+1
N

Ye(t)=(0 Ce 0) (V)V(é?)

y(t)=(C 0 0) (@/{Néi))w

(4.11)
Inspired by the work done in [52], we prove that the exponential input-output stability of the
infinite-dimensional closed-loop system (4.11) boils down to studying the exponential input-
output stability of the unstable finite-dimensional system in closed loop with the defined
control plant. In the next section, we define the finite-dimensional closed-loop system and
then present the local exponential stability analysis which will help us later in Section 4.2.2.
We are now able to formally state the first problem we solve in this chapter.

Problem 4.3 Given p € C?([0,1]), ¢ € C°([0,1]) with p,q > 0 and q. € R. Design the con-

trol parameters (él,c %C such that the following properties hold for the closed-loop system
(&

(4.9):

e the origin of the closed-loop system is zero-input locally exponentially stable with region
of attraction R,

o for some (solution independent) e, v, pe > 0, for each strong solution pair ((c,d) to
the closed-loop system, the bound:

t
()] < e 1Go(0) ez + pe /0 OR (4.12)

holds for all t € R>q.

Inequality (4.12) corresponds to an input-output stability (IOS) bound for the closed-loop
system (4.11). The first contribution of this chapter is to design an optimal controller K. in
order to minimize the effect of the gain p. for d # 0 and maximize the region of attraction
R. for d = 0. In Section 4.2.2.1, we provide an explicit estimate of the IOS gain p. and the
region of attraction R..

4.2.1 Local Stabilization and Estimation of the region of attraction
for the Finite-dimensional Truncation System

Consider the closed-loop system of (4.6) with (4.8):
W\ _ (Ao BiCe\ (WN(1)) (B oo+ (B2 ae)
Xc(t) B.C A, Xc(t) 0 ¢ 0
_ WH(t)
Ye(t) = (0 Ce) <Xc(t) )
The goal of this section is to evaluate the region of attraction for the zero-input exponen-

tial stability of finite-dimensional unstable system (4.13) in order to later find the region of
attraction for the zero-input exponential stability of the whole system (4.11).

(4.13)

Definition 4.2 Assume A, Be,C. are chosen such that (4.13) is zero-input exponentially
stable. The set E(Pyc, 1) is said to be a region of attraction if

o 0€int&(Pye, 1),
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o for any (WN(0),Xc(0)) € E(Pse, 1), the corresponding solution of (4.13) satisfies
(WN(t), Xe(t)) = 0 as t — oo,

o for any (WN(0),Xc(0)) € E(Pfe, 1), it holds that (W (t), Xc(t)) € E(Pye,1) for all
t > 0 (forward invariant property).

The mazimal region of attraction, or the domain of stability, is the largest set with the above
properties satisfied. It is also uniquely defined. o

As classically done in the subject of local exponential stability using saturated control, the
system states are constrained into a polyhedral set with the help of quadratic Lyapunov
functions. Usually, the Lyapunov function defines the state domain as an ellipsoidal level set
defined below.

Definition 4.3 Consider the finite state X € R™,m € IN* belonging to an ellipsoidal level
set domain. Then, X belongs the following set

E(RK) ={XeR™: X"RX <k} (4.14)
for some k>0 and R € 5. o
In the next proposition, we prove that the region of attraction for the local exponential

stability of the origin of (4.13) is given by an ellipsoidal domain.

4.2.1.1 Input-Output Stability Analysis for the Finite-dimensional Sys-
tem

In this section, we use the quadratic Lyapunov function in order to solve the local exponential
stability analysis problem with respect to the energy-bounded exogenous input d for system
(4.13). Let us define the generalized sector condition found in [72, Page 43] which will be
later used in the calculations of the Lyapunov stability conditions.

Lemma 4.1 For all v1,v2 € R such that —ii; < v1 —ve < 1y, the nonlinearity ¢(v1) satisfies
the following inequality:
¢(v1)T(p(v1) +v2) <0 (4.15)

for any T € Rg. o

We define the following matrices which will be used in the proof of the next proposition.
_ [ A BiCc _ (B
Aqp = (BCC A, ) Bu=1{¢ ]

B wh 4.16
B123=<02)’ Xfc5=<X>7 (4.16)

K:= (0 C.).
The following proposition is an already published result in [72, Page 137]

Proposition 4.4 Suppose there exist Py, € SZQ,N, Tr. € Rso, G € RY>2N A, e RV*N B, e
RN, C. € RN and 11,7, 1 € Raqg such that:

Al Pjo+ PpoAvi + 1 Ppe PpeBin —G'Ty. PjeBro

X —2T}, 0 <0 (4.17)
* * —To
T _T
(Pfc K _QG ) >0 (4.18)
* Ul
—7m8+T11 < (4.19)

Then, we have the following:
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o for d =0, the ellipsoid E(Py.,1) is a region of attraction for the local exponential
stability of the origin of the saturated system (4.13).

o forany d e S and X;.(0) € E(Pye, 1), the trajectories of the saturated system (4.13)
do not leave the ellipsoid E( Py, 1).

Proof. Let Py, € SIQ,N and consider the quadratic Lyapunov function defined as
Vi = X[ PreXge (4.20)

Following the procedure done in [72, Chapter 3|, we want to prove that Vf < uVy for p <0
along the trajectories of the saturated system (4.13) for any Xy, such that X}'—CPfCXfC <1
and for any d € §. This translates to proving the following inequalities:

Vf(Xfc) +T1X]—chPfCXfC—TQd2 <0 (4.21)

—Ti4né <p (4.22)

The informal computation of the derivative of V; along the trajectories of the saturated finite
system (4.13) gives:

Vi(Xye) =X} (Al1 Pre + PreAn) X ge + 6B Pre Xy + d' Bay PreXge + X[ PrcBii¢

+ X/ PsBiad
(4.23)
where Aj1, Bi1 and Big are defined in (4.16). We rewrite (4.23) as:
T
_ Xre Al Pj.+ PpcAni PpeBui PpeBia\ [ Xge
Vi(Xpe)=| ¢ * 0 0 é (4.24)

d * * 0 d

We have that
o(Ye) = ¢(KX)

and let G = (G1 Gg) € R™2N_ We can apply Lemma 4.1 by choosing v, = KXy, and
vy = GXj, for any Xy, € G == {X. € R*;[KX . — GXy.| < @} which is satisfied if (4.18)
is satisfied. Thus the dead-zone nonlinearity ¢(IKX.) satisfies:

¢(lKXfc)Tch(¢(IKXfc) + GXfc) <0
Then, we have the following inequality

Vf(Xfc) — TQde + T1Vf (Xfc) < Vf(Xfc) — TQde —+ T1Vf(XfC) - 2¢ch(¢)(]KY) -+ GY)

(4.25)
Thus, we obtain
Vf(Xfc) — TQde + 7'1Vf(XfC) <
T
Xye Al Ppo+ PpeAvi +1Ppe PpeBii —G'T  PpcBia\ [ Xfe (4.26)
1) * 2T 0 0]
d * * —To d
Thus, if (4.17) is satisfied, the previous inequality implies
Vi(Xfe) —TQde—f—TlVf(Xfc) <0 (4.27)

and the proof is concluded. Ul
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4.2.2 Local Stabilization and Estimation of the region of attraction
for the Overall Infinite-Dimensional System

We prove in the next proposition that the region of attraction for the asymptotic stability
of the overall system (4.11) depends mainly on the knowledge of the region of attraction
E(Pfe, 1) given by Proposition 4.4.

Proposition 4.5 Assume A., B, C; are chosen such that the origin of the finite-dimensional
system (4.13) is zero-input locally exponentially stable with region of attraction E(Pfc, 1) given
in Proposition /.. Then:

o the origin of system (4.11) is zero-input locally exponentially stable with region of at-
traction E(Pyc, 1) x h]lZNH.

o the origin of system (4.9) is zero-input locally exponentially stable with region of at-
traction Hy x 1(E(Pye, 1)).

o« foranyd e S and ((0) € Hy; x t(E(Pfe, 1)), the trajectories of the saturated system
(4.11) do not leave the region R..

o There exist three positive values M, a and p1 such that for any initial condition w(0,-) €
int(Hy X L(E(Pfe,1))), the following 10S inequality holds.

t
()] < Me= [[Co(t,0) s + o1 /0 d(6)2do. (4.28)

Proof. Since we prove that the origin of (4.13) is zero-input locally exponentially stable with
region of attraction £(Pf,1), it follows from Proposition 4.4 and inequality (4.27) that for
any X.(0) € int€(Py., 1) (or a compact subset of int&(Py, 1)), the following holds

X4 (8)] < max(Pre) = X (0) 4 /td(9)2d9 £>0
fe - )\min(Pfc fe )\min(Pfc) ’ -
_ Amax(Pfc) _ _ . .
Let M7 = N (Pre) 1 = S and My = ﬁ(QPfc)' From equation (4.7), we derive

that for j > N + 1, for any ¢ > 0, for any (wn4+1(0), wn42(0),---) € h}ZNH and d € S:

t
wj () = Aty (0) 4 b / ) (0) 5 (KX ,(6))d6 + m, / (=Xt (1) () dp
0

Since the saturation function o is 1-Lipschitz continuous, it holds that
o (KX ge)| < KX pe| < [K[[[Xpel-

Thus, exploiting Assumption 4.2 and Proposition 4.5, we obtain for all j > N + 1 and for all
t > 0 the following

t t
w;(1)] < e |w; (0)] + |b;] | K| / e 20| X ;. (0)|d0 + |m;| / e21t=9)14(6)|do

< ey (0) + M1y | K] / o0 (0)] 9

+ Malb; |||]1<\|/ ¢02(1=0) ,/ )2d6 d9+|m]|,/ 6)2d6

M1|b;] ||K
M a1t 0230 X 1o (0)] + (|my| + Moalbs| K| £) /&L,

< e w;(0)
az2; —ai

where agj = A\j — ¢.. Using the inequality (a + b)? < 2a% 4+ 2b% for any a,b € R, and the square
summability of [w;(0)], |b;| and [m], it follows that 3°7° 4 [w; (t)|?> decays exponentially
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with respect to the input-to-state stability gain. Hence, if the origin of (4.13) is zero-input
exponentially stable with region of attraction £(Pj,,1), then the origin of the overall system
(4.11) is zero-input asymptotically stable with region of attraction

E(Pfe;1) X hisniy-

At this point, system (4.11) is seen as a cascade interconnection of a locally exponentially
stable system and an ISS system. For a (. in a closed, bounded subset of int(:(H f\; X
E(Pfe,1))), the previous computations yield:

t
1Ce(®) 1 < Me= Ca(0)] + 1 /0 d(0)2d0

for suitable constants M, a and p;. Since y(t) = w(t,0) and w(t, 1) = 0, we have

07 = [ vt o)

Thus, we can obtain (4.28), and the proof is concluded. O

2 1
< [ udttods < ol < 161 429)

Remark 4.1 If we are exclusively looking to prove input-to-state stability, the region of at-
traction is relazed. In particular, the region of attraction for the asymptotic stability of (4.11)

becomes E(Pyc, 1) x ﬂ%j>N+1) and that of (4.9) becomes Lir x 1(E(Pye, 1)). See [52] for more

results on 1SS stability. o

In the next section, we propose a second Lyapunov method to derive sufficient conditions for
local exponential stability of the origin of the infinite-dimensional closed-loop system.

4.2.2.1 Input-Output Lyapunov Stability Analysis for the Overall System
with Saturated Control

In this section we perform Lyapunov stability analysis on the infinite-dimensional system to
design a solution to Problem 4.3. First, we propose sufficient conditions for ”H}:— stability
and then construct a Lyapunov functional to derive the sufficient conditions in the form of
quadratic inequalities.

4.2.2.1.1 Sufficient Conditions

The following section presents sufficient conditions for the solution to Problem 4.3. The result
relies on a dissipation inequality. This is done by proving the following proposition:

Proposition 4.6 Assume there exist a Fréchet differentiable functional V: H'(0,1;R) x
RY — R>¢ and c1,c¢2,¢3,x € Rsq such that for each d € S and (. € R. C D(A), a
sublevel set of V', such that:

erllCelizn < V(G < ezl (4.30)

DV(Cc)éc < _C3V(Cc) + X2d2- (4.31)

Then, the origin of the closed-loop system (4.9) is zero-input locally exponentially stable with
region of attraction R and (4.12) holds with

pe = (4.32)

Ells

Proof. First we consider a strong solution pair ((.(¢),d(t)); i.e, (¢ € Rc and d € SN
Clvl(domd; R) for all ¢ € dom(. where dom(, is an interval of R>¢ including zero. Now, con-
sider the following function:

W :dom(. - R

t— (Vodl.)(t) (4.33)
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Then, since V : H'(0,1;R) x RN — R>¢ is Fréchet differentiable everywhere and (. :
dom(, — H'(0,1;R) x RY is differentiable almost everywhere, it follows that for almost
all t > 0:

W(t) = DV(CC)éc(t)'

Thus we have for almost all ¢ € dom(,

: —Aw(t, )+ qgew(t,-) + bu(t) + md(t
W(t) = DV(Cc) ( ( )Acgfc(t() _|_)ch(75()) ( )>

Using (4.31), one gets, for all ¢ € dom(,
W(t) < —esW(t) + xd(t)*.
Therefore, since W is continuous on dom(., from comparison lemma [38, Page 102], we have:

t
W(t) < e~ B3W(0) 4 / e=3=9q(0)%d9, Vt € domC,.
0

This bound, thanks to (4.30), ensures that the origin of the closed-loop system is locally
exponentially stable with respect to the ’Hi-norm and with a region of attraction R when
d = 0. At this stage, notice that for all ¢ € dom(,, one has:

t t
/ e=3(=0)q(9)2dp < / d(6)2de
0 0

which allows one to conclude that for all ¢ € dom(,

W(t) < e S'W(0) + x* /01t d(6)%ds.

Finally by using (4.30), it follows that for all ¢ € dom(,

—%‘”t Cc2 t
IOy < e F 2Ol + 2y [ ato2an (434

Since y(t) = w(t,0) and w(t, 1) = 0, we have

0= ([ wetioras)

2 2
lwo(®) 3 < 1Gel1Z

2

1
< [ uds)ds < o). (4:35)

Then, since

using (4.34) and (4.35), we get

202

ly(t) < e = 116e(0)lly +xf 6)2do, (4.36)

which reads as (4.12). This concludes the proof. |

4.2.2.1.2 Construction of the Functional V,

Next, we define the following matrices which will be used for the proof of the next theorem:

0
313—<B)>
C

(4.37)
A= (0 0
12‘(0 ar B> ¢ cc>
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2
Let the constant My = >, <y % which is finite when p € C2([0,1]) since &, (0) =

0O(1) as n — +oo (see [55]) and (3.6) holds.

Theorem 4.7 Suppose there exist P € SZQ,N,T € Ruo,G € R*2N 4. ¢ RVXN B, ¢
RN, C. € RN and o, p1,,7, it € Rsqg such that:

AP+ PAy; +Aip+7 P PBn s G'T PBio PBi3
* at ||bl|z2 —2T 02 0 <0 (4.38)
% * at [[ml/ze — 2 0
* * * —p1
T _ T
(P K _2G > >0 (4.39)
* aj
—nt 4 <p (4.40)
Select N sufficiently large such that for alln > N 41
3
An <>\n PP B ¢> <0. (4.41)
ap 2y

Then, the parameters Ac, Be, C. solve Problem /J.3. In particular (4.12) holds with:

= )
Vmin{min (P),ypx, 705} (4.42)

p

and the region of attraction R is given by Hy x t(E(P,1)).

Proof. Let P € SI%N, v >0, and Xy = (WN, X.). Consider the following Fréchet differen-
tiable Lyapunov functional:

V:HY(0,1;R) x RY - R

w
(X> > X[ PXyo+y Z A (w, @y,)2.
¢ n>N+1

(4.43)

The first term corresponds to the dynamics of the truncated model and the control model while
the second term, which is related to the H!-norm of the PDE trajectories, is used to handle
the modes w,, for n > N. We have that (4.30) holds for ¢; := min{Amin(P),¥ps,7¢«} and
co = max{Amax(P),yp*, v¢*} are strictly positive. Consider the first term of the functional
V.

Vi(Xe) = Xs.' PX. (4.44)

For the finite-dimensional part of the Lyapunov functional, the stability analysis is similar to
the proof of Proposition 4.4. We have

DVi(Xyo)Xfe =X [ (AP + PAN)Xge + 6B), PXye + X PB11¢

(4.45)
+d'B,PXje+7' B3PXjc+ X[ PBiad+ X .PBi3j

where A1, B11, Bi2 are defined in (4.16) and Bjs is defined in (4.37). We obtain the compu-
tation of the time derivative of V; along the system trajectories:

T
Xfc AEP—FPAH PBy1 PByis PBij Xfc
i * 0 0 0
DV (XfC)Xfc = ((ii) N . 0 0 fi) (4.46)
7 * * * 0 Y

As done for the proof of Proposition 4.4, let G = (G1 Gg) € RY2N | We can apply Lemma
4.1 by choosing v1 = KXy, and vo = GXj, for any X;. € G = {Xy. € R2V; KX ¢, —
GXy.| <1} which is guaranteed by the satisfaction of condition (4.39). Thus, the dead-zone
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nonlinearity ¢(IKXy.) satisfies:
¢(KXfc)TT(¢(H<Xfc) + GXfc) <0
Then, we have the following inequality
DVi(Xye)Xfe—12d ' d < DVi(Xye) X e — 72d ' d — 20T (6(KY) + GY). (4.47)

Thus, we obtain

Xt \ ' [A,P+PA;, PB-G'T PBiy PBis\ [Xje

) ) * —27 0 0 1)
DVi(Xse)Xpe < | G : : 0 0| @as)

7 * * * 0 Y

Now, consider Va(w) = 73, > ny1 An(w, Pp) with v > 0. The time derivative of V3 along
the system trajectories (4.11) yields:

DVa(w)i =2y Y An((=An + ge)wp, + buo (Yo wn + mpdwy,). (4.49)
n>N+1

Thus, knowing that V' = Vj + V5, we conclude the following expression:

DV (w, X.) (W ) +rV(w, X,) =
X
X;\ ' [Al,P+PA;, +7P PBy—G[T PBiy PBis\ [Xje

b % —oT 0 0 b

d * * —T9 0 d (4.50)

] * * * 0 0
+27 ) A[(=An o+ ge + T wh 4 KX pewn + bpd (KX ) wy, + myduwy]

n>N+1

Using Young’s inequality, we have:

1
2 ) Anbpw KXy, < — > Arwd 4 an||bl| 2. X [ KK Xz
n>N+1 n>N+1

1 2,2 2 2
2 > Anbawnd < o= >0 Awp+alblize
n>N+1 n>N+1

1 2,2 2 2
2 Z AnMmpwpd < o Z Awy, + at|im||p2d
n>N+1 n>N+1

0 0

T —
for any a1 > 0. We have that K'K = (0 cTe,

). Furthermore, knowing that

2

gQ = Z CDZ(O)’LUZ

i>N+1

. 2
and Mo = 3 sy CDZ/\(*(_)) is finite and > ;5 g Mw? is finite due to (3.7), we use the
generalization of the Cauchy-Schwarz inequality [14] to obtain the following

72 < Z %0)2 Z Aiw?

i>N+1 Y i>N+1
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Hence, for any 51 > 0,

2 ~2
B1 Mo i>§_1 )‘iwi - 615 >0 (4'51)

Combining (4.50) with Young’s inequality and (4.51), we obtain

T

. X X
W T fe fe
DV (w, X.) (X > +71V(w,Xe)—med'd< | d Q. d
‘ g g (4.52)
3
+ 2y Z An <—)\n+QC+Tl++61M¢'> w?z
ap 2y
n>N+1
there has been a change in the formula here where O, is given by:
AP+ PAn +oq |b]| 2 KTK+ 7P PB1—G'T PBis PBi3
0. — x ar |[bl|Z2 — 2T 0 0
c — 2
* * at ||ml|pe — 0
* * * —b1

If the conditions (4.38) and (4.41) are satisfied, then (4.31) holds for p. given in (4.32). In
addition, if conditions (4.38), (4.39), (4.40), (4.41) are satisfied the origin of closed-loop system
(4.11) is zero-input locally exponentially stable with region of attraction £(P,1) x h}>N+1,
and consequently, the origin of (4.1) in feedback with (4.8) is zero-input locally exponentially
stable with region of attraction Hy x +(€(P,1)). O

Remark 4.2 In the case where the control input Y, is not constrained (p(Y.) = 0), the
origin of the closed-loop system (4.11) is said to be zero-input globally exponentially stable.
If the open-loop system is stable, and the previous inequalities hold for IK = G which provide
conditions for global exponential stability. o

4.2.3 Control Synthesis and Optimization Problems

The quadratic conditions derived in Theorem 4.7 constitute sufficient conditions used to solve
Problem 4.3. We notice that the matrix ©,. in the inequality (4.38) is nonlinear with respect
to P, A, Be,Ce,G and T. Thus, as done in the previous chapter, we propose a linearization
method [62] , [72] that allows us to exploit the quadratic condition from a numerical standpoint
and therefore derive the values of the control parameters that solve Problem 4.3.

4.2.3.1 Derivation of Linear Matrix Inequalities

Let S = 77! and let X,Y € SI],V and U,V € ]R(NXN) be nonsingular matrices such that

Y I X
dP=

vl o)™ UT

symmetric positive definite matrix. Under the considered assumptions ) is nonsingular and

a simple congruence transformation gives:

YX+VUT = 1. Let Yy = Y) where “o” denotes “don’t care”

T

y

(O <0

¥ ¥ Un O
¥ ~NO O
* % x <&
¥ ¥ Un o
* N O O
~N O O O

0
0
0
1

* % ¥
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implies that

VYI(A[,P+ PAj + A1 +1P)Y Y'PBS-Y'G"  Y'PBs  Y'PBis

2 2
* at ||bl|z2 S —28 O2 0 <0
* * at |[ml|ze — 72 0
* * * —01
(4.53)

We consider the following change of variable [62]:

K L\ _(XAyY 0 U XB1\ (A. B\ (VT 0
(M 0)‘( 0 0)*(0 I )(C 0)\cy 1 (4.54)
This transforms the old variables (P, A¢, Be, C¢) into the new variables v = (X,Y, K, L, M).

Using the change of variable (4.54), it follows that:
YT(A[|P+PA;1)Y = A(v)" + A(v);
a0y= (MR se)
X(v) =Y PY = (}/ )I(> :

Bi(v) =YY" PB11S = <)('B£13;S’S) ;
By(v) ==Y PBiy = ( )ﬁ;z) ;

Bs(v) = YT PBys = (2) :

yTeT _ (YGI+VG] _ (2]

We can rewrite Y A12) as HI/I12H1 where

- MT
Aup=alble, = ( ! )

Thus, inequality (4.53) implies

A(V)T + A(v) +HI;1121—11 +71X(v) Bi(v)-Z(v) By (v) Bs(v)
* a1 ||b] 2 S% — 28 0 0
g <0.
* * at |[ml|re — 2 0
* * * —h
(4.55)
Applying the Schur complement lemma [81] on (4.55), we say that (4.55) holds if
X(v)>0 (4.56)
and
AW)T +AW) + 11X (v) Bi(v)-2Zv)" By (v) Bs(v) 1T
* —-25 0 0 S
* * a1 ||m||%2 — T 0 0 <0
* * * —01 0
* * * * —/Ifl

(4.57)
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Finally, multiplying (4.39) by YT on the left and ) on the right, we obtain the following
linear matrix inequality written in the new variables (4.54):

X I MT-z]
Iy -z >0 (4.58)

*x % 612

Notice that the matrix in (4.57) is nonlinear in the terms X,Y,7; and S. The nonlinear
terms 71X, 7Y are considered linear if we fix 71 by performing a line search on 7 € R>¢. In
addition, we fix a1 by performing a line search on R+ and therefore the last diagonal element
is now linear. Looking at (4.41), it is obvious that a; needs to be chosen sufficiently large
to satisfy the inequality. The last inconvenient nonlinearity is dealt with in [72] by adding a
static anti-windup input E.¢(Y,) to the control dynamics such that only the matrix Bij is

modified and becomes
_ o Bl
By = ( Ec> .

Therefore, the matrix By (v) is replaced by:

) B S B1S
Bi(v) = (XBls—li-UEcS> - ( Cl? )

In conclusion, if there exist X,Y € SV K € RVN [ ¢ RV, MP>N 7, € RN 7, €

R™N Q € RN and f1,v,m € Ry such that (4.56), (4.57) (modified), (4.58), (4.41) hold,
then the solution (A, Be, C¢) to Problem 4.3 is derived using the change of variable in (4.54).

Obviously, the same change of variable can be used to transform (4.17), (4.18) into linear
matrix inequalities as done in [72]. Following that method, since S here is scalar, we can
perform a line search on S and avoid the addition of a static anti-windup term. However,
this might not give feasible solutions to the exponential stability of the infinite-dimensional
system since S here is constrained due to the second diagonal element in (4.55).

4.2.3.2 Optimization Problems

In the formulation of Problem 4.3, no specific requirements on the scalar p. or on the size of
the region of attraction are considered. For d # 0, it is obvious that to minimize the effect
of the disturbance d on the closed-loop system, the control parameters should be designed so
that (4.12) holds with a minimal p.. This goal can be achieved by fixing 71, and considering
the following optimization problem

sup 71
Py (4.59)
s.t: (4.57), (4.56), (4.58), (4.41) hold P € SN, P —r1I > 0.
The optimization problem (4.59) is equivalent to finding a maximal r1 such that

YVI(P-—rD)Y>0

We apply the Schur complement lemma [81] on the latter nonlinear inequality to obtain the
equivalent condition:

I Y V
x Y I]<0 (4.60)
* * X

which is linear in pq = % Problem (4.59) can now be seen as designing minimal g such

that (4.60) holds along with (4.57), (4.56), (4.58).
On the other hand, for d = 0, to maximize the region of attraction, the control parameters
should be designed so that R. is maximal which implies that £(Pj.,1) should be maximal.
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This goal can be achieved by fixing «;, choosing v = 1 and considering the following opti-
mization problem

inf 79
Pro (461)
s.t: (4.57), (4.56), (4.58), (4.41) hold P € §2N, P —ryI < 0.

In the next section, we consider the design problem of an anti-windup compensator that helps
achieve better performmance levels for the input-output stability and enlarges the region of
attraction evaluated in this section.

4.3 General Set-Up for the Anti-Windup Compensator
Synthesis

We introduce an anti-windup compensator to the overall system such that the output of the
anti-windup plant is plugged into the dynamics of the control state X.. Thus, we add an
input v, to system (4.8) for the anti-windup purposes:

Xc = A X+ Bey + vy

(4.62)
Y, = CeXe.

The extra input v, is given in the following simplified direct anti-windup system K, presented
in [72, Chapter 7] called the direct linear anti-windup design:

Xaw = AgwTaw + Baw(U(ch) - ch)

Vg = CowXaw + Daw<U(YE) - Y;) (463)
where X4, € R2N is the anti-windup state such that the dimension of the anti-windup state
Xaw is the same as that of Xy, and the output of the anti-windup plant Yy, is injected
into the dynamics of the controller state (Yguw = vz). The goal is to design suitable anti-
windup parameters Aq, € R2N*2N B, e R*V Cu, € RV*2N and D, € RY so that
the origin of system (4.1) in closed loop with (4.62), (4.63) achieves input-output stability

w
with smaller IOS gain and larger region of attraction. Let (, = | X, | such that for all
Xaw
(o € D(A) x RN x R?NV | the Hl-norm is defined by
allgg = /ol + X7 X+ X Xow (464)

The configuration of the closed-loop dynamics of (4.7), (4.62) and (4.63) can be seen in
FIGURE 4.2 and is formerly written as (P, K¢, Kq):

W () 0 WH(t) By
X | =% A G xew) |+ [ Daw | 600
Xaw 0 anc Sw Xaw(t) Baw
By 0
+( 0 )de)+ B | (4.65)
0 0
(1) = (= An + qe)wn (t) + by CeXe(t) + bpd(Ye(t)) +mpd(t) n>N+1
Yc(t) = CcXc(t)
y(t) =CWN(t) +§

There are two main issues to tackle in system (4.65) with the anti-windup compensator. The
first issue is in the case when d = 0 where the goal is to enlarge the region of attraction of
the resulting closed-loop system. The second issue is in the case when the energy bounded
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FIGURE 4.2: Closed-loop system (P, K., Ky) with anti-windup com-
pensator.

exogenous signal d # 0 where the goal is to enhance the performance level regarding the
input-output stability property discussed before. Mainly, we aim to minimize the IOS gain
obtained before as p.. Following the steps done in Section 4.2, we start by estimating the
region of attraction and I0S gain for the origin of the finite-dimensional closed-loop system
in order to conclude that of the infinite-dimensional system.

We are now able to formally state the second problem we solve in this chapter.

Problem 4.8 Given p € C?(]0,1]), ¢ € C°([0,1]) with p,q > 0 and q. € R. Given the
A, B
C. 0
Agw, Baw, Caw, Daw such that the following properties hold for system (4.1) in closed loop
with (4.62) and (4.63):

control parameters that solves Problem j.3. Design the anti-windup parameters

o the origin of the closed-loop system is zero-input locally exponentially stable with region
of attraction R,

o for some (solution independent) 4, vVa, pq > 0, for each strong solution pair (g, d) to
the closed-loop system, the bound:

t
ly()] < vae™ " (1¢a(0) 31 + pa /Od(a)Qde (4.66)

holds for all t € R>q.

Inequality (4.66) corresponds to an input-output stability (IOS) bound for the closed-loop
system (4.67). The second contribution of this chapter is to design an anti-windup system
KCq in order to further minimize the effect of the gain p, for d # 0 and further maximize the
region of attraction R, for d = 0. In the next section, we provide an explicit estimate of the
IOS gain p, and the region of attraction R,.
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4.3.1 Local Stabilization and Estimation of the region of attrac-
tion for the Finite-Dimensional Truncation System with Anti-
Windup Compensator

Consider the closed-loop finite-dimensional system of (4.6) with output feedback control (4.62)
and anti-windup compensator (4.63) such that the first input for the control system (4.62) is

WN
now known and given by y = Y~ = CW?. Let the finite state be Xfq = [ X¢ |. Then,
XG/[U
the closed-loop is given as follows:
X1a(t) = AnXpa(t) + Buo(Ye(t)) + Bnd(t) (4.67)
Yolt) = KoXa(t) - |
where
Ay BiC. O B
A9y = | B:.C Ac Caw Ba1 = | Daw
0 0 Aqw Baw (4.68)
By ’
By =|0 K,=(0 C. 0).
0

The goal of this section is to evaluate the region of attraction for the zero-input exponential
stability of the origin of finite-dimensional unstable system (4.67) in order to later find the
region of attraction for the zero-input exponential stability of the origin of the whole infinite-
dimensional system (4.65).

4.3.1.1 Input-Output Stability Analysis for the Finite-dimensional Sys-
tem

The next proposition is an already published result in [72, Chapter 7, Page 294].

Proposition 4.9 Suppose there exist Py, € SﬁN, T € Rug,G, € RPN A, e RZV2N B e
R2N, Cpw € RN*2N D, € RN and 73,74, 1 € Ryq such that:

AJ P+ ProAo1 +73Pga PpaBai =G'T  PyoBao

* -2T 0 <0 (4.69)
* * —T4
T _T
(Pia Ka _2Ga) >0 (4.70)
U
— T4§71 +1m3<p (4.71)

Then, we have the following:

o for d = 0, the ellipsoid E(Pyq,1) is a region of attraction for the local exponential
stability of the origin of the saturated system (4.13).

o foranyd € S and Xy,(0) € E(Pfq,1), the trajectories of the saturated system (4.13)
do not leave the ellipsoid E(Pfq,1).

Proof. We follow the same proof provided for Proposition 4.4 0

4.3.2 Local Stabilization and Estimation of the region of attrac-
tion for the Overall Infinite-Dimensional System with Anti-
Windup compensator

As done in Section 4.2, we prove that the region of attraction of the infinite-dimensional
equation in closed loop with the control dynamics and the anti-windup compensator boils
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down to the estimation of the region of attraction for the finite unstable system (4.67). This
is guaranteed in the next proposition.

Proposition 4.10 Assume Aqw, Baw, Caw, Daw are chosen such that the the origin of finite-
dimensional system (4.67) is zero-input locally exponentially stable with region of attraction
E(Pyc, 1) given in Proposition 4.12. Then:

o the origin of system (4.65) is zero-input locally asymptotically stable with region of
attraction E(Pfq,1) X h}zNH’

o the origin of system (4.1) with feedback (4.62) and (4.63) is zero-input locally asymp-
totically stable with region of attraction Hz: x 1(€(Pyq, 1)),

o foranyd e S and (4(0) € Hy; x t(E(Pfq, 1)), the trajectories of the saturated system
(4.11) do not leave the region.

Proof. We follow the same proof provided for Proposition 4.5. (|

We propose a second Lyapunov method to solve Problem 4.8.

4.3.2.1 Input-Output Lyapunov Stability Analysis for the Overall System
with Saturated Control and Anti-windup compensator

4.3.2.1.1 Sufficient Conditions

The following section presents sufficient conditions for the solution to Problem 4.8. The
result relies on an exponential dissipation inequality. This is done by proving the following
proposition:

Proposition 4.11 Assume there exist a Fréchet differentiable functional V: H'(0,1;R) x
RY x R?N — Rsq and c1,c2,¢3,x € R such that for each d € S and (z € Ry C D(A), a
sublevel set of V, then the following hold:

C1 ”CaH?.[{ll < V(Cc) <c2 ”CaH’QH(lL ) (4.72)

DV((a)Ca < _C3V(Ca) + X2d2. (4.73)

Then, the origin of the closed-loop system (4.67) is zero-input locally exponentially stable with
region of attraction Rq and (4.66) holds with

X
=2 4.74
Pa o (4.74)
Proof. We follow the proof provided for Proposition 4.6. O

4.3.2.1.2 Construction of the functional V,

The next theorem provides the sufficient conditions for local exponential stability under the
form of quadratic matrix inequalities. Let

0
Bog = | Be
0
0 0 0

A= (0 a|p>ClcC. 0
0 0 0
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Theorem 4.12 Suppose there exist P, € Sf,N, T, € Rug, Gy € RN A, e RENX2N B €
R2N Cow € RY2N and an, Ba, , v, 1t € Rsq such that:

AJ Py + PyAoy + 3P, + Ao Pa3212_ G, T, P, B2 P, Ba3
* az [[b]|72 — 2T, O2 0 <0 (475)
* * az |[ml|r2 — 74 0 -
% * * — B2
T _T
(Pa Ka _QGG) >0 (4.76)
* oh
g Ty < (4.77)
Select N sufficiently large such that for allm > N + 1
3
Ty = An (—An +g+m+—+ 62M¢> <0. (4.78)
az 2y

Then, the parameters Agw, Baw, Caw, Daw solve Problem 4.8. In particular, (4.66) holds with:

— \/27’4
Vmin{Amin (Pa),yps yax}

Pa (4.79)

The region of attraction R, is given by Hy; x t(E(Py, 1)).

Proof. Consider P € SgN,’y >0, and Xg, == (W, u, X,). Consider the following Fréchet
differentiable Lyapunov functional:

Va: HY 0,1, R) x RY x RN — R

w . ) (4.80)
Xe | = X[PaXpa+7 D An(w, )2

The first term corresponds to the dynamics of the truncated model (4.6), the control model
(4.62) and the anti-windup model (4.63), while the second term, which is related to the #!-
norm of the PDE trajectories, is used to handle the modes w, for n > N. Condition (4.72)
holds for ¢; == min{Amin(Ps), VP, v¢« } and ¢z = max{Amax(Ps),yp*,v¢*} which are strictly
positive. Consider the first term of the functional V:

Vi(Xta) = Xta' PaXta (4.81)

Derive the Lyapunov functional V(X fa) along the trajectories of the closed-loop system
(4.65). Then, we obtain

DVi(Xta)Xfa =X }o(Ad1 Pa+ PaA21) X + & By PaXgo+d' BoyPaXpo + X[ PaBa1¢p+ X}, PaBoad
+ 3 BysPaXfq + X}, PaBasi.

(4.82)
We obtain the computation of the time derivative of V; along the solution to (4.7):
Xfa T AJ Py + PyAs1 PyBai PyBay PuBas\ (Xia
DVi(X )X fq = g - ) 8 8 g (4.83)
1) * * * 0 ¢

Let G, = (Gg G4) € R?N x R2N. We can apply lemma 4.1 by choosing v; = K, Xy, and
vg = G Xy, for any Xy, € Gy = { Xy, € R*V: Ko Xfq —GaXfo| < @} which is guaranteed
by the satisfaction of condition (4.76). Thus, the dead-zone nonlinearity ¢(IK,Xy,) satisfies:

¢(KaXfa)TT(¢(H<aXfa) + GaXfa) <0
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Then, we have the following inequality
DVi(Xta)Xpo —7ad"d < DVi(Xfo)Xfa — 1ad" d — 26T (0(KaX fa) + GaXfa).  (4.84)

The rest of the proof mimics the proof of Theorem (4.7). Thus, we obtain that Frechét
differential of the Lyapunov functional (4.80) satisfies the following inequality:

T

X T Xf(l Xf(l
DV (X fq,w) ( uf}‘“) + 73V (Xpgyw)—md' d< | d | @ d
g g (4.85)
3
+ 2y Z An (_>\n+QC+7—3+a2+§’2yM<D) wTQL

n>N+1

where @y is given by the matrix in (4.75). If the conditions (4.75) and (4.78) are satisfied, then
(4.31) holds. In addition, if conditions (4.75), (4.77), (4.77), (4.78) are satisfied, the origin
of the system (4.1) in closed loop with (4.62) and (4.63) is zero-input locally exponentially
stable with region of attraction Hx: x 1(€(Pq,1)). O

4.3.3 Control Synthesis and Optimization Problems

The quadratic conditions derived in Theorem 4.12 constitute sufficient conditions used to solve
Problem 4.8. We notice that the matrix @, in the inequality (4.75) is nonlinear with respect
to Py, Aaw, Baw, Caw, G and T,. Thus, we repeat the same procedure done in Section 4.2.3
to transform the quadratic conditions found in Theorem 4.12 into linear matrix inequalities
that can be exploited numerically in order to calculate the anti-windup parameters.

4.3.3.1 Derivation of Linear Matrix Inequalities

Let S, = Tgl and let X, € S%N,Ya S S%N and U,,V, € IR(QNXZN) be nonsingular matrices

such that Y, X, +V,U] = I. Let Y, = (éf‘fr é) and P, = (é(% U'a) Under the
a a

considered assumptions ), is nonsingular and a simple congruence transformation gives:

T

Yo 0 0 0 Yo 0 0 0
x S, 00 * S 0 0
x % I 0 Oa x % I 0 <0
T * % ok ]

implies that

Vi (AJy Py + PyAoy + Aoy + 73P) Ve V) PuBnS—Y/G] Y/ P.Byx Y[ P,Bas

% az ||b]|%2 S2 — 28, 0 0

* X az ||m||22 — 7 0

* * * — 5o
(4.86)

Counsider the following change of variable [62]:
K, La\ _ (X,AuY, 0 + (UVa X.B\ (Aaw Baw) (V,] 0 (4.87)
M, E, 0 0 0 I Caow Daw 0 I '
= 0
where B = ( I)' In other words:

Ko =XA1Y +UAg,V + XBCouV'';
Lo = UyBaw + Xa BDaw;

M, = CawVT;

Ey = Doy
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This transforms the old variables ( Py, Ay, Baw, Caw, Daw) into the new variables v = (X,, Yy, Ky, Lo, My, E).
Using the change of variable (4.87), it follows that:

V) (AJ Py + PuAot)Va = A(w) T + A(v);
2 <A11Ya +BM, Ap ) .

A(V) = K, XaAll

I X,
A o T _ BDG,’U) _ BEaSa . BQ]. .
Bl(y) T ya P(IB21SCL_ <XBDaw+UaBaw) Sa— < LaSa - QQ )

A B
By(v) =Y, PuBn = < % }3212> :
a

X(V):—y(;rpaya—<ya I);

~ B
B3(v) ==Y P.By = ( by >;

XaBl3
YG4 + VG| Zs
Zv)=Y]G] = ( 3G§— 1) = Z,)
Thus, inequality (4.86) implies
X(v)>0 (4.88)
and
AW)T + A(v) + Ase + X (v) Bi(v) —Z(v) By(v) Bs(v) 0
—28 0 0 S
* * ag|ml2e —m 0 0o |<o.
* * * — 9 0
* * * * —A_Zl
(4.89)

Finally, multiplying (4.76) by Y] on the left and ), on the right, we obtain the following
linear matrix inequality written in the new variables (4.87):

X I YCJ 27

I Y ¢ -z | <o (4.90)
* ok ﬂ?
where Co = (0 C.). Notice here also that the matrix in (4.89) is nonlinear in the terms
Xa,Ya, T3, flf;. As done previously, the nonlinear terms 13X, 73Y, and Ale are considered
linear if 73 and a are fixed by performing a line search on 73, a2 € R>g.

In conclusion, if there exist X,,Y, € S%N,Ka e R2N>2N 1. ¢ ]R2N,M(£VX2N,EG €
RN, Z; € RN 7y € R™2N and f£2,7 € R such that (4.88), (4.89), (4.90), (4.77), (4.78)
hold, then the solution (Agw, Baw, Caw, Daw) to Problem 4.8 is derived using the change of
variable in (4.87).

4.3.3.2 Optimization Problems

As done for Section 4.2.3.2, the minimization problem of the effect of the external perturba-
tions on system (4.1) in closed loop with (4.62) and (4.63) boils down to solving the following
convex optimization problem:

PlaIa1£2 H2
pel Yo Va (4.91)
s.t: (4.89), (4.88), (4.90), (4.78) hold | * Y, I | <0
* *  Xg

On the other hand, for d = 0, the maximization problem of the size of the region of attraction
for the local exponential stability of the origin of (4.1) in closed loop with (4.62) and (4.63)
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boils down to solving the following convex optimization problem:

inf 73
) Pa,r3 (492)
st (4.80), (4.88), (4.90), (4.78) hold Py — rI < 0

4.4 Numerical Simulation

In this section, we use the YALMIP package in MATLAB to solve the linear matrix inequalities
(4.41), (4.56), (4.57), (4.58) and derive a feasible solution to Problem 4.3. The simulation
of the closed loop system without anti-windup (4.11) is presented to graphically display the
time evolution of the H!-norm of the state w(t,z) and the norm of the output y(#) in order
to validate the ISS and IOS properties proven in this chapter.

Consider (4.1) with b(z) = m(z) = p(z) = q(z) = 1 in closed loop with (4.8). We
illustrate the result of Section 4.2 using a modal approximation that captures the 50 dominant
modes of the reaction-diffusion plant with an in-domain disturbance given by:

d(t) = 0.1sin(2¢)

The saturation limit @; = 2. Choose g. = 4 such that the open-loop plant is unstable with
Ny = 1 and select the dimension of the finite-dimensional controller N = 3. Fix ay = ag = 1.
The following control matrices renders (4.41), (4.56), (4.57), (4.58) feasible with optimization
goal (4.60).

—29 —26 -33
Ac=| -4 —20 27

80 8 —70

—17 (4.93)
B.=| -3

51

Ce= (57 36 —1.35)

The initial condition of the reaction-diffusion system described by (4.1) is wo(z) = 2. For
d # 0, the time-evolution of the states [|w(z,t)[;1 and [|Cc[l31 are depicted in FIGURE 4.3
and FIGURE 4.4 which showcases a convergence to a neighborhood of the origin as predicted
in Proposition 4.6 and one can observe the effect of the disturbance at steady state. FIGURE
4.5 demonstrates the decay in the output y(t) verifying the dissipation inequality describing
the input-output stability property in Proposition 4.6 with p. = 3.9. Finally, FIGURE 4.6
shows the time evolution of the control input u(¢) (in blue) under the effect of saturation
limitation in comparison with the unsaturated signal Y;(¢) (in red).
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H,-norm of state w(t)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
time t

FIGURE 4.3: Time evolution of the H!- norm of the state w in the
case without anti-windup.

H-norm of state Cc(t)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
time t

FIGURE 4.4: Time evolution of the H!-norm of the state (. in the
case without anti-windup.
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0.2

Output

_12 | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time t

FIGURE 4.5: Time evolution of the output y in the case without anti-
windup.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time t

FIGURE 4.6: Time evolution of the saturated control signal u (in blue)
vs. the unsaturated control signal Y,(¢) (in red) in the case without
anti-windup.
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FIGURE 4.7: Output decay for increasing dimension N of the control
system.
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Now that (A, B¢, C.) are computed, the anti-windup parameters are derived such that
(4.78), (4.88), (4.89), (4.90) are satisfied with with optimization goal (4.91):

0.53 0.01 -0.18 5.17 3.32 —1.37

—-0.02 —-22 5.0 —-1.87 -—-1.2 0.83
A — —-0.25 1.36 —149 1.65 1.12 1.34
aw Tl —742 923 —24 —-14 -24.6 —-33.65
—0.38 18.1 —24.7 244 —1.5 29
4.8 6.5 —0.35 34 —27 —4.6
—81
—-14
34
Baw = ~195 (494)
—123
0.46
—-18 —-34 -—-12 —-28 -2 0.68
Cow=1|-4 -23 15 =29 0.25 1
67 72 161 46 112 -—-72
197
Dgw = | 124
—49

For the same initial conditions and saturation limit, the time-evolution of the states ||w||,
and ||l are depicted in FIGURE 4.8 and FIGURE 4.9 which showcases a convergence to
a neighborhood of the origin as predicted in Proposition 4.11 and one can observe the effect
of the disturbance at steady state. FIGURE 4.10 demonstrates the decay in the output
y(t) verifying the dissipation inequality describing the input-output stability property in
Proposition 4.11 with p, = 1.3. Finally, FIGURE 4.6 shows the time evolution of the control
input «(¢) coinciding with the unsaturated signal Y.(¢) (in red).

One can obviously see a better performance level for the Input-output stability gain after
the anti-windup compensator to the closed-loop system when comparing FIGURE 4.5 with
FI1GURE 4.10. This is validated also by:

Pa < Pc-

For d = 0, we re-do the simulations for the optimization goals (4.61) and (4.92) respec-
tively. The numerical results gives:

Amax(P) = 30 > Amax(Pa) = 25

Thus, the region of attraction for the local exponential stability of the origin of the closed-loop
system without anti-windup is smaller than that with anti-windup.

Therefore, the addition of the dynamic anti-windup clearly benefits the system require-
ments in terms of performance level and region of attraction.
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H1-norm of state w(t)

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
time t

FIGURE 4.8: Time evolution of the H!- norm of the state w(t,-) in
the case with anti-windup.

B ] (o]

H1 -norm of state g‘a(t)

w
I

0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
time t

FIGURE 4.9: Time evolution of the H}- norm of the state (,(t,-) in
the case with anti-windup.
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0.2

Output

142 | | | | | |
0 0.5 1 1.5 2 25 3 35 4 45
Time t

FIGURE 4.10: Time evolution of the output y(¢) in the case without
anti-windup.

2.5

Control u(t)
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FIGURE 4.11: Time evolution of the saturated control signal u(t) and
unsaturated control signal Y. (¢) (coincide) in the case anti-windup.
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2
8 Equation with In-domain disturbances

Consider now another example where N = 3,4; = 1 and the initial condition wg(z) =
4(cos(z) +1). FIGURE 4.12 shows that the output y(¢) diverges when there is no anti-windup
compensator. FIGURE 4.13 shows a converging output y(¢) when anti-windup is considered
with control input u(t) given in FIGURE 4.14. This further illustrates the importance of using
such configuration when we have saturation limitations.

15
2><10 ‘

4 -

Output y(t)

10 ! ! ! ! ! ! ! ! !
0 2 4 6 8 10 12 14 16 18 20

Time t

FIGURE 4.12: Output y(¢) with no anti-windup.

FIGUREs 4.15, 4.16, 4.17 shows the different output and control responses for different
dimensions of controllers.
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FIGURE 4.13: Output y(¢) with anti-windup.

4.5 Conclusion

In this chapter, the stabilization problem of a linear unstable reaction-diffusion equation has
been studied using Lyapunov stability theory. The control input is under saturation limitation
and an output feedback dynamic control system has been introduced to drive the origin of the
closed-loop system into local exponential stability. The region of attraction of the closed-loop
infinite-dimensional system has been evaluated by proving that it basically depends on the
region of attraction of the finite-dimensional system consisting of the finite unstable truncation
model in closed loop with the output feedback control dynamics. Sufficient conditions in the
form of linear matrix inequalities have been found for the design of the appropriate control
parameters.

After the control parameters were designed and given, an anti-windup compensator has
been added to the closed-loop system in order to improve the performance level of the overall
system. The stability analysis is done again to derive the new sufficient conditions and region
of attraction for the local exponential stability of the origin of the new closed-loop system.

The efficiency and interest in the anti-windup approach have been illustrated in numerical
results which clearly shows the decrease in the input-output stability gain and the increase
in the size of the region of attraction after introducing an anti-windup compensator.

In the next chapter, we present a summary for the whole thesis and offer some perspective
for future research extensions.



Chapter 4. Saturated Control and Anti-windup Design for a Reaction-Diffusion

4
8 Equation with In-domain disturbances

1.5 T T T T T T T T T

Control u(t)
o
()]
|

o
f
L

_1 Il Il Il Il Il Il Il Il

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time t

FIGURE 4.14: Control input «(¢) with anti-windup.
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FIGURE 4.15: Output y(¢) for different dimensions of controller.
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Chapter 5

Conclusion and Perspectives

The thesis investigated the stabilization and control design problems of partial differential
equations using control signals that might be subjected to saturation constraints. The various
problems we solved are: well-posedness Cauchy problem, boundary control design, distributed
control design, and anti-windup design problems; all in the context of infinite dimensional
systems. The main tools used to solve those problems are nonlinear semigroup theories,
Lyapunov stability theory and linear matrix inequality techniques. The applications of the
presented approaches are interesting from a practical and theoretical point of views.

In all chapters, we have tackled issues related to ensuring system stability (either input-
to state stability or input-output stability) using state feedback or output feedback control
laws. The magnitude constraints imposed on the boundary and distributed controls under
the form of saturation functions led to stability problems. In particular, saturated control
not only restricts the initial conditions of the system state into being close to zero but also
threatens the well-posedness of the boundary value problem. We used nonlinear semigroup
theories to prove the existence and uniqueness of solutions to the partial differential equation
with the nonlinear saturation function at the boundary. We have used Lyapunov methods to
ensure exponential decay of the energy of the system over time. We have used both £2 and
H! Lyapunov functional to mathematically provide sufficient conditions for the exponential
decay of the system state or of the regulated output. In this thesis, when we talk about global
stability results, either the system is open-loop stable or the control is not constrained. For
local stability results, we used local sector conditions and Lyapunov functions to derive the
appropriate region of attraction for the stability of the system. Finally, for all the systems
studied, we presented ISS or IOS stability gains with respect to the in-domain disturbances.
In what follows, we summarize the problems solved in each chapter and provide future insight
and perspectives to the topics presented.

5.1 Main Contributions and Perspectives for Hyperbolic
Systems

The first chapter solves two problems. We focused on the study of an open-loop stable one-
dimensional transport equation with a saturation at the boundary and perturbation in the
domain.

The first problem is proving that the boundary value problem is well-posed. We proved
that the unbounded operator that governs the system is non-accretive and that its range is
equal to the space on which the state is defined. By using the general theory of nonlinear
m-accretive operators in Banach spaces, we deduced the existence of mild solution pairs to
the Cauchy problem. The second challenge solved was proving that the mild solution pair
can be approximated by a sequence of strong solution pairs in order to be able to carry out
the Lyapunov stability analysis.

At this point we were able to solve the second problem in this chapter. The sufficient
conditions for the global exponential stability of the origin of the system were derived using
Lyapunov stability theory. This analysis revealed an input-to-state stability bound to the
closed-loop state. By the help of the global sector condition, an £? Lyapunov functional,
and Schur complement lemma, the sufficient conditions were rewritten under the form of
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linear matrix inequalities, which led to numerically affordable tests. Finally, an optimization
problem was solved in order to reduce the effect of the disturbance on the ISS property.

For the numerical analysis, we presented an application on a scalar system of the transport
equation. We prove that the satisfaction of the sufficient conditions, which were derived with
an £? Lyapunov function, requires the open-loop stability property. Finally, some numerical
simulations were carried out to illustrate the efficiency and interest of our approach and
display the input-to-state stability result.

5.1.1 Perspectives

Chapter 2 opens the horizon for some interesting questions. In particular, one can extend
the research towards other classes of Lyapunov functions, as those considered in [1] and
to compare the consequent constraints with those present in Theorem 2.2. Omne can also
consider the extension of this application to the design of an observer and an anti-windup
compensator. Another interesting extension is introducing uncertainties in the domain or
boundary and design a control strategy with robust properties. Finally, one can consider
other class of nonlinearity such as backlash operator as considered in [73].

5.2 Main Contributions and Perspectives for Parabolic
Systems

5.2.1 TUnconstrained Control Problem

The third chapter solves the output feedback boundary control problem for a reaction-diffusion
equation with Dirichlet boundary conditions to achieve input-output stability results globally.
In this chapter, the control input was not saturated. The main interest was considering an
open-loop unstable plant. In particular, the system in question admitted a finite number
of unstable poles, which is not usually considered in the literature of controlling reaction
diffusion equations (where marginal stability holds for open-loop systems). In addition, the
system was assumed to be affected by an in-domain disturbance. Through a standard change
of variable, the system was transformed into a homogeneous parabolic partial differential
equation. The proposed control design strategy was based on a partition of the overall
system into a unstable finite ODE system and an stable infinite-dimensional system using
eigenfunction projections. Then, the partitioned systems were put in closed loop with a finite-
dimensional linear time-invariant control plant whose output is plugged into the boundary of
the system. Using Lyapunov stability methods, sufficient conditions in the form of matrix
inequalities for input-output stability of the reaction-diffusion plant with respect to in-domain
disturbances, were derived. Using an appropriate change of variable, we provided LMIs and
an appropriate algorithm to effectively choose the dimension of the controller and to design
the control parameters required to solve the problem defined. A numerical example was
presented to illustrate the effectiveness of our approach and to highlight the strategic choice
of the dimension of the controller.

5.2.2 Constrained Control Problem

The first problem that was solved in Chapter 4 was the stabilization problem of a linear
unstable reaction-diffusion equation using a saturated distributed control. As done in the
previous chapter, coefficients of projections were used to rewrite the system into a finite
unstable part and an infinite stable part. The control input signal was given by the output
feedback dynamic control system which was designed to achieve closed-loop local exponential
stability of the origin. The region of attraction of the closed-loop infinite dimensional system
has been evaluated by proving that it mainly depends on the region of attraction of the
projected finite dimensional system in closed loop with the output feedback control dynamics.
Using Lyapunov stability theory, sufficient conditions in the form of matrix inequalities have
been presented for local exponential input-output stability of the origin of the closed-loop
system.
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The second problem we solved in this chapter, was the design of an anti-windup com-
pensator for the infinite dimensional system, which was the first time done in the context
of distributed parameter systems. The intention behind this addition was to maintain the
previous local stability properties and enhance the performance levels as well as enlarge the
region of attraction of the closed-loop system. Stability analysis was carried out to derive new
sufficient conditions and an estimate of the region of attraction for local exponential stability
of the origin of the new closed-loop system.

The efficiency and interest in the anti-windup approach have been illustrated in numerical
results, which clearly show the decrease in the input-output stability gain and the increase
in the size of the region of attraction after introducing an anti-windup compensator. It also
highlights the strategic choice of the order of the finite dimensional controller and that of the
anti-windup to deal with the suboptimal control design issues.

5.2.3 Perspectives

It would be interesting to consider other classes of Lyapunov functions than the ones consid-
ered in this study and to compare the associated regions of attractions and stability gains. It
also opens extension to saturated boundary control design for the local input-to-state stabil-
ity problem. In addition, the observer design problem for the reaction diffusion system with
distributed saturated control is a possible future research topic. Finally, one can study the
problem of limited information control as considered in [24], for example.
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