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Abstract

The objective of the thesis is to study the possibility of using
input-output feedback linearization techniques for controlling
nonlinear nonminimum-phase systems. Two methods are devel-
oped. The first one is based on an approximate input-output
feedback linearization, where a part of the internal dynamics is
neglected, while the second method focuses on the stabilization
of the internal dynamics.

The inverse of a nonminimum-phase system being unstable,
standard input-output feedback linearization is not effective to
control such systems. In this work, a control scheme is devel-
oped, based on an approximate input-output feedback lineariza-
tion method, where the observability normal form is used in con-
junction with input-output feedback linearization. The system is
feedback linearized upon neglecting a part of the system dynam-
ics, with the neglected part being considered as a perturbation.
Stability analysis is provided based on the vanishing perturba-
tion theory. However, this approximate input-output feedback
linearization is only effective for very small values of the per-
turbation. In the general case, the internal dynamics cannot be
crushed and need to be stabilized.

On the other hand, predictive control is an effective approach

iii



iv Abstract

for tackling problems with nonlinear dynamics, especially when
analytical computation of the control law is difficult. Therefore,
a cascade-control scheme that combines input-output feedback
linearization and predictive control is proposed. Therein, input-
output feedback linearization forms the inner loop that com-
pensates the nonlinearities in the input-output behavior, and
predictive control forms the outer loop that is used to stabilize
the internal dynamics. With this scheme, predictive control is
implemented at a re-optimization rate determined by the inter-
nal dynamics rather than the system dynamics, which is par-
ticularly advantageous when internal dynamics are slower than
the input-output behavior of the controlled system. Exponential
stability of the cascade-control scheme is provided using singular
perturbation theory.

Finally, both the approximate input-output feedback lineariza-
tion and the cascade-control scheme are implemented success-
fully, on a polar pendulum ’pendubot’ that is available at the
Laboratoire d’Automatique of EPFL. The pendubot exhibits
all the properties that suit the control methodologies mentioned
above. From the approximate input-output feedback lineariza-
tion point of view, the pendubot is a nonlinear system, not input-
state feedback linearizable. Also, the pendubot is nonminimum
phase, which prevents the use of standard input-output feed-
back linearization. From the cascade control point of view, al-
though the pendubot has fast dynamics, the input-output feed-
back linearization separates the input-output system behavior
from the internal dynamics, thus leading to a two-time-scale
systems: fast input-output behavior, which is controlled using a
linear controller, and slow reduced internal dynamics, which are
stabilized using model predictive control. Therefore, the cascade-
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control scheme is effective, and model predictive control can be
implemented at a low frequency compared to the input-output
behavior.
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Résumé

L’objectif de la these est d’étudier la possibilité d’utiliser les
techniques de linéarisation en entrée-sortie par retour d’état afin
de commander les systémes non linéaires & non minimum de
phase. Dans cette optique, deux méthodes de commandes ont
été développées. La premiere est basée sur une approximation
de la linéarisation en entrée-sortie du systeme, ou une partie de
la dynamique interne du systeme est compensée, La deuxieme
méthode se concentre sur la stabilisation de la dynamique in-
terne.

Vu que l'inverse d’un systeme non linéaire & non minimum
de phase est instable, la technique standard de linéarisation
par retour d’état n’est pas efficace pour commande ce type de
systemes. Dans ce travail de these, une technique de commande
a été développée, basée sur une méthode d’approximation de
la linéarisation par retour d’état. Le systéeme est linéarise via
un retour d’état, en négligeant une partie de la dynamique du
systeme. La partie négligée est alors considérée comme pertur-
bation. La preuve de stabilité d’un tel schéma de commande est
établie sur la base de la théorie des perturbations qui s’annulent
(vanishing perturbations). Cependant, cette technique de lin-
earisation approximative n’est efficace que pour des valeurs con-

vii



viii Résumé

sidérablement faibles des perturbations. Ainsi, en regle générale
il est préférable si possible de stabiliser tout le systeme, en in-
cluant la dynamique interne.

D’un autre cote, la commande prédictive est une approche ef-
ficace pour traiter de la stabilisation de systemes non linéaires,
particulierement lorsque le calcul d’une loi analytique de com-
mande est difficile. Ainsi, un schéma de commande en cascade
a été développé, combinant les techniques de linéarisation en
entrée-sortie par retour d’état et la commande prédictive. Dans
la boucle interne de la commande en cascade, la linéarisation
du systeme en entrée-sortie est appliquée au systeme afin de
compenser les non linéarités existantes dans le comportement
en entrée-sortie du systeme. La boucle externe de la commande
en cascade consiste en une commande prédictive, qui a pour
objectif de stabiliser la dynamique interne du systeme.

Avec ce schéma en cascade, la fréquence de ré-optimisation de
la commande prédictive est fixée par la vitesse de la dynamique
interne, et non par celle de la dynamique entiere du systeme.
Aussi, le schéma de cascade peut étre tres avantageux dans le
cas de dynamique interne lente par rapport a la dynamique en
entrée-sortie du systeme. L’étude de stabilité de la commande de
cascade a été menée, sur la base de la théorie des perturbations
singulieres. Une extension du schéma de cascade a été établie,
en utilisant des concepts de théorie des extremums au voisinage
(neighboring extremals), afin de robustifier la commande, mais
aussi de permettre 'utilisation de la commande prédictive a une
fréquence de ré-optimisation lente.

Les deux méthodologies de commande développées dans ce
travail ont été appliquées sur un double pendule polaire in-
versé ‘pendubot’, disponible au laboratoire d’automatique. Les



résultats d’implémentation ont été tres concluants. Le pendubot
est un exemple approprié pour les deux méthodologies de com-
mande développées dans ce travail. Du point de vue de la com-
mande par approximation du linéarisé par retour d’état, le pen-
dubot est un systéme qui n’est pas entierement linéarisable par
retour d’état, et la dynamique interne résultant de la linéarisation
en entrée-sortie standard est instable. Du point de vue de la
commande en cascade, bien que le pendubot a une dynamique
rapide, la linéarisation en entrée-sortie par retour d’état sépare le
comportement en entrée-sortie du systeme de sa dynamique in-
terne. Ceci donne lieu a un systeme a deux échelles de temps: un
sous systeme rapide, qui consiste en le comportement en entrée-
sortie, et qui est commandé via une commande linéaire; et un
sous systeme lent, qui consiste en la dynamique interne, et qui
est stabilisée en utilisant une commande predictive. Ainsi, le
schéma de commande en cascade est efficace et la commande
prédictive implantantée a une faible fréquence de ré-optimisation.
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General Notations

Here are the main acronyms used in this document. The meaning
of an acronym is usually indicated the first time it occurs in the
text. English acronyms are also used for the French summary.

SISO Single-input single-output

MIMO Multiple-inputs multiple-outputs
FL Feedback linearization

IOFL  Input-output feedback linearization
ISFL.  Input-state feedback linearization
MPC  Model predictive control

NMPC Nonlinear model predictive control
NMP  Nonminimum phase

QSS Quai-steady state

NE Neighboring extremals

LQR Linear quadratic regulator

()t Transpose operator

s.t. Such that

R The set of real numbers

R" The set of real vectors of length n
t Time variable

h Sampling time
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System input

Vector containing the state variables
System output

Time derivative of the vector z
Norm 2 operator

Partial derivative with respect to =



Chapter 1

Introduction

1.1 Motivation and Problem Statement

Control is a very wide and common concept. The term ’control’
is used to refer to: (i) purely human activity (self control...), (ii) a
specific human-machine interaction (driving a car...), (iii) an ac-
tivity without human presence (automatic piloting of a plane...).
The automatic control field focuses on the third category, deal-
ing with the analysis and control of dynamical systems.

In industry, most machines or processes are controlled using
PID-type controllers. The control parameters are tuned on-line
on the machines in order to reach a prescribed range of per-
formance. However, in some domain applications, such as aero-
nautics, robotics or machine too industry, high-precision con-
trol is needed. In this case, more sophisticated control strate-
gies are required. For this task, the system needs first to be
modeled, in order to describe mathematically the system behav-
ior. Depending on the system nature, the mathematical model
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4 Chapter 1 Introduction

can be continuous-time, discrete-time, hybrid (contains both
continuous-time and discrete-time elements), stochastic, alge-
braic, static, dynamic, etc ...

For a continuous-time dynamical system, a mathematical model
of the plant consists of a set of differential and algebraic equa-
tions linking the system inputs to the system outputs. Two ma-
jor classes of mathematical models for continuous-time systems
are commonly distinguished in the literature: linear models and
nonlinear models. Analysis and control of linear models have
been widely addressed in the literature, and strong theoretical
tools have been developed to cover this class of models. How-
ever, this is not the case for nonlinear models, as the theoretical
tools for their analysis and control are very limited. Thus, the
use of linear models is usually preferred to describe nonlinear
systems, in order to make the analysis easier.

An effort has been made to transform a nonlinear system into
a linear one using feedback control. The idea of using feedback
to achieve (or enhance) system linearity is all but a new one.
It can be traced back to the origin of feedback system theory
in 1934: 7... feeding the output back to the input in such a way
as to throw away the excess gain, it has been found possible to
effect extraordinary improvements in constancy of amplification
and freedom from nonlinearity” [1, 2].

The control of nonlinear systems using feedback linearization
techniques is summarized in the following diagram:
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In the early 1980s, the exact conditions under which a nonlin-
ear plant can be input-state linearized by static state feedback
and coordinate transformation were stated [3, 4, 5, 6]. Such a
scheme is referred to input-state feedback linearization, where af-
ter the coordinate transformation and static state feedback, the
state equations are completely linearized. However, the condi-
tions for input-state linearization of a nonlinear system are only
satisfied for a very small class of systems.

This has given rise to the idea of linearizing only part of the
dynamics, i.e. the dynamics between the inputs and the outputs
[4]. In such a scheme, referred to as input-output feedback lin-
earization, the input-output map is linearized, while the state
equation may be only partially linearized. Residual nonlinear
dynamics, called internal dynamics, occur. These dynamics do
not depend explicitly on the system input, and thus are not
controlled. The main limitation of the input-output lineariza-
tion is that the internal dynamics, which can be unstable at the
equilibrium point, are not controlled. Such systems are called
nonminimum-phase systems.

Two different ideas for the control of nonlinear nonminimum-
phase systems will be exploited in this work:

(i) The internal dynamics are neglected such that the resulting
approximate system is input-state feedback linearizable.

(ii) The internal dynamics are taken into account and are sta-
bilized simultaneously with the control of the input-output
behavior of the system. Nonlinear model predictive control
will be used as a systematic way to control the internal
dynamics.
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1.2 State of the Art

In this section, the control of nonlinear systems, first using ap-
proximate input-state feedback linearization, then using stabi-
lization of internal dynamics, are detailed. Although this work
considers the case of affine-in input nonlinear systems, this sec-
tion treats nonlinear systems in a general case, in order to pro-
vide a complete overview of the existing techniques available in
the literature.

1.2.1 Approximate Feedback Linearization Techniques

Given a nonlinear system, the objective of input-state feedback
linearization is to find a state feedback control and a change of
variables that transform the nonlinear system into an equivalent
linear one [4, 7, 8]. The main difficulties with input-state feed-
back linearization of nonlinear systems are its limited applicabil-
ity, as well as the complexity, sensitivity and design difficulties of
the exact linearizing compensators [9]. When the system is not
input-state linearizable, an alternative is the input-output lin-
earization. For nonminimum-phase systems such an alternative
is not effective.

As an alternative to the input-state feedback linearization,
there has been an increasing amount of work searching for ap-
proximate solutions to the problem of linearizing nonlinear sys-
tems by state or output feedback. The main approximate lin-
earization methods available in the literature can be classified
according to the following scheme (Figure 1.1):
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Approximate feedback
Linearization techniques

Partial linearization Linear model following Linearization-oriented
-Higher-order approximate | | -Model-based techniques | [modeling

linearization -Data-based techniques -Numerical methods
-Pseudo-linearization -Rigorous theoretical methods
-Extended linearization

Figure 1.1: Approximate feedback linearization methods

(a) Partial linearization

These methods consist of local approximations of the system.
Therein, a Taylor series expansion of the system dynamics is first
computed. Then, state feedback and local coordinate transfor-
mation are computed to transform the system locally around the
origin, or within a set of operating points, to an approximately
linear one. The main disadvantage of partial linearization tech-
niques is that the stability results are only local.

Partial linearization techniques presented in the literature
are known as higher-order approzimate linearization, pseudo lin-
earization and extended linearization:

Higher-order approximate linearization local state feedback
and local coordinate transformation are computed such that
a number of higher terms of the Taylor series expansion
around the operating point become zero.

Some important results of higher-order approximate lin-
earization reported in the literature can be summarized in
Table 1.1.
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Necessary and sufficient conditions for the existence | [10, 11, 12]
of static state feedback and coordinate transformation

Extension to dynamic feedback [13]
Extension to discrete systems 14, 15, 16
Numerical algorithms to compute state feedback 17, 18, 19

and coordinate transformation

Table 1.1: Higer-order approximate linearization

The disadvantage of nonlinear control design by lineariza-
tion about a constant operating point is that the character-
istics of the linearized closed-loop system will change with
changes in the operating point.

Pseudo linearization: In opposite to higher-order approximate
linearization, in pseudo linearization, state feedback and co-
ordinate change are computed such that the Taylor series
linearization of the transformed system at a constant oper-
ating point has input-output behavior that is independent
of the considered operating point, within a local set that
contains it.

Some important results of pseudo linearization reported in
the literature can be summarized in Table 1.2.

Necessary and sufficient conditions for the existence [20, 21, 22]
of static state feedback and coordinate transformation
Numerical methods for designing the linearizing feedback | [23, 24, 25
Generalization, extensions and specific methods 26, 27, 28

to construct state feedback laws

Table 1.2: Pseudo linearization

Extended linearization The objective therein is similar to



10 Chapter 1 Introduction

that of pseudo linearization. However, extended lineariza-
tion deals with the input-output feedback linearization prob-
lem while pseudo linearization does not require the defi-
nition of an output since it focuses on the input-to-state
behavior of the control system.

Some important results of extended linearization reported
in the literature can be summarized in Table 1.3.

First results for the design of an 29, 30]
output-feedback linearizing controller
Extension to single-input multiple-outputs nonlinear systems [31]
Extended linearization using parameterized linear systems | [32, 33]

Table 1.3: Extended linearization

(b) Linear model following

Partial linearization techniques lead to local results, since the
system is linearized at an operating point or a local set of oper-
ating points. In linear model following techniques, the idea is to
use a feedback to match a prescribed linear behavior. In other
words, the problem is to find a feedback compensator such that
the behavior of the closed-loop system gets as close as possible,
in a sense to be specified, to a linear model referred to as refer-
ence model. The design of such a feedback compensator is based
on optimization methods.

Linear model following techniques can be tackled by either
model-based techniques, if the available description of the plant
is a mathematical model, or data-based techniques, if the de-
scription of the plant is only a set of input-output data.

Some important results of linear model following reported in
the literature can be summarized in Table 1.4.
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Model-based techniques [34, 35, 36, 37
Data-based techniques | [38, 39, 40, 41, 42, 43, 44]

Table 1.4: Linear model following

Since the design of the feedback compensator in linear model
following techniques is based on optimization methods, the main
difficulty which occurs using these techniques is the possibility of
nontrivial optimization tasks to be solved and very demanding
computations.

(c) Linearization-oriented modeling

In the linearization-oriented modeling, the system is approxi-
mated everywhere, in contrast to the partial linearization tech-
niques. The approximation can be achieved using numerical
methods, or Tigorous theoretical methods.

Some important results of linearization-oriented modeling re-
ported in the literature can be summarized in Table 1.5.

Numerical methods [45, 46, 47, 48, 49, 50, 51]
Rigorous theoretical methods [52, 53, 54, 55|

Table 1.5: Linearization oriented modeling

However, as for linear model following techniques, numer-
ical methods can be very demanding computations. Thus, the
linearization-oriented modeling using theoretical methods is more
interesting to approximate globally a nonlinear system to a lin-
ear one.

Linearization-oriented modeling techniques applied to the par-
ticular case of nonminimum-phase systems have been widely ad-
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dressed in the literature. In [52], a stable but non-causal inverse
is obtained off-line, and is incorporated into a stabilizing con-
troller for dead-beat output tracking. In [53], the control design
uses synthetic outputs that are statically equivalent to the origi-
nal process outputs and make the system minimum phase. A sys-
tematic procedure is proposed for the construction of statically
equivalent outputs with prescribed transmission zeros. These
calculated outputs are used to construct a model-state feedback
controller.

Kravaris and Soroush have developed several results on the
approximate linearization of nonminimum-phase systems [56,
54, 55, 57]. In particular, in [55, 57], the system output is dif-
ferentiated as many times as the order of the system, instead of
stopping at the relative degree as would be done with standard
input-output feedback linearization. As an approximation, the
input derivatives that appear in the control law are set to zero,
in the computation of the state feedback input. [58] extends
the above results to the multiple-inputs multiple-outputs case.
The particular case of second-order nonminimum-phase systems
is considered in [59]. The main disadvantage of Kravaris and
Soroush results is that they require the open-loop system to be
stable. In [60], an extension of the controller is developed for
unstable systems. However, the feedback is dynamic, and only
asymptotic stability has been provided therein. In [61], new out-
puts are introduced, so as to approximately factor the nonlinear
system as a minimum-phase factor and an all-pass factor. The
system is then linearized using a dynamic state feedback. The
main disadvantage of this method is its restrictive applicability
domain as the approximate factorization can only be derived
for maximum-phase systems, i.e. systems with only anti-stable
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zero dynamics. In [62], the system is first input-output feedback
linearized. Then, the zero dynamics are factorized into stable
and anti-stable parts. The anti-stable part is approximately lin-
ear and independent of the coordinates of the stable part. The
main difficulty with this method is that very conservative con-
ditions have been stated under which the zero dynamics can be
separated into stable and anti-stable parts, so that only a few
practically-relevant nonminimum-phase systems can be trans-
formed into this form.

1.2.2 Stabilization of Internal Dynamics

A cascade structure involving feedback linearization and sta-
bilization of the internal dynamics has been considered in the
literature. The system is first input-output feedback linearized,
and then the internal dynamics are stabilized. In [63], the desired
output trajectory is redefined so as to maintain the internal dy-
namics stable. [64] tackles the problem of designing a nonlinear
multiple-inputs multiple-outputs voltage and speed regulator for
a single machine infinite bus power system. Therein, the inter-
nal dynamics are stabilized using a Lyapunov-based scheme. In
[65], the internal dynamics are stabilized using output redefini-
tion and repetitive learning control. [66] addresses the problem
of swinging up an inverted pendulum and controlling it around
the upright position. The internal dynamics are stabilized us-
ing elements of energy control and Lyapunov control. Moreover,
[67] considers the problem of controlling a planar vertical takeoff
and landing (PVTOL) aircraft. The internal dynamics are sta-
bilized using a Lyapunov-based technique and a minimum-norm
strategy. However, none of the above results provides a system-
atic stabilization procedure. For this purpose, the present work
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makes use of predictive control.

The interplay between input-output feedback linearization
and model predictive control has been addressed in the liter-
ature. For example, it is shown in [57] that the input-output
feedback linearization is in fact a continuous version of an un-
constrained model predictive controller with a quadratic per-
formance index and an arbitrarily small prediction horizon. In
[58], a control law is derived based on approximate input-output
feedback linearization and used for predictive control of stable
nonminimum-phase nonlinear systems. In [68], a control law is
derived based on extended linearization and predictive control.
The main issues therein are robustness and the use of predictive
control with convenient calculation. In [69, 70, 71, 72], input-
output feedback linearization is chosen as a systematic way of
pre-stabilizing the possible unstable system dynamics in order
to use predictive control. The emphasis therein is on handling
constraints [69, 70, 71] or robustness [72], while the present work
emphasizes on the possibly unstable internal dynamics.

Model predictive control (MPC) originated in the late 1970s
[73, 74, 75]. Tt refers to a class of computer control algorithms
that use a process model to predict the future response of a
plant. At each implementation interval, an MPC algorithm at-
tempts to optimize future plant behavior by computing a se-
quence of future manipulated variable adjustments. The first
input of the optimal sequence is then applied to the plant, and
the entire calculation is repeated at subsequent implementation
intervals. Originally developed to meet the specialized control
needs of power plants and petroleum refineries, MPC technol-
ogy can now be found in a wide variety of application areas in-
cluding chemicals, food processing, automotive, and aerospace
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applications [76, 77].

Several recent publications provide a good introduction to
theoretical and practical issues associated with MPC technol-
ogy. [78] provides a good introductory tutorial aimed at control
practitioners. [79] provides a comprehensive review of theoretical
results on the closed-loop behavior of MPC algorithms. Notable
past reviews of MPC theory include those of [80, 81, 82, 83].
Also, several books on MPC have been published [84, 85, 86].

Predictive control presents a series of advantages over other
methods [85, 78, 87], namely:

e It can deal with a very large variety of processes, such
as nonlinear systems, nonmininmum-phase systems, and
multiple-inputs multiple-outputs systems.

e It can easily deal with constraints.
e The resulting control law is easy to implement.

e It introduces a natural feedforward control action to com-
pensate measurable disturbances.

e Since it is a numerical method of control, it can be more
effective when the analytical computation of a control law
is difficult.

1.3 Objectives of the Thesis

This work aims to address the problem of synthesizing a global
control for nonlinear nonminimum-phase systems. Two direc-
tions are explored:

e Neglecting the internal dynamics, thus approximating the
system by an input-state feedback linearizable one; and
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e Stabilizing the internal dynamics, while controlling the input-
output behavior of the system.

1.3.1 Neglecting the internal dynamics

This work seeks global stability results. This precludes the use
of partial linearization techniques, as these would only provide
local stability results. Moreover, linear model following methods
are not exploited because they lead to non trivial optimizations
and are computationally very demanding.

Linearization-oriented modeling techniques are preferred for
the control of nonlinear nonminimum-phase systems. These tech-
niques provide an approximate input-state feedback lineariza-
tion using static state feedback and coordinate transformation.
The objective is to develop an approximate feedback lineariza-
tion of the system which (i) guarantees global stability of the
closed-loop form, and (ii) does not require any precondition on
the stability or instability of the open-loop system or on the
structure of the zero dynamics.

1.3.2 Stabilizing the internal dynamics

The objective is to control the input-output behavior, as well
as to stabilize the internal dynamics using a systematic method.
This is done by designing a cascade-control scheme, where input-
output feedback linearization forms the inner loop and model
predictive control forms the outer loop. The use of model predic-
tive control provides a systematic way of stabilizing the internal
dynamics in the outer loop.

Predictive control is chosen as a systematic way of stabilizing
the internal dynamics because it is a numerical control method,
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i.e. it is more effective when the analytical computation of a
control law is difficult.

1.4 Organization of the Thesis

This thesis is organized as follows. Chapter 2 introduces the
main definitions and concepts used throughout the document.
It also reviews the tools and material that are necessary to un-
derstand the following chapters. Chapter 3 presents the approx-
imate input-output feedback linearization of nonlinear systems
using the observability normal form. It also provides the de-
tails of the control structure and a stability analysis. Chapter 4
addresses the theoretical results of the cascade-control scheme.
These results are based on input-output feedback linearization,
model predictive control and singular-perturbation theory. Sta-
bility issues are discussed, and a robust extension of the cas-
cade control based on the neighboring extremal theory is in-
troduced. Chapter 5 addresses the problem of controlling the
pendubot, which is a double inverted polar pendulum. The ap-
proximate input-output feedback linearization and the cascade-
control scheme with its robust extension are applied to the pen-
dubot. The corresponding experimental results are presented
and discussed. Finally, Chapter 6 draws concluding remarks and
presents future prospects.
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Chapter 1

Introduction




Chapter 2

Preliminaries

The aim of this chapter is to give the main definitions and con-
cepts used in the thesis. It sets the notations used throughout
the document and gives the necessary tools and material to un-
derstand contents of the forthcoming chapters.

This chapter is divided into two parts: Section 2.1 empha-
sizes nonlinear systems analysis, while Section 2.2 is dedicated
to the problem of nonlinear systems control. On the analysis
side, different classes of nonlinear systems are described and
Lyapunov stability results are presented. On the control side,
concepts of nonminimum-phase systems and zero dynamics are
first defined. Then, two classical methods to control nonlinear
single-input single-output affine-in-input systems: input-output
feedback linearization and nonlinear model predictive are re-
viewed.

19
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2.1 Analysis

2.1.1 Nonlinear Dynamical Systems

This work considers continuous, nonlinear, affine-in-input single-
input single-output (SISO) systems. However, different forms of
nonlinear systems are discussed in this section. In particular,
autonomous systems are defined to address concept of Lyapunov
stability, and singularly perturbed systems are defined for their
stability properties, which will be used later in this work.

Nonlinear Affine-in-input Systems

A nonlinear, affine-in-input, single-input single-output system
of order n consists of n coupled first-order ordinary differential
equations, and is represented as follows:

B(t) = F(e(®) + ge @), ©(0) =z
y(t) = h(z(t) 21)

where z(t) € R" is a vector of states, u € R is the input, y € R is
the system output, z( is a vector containing the value of vector
x(t) at time ¢t = 0 (initial conditions of vector x) and f : R" —
R" and g : R" — R" are nonlinear functions describing the
system dynamics. Z(t) denotes the derivative of the vector of
states x(t) with respect to time ¢t and h : R" — R is a nonlinear
function giving the output expression y. In what follows, the
time index is dropped where there is no confusion. In all this
work, functions f, g and h are assumed to be sufficiently smooth
in R", and therefore the mappings f : R* — R" and g : R" —
R" are vector fields on R".
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Equilibrium Point A point (g, Ueg), Where 2., € R" and e, €
R, is said to be an equilibrium point of System (2.1) if it satisfies
the following equation:

f(xeq) + g(xeq)ueq =0 (2-2)

Without loss of generality, it will be assumed everywhere in this
work that (x,u) = (0,0) is an equilibrium point of System (2.1),
with f(0) = 0 and h(0) = 0 such that, at the equilibrium, the
output is zero.

To verify this assumption, consider the change of states T =
x — ¢, and the change of input 4 = u — ue,. Replacing them in
(2.1), then using (2.2) yields:

T =0 —Teg=1=
— (@) + (@) 23
where B
(@) = f(Z+ 2eq) + (T + Teg)tieq (2.4)

g(x) =g+ xeq)

At the equilibrium of System (2.3), (x, u) = (g, Ueq). There-
fore, (z,u) = (0,0). Replacing the point (Z, ) in (2.3) with its
value (0,0), the right hand side of (2.3) is found to be zero.
Then, the point (Z,%) = (0,0) is an equilibrium point of (2.3)
with f(0) = 0.

Nonlinear Autonomous Systems

Consider a nonlinear affine-in-input system (2.1) and let the
input u be specified as a given function of the states, u = y(z).
Substituting « =+ in (2.1) eliminates « and yields an unforced
state equation:
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&= f(x), x(0) = ¢ (2.5)
where xy € R" is the initial condition of the vector of states.
If the function f does not depend explicitly on time, System
(2.5) is said to be autonomous.
As seen in the above section, without loss of generality, the
origin x = 0 is considered as an equilibrium point of System
(2.5). The autonomous systems are used for stability analysis.

Singularly Perturbed Systems

A singularly perturbed system is one that exhibits a two-time-
scale behavior, i.e. it has slow and fast dynamics, and is modeled
as follows:

i = RBm&uno a0 =m (2:6)
€£ = F&(%f»“a 6) 5(0) 250 (27)

where £ € R", n € R"", u € R and € > 0 is a small parameter.
Functions F, and F are assumed to be continuously differen-
tiable. & and 7y are the initial conditions of vectors £ and 7
respectively. The origin is considered as an equilibrium point,
such that £,(0,0,0,¢) = 0 and F¢(0,0,0,€) = 0.

The term singular comes from the fact that System (2.6)-
(2.7) contains a singularity when the perturbation parameter €
is equal to zero. In fact, setting ¢ = 0, the dynamic equation
(2.7) degenerates into the algebraic equation 0 = F¢(n,§, u,0).

2.1.2 Mathematical Tools

In this section, some mathematical definitions are stated, which
are necessary in this work.
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a) Lipschitz Functions [7]

In this section, the conditions of existence and uniqueness of
solution of ordinary differential equations will be discussed.
Let the following equation:

&= flx),  2(0) =0 (2.8)

be the mathematical model of a physical system, where x € R"
is a vector containing the states, z( the initial conditions on the
state variables and f is a nonlinear function describing the sys-
tem dynamics. For the model (2.8) to predict the future state
of the system from its current state at initial time ¢ = 0, the
equation in (2.8) must have a unique solution.

In the next Theorem, sufficient conditions for the existence
and uniqueness of a global solution to the equation (2.8) will be
presented. It will be assumed that the function f(z) is continu-
ous in z. Therefore, the solution z() if it exists, is continuously
differentiable.

Theorem 2.1 Global Existence and Uniqueness Given Sys
tem (2.8) with function f(z) € R" continuous in x. If f satisfies
the Lipschitz condition:

Vi, 19 € R": 9L >0: ||f(.%'1) — f(.%'g)” < LH.Z‘l — .I'QH (29)
then, the equation (2.8) has a unique solution over R".

Definition 2.1 A function f(x) satisfying the Lipschitz condi-
tion (2.9) is said to be global Lipschitz in x and the real positive
number L is called the Lipschitz constant.
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From the Lipschitz condition in Theorem 2.9, it is easily seen
that the property of Lipschitz functions provides a limit on the
growth or decay of the states. In fact, the Lipschitz condition
(2.9) implies that on a plot of f(z) versus z, a straight line join-
ing any two points of f(z) cannot have a slope whose absolute
value is greater than L, and the solution of the differential equa-
tion of System (2.8) is bounded. The next theorem gives these
bounds.

Theorem 2.2 Lipschitz Property(7] Consider System (2.8).
If f(x) is Lipschitz in x on R"™ with the Lipschitz constant L,
then

[[zoll exp[—Lt] < [lz(£)]] < [[zol| exp[L ] (2.10)
In this manuscript, global Lipschitz property is assumed ev-
erywhere.
b) Stability of Linear Systems
Consider the following linear system:

t=Ax  withz(0) =z (2.11)

with A € R" is a matrix of order n, z a vector containing the
states and x(0) = x( the initial conditions of the vector of states
x at time t = 0. Let define the following matrix:

® = [" e MMt (2.12)

where M C R™" is a positive definite matrix.
The following results shows important properties of the ma-
trix ®:
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Theorem 2.3 Positivity Property of ® [88] If all eigenval-
ues of the matrix A have negative real parts, then the matrixz ®
defined in (2.12) is positive definite and satisfies the following
Lyapunov equation:

AT® + oA =M (2.13)

2.1.3 Lyapunov Stability Theorems

Stability plays an important role in system theory and engineer-
ing. In this section, the focus is on the stability of equilibrium
points of nonlinear dynamical systems with emphasis on Lya-
punov’s method [89].

This work focuses on exponential stability, although it is a
strong property. The interest in exponential stability is justified
by the fact that if a system is exponentially stable, then there
exists a margin which can be used to accommodate eventual
disturbances or model errors.

In order to illustrate the stability of the origin z = 0 of Sys-
tem (2.5), the following definition and theorems are introduced.

Definition 2.2 Lyapunov Function [7] Let x = 0 be an equi-
librium point of System (2.5). A continuously differentiable func-
tion V(x) : R* — R is called a Lyapunov function if it satisfies

Theorem 2.4 Stability and asymptotic stability of non-
linear systems using Lyapunov functions [7] Let =0 be
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an equilibrium point for System (2.5). If there exists a Lyapunov
function V(x), then the origin x = 0 is stable. If in addition
V(z) <0 in R" — {0}, then x = 0 is asymptotically stable.

Theorem 2.5 Exponential stability of nonlinear systems
using Lyapunov functions [7] Let x = 0 be an equilibrium
point for System (2.5). If there exist a Lyapunov function V (z)
and positive real constants ¢y, co and c3 such that

o allz]? < V(z) < ellz]?,
o V(z) < —csxl?,
then the origin x = 0 is exponentially stable.

Theorem 2.6 Converse theorem on exponential stability
of nonlinear systems using Lyapunov functions [7]

Consider System (2.5). If the origin x = 0 is exponentially
stable, then there exists a Lyapunov function W(x) and positive
constants ¢y, co, c3 and ¢4 such that:

o aflz]* < W(z) < colf]f?,
o W(z) < —cllz|”,

o 1571 < calll

From an analysis point of view, the above theorems provide
sufficient stability conditions, where a Lyapunov function is cho-
sen to be an energy of the system. The energy is dissipative
such that function V(z) decreases to zero along the solution
of the equations of System (2.5) subject to an initial condition
z(0) = xy.
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2.1.4 Vanishing Perturbation Theory

In this section, results on Lyapunov stability will be applied to
the stability analysis of perturbed autonomous systems.

Consider the autonomous system (2.5), and assume that it
constitutes the nominal model for the following perturbed sys-
tem:

T = f(x) + Ax), z(0) =z (2.14)

where f(x) represents the nominal dynamics, with f(0) = 0,
and A(x) represents the perturbed dynamics. Both f and A are
Lipschitz in z.

Since A(z) is Lipschitz then

>0 |A@)] <6z (2.15)

The vanishing perturbation theory is based on the assump-
tion that A(0) = 0, such that the perturbation vanishes to zero
at the origin. The main result is that, if the nominal system is
exponentially stable and d is smaller than a predetermined limit,
then the perturbed system is also exponentially stable.

Theorem 2.7 [7] Let x = 0 be an exponentially stable equilib-
rium point of the nominal system (2.5). Let V(x) be a Lyapunov
function for the nominal system satisfying

f( ) < —cil=]f? (2.16)

< co|| (2.17)

Ha
where ¢; and ¢y are positive real constants. Also let ||Ax)]] <
6||z||, where & is a nonnegative constant. If 6 < &, then, the ori-
gin is an exponentially stable equilibrium point of the perturbed
system (2.14).
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Based on Lyapunov analysis, the above theorem provides suf-
ficient exponential stability conditions for the perturbed system
(2.14). If an autonomous system (2.5) is exponentially stable,
then there exists a margin in the reduction of the Lyapunov
function, which, in turn, can be used to accommodate the per-
turbations A(z).

2.1.5 Singular Perturbation Theory
a) Approximation of a Singularly Perturbed System

Singular perturbation theory provides an asymptotic method to
approximate the solution of nonlinear differential equations.

Consider a singularly perturbed system (2.6)-(2.7). The asymp-
totic solution of its differential equation consists of computing
an approximate trajectory, based on the decomposition of the
singularly perturbed model, which exhibits a two-time-scale be-
havior, into a reduced (slow) model and a boundary-layer (fast)
model.

In fact, as € — 0, the dynamics of £ in (2.7) vary rapidly. This
leads to a time-scale separation, where the vector n represents
the slow states and the vector £ represents the fast states. Thus,
¢ can be approximated by its quasi-steady state solution:

€= ¢(n,u) (2.18)
which is obtained solving the following algebraic equation:
Fe(n,&u,0) =0 (2.19)

) Replacing the state vector & by its quasi-steady state solution
&, the reduced (slow) dynamics arise:
77 = Fﬂ(nu ¢(773 ’U,), u7 0)
= Fy(nu),  n0)=mn (2.20)
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System (2.20) is called the reduced subsystem and is an ap-
proximation of Subsystem (2.6) under the quasi-steady state
assumption of the state vector &.

Using the changes of variables £ = {—€ and 7 = é, Subsystem
(2.7) can be rewritten as:

d¢ - :
E:Fé(ﬁaf"‘fauve)_féﬁ(nvu) (221)

Setting € = 0 yields

dg

Fﬁ(nv g + g? u)v 5(0) = 50 (222)

System (2.22) is called the boundary-layer subsystem, and
consists of the quasi-steady state model of System (2.6), con-
sidered at a different (fast) time scale than the one (slow) of the
reduced subsystem (2.20).

Singular perturbations cause a multi-time scale behavior of
System (2.6)-(2.7): the slow response (2.6) is approximated by
the reduced model (2.20), while the discrepancy between the
response of the reduced model and the response of the overall
system (2.6)-(2.7) is the fast transient.

Since € in (2.6)-(2.7) is a small parameter, the quasi-steady
state solution ¢ of the fast transient (2.7) is considered instead
of the real state vector . Therefore, System (2.6)-(2.7) is ap-
proximated by System (2.20)-(2.22). The solution of the above
system subject to the initial conditions £(0) = &, n(0) = ng
is then an approximation of the solution of System (2.6)-(2.7)
subject to the initial conditions £(0) = &, n(0) = no.
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b) Exponential Stability of a Singularly Perturbed Sys-
tem

Stability is an important property of the approximated form
(2.20)-(2.22) of a singularly perturbed system (2.6)-(2.7). Once
the input u is fixed u = k(n, £), stability analysis of the singu-
larly perturbed system in its closed-loop form can be obtained
from the analysis of the stability of its approximated form. The
following theorem gives the dependency between the stability of
the singularly perturbed system in its approximate form (2.20)-
(2.22) and the stability of the singularly perturbed system in its
original form (2.6)-(2.7).

Theorem 2.8 [7] Consider System (2.6)-(2.7) and assume that
the following conditions are satisfied:

e The origin (n,&) = (0,0) is an equilibrium point,

e The solution ¢(n, k(n,€)) is unique, and ¢(0,0) = 0,

e The functions F,, F¢ and their partial derivatz’q@s up to
order 2 are bounded for £ in the neighborhood of &,

e The origin of the boundary-layer subsystem (2.22) is expo-
nentially stable for all n,

e The origin of the reduced subsystem (2.20) is exponentially
stable.

Then, there exists € > 0 such that, for all € < €*, the origin of
2.6)-(2.7) is exponentially stable.

The above theorem indicates that the exponential stability
analysis of System (2.6)-(2.7) directly follows from the stability
results of the reduced subsystem (2.20) and the boundary-layer
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subsystem (2.22). Indeed, if (2.20)-(2.22) is exponentially stable,
then the singularly perturbed system in its original form (2.6)-
(2.7) is exponentially stable.

2.2 Control of Nonlinear Systems

The above section tackled the analysis of nonlinear systems,
while the present section describes the control of nonlinear sys-
tems.

2.2.1 Input-Output Feedback Linearization

A classical way to control System (2.1) is to compute a lin-
ear controller using the first-order approximation of the system
dynamics around the origin z = 0, which gives a local linear ap-
proximation of the system. A non-approximating linearization
called input-output feedback linearization (IOFL) is discussed
here. It consists of inverting the system dynamics given a non-
linear change of coordinates and a feedback law. IOFL is a sys-
tematic way to linearize globally part of, or all, the dynamics of
System (2.1).

In order to compute the input-output feedback linearization
of System (2.1), some definitions and geometric tools are re-
called.
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Lie Derivatives

Consider System (2.1). Differentiating the output y with respect
to time yields:

._0}.
Yy =g

= Gelf (@) + g(x)u]
(2.23)
= Lsh(x)+ Lyh(z)u

where L¢h(z) = %f(x), Lyh(z) = g—iq(l’)

The function L¢h(x) is called the Lie Derivative of h(z) with
respect to f(z) or along f(x), and corresponds to the derivative
of h along the trajectories of the system & = f(x). Similarly,
Lyh(x) is called the Lie Derivative of h with respect to g or
along g, and corresponds to the derivative of function h(x) along
the trajectories of the system i = g(z).

Continuing the differentiation of the output y = h(z) of Sys-
tem (2.1) with respect to time, the derivatives of the output
y along the different possible directions of the trajectories of
System (2.1) can be computed.

Relative Degree of a Nonlinear System

For linear systems, the input-output property of relative degree
corresponds to the difference between the number of poles and
the number of zeros of the system. For nonlinear systems, the
relative degree r of System (2.1) corresponds to the number of
times the output y = h(x) has to be differentiated with respect
to time before the input w appears explicitly in the resulting
equations.
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Definition 2.3 Relative Degree of a Nonlinear System
System (2.1) is said to have a relative degree r, 1 < r < n in

R" ifVz € R":
LyLi'h(z) = 0 i=12,---,r—1 (2.24)
LyLy 'h(z) # 0 (2.25)
where LyLih(xz) = Ly[Lih(x)], Lih(z) = Ly iflh(x)], i =
1,2,---,r =1 and L}h(x) 2 h(zx).

Input-Output Feedback Linearization

System (2.1), with relative degree r < n in R", where n is the
order of the system, is input-output feedback linearized into
Byrnes-Isidori normal form (Figure 2.1), according to the fol-
lowing steps [4]:

——f () |l = T+ g | A |

4>I> :I,>y >

| 0=Q,y,---y" "),  nmeR"" |

Figure 2.1: Input-output feedback linearization
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1. Apply a state feedback law that compensates the nonlin-
earities in the input-output behavior:

v — Lih(x)

_ v M) 2.26
T L, h(x) (2.26)

Since r is the relative degree, then
VreR": L}_ngh(LL’) #0
Vi<r—1: LyLgh(z) =0

T

b

2. Use the nonlinear transformation z = T(x), z = [¢T n7]
where (-)7 is the transpose operator, £ = [y ¢---y" V|7 is
of length r and 7 is of length n — r. System (2.1) is then
rewritten as:

y = v, y(0) =yo (2.27)
0= QU v,y V), n0)=mny (2.28)

where 7 is chosen so that T'(x) is a diffeomorphism *. Q is
a nonlinear function defining the time derivative of 7, and
y% is the " time derivative of y. Note that the dynamics
(2.28) do not depend on the input u. In fact, it is always
possible to choose a vector n such that its time derivative
is independent of the input u [4].

The new form (2.27)-(2.28) of System (2.1) is called the Byrnes-
Isidori normal form, and the dynamics (2.28) are called the in-
ternal dynamics of System (2.1).

Input-output feedback linearization decouples the input-output
behavior of a nonlinear system (2.1) from the internal dynamics,

Function T : R* — R™ x +— z = T(2) is a diffeomorphism if Vo € R*, 3T~!: R* —
R z+——a=T712)
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i.e. 7 has no effect on y. System (2.27)-(2.28) can be rewritten
as a function of the new coordinates as follows:

& = &y, di=1,...r—1 (2.29)
& = v (2.30)
no= QM) (2.31)

with &1(0) = yo and 1(0) = o

System (2.1) is then globally linearized in its input-output
behavior, and a simple linear controller v can be used to con-
trol the system output. However, the internal dynamics are not
controlled, which can be problematic if they are unstable.

Zero Dynamics

Consider System(2.1), with relative degree » < n. Since the
equilibrium point of System (2.1) is the origin = 0, then the
first r coordinates & (i = 1---r) of the transformed System
(2.29)-(2.30) are equal to 0. At z = 0, n = 0 as its value can be
fixed arbitrarily [4]. Therefore, (§,7) = (0,0) is an equilibrium
point of System (2.1) written in its transformed form (2.27)-
(2.28) with L};h(0) = 0 and Q(0,0) = 0.

Consider now the problem of zeroing the output. This is
equivalent to finding all the pairs (x,u) of initial states « and
input u, defined for all ¢ in the neighborhood of ¢ = 0, such that
the corresponding output y(¢) of System (2.1), which is zero at
time ¢ = 0, stays at zero in the neighborhood of ¢ = 0. The pair
(x,u) = (0,0) is a trivial solution of the problem. However, all
the pairs satisfying this property have to be found.

Let b(§,m) = Lih(z), a(§,n) = L}’ngh(:v) denote the Lie
derivatives of the transformed System (2.27)-(2.28), written with
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the new coordinates (§,7). Since y(t) = 0 in the neighborhood
of t = 0, then g(t) = §j(t) = --- = y"V(t) = 0, yielding £(¢) = 0
and £(t) = 0. Therefore, the new input v(t) in (2.27)-(2.28) is
zero and the input vector of the original system u must satisfy
the following equation:

L ”*) (2.32)
a(0, 1)
where 7*(t) is the solution of the following equation:
7" =Q(0,7") (2.33)

The dynamics defined in (2.33) are called the zero dynam-
ics of the nonlinear system (2.1). It correspond to the internal
dynamics of System (2.1) when the value of u constrains the
output y = h(z) to remain 0.

The concept of zero dynamics of a nonlinear system is related
to that of zeros of a linear system. Indeed, the poles obtained
when linearizing (2.33) at the origin n = 0 are equal to the zeros
obtained when linearizing System (2.1) around the equilibrium
point (z,u) = (0,0).

Nonminimum-phase Systems

Nonminimum-phase property (NMP) is an input-output prop-
erty. The output y = h(z) of System (2.1) is said to be non-
minimum phase if System (2.27)-(2.28) contains unstable zero
dynamics (2.33). In the case of linear systems, a system is non-
minimum phase if it contains unstable zeros. When input-output
feedback linearization is applied to a nonminimum-phase sys-
tem, the unstable zero dynamics prevent the use of the standard
IOFL technique for the state control.
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2.2.2 Nonlinear Model Predictive Control (NMPC)

Model predictive control (MPC) is an effective feedback control
approach for tackling problems with constraints and nonlinear
dynamics [75, 87]. MPC makes use of a model in order to predict
the future system output, based on past and current values and
on the proposed optimal future actions [87, 85, 78]. These future
actions are obtained by minimizing an objective function, taking
future tracking errors as well as constraints into consideration.

Formulation of NMPC

The current control w(t) at time ¢ is obtained by computing
online a finite-horizon open-loop optimal control u(7) over the
interval T € [t,1+T)], where T is called the prediction horizon. A
part of the obtained signal u([t, ¢+ 6]) is then applied to System
(2.1) during the interval [t, ¢ + d], where 6 < T is the implemen-
tation interval. This calculation is repeated continuously at the
frequency rate %, called re-optimization frequency, less than or
equal to the sampling frequency f.. Since u(t) depends on the
states x(t), this procedure leads to feedback control. The design
of a model predictive control is based on the following elements:

Prediction Model A model (2.1) of the real system is used to
calculate the predicted output. Therefore, it has to be as
close as possible to the real system. Different strategies are
used in the literature to define the prediction model [85].
For example, a disturbance model can be taken into account
in order to describe the behavior that is not reflected by the
basic model, such as the effect of model errors or noise.

Formulation of the optimization problem At time ¢, the
optimization problem consists of the minimization of a cost
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function, which depends on the states z(7) and input u(7),
over the interval 7 € [t,t + T]. The optimization is per-
formed under equality or inequality constraints (Figure 2.2).

u(t) w(t+T)

>
~
v

Predicted states x(7)

Figure 2.2: Model predictive control strategy

In this work, the selected cost function consists of two terms:

e An integral term, which consists of the time integral over
the interval [t,t 4+ T of the norms of the state vector z(7)
and the input «(7). The integrands are respectively weighted
by positive definite matrices S, R, to enhance the impor-
tance of certain elements in the computation of the optimal
input. The integral term is expressed as:

Jy = % [ @) s ar) + R dr (234)
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e A final term, which consists of the value of the states at
the end of prediction x(t 4+ T'), weighted by a positive defi-
nite matrix, to enhance the importance of final states. The
expression of the final term is:

Jo = %x(t +T)Y'Pa(t+T) (2.35)

Then, the overall cost function used in this work for the model
predictive control of System (2.1) is given as:

J = S+
1
= 5x(t+T)TPx(t+T)

% /fT (x(m)"Sx(r) + Ru*(r)) dr (2.36)

such that T = f(z) + g(x)u
z(t) =z
andu(-) eU, z(-) €N, z(t+T) € Ny

where x; is the vector of measured or estimated states at time
t; P, S, and R are positive-definite weighting matrices of appro-
priate dimensions; T is the prediction horizon; N is the set of
eligible states; U is the set of eligible inputs; and Ny C N is a
closed set containing the origin ((z = 0) € Ny).

The cost function can also contain equality or inequality con-
straints on the state variables z(7) or the input u(7). However, in
this work, the effect of additional constraints to the optimization
problem is not studied. Therefore, unconstrained model predic-
tive control is used everywhere.
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Computing the Control Law: The control law is obtained by
solving the following minimization problem :

. 1
u([r&inT]){J = ix(t +T)'Pa(t+1T)
oy [ @@ 0 + () dry2.37)
such that &= f(z)+g(x)u
x(t) = x4

andu(-) eU, z(-) e N, z(t+T) e Ny

To solve the optimization problem (2.37), input « needs to
be parameterized. This is usually performed using piecewise-
constant functions, which is the case in this work. However, al-
ternative functions such as exponential functions or state feed-
back can be used.

Solving the minimization problem (2.37) yields the control
sequence u*([t,t + T1), of which only the part w*([t,¢ + 0]) is
applied in an open-loop fashion to the plant on the interval [¢, ¢+
0]. Then, numerical optimization is repeated every ¢ seconds.
Therefore, although System (2.1) is continuous, model predictive
control is applied in a discrete time.

Asymptotic Stability of Nonlinear Model Predictive Con-
trol

In general, nonlinear predictive control design does not guaran-
tee stability. However, an appropriate choice of parameter set-
tings in (2.36) can guarantee stability. The most frequently used
methods to guarantee the stability of model predictive control
are listed in the following.



2.2 Control of Nonlinear Systems 41

(i) End-point constraint: The states are constrained to be
equal to the desired ones at the end of the prediction hori-
zon [90, 91]. This method can make the problem unfeasible,
especially if the input parameterization is not adequate.

(ii) Infinite horizon: The prediction horizon is infinite [92,
93]. However, the integration for prediction of the system
dynamics over an infinite horizon can be computationally
difficult, especially if the dynamics are unstable.

(iii) Contraction constraint: A contraction constraint on the
states is introduced [94, 95]. Note that the choice of the con-
traction domain is of crucial importance for this method.

(iv) Final set constraint: Using an appropriate final cost, the
output at the end of prediction belongs to an invariant
set where a local controller of the system exists [96, 97].
This method is less restrictive than the end-point constraint
method

In this work, stability analysis is conducted using the final set
constraint method.

The issue of stability becomes more complicated in the case of
constrained model predictive control. The main problem therein
is ensuring feasibility, and the existence of a stabilizing control
law is not trivial. However, in this work, only unconstrained
nonlinear model predictive control is studied.

The results of Jadbabaie [96, 97] on asymptotic stability of
nonlinear model predictive control using final set constraint are
presented here. In [96, 97], asymptotic closed-loop stability of
nonlinear predictive control requires the following three elements:

e An invariant set Ay and a control law, where the state
evolves within the set,
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e A function F(z) = ;27 Px defined in N; and a positive
function ¢(x), with ¢(0) = 0, satisfying F' + ¢ < 0,

e The existence of a prediction horizon T' such that, at the
end of the prediction horizon, the system is inside N.

The first two elements presented above state that, within the
invariant set Ay, there exists a control law (not necessarily the
one computed from predictive control) such that the system is
exponentially stable. The last element states that, even if N}
is arbitrarily small, the prediction horizon is chosen such that
the system can reach Ny at the end of the prediction horizon.
Using the above elements, the following theorem ascertains the
asymptotic stability of the predictive control part.

Theorem 2.9 [96] Let (x,u) = (0,0) be an equilibrium point
for the nonlinear system (2.1). If the following statements are
satisfied:

e the function f(x) is Lipschitz in x,
e P, S and R used in (2.36) are positive definite,

o there exists a local controller k(x) of (2.1), defined in N,
for which q(x, k(z)) satisfies the inequality F' + q < 0, with
q(0,k(0)) =0,

e the set Ny is positively invariant 2 with respect to u,

e the prediction horizon T is sufficiently large to ensure that
z*(t+T) € Ny, where x*(.) represents the states obtained
under predictive control,

2See [7] for calculation details
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then, Controller (2.36) stabilizes System (2.1) asymptotically.

In this work, these results are extended to the case of expo-
nential stability, and the pertaining results are presented in the
next chapter.
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Chapter 3

Approximate Input-output
Feedback Linearization of
Nonlinear Systems Using the
Observability Normal Form

3.1 Introduction

The previous chapter has shown that input-output feedback lin-
earization allows compensating for the nonlinearities of the sys-
tem using nonlinear state feedback and nonlinear state trans-
formation. A linear controller can then be designed to control
the linearized system [4]. However, there exist many systems for
which the entire system nonlinearity cannot be compensated for.
Hence, various ideas related to linearization have been explored
in the literature, for systems that are not input-state feedback
linearizable [9].

In this work, two methods will be discussed to solve this prob-

45
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lem. The first method is presented in this chapter. The idea is to
neglect a part of the system dynamics so as to make the approx-
imate system input-state feedback linearizable. The neglected
part is then considered as a perturbation. A linear controller is
designed so as to account for the nonlinearities that have not
been compensated for but simply ignored. Stability is analyzed
using the vanishing perturbation theory.

Section 3.2 develops the proposed approximate linearization
approach, while the stability analysis of the control scheme is
provided in Section 3.3. The obtained results are discussed in
Section 3.4. Section 3.5 concludes the chapter.

3.2 Approximate IOFL Control Scheme

The proposed controller is computed in three steps:

1. System (2.1) is transformed into its observability normal
form;

2. The transformed system is approximated as a chain of in-
tegrators, with the neglected part considered as a pertur-
bation;

3. A linearizing feedback controller is applied to the approx-
imate system, leading to a linear system that can be con-
trolled using linear feedback.

3.2.1 System Transformation

Consider the nonlinear SISO affine-in-input system (2.1), and
assume that:

P n—1
Vr € R": Span{[@ oLgh OLjh %_h}}:n (3.1)
Jdx Jdx Jdx ox
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oh OLgh OLih 8L} 'h
dz’ dxr ' Ox ’ ox

The above condition states that
linearly independent!.

are

Condition 3.1 will be referred to as “strong observability”. It
is a more restrictive condition than the one required for the ob-
servability of System (2.1), where there is no restriction on the
number of Lie derivatives necessary to span the n-dimensional
space. Strong observability implies that the time-varying lin-
earized system is observable around all operating points [98].
Consider (2.1) which satisfies the strong observability condition
(3.1), with relative degree r strictly less than the system order
n. Consider also the state transformation

h
Lh
z=T(zx)=| Ljh (3.2)

-1
Ly 'n

Note that the strong observability condition is essential here as it
ensures that the transformation 7T is a diffeomorphism, implying
that the inverse transformation z = T1(z) exists and is unique
for all x € R™.

Using the state transformation (3.2), System (2.1) takes on

1See [98] for calculation details
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the following form:

2’1 = 29
Z’Q = Z3
4 =z L L h u (3.3)

ZrJrl = Zr42 +LgL1fh u

i =Lih +L Ly 'hou, o 2(0) = 2

where LyLih(z) = 0,¥i < r —1 and L,Lh(z) # 0, for i =
r — 1, since System (2.1) is of relative degree r. System (3.3)
corresponds to the observability normal form of System (2.1).

3.2.2 Approximation of the Transformed System

Note that, even if LyLih(x) # 0, for 1 —1 < i < n, it can
still be close to zero and therefore neglected. The approximation
LyLih(z) = 0 fori =r—1,---,n—2is then introduced in (3.3),
yielding the following approximate system:

,’/5’1 = 29
22 = Z3
27" = Zr+1 (34)

Zrpl = Zp42

Zn = L%h +L9L?*1h U, z(0) = 2

The resulting system (3.4) consists of a chain of n integra-
tors. However, the following question arises: “How close to zero
does LyLih(x), r —1 < i < n need to be in order for the ap-
proximation to be effective?”. The next section shows how to
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design a controller to accommodate the perturbation resulting
from the approximation. Then, the subsequent section provides
a sufficient condition on the perturbation size that ensures the
stability of the controlled system.

3.2.3 Linearizing Feedback Control

Consider System (2.1), after transforming it into its observabil-
ity normal form and approximating it with a chain of integra-
tors. If LgL?_lh # 0 for all z, then the following “linearizing”
feedback can be imposed:

U—L?h

W

(3.5)

Then, System (3.4), with the feedback law (3.5), can be rewrit-
ten in the following form:

Z1 z9
z9 Z3
Z = Zr+1 (36)

which can be rewritten as:

2= Az + Bu, 2(0) = 2 (3.7
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with A € R" x R" and B € R", and are given by:

0100 0
001-0 0
A=+ 1|, B=|: (3.8)
000 1 0
00 0 1

The resulting system (3.7)-(3.8) consists of a linear system,
and corresponds to an approximate input-state feedback lin-
earization of System (2.1). Therefore, the following linear con-
troller

v=-Kz, K=[k - k| (3.9)
can be applied to the approximate linearization (3.7)-(3.8), yield-
ing the following linear closed-loop system:

2= Ayz, 2(0) = z (3.10)
with
0 1 0 0
0 0 1 0
Ag=| :+ & i (3.11)
0 0 0 : 1
—ki —ky —ks - —ky

The parameters of the vector of gains K are chosen such that
the real parts of the eigenvalues of the matrix Ay in (3.11) are
all negative.

3.3 Stability Analysis

Applying the linear controller (3.9) on the transformed system
(3.3) leads to:

2= Auz+ Az), z(0) = z (3.12)
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with
0
. (Kz+ L%h)
A2)=— | L,y | 22 3.13
(Z) g f LgL?flh ( )
LyL}h
0

and A is given in (3.11).

The main advantage of the developed control method is that,
using the observability normal form, the resulting perturbation
(3.13) is vanishing, i.e. going to zero at the equilibrium. In fact,
replacing (z,u) by their values at the equilibrium (z,u) = (0, 0)
in (3.3) gives Lth(z = 0) = 0. Replacing it in (3.13) yields
A(0) = 0. Therefore, the perturbation is indeed vanishing, and
the theory of vanishing perturbations presented in Chapter 2
can be used.

The stability analysis of the approximate input-output feed-
back linearization addresses the existence of a non-zero range of
A(z) for which System (3.12) can be stabilized. The following
theorem gives sufficient conditions for the exponential stability
of System (3.12).

Theorem 3.1 Consider System (2.1), and let the following as-
sumptions be verified:

P ar2 n—1
° n . oh OLgh OL}h 0Ly 'h ]} _
Vr e R Span{[ Oh Outh T /e n,

o 35, > 0: |L}h| < &|z],

© 36, > 0: |LyL} 'h| > b,



52 Chapter 3. Approximate IOFL Using Observability Normal Form

o The gains k;,i = 1,---n are chosen such that all the eigen-
values of the matriz Ay in (8.11) have negative real parts,

e Consider the function Aq(z) defined as follows:

0

Ai(z) = | LyL}'h (3.14)

LyLyh
0

and a matriz P, the solution of the Lyapunov equation
PAy+ALP = —I, where I is the identity matriz and Ay is
given by (3.11), with the following inequality being satisfied:

)
2)\mam(P)(6l + HKH>

1A ()] < (3.15)

Then, the feedback law (3.5)-(3.9) stabilizes (3.3) exponentially.

The above theorem indicates that, if the norm of the pertur-
bation vector A;(z) defined in (3.14) is smaller than a certain
value, then the overall system (3.12) is exponentially stable. In
particular, when A;(z) = 0, the perturbed system (3.12) coin-
cides with the nominal system (3.10).

The assumption |L}h| < 6y|z|| used in Theorem 3.1 is a
global Lipschitz condition, which is a strong restriction. How-
ever, this restriction is necessary to ensure the global stability
of the system. If local Lipschitz conditions are imposed instead,
local stability results could be obtained.
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Proof: Consider the Lyapunov function V' = 27 Pz for the
nominal system (3.10), where P is a positive symmetric matrix
which satisfies the Lyapunov equation PA + ATP = —I. Then,

%—‘Z/Adz =2TPAz + 2T AT P2

=I(PA+ ATP)z
(3.16)
=2I(-I)z

= |zl

%—‘Z/ =Tp+ Pz

= |5 =["P+ P
< HZTPH + || Pz]| (3.17)
< 2|7l

S 2)\mam HZ”

Consider now the same Lyapunov function applied to the
perturbed system (3.12). Then
. oV oV
= —A, —A
\% Ep 12+ 92 (Z)
< —[l2l? + 2Xmaa(P) Iz 1| |A(2) | (3.18)

Noting that [L}h| < d1|z|| and |L9L?’1h\ > § > 0, then using
the expression of A(z) (3.13) yields:

o+ ||K||

laE) <

121 () =] (3.19)
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Replacing (3.19) in the expression (3.18) gives:

I aen) e

V< —|2|? (1 — 2\ maz(P) 5

Therefore, if (3.15) is satisfied, the term between the parenthesis
in (3.20) is positive. Hence, from Theorem 2.5, the feedback law
(3.5)-(3.9) stabilizes (3.3) exponentially. .

The following corollaries follow from Theorem 3.1.

Corollary 3.1 For a given gain vector K, the closed-loop sys-

tem (3.12)is exponentially stable for all || A1(2)|| < WM‘

The above corollary states that, for any given gain vector K,
there exists a non-zero range of A(z) for which System (3.3)
can be stabilized. However, the converse is not true, i.e., given a

perturbation A(z), it is not always possible to find a gain vector
K that stabilizes the system.

Corollary 3.2 Let d; and é2 be as defined in Theorem 3.1, and

. )
S _maXKWM
(3.21)

s.t. eig(Aq) <0

For ||AL(2)]] < &%, there exists a gain vector K such that the
feedback law (3.5)-(3.9) stabilizes System (3.3) exponentially.

The maximization in Corollary (3.2) can be done numerically
for given values of §; and J,.
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3.4 Discussion

There exists in the literature several methods based on an ap-
proximation of the input-output feedback linearization of a non-
linear system. In particular, in [55, 57, 58], the outputs are dif-
ferentiated as many times as the order of the system instead of
stopping at the relative degree as would be done with standard
input-output feedback linearization. As an approximation, the
input derivatives that appear in the control law are set to zero in
the computation of the state feedback input. Though global sta-
bility can be established, the main disadvantage of this method
is that it requires the open-loop system to be stable. In [60], an
extension of the controller has been developed for unstable sys-
tems. However, the feedback is dynamic, and only asymptotic
stability has been provided therein.

The idea of the methodology proposed in this work is simi-
lar to [55, 57], though a more standard representation, i.e. the
observability normal form will be exploited. The system is trans-
formed into its observability normal form, neglecting part of the
dynamics so as to make the approximate system feedback lin-
earizable, which will be considered as perturbation. The main
advantages of the approximate input-output feedback lineariza-
tion technique developed in this work is that:

e Since the idea is to design the linear controller so as to
account for the nonlinearities that have not been compen-
sated but simply neglected, there is no necessity that the
open-loop system be stable for the stability of the closed-
loop system;

e The perturbation is vanishing at the origin, thus allowing
the use of the vanishing perturbation theory to prove the
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global exponential stability of the synthesized state feed-
back.

In Soroush work [55, 57|, the stability analysis is based on
the small gain theorem 2, which requires the open-loop system
behavior to be stable. In this work, the objective of the approx-
imate input-output feedback linearization is that no precondi-
tion on the stability of the open-loop system behavior is needed.
Thus, vanishing perturbation theory for the stability analysis is
used instead of the small gain theorem, in order to deal with
unstable systems.

However, the main limitation of the developed approximate
input-output feedback linearization is essentially due to the use
of vanishing perturbation theory for the stability analysis, such
that the stability results presented here can be very conserva-
tive. In reality, as it will be shown with experimental results in
Chapter 5, a much larger perturbation could have been accom-
modated than that predicted by the theoretical results. On the
other side, It may be possible to enlarge the domain of stability
by including the perturbation into the control law instead of just
neglecting it. This will be investigated in future work.

3.5 Conclusion

This chapter has presented a control scheme based on an ap-
proximate input-output feedback linearization technique, where
System (2.1) is first transformed into its observability normal
form. The latter is in turn approximated as a chain of integra-
tors, neglecting part of the dynamics, and is finally controlled
via a linearizing feedback.

2See [7, 99]
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The neglected part is considered as a perturbation, which
is vanishing at the origin. Thus, stability analysis is provided
based on vanishing perturbation theory. Unfortunately, the sta-
bility results presented here can be very conservative. Indeed,
the perturbation predicted by the theoretical results can be
much smaller than the perturbation that could otherwise be
accommodated.
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Chapter 4

Cascade Structure with
Input-output Feedback
Linearization and Predictive
Control

4.1 Introduction

In this thesis, solutions are developed for the control of nonlin-
ear nonminimum-phase systems with relative degree strictly less
than the system order. The first one was presented in the previ-
ous chapter. It consists of finding a stabilizing controller, based
on an approximation of the system, by neglecting the internal
dynamics.

The second method to control the considered class of sys-
tems is addressed in this chapter. The idea is to stabilize the
internal dynamics instead of neglecting them as was done in the
case of the approximate input-output feedback linearization in

59
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Chapter 3.

The proposed methodology is based on input-output feedback
linearization, model predictive control and singular-perturbation
theory. The system is first input-output feedback linearized, by
separating the input-output system behavior from the internal
dynamics. Predictive control is then used to stabilize the inter-
nal dynamics, using a reference trajectory of the system output
as the manipulated variable. This results in a cascade-control
scheme, where the outer loop consists of a model predictive con-
trol of the internal dynamics, and the inner loop is the input-
output feedback linearization. Model predictive control is then
performed on this scheme, at a re-optimization rate determined
by the internal dynamics rather than the system dynamics. This
can be advantageous if the internal dynamics are slower than
the system dynamics. Stability analysis of the cascade-control
scheme is provided using results of singular-perturbation the-
ory [7].

This chapter is organized as follows: Section 4.2 develops the
cascade-control scheme, while the stability analysis is provided
in Section 4.3. In Section 4.4, an extension of the cascade-control
scheme is proposed, using neighboring extremal theory, in order
to make the cascade scheme more robust. Section 4.5 concludes
the chapter.

4.2 Cascade-control Scheme

The idea of the cascade-control scheme is to use the input-output
feedback linearization in the inner loop and predictive control
in the outer loop. The input-output feedback linearization can
be seen as a pre-compensator prior to applying predictive con-
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trol, whereas predictive control can be viewed as a systematic
way of controlling the internal dynamics. The following control
structure is proposed (Figure 5.7):

II
Yref v U n

Predictive + Linear Input-output ] >
Control Feedback [ Lincarization [ System Y o

>

- oz ]
y S -
1

1: y("') =
1I: 7] = Q(T/7 Y, yv B y(T71)7 f) ~ Q(Tlv Yrefs yTef7 e 7?/52]71) 0)

Figure 4.1: Cascade-control scheme using IOFL and NMPC

4.2.1 Inner loop: Linear Feedback Based on Input-output
Feedback Linearization

Using the control law (2.26), System (2.1) is first input-output
feedback linearized as in (2.27)-(2.28). Then, a linear output
feedback is applied to the linearized input-output dynamics:

y = v, y(0) =y (4.1)
k- r—1 k ;
Vo= = (e —y) — Y ey (4.2)
€ i=1 €

where y,cf(t) is the reference trajectory for the output and its
successive derivatives, ¢ — 0 a small parameter, and ky,-- -, k,
are coefficients of a Hurwitz polynomial [7].
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The gains are chosen as shown since, for any choice of € > 0,
the closed loop is stable and € can be used as a single tuning
parameter.

System (2.28), (4.2) can be written in the form of a singularly
perturbed system (2.6)-(2.7) by defining the fast variables

& =yl i=1,...,r (4.3)
Replacing & given in (4.3) in (2.28) yields:
7.] = Q(n7€7 6)7 77(0) =T"o (44)
and replacing it in (4.2) yields:
. d r—1_(r—1
€ = € (e Y ))
_ ey
=€
.k kg oy
=€ (eT (Yrep — ) — ;1 erJ_ri y< >>
r—1 o
= k1 (Yres —y) — 21 kizae'y"
r—1 _ -
= 2%) Kip1 (Giv1 — &) (4.5)
where
Yref
- 0
§=1 . (4.6)
0
Therefore, (4.3) can be rewritten as follows:
€ = &, i=1,...,r—1 (4.7)

. r—1 _
€& = ;) kiva (&1 — &) s £00) =& (4.8)
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4.2.2 Outer loop: Model Predictive Control

The internal dynamics (4.4) depend on the output y and its
derivatives 7,7, - -y"~Y, as well as on the small parameter e.
Since € is small, quasi-steady-state assumption can be made. The
quasi-steady-state (QSS) subsystem is computed when setting e
to zero in (4.4). Letting ¢ — 0 in (4.3) yields:

G=y, &=-=6=0 (4.9)
Using the above result and letting e — 0 in (4.8), then:

r—1 -~
;) kit (&1 — &ir1) =0
= k(6 —-&)=0
=&=6& (4.10)
Therefore:
Yref
_ 0
c—0:g=E=] (4.11)
0

The vector ¢ is the quasi-steady-state value of €.

It is important to note that setting e to 0 in the internal dy-
namics (4.4) leads to undetermined fractions y® = i—fl =0i=
1,---7 —1, because y'¥) = E’%,l, 1=20,---r — 1. However, since y
tends to y,.; under the quasi-steady-state assumption, then its
derivatives ¢, - - -,y tend to their references Yrefs =, yﬁz,}l)
Since the internal dynamics can be rewritten in the following

form:

= Q0 e
Q(nv Y, ya ) y(r_l)v 6) (412)
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then, the quasi-steady-state (QSS) subsystem is computed using
the form (4.12) for the internal dynamics. Letting e — 0 in
(4.12), the QSS subsystem yields:

7.] = Q(ny Yref, yrefa e 3/7(78;1>, 0)7 77(0) =To (413)

Then, trajectories (Yref, Yref, - - ny}l)) will be used to stabilize
the internal dynamics.

In general, input-output feedback linearization decouples the
input-output behavior from the internal dynamics, i.e. n has no
effect on the output y. On the other hand, the quasi-steady-state
assumption decouples the internal dynamics from the input-
output behavior, i.e. y has no effect on the output 7, although
the profile of ¥, (an independent variable) is used to control 7).
Thus, the two subsystems can be handled separately.

T .
Deﬁning 7’7 = [777 Yrefr *°°s 7(4';;2)] and w = yfefl) S
R"™ ! the QSS dynamics (4.13) can be rewritten as:
with
r—2
Q(T]> yrffa e )yf'ef ))
- yref
(r-2)
yr@f
w

Note that it is important to add additional states gy, - - -, yg;m

since they are considered as independent variables, and the last
derivative yf??l) = w is considered as the manipulated variable
for stabilization.
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The value of a stabilizing w* is computed numerically using
predictive control:

. . 1 T~
w* = arg o iy {277(25 +T)Y' Ppt+T) (4.16)

—i—% /tHT (ﬁ(T)TS 7(T) + sz(r)) dr}

st. =Q(mw)  (t) =1
w(-) €Y, q(-) eN, ft+T) € Ny

where 7; is the vector of measured or estimated states at time ¢;
P, S, and R are positive-definite weighting matrices of appro-
priate dimensions; 7" is the prediction horizon; N is the set of
admissible states; ) is the set of admissible inputs; Ny C N is
a closed set such that it contains the origin (77 = 0) € Ny.

Under the cascade-control scheme, once System (2.1) is input-
output feedback linearized and the input-output behavior is con-
trolled with a linear feedback, then the resulting system is com-
posed of two subsystems:

e a fast subsystem, which is the boundary-layer subsystem
(4.19), with input v and output y.

e a slow subsystem, which is the QSS subsystem (4.14), with
input w and output 7.

The key idea of the cascade control is to stabilize the internal
dynamics using y, the output of the initial system (2.1), via a
predictive control. This yields a reference on the output trajec-
tory yres(t) at each optimization. The reference is reached via
the linear control of the input-output behavior (4.19) of System
(2.1).

Since the internal dynamics are given, thus, the cascade con-
trol is effective using large gains in the inner loop to control
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subsystem (4.19), such that a cascade structure is created arti-
ficially.

4.2.3 Advantages of the Cascade-control Scheme

From a feedback linearization point of view, the cascade-
control scheme provides an elegant way of handling unstable
internal dynamics.

From a predictive control point of view, in the cascade-control
scheme, predictive control is applied to the internal dynamics
instead of the overall system dynamics. Three different cases
have to be distinguished:

e Stable systems. There is no advantage in removing the
input-output behavior from the prediction problem instead
of including it in the prediction, since it is stable. For stable
minimum-phase systems the advantage is minor. For sta-
ble nonminimum-phase systems, it is counter productive to
use the cascade-control scheme, because the input-output
feedback linearization of the system can lead to more com-
plicated internal dynamics, which makes the predictive con-
trol a difficult task compared to when it is directly applied
to the overall system.

e Unstable minimum-phase systems In this case, input-
output feedback linearization results in stable internal dy-
namics, and predictive control is used to guarantee perfor-
mance. The advantage of the cascade scheme for this class
of systems is that predictive control is applied to the stable
internal dynamics instead of the unstable system dynam-
ics, thus avoiding limitations on the time required for opti-
mization. In other terms, the time required for optimization
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here can be larger than the sampling period. Examples of
this class of systems include a tracking radar system where
rotatable antennas are used for precise positioning of large
loads [100] and a hydrofoil boat where the angular flaps po-
sition disturbed by sea waves needs to be controlled [100].

e Unstable nonminimum-phase systems In this case,
input-output feedback linearization does not pre-stabilize
but only pre-compensates the system dynamics, and pre-
dictive control is used to stabilize them. Here, the cascade-
control scheme is advantageous when the unstable internal
dynamics are slower compared to the unstable system dy-
namics. Predictive control can then be applied at a lower
rate since it is applied at the rate of that of the unstable
internal dynamics instead of the unstable system dynamics.
For this class of systems, a natural two-time-scale separa-
tion should exist between poles and zeros of the open-loop
linearized version of System (2.1). The zeros have to be
slower than the poles for all possible operating points of
System (2.1). Examples of this class of systems include the
pendubot [101], which is used as illustrative example in
this work, a X29 aircraft which flies at high angles of at-
tack [102] and a flexible space launch vehicle which travels
from liftoff at the Earth’s surface through the atmosphere
to low Earth orbit [103, 104].

The aforementioned time-scale separation between open-loop
zeros and open-loop poles should not be confused with the other
time-scale separation created using the linear controller. The
latter artificial time-scale separation is between the open-loop
zeros of the linearized plant (which correspond to the poles of
the outer loop) and the closed-loop poles of the inner loop. This
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condition is necessary for the stability of the cascade-control
scheme as discussed in the next section. Since the closed-loop
poles of the inner loop are functions of the controller used, they
can be made fast by using large gains for the inner-loop.

4.3 Stability Analysis

The stability of the cascade-control scheme is discussed in this
section. The key idea is to use the time-scale separation intro-
duced to make the cascade control effective, and which results
from the use of sufficiently large gains in the inner loop. There-
fore, results from singular perturbation theory can be applied.

As seen in the previous chapter, if a nonlinear system is the
combination of a fast and a slow subsystems, exponential sta-
bility of both subsystems leads to exponential stability of the
overall system. Exponential stability is considered because of
the following: if a system is exponentially stable, then there ex-
ists a margin in the reduction of the Lyapunov function, V(a:) <
—czl|z]|* < 0 [7]; this margin, in turn, can be used to accommo-
date the neglected dynamics. The following procedure will be
used in this section to prove the stability of the cascade-control
scheme:

e First, exponential stability of the boundary-layer subsystem
with the linear controller (4.19)- (4.20) is established;

e Next, the exponential stability of the QSS subsystem (4.14)
with the predictive controller (4.16) is addressed;

e Then, using singular perturbation theory, a stability proof
for the cascade-control scheme, i.e. System (2.1) with Con-
troller (4.2)-(4.16), is provided.
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4.3.1 Stability of the Boundary-layer Subsystem
Using the new variable £ = £ —¢, subsystem (4.7)-(4.8) becomes:

€ = €—e
52 yref
0
= 523 —e| (4.17)
Y120 ki1 (§v1 — Eina) 0
Letting 7 = f yields:
_ 52 yrcf
ac &3 . 0
dr : :
| X150 ki (i — &) 0
[ 5:2 yref
¢ 0| . :
= ? —e| .|, 0)=& (418)
| ST50 kivabin 0
Letting € — 0, the boundary-layer subsystem [7] appears:
i
S—4E 0 =G (4.19)
with matrix A defined by:
0 1 0o - 0
0 0 1 0
A=| + (4.20)
0 0 0o - 1
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Theorem 4.1 Consider the boundary-layer subsystem (4.19) with
the system matriz (4.20). If ki, - - -, k. are chosen as coefficients
of a Hurwitz polynomial [7], then the origin of the boundary-
layer subsystem §~ = 0 s exponentially stable.

Furthermore, the following Lyapunov function can be pro-
posed for the system:

1 -
W= g, o= | * AT M et (4.21)
2 0
where M C R™" is a positive definite matriz.

Proof: Since all the eigenvalues of matrix A are negative,
then @ is positive definite. Thus, letting A4 and A, denote
the maximum and minimum eigenvalues of the matrix ® respec-
tively, the Lyapunov function candidate W given in (4.21) has
the following property:

The derivative of the function W with respect to 7 is given by:

AW 1z g -
— = (AT + @A) (4.23)

Since AT® + ®A = — M, then:

aw 1op o -

—=—=M 4.24

o = —SETME (4.24)
Since M is positive definite, Theorem 2.5 applies, and the origin

of the boundary-layer subsystem is exponentially stable. "
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4.3.2 Stability of the Reduced Subsystem

The stability analysis of the predictive control is based on the
work of Jadbabaie [96, 105], where global asymptotic stability
is provided (Theorem 2.9). However, in this work, exponential
stability of the predictive control is required. Therefore, more
restrictive assumptions are made in order to provide the expo-
nential stability of the predictive control of the QSS subsystem
(4.14), leading to the following theorem.

Theorem 4.2 Consider (4.14) controlled using the predictive
controller (4.16). If the following assumptions are satisfied:

~

. System (4.14) is stabilizable considering w as input,
2. (=0, w=0) is an equilibrium point,

3. the function Q(7,w) is such that |Q(7,w)| < L7,
4. P, S, and R given in (4.16) are positive definite,

5. FJw* = k(7)) defined in Ny, for which F(7j) = §ij" Pij defined
in Ny and q(7,w*) = 15" S+ R (w*)?} satisfies

F(7) + q(i, w*) = 7" PQ(7,w*) + 7"S7 + R (w¥)? < 0
(4.25)

6. the set N is positively invariant with respect to w,

7. the prediction horizon T 1is chosen sufficiently large to en-
sure that 7*(t + T') € Ny, where ij*(.) represents the states
obtained under predictive control,

then, controller (4.16) stabilizes System (4.14) exponentially.
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The differences between the above theorem (Theorem 4.2)
and the results of Jadbabaie’s work (Theorem 2.9) are:

e The third assumption, on the Lipschitz nature of Q(ﬁ, w).

e The specific structure of the functions £’ and ¢ in the fifth
assumption.

The Lipschitz assumption is required to provide the lower and
upper bounds on the Lyapunov function V' and the assumption
on the structure of F' and ¢ is used to give a bound on V as a
function of the norm of vector of internal variables 7.

Proof: Consider the QSS subsystem (4.14), controlled using
the predictive controller (4.16), and let the Lyapunov function
candidate V (¢, 7):

V{(t,7) = min J(t,7, w) (4.26)

where

J(t,7,w) = 7t +T)"Pij(t+T)
+3 T ((r)"S (1) + Rw?(7)) dr
with n(t) =, wi-) €Y, () € N, it +T) € Ny
(4.27)

where 7; is the vector of measured or estimated states at time ¢;
P, S, and R are positive-definite weighting matrices of appro-
priate dimensions; T is the prediction horizon; A is the set of
admissible states; ) is the set of admissible inputs; Ny C N is
a closed set that contains the origin ((7 = 0) € Ny).

The QSS subsystem (4.14) is exponentially stable if the Lya-
punov function V (¢, 7) given in Equation (4.26) verifies the con-
ditions of Theorem 2.5. Therefore, the proof proceeds into two
steps:
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e First, it is verified that V(¢,7) is bounded from above and
below by quadratic functions of 7. An upper bound and a
lower bound are provided.

e Then, the time derivative of the function V' (¢,7) is shown
to be bounded from above by a negative function that is
quadratic in the variable 7.

Lower bound for V: Since P is a positive definite matrix, then
nt+ T)'Pn(t +T) > 0. Also, w?* > 0. Thus, the following
inequality is satisfied:

vien) > g [ ) sarar (4.28)

Also, by assumption in Theorem 4.2, the function Q(7,w) sat-
isfies the inequality:

1Q(@, w)|| < Lil7] (4.29)

where L a positive scalar. Then, it follows from Theorem 2.2
that:

()l = @) [ exp [-L(r =1)], 7€ [t,00)  (4.30)

Therefore, the following inequalities result:

vien = & [ e S

2.t
1, t+T
> §Iln(t)ll2llSH/t exp [—2L(7 —t)]dr
1— 672LT )
> — n .
> ——— ISl (4:31)

thus giving a lower bound on the function V' (¢, 7).
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Upper bound for V: Consider the differential equation of Sys-
tem (4.14). Considering 7(t) = 7; to be the value of the initial
state vector and the input w = 0 during the interval [¢,t + 7],
let 7j(7) be the value of the state vector 7 at time 7 > ¢ under
these conditions.

Since V'(t,7) is the minimum of the cost function J with
respect to w (4.26), then:

V(t,n) < J(t,7,0) (4.32)

By assumption in Theorem 4.2, the function Q(7, w) satisfies
the inequality:

QT w)ll < Lin]| (4.33)
with L a positive scalar. Then from Theorem 2.2:

I < la@lexp [L(T —1)l, 7 € [t,00) (4.34)

Therefore, the following inequalities result:

Vs < g+ TP+ T) + 5 [ i) i

1 _
< 1P| o)
1, t+T
1RSI [ exp 2 - Dldr
< [Miprer + < gl mor @)
= |alene AL " :

thus giving an upper bound on the function V' (¢, 7).

Condition on V: Let w(7), 7 € [t,00), be the input resulting
from the concatenation of two signals:
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e the input signal w*(7), 7 € [t, t+7T), resulting from the opti-
mization (4.26), with the initial state vector value 7(t) = 7

e the input w¥(7), 7 € [t + T, 00), obtained by applying the
local controller w* = k(7)) (Theorem 4.2), with the initial
state vector value 77*(¢ +T') obtained from the optimization
(4.26).

Consider a small variation in time ¢, and the notations F'(7) and
q(n,w"*) defined in Theorem 4.2. Therefore, using the concate-
nate input signal @, the cost function J given in (4.27) computed
at time t + At is given by:

J(t+ At q(t + At),w) = F(it+ At +1))
(4.36)
+IGATT a(i(r), () dr

Since V(t + At,7) < J(t + At, 7, w) (the function V' being the
minimum of the cost function J), then:

V(t+ At 7(t + At)) — V (¢, 7(t))

V = lim
At—0 At
At—0 At
On the other hand:
~ B At B
J(t+Atn, ) = V(n) = — [ g, w)dr = F((t + 1))
AT
‘/t+T q(77, w")dr (4.38)
+F((t+ At +1T))

By assumption in Theorem 4.2, F\(7}) 4 ¢(7, w*) < 0 for all 7 €
[T, o). Then integrating this inequality between times (¢t + T)
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and (t + At 4+ T) yields:

F(i(t+ A+T)) — F((e+ 7))+ [ g, wh)dr <0 (4.39)

Using (4.38) and (4.39), inequality (4.37) becomes:

1

V< gim {5 [ ae) e @arf  @a0)

Since
tim = [ a@) e arf = atae), @) @4

then, inequality (4.40) becomes:

. 1 1.,
Vo< S — o Rut(t)
1
< A (1.42)
Since the three assumptions of Theorem 2.5 are satisfied, then
Controller (4.16) stabilizes exponentially System (4.14). .

4.3.3 Stability of the Cascade-control Scheme

Theorem 4.3 Consider System (4.4)-(4.8) with the trajectory
Yres(t) obtained by solving Optimization problem (4.16), and the
input w computed using (2.26) and (4.2). Suppose that the fol-
lowing assumptions are satisfied:

o Function Q(n, &, €) is such that

1Q(n,€,€) = Q1€ 0)]| < all¢ —¢]|

with a being a non-negative constant.
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e The conditions of Theorem 4.2 are satisfied.
Then, there exists € > 0 such that, for all € < €*, the controller
(4.2)-(4.16) stabilizes exponentially the origin x = 0 of System
(2.1).

Proof: Letting 7 = [ N Yref - yf«Z}Z) }T and using (4.4),
then: )
n=Q0¢e¢) (4.43)
Under the quasi-steady-state assumption, when € — 0, the above
equation becomes:
n = Q@¢0)

= Q(7,w) (4.44)
The stability proof of the cascade scheme proceeds by finding
a Lyapunov function for the closed-loop system:

{ i=QE+Ee,  (0) =1
€ = Ag, £(0) =&
where ¢ in (4.43) has been replaced by € + &, with € defined by

€ = [Yref 0 -+ 0]7. The following Lyapunov function candidate
is proposed:

(4.45)

v(,§) = V(i) + W(E) (4.46)

The Lyapunov function W is as in Theorem 4.1. Since the

QSS subsystem (4.14) is exponentially stable, then there exists

V for the reduced internal dynamics (not necessarily the same as

the one used in Theorem 4.2) that satisfies the following prop-
erties:

—nQ(ﬁ,w) < —bi|jl)? (4.47)

< bof|7ll (4.48)



78 Chapter 4. Cascade Structure with IOFL and NMPC

where w is computed using (4.16), and b; and by are positive
scalars. The existence of one such function V' is guaranteed by
Theorem 2.6.
Moreover, functions V(77) and W (€) satisfy the following in-
equalities:
allléllF <W(E) < ali€l? (4.49)
sl <vim) < Balln)? (4.50)

where oy, ag, §; and (3 are positive scalars. Therefore:

| H

where v = max (a1, 01) and 72 = min (g, Ba).
The derivative of (7], ) with respect to time along the tra-
jectories of (4.45) can be calculated as:

b= V@) +W(E) (4.52)

<
<

2 2

" (4.51)

<v(,€) <%

The first term of equation (4.52) is as follows.

. 10W -

and represents the derivative of W () along the trajectories of
the boundary-layer subsystem (4.19). From Theorem 4.1, this
term is negative.

The second term of equation (4.52) is given as:

Q(n,¢,0) Qn,&,¢) Q(n,€,0)
oV Yref Yref Yref
= . + . .

V() =

w w w
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Q(n,&,€) — Q(n.€,0)
. (4.54)
0
The term %—‘g@(ﬁ, w) in (4.54) is the derivative of V(77) along the
trajectories of the QSS subsystem (4.14) controlled by the pre-

dictive controller (4.16). From Theorem 4.2, this term is nega-

tive. The last term in (4.54) 2¢ { Q(n, & €) —Q(n,E,0) 0 --- 0
expresses the effect of the qua51-steady-state assumption i.e. ap-
proximating & by & and € by zero.

From the assumption of Theorem 4.3, the second term of
(4.54) satisfies:

1Q(,€,€) = QU E0)| < aliéll,  a=0 (4.55)

From the inequalities in (4.48) and (4.55), the time derivative
of V(i) (4.54) can be upper bounded as:

V() < =bullill? + abaI7l] €] (4.56)

}T

From Theorem 2.6, there exists some positive constant ¢ such

that: oW
I £~A§H < —cll¢]” (4.57)

Using (4.56) and (4.57), the time derivative of the global Lya-
punov function v in (4.46) satisfies the following inequalities:

" _ _En L CnE
(,6) < —bullall* + abalnlllIE] EHEII2

IA

IN
\

I
ey
—

|
mmw@l
=
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=
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The right hand side of the last inequality is a quadratic form in

{ 1 ] and is negative for all € < ¢* such that

3

% 4616
€ =—=
a’b}

Then, from Theorem 2.5, the origin (7, £) = (0, 0) is exponen-

T
tially stable. Since 7 = [ N Yref - yxf) ] , then the origin
n = 0 is exponentially stable. Therefore, the origin of System
(2.1) is exponentially stable. .

The above theorem indicates that if € is chosen smaller than
a certain value, i.e. if the feedback gains of the inner loop are
chosen sufficiently large, then the overall system is stable. This
means that an effective time-scale separation needs to be created
for the stability of the proposed cascade scheme to be guaran-
teed.

4.4 Cascade-control Scheme using Neighbor-
ing Extremal Theory

4.4.1 Robustness Issues

Problems of robustness of the proposed scheme are caused by:

Large gains of the inner loop From an implementation point
of view, the use of large gains for the linear controller in the
inner loop leads to measurement noise amplification and in-
put saturation. However, it is not always necessary to use
very large gains.
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Modeling errors in predictive control Due to the low re-
optimization frequency used for the predictive control in the
cascade scheme, and the open-loop behavior of the predic-
tive control between two optimizations, predictive control
can be very sensitive to possible modeling errors.

4.4.2 Extension of the Cascade-control Scheme

In order to reduce the effect of modeling errors or disturbances,
a robust extension of the developed methodology is proposed,
where additional linear feedback is used whenever the numeri-
cal optimizer (nonlinear model predictive control) is unable to
compute the optimal input [106].

For small deviations away from the optimal solution, a linear
approximation of the QSS subsystem (4.14) and a quadratic ap-
proximation of the optimization cost (4.16) are computed. The
theory of neighboring extremals (NE) provides a closed-form
solution to the optimization problem [107]. Thus, the optimal
input can be obtained using state feedback, which approximates
the feedback provided by explicit numerical re-optimization.

Including the dynamic constraints of the optimization prob-
lem (4.16) in the cost function, the augmented cost function J
can be written as:

J=a@t+T)+ [ (H - X0)dr (4.59)

where 7 € R"', ®(f) = ip"Pip, H = }(7"S7 + Rw?) +
MQ(n,w), and A(t) # 0 is the (n — 1)-dimensional vector of
adjoint states or Lagrange multipliers for the system equations.

At the optimal solution, the first variation of .J is given by

[107]:
AJ = (0;— ") A

t+T
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* ,/:+T [(Hy + AT) A+ HyAw)| dr (4.60)

where A7(t) = z(t) — 7*(t) and Aw(t) = w(t) — w*(t), with
7" and 7% being the optimal state and input, respectively. The
notation a, = % is used.

With an appropriate choice of the adjoint states, N = —H,
with AT'(¢t + T') = ®;(¢t + T), the necessary conditions of opti-
mality that are derived from A.J = 0 become:

H, = Rw+\Q,=0 (4.61)
The second-order variation of J is given by [107]:

A2J = A0t +T)'P Aj(t+ T)+

_ Hyz Hpw | [ A7 (4.62)
l t+T T nn nw
2 ft [AT] Aw] |: Hwﬁ ku' :| |: AU] :| dT

Choosing Aw to minimize A%J under the linear dynamic con-
straint:

Al = QzAN + QuAw (4.63)
represents a time-varying Linear Quadratic Regulator (LQR)
problem, for which a closed-form solution is available:

Aw(t) = —K(t)Aq(t) (4.64)
K = Hy, (Hup + QLQ) (4.65)

Q = —Hy —QQ; — QI+ HywK + QQuK
Qt+T) = P (4.66)

The above controller, called the neighboring-extremal controller,
is used in combination with the nonlinear model predictive con-
trol (4.16). The signal which results from their sum w = Aw+w*
is considered as a new reference for the inner loop of the cascade-
control scheme (Figure 4.2). Although w* computed from the
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nonlinear predictive control is updated every ¢ seconds, the ref-
erence resulting from the linearized problem Aw is updated at
each sampling time h.

Yref v u
Predictive + Linear Input-output >
Control Feedback [ Lincarization [ System N
>

]

~ . —1
n= (nvyrefvyrefa"'vy7(~2f )70)

_ —2
0= Yreps -+ Yog JT

Figure 4.2: Cascade-control scheme using IOFL, NMPC and NE

The new control scheme also allows reducing the reoptimiza-
tion frequency of the MPC problem. In fact, the additional
feedback performs optimization implicitly, thereby acting as a
standby whenever the numerical optimizer (nonlinear model pre-
dictive control) is unable to compute the optimal input. There-
fore, model predictive control can be allowed to be re-optimized
at a lower frequency.
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4.5 Conclusion

This chapter presented a cascade-control scheme that combines
input-output feedback linearization and predictive control to
control nonlinear systems. From a feedback linearization point
of view, this scheme proposes an elegant way of handling unsta-
ble internal dynamics. From a predictive control point of view,
the proposed scheme has computational advantages for unstable
systems. Since the predictive control is applied to the internal
dynamics, re-optimization frequency can be reduced if the inter-
nal dynamics are slower than the input-output system dynamics.
This makes the implementation of the predictive control easier.

Secondly, an additional feedback is combined with the predic-
tive control problem using the neighboring extremal theory. This
helps avoid problems of robustness, and also allows predictive
control to run at a lower re-optimization frequency.

Clearly, the issue of constraints, which has been one of the
main advantages of predictive control techniques, has not been
addressed in this work. The presence of constraints would pre-
vent the separation between the input-output dynamics and the
internal dynamics, which is crucial to this work. Therefore, the
proposed method cannot be directly extended to the constrained
case. On the other hand, the method could easily be extended
to the multi-input multi-output (MIMO) case.



Chapter 5

Application: Pendubot

5.1 Introduction

This work deals with the control of SISO affine-in-input non
input-state feedback linearizable nonlinear systems. So far, two
methodologies to control such systems using input-output feed-
back linearization techniques have been proposed. The first one
is based on an approximation of the system, neglecting the in-
ternal dynamics, and finding a stabilizing controller; the second
one takes the internal dynamics into account and stabilizes them
simultaneously with the control of the input-output behavior of
the system.

In this chapter, both approximate input-output feedback lin-
earization and cascade-control schemes are applied to the pen-
dubot [101]. The pendubot consists of two rotary joints; the
second joint is unactuated. This system represents an inter-
esting example for control, and has been widely used in the
literature because it is nonlinear, unstable and nonminimum-

85
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phase [108, 109, 110, 111].

This system has suitable properties for the control method-
ologies presented previously. From the approximate input-output
feedback linearization point of view, the pendubot is a nonlin-
ear system, not input-state feedback linearizable. Also, the pen-
dubot is nonminimum phase, which prevents the use of standard
input-output feedback linearization. From the cascade-control
point of view, the pendubot is an unstable nonlinear system
with fast input-output dynamics. Moreover, when input-output
feedback linearization is used, the internal dynamics are rather
slow, so that model predictive control can be used with a low
re-optimization frequency. In addition, no analytical stabilizing
feedback law can be formulated for the internal dynamics, there-
fore justifying the use of predictive control for the stabilization
of internal dynamics.

The chapter is organized as follows. The next section de-
scribes the pendubot model. The approximate input-output feed-
back linearization is shown in Section 5.3 together with the
experimental results. Section 5.4 presents the cascade-control
scheme and shows the corresponding experimental results. Sec-
tion 5.5 concludes the chapter.

5.2 The Model

The pendubot (Figure 5.1) is a two-degree-of-freedom underac-
tuated mechanical system consisting of an actuated rotating arm
controlled via a DC motor, and an unactuated rotating arm.
In order to generate a model of the pendubot, let 1) denote
the actuated coordinate, ¢ the unactuated one and 7 the motor
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Figure 5.1: Pendubot of the Laboratoire d’Automatique
torque (Figure 5.2). Consider the following notations:

ry = ll sin (¢)

= lycos (v) (5.1)

xy = lsin(¢) + lysin (¢) (5.2)
yo = lcos (¢) + Iy cos (d) ’
which correspond to the projections of the center of masses of
the two arms on the vertical plan. [; is the length from the first
joint to the center of mass of the first arm, ls is the length from
the second joint to the center of mass of the second arm and
I is the length of the first arm (Figure 5.2). The kinetic and
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ma, Iy
l
my, Ih
motor
Figure 5.2: Pendubot structure

potential energies are expressed as:

1oy 22 1, 2 1. -2, 1, -2 17 42 | 17 2
Einetic = 5ma®y + 3mayy + gmads + smaeys + 510" + 5L
Epotential = Mm1gYy1 + Magy2

(5.3)

where mi, mo are the masses of the two arms, I, Is are the
inertias of the two arms computed at their respective centers of
mass, and ¢ is the gravitational acceleration. The Lagrangian is
given by:

L= Ekinetic — Lupotential (54>
thus yielding:
doL oL
w= 5% (5.5)
, _ doL_oc (5.6)
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where u is the inertial control such that

u=1 — b — cysign(v) (5.7)
where 7 is the torque produced by the DC motor; by and ¢, sign (1))
are the viscous and static frictions, respectively, caused by the
motor.
The pendubot is then described by the following set of dif-
ferential equations:

N+ J cos(vp — ¢)p + J sin(y — ¢)¢* — gisin(y) =u  (5.8)
oo+ T cos(t) — @) — JTsin(v) — @)9? — gosin(g) = 0 (5.9)
where g1 = (mily + mala)g, g2 = malag are the gravity com-
ponents, J = malily, Ji = myl} +mol? + I, Jo = mal3 + I
the inertia components, ¢; the Coulomb friction coefficient, and
by the viscous friction coefficient. Table 5.1 shows the physical

values of the parameters obtained from measurements on the
experimental setup [112].

parameter value unit
g1 2.20 N
g2 0.36 N
J 1.85x1072 |  kgm?
Ji 0.22 kg m?
Ja 1.90x1072 |  kgm?
c1 1.12 Nm
b 6.60x1072 | Nsrad™*

Table 5.1: System parameters

5.2.1 State-Space Formulation

The state-space formulation of the pendubot consists of rewrit-
ing the equations (5.8)-(5.9) as a set of differential equations of
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first order. Consider ¢ as the output and let z = [ b, b, U, ¥ ]T.
The pendubot equations (5.8)-(5.9) can be rewritten as:
T = f(z) + g(:p)u (5.10)

y =h(z)
where y represents the output, u is the input, x is the state-space
vector. Hence, one has:
¢
_Jla_ JC05(¢—¢)5 (511)
(0
Jeos(p — p)a+ Jo8

0

o) = |~ Cozw -9 (5.12)

fx) =

h(z) = ¢ (5.13)
with

a = a(—gysin¢ — Jsin(y — ¢)?) (5.14)

B =a(gisiny — Jsin(y) — ¢)¢°)

5.2.2 Relative Degree of the Pendubot

Differentiating the output ¢ = h(x) successively with respect to
time ¢ yields:
— oh
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where Lyh(x) is the Lie derivative of h(z) along g. However, the
second derivative is given by:
0
LyLsh(z) = %5ttg(x)
= aJ cos(¢) — @) (5.16)
#0

indicating that System (5.10) is of relative degree r = 2, under
the condition [¢) — ¢| # (2k + 1)7, with & an integer different
from 0.

5.2.3 Nonminumun-phase Behavior of the Pendubot

To test the nonminimum-phase property of the pendubot, the
output ¢ and its derivative are replaced in Equation (5.9) by
their values at equilibrium: ¢ = 0, ¢ = 0. This yields:

P = ¢? tan (5.17)

whose solution is given by:
(t) = arcsin (1/)(0) cos (1(0)) t + sin (¢(0))) (5.18)

where t is time, ¥(0) and ¢)(0) are the values of ¢ and v, re-
spectively, at time ¢ = 0. Noting that ¢(t) /& 0 as t — oo,
then the zero dynamics (5.18) is not asymptotically stable, and
System (5.10) is nonminimum phase (see Chapter 2). Moreover,
the linearization of the zero dynamics around the origin (5.18)
gives 1/1 = 0, i.e. a double integrator which corresponds to slow
internal dynamics.
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5.3 Approximate I-O Feedback Linearization
of the Pendubot

5.3.1 Description of the Control Scheme

The objective here is to control the unactuated angle ¢ and
stabilize the pendulum angle ¥ to the upright position. This is
achieved according to the following steps:

1. Observability Normal Form of the Pendubot: First,
System (5.10) is transformed into its observability normal
form using the state-space transformation

h
Lyh
L3h
Lih

z=T(x) = (5.19)

where h(z) = ¢ and Lsh(z) = . The lengthly expressions
of L3h(x) and L}h(x) are included in Appendix A.2.

Then, the observability normal form of System (5.10) has
the following expression:

7;'1 = 29

Zo = 23 +Lgth U

23 = Z4 +LgL?ch u

Zy = Lih +LyL3h u, 2(0) = z

(5.20)

Again, the expressions of LyL¢h(x), LyL3h(x) and LyL}h(x)
are included in Appendix A.2.

2. Approximation of the Transformed System: System
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(5.20) can be rewritten as follows:

Z1 29 0 0
d 22| z3 0 Lquh .
E z3 o 24 + 0 ut L,;L?ch s Z(O) -
o) || LA 0
(5.21)
0
The vector Lngh in (5.21) is supposed to be small
L,L2h

0
enough so that its contribution can be neglected. This yields
the following approximated system:

?;’1 = 29
2T (5.22)
23 = 24

2y = Lih+ LyLihu, z(0) = 2
which corresponds to a chain of integrators.

3. Linearizing Feedback Control: Finally, the residual non-
linearity that contains the approximated transformed sys-
tem (5.22) is feedback linearized using the following control

law: Iin
v — 3
- f 5.23
WD (5.23)
where v is a linear feedback control:
v=—-Kz (5.24)

Then, System (5.22) can be rewritten as:
W= Kz, 2(0) = z (5.25)
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System (5.25) consists of a linear system, and corresponds
to an approximate input-state feedback linearization of Sys-
tem (5.10). The components of the gain vector K = [k ks k3 k4]
are chosen such that the closed-loop system (5.25) is stable.

5.3.2 Stability Analysis

The stability of the control scheme is discussed in this section.
The global stability of the control scheme cannot be proved be-
cause of the presence of singularities in LgL?}h. However, the
local stability of the controller (5.23)-(5.24) can be provided.

Applying the controller (5.23)-(5.24) on the transformed but
non approximated system (5.21) leads to:

2= Aaz + A2), z(0) = z (5.26)
where
0 1 0 0
0 0 1 0
Ag = 0 0 0 1 (5.27)
=k —ky —ks —k4
and
0
L,Lih | Kz+ Lih
Alz)=—| 790 | —— 1= (5.28)
ngﬁh LyLh

Expressions of LyLsh(x), LyL3h(z) and L,L}h(x) are given in
Appendix A.2.

Next, using y = ¢ as output for the pendubot, it will be shown
that the local versions of the assumptions of Theorem 3.1 are
not verified.
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e As for the observability condition, consider the following
matrix
_ | on 0L;h OL}h  OL%h
M(e)=| & 2 20 2|
where expressions of Lsh(z) = ¢, Lih(x) and L}h(z) are
shown in Appendix A.2.

Setting z = 0, then:

1 0 0 0

0 1 0 0
M(0) = 2064 0 —8.195 0

0 20.64 0 —8.195

whose determinant is non zero and is equal to 67.15. Thus,
the distribution span{M(0)} has dimension 4, and System
(5.10) is locally strongly observable.

e It is impossible to prove analytically that |Lf;h| is Lips-
chitz in z because of its complicated and heavy expres-
sion. However, this can be done locally and numerically.
In fact, setting a small neighborhood of the origin z = 0:
No={z € R": |lz]| <€ €> 0}, and computing L}h,
the constant parameter d; can be approximated numeri-
cally such that Vz € Ny : |L}h| < 6y]|z]]. Setting e = 0.004
yields é; = 29.05.

e Because of the presence of singularities in LgLﬁh7 it cannot
be verified everywhere that its value is limited by below.
However, this property can be verified locally. Computing
numerically LgLF}h in the set N, the positive constant o
can be approximated such that Vz € Ny : |L,L}h| > da.
Setting € = 0.004 yields d, = 140.05.
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o The gains of the linear control (5.24) have been chosen such
that the closed-loop poles are set at —1, —2, —10 and —10.

e Then, the sufficient condition for exponentially stability is:
02

2/\max(P) (51 + ||K||>
140.05

2 x 31.08 (29.05 + 427.05)

< 4.94x107°

where Aq.(P) is the maximum eigenvalue of the matrix
P which is the solution to the Lyapunov equation PA +
ATP = —I. I is the identity matrix.

However, the maximum value of Ay, computed numerically
in the neighborhood of the origin of length ¢ = 0.004, is
4.82. Therefore, the last assumption of Theorem 3.1 is not
verified and the stability of the control scheme cannot be
implied.

1A <

Although the assumptions of Theorem 3.1 are not verified
locally using y = h(z) = ¢ as output, it can be shown that
they are satisfied if the output is chosen to be y = h(z) =
Jcos(yp — @) + Jod. The assumptions are verified the same

way, and the following values are found:

e Consider the matrix

_ . - 27 37,
M(z) = [ Oh OLsh OLjh 0Ly }
(Z) ox ox Ox Ox

Setting z = 0, then:
0.019 0 0.0185 0
- 0 0.019 0 0.0185
M{(0) = 0.36 0 0 0
0 0.36 0 0
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whose determinant is non zero and is equal to 4.43 x 107°.
Thus, the distribution span{M(0)} has dimension 4, and
System (5.10) is locally strongly observable.

e The value of §; is computed numerically similarly to the
previous controller. The resulting value is §; = 159.63.

® ), is determined numerically, and its value is do = 1.73.
e The gains are the same as for the previous controller.

e The condition on the maximum value for A is then: [|A1]] <
4.75 x 107°. Computing ||A;|| numerically in the neighbor-
hood of the origin, its maximum value is 3.41 x 10~°. Thus
the assumption is verified locally, and the closed-loop sys-
tem is locally exponentially stable.

The value of € = 0.004 is small because of the large val-
ues for the gain vector K. This value can be increased using
smaller gains. For example, if the poles of the closed-loop sys-
tem are fixed at —1, —1.1, —1.2 and —1.3, corresponding to
K = [1.72 6.02 7.91 4.6], then the value of € can be increased
ten times to € = 0.03.

5.3.3 Experimental Results

The approximate input-output feedback linearization using the
observability normal form has been applied to the pendubot.
The experimental results are presented in this section. The im-
plementation environment and the map of the real-time control
of the pendubot, including the hardware and software, is de-
scribed in Appendix A.2. The initial conditions are set as follows:
First, the pendubot is set initially at the position ¢ = ¥ = m,
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¢.) = @Z) = 0. Then, a swing up based on energy control (see
Appendix A.2) is applied to the pendubot. Once the pendubot
arms are inside a pre-defined domain, the swing up switches to
the controller. Thus, the pendubot is controlled to the up-right
position. Finally, the initial conditions for the experiments are
set manually, in order to have initial conditions for the deriva-
tives at zero. Here, the initial conditions are ¢g ~ 0, ¢y = ¢,
$o =1 = 0.

First, the angle ¢ is considered as output. Although stability
cannot be proved when using y = ¢ as output, it is seen from
the experimental results that the control scheme is stable. This
is due to the fact that the stability results here are very con-
servative. In fact, as mentioned in Chapter 3, the perturbations
predicted by the theoretical results are much smaller than the
perturbations that could otherwise be accommodated. Secondly,
y = Jipcos(v) — @) + Ja¢ is considered as output, and the cor-
responding controller is applied to the pendubot. The vector of
gains used for the linear controller for both choices of output is
K = [200 340 162 23].

Experimental Results using Output y = ¢ 'The approximate input-
output feedback linearization using the observability normal form
is applied to the pendubot, considering y = ¢. The implemen-
tation results are shown in Figures 5.3-5.4. Figure 5.3 shows the
evolution of the pendubot angles ¢ and ¢, and Figure 5.4 shows
the input u.

Experimental Results using Output y = Jicos(v — ¢) + Jo¢p The
approximate input-output feedback linearization using the ob-
servability normal form is applied to the pendubot, considering
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Figure 5.3: Performance of the approximate IOFL scheme with the output
y = ¢: Angular positions ¢ (-), ¥ (- -)

y = Jy cos(vp — @) + Jo¢. The implementation results are shown
in Figures 5.5-5.6. Figure 5.5 shows the evolution of the pen-
dubot angles ¢ and ¢, and Figure 5.6 shows the input u.

Although the stability cannot be provided for the first con-
troller (choice of output ¢), both controllers show similar perfor-
mances. The approximate input-output feedback linearization
using the observability normal form gives good results when ap-
plied to the pendubot. Indeed, the angles evolution is smooth
and the input energy is small.

Although the nonlinear controller stabilizes the system, it
does not show a much better performance when compared to
that of an LQR. This is essentially due to the presence of singu-
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Figure 5.4: Performance of the approximate IOFL scheme with the output
y = ¢: Input u

larities in LyL}h, which prevent the use of the controller (5.23)
far away from the equilibrium point.

5.4 Cascade Control of the Pendubot

5.4.1 Description of the Control Scheme

The objective is to control the unactuated angle ¢ to the upright
position and, at the same time, stabilize the pendulum angle ¢ to
the upright position. These two tasks are considered separately
in the following control structure (Figure 5.7):

1. Inner Loop: Input-output Feedback Linearization
and Linear Feedback. First, System (5.10) is input-output



5.4 Cascade Control of the Pendubot 101
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Figure 5.5: Performance of the approximate IOFL scheme with the output
y = Jicos(vp — ¢) + Jo¢p: Angular positions ¢ (-), ¢ (- -)

feedback linearized into Byrnes-Isidori normal form using
the following steps:

e Apply a state feedback law that compensates the non-
linearities in the input-output behavior:

- v —Jya— Jcos(y — @) (5.29)

aJ cos(p — @)
where a, @ and § are given by (5.14).

e Consider the nonlinear transformation:
¢

z=T(z) = ;7251 (5.30)

2
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4.5

0 2 4 6 8 10
time (s)

Figure 5.6: Performance of the approximate IOFL scheme with the output
y = Jpcos(v — @) + Jo¢p: Input u
with
S [m]_ asew—e)
72 JY cos(v — ¢) + J2¢
Under the above transformation, System (5.10) can be
expressed as:

(5.31)

b = v, 0)=¢y d0)=0 (532
ho= QM é.6),  n0)=n (5.33)
with
—an% + 1 — a0
Q. ¢, 0) = \/% (2 — &) (5.34)
+g2sin(¢)
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Figure 5.7: Cascade control scheme

where () is the nonlinear function defining the dynam-
ics of n. The particular choice of 7, makes the dynamics
independent of gzﬁ Also, n; is chosen to be the integral
of 7, when ¢ = 0.

The system output ¢ is controlled by a linear feedback con-
trol that computes the new input v introduced in (5.29):

1 2 . .

where ¢,y and gz.bmf are references for the output ¢ and its
derivative ¢, respectively, and are determined by the outer
loop of the cascade-control. € — 0 is a small parameter. The
closed-loop poles of the linearized subsystem correspond to
a double pole at —%. The gains are chosen this way since,
for any choice of € > 0, the closed-loop subsystem is stable
and € can be used as a single tuning parameter.

2. Outer Loop: Stabilization of the Internal Dynamics
using Nonlinear Model Predictive Control
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The internal dynamics of the pendubot (5.33) depend on
both ¢ and its derivative gb However, since the parameter
€ is small, the quasi-steady-state assumption can be made.
This leads to ¢ — ¢y and b — q.ﬁ,nef in (5.33)-(5.34).
Then, the trajectories (¢yef, Q'Smf) will be used to stabilize
the internal dynamics.

The internal dynamics under quasi-steady-state assump-
tion can be written as:

i1=Q(Mw),  7(0) = (5.36)
where
i —w (VPP =7} + )
Q(i,w) = | gasin(7s) + —ﬁ (7 — wy) (5.37)
w
and
W= Pref (5.38)
ﬁl . JSin(?ﬁ - ¢T€f) .
n=11m = Jw COS(#’ - ¢)ref) + J2¢ref (5'39)
773 (b’ref

Note that it is important to add an additional state ¢,.r
since it is considered an independent variable. Its derivative
w is the manipulated variable for stabilization.

An analytical solution for w that stabilizes the internal
dynamics under quasi-steady-state assumption cannot be
computed. Thus, predictive control is used to compute nu-
merically the value of a stabilizing w*:

1
f = in {-opt+T)Y'Pat+T
w* = arg w(ﬁ%lilT]) {277(t +T)Y' Ppt+T)
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o [ S + RuP)dr) (540

such that 7 = Q(7, w) 7(t) =
w(-) €Y, n() EN, n(t+T) €Ny

where 7; are the measured or estimated states at time ¢; T'
is the prediction horizon; ) and A are the sets of admissi-
ble outputs and internal states, respectively; Ny C N is a
closed set that contains the origin. The input w is updated
every ¢ sec, where time § is greater than or equal to the
sampling time.

5.4.2 Stability Analysis

This section discusses the stability of the cascade-control scheme.
The key idea is to introduce a time-scale separation in order to
be able to use results from singular-perturbation theory, which
is enforced here by the presence of the small parameter e.

The assumptions 1 to 7 of Theorem 4.2 can be easily verified
for the pendubot example:

1. System (5.36) is not affine in w. However, it is affine in w.
Therefore, the controllability of (5.36) is shown considering
w as input.

System (5.36) can be rewritten as follows:

[ j } = [0, w) + g(n, w)i (5.41)



106 Chapter 5 Application: Pendubot
where
J? =7t + JQ)
JF _ |9 sin(73) + —7\/;%—77% (72 — wJ)

w

i 0
0
o
97 1o
1

System (5.41) is controllable if the distribution A(7, w) =
span{g, adsg, adysrg, adssrg}, with adsg = Lyf — Lgg, has
dimension 4, for all (7, w). It is locally controllable since
A(0,0) has dimension 4 [99]. Computing A yields a non-
linear function of 7 and w, which is not of dimension 4
everywhere. However A(0, 0) has dimension 4, and (5.41) is
locally controllable using w as input. Hence, System (5.36)
is locally controllable using w as input.

. By replacing (7, w) with (0,0) in (5.37), it can be easily

verified that (77, w) = (0,0) is an equilibrium point.

. Replacing w = 0 in (5.37), and computing the norm of

Q(7,0) gives [|Q(77,0)| < Ll|7]|, with L = 1.

. P, @ and R are chosen positive definite.

. and 6. (conditions on the final control w* and the final

set Ny respectively) depend on item 7. (condition on the
prediction horizon T'). Here, the prediction horizon T' = 0.6
sec, for which the pendubot is stable. Therefore, there exists
Ny and w” which satisfy points 5 and 6.
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It is important to note that only local stability of the cascade
control of the pendubot can be verified. In fact, an important
drawback of the methodology used here is that input-output
feedback linearization of the pendubot causes a singularity when
cos(y) — @) = 0. At the singularity, the feedback linearizing input
(5.29) is infinite!

5.4.3 Experimental Results

Experimental Results with the Cascade Scheme Experimental
results of applying the cascade-control scheme to the pendubot
are discussed in this section. The parameter of the inner-loop
controller (5.35) is € = 0.05. The parameters of the outer-loop
controller (5.40) are

1 00 4.67 591 1.17
R=1,Q=|0 10 0 |and P=| 591 24.32 4.89
0 01 1.17 489 2.17

The matrix P is computed by solving the algebraic Ricatti
equation of the linear quadratic regulation (LQR) problem of the
linearized version of Subsystem (5.36)-(5.37) [75]. The choice of
the re-optimization time ¢ is chosen to be 6 = 0.3 sec, corre-
sponding to 60 times the sampling period h = 0.005 sec.

The initial conditions of the pendubot arms are set the same
way that for the approximate input-output feedback control of
the pendubot. Here, the initial conditions are ¢y ~ 0, ¢y = %,
$o =1 = 0.

The experimental results for the cascade-control scheme are
presented in Figures 5.8-5.9, where Figure 5.8 shows the evo-
lution of the pendubot angles ¢ and v, and Figure 5.9 shows
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the input u. Although the pendubot is stable, the angle ¢ oscil-
lates considerably. This is due to the fact that model predictive
control is applied open loop between two re-optimizations. In
particular, v is fed back only every 0.3 sec. This is the main
disadvantage of using a low re-optimization frequency in the
presence of disturbances. The measurements are filtered using
Butterworth digital filters of the fourth order. Thus, the dis-
turbances here come essentially from the modeling errors, in
particular from the values of the viscous and static frictions pa-
rameters.

1.2

0.8 |

time (s)

Figure 5.8: Performance of the cascade-control scheme: Angular positions ¢

) (--)

Experimental Results with the Cascade Scheme and Neighboring
Extremals The results of neighboring-extremal theory are ex-
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time (s)

Figure 5.9: Performance of the cascade-control scheme: Input u

ploited in order to solve the problem of oscillations caused by the
low re-optimization frequency of the predictive control. An addi-
tional linear feedback is used whenever the numerical optimizer
(nonlinear model predictive control) is unable to compute the
optimal input (Figure 5.10). The feedback is computed based on
the analytical law derived from the linearized problem:

e Linear model predictive control is applied on the linearized
internal dynamics under quasi-steady-state assumption (5.36)-
(5.37), which leads to the linear state feedback w:

W =1 — 4670 — 2.12 ey
d)ref = w, ¢7ef(0) = ¢O

e This linear state feedback is used in combination with the
nonlinear model predictive control (w* is given by (5.40)),

(5.42)
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yielding the new reference w = w + w* for the inner loop of
the cascade-control scheme. Although w* is updated every
0.3 sec, the reference w is updated at each sampling period.

n=Qnw)
/w* v u -~ "
Predictive t Linear Input-output >
Control Feedback [ | Lincarization [ Tendubot ¢ @
>
r ]
n S —
o=v

Figure 5.10: Cascade-control scheme using neighboring extremals

Figures 5.11-5.12 present the experimental results of the ap-
plication of the cascade-control scheme, using the neighboring-
extremal theory, to the pendubot. Figure 5.11 shows the evolu-
tion of the pendubot angles ¢ and v, and Figure 5.12 shows the
input u. With the neighboring-extremal approach, the angles
are much smoother than when using nonlinear model predic-
tive control on its own. Moreover, the angles converge faster to
the origin and the input energy is smaller. The presence of the
feedback of i at every sampling time helps reject the effect of
measurement noise.
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Figure 5.11: Performance of the cascade-control scheme using neighboring
extremals: Angular positions ¢ (-), ¢ (- -)

5.5 Conclusion

In this chapter, the two control methodologies that have been
developed in this work have been applied to the pendubot, with
satisfactory results.

The first methodology approximates the system to a input-
state feedback linearizable one. Therefore, a input-state lineariza-
tion on the approximate system can be made and a linear feed-
back is used for control. Although the experimental results are
satisfactory, only local stability of the control scheme has been
provided.

The second control methodology takes all the dynamics into
account. Input-output feedback linearization is first applied to
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Figure 5.12: Performance of the cascade-control scheme using neighboring
extremals: Input u

separate the fast input-output system dynamics of the pendubot
from the slow internal dynamics. Model predictive control is then
used to stabilize the internal dynamics and is implemented at
a lower frequency. The application of this methodology to the
pendubot has shown excellent experimental results. However,
only the local stability proof has been provided.



Chapter 6

Conclusions

6.1 Summary

The main objective of this work was the control of affine-in-input
SISO nonlinear systems, using input-output feedback lineariza-
tion techniques. This thesis has focused on the case of not input-
state feedback linearizable systems. Standard input-output feed-
back linearization is not effective to control such systems because
uncontrolled residual dynamics, called internal dynamics, arise.
Since these dynamics can be unstable, their issue needs to be
considered.

The main contribution of this thesis for the control of not
input-state feedback linearizable systems using input-output feed-
back linearization techniques has taken two directions:

113
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6.1.1 Neglecting the Internal Dynamics

Approximate input-output feedback linearization using
the observability normal form

The proposed controller is computed in three steps. First, the
system is transformed into its observability normal form. Then
the transformed system is approximated by a chain of integra-
tors, and the neglected part is considered as a perturbation. Fi-
nally, a linearizing feedback controller is applied to the approx-
imate system, yielding a linear system that can be controlled
using linear feedback.

Stability results

The main contribution of the proposed method is the stability
results. In Soroush work, the stability analysis is based on the
small gain theorem, which requires the open-loop system behav-
ior to be stable. In this work, the objective of the approximate
input-output feedback linearization is that no precondition on
the stability of the open-loop system behavior is needed. Thus,
vanishing perturbation theory for the stability analysis is used
instead of the small gain theorem, in order to deal with unstable
systems.

However, the main limitation of the developed approximate
input-output feedback linearization is essentially due to the use
of vanishing perturbation theory for the stability analysis, such
that the stability results presented here can be very conservative.
In reality, a much larger perturbation could have been accom-
modated than that predicted by the theoretical results.
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Application

The approximate input-output feedback linearization using the
observability normal form has been applied to the pendubot with
satisfactory results. Although the stability results are only local,
the pendubot shows an interesting problem for the approximate
input-output feedback linearization, since the neglected dynam-
ics are unstable.

6.1.2 Stabilizing the Internal Dynamics

Cascade-control scheme using IOFL and nonlinear pre-
dictive control

The second methodology developed in this work takes the inter-
nal dynamics into account instead of neglecting them. The pro-
posed methodology is based on input-output feedback lineariza-
tion, model predictive control and singular-perturbation theory.
The system is first input-output feedback linearized, separating
the input-output system behavior from the internal dynamics.
Predictive control is then used to stabilize the internal dynam-
ics, using a reference trajectory of the system output (considered
as the manipulated variable). This results in a cascade-control
scheme, where the outer loop consists of a model predictive con-
trol of the internal dynamics, and the inner loop is the input-
output feedback linearization.

The main contributions of the cascade-control scheme are:
from an input-output feedback linearization point of view, pre-
dictive control is a systematic way to stabilize internal dynam-
ics; from a predictive control point view, the re-optimization
frequency is determined by the internal dynamics rather than
the system dynamics. This can be advantageous if the unstable
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internal dynamics are slower than the unstable system dynam-
ics.

Stability results

Stability analysis of the cascade-control scheme is provided us-
ing results of singular-perturbation theory. The key idea is to
introduce a time-scale separation, enforced by the introduction
of a small parameter in the controller. Therefore, the quasi-
steady-state assumption is made, allowing the input-output be-
havior of the system to be decoupled from its internal dynamics.
Thus, each subsystem is analyzed separately, providing a stabil-
ity proof of the overall system.

The main contribution of the stability analysis is the global
exponential stability of the predictive control scheme. The use
of singular perturbation theory requires exponential stability re-
sults. However, exponential stability results of the model predic-
tive control of unstable systems is a challenging task. Here, a non
restrictive condition (Lipschitz condition) is added to standard
conditions for asymptotic stability of predictive control, pro-
viding the global exponential stability of the predictive control
scheme.

As for the robustness of the predictive control, an extension
of the proposed cascade has been developed, such that an addi-
tional linear state feedback (based on the neighboring extremal
theory) is combined with the predictive control problem, lead-
ing to a new reference for the inner loop of the cascade-control
scheme. This mainly allows reducing the re-optimization fre-
quency of the MPC problem. In fact, the additional feedback
performs optimization implicitly, thereby acting as a standby
whenever the numerical optimizer (nonlinear model predictive



6.2 Perspectives and Remarks 117

control) is unable to compute the optimal input. Therefore,
model predictive control can be re-optimized at a lower fre-
quency.

Application

Both the cascade-control scheme and its robust extension have
been applied to the pendubot. The cascade-control scheme pre-
sented good results. However, the angles oscillate a lot due to
the low re-optimization frequency of the predictive control. This
is due to the presence of disturbances that are not handled by
the predictive control, as the latter is applied open loop between
two re-optimizations.

The robust extension shows much better results. Therein, the
predictive control is updated at a low frequency, while the linear
controller is updated at each sampling period.

6.2 Perspectives and Remarks

Several topics related to the proposed control methodologies can
be considered for future study.

6.2.1 Approximate Input-output Feedback Lineariza-
tion Control Scheme

The stability results of the approximate input-output feedback
linearization presented in this work can be very conservative.
This is due to the use of the vanishing perturbation theory for
the stability analysis. It may be possible to widen the domain
of stability by including the perturbation into the control law
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instead of just neglecting it. This could be investigated in future
work.

6.2.2 Cascade-Control Scheme

e Although the cascade-control scheme was developed in this
work for the control of single-input single-output systems,
the obtained results can be easily extended to the MIMO
case.

e Although constraints are one of the selling points of pre-
dictive control techniques, they have not been addressed in
this thesis. The presence of constraints prevents the sep-
aration between the input-output dynamics and the in-
ternal dynamics, which is crucial to this work. Thus, the
proposed method cannot be directly extended to the con-
strained case.

e Although the developed extension of the proposed cascade
using the neighboring extremal theory, serves essentially to
avoid problems of robustness, a full and rigorous robust-
ness analysis has not been done. This issue is interesting to
address.

e When applying the cascade-control scheme to the pendubot,
input-output feedback linearization causes a singularity, thus
decreasing the attraction domain of the controller. This sin-
gularity can be interpreted as a change in the relative de-
gree of the system. Moreover, one wonders whether it is
appropriate to use input-output feedback linearization in
the inner loop or whether another pre-compensator should
be used. An important issue would be the extension of the
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cascade scheme to the case of variable relative degree of the
system.

e When the extension of the cascade scheme using the neigh-
boring extremal theory is applied to the pendubot, the con-
troller is not global because of the singularity in the inner-
loop. One way to widen the attraction domain could be
to remove the input-output linearization. In this case, only
predictive control is applied to the overall system dynam-
ics, in conjunction with a linear controller resulting from
the first-order approximation of the system dynamics.
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Appendix A

The Pendubot

A.1 Hardware and Software

The hardware and software which are used for the control of the
pendubot are illustrated in this section. A hardware map is il-
lustrated in Figure A.1. The control was done using a Macintosh
computer, with operating system OS 9.

The software used was: LabView 6i and CodeWarrior 1.7.4
(for the ¢ code). LabView 61 provided the I/O between the plant
and the controller(C-code), graphical interface and the real-time
kernel, and Codewarrior 1.7.4 was the C-compiler.

The map of the real-time program is illustrated in Figure A.2

States explanation:

e State 0 : Configuration of the input/output (I/O) ports
A, B and C.

121
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Pendulum

The “Pendubot”

Communication Hardware

Computer

Torque

I_out
Electric DC Motor Amplifier

Power-MAC

DAO(input(u))

3  Sensor A (Arm)

PORT A

Pendulum Interface
Board

PORTB PCI-1200 card

PORT C

hi
L—— Sensor B (Pendulum) Pl

Figure A.1: Hardware map

e State 1: Wait one sampling time, which is necessary when
calculating the angular velocity, such that in State 0 the
first measurement is not available due to the fact that the
I/O ports are not defined yet.

e State 2: Move fast clockwise. The speed of the arm is con-
trolled by a PI-controller.

e State 3: Move slowly clockwise. The speed is PI-controlled
as in State 2, but slower. States 2 and 3 are used for cali-
brations of the sensors.

e State 4: Wait 3 seconds. Manually resetting the sensors
here.
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Event 1

Frento State 2

Move fast

State 0

Config ports
ABC

Event2| [T Event3

Event 5 Event4

State 3

Move slowly

State 4

Wait 3 sec

State 5

Swing up

Event6 | T Event7 Event 5

State 7

Simple swing up

State 6

-
Controller

Event7

Figure A.2: Real-time chain

e State 5: Swing up control. Since neither approximate input-
output feedback linearization nor cascade controls are global,
because of the singularity at |¢ — 1| = 7, a swing up based
on energy control [113] is computed, in order to push the
pendubot dynamics to the respective attraction domains.
A force is applied to the angle 1 angle, which will make
the pendubot oscillate, destabilizing it. Once the ¢ angle
passes through 7 the signal input is switched to the actual
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controller. The input for swing up is as follows:

U= aiQ <(<]1e]2 —J? cos(¢) — ¢>))wm - al) (A1)

with

a1 = Jcos(y) — ¢)(—gzsin(9) + Jsin(¢) — ¢)°
V%) + Jo(grsin(v) + Jsin( — ¢)¢?
—by) — ¢1sign(¥)
ag = Jcos(p — @)+ Jo
Yref = —kot) — Iy (w — ks arctan(¢ — w))
and k1 =32, ks=64, k3=0.5

where parameter values of J, Ji, Jo, g1, g2, ¢ and b are
given in Table 5.1.

State 6: The arms are inside the attraction domain. Thus,
the swing up switches to the controller. In the cascade-
control scheme, for predictive control of the internal dynam-
ics, the optimization was made using the ”Quasi-newton
method” method [114, 115], which is a gradient method,
where instead of computing the hessian, an algorithm is
there to approximate the inverse of the hessian. The inte-
gration for prediction is computed using runge-kutta fourth
order method [116, 117].

State 7: The arms are outside the attraction domain. Thus,
the controller switches to the swing up, until the controller
catches it again.

Event explanation:



A.2 Approximate Input-output Feedback Linearization 125

e Event 0 : Next sample period.

e Event 1: Next sample period.

e Event 2: Arm pointing almost straight down.

e Event 3: Arm pointing passed: arm pointing down-area,

e Event 4: Arm pointing downwards pendulums angular ve-
locity is zero, ¢ = 0.

e Event 5: After 3 sec go to swing up.
e Event 6: 1 is in upper half(|¢)| < §) and |¢| < .

e Event 7: |¢p —| > . This choice was made, since it repre-
sents the singularity caused by the input-output feedback
linearization of the pendubot.

A.2 Approximate Input-output Feedback Lin-
earization

Denoting t; = sin(¢) — ¢) and t. = cos(y) — ¢), the structures of
the functions used in (5.19) are given below:

1
JidJy — J?t2
—Jtegisin() + St 6]

L2h() [Jig2sin(¢) + J1Jt )

L3h f = 72{]414 3 3J4 312
M) = pE gl 2 3T
+3JU I+ TG cos(¥) + TP S ey

=30 LI + T2 gy cos(¢) Jy — 4T3 LTy
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4
Lih

223 Ty + JPtegr sin(v)t2 — 3¢J°

togrsin()e2 + J2GP T Jo — GJETtA Ty — @J1ga cos(¢)
12+ 3Tt gy sin(Y)J1Jy + 40T oty J1ga sin(¢)

—Jtgr sin(V) 1Ty + 40 T3t 1?4+ ATH)t2 ¢

iy — J@HE — BTGP Ty Jo — Jiteg

cos(1h) 1y — 4%t it Ty gosin(¢)]

1
T3 — 3RT3T2H2 + 3T,y 4t — J6f8
[—J2gy sin(V) T2 Jop? + J2teg? i Jat, — 2J5 467
g1 sin(Y)2 + Jot3gd cos(1) sin (1) J?
— Dot g1 cos(v) J 't.0” — 4T Pt} gy sin (1))
+ 533 gy sin (@) + 4%t gy cos()tE + 3J°
PR, — 3T%0 g1 cos(V)E! — tigy cos(1) T gy sin(g)
—J 3t gy sin(p) g1 sin(v) — 6.J1.J2T%¢% gy sin(1))
+ 13t gy cos() Tt d? — 21T1 Ty TP 9%
+ o TG 2 — 4Tt TP gE cos(p)?
FAT TR + TP go cos(¢) o Jtah? — T
g3 cos(¢)J*t2 sin(¢) — Jigs cos(@) JoJt g sin(v)
+34T W3 Ty oty + 25 T° P22 Tyt 1)
—181°¢*t3 gy sin()) — Jtogy sin(¢).J7 Joga sin(g) — T
teJ1go sin(@) gy sin(yh) — 127220 J2 Jogs sin(¢)
—19T3¢22 T2 Jot 0% + 193362 T, Jogy sin(1))
—18J4 3 T oty — TI2 TPt
gasin(¢) — 3J2T M, + 6.0, T ) gy sin(1))
+3J4 g3 — 3T ,g33 cos(1h)? + 8.T3t T gy sin ()
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+4 T T — T T gy sin(y) — 14007
Jagasin(¢) — 14.T30° ¢ T2 Jot, + 38T Jy Jotegy sin(y))
—38J4P Ty Jat t s + 26.T%0t%

J2 g sin(¢) 4 343022 oty — 38Tt pJy Jogy sin(v)
—10J5¢% 3, — 19424 Ty gy sin(¢) — 12T°t2 3% 1t )
+12J°2¢% gy sin(v) — 6.J5t2 ¢, — Ty Jo 30t g1 cos()t?
—34J00t2 J1go sin(¢) — 34T G2t

+10J51/}qz‘5tigl sin() + 7J%go COS(QS)JQJQtCthZSQ

—J2gy cos() TPt a)? + Jiga cos(¢) gy sin(4))
—TJ1g2 cos(§) J*3t,0° + TG I Jogs sin()

+7 32 T2 Tot 1) — 14T3¢% Ty Jat gy sin(p) + 13J4¢*
Jidotots — J2Ttap? Jogasin(¢) — J2 Tt bt ot
+15J56 3, + 2201 Sy P gy sin(¥) + 2901 Jy T4 P
tets — 2J1. 120 T3t gy cos(10)t2 — 2901 Jo T3t )% gy sin(y)
—8J1 o 322 gosin(¢) — 4Ty J2 T2, — Ty J2Tt,

g3 cos(¥) sin(v) 4+ Ty Jo 3%t ogo sin(¢) + T, J2 T2 4
gisin(y) — 1520 I3 % — 11J2J2T5)% Pt

— BRIt — IR + 23 T2 00t
+6.110.T )t g5 cos(¢) — T} 567 gy sin(6)
+22J1J )t gy sin(@) + 127,00ttt — 6.J7
J2)Jtegy sin(V) — AT T2 T2t + 1ot g
cos()J2 gy sin(p) — 21T, 42 t2 gy sin(¢) + 281, J 42
VP gy sin(@) + 32T, — 121 T A
4240, TP 2 + TR Ttegy sin(y) + 42 T3

DPtogi cos(v) — 27 50Tt i cos (1))

—6J2 0502t t g cos(¢) + 14T2T2 Tt
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Gty + TI2IE T tegy sin(y) + 4T3 To T,

—J*t g2 Jy ot cos()? + 3y J3 Jtegt — 30103 TtsgE cos(vp)?
+4 T2 Ty T4 gy sin() + 4Ty T3Pt g2 — AT, T2t g2 cos(¢)?
— 1172 T 0% 2 ga sin(¢) — Ty Jo T *tetsgo sin(¢) gy sin(t)
+2J2 T2 Jogy sin(y) + 25T4% 2 T g sin(¢) + J}

9% cos(@) Jysin(@) + JoJ % gy sin()tt — 3752

g1 sin(P)t] + 3% gy sin()2]

ot gt 32 — Jot g3 T3t cos(1)?]

The structures of the functions used in (5.20) are given below:

Jt,
LyLih = —— 2
ohih Jidy — Jt2
Lo 2k (=220 + T o)
IEITT TR = 20y Ty T2 + i
LyLih = 4 6.J42¢"
g fL - [ tc¢

JPJ3 — 3JRI3T22 + 3T, Jo At — J616

—9JGH3 — 3P I I + 14t JH)d T T, — Jo T3Pt
+Jo TPt gy Sin()E2 4 3Tt A2 T2 + 3T, TPt
+2J9t3 — 4TI — 1200 ]2 TP + o J?
g1 cos(v) — 4T3t Ty gy sin(@) + 62307 Ty I,
+J1g2 c0s(9) JH + 33t g1 sin(V)t2 + JETt3)2 T,
—t.J2 gy cos(@)Jy — 3t J2P Ty Ty — 14

2001 Jy — tegy cos(¥)JyJ3 4 3tegy sin(y)JyJ3 —
20Tt ) J2 + AT I IR + 905 J1 T2

P + toJtgrsin() 1 Jy — 4Ty Tt b J1go sin()]
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