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Abstract

This thesis is devoted to nonlinear control, reduction, and classification of underac-
tuated mechanical systems. Underactuated systems are mechanical control systems
with fewer controls than the number of configuration variables. Control of underactu- -
ated systems is currently an active field of research due to their broad applications in
Robotics, Aerospace Vehicles, and Marine Vehicles. The examples of underactuated
systems include flexible-link robots, iobile robots, walking robots, robots on mo-
bile platforms, cars, locomotive systems, snake-type and swimming robots, acrobatic
robots, aircraft, spacecraft, helicopters, satellites, surface vessels, and underwater ve-
hicles. Based on recent surveys, control of general underactuated systems is a major
open problem.

Almost all real-life mechanical systems possess kinetic symmetry properties, i.e.
their kinetic energy does not depend on a subset of configuration variables called
external variables. In this work, I exploit such symmetry properties as a means of
reducing the complexity of control design for underactuated systems. As a result,
reduction and nonlinear control of high-order underactuated systems with kinetic
symmetry is the main focus of this thesis. By “reduction”, we mean a procedure
to reduce control design for the original underactuated system to control of a lower-
order nonlinear or mechanical system. One way to achieve such a reduction is by
transforming an underactuated system to a cascade nonlinear system with structural
properties. If all underactuated systems in a class can be transformed into a specific
class of nonlinear systems, we refer to the transformed systems as the “normal form”
of the corresponding class of underactuated systems.

Our main contribution is to find explicit change of coordinates and control that
transform several classes of underactuated systems, which appear in robotics and
aerospace applications, into cascade nonlinear systems with structural properties that
are convenient for control design purposes. The obtained cascade normal forms are
three classes of nonlinear systems, namely, systems in strict feedback form, feedfor-
ward form, and nontriangular linear-quadratic form. The names of these three classes
are due to the particular lower-triangular, upper-triangular, and nontriangular struc-
ture in which the state variables appear in the dynamics of the corresponding nonlin-
ear systems. The triangular normal forms of underactuated systems can be controlled
using existing backstepping and feedforwarding procedures. However, control of the
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nontriangular normal forms is a major open problem. We address this problem for
important classes of nontriangular systems of interest by introducing a new stabiliza-
tion method based on the solutions of fixed-point equations as stabilizing nonlinear
state feedback laws. This controller is obtained via a simple recursive method that is
convenient for implementation. For special classes of nontriangular nonlinear systems,
such fixed-point equations can be solved explicitly.

As a result of the reduction process, one obtains a reduced nonlinear subsystem
in cascade with a linear subsystem. For many classes of underactuated systems, this
reduced nonlinear subsystem is physically meaningful. In fact, the reduced nonlinear
subsystem is itself a Lagrangian system with a well-defined lower-order configura-
tion vector. In special cases, this allows construction of Hamiltonian-type Lyapunov
functions for the nonlinear subsystem. Such Lyapunov functions can be then used
for robustness analysis of normal forms of underactuated systems with perturbations.
The Lagrangian of the reduced nonlinear subsystem is parameterized by the shape
variables (i.e. the complement set of external variables). It turns out that “a control
law that changes the shape variables” to achieve stabilization of the reduced nonlinear
subsystem, plays the most fundamental role in control of underactuated systems.

The key analytical tools that allow reduction of high-order underactuated systems

"using transformations in explicit forms are “normalized generalized momentums and
their integrals” (whenever integrable). Both of them can be obtained from the La-
grangian of the system. The difficulty is that many real-life and benchmark examples
do not possess integrable normalized momentums. For this reason, we introduce a
new procedure called “momentum decomposition” which uniquely represents a non-
integrable momentum as a sum of an integrable momentum term and a non-integrable
momentum-error term. After this decomposition, the reduction methods for the in-
tegrable cases can be applied. The normal forms for underactuated systems with
mnon-integrable momentums are perturbed versions of the normal forms for the inte-
grable cases. This perturbation is the time-derivative of the momentum-error and
only appears in the equation of the momentum of the reduced nonlinear subsystem.

Based on some basic properties of underactuated systems as actuation/passivity
of shape variables, integrability /non-integrability of appropriate normalized momen-
tums, and presence/lack of input coupling; I managed to classify underactuated sys-

tems to 8 classes. Examples of these 8 classes cover almost all major applications in
robotics, aerospace systems, and benchmark systems. In all cases, either new con-
trol design methods for open problems are invented, or significant improvements are
achieved in terms of the performance of control design compared to the available
methods. Some of the applications of our theoretical results are as the following: i)
trajectory tracking for flexible-link robots, ii) (almost) global exponential tracking
of feasible trajectories for an autonomous helicopter, iii) global attitude and posi-
tion stabilization for the VTOL aircraft with strong input coupling, iv) automatic
calculation of differentially flat outputs for the VTOL aircraft, v) reduction of the
stabilization of a multi-link planar robot underactuated by one to the stabilization of
the Acrobot, or the Pendubot, vi) semiglobal stabilization of the Rotating Pendulum,
the Beam-and-Ball system, using fixed-point state feedback, vii) global stabilization
of the 2D and 3D Cart-Pole systems to an equilibrium point, viii) global asymptotic
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stabilization of the Acrobot and the Inertia-Wheel Pendulum.

For underactuated systems with nonholonomic velocity constrains and symmetry,
we obtained normal forms as the cascade of the constraint equation and a reduced-
order Lagrangian control system which is underactuated or fully-actuated. This de-
pends on whether the sum of the number of constraints and controls is less than,
or equal to the number of configuration variables. This result allows reduction of a
complex locomotive system called the snakeboard. Another result is global exponen-
tial stabilization of a two-wheeled mobile robot to an equilibrium point which is € far
from the origin (e < 1), using a smooth dynamic state feedback.

Thesis Supervisor: Alexandre Megretski
Title: Associate Professor of Electrical Engineering
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Chapter 1

Introduction

1.1 Mechanics and Control Theory

Control of mechanical systems is currently among one of the most active fields of
research due to the diverse applications of mechanical systems in real-life. Though,
the study of mechanical systems goes back to kuler and Lagrange in the 1700’s, it was
not until 1850’s that mechanical control systems came to the picture in regulation of
steam engines. During the past century, a series of scientific, industrial, and military
applications motivated rigorous analysis and control design for mechanical systems.
On the other hand, theoretically challenging nature of analysis of the behavior of non-
linear dynamical systems attracted many mathematicians to study control systems.
As a result, the efforts of engineers and scientists together led to creation of Linear
Control, Optimal Control, Adaptive Control, and Nonlinear Control theories. More
recently, Robust Control theory was born and added to the above picture because of
an inevitable need to deal with the presence of uncertainties in real-life control sys-
tems. Before the creation of most of these theories, humans managed to fulfill their
long-time dream to travel in the space and land on the moon. This is one of the great-
est accomplishments of control scientists and engineers of the first half of the past
century. Aerospace Vehicles and Robotics Systems with ability to explore the surface
of other planets are still among the most complex machines built by humans. For
‘the past 50 years, Aerospace and Robotics applications remained as some of the most
influential sources of motivation for rigorous analysis and control of both mechanical
systems and nonlinear systems. All along the way, advances achieved by researchers
in Mechanics and Nonlinear Control Theory mutually affected and enhanced each
other. Control of Multi-body Systems [53] in mechanics and rigorous analysis (e.g.
controllability and observability) and control design (e.g. stabilization and output
tracking) for nonlinear systems affine in control [36, 65], which shaped the field of
nonlinear control theory, were just two theoretical consequences of this effort.

14



1.2 Nonlinear Control Systems

In this section, we provide an overview of the past research on classes of nonlinear
control systems and mechanical systems that are relevant to this work. In this thesis,
our main focus in is on control design for nonlinear systems that arise from control
of an important and broad class of mechanical systems known as underactuated sys-
tems. Underactuated Systems are mechanical control systems with fewer actuators
(i.e. controls) than configuration variables. One of the main contributions of this
thesis is explicit transformation of high-order underactuated systems into cascade
nonlinear systems with both triangular and nontriangular structural properties. This
transformation is performed using a global/semiglobal change of coordinates obtained
from the Lagrangian of the system in closed-form. After applying this transforma-
tion, control of the original {possibly) high-order underactuated system, reduces to
contro] of lower-order nonlinear systems (possibly) non-affine in control. This moti-
vated us to develop new control design methods for both cascade nonlinear systems
with nontriangular structures and classes of nonlinear systems non-affine in control,
i.e. highly nonlinear systems. As a result, the main body of this thesis involves the
following topics: '

i) Dynamics, Reduction, and Control of Underactuated Systems
ii) Control of Highly Nonlinear Systems
iii) Nonlinear Control of Cascade Systems with Nontriangular Structures

In the following, we present the state-of-the-art of research in each of the above topics.

1.2.1 Underactuated Systems

Underactuated mechanical systems are systems that have fewer control inputs than
configuration variables. Underactuated systems appear in a broad range of appli-
cations including Robotics, Aerospace Systems, Marine Systems, Flezible Systems,
Mobile Systems, and Locomotive Systems. The “underactuation” property of under-
actuated systems is due to the following four reasons: i) dynamics of the system
(e.g. aircraft, spacecraft, helicopters, underwater vehicles, locomotive systems with-
out wheels), ii) by design for reduction of the cost or some practical purposes (e.g.
satellites with two thrusters and flexible-link robots), iii) actuator failure (e.g. in a
surface vessel or aircraft), iv) imposed artificially to create complex low-order nonlin-
ear systems for the purpose of gaining insight in control of high-order underactuated
systems (e.g. the Acrobot, the Pendubot, the Beam-and-Ball system, the Cart-Pole
system, the Rotating Pendulum, the TORA system (all are described in chapter 3)).

The main control methods applied to examples of inverted-pendulum type under-
actuated systems is based on swing-up of the pendulum from its downward position
and then switching to a balancing controller that is designed using a linearization
technique or gain scheduling to balance the pendulum [94]. This includes swing up
- control using energy-based methods [90] for the Acrobot (i.e. a two-link planar robot
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with an actuator at the elbow) [86], the Pendubot (i.e. a two-link planar robot with
an actuator at the shoulder) [92], the cart-pole system [21] , a triple-link inverted pen-
dulum [90], and the rotating pendulum [6]. The balancing controller for the Acrobot
using spline functions can be found in [13, 14].

Due to its complexity, the beam-and-ball has been the focus of study among re-
searchers with diverse interests including approximate feedback linearization methods
by Hauser et al. [34], using small nested saturations for stabilization of feedforward
cascade nonlinear systems due to Teel [102] and stabilization by output feedback [103].
Moreover, stabilization of the beam-and-ball by construction of Lyapunov functions
is addressed in [80]. This is done based on the original work due to Mazenc and Praly
in [56]. Recently, global stabilization of the beam-and-ball system is achieved in [79].

Passivity-based method is mostly used for swing-up control design of underactu-
ated systems with inverted-pendulums [28, 90]. Moreover, a passivity-based approach
was employed for a special example of a pendulum on a cart (i.e. the TORA sys-
tem) that was transformed to a cascade form [37]. The main drawback of these
passivity-based methods is their narrow range of applications. In fact, to the best of
my knowledge, so far no applications of energy-based methods in control of real-life
underactuated systems in Robotics, Aerospace, and Marine applications is known.

The VTOL (vertical take off and landing) aircraft is another example of an under-
actuated system that has been extensively used as a test-bed for different methods of
trajectory tracking and configuration stabilization. This includes tracking for slightly
non-minimum phase systems [35] and hybrid/switching based control methods [58].

Exponential stabilization of examples of underwater vehicles and surface vessels
that are underactuated was achieved in [27] and [75] using appropriate coordinate
transformations and analysis of a time-varing linear system. A similar type result for
attitude control of an underactuated spacecraft is given in [62].

The role of second-order nonholonomic constrains in the necessity of the use of
discontinuous stabilizing feedback laws for stabilization of underactuated systems is
discussed in [111]. This is mainly based on the famous condition of Brockett on
stabilizability of nonlinear systems using time-invariant continuously differentiable
state feedbacks [15]. In addition to this issue, accessibility of classes of underactuated
mechanical systems has been recently addressed in a recent important work by Rey-
‘hanoglu et al. [78]. This is based on a framework applied to analysis of controllability
of nonholonomic systems [11] and a famous controllability theorem due to Sussmann
[97]. An example of a discontinuous stabilizing feedback for a system with an internal
unactuated degree of freedom is given in [77].

- Adaptive control [33] and sliding mode control techniques [96] have been also
applied to underactuated mechanical systems for rather limited applications.

Flexible-link robots are an important class of underactuated systems that are
appropriate for space applications due to their lightweight and fast execution of com-
mands. The Euler-Bernoulli model for a flexible arm is an infinite dimensional system
[25]. A truncated modal analysis can be used to obtain a finite dimensional state-space
model for flexible robots [25, 107].- Trajectory tracking for flexible robots is rather
complicated and common measurements like the angle of rotation or the position of
the tip, respectively, lead to a poor performance and non-minimum phase zero dy-
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namics (see [20, 24] and references-therein). In [20}, a noncollocated minimum-phase
output is proposed based on an analysis of the initial infinite dimensional model and
then a finite-order compensator is deigned for trajectory tracking. Here, we obtain
a nonlinear noncollocated minimum-phase output for a flexible one-link robot arm
from a finite-order Euler-Lagrangian equations of the system.

The method of controlled Lagrangians (i.e. applying a control input that preserves
the Lagrangian structure of a mechanical system) has been recently applied to local
stabilization of the cart-pole system and the rotating pendulum to an equilibrium
manifold [10]. However, so far this method has been unable to stabilize the Rotating
Pendulum or more general underactuated systems to an equilibrium point.

In addition to more traditional methods, recently, hybrid and switching-based
control methods are finding their way in control of underactuated mechanical systems
[7, 41] and bipedal locomotion of walking robots [88, 89, 91].

In conclusion, apart from linearization-based techniques, control of underactuated
‘mechanical systems has been mainly along the line of stabilization of special exam-
ples of cascade nonlinear systems and using energy-based methods combined with a
supervisory-based switching control. The state-of-the-art of research in control of un-
deractuated systems is currently very far from our goal to find control design methods
-for broad classes of high-order underactuated systems that are effective for Robotics
and Aerospace applications.

1.2.2 Highly Nonlinear Systems

To describe what we mean by “highly nonlinear systems”, first we present an evolution
.of control systems from linear systems to nonlinear systems. We start with linear
time-invariant control systems in the form

t=Az+Bu,y=Cr (1.1)

where 2 € R?,y € R™,u € RP. Questions regarding controllability, observability,
stabilization, and tracking for this system using state or output feedback has been
quite well-understood for a long time. However, adding constraints or further specifi-
‘cations to the description of the system might make the control design for the system
rather complicated. For example, if the system is controllable with bounded control
inputs, is there any static or dynamic state feedback that asymptotically stabilizes
the system? or what if A, B,C are known up to an uncertainty (i.e. 4 = Ay + A
where Ag is known and A is unknown but norm-bounded). None of these problems
can be addressed as simple as the control problems for the original linear system (1.1).
One can observe that minor deviations from the standard problem of stabilization of
an LTI control system and additional constraints make the system rather complex.
As a further step, consider the following linear system in feedback connection with a
memoryless nonlinearity ¢

i = Az + Bu, y = ¢(Cx) (1.2)
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where #(0) = 0 and Jcg > ¢; > 0 122 < 2 ¢(2) < 2%, Vz € R We call these
systems slightly nonlinear systems. Control design and analysis for systems in the form
(1.2) with different types of nonlinearities led to Absolute Stability theory in 60’s. An
input-output stability approach or a frequency domain analysis are the dominant tools
in dealing with slightly nonlinear systems. In mid-eighties, this notion of feedback
interconnection of a linear system and a nonlinearity was generalized to feedback
of an LTI system and an uncertainty (or operator) that has bounded gain. This
led to Robust Stability theory {23] and more recently Integral Quadratic Constraints
(IQC’s) [61] due to Megretski and Rantzer. Though, these methods are successful in
dealing with linear systems, uncertain linear systems, and slightly nonlinear systems,
they are not applicable to truly nonlinear systems (i.e. systems with nonlinear time-
evolution of the state) that do not include any basic linear parts. To be more precise,
a modification of (1.2) as

t=0(Az+ Bu), y=Cz (1.3)

called a recurrent neural network with a saturation-type (i.e. sigmoidal) nonlinearity
o, has no fundamental similarities in terms of controllability and observability to an
LTI control system or a slightly nonlinear system. In addition, the linearity of the
output does not simplify analysis of the system due to the fact that time-evolution of
the system follows a nonlinear law. Dynamic neural networks are examples of highly
nonlinear systems and only recently around mid-nineties conditions for controllability
(only the discrete-time case) and observability of these systems were introduced by
Albertini and Sontag [2, 3]. The analysis method employed in the preceding work was
a rather involved time-domain analysis. Obviously, due to the fact that a frequency
domain analysis can only deal with systems that have linear time-evolution of the
state. '

A rather standard form for nonlinear systems affine in control in analogy to (1.1)
is

&= f(z)+g(z)u, y=h(z) (1.4)

where f, g, h are nonlinear smooth functions. By a highly nonlinear system, we mean
‘a system in the following form

i=f(z,u), v = h(z) | (15)

where f is a nonlinear function of (z, u) (regardless of linearity or nonlinearity of A(z))
such that there exist no diffeomorphism (z, v} = (T1(z), Tx(z,u)) and matrices A, B
satisfying z = Az + Bv. A comprehensive local theory regarding controllability, ob-
servability, stabilization, tracking, and disturbance decoupling for nonlinear systems
in (1.4) can be found in [36] (see references therein for further details). The main
tools to address these control problems were differential-geometry and Lie theory that
became very common in the literature around late 70’s and early 80’s. Though these
methods were rather successful in local analysis of nonlinear systems affine in control
they usually fail to work for a global analysis and nonlinear systems that are non-

18



affine in control. Moreover, lie algebraic conditions are not robust to uncertainties in
fi9,h.

Input-to-State Stability (ISS) theory, essentially developed and introduced by Son-
tag (82, 84], combines both Absolute Stability and Robust Stability theories in one
for highly nonlinear systems in the general form (1.5). The main tools in this the-
ory for robustness analysis to disturbances are control Lyapunov functions (CLF’s).
The problem is that in general it is not easy to construct CLF’s for highly nonlinear
systems.

In many control applications, a global/semiglobal control design and analysis is
required. In addition, after applying certain nonlinear coordinate transformation to
the dynamics of nonlinear systems affine in control, the transformed system or its
subsystems could be nonlinear systems that are non-affine in control. This motivated
us to consider global/semiglobal stabilization and analysis of highly nonlinear systems
that arise from the study of underactuated mechanical systems and nonholonomic
systems. This topic is covered in chapters 4, 5, 6, and 7.

1.2.3 Cascade Nonlinear Systems

Cascade nonlinear systems arise in many control applications either naturally after
some change of coordinates, or due to design of an output feedback or a dynamic
-state feedback. In general, they are in the following form

i o= f(z,6)
£ = g(&u)

The most well-known results for cascade systems are related to nonlinear systems in
triangular forms. Namely, nonlinear systems in strict feedback forms and feedforward
.. forms. The backstepping procedure has proven to be successful for systems in strict
feedback form [57, 36, 40, 80]. Control of feedforward cascade nonlinear systems is
also well-studied. The simplest example of a feedforward nonlinear system is a per-
turbed chain of integrators that can be stabilized using small nested saturations [102].
Then, more general classes of feedforward systems were either controlled using a non-
linear small-gain theorem [101] or construction of Lyapunov functions [56]. However,
‘control of cascade nonlinear systems with nontriangular structures has proven to be
-rather problematic. This is due to a counterexample by Sussmann [98] and existence
of the peaking phenomenon [100]. It turns out that if some coupling terms in the
dynamics of cascade nonlinear systems satisfy appropriate growth conditions then it
is possible to stabilize them using low-gain or high-gain feedback laws [80], [79]. In
chapter 5, we show that the Rotating Pendulum and the Pendubot are examples of
underactuated systems that have nontriangular structures and they do not satisfy any
of the aforementioned growth conditions. This suggests developing new stabilization
methods for cascade nonlinear systems with nontriangular structures. This stabiliza-
tion method is one of the main contributions of this work which will be presented in
chapter 7. :

(1.6)
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1.3 Statement of the Contributions

In this section, we briefly present the main contributions of this thesis. More detailed
statement of the contributions are given in the subsequent sections.

The main focus in this thesis is on nonlinear control of underactuated mechani-
cal systems. This is motivated by broad applications of underactuated systems and
theoretically challenging problems that they have to offer. Though, control of me-
chanical systems with nonholonomic first-order (or velocity) constraints is very well-
studied, there is very little known about control of underactuated systems with non-
holonomic second-order (or acceleration) constraints. In fact, based on two recent
surveys [78, 87|, control of general underactuated mechanical systems is currently
considered a major open problem.

Our main contribution in this thesis is to provide analytical tools that allow us
to translate and solve control problems for broad classes of high-order underactuated
systems to equivalent control problems for lower-order nonlinear systems. We call this
systematic translation procedure reduction of underactuated systems. Such a reduc-
tion process requires an ezplicit transformation, i.e. a global change of coordinates (or
diffeomorphism) in closed-form. We introduce these explicit change of coordinates for
broad classes of underactuated systéms including both real-life examples in robotics
and aerospace applications and benchmark nonlinear systems. Under such a diffeo-
morphism, the original underactuated system transforms into a nonlinear system that
is referred to as a normal form. It turns out that underactuated systems with symme-
try properties can be reduced to normal forms that are structured cascade nonlinear
systems. These cascade normal forms are nonlinear systems in strict feedback form
[57], feedforward form [102], and nontriangular linear-quadratic form [69] (see section
3.8 for definitions). This in turn implies that these normal forms can be controlled
using backstepping procedure [57], feedforwarding [102, 101, 56, 80|, and fixed-point
state feedback laws [67] (presented in chapter 7), respectively. Therefore, this thesis
includes a complete package for control design and analysis of both low-order and
high-order underactuated systems with symmetry by providing

i) Classification of underactuated systems,
ii) Reduction of each class to its normal form using an explicit transformation,
iii) Control design for each reduced normal form (or class).

All three types of aforementioned cascade normal forms are special classes of
Byrnes-Isidori normal form with a double-integrator linear part [36]. However, the
special structure of each type of normal form allows effective use of the existing and
recently developed nonlinear control design methods. This is very important, since
even stabilization of the general Byrnes-Isidori normal form with a double-integrator
linear part is currently an open problem in nonlinear control theory.

Nearly all current applications of underactuated systems possess certain kinetic
symmetry properties. By kinetic symmetry, we mean invariance of the kinetic energy
under the action of a cyclic group. Of course, the reader should notice that this
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is a different notion than the famous classical symmetry in mechanics [1, 54] which
in a simpler form was familiar to Lagrange. The classical symmetry is defined as
the invariance of the Lagrangian of a system under a symmetry group action. In
simple words, mechanical systems that their inertia matrix is independent of a subset
of configuration variables possess kinetic symmetry property w.r.t. this subset of
variables. We call this subset of variables external variables. The compliment of
the set of external variables are called shape variables. Thus, shape variables are
configuration variables that appear in the inertia matrix of a (simple) mechanical
system. The key tools in reduction of high-order underactuated systems are normalized
generalized momentums conjugate to external or shape variables together with their
integrals (see section 2.8 for the definitions). It turns out that actuation or lack of
actuation of the shape variables of an underactuated system and also integrability
of the normalized momentums play the fundamental role in the structure of the
corresponding normal form of the system. These two properties together with another
two basic properties of underactuated systems led us to classification of underactuated
mechanical systems with kinetic symmetry to 8 classes. For each class, we provide
its associated normal form, control design method, and examples from real-life and
benchmark nonlinear systems. A surprising result is that the reduced-order subsystem
of the normal form, for several classes of underactuated systems is a Lagrangian
system satisfying forced (or unforced) Euler-Lagrange equations. In other words, I
obtain Byrnes-Isidori normal forms for underactuated systems with zero-dynamics
that are well-defined lower-order Lagrangian systems. In certain cases, this allows us
to use the Hamiltonian/Lagrangian of the reduced system as a Lyapunov function.

Several examples of real-life and benchmark-type high-order underactuated sys-
tems possess non-integrable normalized momentums (e.g. a flexible-link robot and
a 3D Cart-Pole system). We introduce a method called Momentum Decomposition
which uniquely decomposes a non-integrable normalized momentum as the summa-
tion of an integrable momentum and a non-integrable momentum. This class of
underactuated systems with non-integrable momentums can be then reduced to cas-
cade normal forms plus structured perturbation terms. A possible way to deal with
this problem is to design a nonlinear controller for the nominal unperturbed system
that renders the desired equilibrium point of the underactuated system asymptoti-
cally stable and makes the perturbation term exponentially vanishing (the details are
provided in chapter 4). Then, after performing a Lyapunov-based Robustness Analy-
sis, the stability of the perturbed system in closed-loop with the nominal nonlinear
controller can be verified. A Lyapunov function candidate for this analysis can be
calculated via the Lyapunov function of the core reduced system of the unperturbed
system. ,

In chapter 5, we apply our theoretical results in reduction and control of high-
order underactuated systems to a number of complex underactuated systems. Here
is a list of contributions on these applications:

~ Global asymptotic stabilization of the Acrobot to any arbitrary equilibrium
point of the system including the upright equilibrium using a nonlinear state
feedback. ' . .
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— Global asymptotic stabilization of the TORA system using a nonlinear state
feedback.

— Global asymptotic stabilization of the Inertia-Wheel Pendulum using a nonlin-
ear state feedback.

— Almost global exponential stabilization of the Cart-Pole system, and the Ro-
tating Pendulum to their upright relative equilibrium point.

— Global asymptotic and local exponential stabilization of the 2D and 3D Cart-
Pole systems to their upright equilibrium point.

— Semiglobal asymptotic stabilization of the Cart-Pole system using a fixed-point
state feedback law.

— Partial Semiglobal asymptotic stabilization of the Rotating Pendulum and the
Beam-and-Ball system using a fixed-point state feedback law.

— Global exponential stabilization of a nonholonomic two-wheeled mobile robot
to a point € < 1 far from the origin using a smooth dynamic state feedback.

— Trajectory tracking for a flexible one-link robot arm using a nonlinear noncol-
located output.

— Reduction of stabilization of a planar n-link robot underactuated by one to
stabilization of the Acrobot or the Pendubot.

~ Global position and attitude stabilization for the VTOL.aircraft with strong
input coupling.

— Almost global exponential tracking of the feasible trajectories of an autonomous
helicopter.

" — Automatic calculation of differentially flat outputs for the VTOL aircraft as a
by-product of the decoupling of the effects of the body torque in the translational
dynamics of the VTOL. :

— Automatic calculation of weakly differentially flat outputs for a relatively ac-
curate model of an autonomous helicopter as a by-product of the approximate
decoupling of the effects of the body torque in the translational dynamics of the
helicopter. '

1.3.1 Normal Forms for Underactuated Systems

Underactuated systems as mechanical systems with fewer inputs than configuration
variables with a nonholonomic second-order (or acceleration) constraint are not fully
(i.e. exact) feedback linearizable. In [90], Spong showed that actuated configuration
variables of an underactuated system with non-interacting inputs {defined in section
3.4) can be globally linearized using an invertible change of control. This is called
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collocated partial feedback linearization. This is a important initial step in some of
our results and proves that a broad class of underactuated systems can be partially
linearized. However, the main difficulty arises after applying this change of control.
Since the new control appears both in the actuated and unactuated subsystems of the
original underactuated system. In chapter 3, we propose an appropriate structure for
a global change of coordinates that decouples these two subsystems w.r.t. the new
control. Sufficient conditions are provided for the existence of this diffeomorphism.
The condition is a simple algebraic test on the inertia matrix of the system. After ap-
plying this transformation, one obtains a cascade normal form which is a special class
of Byrnes-Isidori normal form with a double-integrator linear part [36]. The weakness
of this result is that to obtain the change of coordinates, based on Frobenius’s theo-
rem, it is required to solve a first-order partial differential equation (PDE). Solving
this PDE, in turn, reduces to solving a finite number of ODE’s which constitute the
characterization equations of the PDE. For low-order underactuated systems with 2
DOF, this PDE can be explicitly solved. Solving this PDE explicitly for high-order
underactuated is not a feasible approach. Instead, in chapter 4, we present a new
method to resolve this issue. The method mainly relays on the use of normalized
generalized momentums and their integrals (wherever possible).

Partial feedback linearization is an initial simplifying step for reduction and con-"
trol of underactuated, regardless of the method used for decoupling of the actuated
and unactuated subsystems. For this purpose, we extended the partial feedback lin-
earization result in [90] to two other cases: i) linearization of the dynamics of the
unactuated configuration variables which is called noncollocated partial feedback lin-
earization, and ii) linearization of actuated configuration variables for underactuated
systems with input coupling. The former one is used for partial feedback lineariza-
tion of underactuated systems with unactuated shape variables (e.g. a flexible-link
robot or the Rotating Pendulum). The latter one is very useful in aerospace applica-~
tions, particularly, for decoupling of the effects of the body torque in the translational
dynamics of a VTOL aircraft or a helicopter.

'1.3.2 Reduction and Control of Low-Order Underactuated
- Systems

In chapter 3, combination of a partial feedback linearization step and an explicit de-
coupling change of coordinates is used for reduction of underactuated systems with
two degrees of freedom. Derivation of explicit normal forms for low-order underac-
tuated systems is important, because we later show that control of special classes of
high-order underactuated systems reduces to control of a number of low-order (e.g. 2
DOF) systems. As an example, in chapter 4, we prove that stabilization of an n-link
(n > 2) planar robot with (n — 1) controls reduces to stabilization of the Acrobot or
the Pendubot regardless of n.

There is a simple way to classify underactuated systems with 2 DOF and a single
shape variable. Either their shape variable is actuated, or it is unactuated. We call
these two classes of underactuated systems Class-Iand Class-II systems, respectively.
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Examples of Class-I systems are the Acrobot, the Inertia-Wheel Pendulum, and the
TORA system. We proved that all Class-I underactuated systems can be trans-
formed into a cascade nonlinear system in strict feedback form and (possibly) globally
asymptotically stabilized using backstepping procedure. In contrast, all Class-II un-
deractuated systems can be globally/semiglobally transformed into cascade systems
in nontriangular quadratic normal form (definition 3.8.5). Examples of Class-II sys-
tems include flexible-link robots, the Cart-Pole system, the Rotating Pendulum, the
Pendubot, and the Beam-and-Ball system. Stabilization of general partially-linear
non-triangular cascade nonlinear systems is currently an open problem [36]. We
address this problem for important classes of nontriangular linear-quadratic normal
forms and more general nontriangular forms in chapter 7.

We provide sufficient conditions so that under a second change of coordinates,
Class-II systems can be reduced to cascade nonlinear systems in feedforward forms.
Among all the stated examples, the Cart-Pole system is the only one that falls within
this class and can be globally asymptotically stabilized using a state feedback in the
form of nested saturations due to Teel [102]. In chapter 5, we present detailed control
design for all the aforementioned examples of underactuated systems with 2 DOF.

1.3.3 Reduction and Control of High-Order Underactuéted
Systems

Most of real-life underactuated systems are high-order systems. An aircraft or a heli-
copter has 6 DOF and 4 controls. A flexible n-link robot with m deformation modes at
each link has n(m+ 1) DOF, n controls, and nm unactuated degrees of freedom (e.g.
for n = 2,m = 3 the system has 8 DOF and 2 controls). This motivated us to focus on
reduction of high-order underactuated systems (in chapter 4). The kinetic symmetry
property of underactuated systems and the degree in which the shape variables are
actuated are two main factors in reduction of high-order underactuated systems. Our
key analytical tools here are the normalized generalized momentums conjugate to ac-
tuated/unactuated configuration variables and their integrals (wherever possible). It
“turns out that the integrability of theses normalized momentums plays a fundamental
role in the structure of the normal forms for high-order underactuated systems.

An important property of normal forms for high-order underactuated systems is
that they are physically meaningful. To be more precise, consider a class of un-
deractuated systems with n degrees of freedom, m actuated shape variables with
non-interacting inputs. Assume the normalized momentums conjugate to the (n—m)
external variables of this system are integrable. We call this class of high-order under-
actuated systems Class-Isystems. We prove that there exists a global diffeomorphism
obtained from the Lagrangian of the system that transforms the dynamics of a Class-I
underactuated system into a reduced-order system with a new configuration vector of
dimension (n—m) and a well-defined Lagrangian function parameterized by the shape
variables which satisfies the unforced Euler-Lagrange equations. This normal form
is in fact a cascade nonlinear system in strict feedback form with a zero-dynamics
(associated with the shape variables as the output) which is a Lagrangian function
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itself. We refer to this Lagrangian zero-dynamics system as the core reduced system.
In chapter 4, we provide a method for stabilization of this core reduced system using a
nonlinear static state feedback. As a by-product, we obtain an energy-type Lyapunov
function for the closed-loop core reduced system. In certain cases, the physical prop-
erty of the zero-dynamics subsystem allows using Hamiltonian/Lagrangian of the core
reduced system as a valid Lypunov function. These Lyapunov functions can be later
used for robustness analysis of the perturbed normal forms of Class-I underactuated
systems.

Now, consider the class of underactuated systems with integrable normalized mo-
mentums conjugate to shape variables and non-interacting inputs. We call them
Class-II underactuated systems. After the reduction process, Class-II underactuated
systems can be explicitly transformed into nontriangular quadratic normal forms. In
this case, still the reduced-order subsystem (i.e. the zero-dynamics) is a well-defined
Lagrangian system (under minor conditions). But it satisfies a forced Euler-Lagrange
equation with a rather complex input force with a nonlinear dependence on both the
configuration and momentum of the reduced Lagrangian system. The complexity of
the structure of this input force is one of the main sources of extreme difficulties in
control design for Class-II underactuated systems.

We provide simple algebraic sufficient conditions on the inertia matrix and po-
tential energy of the system such that the nontriangular normal form of a Class-II
underactuated system can be transformed into a feedforward system using a second
explicit change of coordinates. The subclass of Class-II systems that satisfies these
sufficient conditions are called Class-III systems.

The second important factor in reduction of underactuated systems, particularly
in aerospace applications and locomotive systems, is the presence of input coupling
between actuated and unactuated subsystems. For flat underactuated systems in-

.cluding aircraft and helicopters, the reduction is rather straightforward. In chapter
4, we address reduction of non-flat underactuated systems with input coupling. This
class of real-life systems can potentially have very high degrees of freedom. An exam-
ple is a flying bird as a three-body system with 14 DOF and 8 controls. In general,
many locomotive systems in the nature fall within this class. Other examples include
a swimming fish and a walking human being. All of these three examples have ac-
‘tuated shape variables and they locomote in their environment using the coupling
between their translational dynamics and shape variables. Therefore, the presence of
input coupling is very crucial for the purpose of locomotion of these underactuated
systems. We call these new classes of non-flat and underactuated systems with input
coupling Class-IV and Class-V systems, respectively.

For the reduction of Class-I and Class-II underactuated systems, we assumed the
normalized momentums are integrable. A natural question to ask is whether it is
possible to reduce these systems if their normalized momentums are non-integrable.
The answer to this question is positive. The integrability property of the normal-
ized momentums can be considered as the third most important factor in reduction
of high-order underactuated systems. To address reduction underactuated systems
with non-integrable momentums, we introduce a new procedure called Momentum
Decomposztzon This method uniquely decomposes a non-integrable momentum as
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the summation of an integrable momentum and a non-integrable momentum. Let
us call the underactuated systems with non-integrable normalized momentums corre-
sponding to Class-LILII, respectively, Class-VI, Class-VII, and Class-VIII systems.
We prove that normal forms of Class-VI,VII,VIII underactuated systems with non-
integrable momentums are perturbed versions of the normal forms of Class-I,II,III
systems with a structured perturbation that only appears in the dynamics of the
momentum of the reduced subsystem.

In conclusion, we obtain 8 classes of underactuated systems. Namely, Class-I
through Class-VIII systems which are precisely defined with their subclasses in section
4.6. The result of classification of underactuated systems is summarized in Table 4.1.
For each class, related examples and an appropriate control design method are given.
Our main contribution is that the methods for reduction and control of high-order
systems presented in chapter 4, applies to the majority of important examples of
robots, aerospace systems, and benchmark nonlinear systems.

1.3.4 Reduction and Control of Underactuated Systems with
Nonholonomic Velocity Constraints

In chapter 6, we focus on reduction of underactuated systems with kinetic symmetry
and nonholonomic velocity constraints. Our main result on reduction of nonholonomic
underactuated systems with symmetry is that under certain assumptions, the reduced
system can be represented as the cascade of the constraint equation and a lower-order
underactuated (or fully-actuated) Lagrangian system. If the sum of the number of
controls and constraint equations is less than the dimension of the configuration
vector, the reduced system is underactuated. Otherwise, it is fully-actuated. The
snakeboard example (Fig. 6-4) is a mobile robot with 6 degrees of freedom, 3 controls,
and 2 nonholonomic contraints [50]. Our reduction method, provides a systematic
way for calculation of the reduced system of the snakeboard. Furthermore, we prove
that the kinematic model of a snakeboard and a car are diffeomorphic. This implies
that the snake-board can be transformed into a first-order chained-type nonholonomic
system (equation 2.8) using an explicit change of coordinates.

Based on Brockett’s result [15], the class of mechanical systems with first-order
‘nonholonomic constraints can not be stabilized to the origin using a smooth static
state feedback. An example of this class is a simple two-wheeled mobile robot. We in-
troduce a new class of parameterized diffeomorphisms that are called near-identity dif-
feomorphisms. An example of a near-identity diffeomorphism is ¥(z; 6, ¢) = z + ev(9)
where v(f) is a unit vector and for a fix § and ¢, 9 is clearly a diffeomorphism which
is equal to id(z) = z for ¢ = 0. The point z. = z + ev(f) is called an e-nearby
point of z. We use a near-identity change of coordinates for global exponential
stabilization/tracking of a nonholonomic two-wheeled mobile robot to an e-nearby
point/trajectory of a desired position/trajectory using a smooth dynamic state feed-
back (¢ <« 1). This motivated us to formally define the notions of e-stabilization and
e-tracking for nonlinear systems. ‘
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1.3.5 Applicatiohs in Robotics and Aerospace Vehicles

In chapter 5, we provide detailed control design for several examples of low-order and
high-order underactuated systems in robotics and aerospace applications. A list of
some of the examples and their associated control task is stated in the last part of
the introduction of section 1.3.

1.3.6 Control of Nontriangular Cascade Nonlinear Systems

Stabilization of nontriangular cascade nonlinear systems is currently considered a
major open problem [36]. In chapter 7, we address this stabilization problem for
important classes of nontriangular cascade nonlinear systems, particularly, systems
in nontriangular linear-quadratic normal form. This includes normal forms for Class-
I1, Class-1V, and Class-VII underactuated systems.

1.4 Outline

The outline of this thesis is as follows. Chapter 1, provides an introduction and
statement of the contributions. In chapter 2, we give some background on classes of
mechanical control systems and define some basic notions in mechanics. Chapter 3 is
devoted to the dynamics of underactuated system, several examples of underactuated
systems, partial feedback linearization techniques, normal forms for underactuated
systems, and classification of low-order underactuated systems. Our main contribu-
tions are presented in chapter 4. This includes reduction, classification, and control
of high-order underactuated systems. In chapter 5, we present detailed control design
for several robotics and aerospace applications. In chapter 6, we address reduction
and control of underactuated systems with nonholonomic velocity constraints and
symmetry properties. In chapter 7, we introduce fixed-point state feedback laws
for stabilization of nontriangular cascade nonlinear systems. In chapter 8, we make
concluding remarks and state possible directions of future research.
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Chapter 2

Mechanical Control Systems

2.1 Introduction

This chapter provides some background on mechanical control systems. We start
by defining simple mechanical control systems and introduce Legendre normal form
of a simple mechanical system. Then, we discuss fully-actuated mechanical systems
and their trasformation into a set of double-integrators using a change of control.
We define underactuated mechanical systems in contrast to fully-actuated mechani-
cal systems and demonstrate why control of underactuated systems is a challenging
open problem. A special class of mechanical systems called flat mechanical systems
is described next. We present a result on controllability limitations of underactuated
flat mechnaical systems in lack of gravity terms based on the Legendre normal form
of a flat underactuated system. We briefly review state-of-the-art of research in mod-
eling and control of mechnaical systems with nonholonomic velocity (i.e. first-order)
constranits and clarify their close relations to underactuated mechanical systems that
contain nonholonomic acceleration constraints. Symmetry in mechanics plays a cru-
cial role in some of the main results of this thesis regarding reduction of underactuated
mechanical systems. Therefore, the role of symmetry and conservation laws in me-
chanics and their relation through Noether’s theorem is explained in the final section.

2.2  Simple Lagrangian Systems

In this section, we state forced Euler-Lagrange equations of motion as the model of
control mechanical systems and introduce Legendre normal form for simple mechan-
ical systems. , .

Simple mechanical systems are systems that their Lagrangian is in the form of the
difference between a (positive semidefinite) kinetic energy and a potential energy

Lad) =K~V =" Mg - V(o)

where g € () denotes the configuration vector that belongs to an n-dimensional config-
uration manifold Q, M(q) is the inertic matriz which is a positive definite symmetric
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matrix. K is the kinetic energy and V(q) is the potential energy of the system. Let
filg) : Q@ = R*,i ={1,...,m} be m linearly independent external forces applied to
the system. The Euler-Lagrange equation for this mechanical control system is as the
following

doL oL .
E_é?]— - B_c] = F(q)u (2-1)

where u € R™ and F(q) = (fi1(¢),--. , fm(q)) denotes the matrix of external forces.
The equations of motion for this mechanical system can be derived as the following

Y (0)d; + Si T (@) did; + gk(q) = e F(q)u, k=1,...,n

where e; is the kth standard basis in R*, gr(g) = 0,V (g), and I'%;(g) are called
Christoffel symbols and can be defined as

ooy 1.0mei(g) | Omai(g)  Omy(g)

in the vector form, we have

M(q)i+Clq,9)4+ G(q) = F(q)u (2.2)

cij = g1 ki (@) dx

is an element of C(g,q). The term C(g,¢)¢ contains two types of terms involving
Gig; that are called Centrifugal terms (i = j) and Coriolis terms (3 # j). Also,
G(g) contains the gravity terms (see [95] for more details and examples). The in-
teresting relationship between the matrices M and C is that Sy = M(g) — 2C(q, §)
is a skew symmetric matrix. In other words, because M is symmetric, one gets
M(q) = C(q,§) + CT(g,¢). Taking this property into account and noting that M (¢)
|is a positive definite matrix, the Legendre transform with respect to ¢

is invertible and the dynamics of the mechanical system in (2.2) can be rewritten in
the canonical form

¥

I

M~ g)p

~G(q) + CT{(q,p) M (q)p + F(q)u 23
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where C(g,p) = C(q, M~'p). We call (2.3) Legendre Normal Form of a simple me-
chanical system. Defining the variables z; = ¢, z9 = p, (2.3) can be rewritten as

.’tl = M_I(Il).’ﬂz

By = —G(z1) +25Q(z1)32 + F(z1)u (2.4)

or

z = f(z) +g(z)u (2.5)

which is a nonlinear system affine in control with state z = col(z;,z5) and vector

fields

f(z) = col(M~Y(z1)z2, —G(21) + 250 (31)72)
g(z) = col(0, F(z1))

" with the property that f(z) has a mixed linear-quadratic structure w.r.t. z, and

g(z) is independent of z;. Note that o is a cubic matrix such that z Q(z,)z; € R".
The main advantage of the form (2.5) is that many analytical tools are available
for controllability and observability analysis and coutrol design of nonlinear.systems
affine in control [36].
Remark 2.2.1. For mechanical systems, equations (2.2) and (2.3) are two equivalent
forms. However, The Legendre normal form is a first-order ODE and (2.2) is a second-
order ODE. Later, we will see that from control point of view (2.3) is more appropriate
and can be directly used for controllability analysis of a mechanical system.

Remark 2.2.2. Defining the Hamiltonian of a simple Lagrangian system as

1 L
H(g,p) = 50" M~ (g)p+ V(g)
the Legendre normal form in (2.3) is equivglent to the following forced Hamiltonian
equations

0H(q,p)

8%)( )
. q,p
= ————=+F(qQu
P 3a (9)
However, the Hamiltonian form is not appropriate for direct controllability analysis
and control design compared to the Legendre normal form.

In the following sections, we describe several important classes of mechanical con-

trol systems.

2.3 Fully-actuated Mechanical Systems

Consider the control mechanical system in (2.1). We call (2.1) a fully-actuated me-
chanical system if m = rank F(q) = n, i.e- F(q) is an invertible matrix. For fully-
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actuated systems the number of control inputs is equal to the dimension of their con-
figuration manifold. Therefore, fully-actuated mechanical systems are ezact feedback
linearizable (i.e. they have no zero-dynamics [36]). This can be proved by applying
the following change of control

= F(q)" (M(q)v + C(g,9)i + G(q))
and redefining the variables as 1 = ¢, T2 = ¢, to obtain

Ty = Iy
.’1",'2:’U

which is clearly a (vector) double integrator. This is why most of problems for fully-
actuated mechanical systems can be reduced to equivalent problems for linear systems.
This fact suggests that control of mechanical systems is challenging either in the
presence of uncertainties (e.g. parametric uncertainties in M, C,G), or when the
number of control inputs is less than 7 which in both cases exact feedback linearization
is not possible. Moreover, under any holonomic or nonholomic constraint (both to
be defined), control and analysis of mechanical systems could potentially be rather

complicated. The same is true if the control input of a mechanical system is required
to be bounded.

2.4 Underactuated Mechanical Systems

A control mechanical system with configuration vector ¢ € @ and Lagrangian £(g, ¢)
satisfying the Euler-Lagrange equation

——— - —=F(gu (2.6)

is called an Underactuated Mechanical System (UMS) if m = rankF(q) < n = dim(Q)
(see the definitions for equation (2.1)). In other words, underactuted systems are
mechanical systems that have fewer actuators than configuration variables. This
restriction of the control authority does not allow exact feedback linearization of
underactuated systems. As a special case, assume F(g) = (0,1,)T. Then, the first
(m — n) equations in (2.6) can be expressed as a second-order dynamic equation

©(q,4,4) =0 (2.7)

which contains Coriolis, centerifugal, and gravity terms that can be highly nonlinear.
If there exists no function A such that A = (g, ¢, §), equation (2.7) is called a second-
order nonholonomic constraint, or a nonholonomic acceleration constraint (e.g. see
section A.8). We assume all underactuated systems throughout this work have second-
order nonholonomic constraints unless otherwise is stated.

For the special case of F(q) = (0,1,)7, we refer to the first (n — m) equations of
(2.6) as the unactuated subsystem and to the last m equations of (2.6) as the actuated
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subsystem. In [90], Spong has shown that the actuated subsystem of a general un-
deractuated system with F'(¢) = (0, I,,)” can be linearized using an invertible change
of control. This procedure is called partial feedback linearization. However, after
partial linearization, the unactuated subsystem of (2.6) still remains as a nonlinear
system that is coupled with the linearized actuated subsystem through both the new
control input and other nonlinear terms. This highly complicates control design for
underactuated systems. One of the main contributions of this thesis is to decouple the
actuated and unactuated subsystem of the underactuated system in (2.6) with respect
to the new control (see section 3.7). The main focus of this thesis is control design
and analysis of underactuated mechanical systems. A comprehensive treatment of
control of underactuated system will be presented in the subsequent chapters.

2.5 Flat Mechanical Systems

Mechanical systems that their inertia matrix is constant are called Flat Mechanical
Systems. One of the characters of a flat mechanical system is that the Christoffel
symbols associated with their inertia matrix vanishes identically and therefore the
matrix C(g, ¢) vanishes as well- Now, assume that for a mechanical system with inertia
matrix M(q) there exists a diffcomorphism z = ¢(q) such that dy(q) = M/?(q)dg,
then we have

=M%
and the Lagfa,ngian of the system can be written as
1
L(z,2) =521z = V(7' (2))

Thus, M(z) = I is constant and in new coordinates the mechanical system is flat.
The Legendre normal form for a flat mechanical system with B(q) = I is as the
following

¢ = M'p
p = 7—G(g)

This is due to the fact that C(q,p) = C(g, M~*(¢)p) = 0. The following proposition
reveals a major controllability limitation of flat underactuated mechanical systems.

Proposition 2.5.1. Consider an underactuated flat mechanical system with the grav-
ity term G(q) = (91(q), - - - , 92(q))T. Suppose for some 1 < i < n, ¢; is unactuated
and g;(q) = 0, then the system is not controllable/stabilizable.

Proof. Based on the assumptions, p; = 0 and p; is a conserved quantity, i.e. p; (t) =
pi(0),Vt > 0. If p;(0) # O then the system cannot be stabilized to any equilibrium
point/manifold with p = 0. O
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2.6 Nonholonomic Mechanical Systems
A Lagrangian mechanical system with m < n velocity constraints
WT(g)g=0

(W is an m x n matrix) that are non-integrable (i.e. Zh(t) : A = WT(q)g) is called
a Mechanical System with First-order Nonholonomic Constraints. Control of non-
holonomic mechanical systems with velocity constraints has been extensively studied
in the recent years by numerous researchers. The history of research in this field
goes back to early 1900’s. Formulation of the dynamics of nonholonomic systems
can be found in [64]. Controllability and stabilization of nonholonomic systems is
considered in [11]. In an important work, Bloch and Crouch addressed modeling of
nonholonomic systems on Riemmanian manifolds [8]. More recently, many advances
have been made on controllability of nonholonomic systems by Lewis and Murray
[49], locomotion and control design for nonholonomic systems by Ostrowski in [74],
and reduction of nonholonomic systems with symmetry due to Bloch et al. [9].

Following the line of formulation in [11] and based on [64], the dynamics of non-
- holonomic systems with velocity constraints can be described as the following:

M(9)i+C(q,q) +G(q) = W(g)A+ B(gu
| WT(g)g = 0

where A € RB™ is the vector of Lagrange multipliers.

Remark 2.6.1. In the literature [111], [78], sometimes in contrast to nonholonomic
systems with first-order (or velocity) constraints, underactuated mechanical systems
are called systems with second-order (or acceleration) nonholonomic constraints. This
is due to the fact that if B(g) = (0, )7 is partitioned according to g = (g1, g2)7, then
regardless of the control input we have

or
mi1(g)d1 + ma1(q)Ga + Ri(g,¢) =0

where m;;’s are block matrices of the inertia matrix associated with ¢ = (gy, g2)7.
However, this terminology is somewhat misleading since the Lagrangian of an under-
actuated mechanical system satisfies Euler-Lagrange equations of motions without
any external differential-algebraic constraints that requires use of Lagrangian mul-
tipliers in a variational setting as in [8] for nonholonomic systems with first-order
constraints.

Control design for broad classes of nonholonomic mechanical systems can be re-
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duced to control of chained-type systems as the following

l,(kl)

1 U1
xékz) = U
_7;%}%) = Zyu; (2.8)
-'Ev(zkn) = Tp-1Uj
where k; > 1,¢ = 1,...,n are integers. Mobile robots, car-like vehicles, and multi-

trailer systems [104] are examples of chained-form systems in (2.8). For k; = 1, system
(2.8) is nonholonomic with first-order constraints. Recently, in a an important work
[47], (quasi) exponential stabilization of higher-order chained-type systems was ad-
dressed by Laiou and Astolfi based on the original work of Astolfi [4]. A discontinuous
dynamic-state feedback was introduced for stabilization. Traditionally, stabilization
of chained-form systems with at most first-order nonholonomic constraints has been
done using sinusoids [63] or homogeneous time-varying state feedback [60], [59] due to
M’Closkey and Murray. Later, the theoretical results in [60] were applied to local ex-
ponential stabilization of the attitude of a spacecraft with nonholonomic constraints
[62] and configuration stabilization of a nonholonomic underwater vehicle [27].

2.7 Symmetry in Mechanics

In this section, we define symmetry in mechanics, the connection between symmetry
and conservation laws (i.e. Noether’s theorem), and the role of symmetry in reduction
of the dynamics of a mechanical system. Formally, the symmetry in mechanics is
defined as the invariance of the Lagrangian of a system under the action of a left (or
right) invariant Lie group. For a complete treatment of symmetry see [54] (also [1]),
for definitions of Lie groups, left invariant Lie groups, and the action of Lie groups
on manifolds see Warner and Boothby.

Almost all real-life mechanical systems possess certain symmetry properties. For
example, the Lagrangian of a helicopter, a car, or a Satellite is independent of their
‘position. This gives rise to symmetries (i.e. invariance of the Lagrangian) w.r.t.
translation.

Here, we only consider symmetry of Lagrangian systems in a Euclidean space
Q = R™. We say the Lagrangian L(g,{) is symmetric w.r.t. the configuration variable

g if

oL
— =0, 2€{1,...,
9 i€ n}
Denote the ith generalized momentum by p; as
o oL
P
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and consider the unforced Euler-Lagrange equations of motion

doL oL
dtdg;  Og; B

[t immediately follows that the symmetry of £ w.r.t. q; imples that the ith momentum
pi 18 conserved (i.e. p; = 0) and vice versa. The last theorem in its most general form
is called Noether’s theorem [1] which establishes a one-to-one equivalence between
the existence of symmetries and conservation laws. Lagrange himself was aware of
this fact and he called ¢; an ignorable coordinate. This is due to the fact that the
degree of the second-order equation of motion (i.e. Hamiltonian form) for the me-
chanical system reduces by 2. Therefore, the ezistence of symmetry properties leads
to reduction of the mechanical systems.

For the special case of a simple mechanical systems that its Lagrangian is sym-
metric w.r.t. ¢;, the condition p; = 0 is equivalent to a first-order constraint

W (q)d = p:(0)
where

W(g) = (mulg), ... ,mu(g)”

is the #th row of the inertia matrix M(g). If this constraint is non-integrable, the
analysis of the system reduces to the analysis of a mechanical system with a first-
order nonholonomic constraint. Therefore, in addition to the conservation laws, the
existence of symmetries gives rise to holonomic/nonholonomic velocity constraints for
mechanical systems.

¥ In this thesis, we use a different notion of symmetry called Kinetic Symmetry that
- is rather similar to classical symmetry. By Kinetic Symmetry, we mean the kinetic
energy of the system is invariant w.r.t. ¢;, i.e.

0K

=0
Og;

‘The kinetic symmetry is equivqlent to classical symmetry in lack of potential en-
ergy. However, the majority of systems that we consider here have nonzero (i.e.
non-constant) potential energies and the notions of kinetic symmetry and classical
symmetry do not coincide. It is important to notice that the eristence of kinetic sym-
metries (in presence of a potential field) does not lead to the ezistence of conserved
quantities. later, we will see that the fact that the generalized momentums are not
conserved has a crucial role in controllability of large classes of underactuated me-
chanical systems. In addition, we will show that the existence of kinetic symmetry
properties leads to reduction of underactuated Lagrangian systems regardless of the
lack of conserved quantities.
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2.8 Normalized Momentums and Integrability

In this work, normalized momentums are the most important analytical tools in reduc-
tion of underactuated systems. Consider an underactuated system with configuration
vector ¢ = (g1, q2) and Lagrangian

L(g,d) =+ [ @ ]T [ ma(Q)  maz(g) } { o J -V(g)

21 @ ma1(q) maa(q) G2

The generalized momentum conjugate to ¢; can obtained via partial Lengendre trans-
form '

oL ) . )
D = e =mu(q)g1 +mi2(q)d, 1=1,2

The normalized momentums conjugate to ¢; and g w.r.t. ¢; are defined as the
following

T = m (g)p = 1 + M (@)mua(@)de , ™2 = my (@)p2 = d1 + Myt (g)maa(9)de

where m; is always well-defined and 7, is defined wherever my1(g) is an invertible
square matrix. We say 7 = 7(q,¢) is an integrable normalized momentum, if there
exists a generalized configuration function h = h(g) such that h = m where the
function A is defined as

h(g,d) = Vh(g) - g

We call h(q) the integral of m. Whenever #h : h = 7, we say m is non-integrable.
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Chapter 3

Normal Forms for Underactuated
Systems

3.1 Introduction

Underactuated mechanical systems appear in a variety of real-life control applications
- including Robotics (e.g. lightweight flexible-link robots, nonholonomic mobile robots,
and walking robots), Aerospace Vehicles (e.g. helicopters, aircraft, spacecraft, and
satellites), Underwater Vehicles, and Surface Vessels. Due to their broad range of
applications, control of underactuated systems is extremely important. The restric-
tion of the control authority for underactuated systems causes major difficulties in
control design for these systems. During the past decade, the challenging nature of
analysis and control of underactuated systems has attracted numerous researchers
with interests in nonlinear control theory, robotics and automation, control of auton-
umous vehicles, and control of flexible structures. Control of general underactuated
mechanical systems is currently considered a major open problem based on recent
surveys [78, 87].

The reasons behind the complexity of control design for underactuated systems can
be summarized as follows. Underactuated systems are not fully feedback linearizable.
Moreover, many recent and traditional methods of nonlinear control design including
‘backstepping [36, 57], forwarding [56, 80, 101, 102], high-gain/low-gain designs [80,
79], and sliding mode control [40] are not directly applicable to underactuated systems
with the exception of a few special cases (e.g. the beam-and-ball system and the cart-
pole system). This is due to the fact that a method for transforming underactuated
systems into cascade nonlinear systems with upper/lower triangular or nontriangular
structural properties has not yet been discovered. The classes of nonlinear systems
of interest include Byrnes-Isidori normal forms (equation (3.14)) [36], strict feedback
forms (definition 3.8.2) [36, 57], and feedforward forms (definition 3.8.3) [102, 101, 56].

In this chapter, our main contribution is to obtain the aforementioned cascade nor-
mal forms for underactuated systems by applying global/semiglobal nonlinear change
of coordinates. The structural properties of the new normal forms allow effective
use of many existing control design methods. In addition, a new class of underac-
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tuated systems is found that leads to a cascade normal form with a nontriangular
quadratic structure (see definition 3.8.5). Due to the nontriangular nature of this
normal form, backstepping/forwarding procedures [80] are not applicable to it. Sta-
bilization of this class of nontriangular nonlinear systems is equivalent to control of
a special Byrnes-Isidori normal form with a double-integrator linear part that is a
major open problem in nonlinear control theory [36, 98, 99]. In chapter 7, we address
important special cases of this stabilization problem including the cases that appear
in control of underactuated mechanical systems.

To attain insight in dealing with control design for higher-order underactuated
systems (e.g. a helicopter with 6 DOF and 4 controls), first it is very useful to
consider calculation of cascade normal forms for lower-order underactuated systems.
For doing so, we focus on the class of underactuated systems with two degrees of
freedom and kinetic symmetry (defined in section 2.7). We prove that for this special
class of underactuated systems both the decoupling change of coordinates and the
corresponding cascade normal form can be obtained in explicit forms. The structure
of the obtained normal forms for underactuated systems with two degrees of freedom
naturally leads to their classification in two classes. The first class includes systems
like the Acrobot, the Inertia Wheel Pendulum, and the TORA system (see section 3.3
for the definitions) which can be transformed into cascade nonlinear systems in strict
feedback form (definition 3.8.2). The second class includes the Pendubot, the Cart-
Pole system, the Rotating Pendulum, and the Beam-and-Ball system (see section 3.3
for the definitions) which can be transformed into a nontriangular quadratic normal
form (definition 3.8.5). In addition, the cart-pole system can be transformed into a
feedforward form after another transformation (definition 3.8.3).

As an initial step, our main result on normal forms for underactuated systems
partly relays on a method called collocaied partial feedback linearization due to Spong
[90]. Spong showed that the dynamics of the actuated configuration variables of any
underactuated mechanical system can be globally linearized by applying a change of
control. This allowed application of passivity-based/energy-based methods to solving
swing-up problem for special examples of underactuated systems that involve inverted
pendulums. However, after this change of control, the new control appears both in
the actuated subsystem and the unactuated subsystem of the original system. This
-coupling w.r.t. the input highly complicates control design for underactuated systems.
To resolve this issue, we introduce an appropriate structure for a global change of
coordinates that decouples the linear actuated and nonlinear unactuated subsystems
w.r.t. the new control. This global change of coordinates transforms the dynamics
of the system into a cascade nonlinear system in Byrnes-Isidori normal form with a
double-integrator linear part [36]. In addition, characterization of the cases where
this normal form reduces to (strict) feedback/feedforward forms is provided.

We introduce a procedure to linearize the dynamics of the unactuated configura-
tion variables using a change of control. This is applicable under the condition that
the number of unactuated variables is less than or equal to the number of actuated
variables. We call this procedure noncollocated partial feedback linearization. This
new partial linearization method is used in obtaining the nontriangular quadratic
normal form for a class of underactuated systems with kinetic symmetry.
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The outline of this chapter is as follows. First, we present standard models for
underactuated systems in section 3.2. Then, we provide several examples of underac-
tuated systems including both benchmark systems and real-life applications in section
3.3. In sections 3.4 and 3.5, we explain collocated and noncollocated partial feedback
linearization methods. Qur main results on normal forms for underactuated systems
are presented in section 3.7. In section 3.9, we focus on normal forms and classification
of underactuated systems with two degrees of freedom and kinetic symmetry.

3.2 Dynamics of Underactuated Systems

The Euler-Lagrange equations of motion for an underactuated system are as the
following

d oL 0oL
733 g = F(q)r

where 7 € R™ is the control and F(g) € R« is a non-square matrix of external
forces with m < n and full column rank. Here, m denotes the number of control
_ Inputs that is less than the number of configuration variables n. For the case of
simple Lagrangian systems, the equations of motion for an underactuated mechanical
system can be expressed as the following

M(q)d + C(q,9)d + G(q) = F(g)T (3.1)

Assuming F(q) = [0, I,]7, the configuration vector can be partitioned as ¢ = (g1, g2) €
R(»~™) x R™ according to F(q) where q; and g, denote the actuated and unactuated
configuration vectors, respectively [90]. After partitioning the inertia matrix M(q)
accordingly, the dynamics of an underactuated system takes the form

ma1(q) ma2(q) g} ha(g, 4) T -
with 7 € R™. Due to the lack of control in the first equation of (3.2), it is not possible
-to fully linearize this underactuated system using a change of control. However, it is

still possible to partially linearize the system such that the dynamics of ¢, transforms
into a double integrator [90]. We demonstrate this procedure in sections 3.4 and 3.5.

3.3 Examples of Underactuated Systems

In this section, we present several examples of underactuated systems. These exam-
ples include the Acrobot, the Pendubot, the Cart-Pole system, the Rotating Pen-
dulum, the Beam-and-Ball system, the TORA (translational rotational actuator)
system, the Inertia-Wheel Pendulum, and the VTOL aircraft (vertical take-off and
" landing). All the examples are chosen due to the complexity of their control design
and the fact that for analysis and control purposes they are of high interest in the
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literature. We briefly introduce each example with its related control design task and
later use them as applications of our theoretical results by providing control design
and analysis for each case in chapter 5. The state-of-the-art of research in control
design for each example is provided as well. The inertia matrix for each system is
given for the future use. The examples of this section only include underactuated
systems with two or three degrees of freedom. Later in chapter 5, we give exam-
ples of higher-order underactuated systems that appear in Robotics and Aerospace
applications.

3.3.1 The Acrobot and the Pendubot

The Acrobot [13, 86] is a two-link planar robot with revolute joints and one actuator
at the elbow as shown in Figure 3.3.1 (a). The Pendubot shown in Figure 3.3.1 (b) is
also a two-link planar robot with revolute joints and an actuator at the shoulder. The

X

Figure 3-1: (a) The Acrobot, (b) The Pendubot.

Acrobot and the Pendubot graphically seem to be very similar (i.e. the share the exact
‘same inertia matrix). Though, later we will see that the difference in the location of
their single actuator causes a major difference in their standard representation (i.e.
‘normal form) and control design. The inertia matrix for both the Acrobot and the
Pendubot is the same and has the following form

a1 +azcos(qe) as + 5a2 cos(ga)

M{g) = a3 + 30z cos(ga) 04

where the @;’s are positive constants. A possible control task is to stabilize the
upright equilibrium point for the Acrobot or the Pendubot from any initial condition.
A more complicated task is to stabilize the Acrobot or the Pendubot to any of their
arbitrary infinite equilibrium points. In the past, the former task has been done using
swinging up these double inverted pendulums from their downward initial positions
and bringing them close to their upright position, then switching to a linear controller
around the upright equilibrium point [13, 86, 90, 94, 28]. The latter task has never
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been done before to the best of our knowledge. In this work, we perform both of
these tasks for the Acrobot and the former task for the Pendubot using a single state
feedback.

3.3.2 The Cart-Pole System and the Rotating Pendulum

The Cart-Pole system shown in Figure 3.3.2 (a) consists of an inverted pendulum on
a cart. Figure 3.3.2 (b) shows the Rotating Pendulum [112, 6] which is an inverted
pendulum on a rotating arm. The inertia matrix for the Cart-Pole system is

(a) (b)
Figure 3-2: (a) The Cart-Pole system, (b) The Rotating Pendulum.

M(ge) = {QQ C_z;(qz) az cz(fh) }

and for the Rotating Pendulum the inertia matrix is

_ [ b +eisin®(gn) by cos(g)
M(q,) = [ by cos(gz) bs

where all the a;, b;, ¢; > 0 are constants. Clearly, the only difference between the iner-
tia matrices of these two mechanical systems is in the first element mi;(g2). Another
similarity between the Cart-Pole system and the Rotating Pendulum is that both
have the same form of the potential energy

V(QQ) = a4 COS(QQ)

with a4 > 0. Swing-up control design for the inverted pendulum in the Cart-Pole sys-
tem [21, 90] and the Rotating pendulum [112, 6] has been done by several researchers.
The drawback of the existing swing-up design methods is that they are relatively slow.
In this work, we introduce aggressive swing-up control designs for both the Cart-Pole
system and the Rotating Pendulum using bounded control inputs. In addition, we
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address asymptotic stabilization of both of these systems to their upright equilibrium
points using nonlinear state feedback.

3.3.3 The Beam-and-Ball System

The Beam-and-Ball system illustrated in Figure 3-3 consists of a beam and a ball on
it. The task is to bring the ball to the center of the beam by applying a torque 7
to the beam. The vertical distance between the center of mass of the ball and the
location of the external torque (i.e. control) is shown by d. The inertia matrix for
the beam and ball system takes the following form

+ a5 —asd
M(Q2):{a1 G243 a3 :\

—asd Q4

where all the a;’s are positive constants. Due to complexity of this system, stabiliza-

Figure 3-3: The Beam-and-Ball System.

tion and tracking for the beam-and-ball system using state or output feedback has
been considered by many researchers [34, 102, 103, 80, 79]. In [34], tracking for the
beam-and-ball system was considered using approximate input-output linearization.
Semiglobal stabilization of the beam-and-ball system using small nested saturations
(i.e. state feedback) was addressed by Teel in [102]. Also, stabilization of this system
using output feedback is due to Teel and Praly [103]. In [80], global stabilization of
‘the beam-and-ball system with friction was achieved using a numeric version of the
method of construction of Lyapunov functions with cross-terms which is originally
due to Mazenc and Praly [56]. Moreover, global stabilization of the beam-and-ball
system as a perturbed chain of integrators with nontriangular (definition 3.8.4) ho-
mogeneous higher-order perturbations was achieved in [79]. In all the aforementioned
works, the model of the beam-and-ball system is taken from [34] with the assumption
that d = 0. In this work, we consider aggressive stabilization of the beam-and-ball

system with d = 0 in chapter 7 and introduce the challenges in dealing with the case
d#0.
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3.3.4 The TORA System

The TORA (Translational Oscillator with Rotational Actuator) system was first in-
troduced in [109]. Figure 3-4 illustrates the TORA system consisting of a translational
oscillating platform with mass m; that is controlled via a rotational eccentric mass
my. The inertia matrix for the system is in the form

_ a; az cos(gz)
M(qz) | a COS(Qz) - as

where the a; > 0 are constants and the potential energy is given by

1
Vig,q)) = 5k1q? + magr cos(gz)

- Due to the fact that the TORA system is not fully feedback linearizable an an easy

o
k, quz{.riz
@) )

Figure 3-4: The TORA system.

change of coordinates was available to transform it to a cascade nonlinear system [109],
it received a tremendous attention by several researchers [37, 80, 38, 39]. In most of
- these works the TORA system was used as a benchmark example for passivity-based
techniques and stabilization /tracking using output feedback in zero gravity, i.e. g = 0.
'Here, we are interested in global stabilization of the TORA system in the presence of

gravity, i.e. g # 0.

3.3.5 The Inertia-Wheel Pendulum

The Inertia-Wheel Pendulum was first introduced by Spong et al. in [93]. Figure
3-5 shows the inertia wheel pendulum that consists of a pendulum with a rotating
uniform inertia-wheel at its end. The pendulum is unactuated and the system has
to be controlled via the rotating wheel. The task is to stabilize the pendulum in
its upright equilibrium point while the wheel stops rotating. The specific angle of
rotation of the wheel is not important. The tnertia wheel pendulum is the first example
of a flat underactuated mechanical system with two degrees of freedom and a single
actuator. This is due to the constant inertia matrix of the Inertia-Wheel Pendulum.
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In [93], an energy-based method is used for the swing-up of the pendulum and then

1
1
1

Figure 3-5: The Inertia Wheel Pendulum

a supervisory-based switching strategy is employed to switch to a stabilizing local
nonlinear controller with a relatively large region of attraction. Here, we achieve
global stabilization of the upright equilibrium point of the inertia wheel pendulum
using a single nonlinear state feedback in analytically explicit form.

3.3.6 The VTOL Aircraft

The VTOL aircraft depicted in Figure 3-6 is a simplified planar model of a real vertical
take off and landing plane (e.g. the Harrier). The dynamics of the VTOL aircraft is

o e

X

Figure 3-6: The VTOL aircraft.

given in [35, 53] as the following

Ty = Iy
Ty = —uysin(f) + eug cos(d)
U = Y2
Yo = uicos(f) + euzsin(f) — g (33)
g = w
L w = Us
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The VTOL aircraft is an underactuated system with three degrees of freedom and two
control inputs. In [35], it is assumed that || is relatively small and the VTOL aircraft
is treated as a slightly nonminimum phase system. Then, using approximate input-
output linearization, bounded tracking is achieved. In section 5.10, we discuss global
configuration stabilization for the VTOL aircraft with strong input coupling (i.e.
le| > 1). In this case, the system is strongly non-minimum phase and stabilization
or tracking for system (3.3) is a challenging problem.

3.4 Collocated Partial Feedback Linearization

The actuated configuration vector for the underactuated mechanical system in (3.2)
is go. The procedure of linearization of the dynamics of g, is called collocated partial
linearization which is due to Spong [90]. Spong has shown that all underactuated
systems in the form (3.2) can be globally partially linearized using a change of control.
Here, we restate this result as the following with our own phrasing due to applications
in this work.

Proposition 3.4.1. (Spong [90]) There ezists a global invertible chcmge of control in
the form

= algu+6(g,4)

that partially-linearizes the dynamics of (3.2) as the following

g = p
P = fole.p) +glqu (3.4)
42 = D2
P2 = U

where a(q) is an m X m positive definite symmetric matriz and

go(q) = _mn( Jmaz(q)

Proof. From the first line of (3.2), we have

g1 =-—mp (g ( Yhi(g,q) — - ml_ll (g)m12(q)é2

which proves the expression for gé(q). Substituting this in the second line of (3.2),
we get

(maz(q) — mor(@)miy (@)ma2(q))de + ha(q, ) — miy (Qhi(g, @) = T
Thus, defining

A M2 (Q) - mzl(Q)mﬁl(Q)mm(Q)
B(g,q) = halg, ) — ma(@)mi (@hilg, )
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and observing that a(g) is positive definite and symmetric finishes the proof. O

The main property of the underactuated system in (3.4) is that after partial
feedback linearization, the new control u appears in the dynamics of both (g1, p1)-
subsystem (i.e. nonlinear subsystem) and (go, p2)-subsystem (i.e. linear subsystem).
This is one of the main sources of the complexity of control design for underactuated
systems. In section 3.7, we introduce a global change of coordinates that decouples
these two subsystems while leaves the linear subsystem invariant.

Remark 3.4.1. Defining = = (g1, p1, g2, p2), the dynamics of (3.4) can be rewritten as
& = f(z) + g(z)u

with obvious definitions of f(z) and g(z). In [78], using explicit expressions of f(z)
and g(z), sufficient conditions are provided for small-time local controllability (STLC)
[97] of a special class of underactuated mechanical systems in the form (3.4).

3.5 Noncollocated Partial Feedback Linearization

In this section, we present a partial feedback linearization procedure for underactu-
ated systems that linearizes the dynamics of the unactuated configuration variables.
We show this is possible if the number of the control inputs is greater or equal to the
number of unactuated configuration variables. We call this procedure noncollocated
partial feedback linearization. To be more precise, consider the following underactu-
ated system

Moo (Q) ™Mo1 (Q) moz(q) do ho(g, 4) To
mio{q) mu(g) mia(q) G|+ | mlg,d) | =] 7 (3.5)
mao(q) ma1(q) maa(q) G2 ha(g, 4) 0

where ¢ = (0,91, ¢2) € R™ x R x R™ with ny =ny =m and ng =n—2m > 0.

Remark 3.5.1. For the special case where there are equal number of actuated and
unactuated variables n = 2m and ng = 0. Thus, ¢ has dimension zero or ¢ = (g1, g2)-

Proposition 3.5.1. Consider the underactuated mechanical system in (3.5). Then,
there exists a change of control in the form

T = a(q)u + Bi(g, 4)

where T = col(rg, 1), u = col(ug,uy) and

w1 = ap(g)up + a2(q)uz + B2(g, )
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that partially linearizes the dynamics of (3.5) as the following

b = Do
Py = Up
g1 = p1
] 3.6
P = folap) + g0(a)to + ga(q)us (3.6)
G2 = D2
132 = U

over the set

U = {q € R*| det(ma(q)) # 0}

where
fole,p) = —maz (@)ha(q,p)
go(q) = —may(q)man(q)
92(q) = —may (q)maa(g)

Proof. Apparently, based on collocated feedback linearization (proposition 3.4.1)
. the dynamics of the actuated configuration vector (gg, ¢1) can be linearized using a
change of control 7 = a;(q)u + Fi(q, §) that gives

o = o
g1 = W

Over the set U, mo;(g) is an invertible matrix and from the last equation in (3.5), we -
get

G = —my (@)h2(g, §) — may (@)mao(g)do — may (9)maz(@)d
Thus, after a second change of control as
ur = —my; ha(q, §) — mai (@) mao(@)ue — My (g)maa(g)us

where u5 is the new control, the result follows. O

3.6 Partial Feedback Linearization Under Input

Coupling
Consider the underactuated mechanical control system
40 9L _ o
dt 0¢ Oq 7
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with configuration ¢ € R® and control 7 € R™ and rank F(g) = m < n. Without loss
of generality, F(g) can be written as

r0=| 5o |

such that Fy(q) is an invertible m x m matrix and ¢ can be decomposed to (g1, ¢2) €
R x R™ according to F(q). By input coupling, we mean Fy(g) # 0 for all g. In the
following, we provide the conditions which allow partial feedback linearization for an
underactuated (simple) Lagrangian system.

Proposition 3.6.1. Consider the following underactuated system with input coupling
(i.e. Fi(q) # 0,det(Fs(q)) # 0 for all q)

[mn(Q) mi2(q) ] [ @ } 4+ { h1(g, 4) } _ { Fi(g) } r (3.75

ma(g) maz(q) G2 hs(q, ) Fy(q)

and assume the following matriz is invertible for all g

Ag) = Fa(q) — mar(g)mit (@) Fu(g) (3.8)

Then, there ezists a change of control in the form

T = afq)u + B(g,q)

with
a(g) = A7M(g)[maa(g) — mai(@)miy (a9)maa(a)]
Ba,d) = AH9)lha(g,9) — ma(@)mi (9ha(g, 9)]
that partially linearizes (3.7) as the following
@t = n
B = fola,p) + golg)u
2 = P2
P2 = u

where

folg,p) = mi(@)[Fi(a)B(g,9) — k(g §)]
90(q) = mi(Q)[Fi(q)alg) — mia(q)]

Proof. From the first equation in (3.7), we get

e _ ._1 . __1 _1
g1 = —mqy Maze — Mg b + myg F
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substituting this in the second line of (3.7) gives
(mas — morm}mia)ds + he — m Ry = (Fz — mymT FL)7 = Alg)T

Thus, applying 7 = a(q)u + 5(gq,¢) with «, 8 as defined in the question partially
linearizes the system and the first equation of (3.7) reduces to

& =my (@) [F1(0)B(g, 4) — ka(g, )] + m (@)[Fi(g)e(q) — mia(g)]u

and the result follows. O

Remark 3.6.1. The partial feedback linearization procedure in proposition 3.6.1 is
particularly useful for autonomous vehicles in SE(3) like an aircraft or a helicopter
with six degrees of freedom.

3.7 Normal Forms for Underactuated Systems

The complexity of control design for underactuated mechanical systems is partly due
to the fact that the control input = appears in the dynamics of both the unactu-
ated subsystem (i.e. (gi,p:)-subsystem) and the actuated subsystem (i.e. (go,ps)-
subsystem) in (3.4). In this section, we provide a method to decouple these two
subsystems w.r.t. the control input u using a global change of coordinates. The
following result provides an appropriate structure and sufficient conditions for the
existence of a decoupling change of coordinates.

Theorem 3.7.1. Consider an underactuated mechanical system with an inertia ma-
tric M(q) = {mi;(@)};4,J = 1,2 where ¢ = (q1,¢2) and @1 = {¢i} € R* and
g2 = {¢}} € R™ denote the unactuated and actuated configuration variables, respec-
tively. Denote

90(q) = —m} (g)mia(q)

“and

Ime

g(g) = [ 90(9) ]

where go(q) = (9a(@),--- ,95q)) with gj(a) € R*, j = 1,...,m and Lnxm is the
identity matriz. Define the following distribution

Ag) = span{‘columns of g(g)}

that has full column rank and thus is globally nonsingular. Then, a necessary and
sufficient condition for the distribution A(q) to be globally involutive (i.e. completely
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integrable) is that

ag3(a) dgi(q)

; dg(q)  Bgi(q)
_ Y90\9) j old)  0Ofp
g, 90(‘1) 6ql QO(Q) +

g dq)

=0,Vi,j=1,...,m (3.9)

In addition, if condition (3.9) holds, there ezists a global change of coordinates given
by

2 = q’(@lb Qz)

22 = (Dqlcb(q)) "1+ (Dth(I)(Q)) %)
& = q

52 = (12

that transforms the dynamics of the system into the normal form

21 = 2z

o= f(2,6,6)

L = & (3.10)
& = u

Remark 8.7.1. Normal form (3.10) is a special case of the famous Byrnes-Isidori nor-
mal form [36] with a double integrator as the following

"é == f(z7£17€2)
&L o= & (3.11)
&2 = u

Remark 3.7.2. The main advantage of the normal form (3.10) is that the control input
of the actuated subsystem of the original system does not appear in the unactuated
subsystem. This simplifies control design for this underactuated system by reducing
the control of the original higher order system into control of its lower-order nonlinear
unactuated subsystem. This is due to a recent result by the author in [67] on control
~design for systems in normal forms (3.10) and (3.11) which is explained in chapter 7.

Remark 5.7.3. The main disadvantage of theorem 3.7.1 is that it is not always possible
to find ®(g1,q2) in an analytical explicit form. Later, we show that under kinetic
symmetry properties of the system it is possible to calculate ®(q;, g») in closed-form.

Proof.(Theorem 3.7.1) Note that A(q) globally has a full column rank of m and is
therefore a globally nonsingular distribution (see [36] for definitions and notations in
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this proof). Calculating the Lie bracket of the ith and Jth columns of g(g), we get

[ 89i(a) 09i(a) " 3gi(q) 9gi(q) o
i j _ 0 0 | gle) | g dg .| 9olg
v@.s@) = | % } T . ]
| Oq 02 Oq1 0q3
[ 0gi(a) 0g(a) ;.\, Ogllae)  Bgilg)
ol B TR e
| mXx1

which based on condition (3.9) implies [g°(q), ¢7(q)] = O for all 7, 5, q. Therefore A(q)
is globally involutive. To prove the converse, assume A(g) is globally involutive.
Then, for all 7,7, q, [¢°(q), 9°(¢)] can be expressed as a linear combination of g*(q)’s.
But the lower m x 1 block of [¢%(g), g?(g)] is identically zero and linearly independent
of ey’s. This means that [g°(¢), g7(¢)] = 0 and thus condition (3.9) holds. Now, we
prove the rest of the theorem. Based on Frobenius theorem (see [36]), because A(q)
is a globally nonsingular and involutive distribution, the following equation

has d = (n — m) linearly independent solutions ¢x(q1,4:),k = 1,... ,n. Denoting
®(q1,q2) = (é1,...,Pa), P satisfies the property '

0P 0

—_— + —=0.
Oq go(q) 0

After applying the change of coordinates
21=%(q, @), =2

we get

21 =P(q1,q), 20 = —p; + —
1 (91 Qz) 2 &hpl D2

and because 09/0q; is globally nonsingular (due to the proof of Frobenius theorem),
based on implicit mapping theorem, there exists a smooth function ¥ such that

8P -1 od
a1 =V(z,8&), p1 = (a—(hlqzmzl,a),&)) (22— &a- 8—qzlq=<\1f(z1,sl),§1))

(we drop the substitution ¢ = (¥(21,&), &) in 0®/8g; due to the simplicity of nota-
tion). Calculating 2, as the following

L 5% 00 _, 9o ., 0%, 00 8% .
= —fo(@,0) + =5 (=) 2z — —8)° + €2 + (o~ + e (3.12
B=g flep)+ &ﬁ( 5g,) (2~ g%) 2 (54, 90(2)) 9" (312
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and noting that the coefficient of  in the last equation is identically zero, we get

Zy = f(z7€1;§2)

where f is the right hand side of (3.12). Therefore, the dynamics of the system in
new coordinates is in normal form (3.10) and this finishes the proof. O
Here is an important corollary of theorem 3.7.1: 7

Corollary 3.7.1. All underactuated mechanical systems with a single actuator that
are globally partial feedback linearizable can be transformed into normal form (8.10)
using a global invertible change of coordinates. '

Proof.. For this case m = 1 and i = J = 1. By symmetry w.r.t ¢ and j indices,
condition (3.9) globally holds for all g. O

3.8 Classes of Structured Nonlinear Systems

In this section, we define important classes of structured nonlinear systems that ap-
pear frequently in this thesis.

Definition 3.8.1. (cascade system) We say a nonlinear system is in cascade form if
it has the following structure

7;: = ]C(Z,f)
£ = g(&u)

where f: R* x R™ - R*, g : R™ x R? — R™, (z,£) is the composite state, and u
is the control input. When the second equation is a linear time-invariant system, i.e.
&€ = A€ + Bu, (3.13) is called a partially linear cascade nonlinear system.

(3.13)

Definition 3.8.2. (feedback form) We say a nonlinear system is in strict feedback
form [57], if it has the following triangular structure

_2.7 = f(zagl):
fl = 52)
ém = u)

Definition 3.8.3. (feedforward form) We say a nonlinear system is in feedforward
form [102], if it possesses the following triangular structure

.’i)]_ = X3 —+ (,01(3)2,... ,.'L'n,U)
Ty = 23 + @2T3,...,Tp,u)
Tn = U + ©p(Tn,u)

where 7 € R® and the ©;’s are at least quadratic in (z,u).
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Definition 3.8.4. (nontriangular form) We say a partially linear cascade nonlinear
system is in nontriangular form, if it has the following structure

Z = f(Z,§1,§27---;§m)7
51 62)

. (3.14)
€n = u,

where z € R" and u € R?. The nonlinear system in (3.14) is also called Byrnes-Isidori
normal form [36].

Definition 3.8.5. (nontriangular linear-qudratic form) We say a cascade nonlinear
system is in nontriangular linear-quadratic form, if it has the following structure

2 = plz)z+n&)é
zp = ¢(21,&) + B(61, 22, 62)
§1 = &,

§2=’U,,

(3.15)

where z1, 20 € R*, u € RP, u(z,) is a positive definite matrix, ¢ : R* x R — R, and
Y :RP x R* x RP — R* has the following quadratic form in (29, &)

(&1, 22,6) = [ z rn(&) [ z ]

where IT = (II', ... ,II") is a cubic matrix with elements in R®*" and for v € R",
vy = (vVT,...,»TII")T € R*. If n = 0, (3.15) is called a nontriangular
quadratic form, or in case ¥ = 0, (3.15) is called nontrinagular linear form. In all
cases, the quadratic or linearity properties are implicitly w.r.t. &.

Remark 5:8.1. Clearly, if $(&1, 22,£2) = 0, then the nonlinear system in (3.15) reduces
to a strict feedback system. In addition, if u(z1) = I, f(21,&1) = &, and g 1y (&) =
0 (IIg1,1) is the first cubic partition of IT according to {2y, £,)), then (3.15) reduces to a
nonlinear system in strict feedforward form. Thus, the famous feedback /feedforward
triangular forms are special cases of the quadratic nontriangular form.

Remark 3.8.2. In the special case where z1, 22, &1, &> are all scalars, II{£;) in definition
3.8.5 is a 2 x 2 matrix (i.e. not a cubic matrix) which is in fact the case for underactu-
ated mechanical systems with two DOF. However, we need the generality of definition
3.8.5 for further applications related to normal forms of higher-order underactuated
systems.
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3.9 Normal Forms for Underactuated Systems with
2 DOF

In this section, we introduce explicit cascade normal forms for underactuated me-
chanical systems with two degrees of freedom and kinetic symmetry w.r.t. one
(actuated or unactuated) configuration variable. The importance of these normal
forms is due to the fact that many examples of benchmark problems in nonlin-
ear control design including the cart-pole system [101, 56, 94], the beam-and-ball
system [34, 102, 103, 80, 79], the acrobot [13, 86], the pendubot [92], the rotating
pendulum[6, 10], the inertia-wheel pendulum [93], and the TORA example [41, 37]
all fall within the class of underactuated systems with two degrees of freedom and
kinetic symmetry. Nevertheless, so far no (global) cascade normal forms are known
for the majority of these nonlinear systems except for the beam-and-ball system, and
the TORA example. This motivated us to provide a (control-oriented) classification
of underactuated systems with two DOF based on their associated cascade normal
forms. These cascade forms are systems in strict feedback form [57], feedforward
form [102], and nontriangular quadratic form [69] (to be defined). The main ben-
efit of this classification and the associated normal form is that if the system has
feedback/feedforward triangular structure (under appropriate conditions) it can be
globally asymptotically stabilized using backstepping [36, 57, 80] or forwarding pro-
cedures [102, 101, 56, 80]. The only open ended case is stabilization of systems in
nontriangular quadratic form that will be addressed in this thesis in chapter 7.
Now, consider an underactuated mechanical system with two DOF and configu-
ration vector ¢ = (g1,¢2)7. Assume the inertia matrix of this system only depends
on ¢y, i.e. M = M(g2). Then, the system has kinetic symmetry w.r.t. g;. The
Lagrangian of this underactuated system can be expressed as the following

i) = 5 | e ey |47V @ (319

Here is our main result on normal forms for underactuated systems with two DOF
and kinetic symmetry:

Theorem 3.9.1. All underactuated mechanical systems with two degrees of freedom
(q1,q2) and kinetic symmetry w.r.t. ¢, have a Lagrangian given by (8.16) and can be
(possibly globally) transformed into quadratic nontriangular normal form (8.15) (or
(8.10)) using a change of coordinates in analytically explicit form.

The proof of this theorem relays on the corresponding proofs for two cases where
either g, is actuated, or g» is unactuated. This provides a natural classification of
underactuated systems to two classes as the following.

Definition 3.9.1. (Class-LII underactuated systems) We call an underactuated sys-
tem with Lagrangian (3.16) Class-I underactuated system, iff g, is actuated. We call
it a Class-II underactuated system, iff ¢, is unactuated.
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The Euler-Lagrange equations of motion for this underactuated system are

4oL oL _
dt 91 Ogq - 3 17)
doL oL _ '
dtdgy g,

where for a Class—I system 71 = 0 and for a Class-II system 7, = 0. Equation (3.17)
can be rewritten as

mi(g2)di + mia(g)ds + mi(g2)dide + mi,(g2)ds — glq, ) = mn

’ : . : 3.18
mai(@)di + maa(g2)da — M1 (g2)dE + by (02)@ — 92(1,42) = T (3.18)

where g;(q1,q2) = —0V(q)/0q;, © = 1,2 and ’ denotes d/dg,. The following propo-
sition states that all Class-I underactuated systems can be globally and explicitly
transformed into cascade nonlinear systems in strict feedback form.

Proposition 3.9.1. (Class-I normal form) Consider a Class-I underactuated system
with two DOF. Then, the following global change of coordinates obtained from the
Lagrangian of the system

z1 = q1+v(g)

zy = mai(ge)p1 + mi2(ge) —8—£
2 = 11192)01 12 Qz D2 = B4, (3'19)
& = @
2 = D2
where
a2
Y(g) = | my(8)m(0)do (3.20)

0

- transforms the dynamics of the system into a cascade nonlinear system in strict feed-
back form

AL

%2 = izt — 7)., &

§1 - & (3.21)
& = u

where u 1s the new control from collocated partial feedback linearization and g;(qy, g) =
~9V(q)/0q:.

Proof. By definition of z; and 25, we have 2; = mJ;!(g2)2;. Noting that z, = oL /D¢,
from the first line of (3.17), 71 = 0 and we get

oc _ oK _ov

Zy = a_ql - aql aql = QI(QI:QZ)
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The last equality follows from kinetic symmetry property of the system w.r.t. ¢; (i.e.
0K /0q = 0). O

Remark 5.9.1. After a second change of coordinates
v =21, Y2 = miy (&1)z
the dynamics of the system in (3.21) transforms into normal form (3.10).

Corollary 3.9.1. The Acrobot, the Inertia- Wheel pendulum, and the TORA example
are all Class—I underactuated systems and can be globally transformed into normal
form (8.21) using an explicit global change of coordinates.

Propoéition 3.9.2. (Class-II normal form) Consider a Class-II underactuated sys-
tem with two DOF. Then, the following change of coordinates obtained from the La-
grangean of the system

zi = q+7(q)

29 = ma(ge)p1 + ma(qe)p2 = B_E

2 = 21ld2)1 22{q2)P2 = B (3.22)

& o= q2

S = D2

where
q2
Yg) = | ma (B)maa(0)do (3.23)

0

is defined over

U = {g2} ma1(ge) # 0}

transforms the dynamics of the system into a cascade nonlinear system in quadratic
“nontriangular form where u is the new control from noncollocated partial feedback
linearization.

'Proof. By definition of z; and 2z, it follows that 2; = z3/m1(g2). From the second
line of (3.16), 7 = 0 and we get

7.:2 = 3£/8q2
= 0K/0q, —9V(q)/0q: (0K/0q # 0)
= ga(q1, @) + 3m11(q2)p% + My (q2)p1p2 + 2miy(g2)P3

Hence, after substituting

Q1 z1 — ¥(g2)
P = (22 — m2a(q2)p2)/ma1(g2)
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in the last equation, we obtain

m1:(2)

z2 = golz1 —v(q2), ) + m

My (g2)
Mg (Qz)

[22 — Mag (QQ)P2]2

mi, (g
22( 2)p2

+ 5 2

[22 — ma2(g2)palpe +

which gives the following quadratic nontriangular normal form for Class-II underac-
tuated systems

2 = myl (e
_232 = 92(21—’}’@2)79’2) .
m; (g2) 2 My, (g2) m22(‘12)m111(Q2)}
Sa NP2 T - 3 ZaP2
2m2]2(q2)) mzl((h) ( ) 2m21(q2) . (3_24)
myl\d2) Ma2\G2) , 2
+ < —em — m +-m
. 2m§1(qQ) 11(92) m21(q2) 21(‘12) 9 22(Q2)}P2
g2 = D2
pz = U
3

Corollary 3.9.2. The Pendubot, the Cart-Pole system, the Rotating Pendulum, and
the Beam-and-Ball system are all Class-1I underactuated systems with two degrees of
freedom and can be transformed into a cascade nonlinear system in quadratic nontri-
angular form over the set U = {ga| m21(g2) # 0} using a change of coordinates in
explicit form.

Proof. The proof is by direct substitution of the elements of the inertia matrix of
each system in equation (3.24). O

Proposition 3.9.3. (feedforward normal form) Consider a Class—II underactuated
system with two degrees of freedom over the set U = {g2| ma1(g2) # 0} and assume
the following conditions hold:

- 1) ga(q1, @2) is independent of g1, 1.e. Dy D,V (q) = 0.

%) mqy 45 constant.

i#) ¥(g2) = 92(@2) /ma(a) satisfies (0) # 0.
Then, applying the change of coordinates

=21, Yo = Z2/m21(Q2)

transforms the normal form (3.24) for Class-II underactuated systems with two de-
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grees of freedom into the following cascade nonlinear system in feedforward form

7;'1 = 2y

. mp(g2)  maalg) } 2

2o = + — m

2 11}((]2) {me(qz) m%l(‘h) 21(q2) s (325)
G2 = P2 ‘

P2 = U

In addition, the origin for this feedforward system can be globally asymptotically sta-
bilized using nested saturations [102].

Proof. The normal form (3.25) follows from the proof of proposition 3.9.2 by direct
calculation and conditions %), 7). The stabilization using nested saturations follows
from condition #:) and [102]. O

Corollary 3.9.3. The Cart-Pole system can be transformed into a cascade nonlinear
system in feedforward form using the change of coordinates in proposition 3.9.8 and
can be globally asymptotically siabilized to its upright equilibrium point over g €
(—7/2,7/2) using nested saturations.

Proof. For the cart-pole system, go = g¢2(¢2) and my; is constant. In addition,
¥(g2) = gtan(gs) (g is the gravity constant) that implies '(0) = g # 0. Thus,
the cart-pole system satisfies all three conditions in proposition 3.9.3. Also, because
ma1(gz) = acos(gz) (a > 0is a constant), the stabilization result over g2 € (—7/2,7/2)
follows (see section 5.4 for further details on control design for the cart-pole system).

O
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Chapter 4

Reduction and Control of
High-Order Underactuated
Systems

In this chapter, we address reduction of high-order underactuated mechanical systems
with kirietic symmetry. By reduction, we mean control of the original higher-order
underactuated system reduces to control of a lower-order nonlinear system (we pre-
cisely define reduction later on). It turns out that actuation or lack of actuation of a
subset of configuration variables that somehow represent the “shape” of a mechanical
system plays an important role in reduction of underactuated mechanical systems.
The details regarding the notion of “shape variables” for Lagrangian systems and
“kinetic symmetry” are discussed in the following section.

Our main contribution in this chapter is to obtain structured cascade normal forms
for higher-order underactuated systems in explicit form and present an appropriate
control design method for each normal form. These cascade normal forms have struc-
tural properties that allow effective use of existing and recently developed systematic
nonlinear control design methods. Types of cascade normal forms that are explic-
itly obtained for underactuated systems include nonlinear systems in strict feedback
form, feedforward form, and nontriangular linear/quadratic form (see section 3.8 for
the definitions).

4.1 Shape Variables and Kinetic Symmetry

Consider a simple Lagrangian system with configuration vector ¢ € Q. The variables
that appear in the inertia matrix of the system are called shape variables. If a con-
figuration variable g; does not appear in the inertia matrix i.e. 9M(q)/dg; =0, it is
called an ezternal variable. This implies that for an external variable g; the following
identity holds

0K (q,9)

=0
8(}]‘
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In other words,a simple Lagrangian system has kinetic symmetry w.r.t. external vari-
ables. A more general way to define this symmetry is via action of a group on a
manifold. Let g; € G where G is a cyclic group, e.g. R (a translation group), or S; (a
rotation group). Decompose the configuration manifold as Q = B X . The action of
Gon Qisamapping®:QxG— Q. Forafixje {1,...,n},let a € G and g € Q,
define ®(q,a) = (g1,-.-,9; + @, ... ,¢n). Formally, we call ¢; an esternal variable, if
M(q) = M(®(g,a)). Let Q; = G1 x ... x G, be the configuration manifold of all
external variables where G,’s are one-dimensional cyclic groups. Then () = Q; x Qs
where @, is called the shape space, i.e. the configuration manifold of the shape vari-
ables. The notion of shape variables or internal variables originally appeared in the
control literature by the study of interconnected mechanical systems and multi-body
problems [44, 45, 46, 51].
~In the classical sense, symmetry in mechanics is defined as the invariance of the
Lagrangian under the action of a group. This is fundamentally different from the
invariance of the kinetic energy. The classical symmetry gives raise to the existence
of conserved quantities while the kinetic symmetry does not give raise to the conser-
vation of the generalized momentums. (unless both 7; and 0V (q)/dg; ( i.e. the jth
gravity, term) vanish in which case 0£/9q; is a conserved quantity). The fact that
the generalized momentum p; = 0L/0¢; is not a conserved quantity in the presence
of the kinetic symmetry plays a vital role in controllability and stabilization of broad
classes of underactuated mechanical systems (see remark 4.2.4).

Throughout this chapter, we consider underactuated mechanical control systems
with kinetic symmetry that have the following Lagrangian

£(0.6) = 2d"M(g.)d - V(9) (@1)

where ¢ = (gg,4s) € Q = @ X Q; is the configuration vector decomposed to external
and shape variables. The forced Euler-Lagrange equations of motion for this system
is ‘

d oL or

c—ig_a_q:—@_q = Fz(Q)T (42)
d oL oL B
#5g o ~ Dlor

where 7 € R™ and F(q) = col(F;(q), Fs(q)) is the force matriz with the underactua-
tion property

rank F(g) = m < n = dim(Q)

In analysis and control design for the underactuated system (4.2), a number of
cases arise depending on whether the shape configuration vector g; is fully-actuated,
partially-actuated, or unactuated and the presence or lack of any input couplings due
to the force matrix F(g). This leads to analysis of a finite number of cases. For each
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case, we provide a method for reduction of the given underactuated system and global
transformation of the system into a cascade normal form. Eventually, this leads to
classification of underactuated control systems based on four basic properties (to be
mentioned later). It turns out that there are eight different classes of underactuated
systems and three types of obtained normal forms. Namely, cascade nonlinear systems
in strict feedback form, strict feedforward form, and nontriangular linear-quadratic
form.

4.2 Underactuated Systems with Noninteracting
Inputs and Integrable Momentums

In this section, we address reduction of high-order underactuated systems with in-
tegrable normalized momentums for the noninteracting input case. There could be
three cases: i) underactuated systems with fully-actuated shape variables, ii) under-
actuated systems with unactuated shape variables, and iii) underactuated systems
with partially-actuated shape variables. We address reduction of cases i) and ii) in
the following. Case iii) is rather similar to Case ii) and will not be discussed in this
section. Later, we present reduction of underactuated systems with non-integrable
momentums in case iii).

4.2.1 Underactuated Systems with Actuated Shape Variables

First, we consider underactuated mechanical systems in (4.2) with fully-actuated
shape variables and noninteracting inputs i.e. F;(q) =0, F5(q) = In.

Theorem 4.2.1. Consider an underactuated system with kinetic symmetry w.r.t. gy
and fully-actuated shape variables g,

msx(Qs)q:r + mss(Qs)(is + hs (Q: Q) = 7

Let 7 = a(gs)u + B(g,4) be the collocated partially linearizing change of control for
(4.3). Assume all the elements of

W= mz_zl (QS)sz(qS)dQS R (4-4)

are exact one-forms and let w = dvy(qs). Then, there ezists a global change of coordi-
nates (i.e. diffeomorphism) obtained from the Lagrangian of the system

@ = gz + 7(95) = @(Qa:; QS)

: . ) oL 4.5
pPr = mmx(Qs)Qz + mzs(Qs)Qs = ( )

84s

that transforms the dynamics of the underactuated system in (4.8) into a cascade
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normal form in strict feedback form

Q’I‘ = m;l(QS)pr

pr = 9-(ar, qs) (4.6)
4s = Ds
1'75 = U

In addition, the (g, pr)-subsystem is a Lagrangian system with configuration vector
g- that belongs to the reduced manifold Q, = ®(Q, x Q;) with reduced Lagrangian

. 1, .
Er (QN ars q$) = §qu7(qS)QT - ‘/T(q?W QS) (47)

that satisfies the unforced Euler-Lagrange equation

4oL, 9L _
dt 8¢, Og¢.
with l
my (Qs) = Mg (q:;)
. Vr(Q’m QS) = V(QT - ’Y(C]s): QS)
gT(QTa QS) = =0V, (QT: QS)/BQT

Proof. By definition of g,, p,, we have
G = mz; (as)pr = M7 (g5)r
From the first line of Euler-Lagrange equation in (4.2), we get

0L 0K 0V(4e )

| Dr an 8C]z aqz =0z (Q:ca QT)
due to kinetic symmetry w.r.t. g,, 3K/0q, = 0. But
aV(q,- - ’Y(%)a QS) 0g-
z\Gz,4s) — — - = Gr\49r,4s In—m:rr;s
92(z, gs) B, 5 9-(qr, qs) ¥ 9-(4r, @)

and the second line of (4.6) follows. By direct calculation

oL, . _ oL,
aqr J pT - aqr

Dr =

which proves the reduced Lagrangian £, satisfies the unforced Euler-Lagrange equa-
tion. . |



Remark 4.2.1. Stabilizé.tion of the reduced system
¢ = m;! (%)pr
. 7 4.8
Pr = Gr (Q'r: Qs) ( )

is addressed in section 4.7 of this chapter.

Remark 4.2.2. After renaming the variablesin (4.6) as (21, 22) = (¢,,p,) and (&,&;) =
(g5,Ds), one obtains

'Z = f(Z, 51)
L o= & (4.9)
& = u ‘

which is a special case of Byrnes-Isidori normal form [36] associated to the output
§1 = g, which has global uniform relative degree two and the following Lagrangian
zero-dynamics

2 = mit€)z

Zp = 92(21—7(51),&)

Remark 4.2.8. Based on standard backstepping procedure, control design for the non-
linear system in (4.3) reduces to control design for its (g,, p-)-subsystem with control
input g,. For this reason, we call (g,, p,)-subsystem the reduced system with reduced
. configuration vector ¢,. Explicit transformation of the system into the normal form
(4.6) reduces control of the original underactuated nonlinear system with n second-
order subsystems to control of the reduced system with (n —m) second-order subsys-
tems. This is a tremendous reduction in complexity of control design for (possibly)
high-order underactuated systems.

Remark 4.2.4. If the potential energy V (q) is independent of the external variable ¢, ,
i.e. 0V (gz,¢s)/0gq, = 0, then g, = 0 and the generalized momentum p, is a conserved
quantity. Therefore, the nonlinear system in (4.6) is not controllable or stabilizable
~to any equilibrium points for initial conditions with p,(0) # 0. For example, neither
-the Acrobot, nor the Pendubot are controllable/stabilizable in lack of gravity.

The fact that the reduced system with configuration vector g, is a simple La-
grangian system that satisfies the Euler-Lagrange equation

doL., oL,

— T =0
dt 8¢,  Og,

without any input forces means that the system must be controlled via its potential
force (or energy) that is parameterized by g;. Therefore the shape vector g, plays the
role of the control input for the dynamics of the reduced system in @,. In addition,
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the reduced system is a double-integrator gradient system parameterized with ¢, as

G = m ' (q)pr

: OV, (gr,4s)
Br = ———
9y
which admits a reduced Hamiltonian parameterized by ¢, as the following
1 B .
H. (g, P, QS) = §p?mr l(q.s)pr + Vi (gr, qs) (4.10)

that satisfies

OH,(qr,Dr,qs)

H. =
i 8gs

Ps (4.11)
Based on {4.11) the reduced Hamiltonian H, is not necessarily a conserved quantity.
To see this, first we need the following definition.

Definition 4.2.1. (vector sigmoidal function) &(z) : R* — R" is called a wvector
sigmoidal function if it satisfies the following properties.

1) 3L >0:Vz € R*,||5(z)]| < L.
ii) o(0) =0 and zd(z) > 0,Vz # 0.
iit) 7 (3 (z) —

7(z) = (o1(
like arctan(

F(z +y)) < 0,Yy # 0 . Examples of vector sigmoidal functions are

1), ... ,0q(2,))T where o; are one-dimensional sigmoidal functions
z) and tanh(z).

Now, consider the following cases:
i) ps =0, or p, satisfying V, H, - p, = 0 conserves the energy H,.
ii) ps = —3(V4,H,) decreases the energy of the reduced system.
iii) ps = 6(V,, H,) increases the energy of the reduced system.

In other words, the energy is not necessarily conserved for the reduced system in the
parameterized Hamiltonian form

aHT (Q’r) pr; Qs)
dpr

. aHT(Q"" Dr, QS)
9gr

q.'r =
B =

Remark {.2.5. The fact that the total energy of the reduced system can be increased
or decreased is useful for swing-up control design and stabilization of an underactuated
system to an equilibrium manifold/point, respectively.
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4.2.2 Underactuated Systems with Unactuated Shape Vari-
ables

In this section, we address reduction of underactuated mechanical systems in (4.2)
that all of their shape variables are unactuated, have equal number of external and
shape variables, and their inputs are noninteracting, i.e. F;(q) = I, Fs(¢q) = 0.

Theorem 4.2.2. Consider an underactuated mechanical system with fully-actuated
ezternal variables g, and unactuated shape variable g5 and assume dim(Q,) = dim(Q;) =
m. The Euler-Lagrange equations of motion for this system is as the following

Maez(s) G + Mas(gs)ds + ha(q,§) = T

" ” X 4.12
msz(@s)‘]x + mss(Qs)Qs + hS((L Q) =0 ( )

Let 7 = a(gs)u + Blq,q) be the noncollocated partially linearizing change of control
for (4.12) over

U= {qs S Qs | det(mzs(QS)) ?é 0}
Assume all the elements of
W = ms_zl (qs)mss (QS)dqs

are ezact one-forms over U and let w = dv(q;). Then, there ezxists a global change of
coordinates (i.e. diffeomorphism) obtained from the Lagrangian of the system

& = G +7(a) o
. . 4.13
br = msm(Qs)Qx'{'mss(QS)QS:aq ( )

that transforms the dynamics of the underactuated system (4.12) into a cascade non-
linear system in nontriangular quadratic form

G = m;1 (QS)pr

pr = gr(Qr;Qs) +E(QS:p'r7ps) (4 14)
gs = Ds )

bs = U

where © =V, K (K is the kinetic energy) is a quadratic form in (p;, ps)

5(gs, pr,Ds) = {p’ rﬂ(qs) [pT }

Ds

with a cubic weight matriz 11(gs) and

mr(Qs) = mSZ(qS)
gr(QT7QS) = _[VQs‘/’"(ql"qf)]q:=4r—7(48)_A
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In addition, if V(q) = V(q,), then g, = 0 and the (g, p;)-subsystem is a Lagrangian
system with configuration vector g, and reduced Lagrangian '

) 1 .
Lo (qr, Gr,qs) = 5qur(qs)qr

that satisfies the forced Euler-Lagrange equation

4oL, oL,
dt 8¢,  Oq,

= E(QS,PnPs)

Proof. By definition of g, and p,, we have ¢, = m-'(g,)p,. Calculating p,, we get

. doL oL

br = Ea—qs = a—qs
_ _aV(Qx:q.s) n 0K
9gs 9gs

= gr(Q'r: Q.s) + Z(QS)pTaps)

Noting that 8L,/0q, = 0, one obtains

4oL, oL,
dt 04, B¢,

pr': =

and the forced Euler-Lagrange equation in the question follows. It remains to calculate
K(qgs,pr, ps) and show it has a quadratic form with a cubic weight matrix. For doing

so, note that
4z Pr
.| = Wigs
{ ds ] (@) [ Ps }

where W is an n X n matrix given by

W(g) = { iz (as) —miz (ames(a) }

Thus

K (g5, pr» Ds) =% [p'r }TN(QS) [pr }

Ds Ds

with
N(Qs) = WT(QS)M(QS)W(%)

Setting . the ith layer of II(g,) to dN(gs)/dg: (i.e. element-wise derivative of N(g,)
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w.r.t. the ith component of g,) finishes the proof. O

Example 4.2.1. Consider an underactuated system with configuration vector ¢ =
(z1,%2,61,02) that belongs to @ = R x R x S; x S;. The system has the following
Lagrangian and (71, ;) are actuated with external forces F' = (Fy, F)T

z T 1 0 cost 0 T

1| 0 1 0 cosf, To
L=- 0, cos 6, 0 1 0 9_1 — cos 9, cos 8,

0, 0 cosfy O 1 0,

Apparently, g; = (61, 62) is the vector of shape variables and g, = (z;, z3) is the vector
of actuated external variables of this system. We have

__fcosth O
Msa(gs) = [ 0  cosfs }

and det(m;;) = cos 61 cos 5. Thus, over U = R? x (—7/2,7/2)?, m,(q,) is invertible
and the system can be partially linearized using a noncollocated partially linearizing
change of control F = a(gs)u + 8(gs,¢). Moreover, the vector of one-forms

1
-1 _ | coséy db,
w = M, (s)mMssdgs = 0 1 { db, }

cos 0,

has exact elements w; = (1/ cosf;)df; and wy = (1/ cosf)df, which means

v(61,82) = (70 (61), 70(62))"

with

d S
0(0) = [ 2 = log (%%) € (~n/2,7/2)

Now, based on theorem 4.2.2 after applying the change of coordinates

_| = + ”}’0(91) _ | cos 6, 0 T n 19:1
& Za + Y(f2) |’ Pr 0 cos Oy Ty 05
the dynamics of the system transforms into normal form (4.14).

Before presenting our next result, we need the following definition and lemma.

Definition 4.2.2. We say a square matrix function m(z) : R* — R has differen-
tially symmetric rows, if the i** row of the matrix m;, (z) satisfies
om(z)  Omu(z)
8z; Oz

(4.15)
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fore=1,... ,n.

Remark 4.2.6. Apparently, in the scalar case with n = 1, the condition of the differ-
ential symmetry of rows trivially holds. This is already used in reduction of a planar
Cart-Pole system in corollary 3.9.3. In addition, any linear combination of a con-
stant matrix and diagonal matrices in the form diag(fi(z1),..., fa(z,)) where fi’s
are scalar functions has differentially symmetric rows as well. The following matrix
is an example of a non-diagonal matrix with differentially symmetric rows

cosSz; Sinzisinzs,
m(zy, z2) = 0

COS T1 COS T3
where z1,z9 € R.

Lemma 4.2.1. Suppose m(z) : R* — R* is o matriz with differentially symmetric
rows. Let ©(t) = v(t),w(t) € R* be functions of time. Then, the following identity
holds

m(z, $)w(t) = Va{v(t)" m(z)w(t) to=ag) (4.16)
where ™ is the element-wise time-derivative of the matriz m(z(t)).

Proof. By definition of m, we have

m(z, 2)w(t) = col(muw(t),..., Mmp.w(t))

col(@TVomp (@)w(t), ... , 57 Vom, (@)w(t))
col(zT Vo, mz)w(t), . .. , 27 Va, mz)w(t))
V{50 () w(®) amae

i

Il

O

Proposition 4.2.1. Assume all the conditions in theorem 4.2.2 hold. In addition,
the underactuated system (4.12) satisfies the following conditions

i) mg(qs) s constant.
i) msx(gs) has differentially symmetric rows, i.e.

Omise(g5) _ Omiy . i=1,...,m

oq: g,

where m™ (qs) is the ith Tow of M, (gs).

i) V(g) = V(g).

Then, applying the change of coordinates

2= Gr, 22 =, (45)Pr
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(where (g-,p,) are defined in (4.13)) transforms the original system (4.12) into a
cascade system in feedforward form as the following

2.1222

Z = P(gs) +p; 11(gs)ps (4.17)
gs = DPs -
Ds = U

where I1(gs) is a cubic matriz and 9 : Q; — R™ is defined as

¥(gs) = —mr_l(QS)VQaV(QS)

Moreover, if ¥(0) = 0 and ¢(q,) has an invertible Jacobian Vo ¥(gs) at g = 0, the
origin for (4.17) (and (4.12)) can be globally asymptotically and locally exponentially
stabilized over U using a state feedback in explicit form as nested saturations.

Proof. We prove that under assumptions in the question p, only contains a quadratic
form in ps plus g-(¢;) = —V4,V{gs) and is independent of p.. For doing so, recall
that

Z(Q.s‘ap’r) ps) = vqu

in equation (4.14). Since mg, is constant and

1 . 1
K = §p£mzzpm + p’;l’mm (QS)px + §pfmss (%)ps

we get

, .
Vi, K =V, {pfmsz(qs)m} + vqs{ipfmw(%)ps}

Clearly, only the first term depends on p, (and thus p,). Based on lemma 4.2.1,
condition 47) implies m,;(g;) satisfies the following property

TsePe = Ve {PL Misz(qs)Pc} (4.18)

Notice that the time derivative in 7h,, is taken element-wise. Calculating z,, we
obtain ' '

. d_  _ _ )
Z2 = E{mszl (qs)}p'!‘ + /’n’s:z:1 (q.s)pr

but m;!(gs)msz(gs) = I, and after differentiating both sides w.r.t. time, we get

d

Em;xl (gs) = = (gs)sami, (gs)
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Therefore, 2z, can be expressed as -

2y = My (qs){—MisalPs + My (4s)M5(q5)Ps) + Pr }
or

Mg, (qé‘)[ msl‘pz + Vg, {ps msz(%)pz} Mg Mgy (%)mss (QS)ps
gr (QS) + Vg, { st Mss (Qs)ps }]
Mia (25)9r(gs) + p3 T1(gs)Ps

2

o+

where II(g;) satisfies

(QS)msxm (QS)mss(QS)ps+m (QS)vqs{ ps mss(Qs)ps} H(QS)ps

and the feedforward normal form in (4.17) follows. The stabilization of feedforward
systems with higher-order perturbations using nested saturations is due Teel [102].
To obtain the stabilizing state feedback law explicitly, define

23 = §s5,24 = Dsg
where z; € R™ and let
A= [vqs¢(98)]qs:o

be the invertible matrix in the question. The dynamics of (4.17) can be written as

21 = 23
22 = AZg —+ @(23, Z4)
Z3 = 24
2'54 = U

where ¢(z3,24) = 23 11(23)24 + ¥(23) — Az3 is quadratic in (23, 24). Following [102],
define the change of coordinates and control

m o= A7lzy + 24712+ 223+ 2
M2 = A_122 + 23+ 24

w = 23+ 24+Uu
we get
o= htwst 247 (23, 24)
e = W
Setting

w = —&1(n2 + F2(m))
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or

u = —2z3 — 2 + G1(n2 + F2(m))

globally asymptotically stabilizes the origin for this system where &;’s are satura-
tion functions that operate component-wise on an m-dimensional vector and have
sufficiently small thresholds and magnitudes (see [102] for further details). O

A restriction of underactuated systems with unactuated shape variables which
are considered in this section is that they have equal number of external and shape
variables. This is in fact not necessary, if one uses a collocated partially lineariz-
ing feedback that linearizes the dynamics of external variables, or a noncollocated
nonlinear combination of g;, g;. The following result provides a global normal form
for a class of underactuated systems with unactuated shape variables. This class
is important particularly due to its application in tracking control for flexible-link
robots.

Theorem 4.2.3. Consider an underactuated mechanical system with fully-actuated
external variables ¢, € R*™™ and unactuated shape variable g, € R™ which is aug-
.mented with an integrator ot the input and satisfies the following equations of motion

Mex (Q.s)q-x + Mgs (QS)és + hz(Qa Q) = T
msm(q.s)(jz + mss(‘]s)(js + hs(Qa Q) = Fd(qsa qs) (419)
T o= v

where Fy(qs,4s) is an internal damping force acting on shape variables (e.g. Fy =
—D(gs)gs with D(gs) = DT (q,) > 0). Assume the potential energy of the system only
depends on shape variables, i.e. V(q) = V(qs). Suppose all the elements of the vector

W= m;xl (QS)m:r,s (qs)dQS
are ezact one-forms and let w = dy(q,). Then, there exists a nonlinear output
y = h(g) = ¢ +7(gs)

~which has global relative degree 3 w.r.t. v so that after applying the global change of‘
coordinates

2T = gs

22 = DPDs

& = y=a+7(¢) (4.20)
& = 9=g;+ m;zl (gs)mazs(gs)ds

&3 U=qs+ m;z} (gs)mas(gs)ds + %{m;zl (gs)mes(qs) }ds
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the system in (4.19) transforms into Byrnes-Isidori normal form with o triple-integrator

21 = 23
2.:2 = f(Z, 51)62;53)
& = & (4.21)
L = & ~
& = u

where 7

Flz, 61,60, 63) = M7 (2)[9(21) + Falzi, 22) + T(21, 22, &2) + Mgz (21) €3]
and ‘

My(gs) = mys (gs) — msm(qS)m;zl (gs)mas(gs)
_9'(qs) = —VV(g)

Also, © is quadratic in (22,&) with a cubic weight matriz TI(z;) and
u=mg (g + B(g,4,7)

is an invertible change of control in v. In addition, the zero-dynamics associated with
the output y = h(q) is a simple Lagrangian system with reduced shape Lagrangian

) 1, .
Es(QS: QS) = é‘qzlws(%)% - V(qs)

that satisfies the forced Euler-Lagrange equation

d 8£s oL,
= =F
795 oa. (s, 4s)

Moreover, if the following conditions hold
i) V(gs) is a positive definite proper function with V(0) = 0.
ii) pde(QMPS) <0 fOT all gs € Rmaps # 0.

Then, the Lagrangian zero-dynamics given by

Gs = M7 (gs)ms
7:‘-5 = “VV(Qs)+Fd(qs,Qs)

is globally minimum-phase with a reduced Hamiltonian

1
Holts7s) = 5 I M7 gs)ms + V(gs)

which is a valid Lyapunov function for the zero-dynamacs, t.e. H; is smooth positive
definite and proper function satisfying H, <0 (where 75 is the genemlzzed momentum
0L/ 0qs of the reduced system conjugate to qs )
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Proof. By definition of &2, we have

: | d
=& = m;$1 (QS)(T - h‘ﬂ:(Qsa Q)) + E{m;:cl (QS)mxs(QS)}QS
or simply
&3 = My, (¢:)7 + B1(gs, 4)

which means &3 is an invertible change of variable in 7. Differentiating the last
equation in time gives £&3 = u with a new control u as defined in the question. To
prove the equation of 2, in (4.21), let us substitute for §, from the definition of &; in
the second line of (4.19) to get

d N
M, (QS)qs + msI(Qs)£3 - msz(Qs)a{mz_zl(%)mms(%)}(js +hs = Fy
or
d
‘js = Ms_l(QS)[‘_msx(QS)§3 + msz(Qs)a—t‘{m;a} (QS)mms(QS)}(js + Fd(Qs: Q's) - hs(‘]; Q)]

that is in the form of second line of (421) To obtain the specific structure of f(z, )
in (4.21), we need to calculate h, more explicitly as

hs(QS7 Q) = mszQz: + mssq-s - vqu - gs(Qs)

where g(g:) = —VV(g,) and V,, K is quadratic in (pg, ps) = (¢z, ds). But

- [ remata) IE |

Ds 0 I z9

thus after substituting for (p;,p,) in V4, K, we obtain

VK = [gz } T (gs) [ Z }

where ITx(gs) is a cubic matrix. Defining

d
Y= [ gz :l Hk(qs) [ Ez } + msz(qs)E{m;z%(q.s)mxs(q‘s)}q.s - mszq.:z: - mssq-'s

or
X = [ EZ } Hk(qs) [ Ez ] - msz§2 + qu's

gives the desired structure of f(z, ) in (4.21) (the last two terms are both quadratic
in (2,£)). To obtain the equations of the zero-dynamics, let £&; = £ = & = 0 and
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notice that

£o = Gz + My, (gs)mss(gs)ds = 0

is a holonomic velocity constraint and under such a constraint the new Lagrangian
of the system can be expressed as

Ly = L{qs,dz,ds) + A (g +7(g5)) + AL (4o + My (@s)mss(5)ds)

where A1, Ay € R*™™ are the vectors of Lagrangian multipliers. Under the constraints
y =0 and ¢, = —m_1{(q,)mss(qs)ds, Ls can be expressed as

£ gt | TR@Im0) | [ e m) | [ renle) T

that after simplification takes the form

L0 8) = 387 (sl0s) — man(g )z (a0)mes(@))ds — V(a2)

or

1. .
_szs(QS)QS - V(Qs)

Es(an QS) — 5

Therefore, the zero-dynamics is a simple Lagrangian system with inertia matrix
M, (gs) and its Lagrangian £, satisfies the Euler-Lagrange equation with input damp-
ing force Fy(gs,ds).- The equation of the zero-dynamics in shape space can be equiv-
alently written as

Ms(q.s)q.s + Cs (Q.s; q-s)q;s = Q(Qs) + Fd(Qsa QS)

where M, = Cy(qs,ds) + CT (g5, ds)- Apparently, #, by definition is smooth proper
positive definite function. Calculating H;, we get

Hs, = T M,(q5)ds + 307 M(gs)ds + X VV (gs)

_QsTCQS + %QZ(C + CT)QS + QSQ(QS) + qzvv(%) + qud(QSa Q.s)
= szd(QSa QS) + %QZ(CT - C)Qs

but CT — C is a skew-symmetric matrix and for all g, = p; # 0
P (CT = C)ps = [p; (CT = C)ps] " = —p; (CT = C)ps = 0
Thus
Hs =0, Fu(gs,ps) <0

for all p, # 0. Based on LaSalle’s invariance principle [40], all the solutions of
the zero-dynamics system asymptotically converge to the largest invariant set in
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{{gs, s) | Hs = 0} = {(gs»ps) | ps = 0} which is equal to {0}. Therefore, the ori-
gin is globally asymptotically stable for the zero-dynamics, i.e. the zero-dynamics
is globally minimum-phase, and #; is a valid Lyapunov function for the Lagrangian
zero-dynamics. O

Example 4.2.2. (Flexible link-robots) Consider a flexible one-link robot arm with
a single actuator at the joint # as shown in Figure 4-1. Modeling the link as an

Y

X

X

Figure 4-1: A flexible one-link robot arm.

Euler-Bernoulli beam and using truncated modal analysis with m modes that have
amplitudes § = (d1,...,0,,)7 [25], the dynamic§ of this flexible link is an underactu-
ated system as the following [25]

m99<5) mes 9 + h9(5,5,9) _ ’I'_
Meg  Mss 9 hs(6,8) | | =D¢
with a scalar control 7. The external variable g: = 0 is actuated and the m-

dimensional shape variable g; = 4 is unactuated but has natural springs and dampers
with constants k;,d; > 0 at each deformation mode such that

1 : X
V() = 55%5, Fy(8) = -D¢
with k = diag(ki,... ,kn) and D = diag(dy, ... ,dy). This flexible one-link arm is
an example of a high-order underactuated system with kinetic symmetry and many
unactuated shape variables. In section 5.9, based on theorem 4.2.3, we prove that
there exists a nonlinear noncollocated minimum-phase output in the form

y=0+0(cTé)

- that has global relative degree 3 w.r.t. the control v of the augmented system with an
integrator 7 = v. Here, ¢ € R™ is a constant and o(-) is a scalar sigmoidal function
(see [71] for details on trajectory tracking control design). :

4.3 Underactuated Systems with Input Coupling

In this section, we focus on reduction of a class of underactuated systems with in-
‘put coupling. By input coupling, we mean there exists no permutation of rows of
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the force (or input) matrix F(g) with full column rank m that transforms it into
col(F1{q), F>(g)) such that F; = 0 and F; is an m x m invertible matrix. In the dy-
namics of aerospace vehicles like aircraft and helicopter, the effect of the body torque
appears in the translational dynamics of the vehicle. This motivated us to consider
eliminating this coupling effect for the class of underactuated systems with kinetic
symmetry and input coupling via a global change of coordinates that decouples the
dynamics of the external variables and shape variables w.r.t. to the control applied
to the shape variables. The VTOL aircraft has a constant inertia matrix, while we
will see in chapter 5 that the inertia matrix of an aircraft or a helicopter depends on
the pitch and roll angles and is not constant.

On the other hand, in the nature, a flying bird, a swimming fish, and a walking
human being are all examples of mechanical systems that their position is unactuated
and their locomotion is due to the changes in their physical shape (see [74, 9, 49,
104] for simpler examples). Moreover, the body of all three examples contains fully-
actuated joints. In other words, a bird, a fish, and a human are examples of non-
flat underactuated systems with actuated shape variables and unactuated external
variables. Roughly speaking, the non-flatness property of these systems is due to the
fact that any changes in the shape variables of any of them affects the physical shape
and thus their corresponding inertia matrix. Therefore, for the sake of generality
of our analysis, we first consider the class of non-flat underactuated systems with
fully-actuated shape variables and input coupling.

Theorem 4.3.1. Consider an underactuated system with kinetic symmetry w.r.t. q;
and fully-actuated shape variables. Assume the inertia matriz of this system is block
diagonal, i.e. M(gs) = diag(mez(gs), mss(qs)), and the force matriz is independent of
0z, 1.e. F(q) = F(gs). The dynamics of the system can be ezpressed in the form

mxm(Qs)(j:z: + hz(‘]y Q) = Fz(Qs)T
Mss (Qs)(js + Ay (Q> Q) = Fs(Qs)T (4'22)

where 7 € R™ and Fy(q;) is an invertible m X m matriz. Due to mgs(gs) = 0, system
(4.22) is globally partially feedback linearizable using an invertible change of control

T = F7H(gs)[mas(gs)u + hs(g, 4)]

Suppose all the elements of

W= m;zl (qS)FZ(qS)Fs-I(QS)mss(%)qu

are exact one-forms and let w = dvy(q,;). Then, the. following global change of coordi-
nates (i.e. diffeomorphism)

& = ¢z —7(g)
Dr = Map{Qs)Dz — Fu(as) Fo(gs)miss(4s)Ds (4:23)

with (pz,ps) = (qx,és) transforms (4.22) into the following cascade system in nontri-
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angular quadratic normal form

g = m;l(Qs)pr

I?r = QT(QM gs) + Z(QSupraPS) - (4 24)
Qs = Ds -
?s = u

In addition, the (g.,p,)-subsystem is a Lagrangian system with configuration vector
g, and the reduced Lagrangian parameterized by g,

) 1, .
Er(‘]r: qr, QS) = EQ?mr(QS)QT - Vr(Qn Qs)

that satisfies the following forced Euler-Lagrange equation

d oL oL
-1 T:_Fa:s_lssr s} 4s 53 Pr; Ps
796 a (2s)F5(95)95(gr + 7(gs), ¢5) + X(s, Pr, Ds)
where
me(gs) = Mago(gs)
Vilar,@s) = Vg +7(gs), 4s)
gr(Qr; Qs) = [gz(c_h) Q.s) - Fz (QS)Fs_l (QS>gs (Qza Qs)]qxzqr+7(qs)
9:(9,0s) = =V V(g as)
gs( zqu) = _VQSV(q$7q5)
aﬁd

wourer) = [ [ o 7]

i a quadratic form in (p,,ps) with a cubic weight matriz II(g,).

Proof. Consider the following generalized momentums

oL oL

Ty = E = ma:z(‘]s)da:, s 1= 5&; = mss(qs)és

By definition of ¢, p,, we have ¢, = m-'(g;)p, and

Dr = Tz — Fz(Qs)Fs_l(q.s)"rs
Based on Euler-Lagrange equation, 7, 7, satisfy

_ac

oL
aq + Fz(Qs)T; ’st =—+ Fs(Qs)T

dgs

g
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Thus, we have

] ] . d
Dr = Tg— FI(QS)FS-I(%)WS - E{Fx(QS)Fs_l<q$)}W8
oL . oL T .
= 8Qx - Fz(QS)Fs (qs) aqs - Ps ﬂ-F(qs)pS

where T7(g,) is a cubic matrix with (n —m) layers that are m x m matrices satisfying
the relation

PTre(0)ps = T {F0) Fo ) (a2},

Note that 7 is eliminated from the equation of p,. By direct calculation, we have

%L e et ), o = 04(m00) o
aqm - ga: qI7Q5 3 aqs - gs q:L‘;QS 8qs

Thus, noting that K /dg; is a vector quadratic form in (p;, p,) with a cubic weight
matrix as a function of ¢; and setting

9r(ar 45) = [95(02, 65) = Folas) Fy(45)95 (00 85)] 1~ 4oy

it follows that

Pr = 9r(4r, 4s) + 2(¢s, Dr, Ds)

where

oK

(s, Prs 0s) = —Fu(qs) F; (g5) 5 — o e (gs)ps

which proves equation (4.24). To obtain an explicit expression for X, let the cubic
matrix 7 (gs) satisfy »

R @ = 2 ] e ]

and note that each layer of mx{g;) is block‘diagonal according to the partition of
g = (¢z,qs) (because M(g,) is block diagonal). By definition of p,, we get

HECIH

where W is an n X n matrix given by

W(Qs) — [ m;%(QS) ma—:zl(QS)FI(Qs?[:s_I(Qs)mss(qs) ]
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This means

I(g,) = _WT(QS)'”K(QS>W(Q8) — diag(0, 7r(gs))

where the last term is a cubic matrix with block diagonal layers of 0 (as n layers of
On—m) and mr{gs). The part that the reduced Lagrangian satisfies the forced Euler-
Lagrange equation given in the question follows from the equation of p, and the
identity

_] Og,
94s 9z =gr+v(gs) O

oL, [aa

= = [92(92: 95))g. =g, 1a0)

O

Example 4.3.1. (A Flying Bird) Figure 4-2 shows the simplified model of a flying
bird. The position of the center of the body of the bird and the orientation of the body
is denoted by (z;, Ry) € R® x SO(3). In addition, each wing has its own orientation
R; € SO(3), i = 1,2 which is fully-actuated. The orientation of the tail is parame-
terized by a pitch angle ¢5 and roll angle 65 which both are actuated. Therefore, this
bird is an underactuated system with 14 DOF and 8 control inputs. It is clear that if

9,

5)3

Figure 4-2: A flying bird.

Ry, Ry, Ry, ¢3,0; are fixed, then the physical shape of a bird does not change under
translation of the center of mass of its body. This means that the vector of external
~ variables is ¢, = z and the vector of shape variables is ¢, = (Rg, Ry, Rs, ¢, f3). Due
to the variable physical shape of the bird, the inertia matrix for this system is not
constant and depends on g, = (Ro, Ry, Ra, ¢3,03).

The following result provides classes of underactuated systems in theorem 4.3.1
that can be globally transformed into nonlinear systems in feedforward form. In
addition, sufficient conditions are given such that these feedforward forms are globally
asymptotically stabilizable using a state feedback in explicit form.

Proposition 4.3.1. Assume all the conditions in theorem 4.3.1 hold and in addition
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i) m, = mgy is constant.
i) V(g = k('{ q: + V(gs) where ko is a constant vector.

Then, the global change of coordinates in (4.28) transforms the dynamics of the un-
deractuated system (4.22) into a cascade nonlinear system in feedforward form as the
- following

q'r = m;lpr T

.'r = r I1 s

b =g (g5) + ps [(gs)p (4.25)
s = Ds

ps = U

where T1(g;) s a cubic matriz and

9r(as) = —ko + Folgs) () Vi, V{gs)
Moreover, if the following conditions are satisfied
wi) dim(qz) = dim(gs).
i) g-(0) = 0 and the Jacobian matriz Vg, g,(gs) is invertible at ¢, = 0.

Then, the origin (qr, Pr, s, Ds) = O for the nonlinear system in (4.25) can be globally |
asymptotically stabilized using a state feedback in explicit form as nested saturations.

Proof. Following the proof of theorem 4.3.1, because m,,; is constant 0K / 0q; is a
quadratic form in p; and ¥ takes the followmg form

Y= Z(Qs,ps) = pfﬂ(qs)ps

which is independent of p,. In addition, we have

9r(ar, s) = gr.(qsv) = —ko — Fu(gs)F; *(gs)95(gs)

‘and (4.25) holds. The result on stabilization of the origin follows from the method
of nested saturations for feedforward systems due to Teel [102]. (see the proof of
proposition 4.2.1 for further details on control design). O

Theorem 4.3.2. Consider a flat underactuated system with configuration vector g =
(gz,4s) and a force matriz that is independent of q,. Assume the potential energy of
the system is independent of qs, i.e. V(q) = V(q.). The Euler-Lagrange equations of
motion for this system are as the following

MezlGe — gz(Qx) = Fr(qs)Tﬂ" + Fz(qs)T
mss(js = F; (qS)T (426)
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where g;(¢z) = =V, V(g), 7 € Ry Fi(gs) : R™ — R*™ is a unit vector that is onto
over a unit ball in R*™™, 7 € R™, my, and ms, are constant, and Fy(gs) is an mx m
wnvertible matriz. Let

T= Fs(Qs)_lmssu
be the partially linearizing change of control. Assume all the elements of
w= m;;Fz(qs)Fs_l (qs)mssdq.s

are exact one-forms and let w = dy(gs). Then, the following global change of coordi-
nates

qgr = 4z — A/(Qs) 7
- 4.27
Dr = MggDr — Fx(Qs)Fs I(QS)mssps ( )

with (pz, ps) = (dr, 4s) transforms the dynamics of (4.26) into the following form

gr = m;lpT

pr = (3 +7(a:)) = Pimr(qs)ps + Fr(as)7r (4.28)
9s = Ds

Ps = u

where Tr(gs) is a cubic matriz satisfying

d _ )
E{Fm(QS)Fs I(Q.s)}mssps = pwa(QS)ps

In addition, the (g, p,)-subsystem is a flat Lagrangz’an system with configuration vec-
tor q, and reduced Lagrangian

) 1. )
LG, Gr,qs) = 5«13 megr — V(g + v(gs))

satisfying the forced Euler-Lagrangian equation

doL, oL,
dt 0¢,  Og,

= —pZ’ﬂ-F(QS)pS + Fr (qs)Tr

where m, = Mmy.. Moreover, if the following conditions hold:
i) pLr(gs)ps = (PFQps)Fr(gs) with Q € R™.
i) V(gz) is a linear function.
Then, the reduced Lagrangian system is o fully-actuated flat system that satisfies

4L, oL,
dt 8¢,  Og,

= Fr(Qs)%r
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where

Tp =Ty — p,{st
13 the new scolar control.
Proof. The proof is by direct calculation. O

Example 4.3.2. (VTOL aircraft) The VTOL aircraft discussed in section 3.3.6 sat-
isfies all the conditions of proposition 4.3.2 and after applying a global change of
coordinates that decouples the position and orientation dynamics of the VTOL air-
craft w.r.t. the input torque wup in equation (5.41), the reduced dynamics of the
position is a fully-actuated flat mechanical system. The configuration of the VTOL
aircraft can be globally asymptotically stabilized to the origin using a smooth static
state feedback (see [70], or section 5.10 for more details on control design procedure).
Later on, we will show a similar result applies to an autonomous helicopter.

Corollary 4.3.1. Assume all the conditions in theorem 4.3.2 hold. In addition, sup-
pose F, F; are constant and 7. = 0. Then, the nonlinear system in ({.28) is in strict
feedback form.

Example 4.3.3. (Inertia-Wheel Pendulum) The Inertia-Wheel Pendulum satisfies
all the conditions of the preceding corollary and can be globally asymptotically sta-
bilized using a state feedback in explicit form (see section 5.3 for more details).

4.4 Underactuated Systems with Non-integrable
Momentums

In this section, we consider the class of underactuated systems with kinetic symmetry
that their normalized momentums are not-integrable. By normalized momentums, we
mean

. _ a _ oL
Mg = gzt mu} (QS)mms (QS)QS = mml (%)5-— (4-29)
1 oL

Ts = o +my(gs)mss(gs)ds = my; (gs) (4.30)

where 7., 7, are the normalized momentums conjugate to ¢, ¢, respectively. The
normalized momentum 7, (or m,) is called non-integrable, if B = h(qs,qs) : b =
7z (or 7). It turns out that in this case, underactuated systems can be reduced to
kinematic systems driven by the shape velocity vector p, as the control input. First,
we consider underactuated systems with actuated shape variables and non-integrable
normalized momentums. ’

Theorem 4.4.1. Consider the underactuated system in (4.3) and suppose all the
assumptions in theorem (4.2.1) hold except for the ezactness property of the elements
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of w. In other words, assume given
plgs) = m;acl (gs)mzs(gs)
1(gs)ps is not integrable. Then, after applying the global change of coordinates

9 = 4z .
Pr = mmx(Qs)pz"‘mxs(fk)ps

with {pz,ps) = (dz,Gs), the dynamics of the system transforms into the following
nontriangular normal form

g = m;l (Q.s)pr - N(%)ps

pr = 9:(ar ) (4.31)
s = DPs
ps = U

that 1s affine in the shape velocity ps as the control input of (g, pr, gs)-subsystem.

Proof. The equation of p, follows from the proof of theorem (4.2.1) and the first
equation in (4.31) is a direct result of the definition of p,. O

Remark 4.4.1. Defining ¢ = (gr,pr,qs) and v = p,, the dynamics of the (g, p,, gs)-
subsystem can be written as a nonlinear system affine in control

= f(z) +g(z)v

where g(z) = col(—(gs), In). This system has m (i.e. number of control inputs) first
order differential equations less than the original system and both the control design
and controllability analysis of this system can be carried out in a lower-order space
R3™ instead of the original space R¥™.

Remark 4.4.2. Recall that in the integrable case for underactuated systems with ac-
.tuated shape variables, it is possible to use backstepping procedure due to strict
feedback form of the transformed system. Here, due to nontriangular structure of the
‘normal form in (4.31) the backstepping procedure is not applicable. Control design -
for (4.31) will be treated later in chapter 7.

Example 4.4.1. (three-link planar robot) Consider a planar three-link robot arm
with revolute joints (g1, g2, 93) and two actuators at go,qs as shown in Figure 4-3.
The dynamics of this robot is given in section A.2 (Appendix A). It can be shown
that the inertia matrix of this triple-link robot has the following structure

™11 (Q2, Q3) ml2(Q27 Q3) mi3 (612, Q3)
M(Q) = M(Qz, Q3) = | M2 (QQ,Qa) m22(¢13) Ma3 (Q3)
m3; (612, CJ3) 32 (Q3) M3z

Thus, ¢; = q; is the external variable and g; = (go, g3) is the vector of shape variables.
Moreover, both shape variables are actuated. However, by direct calculation, it can
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Figure 4-3: A triple-link robot arm with two actuators.

be shown that the normalized momentum

m12(f12,Q3) o o m13(£]2;‘13) .

T =q + g
! ' mu(fha%) ? m11(927<Z3) s

is non-integrable (see lemma A.2.1). Therefore, based on theorem 4.4.1, a three-link
robot can be transformed into a nontriangular kinematic normal form with p, =
(42, d3) as the input.

Now, we present the case of underactuated systems with actuated external vari-
ables and non-integrable normalized momentums.

Theorem 4.4.2. Consider the underactuated mechanical system in (4.12) and sup-
pose all the assumptions in theorem ({.2.2) hold except for the exactness property of
the elements of w. In other words, assume given

IJI(QS) = ms‘zl (QS)mss (Qs)

1(gs)ps is non-integrable. Then, after applying the change of coordinates

qr = 04z
Pr = msx(Qs)px+mss(q$)ps

with (Pe,ps) = (dz,ds), the dynamics of the system transforms into the following
nontriangular linear-quadratic normal form

g = m;l(QS)pr - ﬂ(QS)ps

pr = gr(QT: QS) + Z(Qsapr:ps)
Ggs = Ds

Ps = u

(4.32)

over

U= {QS € Qs I det(msm(QS) # 0}
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with ps as the control input for the (q,, pr, gs)-subsystem where

my (QS) = msz(Qs)
gT(QT7 q.s') = vqu(QT-, QS)
E(QS)pTﬂpS) = vqu

Proof. The proof for the equation of p, in (4.32) is the same as in theorem 4.2.2. By
definition of p,, we have

Iz = ms_zl (gs)pr — ms_xl (QS)mss(QS)ps = mr_l(qS)pr — p(gs)Ps

and the result follows. Based on the structure of normal form (4.32), it is clear that
the (g, pr, ¢s)-subsystem is kinematic (i.e. has a control input p, that is the shape
velocity vector). O

Remark 4.4.8. The normal form in (4.32) is very similar to a normal form previously
found for Lagrangian systems with nonholonomic velocity constraints and classical
symmetry due to Bloch et al. [9]. However, the formulation of theorem 4.4.2 is
fundamentally different from the setup studied in [9].

Proposition 4.4.1. Assume all the assumptions in theorem 4.4.2 hold. In addition;
the underactuated system (4.12) satisfies the following conditions

i) Mmauz(qs) is constant.
i) msz{(qs) has differentially symmetric rows, i.e.

i%

amsz(qs) — amsa} , 7::1,,.. ,m
oq: 9gs

i*
where m,

iii) V{g) = V(g,).

w) p(gs) 1s analytic at g, = 0 (element-wise).

(gs) 1s the ith row of msz(gs)-

Then, applying the change of coordinates

21 = ¢ + p(0)gs, 22 = m>(qs)pr

(where (¢.,p;) are defined in (4.13)) transforms the underactuated system (4.12) into
a cascade system in feedforward form as the following

21 = Zo+ QOl(q.s;ps)

2 = 9%(g) +pi1I(g.)ps (4.33)
ds = Ds . ’
Ps = u
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where ©1(qs,ps) = (W(0) — p(gs))ps s at least quadratic in (gs,ps), 1(gs) is a cubic
matriz, and ¥ : Q; — R™ is defined as

¥(gs) = —m;(:) Ve,V (gs)

Moreover, if ¥(0) = 0 and ¥(qs) has an invertible Jacobian Vg,v(q,) at g; = 0, the
origin for (4.83) can be globally asymptotically and locally exponentially stabilized over
U using a state feedback in the form of nested saturations.

Proof. Following the proofs of proposition 4.2.1 and theorem 4.4.2, after applying
the change of coordinates

21 =4qr, 23 = mr—l (QS)pr

we obtain
) 21 = 22— #(QS)ps
z = P(gs) +pIm(gs)ps
(js = Ds
ps = U

Noting that p(gs) is element-wise analytic at g; = 0 and

.u’(qs)ps = /J'(O)ps - SOI(QS;ps)

where

(pl(QS;ps) = O(H(Qs;ps)HQ)

by setting z; = z; + u(0)gs the result follows. The rest of the proof is rather similar
to the proof of proposition 4.2.1. O

Example 4.4.2. (3D Cart-Pole System) Consider an inverted pendulum mounted
on a moving platform via an unactuated 2 DOF joint (6, ¢) with two external forces
as shown in Figure 4-4. The angles 8, ¢ denote rotation around z,-axis and z;-axis,
‘respectively. Let (z1,z2) denote the position of the center of mass of the platform M.
Then, the kinetic energy of the 3D Cart-Pole system (given in section A.7) is in the
form

s 1 [ M+m 0 ml cos 6 0 &1

K- 1] % 0 M+m —mlisin@sin¢ mlcosfcosg )
R mlcosf —misinfsin¢ mi? 0 6

é 0 ml cos f cos ¢ 0 ml? cos® 6 é

(4.34)

Clearly, the inertia matrix for this system only depends on (6, ¢). Therefore, (9, ¢)
are the shape variables and (z1,z;) are the external variables of the 3D Cart-Pole
system. The system is an underactuated system with four DOF (1, 22, 6, ) and two
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Figure 4-4: An inverted pendulum on a moving platform with 4 DOF and 2 controls.

actuated external variables (z1,z5). For the matrix

(g,) = micosf@ —mlsinfsing
Mrsads) = 0 ml cos § cos ¢

we have
det(me(gs)) = m21% cos® Gcos ¢

Thus, m;, is nonsingular over U = R? x (—n/2,7/2)%. The vector of one-forms is
w = p(gs)ps where :

1 sin@sin ¢

1(gs) = mig (gs)mss(gs) =1 0059 ((::82(5
cos ¢
Since the following one-forms are not exact
v = 1 d9+sm95m¢d¢
cosf cos ¢
cosf
w =
2 cos ¢

Theorem 4.2.2 is not applicable and the normalized momentum 7, of the 3D Cart-Pole
system is non-integrable. On the other hand, the dynamics of the 3D Cart-Pole system
satisfies all four conditions of proposition 4.4.1. Therefore, it can be transformed into
a feedforward system over U.

Proposition 4.4.2. The 3D Cart-Pole system (in ezample {.4.2) can be transformed
into a nonlinear system in feedforward form using the change of coordinates (in 4.4.1)

21 =(¢z + ZQS ;2 = ms—zl (QS)pr
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In addition, the origin for the system can be globally asymptotically and locally expo-
nentially stabilized using nested saturations.

Proof. Transformation into a feedforward system is already proven in example 4.4.2.
To prove the stabilization using nested saturations, we need to prove

in g
¥(a) = —m @)V V(g:) = ﬁ [ in ]

has an invertible Jacobian at g, = 0. Calculating this Jacobian, we have

cosf sinfsin¢

s cos¢p  cos?o
— = = gl. 0
a 97¢) g 1 giox2 #
cos? ¢ (6,6)=0
which is clearly nonsingular and the stabilization result follows. O

4.5 Momentum Decomposition for Underactuated
Systems

In this section, we consider reduction of underactuated systems with non-integrable
normalized momentums. We introduce a method to decompose a non-integrable
normalized momentum as an integrable momentum term called locked momentum
and a non-integrable term called error momentum. We call this procedure Momentum
Decomposition. This decomposition is unique for a fix choice of a locked configuration
(to be defined later). This procedure is described in the following.

Consider an underactuated mechanical system with kinetic symmetry and con-
figuration vector (g:,gs) where g, and g, denote the vector of external and shape
variables, respectively. The normalized momentums for this system are given by

aL . _ .

g = m;zl (QS)éq'_ = o+ Mgz (25)Mas(g5)ds (4.35)
—l a£ . __1 .

Ts = msx (Q.s) aq = 4z ,+ My (qs)mss (qs)qs (436)

which both can be expressed as the following
7= do + 12(,)ds (4.37)

Assume 7 is non-integrable, i.e. Ph : h = 7. Our goal is to find an integrable
approzimation of = which allows us to apply our previous reduction procedures for
underactuated systems with integrable normalized momentums to the present case.
We refer to u(gs) as the shape inertiac matriz. The following theorem demonstrates
how every non-integrable normalized momentum can be decomposed as an explicitly
integrable momentum plus a non-integrable momentum term.
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Theorem 4.5.1. (Momentum Decomposition) Let m = ¢, +u(gs)ds be a non-integrable
normalized momentum of a mechanical control system with kinetic symmetry w.r.t.
gz (n(gs) is a d x m matriz). Denote the shape vector by g, = (ql,...,q™)7 and
the normalized momentum by = = (n',... , 79T, Fiz g, and define the locked shape
inertia matriz pt(q,) by its elements :

1 (@) = 7100 I —— (4.38)
and the locked momentum as
T = Go + 4'(a5)ds (4.39)
Then, the locked momentum is integrable in an ezplicit form
g = gz + 7(gs) (4.40)

i.e. ¢ =7, where v(gs) = (11(as); - - ,7a(gs))T and

d o
%i(gs) :2;?;1/ pe(69)d67 . i=1,...,d (4.41)
0
In addition, denoting

pé(as) = p(as) — 1'(gs) | (4.42)

the normalized error momentum can be defined as

= 1°(gs)ds (4.43)

and the non-integrable momentum 7 can be uniquely decomposed as
7 =m+x° (4.44)

‘where 7’ is 'mtegmble and m¢ 1s non-integrable. Moreover ¢ 1s independent of (q,,, qx)

‘and vanishes at g, = ;.
Proof. The ith element of 7 can be expressed as
o= C]m + 2 1/-1'1_7(%)@5'

Q:z: + E] 1[/‘% (QS) + u’zj (QS)]qs
= ¢+X ‘—‘J l)u’lj (qs) 7+ Zm llu‘zy (qS)qs

or
7= +n°
But the ith element of 7 is
HE ATy (qs)qs = ¢, + %
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Thus, setting ¢, = g, + ¥(g;), ¢, = 7 and 7' is explicitly integrable. Since 7® =
n°(gs)ds, it is independent of (g, ¢;). Also, by definition of u'(g,), u'(d;) = u(g,) and
therefore both p¢(g;) and #© vanish at ¢, = g;. a

In the following, we apply the momentum decomposition method introduced in
theorem 4.5.1 to underactuated systems with kinetic symmetry for two cases: i)
underactuated systems with actuated shape variables, and ii) underactuated systems
with unactuated shape variables.

Theorem 4.5.2. Consider the following underactuated system with kinetic symmetry
and actuated shape variables

mzz(‘]s)q‘z + mzs(Qs)q.s + h:c(‘]: Q) =

; a : 4.45
Mese(Qs)Ge + Mss(¢5)ds + hs(g, §) = (4.49)

N O

Let 7 = a(gs)u+ B(q, 4) be the global collocated partially linearizing change of control
for (4.45). Assume the following normalized momentum with p;(qs) = mzt(gs)mes(gs)
15 non-integrable

Te = Qg + ﬂa:(QS)fjs

Let
_ e
My =T, + 7,

be the momentum decomposition of m, as an integrable locked momentum 7’ = g, +
l . . . _ _ - .
w(gs)ds associated with the locked shape q; = §, and a non-integrable normalized
error momentum ws. Then, there exists a function v(gs) in ezplicit form satisfying

Vv(gs) = pt(gs) such that the global change of coordinates

qr = QJ:+’Y(QS)

P = max()(@ + ab(a)d) (440

transforms. the dynamics of the underactuated system in (4.45) into a cascade non-
linear system in strict feedback form

QT = m:l (Q.s)pr
p.’r = gT(Qqu) + 5 (447)
ds = Ds
ps = u
with a perturbation § = —p, where p, = mr(qs)wg 18 the error momentum and
My (QS) = mzz(Qs)
Vi(9r:9s) = Vgz, 85)lo=g, —v(a0)
gr(QraQ:c) = _vqTW(QT:QS)
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The perturbation ¢ s in the form .

§ = m,(gs)p&(gs)u + X Is(gs)ps

which is affine in u, quadratic in ps with cubic weight matriz 1s(qs), and vanishes
uniformly in u at (gs,ps) = (Gs,0). In addition, the reduced system is a Lagrangian
system with reduced parameterized Lagrangian

1.

Er(q“ Gr) Q.s) = §q?mr(QS)Qr - V;'(Q'ra QS)

that satisfies the forced Euler-Lagrange equation

doL, oL, _
dt 8, Ogr

5 (4.48)

Proof. By definition of g, p,, and m,(g;), ¢- = m, }(g;)p,- Due to kinetic symmetry,
we have
oL
0z

_quv(qxa QS)

which means in new coordinates

oL,
50 9-{ar, qs)

On the other hand, by definition of 7, and based on momentum decomposition the-
orem, we have '

oL
% = mr(Qs)”'rzz: = mr(Qs)(”ri; + 71—;) =pr+ Pe
‘Hence
.+._‘d8£_8£_ ( )
p’i‘ pe - dt aqu - aqz - g’l‘ q’r:Qs
or
Pr= gT(Q’NQS) — Pe
The forced Euler-Lagrange equation with input § = —p, follows from the last equa-
tion. O

Remark 4.5.1. Theorem 4.5.2 shows that control design for the original underactuated
system with a non-integrable normalized momentum reduces to control design for
system (4.47) which is in strict feedback form plus a nonlinear perturbation §. One
possible way to stabilize the nonlinear system in (4.47) is to design a controller for
the unperturbed system which reduces to control of the (g,, p,)-subsystem combined
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with a backstepping stage. Then, perform a Lyapunov-based robustness analysis
w.r.t. the nonlinear perturbation ¢ which vanishes at a desired equilibrium point
with shape configuration and velocity (gs,ps) = (s, 0).

Remark 4.5.2. If the normalized momentum 7, is integrable, then #® = 0 which
means J,p. = 0 and thus theorem 4.5.2 reduces to theorem 4.2.1 stated earlier for
underactuated systems with actuated shape variables and integrable normalized mo-
mentums.

Remark 4.5.3. The main difference between normal forms (4.47) and (4.31) for un-
deractuated systems with non-integrable normalized momentums is that in the former
one, the perturbation term ¢ appears in the equation of p, and a reduced Lagrangian
system with configuration vector g, and input force ¢ is identifiable (as in theorem
4.5.2), but in the latter case, the perturbation p(g,)p, appears in the equation of ¢,
and no Lagrangian reduced system can be identified.

Example 4.5.1. (three-link planar robot with actuated shape variables) Consider
the three-link planar robot arm with two actuated shape variables (g2, g3) as shown
in Figure 4-5 (this system was also discussed earlier in example 4.4.1). The dynamics

of the actuated shape variables of this system can be globally linearized using a -

collocated partially-linearizing change of control as the following
G2 = ug, g3 = U

The normalized momentum of this system conjugate to ¢; is non-integrable (see lemma
A.2.1). Note that for this three-link robot

wigs) = mﬂl(@,%) [ ma2(g2, 4s) ™M13(g2, gs) }
After locking ¢, g3 at (g2, @3) = (0, 0), the locked approximation of 7; can be calcu-

e

Figure 4-5: A triple-link robot arm with actuated shape variables.

lated as

L., mia{g,0) . mia(0,g3)
=g+ +
1= o m11{ge, 0) % m11(0, gs) &
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which gives explicit forms for y; and 7, as the following

q2 q3
mia(s, 0) ds, 7(gs) = m12(0, s)

R e ds
o mu(s,0) o m11(0,s)

71(g2) =

After a,pplyirig the change of coordinates

& = q+v(z)+ ()

M1 (Q2, 0) m13(0, q3)
r = m ] +
P = @bt e 07 (0,6

the system transforms into normal form (4.47). Calculating the error momentum
Pe = M, (gs)75, we get

Pe = (Ma2(ge, q3) — M12(a2,0))d2 + (Mm13(ge, g3) — m13(0, g3))ds

and thus § = —p, is given by

6 = —(m12(ga, g3) — mi2(ga, 0))u2 — (Mma3(g2, g3) — mu3(0, g3))us + Mgz, 42, g3, G3)

where & can be made exponentially vanishing by applying a linear control u; =
K3(g3,p3) = —c1q3 — cops with ¢, c3 > 0. Keeping this in mind, the dynamics of the
reduced system for the three-link robot can be rewritten as

¢ = m (g, 0)p, + @1
pr = 9r(Qr>92,0)+<Pz

where the nonlinear perturbations ¢y, ¢, are given by

o1 = (m g2, 3) — mr(22,0))pr, 02 = (9r(gr, @2, a3) — 9-(gr, 92,0)) + &

Both ¢, and ¢, vanish exponentially as (gs, p3) converges exponentially fast to zero.
In other words, control of the three-link planar robot which is a sixth order nonlinear
system reduces to stabilization of the second-order unperturbed reduced system

& = m;' (g, 0)p:
pr = gT(qT7QZ7O)

But this normal form is exactly the same as the reduced system of an Acrobot with
configuration vector (g, ¢2) and the following inertia matrix and potential energy

_ | mu{g2,0) mi2(g,0) e
MAcro(QZ) - Moy (QQ, 0) oo (O) ) VACTo(q'r; Q2) = [V(ql, q2, O)]91=qr—71(q2)

The shape variable of this Acrobot is go which is actuated. Since the Acrobot can
be globally asymptotically stabilized to its upright equilibrium point using a smooth
state feedback us = Ks(g,,pr, g2, p2) [68] (under minor conditions), after a rather
elementary perturbation analysis it follows that the origin for a three-link planar
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robot can be globally asymptotically stabilized using (static) state feedback laws
Uz = KZ(qT7p'r‘) q27p2) and Uz = K3(Q37p3)-

Remark 4.5.4. The result of example 4.5.1 is in agreement with our intuition that if
one sets the joint angle g3 identically to zero, a three-link planar robot graphically
looks the same as an Acrobot with an actuated shape variable go. Keep in mind that
this choice is not unique and one could have started by exponential stabilization of
(g2, p2)-subsystem to zero and then stabilize an Acrobot with an external variable ¢;
and shape variable g3.

Next, we consider the case of underactuated systems with partially-actuated shape
variables and non-integrable momentums.

Theorem 4.5.3. Consider the following underactuated system with kinetic symmetry
and partially-actuated shape variables qs = col(gs,,qs,) € Qs; X Qs,

Myy (QS)q.a: T+ Mg, (QS)(:isl + Mygs, (QS)qsz + h:: (Q7 Q) = 7
msw(%)_‘jx T Mgys, (QS)§S1 T+ Mgy, (QS)"J:sz + s (q’ Q) =0 (4-49)
msﬂ(Qs)éz T Mgy, (qs)q-ﬂ + Miys, (qs)qsz + hsz (Q7 q) = T2

Assume dim(Q;) = dim(Qs,) and dim(Qs,) > 0. Let 7 = a(gs)u + B(g,qd) be the
noncollocated partially linearizing change of control for (4.49) over

U={g € Q| det(ms,z(q.)) # 0}

which linearizes the dynamics of the shape variables as §; = u. Assume the following
normalized momentum is non-integrable

Mgy = Gz + Hsy (QS)Q.'S
with

Hsq (QS) = ms—llz(QS) [ M5y (QS) mslsz(QS) ]

Let
{ e
7(51 = Trsl + ﬂ-sl

be the momentum decomposition of w5, as an integrable locked momentum 7r§1 =
Gz + 15, (45)4s associated with the locked shape go = g, and a non-integrable normalized
error momentum 7% . Then, there ezists a function y(gs) in ezplicit form satisfying

Ve ¥(qs) = i (gs) such that the following change of coordinates over U

g = ¢z +v(d)
. . 4.50
Dr = mslx(QS)(QI+uil(QS)QS) ( )

transforms the dynamics of the underactuated system in (4.49) into a cascade non-
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linear system in nontriangular quadratic normal form

¢ = m;Ygs,, s, )Dr
Pr = Gr(@r 4515 9sy) + 2(Goys Gsgs PryDs) + 6

;. = Ps | (4.51)
psl = U ’
q.$2 = psz
p82 = U2
with a perturbation 6§ = —p, where p, = m, (qrs)7r§1 1s the error momentum and
mr(gs) = Ms2(qs)
Vr(Qr;Qs) = V(qz79s)|q==qr—7(qs)
gr (Qr; Qz) = _vqs1 V;‘(QT; Gs15 ng)
E(Qsp‘]sz:pr;ps) = vqle

The perturbation & is in the form

6 = my(gs)ps, (0:)u + Py s(4:)ps

which is affine in u, quadratic in p, with a cubic weigh matriz Ts(q,) , and vanishes
uniformly in u at (gs,ps) = (s, 0). In addition, if V(q) = V(gs), the reduced system
is a Lagrangian system itself with reduced parameterized Lagrangian

. 1. )
Lo(gr,Gr,qs) = gq;[mr(qs)qr

that satisfies the forced Euler-Lagrange equation

d oL, OL,

5 h =2 s Pry Vs ) .
505, g~ C\GPrps)t (4.52)

Proof. By definition of ¢, and p,, ¢, = m; L (¢,)p-. From the second line of (4.49),
“we have '

i oL oL
dt 0gs, - dgs, -

Vi, V(e @) + Vg, K

Gsy

which after substituting ¢, = ¢, — ¥(g;) and ¢, = ms‘llz(qs)p_r — ¢t (g5)ps, one obtains

dac
dt 9,

= 9-(¢r,¢5) + (g5, pr, Ds)

Based on momentum decomposition theorem

oLc
a' -—_mr(qs)(ﬂ'il‘f‘ﬂ-:l):pr-f‘pe
qsl
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Hence p, = ¢,(¢r,qs) + (g5, pr, Ds) — Pe- The forced Euler-Lagrange equation follows
from the last equation in a straightforward fashion. a

Remark 4.5.5. Assuming g,, = 0, the normal form in (4.51) can be rewritten as the
following

g = mr_l(qh: 0)??‘ + 1

p’r = g’r(qﬁqslao) +E(QS1)O7pr7psl70) +§02
&1 = Pa (4.53)
p51 = U0
QS2 = Dss
psz = U2
where
Y1 = (m;l(Qsprsz) - m?‘(qslao))pr

P2 = gr(‘]r;‘]sl; q82) - g’r(Qraqu O) + E(q317q527p1‘7p817p82) - Z(qu 0,pr,p51,0) + 6

where ¢; and the first two terms of g vanish at (gs,,ps,) = 0. If § vanishes at
(@ss, Gss, u2) = 0, then both nonlinear perturbations ¢y, ¢, can be made exponentially
vanishing over compact domains by applying the linear control us = K3(gs,,0s,) =
—C1Qs, — C2Ps, With ¢y, ¢y > 0. This reduces the control design for the overall system
in (4.51) to control of its (g, pr, gs, )-subsystem with control input p;,

(jr = mr_l(QSl ) 0)pr
Br = 9r(Gr,4s:,0) + X(¢s,,0,Pr, P51, 0) (4.54)
q.S1 = p51

Later, we show that under certain conditions, stabilization of the last nonlinear system
reduces to stabilization of the following reduced system

. -1

qT = mr (QSN O)p'r

. 4.55
br = gr(Q’h 9sy5 0) ( )

with control input g;,. Since g and g;, have the same dimensions, this stabilization
‘problem can be addressed (see section 4.7 of this chapter).

Example 4.5.2. (three-link planar robot} In this example, we consider a three-link
planar robot as shown in Figure 4-6 with two controls. Both the external variable 8,
and one of the two shape variables 65,85 are actuated. Notice that this is different
than the case discussed in example 4.5.1 where both shape variables are actuated.
The inertia matrix and dynamics of this robot are given in section A.2. The inertia
matrix of this robot has the following structure

m11(92, 93) m12(92, 93) m13(02,’ 93)
M = M(0,,03) = m_21(92,93) M2 (0s) M3 (63)
m31(6’2, 93) m32(93) m33

All of the normalized momentums of this three-link planar robot are non-integrable
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Figure 4-6: A planar three-link robot arm.

(see lemma A.2.1). In the following, we consider two cases: i) 6, is unactuated, and
ii) #5 is unactuated. In each case, based on theorem 4.5.3 and using momentum
decomposition procedure we obtain reduced normal forms of the system.

Case (i): 6, is unactuated. Set (gz,9s,,¢s,) = (61,82, 63). Assuming mi2(6s,63) >
0 for all ,, 05, using a global noncollocated partially linearizing feedback law, the
dynamics of the shape variables can be transformed into

92 = W2
wp = U
9.3 = W3
0113 = U3

Then, calculating the normalized momentum conjugate to 65, we get

: mae(63) mes(f3)
e ' ma1 (s, 03) 2 ma1 (62, 63) ’

Thus

pgz(ez,eg,):{ ma(b3) _maa(6s) ]

m21(92, 93) ma1 (92, 93)

Now, according to the locked shape (6;,8;) = (0,0), the locked shape inertia matrix
L, is given by

! . ma2(0) Mas(6s)
g, (82, 65) = [ ma1(02,0) m21(0, 63) ]

Defining v, and +y; as the integral of the elements of u},

)
* ma3(0)

1(82) = d ) ——ds,

2) / Moy (s » 12(0s) = o mao1(0,s) s
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and applying the global change of coordinates

8, = 61+ v(62) + 72(63)

m'ZZ(O) m23(93)
. = (0,0
wr = mialle Ba)n F TG o 0, 6 )

the dynamics of the three-link robot with unactuated shape variable 6, transforms
into the following nontriangular quadratic normal form

ér = M2 (92, 93)%
Wy = —g;(0r,02,03) + X(62, 03, wr, wa, w3) — Pe
b2 = wo (4.56)
Wy = U
0 = ws
w3 = ug
where the error momentum p, is given by
M2 (03) ma2(0) my3(s) My3(0s)
Pe ma1 (62, 63) m21(92;0)) 2 (m21(92,93) m21(0,93)) ’
Clearly, p. vanishes at (f3,ws) = (0,0). This implies the perturbation § = —p,

vanishes at (03, w3, u2) = (0,0,0) as well. Following the procedure in remark 4.5.5,
stabilization of (4.56) reduces to stabilization of its fourth-order subsystem as

0, = mia(62,0)wr

Gr = —gr(6r,62,0) + (02,0, wr,ws,0) (4.57)
By = ws |
d)z = U

which is exactly the normal form for the Pendubot with inertia matrix and potential
energy

m1(62,0) my2(62,0)

Mpen(q1) = M1 (02,0) ma2(0)

) V.Pen(gly 92) - V(ely 92; 0)

and an unactuated shape variable f,. Later, we show that the Pendubot can be
stabilized using Fixed Point Controllers [67].

Case (ii): 65 is unactuated. Take (g, gs,, qs,) = (61,03,62). After a similar argu-
ment to Case (i), it can be shown that the control of the overall system reduces to
control of the Pendubot with inertia matrix and potential energy

ma1(0,8;5) ma3(0,63)

>Ven9,9 :V9,0,9
m31(0,93) m33 P (1 3) (1 3)

Mpen(q1) = [

Notice that this Pendubot has an unactuated shape variable ;. In this case, the per-
turbations oy, @, in (4.53) vanish exponentially over a compact domain by applying
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the linear feedback uy = Ko(62,ws) = —c162 — cows with ¢, > 0.

Remark 4.5.6. In conclusion, based on Figure 4-7, control of the middle robot reduces
to control of the Acrobot in example 4.5.1 and control of the other two robots reduces
to control of the Pendubot as discussed in Cases (i) and (4i) of example 4.5.2. This
fact can be intuitively understood by the following graphical procedure without any
calculations.

N

Figure 4-7: Three possible actuation configuration for a planar three-link robot arm.

Graphical Reduction Procedure for an n-link underactuated planar robot:
1) Set j =n.
2) If 7 is the last actuated joint, QUIT.

3) If joint j is actuated, lock the joint angle §; = 0 and merge the jth link and the
(7 — 1)th link as one. Set j:= j — 1 and GOTO step 2.

4) If joint j is unactuated, set j := j — 1 and GOTO step 2.

- This algorithm ends up with the Acrobot or the Pendubot as the final underactuated
system with a single actuator and two remaining links.

‘Proposition 4.5.1. Consider the 3D Cart-Pole system with configuration vector (Gz,q5) =
(z1, %9, 0, ¢) and unactuated shape variables (8, ¢). Then, the following change of co-
ordinates over U = R x (—m/2,7/2)?

2y = T +’Y(07 QS)

7 = i+ (8 cosb,ld/cosd)T (4.58)

with (0, ¢) = (7(6), 70(¢))" and 7o defined as

b
’}/0(9) :[; COSSdS: Zlog (m) 5 g e (—7T/2,7I'/2)
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transforms the dynamics of the 3D Cart-Pole System into a cascade nonlinear system
in feedforward form

21T = 29

Z o= P(g) +p;(gs)ps + 0(g5)u (4.59)
G = Ds .

Ps = U

where

P(gs) = —ms_zl (¢5) Vg, V(gs)

has a nonsingular Jacobian at ¢, = 0, I1{g;) is a cubic matriz, and ¢(q,) = —us(g;)
satisfies ©(0) = Oaxa and omaz(p(gs)) = O(lgs[?). In addition, the origin for ({.59)
can be globally asymptotically and locally exponentially stabilized using a state feedback
in the form of nested saturations.

Proof. We use the method of momentum decomposition to reduce the dynamics
of the 3D Cart-Pole system. This system has equal number of external and shape
variables. Thus, following the notation of theorem 4.5.3, dim(Q,,) = 0 and the
external and shape configuration vectors of the 3D Cart-Pole system are g, = (21, z2)
and g; = ¢s;, = (6, ¢), respectively. From the kinetic energy of the 3D Cart-Pole
system in (4.34), the block matrices my(gs) and mys(gs) for this system can be
identified as

(g,) = mlcos§ —milsinfsing | (g:) = mi? 0
Msa\ds) = 0 mlcosfcosg |7 oo ds 0 ml?cos’d

In example 4.4.2, it was shown that the normalized momentum
s =Gz + /‘Ls(QS)q.s
is non-integrable over U = R? x (—7/2,7/2)? where

[ Isinfsin ¢

_ 8
Hs (qS) = [rn’s:r1 (qs)mss (qs) = €08 lc(?oss(%
‘ 0
cos ¢

Hence, after choosing the lock configuration (4, 4) = (0,0) and setting ¢ = 0 and
6 = 0, respectively, in the first and second columns of u,, the normalized locked
shape inertia and error inertia for the system can be obtained as

I ' [sin #sin ¢

0 0 0 cos ¢
p(00)= | €C |, ui0,4) = I(cosd — 1)
0 0 ——=

cos ¢ cos ¢
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Take

Yo(z) = /Oz Colssds’ z € (m/2,7/2)

Then, (6, ¢) = (70(9),70(¢))7T satisfies Vo, v(gs) = 1(gs). The change of coordinates
in (4.50) can be explicitly calculated as

¢ = z+7(6,9)

. . 4.60
P = ma(0,8)( + (0, 0)d) (460
After simplification, we obtain
g = z1+7(0) ) .
p: = micos(0)z; — mlsin(6) sin(@)zz + mi?60 — mi?sin(f) tan(¢)¢ (4.61)

g = z2+%(9) .
p?2 = mlcos(8)cos(d)zy + ml®cos(f)d
where ¢- = (q,¢%)7 is the configuration vector of the reduced system and p, =
(pl, p?)T is its conjugate momentum. The nonlinear change of coordinates in (4.61)
transforms the dynamics of the 3D Cart-Pole system into

g = mr—l(G’ ¢)pr
p”" = gr(gaqs) +E(Qs:praps) +(5
g = W

% — (4.62)
¢ = wsy
Wy = U

where m, = mg; and

0. (0,6) = —V, V(0 8) = [ mgl sin 6 cos ¢ ]

mgl cos fsin ¢

Notice that m., is constant for this system and ¥ is linear in’ ¢,, thus

) . 1. )
E(Qs,praps) =V, K=V, {quSI(QS)QI} + Vqs{5Qfmss(qs)qs}

Following the line of proposition 4.4.1, apply a second change of coordinates as the
following

Z1 = @r

5 = mi6, ¢)p (4.63)

We prove that the last change of coordinates transforms the dynamics of the 3D
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Cart-Pole system into the feedforward normal form in (4.59). First, observe that

ZL = T+ 7(91 Qs) (4.64)

2z = T+ p’i(ga d))QS
and therefore z; = z5. In addition, we have

oL
94,

— msm(qs)(qm + /‘[’S(QS)QS)

s (gs) (G + 1 (as)ds + 18(gs)ds)
= Mg (QS)ZZ +pe

where
DPe = msz(‘]s)ﬂ‘i(‘ls)ds
But from Euler-Lagrange equation

d oL oL
TRl 9:(gs) + X

and we obtain
msm(Qs)ZZ = gr(Qs) +2X - Mgy — ?e
1. )
= gr(Qs) + vqs{§Qsts (QS)Qs}
+ st {Q'stz(%)q'z} - mszé:r - mszﬂi(@'s)‘js - pe

But similar to condition ii) of proposition 4.4.1, m,.(gs) block of the inertia matrix
of the 3D Cart-Pole system has differentially symmetric rows that implies

vt}s {qzmsz(QS)Qm} = mszq:c

Therefore, we obtain the following equations for the z-subsystem

21 = 29
o= P(g) +5(gps) + (g (4.65)

-1

W(gs) = my;(35)9-(gs)

@) Vo (50T ma0)s} — raapl (6)d ~ o (mee(@(a0) Y
0(gs) = —p5(as)

and %(gs, ps) = pLII{gs)ps is quadratic in p,. Notice that from the explicit expression
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of 1i£(qs), ©(0) = Dax2 and Omaz(0(gs)) = O(|(f, ¢)/%). The stabilization result using

nested saturations [102] follows from the fact that 3 is quadratic and [V, 1(g,)]

gs=0 =
gl>xo is non-singular (where g is the gravity constant).

4.6 Classification of Underactuated Systems

In this section, we classify underactuated systems based on possession or lack of some
or all of the following four properties:

a) Actuated shape variables

()
(b) Non-interacting inputs (i.e. lack of input coupling)
(c) Integrable normalized momentums

)

(d) Extra required conditions (as described in the definition of each class in the
following).

This leads at most to sixteen possible classes. However, due to redundancy and the
fact that some of these cases never have appeared in applications, we only focus on
a subset of these sixteen classes that frequently appear in control of underactuated
mechanical systems. This subset includes eight different classes.

Note: In case an underactuated system is flat (i.e. has constant inertia matrix), we
call the variables that appear in the force matrix F(g) shape variables.

Table 4.1 provides definition and examples of different classes of underactuated
systems. The following remarks have to be taken into account regarding Table 4.1:

— a “Yes” or a “No” means the corresponding property holds or does not hold,
respectively.

- “Q7, “I”, and “LQ" in front of “Nontriangular” refer to “Quadratic”, “Linear”,
and “Linear-Quadratic” structure of the normal form with respect to ps (i.e.
shape velocity).

— a “Yes” for property (d) means that certain extra conditions are required that
can be found in the description of the corresponding class.

— a controlled VT'OL aircraft means the dynamics of the VTOL in closed loop
with a feedback u; = u;(z,y, £,7) and a single remaining control u,.

In the following, we rewrite the normal form corresponding to each class of under-
actuated systems in table 4.1 by partitioning the state vector as col(z,£) € R* x K.
Throughout this section, (21, 2, 1, &3) denotes (g, pr, gs, ps) unless otherwise is stated.
Furthermore, the term fy is due to the potential energy of the system. Here is the
description of each class: '
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Table 4.1: Classification of Underactuated Systems

[Class [ (&) [ (b) | (c) [ (d) | Normal Form | Control Design | example(s)
. . Acrobot (2D,1C), TORA,

I Yes | Yes | Yes | No | Strict Feedback Backstepping Inertia-Wheel Pendulum

. . . Rotating Pendulum
IIa | No | Yes | Yes | No | Nontriangular Q | Fixed-Point Law Pendubot, Beam-n-Ball
IIb | No | Yes | Yes | Yes | Nontriangular L Fixed-Point Law ~Flexible-link Robots
IIT | No | Yes | Yes | Yes | Feedforward Nested Saturations | 2D Cart-Pole (2D,1C)
IVa | Yes | No | Yes | No | Nontriangular Q | Fixed-Point Law Controlled VTOL (3D,1C)
IVb | Yes | No | Yes | Yes | Nontriangular Q@ | Fixed-Point Law Controlled VTOL (3D,1C)
_ VTOL aircraft (3D,2C))
A% Yes | No | Yes | Yes | Strict Feedback Backstepping =Aircraft (6D,4C)
: ~Helicopter (6D,4C)
VIa | Yes | Yes | No | No | Nontriangular L Fixed-Point Law Three-link arm (3D,2C)
VIb | Yes | Yes | No | Yes | Feedback+A Backstepping Three-link arm (3D,2C)
VIla | No | Yes | No | No | Nontriangular LQ | Fixed-Point Law Three-link arm (3D,2C)
VIIb | No | Yes | No | Yes | Nontriangular+A | Fixed-Point Law Three-link arm (3D,2C)
VIII | No | Yes | No | Yes | Feedforward Nested Saturations | 3D Cart-Pole (4D,2C)

e Class-I: underactuated systems with actuated shape variables, integrable mo-
mentums, and non-interacting inputs. From equation (4.6), the normal form of
Class-I underactuated systems can be rewritten as the following

z1 = N(&)z
z = folz1,81)
. 4.66
L = & (4.66)
& = u
where N(&) is a symmetric and positive definite matrix. System (4.66) is in
strict feedback form with a vector fleld non-affine in ;.

e Class-ITa: underactuated systems with unactuated shape variables, integrable
normalized momentums, non-interacting inputs, and equal number of exter-
nal and shape variables. From equation (4.14), the normal form of Class-IIa
underactuated systems can be rewritten as the following

21 = 29

Z2 = folz1, 1) + 21 gu(&1)z + 23 g12(61)&2 + €7 922 (&1) 6o

. (4.67)

§1 = &

& = u
where 2o = m;(g;) and g;;’s are cubic matrices with the property gi» = g%;.
System (4.67) is in nontriangular quadratic form with a vector field non-affine
in (617 EQ)

e Class-IIb: a subclass of Class-I1a underactuated systems with unequal number

of external and shape variables. From equation (4.21), the normal form of Class-
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ITb underactuated systems can be rewritten as the following

7:'1 = 23 .

5 o= folz) + falzi, 22) + 25 gu(€1)z2 + 23 912(61)& + &3 922(€1) €2 + g3(21)&5
§1 = &

£ = &

& = u

(4.68)

where z,£ are defined in (4.20) and Fj is a force due to dissipation satisfying
22 fa(z1,22) < 0,Yz1,Vzo # 0. The g;;’s are cubic matrices with the property
g12 = g3,. System (4.68) is in nontriangular form with a vector field non-affine

in (&1,&2) and affine in &s.

e Class-I1I: a subclass of Class-ITa underactuated systems satisfying conditions
of proposition 4.2.1. From equation (4.17) the normal form of Class-III under-
actuated systems can be rewritten as

2.:1 = 29

Zy = fol&1) + £39(61)&:

§1 = fz (469)
& = u

where zo = m71(g,)p, and g¢(£) is a cubic matrix. System (4.69) is in strict
feedforward form with a vector field non-affine in (&1, &2)-

e Class-IVa: underactuated systems with actuated shape variables, integrable
momentums, and input coupling. From equation (4.24), taking zo = m,*(g,)p-,
the normal form for Class-IVa underactuated systems can be written as

Z1 = 2z A

7%2 = folz1, &) + 2D g1 (&) 22 + 21 g12(é1)62 + &5 922(£1)&2 (4.70)
51 = fz ) '

éz = u

The g;;’s are cubic matrices with the property g1z = g3;. System (4.70) is in
nontriangular quadratic form with a vector field non-affine in (&1, &2). Notice
that normal forms (4.70) and (4.67) represent the same class of cascade nonlinear
systems, but two different classes of underactuated systems.

e Class-IVb: a subclass of Class-IVa underactuated systems with constant mg,
and V(q) = V{g,). From equation (4.25), the normal form for Class-IVb un-
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deractuated systems can be written as

2:’1 = 22

Z = fol&) + & g(&)&

& = & )
& = u

where z, = m_'p, and g{&) is a cubic matrix. System (4.71) is in strict feed-
forward form with a vector field non-affine in (&1, &2).

Class-Va: underactuated systems with actuated shape variables, integrable
momentums, input coupling, and an extra control in the dynamics of the exter-
nal variables with the property that their m,, is constant and V{g) = V{qg,).
From equation (4.28), the normal form for Class-Va underactuated systems can
be written as

Z-l = 23

B o= folz &)+ ()T + & 9(6)é (4.72)
§_1 = & ' |

2 = u

where 2z, = m; 'p,, g(£1) is a cubic matrix, go(&;) : RP — R" is defined by

——R(&)E | (4.73)

go(&1) =

€is a fixed unit vector in R* and R(&) € SO(n) is a rotation matrix in R*. The
control T € R (or thrust) is the magnitude of a force applied to the dynamics
of the vector of external variables, ¢, € R®, in the direction €. Assuming that
T = K(z,&), system (4.72) is in nontriangular quadratic normal form with a
vector field non-affine in (&1, £).

Class-Vb: a subclass of Class-Va underactuated systems with the property
that there exists a positive definite and symmetric matrix Q(&;) € RP*? such
that

& 9(6)6 = 63 Q(&1) €] g0 (&) (4.74)

and V(g;) is a linear function. From theorem 4.3.2 and equation (4.72), the
normal form for Class-Vb underactuated systems can be given as

731 = 22 _

Z = fo+go(&)T

A (4.75)
& = u
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where f, € R” is a constant vector and T in a new control defined as

T=T+ ng(fl)fz

Assuming that the state feedback 7 = K (z,&1) globally asymptotically stabi-
lizes the equilibrium z = z, for the z-subsystem of (4.75), the dynamics of (4.75)
is in strict feedback form with a vector field non-affine in &;.

Class Vla: underactuated systems with actuated shape variables, non-integrable
normalized momentums, and non-interacting inputs. From equation (4.31), the
normal form for Class-VIa underactuated systems can be expressed as

= N(&)z+ g0(6)é
22 = fol=, &)
& = &

§2=U

(4.76)

System (4.76) is in nontriangular linear normal form with a vector field affine
in &. Note that Fh = h(£)) : RP = R* : Dh(&;) = go(61).

Class VIb: a subclass of Class-VIa with the property that there exists a parti-
tion of g; = col(gs,, gs,) with an n-dimensional vector g, such that the perturba-
tion é in (4.47) vanishes identically at (gs,, ps,, u2) = 0 where ¢y, = Ds,, Ds, = Us.
Let us partition & and u as col(m;, i;),7 = 1,2 and col(ui, uy), respectively.
Then, from equation (4.47), the normal form for Class-VIb underactuated sys-
tems can be obtained as

z = N(m)z+ ¢1(z2, m, 1)

2';2 == fO(Zlanl) +902(21777:y’7 U)

o= (4.77)
e = U1

/Jl = MUz

fo = U

where N(m) = m-1(gs,,0) and the perturbation terms ¢, ¢ vanish identically
at (w1, pi2; u2) = 0. The (2,7)-subsystem of (4.77) is a perturbation of a strict
feedback form.

Class VIIa: underactuated systems with unactuated shape variables, non-
integrable normalized momentums, and non-interacting inputs. From equation
(4.32), the normal form for Class-VIla underactuated systems can be given as

21 = z+9(&)é

2_2 = fo(Zl, §1) + 23911(&)22 + 25912(51)52 + 55922(51)62 (4 78)
§1 = 52 ' .
3 = u
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where 2, = m;'(g;)p, and the g;;’s are cubic matrices satisfying g2 = ¢5.
System (4.78) is in nontriangular linear-quadratic normal form with a vector

field non-affine in (&1,&2).

e Class VIIb: underactuated systems with partially unactuated shape variables,
non-integrable normalized momentums, and non-interacting inputs. In addi-
tion, there exists a partition of ¢; = col(gs,, ¢s,) with an n-dimensional vector
gs, such that the perturbation § in (4.51) vanishes identically at (gs,, ps,, u2) = 0.
Following the notation used in the definition of Class-VIb, based on equation
(4.51), the normal form for Class-VIIb underactuated systems can be written
as

21 = zo+ iz, M, )

22 = folzi,m) + 22 g11(m) 22 + 25 gr2(m)me + 13 goa (M) + 22, 1, 1, )
m o= N
e = U
B = g
fr2 = g

(4.79)

where the g;;’s are cubic matrices and @1, 2 vanish identically at (1, g, u2) =
0. The (z,n)-subsystem of (4.79) is a perturbation of a nontriangular quadratic
normal form (see the normal form of Class-1Ia).

e Class VIII: a subclass of Class-VIIa underactuated systems satisfying the con-
ditions of proposition 4.4.1. From equation (4.33), the normal form for Class-
VIII underactuated systems can be expressed as

zp = Zz("‘ @1(51%52() )

z = fol&1) + & 9(&)é

L6 (4.80)
&1 = u

where

z1 = g + 1(0)gs, 22 =m; (g;)pr

and ¢, ~ O(|(&1,£)1?) as defined in proposition (4.4.1). System (4.80) is in
strict feedforward form with a vector field non-affine in (€1, &2).

Let us make the following definition.

Definition 4.6.1. (core reduced system) Define the core reduced system as the dy-
namics of the z-subsystem without the following types of terms:

i) terms containing &,

ii) terms containing z, in the equation of 2,
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iii) high-order perturbation terms ;.

The following corollary creates a connection in terms of the dynamics of the z-
subsystem among all the above classes of underactuated system.

Corollary 4.6.1. According to definition 4.6.1, for all the aforementioned classes of
underactuated mechanical systems, the core reduced system is in the normal form

?;'1 = N(’U)Zz

Z = f(a,v) (4.81)

where v is the control input for (4.81) and N(v) is a positive definite symmetric
matriz. (Note that for several classes N(v) =1).

Global asymptotic stabilization of nonlinear systems in normal form (4.81) is
addressed in theorem 4.7.1 for the case where z;, z5,v € R".

Remark 4.6.1. Based on proposition 5.11.4. The normal form of the first-level ap-
proximate model of a helicopter is in the form

2 = f(2) +qu(&)T + g2, &, €) + ga(6r, €)u
& §2 (4.82)

S = u

where z = col(z,v) € RS, & = col(¢, 6,) (i.e. three Euler angles), € = (€1,€9,€3)F €
R3, and gy, g3 are linear with respect to the matrix '

0 €9 0
E(€)= €2 0 e |; €>0,6<0,,e>0
0 0 O

Thus, g2, g5 vanish identically at € = (0,0,0). The vector field of (4.82) is quadratic
in & and affine in control u. Under the assumption that € = (0,0, 0), (4.82) reduces
to the normal form of a Class-VIb underactuated system in (4.75).

4.7 Nonlinear Control of the Core Reduced Sys-
tem

The fundamental property of the three basic cascade normal forms for underactu-
ated systems is that the unforced and unperturbed reduced system for all classes of
underactuated systems in section 4.6 is the same and is given by

. -1

g = M (q,s)pr .

; 7 4.83
pr = 9r(2r:9s) (4.83)

We refer to (4.83) as the Core Reduced Systemn (also, see definition 4.6.1). This section
is devoted to stabilization of the core reduced system for all underactuated systems

109



discussed in this chapter. The main property of the core reduced system is that it
is a simple Lagrangian system without any external force. Thus, the shape vector g;
plays the role of the control input for the core reduced system. Here is our main result
on global asymptotic stabilization of the core reduced system (4.83). (For simplicity
of the notation, in the following theorem the subscript “r” is dropped).

Theorem 4.7.1. Consider the following nonlinear system non-affine in control

¢ = N(u)p

p = g(gu) (4.84)

where q,p,u € R, glg,u) : R* X R* — R" is a smooth function with g(0,0) = 0,
N(u) is an invertible matriz for all u, and M(u) = N™'(u) is a positive definite and
symmetric inertia matriz. Suppose there ezists an isolated root u = a(q) of g(g, ) 0
with the property a(0) = 0 such that

det (2 (g,0(a)) #0
Set

1/1((], ’U) = [M(u)g(Q7 u)]u:a(q)+v

Then, for all g € R*, w = ¥(q,v) 1s a local diffeomorphism around a neighborhood
of v = 0. Assume there exists an open ball B.(0) around w = 0 and a function
B:R* x R* - R* such that

’w(QalB(Qa ?.U)) = w, Yw € B—,-(O) CcCR

uniformly in q. Let 3(z) : R* — R® denote the vector sigmoidal function

d(z) =

(1+ [l=12)2

Then, for all c;,co € (0,7/2], the static state feedback v = K(q,p) defined as the
following

v = K(g,p) = a(g) + B(g,w),

w = Ky(g,p):=—ci1d(q) —620( ); (4.85)

globally asymptotically stabilizes the origin (g,p) = (0,0) for the nonlinear system in
(4.84).
Proof. Calculating V,¥(g,v) at v =0 {or u = a(q)), we get

V(e v) = M(a(e)) - [Vu(g, o(g) +v)lumo

By assumption, both M{a(q)) and V,g(q, o(g)) are invertible matrices. This means
that V,¢(q, v) is invertible at v = 0 and thus (g, v) is a local diffeomorphism for all
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q. Consider the invertible change of control w = ¥(q,v) with an inverse v = (g, w)
defined over R* x B,(0) so that ¥(q, 8(¢,w)) = w. Then, the dynamics of (4.84) can
be written as

¢ = N(up
p = N(uw

(4.86)

with u = a(q) + 8(q, w). Fix c1, ¢z € (0,7/2]. We have
[wl] = [|Ke(g, P)|| € crlid(@)l + c2llF@)l <cr+e2 <7

and for all (g,p), Ki(g,p) € B,(0). Applying the state feedback w = Ky(g,p) in the
question, the closed-loop system in (4.86) takes the following form

g = N(up
p = —alN(u)d(g) — caN(u)d(p)

with u = K(g,p) (defined in (4.85)). Consider the following positive definite Lya-
punov function candidate :

(4.87)

H(g,p) = e:6(a) + 1ol

where the positive semidefinite potential function ¢(q) : R* — Ry is defined as

Cdlg) =1 +]gP)E -1

and satisfies the property (Vo(g))T = &(g). Calculating H along the solutions of the
closed-loop system (4.87), we obtain

i o= BH(q,p)GQ+3H(q7p),?
dq op
- = ad@Nwp ~ ap” N(w)d(g) — ep” N(w)d(p), (N7 =N)

The last inequality is due to positive definiteness of the term

p"N(up
1+ llp2)z

for p # 0 and all u, particularly, v = K(q, p). Based on LaSalle’s invariance principle
[40], all the solutions of the closed-loop system converge to the largest invariant set
Qin {(¢,p) : H = 0} = {(g,0)}. But for system (4.87), @ = {(0,0)}. Therefore,
the origin (¢,p) = (0,0) is globally asymptotically stable for (4.87) (and (4.84)).
Furthermore, H(g,p) is a smooth positive definite and proper Lyapunov function for
- the system. O

P N(u)d(p) =

Definition 4.7.1. (bi-saturated PD controller) We call w = K,(g,p) in equation
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(4.85), a bi-saturated PD controller. |

Corollary 4.7.1. Assume all the con'dz'tions in theorem 4.7.1 hold and let
w = ky(q,p) == —cod(g+p), co€(0,7]

Then, (g,p) = (0,0) is GAS for (4.84).

Proof. We prove that the following smooth and positive definite function
1
H(q,p) = cod(q +p) + S Ipl*

is a valid Lyapunov function for the closed-loop system

¢ = N(up
p = —coN{u)d(g+p)

We have

H = cd(g+p)7(G+p) — cop? N(u)&(g +p)
= —oll3(g +p)l”

(4.88)

Thus, all the solutions converge to the largest invariant set 2 in {(g,p) : ¢ +p = 0}.

By inspection, Q = {{0,0)} and the origin is GAS for (4.88) and thus (4.84).

d

The following result shows that under further structure in the dynamics of the
reduced system it is possible to find a static state feedback in closed-form that globally

asymptotically stabilizes the origin for the reduced system.

Theorem 4.7.2. Consider the reduced system in (4.83) and assume that dim(Q,) =

dim(Q,) = d and the reduced inertia matriz is diagonal, i.e.

mr(Qs) = diag(mrl((h); S ;mrd(QS))

In addition, assume that (4.83) is in the following form

@ = m(al)pl
o= gri(dl, %)

forj=1,...,d. Let qg = a;(q?) be an isolate root of gr;(qr,qs) for j=1,...

f”_gv']
06 | gi—ay(dh)

9ri(gr, () =0, [ >0

Then, the following state feedback

qs = a(Qr) - 0_:((17 +pr)
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globally asymptotically stabilizes the equilibrium point (¢.,p.) = (0,0) of (4.89) where

a(g) = (ea(gr), -, aalg)?, 3(2) = (o1(21),- .., on(2))
and all o;’s are one dimensional sigmoidal functions.

The proof of this theorem relays on the following theorem for the one-dimensional
case.

Theorem 4.7.3. Consider the following system

¢ = p,
{?==f@ﬂm@wL (4.90)

where f and g are C* functions with f(0) = 0 and ¢(0,0) = 0, f is decreasing
(f <0), and q,p,u € R. Suppose that zero is not a critical value for g(g,u) and

9g(q, u)
8—u7é0

on the manifold
M = Ker(g) = {(¢,u) € R* : g(q,u) = 0}
Then, g(q,u) has an isolated root a(q) such that
g@ﬂ@ﬁ¥0
and there ezists a continuously differentiable state feedback law in the following form
u=oa(q) ~ (g +p) (401)
that globally asymptotically étabz’lz’zes the origin for (4.90) (o is a sigmoidal function).
Proof. Because zero is not a critical value for g, M = ¢7'(0) = Ker(g) is a one

‘dimensional differentiable manifold in R2. In other words, M is a two-dimensional
curve in plane that divides R? into two connected regions:

AT ={(q,u) eR? :u > aq)}
and
A ={(q,u) eR* :u < alg)}-

But g,(g,u) # 0 on M, based on implicit mapping theorem it follows that g(g, u) =0
has an isolated root u = a(g) that is a C' function and M can be parameterized as

M = {(q,2(q)) : ¢ € R}.
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Also, on M either g,(g,u) > 0 or g,(¢,u) < 0 (otherwise, at some point on M
gu(gq,u) = 0). Without loss of generality assume

dglq,u),

by continuity of g, (g, u) there exists a tubular neighborhood of M
N3 (M) = {(g,u) € R : Ju— a(g)] < 4,6 > 0}

such that g,(¢,u) > 0 on Ns(M). Suppose |o(s)| < 6,Vs where o is a sigmoidal
function and ¢ > 0. Then, given

u=k(g,p) = alq) ~ o(g +p),
(g,k(q,p)) € Ns(M),Vq,p and therefore

9.(q,k(g,p)) >0

for all ¢, p. Now, consider the closed loop system (4.90) with control input u = k(g, p)
as the following ,

q = p)
{ p = f(p)+glgalg —olg+p), (4.92)

we prove that the origin (g,p) = (0,0) is globally asymptotically stable for (4.92).
Define

h(g,p) = —f(p) — 9(g,a(q) — o(q +p)),
and

H(Q) = /0 " (s, 0)ds

Noting that sh(s,0) > 0,V¥s # 0, H{(q) is positive semidefinite with H(0). = 0 and
H(g) > 0,¥q # 0. Consider the following Lyapunov function candidate for (4.92)

1
V(g,p) = H(q) + §p2,

we have

V = p(h(q,0) — h(g, D)),

but

hy(q,p) = ~f(p) +0'(a+ 1) - (g, K@) > O,
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therefore, V < 0,Vq,p. But in V(q,p) = 0 or {{g,p) : p = 0} the only invariant set
is the origin (¢,p) = (0,0). From LaSalle’s invariance principle, it follows that the
origin is globally asymptotically stable for (4.92) and the result follows. d
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Chapter 5

Applications to Robotics and
Aerospace Vehicles

In this chapter, detailed control design procedures are provided for several challeng-
ing examples of underactuated mechanical systems with kinetic symmetry. In each
case, distinctive comparisons are made between our approach and available control
methods (if any) that clarify the advantages of the reduction procedures introduced
in chapter 4.

All the examples presented in this section are physically meaningful systems. The
examples are chosen either based on the importance of their applications in robotics
and aerospace, or due to their challenging nature and significance as benchmark
systems in nomnlinear control theory. The systems of the former class are namely a
flexible-link robot, a multi-link underactuated arm, the VTOL aircraft, and an au-
tonomous helicopter. The latter category include the Acrobot, the Inertia-Wheel
Pendulum, the TORA system, the Pendubot, the Cart-Pole system, the Rotating
Pendulum, and the Beam-and-Ball system. The aforementioned examples of under-
actuated systems include both high-order and low-order systems. In this section, the
examples appear from low-order systems to high-order systems.

Our control design approach for each example consists of three steps:

i) Reduction to a cascade nonlinear system with structural properties.
ii) Control of the low-order nonlinear part of the cascade system.

iii) Reconstruction of the controller for the overall system using the controller of
the nonlinear part obtained in step ii).

For nonlinear systems in strict feedback form, step iii) is known as the standard
backstepping procedure. The third step is a rather routine procedure and the main
difficulty in control design for an underactuated system is passing through steps 1)
and 7). These three steps are precisely demonstrated for each example.

Some of our main results include global asymptotic stabilization of the Acrobot,.
the Cart-Pole system, the Inertia-Wheel Pendulum, a three-link planar pendulum
with actuated shape variables, and the VTOL aircraft. In addition, (almost) global
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exponential output tracking/stabilization of feasible trajectories of an autonomous
helicopter is achieved. The closest available result to this work is global asymptotic
output tracking in [31].

Among the aforementioned nonlinear control problems, some of them are known to
be open in the literature. As an example, global stabilization of the Acrobot (Figure
5-1) using a smooth static state feedback in analytically explicit form has been an
open problem in nonlinear control for near a decade. One of our contributions is
to address this problem. More precisely, we present a nonlinear state feedback in
closed-form that globally asymptotically stabilizes any arbitrary equilibrium point of
the Acrobot including the upright position. The main available result on asymptotic
stabilization of the Acrobot to the upright position can be found in [13, 86]. The
method in [13] consists of two stages: i) a slow swing-up of the Acrobot using a
passivity-based approach that brings it close to the upright position, ii) switching
to a balancing linear controller that locally asymptotically stabilizes the pendulum
around its upright equilibrium point. The main drawback of this two-stage method is
the poor performance of both swing-up and balancing controllers in terms of time (i.e.
both controllers are slow). This is due to the fact that a gain-scheduled controllers has
to keep the state of the system close to a set of equilibrium points. However, since the
vector field of a closed-loop system vanishes at the set of equilibrium points, the state
moves slowly close to this set of equilibrium points. This is the fundamental weakness
of the gain scheduling method. The nonlinear state feedback that we use does not
require a swing-up stage and has a large region of attraction (i.e. R*), therefore the
nonlinear controller does not need to keep the state close to the set of equilibrium
points. As a result, from the simulation results, the speed of convergence to the
state to zero, is significantly better than a switching-based controller that uses a slow
swing-up and balancing. Traditionally, a rather similar two-stage switching-based
approach has been applied to control of the Pendubot [92, 90], the Cart-Pole system
[94, 28], and the Rotating Pendulum [112, 6]. From now on, we avoid repeating the
weaknesses of the passivity-based swing-up methods and the gain-scheduling approach
in nonlinear control, for each of these examples throughout this section.

Anothér contribution is that we introduce aggressive swing-up control design
methods for benchmark-type underactuated systems that involve inverted-pendulums.
Namely, the Cart-Pole system, and the Rotating Pendulum. Formally, a swing-up
problem is equivalent to stabilization of a system to a relative equilibrium point.
By aggressive swing-up control, we mean {almost) exponential stabilization of an
inverted-pendulum system to an equilibrium manifold corresponding to the upright
position of the pendulum.

5.1 The Acrobot

The Acrobot is a two-link revolute planar robot with one actuator at the elbow, as
shown in Figure 5-1. In this section, we provide a detailed control design procedure
for global asymptotic stabilization of the Acrobot to any of its arbitrary equilibrium
points, particularly, the upright equilibrium point. The inertia matrix for the Acrobot
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Figure 5-1: The Acrobot

is given by (see section A.3)

mi(g2) = | a + bcos(ga)
miz(go) ¢+ (b/2) cos(gz)
maa{g2) = c

with

mllf + mg(L% + l%) + Il —+ 12'
2m2L1l2 '
m2l% + Iz

o R
Il

c

where g¢;, m;, L;, {;, and I; denote the angle, the mass, the length, the length of the
center of mass, and the inertia of the ith link, respectively. Clearly, ¢, is the shape
variable of the Acrobot. Since this shape variable is actuated the Acrobot is a Class-I
underactuated system. Also, the potential energy for the Acrobot is as the following

Vg1, ¢2) = (maly + maLy)go cos(q) + malago cos(q + q2)

which depends on both g1, g2. Thus, the Acrobot does not possess symmetry in the
classical sense, but it possesses kinetic symmetry with respect to ¢;. This shows
that kinetic symmetry is a less restrictive property than classical symmetry as the
invariance of the Lagrangian under symmetry group actions.

Based on theorem 4.2.1 (or proposition 3.9.1), the following global change of
coordinates

o = q+7(¢g)
br = m11(Q2)p1+m12(QQ)p2

transforms the dynamics of the Acrobot to a cascade nonlinear system in strict feed-
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back form
¢ = pr/m11(g)
Pr = gr(QT; QZ)
2 = D2
P2 = u
where g-(gr,2) = =V, V (a1, 92) lg1=¢. (a2 18 given by
9r(r,q2) = (maly + maLy)gosin(g, — v{(g2)) + malagosin(gr — ¥(g2) +q2)  (5.2)
and the function v(g2) can be explicitly calculated as the following

) = [ mu(s)ds:“’z—%@_—‘garcmn(,/%t o) (59

o mu(s) a? —

for go € [—m,7]. The function v(gs) is plotted in Figure 5-2. Observe that -y(g,) is
a nonlinear function for (2¢ — a) # 0. The special case of 2¢c — a = 0 that gives a
linear change of coordinates had been previously known. Stabilization of the Acrobot

o8

o8-

04f

02

gamma
[~}

Figure 5-2: The function y(g,) for a = 20/3,b =4,¢c =4/3.

reduces to stabilization of the following second-order nonlinear system non-affine in
control

¢ = my (v)pr
. 5.4
Dr = gr(Qra'U) ( )

with control input v = go. This stabilization problem is extremely complicated even
for a second-order system due to the highly nonlinear way that the control v appears
in the dynamics of (5.4). Here is our main result for the Acrobot:

Proposition 5.1.1. Assume the pammeters of the Acrobot satzsfy either of the fol-
lowing conditions
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i) A<B.
i) B<pA, a—2c>0, andc—5/2>0.
where

A = m111+m2L1

B = mzlg
_ () 1
P= T gm 2
_ mi2(qz2)
1/’(‘12) = —m11(Q2)

Then, there exists a state feedback in the form

v = Kr(qrypr) = Ol(qr) - U(qT + p”')

that globally asymptotically stabilizes the origin for the reduced nonlinear system of
the Acrobot in (5.4) where a(q,) is a smooth function that satisfies

g’r(Q’m Q(QT)) =0

and o(-) is a scalar sigmoidal function. In addition, there exists a state feedback in
ezplicit form

U= K(QTap‘N q37p$)

that globally asymptotically stabilizes the origin (gr, pr,qs,0s) = 0 for the composite
dynamics of the Acrobot in (5.1).

Proof. Based on theorems 4.7.2 and 4.7.3, if g.(¢-,v) = 0 has an isolated root

v = a(g,) that satisfies
oo (2429

v 70

v=0o{gr}

then, there exists a static state feedback in the explicit form

v = KT(QT)pT) = a(qr) + U(QT +pr)

which globally asymptotically stabilizes any equilibrium point (g.,0) of the core
reduced system (5.4) (the sign =+ in state feedback v = K, depends on whether
Vog-(gr, a(g;)) < 0, or > 0, respectively). In order to find the conditions under which
the state feedback K, exists, it suffices to determine a set of sufficient conditions that
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guarantees the following equations have no solutions in v

gr(Q‘ra ’U) =0

Vugr(QT:U) =0 (5.5)

This set of nonlinear equations can be rewritten as

Asin(g, — y(v)) + Bsin(g, — v(v) +v) = 0

ma2(v) cos(gr — y(v)) + B(Zig; - 1)‘005(% —yW)+v) = 0 (5:6)

my (V)

A

where
A = (mily + maLy), B =maly
Setting ¢1 = ¢ — v(v), from the property sin®(g; + v) + cos?(g; + v) = 1, it follows

that
(‘Asin(q1)>2 .\ ( Amayg cos(qy) )2 _,
B B(my1 — mia)

Keep in mind that a > b and ¢ > /2 imply mq1(gs), m12{g2) > 0 for all go. Solving
for sin(g;) from the last equation, we obtain

32 (mn — m12)2 - A2m§2
Az(mll — m12)2 - A2m%2

sin®(q1) = (5.7)

Thus, if A < B the right hand side of (5.7) is greater than 1 and the left hand side of
(5.7) is less than or equal to 1. This means the equations in (5.5) have no solutions
in v. On the other hand, (5.7) can be rewritten as

[B(my — ma2) — Amy][B(mi — maa) + Amas)
A?myy (may — 2my2)

SiHQ((h) =

By assumption, miz(g2) > ¢ — b/2 > 0. Assuming A > B, we get
B(mi — my2) + Amys = (A — B)mya + Bmy > 0
Also, my; — 2mys = a — 2¢ > 0. Thus, by taking
B(mq; — my3) — Amya <0

the right hand side of the last equation is negative, while the left hand side is positive.
In other words, the equations in (5.5) have no real solutions in v. The last condition
can be expressed as

=) (5.8)



It is elementary to show that ¥ (v) takes its minimum at v = & which is equal to

_c—b/2
 a-—b

Note that ¥(qz) < mye/(a—2c+2my2) < 1/2 for all g;. Therefore, if B < 9(7)(A+B),
or

%(m)

B < M A
1 —(m)
where p := 1%’8{) < 1, equation (5.7) has no real solution in ¢; (and thus in v). This

finishes the proof of the first part. The existence and closed-form expression for the
state feedback

U= K(Qf7p1‘) QS7ps)

follows from the backstepping procedure. O

Remark 5.1.1. Assume both links of the Acrobot have the same uniform mass density.
If my = my, and Iy > 31y, then A < B and condition 1) in proposition 5.1.1 is satisfied.
Also, if I, > 1.5}, then ¢ — b/2 > 0. Let us take m; = Amgy and I = 2[;. Then,
a—2c >0, and ¥(r) = 5/2(A + 1). This gives p = 5/(2X — 3) and A, B can be
calculated as the following

A= mlll + mle = (/\ + 2)772,2[1, B = 2m2l1

Therefore, the condition B < p(A)A is satisfied for all A > A* = 1.5 and condition 1)
of proposition 5.1.1 holds.

Remark 5.1.2. To find the isolated root v = a(q,) of g-(gr,v) = 0, let us differentiate
the last equation with respect to parameter s € R. We get

dq, du
Vq,gr(qr,v) ) E + vvgr(%';'v) . E =0
or
dgr _
E‘ = 1
dv _ _ Veagr(a,v)
dS var(qn'v)

The solution of this ODE with zero initial conditions both positive and negative in
time gives a parameterization (g,, a(g-)) of the isolated root of g,(g,,v) = 0.
For the Acrobot, it is possible to solve the equation g,(g,,v) = 0 in ¢, explicitly as
a function of v. This gives a numeric look up table of pairs (g, v) as the solution of
equation g,(g,,v) = 0. To show this, notice that g,(g,,v) = 0 is equivalent to

Asin(q,) + Bsin{(g, +v) =0
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Figure 5-3: The function a{g,) for m; =ma=1and | =1, = 1.

or
(A + Bcos(v))sin(g:) + Bsin(v) cos(g1) = 0
Hence, the last equation can be solved in ¢; as

Bsin(v) )

= — t - 7
@ = —arctan (A + Beos(o)

but ¢; = g» — v(v), thus

Bsin(v)

g = v(v) — arctan (m) =: ¢(v)

In other words, solving the equation g,(g,,v) = 0 in v is equivalent to inverting the
function ¢(v) which is available in closed-form. This inversion can be numerically done
using a piece-wise linear approximation, splines, neural networks, or other convenient
curve fitting approaches. In this work, we use a piece-wise linear approximation
method constructed from a look up table of pairs (¢(v), v) as the solution of equation
gr(gr,v) = 0. Figures 5-4 through 5-9 show simulation results for the Acrobot for
the choice of parameters m; =my =1,y =lb =1, and I[; = I, = 1/3 (the mass
densities of both links are assumed to be uniform and equal). The simulation results
demonstrate effective stabilization of the upright position for the Acrobot from initial
conditions with large deviations of ¢, g, from zero.
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Figure 5-4: Trajectory of (¢1,gz) for the Acrobot with initial condition (g1, ¢e,p1) =
(%/3,0,0) and control input p,.
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Figure 5-5: Trajectory of (p1,ps) for the Acrobot with initial condition (g1, g2, p1) =
(w/3,0,0) and control input ps.
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Figure 5-6: Trajectory of (g1, ¢2) for the Acrobot with initial condition (g, g2, p1) =
(m,0,0) and control input p,.
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Figure 5-7: Trajectory of (p1,p2) for the Acrobot with initial condition (g1, 02, m1) =
(7,0,0) and control input po.
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Figure 5-9: Trajectory of (p1,ps) for the Acrobot with initial condition (g1, g2, p1) =
(0,7, 0) and control input p,.
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5.2 The TORA System

The TORA! system depicted in Figure 5-10 consists of a translational oscillating plat-
form which is controlled via a rotational eccentric mass. The TORA system has been

0
® :

Figure 5-10: The TORA system.

mainly a benchmark example for passivity-based approaches in control of nonlinear -
systems and stabilization methods for nonlinear cascade systems [109, 37, 80, 38, 39].
Global stabilization of the TORA system using state feedback and backstepping pro-
cedure has been known due to Wan et al. [109]. More recently, global output tracking
for the TORA system was addressed in [39]. Here, we provide a new globally asymp-
totically stabilizing state feedback for the TORA system with a physically meaningful
Lyapunov function. The advantage of using a Lagrangian-based change of coordinates
is that the reduced system (i.e. zero-dynamics) has a meaningful Lagrangian struc-
ture which simplifies the control design. It turns out that for the TORA system, the

reduced system is an undamped one-dimensional mass-spring system.
The Lagrangian of the TORA system is as the following

, 1 . 1 _ _ . .
C L{g,q) = -mid+ §mz[(q1 + 7 cos(gz)g2)? + (rsin{g2)d2)?]
- + §(m2r2 +1)¢2 — Vg, q2)

where the potential energy is equal to

1
Vg1, q2) = 5761113 + magr cos(gz)

The Lagrangian of the TORA system can be rewritten as

N_ 1| @ T omitme marcos(en) ][]
‘C(Q7Q) - 9 |: (22 ] I: Mar COS((]z) m2T2 +-[2 42 V(Qla 92)

Translational Oscillator with Rotational Actuator
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From the equation of the Lagrangian in (5.10), it is clear that go is the shape variable
and g is the external variable of the TORA system. Since g is actuated, the TORA
system is a Class-I underactuated system that can be globally transformed into a
cascade system in strict feedback form. The Euler-Lagrange equations of motion for
the TORA system are given by

(mq + ma)d1 + mar cos(gz)Gz — mar sin(ge)@ + kigr = 0 (5.11)
mar cos(g2) G + (mar? + )¢, + magrsin(gy) = 7 '

After collocated partial feedback linearization using a change of control

T= CY(QQ)'U, + 5(‘]; Q)
with

(mar cos(gz))?

>0, Yg, € |—m,
(m1+m2) % [WW]

a(ge) = (mory + Ip) —
the dynamics of the shape variable g, reduces to
g2 = P2, P2 = U

The normalized momentum conjugate to ¢ is

o

Pr = Y = (my + ma)gy + maT cos(q2) g2
g1

Observe that both p, and the normalized momentum =, = ml_llpr are trivially inte-
grable. The function (g2) can be calculated explicitly as

" mas(s) , _ mar sin{gy)

q prmend
(e) 0 mi my + ma

Thus, based on theorem 4.2.1, the global change of coordinates

g = q + (mgrsin(g))/{m1+ ma) (5.12)
pr = (my+me)pr + marcos(ga)pe :

transforms the dynamics of the TORA system into a cascade nonlinear system in
strict feedback form

g = (ml +m2)_lpr

Z?’r = _kIQT -+ kI’Y(Q2) (5 13)
g = Do '
P2 = u
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The reduced system with Lagranglan

1
‘C (QTJ QT) - (ml + mZ)QT - 5191%

satisfies the one-dimensional forced Euler-Lagrange equation

docL, oL,
dt &G, g, k17(a)

with a nonlinear input force F;(g2) = k17(g2) which depends on the shape variable g¢,.
If o = 0, the reduced system is an oscillator with frequency wy = \/ki/(m; + my)
(rad/sec). Using backstepping procedure, stabilization of the overall system reduces
to the stabilization of the reduced undamped mass-spring system with reduced La-

grangian £,(q,, ¢, ).

Proposition 5.2.1. Consider the TORA system in cascade form (5.18). Then, the
following statements hold: ‘

i) There exists a bounded state feedback

a2 = Kr(%‘:p'r) = _U(CIQT_+ CZP?‘) ’ 1,2 >0 (514)

that globally asymptotically stabilizes the origin (gr,p.) = 0 for reduced system
of the TORA system in (5.13) where o denotes a sigmoidal function satisfying
lo()| < m/2.

1) The reduced system has a well-defined new Hamiltonian function I:I,(qr,pr) that

15 decreasing by time, i.e. H, < 0. In addition, H, (gr,pr) 1s @ valid Lyapunov
function for the reduced system. In other words, the closed-loop reduced system
with controller K, (q,,p;) is a passive Hamiltonian system.

i) There exists a state feedback in ezplicit form

U= K(q‘rap‘r‘a Q2,P2)

that globally asymptotically stabilizes the origin for the composite system in
(5.13).

Proof. We prove parts ¢) and 47) simultaneously and then part i) follows from
the first two parts. First, observe that if o(z) is a sigmoidal function satisfying
lo(z)| < /2 for all z, then sin(c(z)) and thus y(o(s)) is a sigmoidal function as well.
Define the amended potential function

v(g) = /qu kl“/(a(cw))a?s _ /Oq’ kimaor sin(a(cls))ds

my + ™Mo
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and notice that 1¥(q,) is positive definite function. Now, consider the following new
Hamiltonian H, as a candidate Lyapunov function '

H.(qr,pr) = Hy(qr, pr) + ¥{g)

where H, is the (original) Hamiltonian of the reduced system given by

1 _ 1
H’r(Qrap'r) = §(m1 + m2) 117? + iquz

Since the input force is not identically zero, the Hamiltonian H, is not a conserved

quantity. Calculating H, along the solutions of the closed-loop reduced system with
controller K,(g,p,) gives

ﬁ'r = Hr + QTW(QT)

(my1 + ma)pr[—v(o(c1gr + c2pr)) +7(0(c1gr))]

= (ml + m?)pr[a(clqr) - 6(01(11- + c2pr)] < 0

where &(z) = y(o(z)) is a sigmoidal function. From the last equation, H, < 0
for all p, # 0 and based on LaSalle’s invariance principle, all the solutions of the
closed-loop system converge to the largest invariant set {2 with p, = 0. In this case,
2 = {(0,0)} and the origin (g,,p.) = (0,0) is globally asymptotically stable for the
reduced system.- Apparently, H (gr,pr) is a valid Hamiltonian for the closed-loop
system with configuration ¢,, a new potential energy

and a new nonlinear damping force

Falarps) = 7(0(cs,)) — (o(crgr + cap2)

which satisfies - Fa(gr,pr) < 0. O

Remark 5.2.1. The controller obtained in [109] is equivalent to using the following
state feedback

qe = Kr(pr) = —U(Czpr)

which is a globally asymptotically stabilizing feedback for the reduced system. This
feedback is a special case of the state feedback in part ) of proposition 5.2.1 with
¢1 = 0. In this special case, the amended potential ¥(g,) is identically zero.

Figure 5-11 shows the simulation results for the TORA system with the choice of
parameters m; = 10, mg = 1, k; = 5, r = 1 and [/ = 1. The controller K, is in the
form

K, (gr,p-) = —atanh(cig, + cop,)
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with a = 7/2 and ¢; = ¢, = 1. Figure 5-11 (c), clearly shows that the reduced system
demonstrates a solution close to the trajectories of position and velocity corresponding
to a damped mass-spring system with a linear damping force.

1 I | | | | -m -E

osr

A

"

a,p,
S

Y
d i
sk : .

w (conlrol)
© -

L 2 L 2 2 ' s s
() 10 0 30 4 &0 £ (] 10 20 30 40 50 80
lime (sac)

(0 (d)

‘Figure 5-11: State trajectories and control input of the TORA system for the initial
condition (g1, g2, p1,p2) = (1,0,0,0): (a) (g1,p1), (b) (g2,P2), (¢) (g, Pr), and (d) w.

5.3 The Inertia-Wheel Pendulum

The Inertia-Wheel Pendulum is a planar inverted pendulum with a revolving wheel
at the end, as shown in Figure 5-12. The wheel is actuated and the joint of the pen-
dulum at the base is unactuated. The inertial-wheel pendulum was first introduced
by Spong et al. in [93] where a supervisory hybrid/switching control strategy is ap-
plied to asymptotic stabilization of the inertia-wheel pendulum around its upright
equilibrium point. First, a passivity-based controller [28] swings up the pendulum.
Then, a balancing controller that is obtained by Jacobian linearization or (local) exact
feedback linearization stabilizes the pendulum around its upright position.
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Figure 5-12: The Inertia-Wheel Pendulum

Here, we show that the inertia-wheel pendulum is an example of a Class-I underac-
tuated system. Based on theorem 4.2.1, the dynamics of the inertia wheel pendulum
can be transformed into a cascade nonlinear system in strict feedback form; using a
global change of coordinates in an explicit form. Then, global asymptotic stabiliza-
tion of the upright equilibrium point can be achieved using the standard backstepping
procedure [36, 57, 80].

The Lagrangian of the inertia wheel pendulum is as the following

; 1, ] «
L(g,q) = §qTMq —Vig)

where ¢ = (g1,q2)7 € R? denotes the configuration vector of the IWP and M is a
constant inertia matrix with elements

my = mllf + mgL% + I]_ + IQ
M2 = Mo =My = I

The potenfial energy of the IWP [93] is given by
V{g1) = (mili + maLq)go cos(q1) =: mg cos(q1)

The Euler-Lagrange equations of motion for the inertia-wheel pendulum are as the
following

aoe oL _
dt 0 o

d 3L oL

dt " 0gy 0q2
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or

m11(:1:1 + m12(?:2 = gi(q) (5.15)
Moi1Gy + Mo2G2 = T
where g1(g1) = mgsin{g;).

Due to the invariance of the kinetic energy of the inertia-wheel pendulum under the
group action (g1, ) — (g1 + o, g2 + B3) for (o, B) € R?, the inertia matrix is constant
and all the Christoffel Symbols associated with M vanish. Thus, the inertia-wheel
pendulum is a flat underactuated mechanical system with two degrees of freedom
and kinetic symmetry w.r.t. both degrees of freedom. As a consequence, the inertia-
wheel pendulum is a special case of underactuated systems with symmetry properties
considered in [68] and can be globally asymptotically stabilized.

Based on theorem 4.2.1, the global change of coordinates

z1 = 0L[/0¢ = my1g1 + M2y
Z3 = 1
3 = G2

transforms the dynamics of the inertia-wheel pendulum into a strict feedback system

z1 = mgsin(zs)
7:’2 = (Z]_ - m12Z3)/m11 : (516)
23 = U

where the new control u and the torque 7 are related through the expression
T = (g — Marmiz/ma1)u + (mey1mo/ma1) sin(q1)

Note that g, does not play any important role in the dynamics of the IWP and is
ignored as an state variable (also, g, does not appear in £(g, §)).

Remark 5.3.1. Clearly, the nonlinear system in (5.16) is exact feedback linearizable
with the choice of the output y = z; over |z3| < 7/2 (i.e. |¢1| < m/2). This result has
‘been previously obtained in [93] using a standard method from [36].

Here is our main result for the inertia wheel pendulum:

Proposition 5.3.1. There ezists a nonlinear state feedback law (in ezplicit form)
that globally asymptotically stabilizes (z1,22,23) = 0 (i.e. the upright equilibrium
point) for the Inertia Wheel Pendulum in (5.16).

Proof. Consider the scalar nonlinear system
z1 = mgsin(zs)
with control input z;. The following state feedback

zo = ki(z1) :=coo1(r21) ; —7/2 < ¢g < 0,¢1 >0
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(where o1(s) = tanh(s) is a sigmoidal function) globally asymptotically stabilizes
z1 = 0 and V(z1) = 2? is a valid Lyapunov function for the z;-subsystem in (5.16).
This is due to the fact that

o(z1) = —mgsin(coo1(c121))

is a sigmoidal function that satisfies ¢(0) = 0, ¢’(0) > 0, and so(s) > 0,Vs # 0. Now,
define the following change of coordinates and control

g = 22 — ki(21), 2 = i1, v = 12
which can be explicitly expressed as
p = z—ki(z)

pr = (21— mpz)/mn -k ) (5.17)
v = (mg/may)sin(zz) — (mia/mu)u — k1

where by the assumption that o1(s) = tanh(s), we have

]-{J]_ = CoClmosin(Zz)(l—0'1(0121)2)

E, = cocrmo(1 — o1 (c121)?)(cos(22) (21 /ma1 — miaz3/ma1) — 2cimgor{c121) sin(z)?)

In new coordinates, the dynamics of the inertia wheel pendulum in (5.16) can be
written in the following cascade form

2 = mgsin(ky(z1) + p1) ‘
g1 = p (5.18)
po = v
The state feedback
V= —Cal41 — C3lia; cz2,c3 >0 (519)

globally exponentially stabilizes (p1, p2) = 0 for the p-subsystem of (5.18). Due to
‘the fact that for any exponentially vanishing function p;(t), the solution of the z;-
subsystem in (5.18) is uniformly bounded (the proof for this boundedness is rather
elementary and is omitted), the origin (z1, u1, g2) = 0 for the closed loop cascade
system in (5.18) is globally asymptotically and locally exponentially stable due to a
theorem by Sontag [83]. The overall nonlinear state feedback u = k(z1, 22, 23) can be
calculated as the following

u= —1—1(62u1 + capg + 2 sin(zg) — kq)
M2 mi1

which is an explicit function of the state (z;, 22, 23). o

Remark 55’2 Apparently, using standard backstepping procedure in [36] (chapter
9), a Lyapunov function V(z) and a globally stabilizing feedback law for (5.16) can
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be obtained by explicit use of Vi{21) = 27 and propagation of the time derivative of
V; along the solutions of (5.16). However, this only complicates the calculation of the
final stabilizing state feedback law and there is no need to do so in this special case.

Now, we present simulation results for global stabilization of the inertia-wheel
pendulum to its upright equilibrium point. For comparison purposes, we used the
same numeric values for the parameters of the dynamics of the IWP as in [93]. These
parameters are as follows: mi1 = 4.83 x 1073, myy = Mo = Mgy = 32 X 1078,
m = 38.7 x 1073, g = 9.8, and my = ™mg.

The state trajectories and the control input of the inertia-wheel pendulum for
the downward and vertical initial positions of the pendulum are shown in Figures
5-13 and 5-14, respectively. These simulation results demonstrate that the nonlinear
controller aggressively stabilizes the pendulum to its up-right position. The values of
the controller parameters for the simulation are ¢ = —7/10,¢; = .03,¢, = 16,¢c3 = 8
and the maximal applied torque was 7., = 0.6 Nm.

ta, /o (radieac)

taw () (conkol)

Figure 5-13: For the initial condition (m,0,0), (a) shows the state trajectories for
(gi,d1), (b) shows the state trajectory in (g1, ;) plane, (c) shows g», and (d) shows
the control input 7. '
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Figure 5-14: For the initial condition (7/2,0,0), (a) shows the state trajectories for
(91,4¢1), (b) shows the state trajectory in (¢1,4¢:1) plane, (c) shows go, and (d) shows
the control input 7.

5.4 The Cart-Pole System

The Cart-Pole system consists of a cart and an inverted-pendulum on it, as shown
in Figure 5-15. A horizontal force F' as the control input is applied along g; and the
joint g is unactuated. The inertia matrix of the cart-pole system is given by (see
section A.5)

mi1 = mMy -+ mo
m12(CI2) = Mo (C]z) = mgly cos g2
Moy = mzlg + I2

where m, is the mass of the cart and msy, l5, I, are the mass, length of the center of
mass, and the inertia of the pendulum, respectively. Also, the potential energy of the
cart-pole system is in the form

V(g2) = magls cos(gz)

136



L4

4, m,

QO

Figure 5-15: The Cart-Pole system.

The Euler-Lagrange equations of motion for the cart-pole system can be expressed as
the following

I

(my1 + ma)G1 + malz cos(ga)ga — Mol sin(ge) g2 F
m212 COS(QQ)(jl -+ (mgl% -+ 12)(']'2 - m29l2 SiIl(QQ) =0

Apparently, the inertia matrix only depends on g, and thus ¢; is the external variable
and g, is the shape variable of the cart-pole system. Since the shape variable g, is
unactuated, the cart-pole system falls within the category of Class—II underactuated
systems.

5.4.1 Global Stabilization to an Equilibrium Point

In this section, we introduce a state feedback that globally asymptotically stabilizes
the upright equilibrium point of the cart-pole system in the upper half-plane. First,
we need to perform noncollocated feedback linearization on the dynamics of the cart-
pole system. Notice that

mM11Mag, .. . .
= 22)‘12 + (my + my)g tan(gz) — malp sin(ga)gs = F
maoy (Q2) .

(mia2(ge) —

and the coefficient of g is negative thus applying the feedback law

my1MM22

F = (m(g) — ma1(g2)

Ju + (ma + mg)g tan(gz) — malssin(ge)d3 (5.20)

reduces the dynamics of g5 to a double integrator as

G2 =D, P2 = U
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where v is the new control. Based on theorem 4.2.2, the following change of coordi-
nates-

g = q+7(e)
pr = mar(g2)p1 + Maapo

where

q2 Moo

dg =
0 m21(9) mglz

(g2) = (mol2 + L) o (1 + tan(g2/2)

1— tan(qg/Z)) . @ €(-7/27/2)

transforms the dynamics of the cart-pole system into

. 1

q7‘ - m21(qs)p?'

} 1 dmai(gs) Moz dma1(gs) o
= 9r(gs) + PrDs —

Pr (%) mai(gs) dgs 0 malg) dgs C°

fjs = Ds

ps = U

where ¢, = go and g,(qs) = maglysin(gs). Clearly, the equation of p, is a quadratic
form is (pr, ps) and the reason that the coefficient of p? is identically zero is that mq; is
constant for the cart-pole system. This property guarantees that the cart-pole system
is a nonlinear system in strict feedforward form (see [102]). The (strict) feedforward
property of the cart-pole system has been used for semiglobal stabilization of the
system above the half-plane by Teel [101] as an application of nonlinear small-gain
theorem. In [56], Mazenc and Praly constructed a Lyapunov function for the cart-pole
system (after extremely lengthy and complicated algebraic calculations) that proves
existence of a globally stabilizing state feedback law for the cart-pole system above
the half-plane. Here is our main result for the cart-pole system:

Proposition 5.4.1. There exists an state feedback law in the form of nested sat-
-urations that globally asymptotically stabilizes the origin (q1,p1,42,p2) = O for the
cart-pole system over the upper half-plane.

Proof. The proof relays on the aforementioned change of coordinates and further
simplification of the reduced system and a famous result due to Teel in [101]. The
equation of p, can be simplified as

Pr = — tan(g,)p,ps + Mo tan(gs)p> + magly sin(gs)

Applying the following change of coordinates

Z1 qr
29 = _p'r/m21(QS)
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we get

1 = 2
mgl%+12

% = tan + 2
2 (g5)(g ol Cos(qs)ps)
To map the upper half-plane to R, we use another change of coordinates and control

as the following

& = tan(gs)
& = (1+tan(gs)?)ps
v = (14 tan(g,)?)u+ 2tan(g,)(1 + tan(g,)?)ps

This transforms the dynamics of the cart-pole system into

21 = 7o
. & '
o SRR g (521
.
where ki, ko are the following positive constants
ky = g, k= mzlg + I

Mals

Observing that [£,/(1 + £2)2| < 1, the nonlinear system in (5.21) is in strict feedfor-
ward form and satisfies all the conditions of Teel’s theorem in [102]. Therefore, the
origin. (g,p) = 0 for the cart-pole system can be globally asymptotically stabilized
using small nested saturations in explicit form. The control law can be obtained as
the following. First, based on [102], apply the change of coordinates and control

1 2
m = —zn+-—2%+24+&
ky k1
1
Mo = k—Z2 +&6H+ &
1

w = &+&+v
Then, the state feedback law

w = —0oa(n2 + o1(m1))

or

v=—& — & — o2(ne + g1{m))

globally asymptotically stabilizes the origin for the cart-pole system where o;’s are
saturation functions with appropriate small thresholds and magnitudes. O
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Figure 5-16 shows the simulation results for the cart-pole system for the ini-
tial state (g1,p1,q2,p2) = (5,0,7/3,0). Clearly, the controller with o;(z) = sat;(z)
stabilizes the inverted pendulum in its upright position at ¢ = 0 after a rather
short time. The parameters are chosen as m; = my = 1,l; = 0.75,¢ = 9.8 and
sat(z) = € -sgn(z) - min{1,|z/e|}. However, based on Teel’s theorem the satu-
ration functions must have sufficiently small thresholds and magnitudes. To see
how the controller designed based on small nested saturations performs, we used
o; = satg1(-), ¢ = 1,2. The thresholds and magnitudes of saturation functions are
reduced by a factor of ten compared to the previous case, but the same initial con-
dition (5,0,7/3,0) is chosen. The results are shown in Figure 5-17. Clearly, the
controller has a poor performance in terms of the settling time and maximum peak
of the position. The settling time increases by an approximate factor of 10 (which
is expected) and the maximum peak of the position has increases by a factor of 4
(which is better than expected). In addition, the convergence rate of the position is
almost linear. This reveals a large deterioration of the performance of the controller
for nested saturations with relatively small magnitudes.

pog/velocity
Foroa

L I
15 20 25

Cantrol u

angla/angular velodty

Figure 5-16: (a) State trajectory of the cart-pole system for the initial condition
(5,0,7/3,0) and 0;(-) = sat:1(-), (b) The force F' and control input u.

Remark 5.4.1. It is needless to mention that the controller obtained here for global
asymptotic stabilization of the cart-pole system over the upper half-plane is much
simpler than the one given by Mazenc and Praly [56]..

In chapter 7, we introduce a different approach to stabilization of cart-pole sys-
tem that is more general than the one presented here. This new method applies to
nonlinear systems that are not necessarily in strict feedforward/feedback forms.

5.4.2 Aggressive Swing-up of the Inverted Pendulum

In this section, we provide a state feedback law for aggressive swing-up of an inverted
pendulum on a cart in a single action without swinging the pendulum. In the previous
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Figure 5-17: (a) State trajectory of the cart-pole system for the initial condition
(5,0,7/3,0) and oy(-) = satgy(-), (b) The force F' and control input w.

section, we showed that using noncollocated feedback linearization the dynamics of
g2 can be reduced to a double integrator

(122102, ?2“—"21

a globally exponentially stabilizing (i.e. aggressive) state feedback that asymptotically
stabilizes (g2, p2) = 0 is given by '

U= —C1q92 — C2P2

where c1,co > 0 are constants. The main difficulty in stabilizing the angle of the
pendulum from initial angle of g5 = 7 to final angle of g = 0 is that at some moment
of time, the state trajectory of g passes through the point ¢o = 7/2. Based on
(5.20), this means F' — oo due to the division by cos(gz). To avoid this singularity,
we saturate the control input F at a maximum level Fi,,, that is relatively large, i.e.
Frae > 1. In other words, we apply the following approximate control

Fapp(QQ,pz) = Fmamsat(F/Fmax)

where

Fga,p2) = {

The difference between F' and Fapp

m117M2a
Moy (QQ)

— m12(g2))(c1G2 + capa) + (my + ma)gtan(ga) — mals sin(gy)pi

F_Fapp:¢(F)

can be expressed in terms of the famous dead-zone nonlinearity ¢ shown in Figure
5-18. The function ¢(F) is zero over the interval [—Finoz, Finez] and linear with unit
slope outside of this interval. The dynamics of the closed loop system with control
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y ©F)

Figure 5-18: The dead-zone nonlinearity.

F = Fopp(ga, p2) can be expressed as

Go = P2
mzl(Q2)
D(Qz)

(5.22)

D2 = —CiQ2 — CoP2 + ¢(F (g2, p2))

where D(g) = det{(M(g2)) > 0. Apparently, whenever |F| < F,,; (i.e. the controller
does not saturate) ¢(F) = 0 and (g2, p2) = (0, 0) is exponentially stable as long as the
solution passes through an area that the controller saturates, i.e. [Fopp(g2,p2)] = Frnaz-
The nonlinear feedback F(gq, p2) has a discontinuity along the lines go = +7/2 in the
(g2, p2)-plane. This discontinuity property is closely related to the function p; = a(gz)
defined by

1l m11magls sin(gz)
algs) = ——qa —
() - G e c2D(g2)
In fact, F(qy, po) is continuous at isolated points ps = (%7 /2) on the lines g, = +7/2.
The following result determines the area in which the controller Fy,,(gz, p2) saturates.

Proposition 5.4.2. Consider the neighborhood
N = {{ga,p2) € I x R||qz — /2| < €, |pa| < mom,np > 0}

for some 0 < e < 7w/2 and I = [0,7]. Then, there exist F*(e,ng) > 0 in the form

a1 + asNg

Fr(e,no) = sin(e)

2
+asng, a1,02,a3 >0

and a neighborhood U, C N, of ga = w/2 such that for all Fr., > F*, the controller
saturates (i.e. |Fopp(qo,P2)| = Frmac) over (g2, p2) C Ue and remains unsaturated over
I x [=ngm, nom] \ Ne.
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Proof. F(gs,p2) can be rewritten as

o c2D(q2) (p2 — a(g2)) maly sin(gs)p

Mals cOS (g2)

which is discontinuous along the lines go = £7/2 and p; # a(£7/2). We have

Dolerga + capa| + myimagls

F| < + mylap?
7] maly I cos(go)] 222
S Do(Cl =+ ano)’ﬂ' + (m1 + mg)mgglg 1 + mzlzngﬂ'z
mzlz [ COS(QQ)l

where Dy > 0 is a constant satisfying 0 < D{ga) < Dy := mq1 - Mg and the equality is
achieved at go = m/2. Since cos(gz) takes its maximum at the boundary of N, where
g2 = /2 %€, for all (ga, p2) & Ne, D(g2) < Dy and we get

Do(cy + cong)w + (my + mae)magly

7] < mils sin(€)

2,2
+ malongm

Hence, defining

DQ(C}_ + CQTZQ)?T + (m1 + m2)m29l2
mols sin(e)

F*(e,ng) = + mglanim?
the controller Fy,, does not saturate outside of the region N.. On the other hand,
for py # a(w/2), F(g2,p2) — oo. By definition, for any Fp,; > F*, there exists a
neighborhood U, C N, of the line go = /2 where F (g2, p2) > Finep and therefore the
controller saturates in the region U.. Over the region NV, \ U, the controller might or
might not saturate. N, is an upper bound (w.r.t. C) for the maximal region U, that
the controller saturates. O
The values of F* for some typical choices of €, ng are given in Table 5.1. Using some
standard phase plane arguments, one can show that F,,, semiglobally asymptotically
stabilizes (g2, p2) = 0 for a sufficiently large Fin.z > F*(¢,no) and the solution expo-
nentially converges to the origin over the region {(gs, p2) € R?|qy € [—7/2+¢, 7/2—¢]}.
Due to ¢a = pa, g2 is strictly decreasing in the region gaps < 0 and therefore the so-
lution passes through the saturation region N, once and exponentially converges to
the origin under the condition that ¢;,c, > 0 are sufficiently large. The simulation

Table 5.1: The Values of F*(¢, ng).

(n0,€) || 7/20 | m/10 | w/5 | w/4 | 7/2
1 454 | 234 | 127 | 107 | 78
2 637 | 337 | 192 | 164 | 125

143



results for this controller are shown in Figure 5-19. The parameters are chosen as
Fopaz = 100 and ¢; = ¢; = 4,9 = 9.8. The pendulum starts from the downward
position at g; = 7 and the angle of the pendulum (almost) exponentially converges
to zero. The convergence is not truly exponential, due to the fact that F'(ga,ps) is
saturated for a relatively short period of time. A sample path in (gs, p2)-plane for the
initial condition starting at (gs, p2) = (7, 0) is shown in Figure 5-19 (b).
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Figure 5-19: (a) Aggressive swing-up of an inverted pendulum on a cart from the
downward position (g2, p2) = (7, 0), (b) The path of the pendulum in (g, p3)-plane.

5.4.3 Switching-based Controller

For the inverted initial condition (0,0,7,0) (i.e go = 7), one can use the controller
F,pp to bring the pendulum to the upper half-plane area and switch (say whenever
lgz] < 7/3) to the globally stabilizing controller that makes use of nested satura-
tions. ‘This switching-based controller semiglobally asymptotically stabilizes the up-
right equilibrium point of the cart-pole system over the whole plane with g, € [—7, 7).
The semiglobal nature of this stabilization is due to bounded initial angular velocity
‘and speed required for the former controller that brings the pendulum to the up-.
per half plane. The simulation results for the overall stabilization of the cart-pole
system for the initial condition (0,0,7,0) where the pendulum is in the downward
position are shown in Figure 5-20. This figure demonstrates that the switching-based
controller aggressively stabilizes the origin for the cart-pole system.

5.5 The Rotating Pendulum

The Rotating Pendulum consists of an inverted pendulum on a rotating arm, as shown
in Figure 5-21. The elements of the inertia matrix for the rotating pendulum are given
by (see section A.6)
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Figure 5-20: (a) State trajectory of the cart-pole system for the initial condition
(0,0,7,0), (b) The input force F' and the trajectory in (g, p2)-plane.

Figure 5-21: The Rotating Pendulum

mu(q2) = ]1 -+ mll% -+ mz(L% -+ l% Sin2(q2))
M1z (6.72) = Mg (Q2) =maolL,ly COS(Qz)
Moo = 12 + mglg

The potential energy for this system is

Vg1, g2) = magls cos(gz)

Clearly, the inertia matrix of the rotating pendulum only depends on g,. Therefore,
¢ = @1 is the external variable and ¢, = ¢, is the shape variable of the rotating
pendulum. Due to lack of actuation of the shape variable, the rotating pendulum is a
Class—II underactuated mechanical system. The Euler-Lagrange equations of motion
for the rotating pendulum are given by

my1(g2)d + mi2(g2)dz + 2mal2 sin(ge) cos(g2)dide — male Ly sin(g)ds =
ma1 (g2) 41 + Maa(g2)d2 — mal3 sin(ge) cos(ga)d — magly sin(ga) =

\.‘

o
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Noting that the second line of this equation can be simplified as

m . Iy . }
22 )q2 — —zsm(qz)ql2 3 tan(gs) =0

g+ ——
' mi21 (g2 L L

and applying the change of control

mi (Q2)m22

Yu + 2mgl§ sin(gy) cos(ga)G1gs — malaLy sin(qg)qg
ma1 (Q:z)

T = (mlz(fb) -

L .
+ m(e) 7 sin(e) + mu<q2>L% tan(g,)

(which is well-defined for g, # 7 /2) reduces the dynamics of the shape variable ¢; to

g2 = D2
D2 = u

Based on theorem 4.2.2, we apply the following change of coordinates

& = q+7(q)
pr = Ma21(ge)P1 + Moop2

or
21 = gr
Zy = pr/mZI(Q2)
where
2 moy (Mol + 1) (1 + tan(‘]z/?))
= do = lo : € (—n/2,m/2
7l@) /0 a1 (6) MalaLy 1 - tan(g2/2) % & (=n/2n/2)

that transforms the dynamics of the rotating pendulum into

21 = 2z

. g ly . a2 9 M2 9

Zy = ——tan + —sinig2)(z2 — D tan(g

_2 L, (QQ) L, ( 2)( 2 m21(q2) 2 m21("]2) ( 2)]02 (5-23)
92 = P2

D2 = u

The nonlinear system in (5.23) is neither in feedforward form (due to the term
lysin(gz)22/L; in the equation of Z; which depends on z;), nor in strict feedback
form. Therefore, direct feedforwarding or backstepping procedures are not applicable
to the rotating pendulum. Based on a recent work [10], global/semiglobal asymptotic
stabilization of the rotating pendulum to its upright equilibrium point is considered
an open problem. In chapter 7, we will address this problem based on a theory that
is developed in this thesis for asymptotic stabilization of cascade nonlinear systems in
nontriangular normal forms. To remove the constraint g, € (—7/2,7/2), we apply the
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following invertible global change of coordinates and control (similar to the cart-pole
system)

& = tan(g)
& = (1+tan{g)?)p,
v = (1+tan(g)?)(u + 2tan(ge)ps)

This transforms the dynamics of the rotating pendulum in (5.23) into

Zy = zo

) g Iy 1 Mgz §2 s Moo &

Zz = —+ 2y — +

c 4z, L1.«h1+§f(2 oLy L & oL (L= )] (5.2
&1 = &

& = v

Notice that in the equation of 2, the quantity in the parentheses is strictly positive
definite. This equation can be simplified further as

L2 = 2
22 EAS) 52

2, = ki +k 2 __ _k +k 2

= Gtk T b et e
f_l = &

& = v

where
g Iy 2mgg M) M2
k1= ko= — k3= —x k= 1
1 Ll’ 2 Ll’- 3 m2L%: 4 m2l2L1( +m2L%)

are all positive constants. Observe that k;/k;,7 = 2,3,4 all vanish as lr/g — 0
(i.e. in relatively high gravity). We use this property later for semiglobal asymptotic
_stabilization of the rotating pendulum in its upright position.

5.5.1 Aggressive Swing-up of the Rotating Pendulum

In this section, we introduce a state feedback that aggressively swings up an inverted
pendulum mounted on a rotating arm in a single action without swinging it back and
forth (i.e. a passivity-based swing-up as in [6, 112]). The procedure is very similar to
the one applied to the cart-pole system. Thus, we omit the details. Simply, one has
to set

U = —C1G2 — C2P2, C1,C2 >0
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which gives the following input torque

D . [N . .
T m2lzL1((Jc22s(Qz) (c102 + €2p2) + 2mal; sin(qz) cos(q2)dide — malzLa sin(g:)d3

Iy .
+ 77”611(92)2%1 sin(ge) + mu(Qz)Lil tan(gs)

where D(go) = det(M(g2)). Due to division by cos(gz) in the last equation as go —
7 /2, 7(q2, p2,p1) — oo for almost every p.. To avoid this singularity, we apply the
saturated torque as the following

Ta.:DP(Q2,p2)pl) = Tmaxsat(T/Tmar)

where Tpez > 0 is the maximum allowed torque (to be specified later). One obtains
the following result which is very similar to proposition 5.4.2 for the cart-pole system.

Proposition 5.5.1. Consider a neighborhood N, = {(g2,02,01) € I xR?*}|go —7/2] <
€, 2] < mom, |p1| < mim,mg > my > 0} for some 0 < € < 7/2 and I = [0,7]. Then,
there ezist 7* (e, ng,m1) > 0 in the form

a1 + aang

- +a3n§+a4non1+a5, a;>0,i=1,...,5
sin(e)

T* (63 g, nl) =

and a neighborhood U, C N, of go = m/2 such that for all Tmez > T*, Tapp(Ga, P2, P1)

saturates (i.e. |Topp(Q2,D2)| = Tmaz) over (g2, p2) C U. and it remains unsaturated
over I X [—ngm, nom] \ Ne.

Proof. Following the line of proof of proposition 5.4.2, let us define
DO = D(’TI'/?), Mg = mn(ﬂ'/Z)

and note that for all ¢o € [—7, 7], D(g2) < Dy and my1(g2) < Mp. For 0 < e < 7/2
‘and g2 = m/2 — ¢, we have :

D M, l Myl
oler + nocz)’”_‘*‘ 0M20l2 4 2m2l§non17r2 4 mQZszgﬂz ke
mzlng sm(e) 1

Il <

Thus, We define 7* (¢, ng) as the right hand side of the last equation. In other words,
we have '

Mol
L

O

For the choice of parameters m; = 1,1; = .5,mq = 1,I = 75,9 = 9.8,n; = 1,
the values of 7*(¢,ng, 1) are shown in Table 5.2. The simulation results for almost
exponential swing-up of the rotating pendulum from the downward position (i.e.
initial condition (0,0, ,0)) to (g2, p2) = (0,0) are shown in Figure 5-22. Apparently,

__ Dyey + Mymagls _ Dyey

2 _ 2,2 _—
ai ; , Q3 = m2l2L17r , Q4 = 2m2127r , O =

molo Ly T omplyLy
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Table 5.2: The Values of 7*(e, 70, 1).

(n0,€) || /20 | m/10 | n/5 | /4 | x/2
1 1471 | 755 | 406 | 341 | 247
2 1885 | 981 | 541 | 459 | 340

the overall solution (g5 (t), p2(t)) is not exponentially vanishing but it has a relatively
long exponentially vanishing tail-thus the name almost exponential. The maximal
torque is chosen to be T4 = 200.

L T T T 6
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o
T

conlrol (torque)

L L L 1 L
0 6.5 1 15 2 25 3
tima {sec)

(a)

Figure 5-22: (a) Aggressive swing-up of an inverted pendulum on a rotating arm from
the downward position (g2, ps) = (m,0), (b) Trajectory of the pendulum in (g, p2)-
plane.

- 5.6 The Pendubot

The Pendubot is a two-link revolute planar robot with one actuator at the shoulder,
as shown in Figure 5-23. In this section, we provide an explicit global change of
‘coordinates that transforms the dynamics of the Pendubot into a cascade nonlinear
system in nontriangular quadratic normal form. Stabilization of the Pendubot to its
upright equilibrium point using a single (i.e. without switching) static state feedback

is addressed in chapter 7. The inertia matrix for the pendubot is given by (see section
A3)

mn(qg) = mllf + mz(L% + Z% + 2L1l2 COS(Q2)) -+ Il + 12
m12(g2) Mo (ge) = mz(l% + Lylycos(ge)) + I
malg) = mali+ I
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Figure 5-23: The Pendubot

where g;, m;, L;, l;, and I; denote angles, masses, lengths, lengths of center of masses,
and inertia, respectively. For further use, it is simpler to use the following expressions
for the inertia matrix

mi1(g2) = a+ 2bcos(g)
mu(qQ) ™Mol (QQ) =c+ b COS(C]Q)
Mo2 ((I2) = c

I

where a,b, ¢ > 0 are given by

a = m12%+m2(L%+l§)+Il+]2
mglng
= mzlg + IQ

The potential energy of the pendubot is

Vg1, 2) = (maly + maLi)gcos(qr) + malyg cos(g1 + g2).

The inertia matrix of the pendubot only depends on ¢,. Thus, g, is the shape variable
of the pendubot. Since the shape variable ¢, is unactuated, the pendubot is a Class—IT
underactuated system. The Euler-Lagrange equations of motion for the pendubot are
as the following

mu(g@)di + maiz(g2)de — 2bsin(ge)dids — bsin(ge)d3 + g1(q1,q2) = 7 (5.26)
: :

ma1(g2)di + Maa(g2)Ga + bsin(ge)g? + ga{qy, q2) =

where the gravity terms are

91{g1,02) = —(maly + moLy)gsin(q1) — malagsin(q + go)
9(q1,2) = —malagsin(g + )

Applying the feedback law

mM11M22

; 1T m
T = (myy — Ju — bsin(g) (—=p? + 2p1ps + 02 + 9101, ) — ——g2(q1, g2)
mo , Moy

mMa)
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reduces the dynamics of ¢, to a double integrator
g2 =p2, P2 =1
Applying the change of coordinates

& = ¢ +7v(g) _
Py = mai{ga)p1 + Maap2

where

q2 Moo

2c c—b 92
= —_— = —— - - 1 . _
v(g2) iy 0 7 arctan ( . btan( 5 )) ; ¢>b, gy €[—m, 7]

and denoting g, = ¢o, we get

G = pr/m21 (Q.s)

7 3 : r — M s r— (M1 +m s
pr = malagsin(g. — y(gs) + ¢5) — bsin(g,) (p 22ps) (Pr — (M 22)Ps)

2
my;

q-s:ps
pSZU

which apparently the equation of p, consists of a quadratic term in (p,,p;) and a
reduced gravity term

9+ (qr, gs) = mialagsin(g, — v(gs) +¢s)

as in theorem 4.2.2. To further simplify the reduced dynamics of the pendubot, define
the change of coordinates

z1 = q+ ()
2y = pr/mQI(QS)

we get
Z']_ = 29
{5gsi — bsi
5 = malag sin(z; V(Clz)-l-fh)_ sin(gs) 2y — Y p2)2+ ™22 p%]
' m21(q2) , m21(Q2) m21(Q2) mm(Qz)
g2 = D2
D2 = u

(5.27)

Clearly, the dynamics of the pendubot in (5.27) is neither in strict feedback form, nor
in strict feedforward form. Therefore, the overall dynamics of the pendubot cannot
be stabilized using famous backstepping and forwarding approaches. Stabilization of
nonlinear systems in nontriangular forms like Pendubot is addressed in chapter 7.
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5.7 The Beam-and-Ball System

The beam-and-ball system consists of a beam and a ball with radius r on it (see
Figure 5-24). The task is to bring the ball from any initial position (and speed) to
the origin. Let d > 0 denote the distance between the center of the mass of the ball
and the beam (d = r in Figure 5-24). In the current literature [34, 102, 80, 79], what
is known as the beam-and-ball system corresponds to the special case where d = 0.
We refer to this case as the conventional beam-and-ball system and to the case where
d > 0 as the beam-and-ball system. The following treatment applies to the both
cases of d = 0 and d > 0. From section A.4, the elements of the inertia matrix of the

Figure 5-24: The Beam-and-Ball System.

beam-and-ball system are given by

mu(z) = I +m(z®+d%)
miz = Mg = —md
Moo = mA

where I, m, I denote the inertia of the beam, the mass of the ball , and the inertia
of the ball, respectively. Also, A = 1+ I;/mr? > 1. The inertia matrix of the
beam-and-ball system only depends on the position of the ball z. This means that
the position of the ball is the shape variable of the beam-and-ball system. Since the
position is unactuated, the beam-and-ball system is a Class—II underactuated system.
The equations of motion for the beam-and-ball system with d > 0 is as the following

[, + m(z® + d2)]9 —  md# + 2mzz6 + mg(z cos(8) — dsin(h)) = 74 (5.28)
0 :

—mdf + mAi— mz6® + mgsin(f) =

While the dynamics of the conventional beam-and-ball system with d = 0 is in the
form

(I + ma?)0 + 2mzif + mgz cos(6) =

mAE — mzf® + mgsin(f) = 0 (5.29)

Clearly, 6 does not appear in the second equation and after applying

70 = (I1 + ma?)u + 2mzi6 + mgz cos(h)
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after normalizing the units of (z,v) by 1/), the dynamics of the conventional beam-
and-ball system can be written as '

= v
= —gsin{f) + zw?
w
u

(5.30)

£ oo K]
Il

The last equation is exactly the same as the model of the beam-and-ball system
originally obtained in [34] and used in [102, 80, 79]. In contrast, consider the beam-
and-ball system with d > 0 in (5.28). After applying the following global change of
coordinates

zZ1 = —df + Az
zg = —dw+ v (5.31)
and collocated partially linearizing feedback law
2 -
_ 2, gy md mdz , mdgsin(f)
+ 2mzvw + mg(z cos(d) — dsin(F))
the dynamics of the beam-and-ball system with d > 0 transforms into
ZL = 2
z = —gsin(d) + (21 + df)w?
b = w (5.33)
w = u

‘where the units of (21, z3) are normalized by 1/A. Equation (5.33) has many similar-
ities to the normal form of the conventional beam-and-ball system in (5.30).

5.8 Control of Multi-lirik Underactuated Planar
~ Robot Arms

Tn this section, we discuss reduction of a planar multi-link planar robot arm. Let us
start by a planar three-link robot. The inertia matrix of a three-link arm is as the
following (see section A.2)

mn((h; Q3) m12(Q2, Qs) mis (92; Q3)
M(Qm CI3) = m21(Q2a C1/3) m22(Q3) mza(Qs)
m31 (Q2, 93) M3z (Q3) m33

Notice that there is an interesting structure in the way the shape variables (g, g3)

appear in the inertia matrix of a three-link robot. The following result shows that
such a nested structure in general exists for any n-link planar robot.
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Theorem 5.8.1. Consider an n-link planar robot with revolute joints ¢1, ... ,q,. De-
fine the following indezx sets

I, = {a|la=1j;(k, k) < (5,7) < (n,n)}, k=1,...,n

Je= e\ Irp, k=1,... ;0L =0

Then Vo € Jy @ mg = Ma(Gri1, - 1qn), ¥k = 1,...,n — 1 and m, = const. for
o€ J,.

Proof. The proof is by direct calculation using the rotation matrices R; = R(g;) €
SO(2) which represent the orientation of each link in R%. Notice that by definition
Ji's are disjoint sets. O

Remark 5.8.1. The inertia matrix of an n-link planar robot arm is independent of qi.
ie. ¢z = q and g, = (gq, ... ,¢n) are the vector of external variables and the vector
of shape variables for a multi-link planar robot arm, respectively.

In examples 4.5.1 and 4.5.2, we showed that there are three possible actuation
configurations for a three-link planar robot with two actuators. Furthermore, based
on the method of momentum decomposition, we proved that stabilization of a three-
link robot with two actuators reduces to stabilization of the Acrobot, or the Pendubot.
In the following, we show that this fact can be generalized to a multi-link planar robot
underactuated by one.

Theorem 5.8.2. There exists a change of coordinates in explicit form that trans-
forms the dynamics of an n-link planar robot (n > 2) with (n — 1) actuators into
the perturbed reduced normal forms of two-link planar robots (i.e. the Acrobot or the
Pendubot) in cascade with (n — 2) double-integrators.

Proof. First, assume g is not actuated and (n — 1) of shape variables are actuated.
Apparently, it is possible to linearize the dynamics of (n — 2) shape variables using
(n — 2) control inputs. Only one actuated shape variable, say gz, and q1 are left.
Following the line of momentum decomposition procedure in chapter 4, set all other
joint angles to a constant locked configuration (e.g. zero). The inertia matrix of
the overall system only depends on ¢, and the reduced form for this system is the
perturbed normal form of the Acrobot. Now, assume ¢; is actuated. Then, (n — 2)
controls are remained for (n—1) shape variables. Therefore, the dynamics of all shape
variables except for one, say gs, can be linearized using collocated partial feedback
linearization. Only an unactuated shape variable ¢; and an actuated external variable
q: are left. Thus, by applying momentum decomposition, one obtains the perturbed
normal form of the Pendubot in cascade with (n — 2) double-integrators (resulted
from partial feedback linearization). d
Remark 5.8.2. The preceding proof applies to any underactuated (simple) mechanical
system with n degrees of freedom, one external variable ¢1, (n — 1) shape variables
(g2,--. ,qn), and (n—1) control inputs. The special structure of the inertia matrix of
the m-link robot here plays no major role except for the fact that M is independent
of qi. o )
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5.9 Trajectory Tracking for a Flexible One-Link
Robot

In this paper, we introduce a method that provides a nonlinear noncollocated out-
put for trajectory tracking of a flexible one-link robot. The link is modeled as a
finite-order Lagrangian system obtained from truncated modal analysis. This non-
collocated output is derived based on viewing a flexible-link robot arm as an under-
actuated mechanical system and then applying an appropriate change of coordinates
that transforms the system into a cascade nonlinear system with a minimum-phase
zero dynamics. The obtained output is the angle of rotation augmented with the
(generalized) saturation of the weighted amplitudes of the deflection modes of the
flexible link.

Flexible-link robots are finding their way in industrial and space robotics appli-
cations due to their lighter weight and faster response time compared to rigid robots.
Control of flexible robots has been studied extensively for more than a decade by
several researchers [12, 18, 25, 81, 110, 107] (see [24] for a recent survey). Despite
their applications, control of flexible link robots has proven to be rather complicated.
The simplest possible flexible arm is a robot with a single flexible link. The dynamic
model for a flexible-link robot that has been used by almost all of the researchers is
the Euler-Bernoulli model of a beam. This model is a fourth order equation that leads
to an originally infinite-dimensional model of a flexible link. The common collocated
output for trajectory tracking of flexible one-link robots is the angle of the rotation
of the link at the base. The performance of this output measurement turns out to be
not satisfactory due to a weak control of the vibrations of the link [20]. This initiated
finding other noncollocated output measurements like the position of the end-point of
the link [18]. Based on [85], this choice of the output leads to a non-minimum phase
zero-dynamics. In [20], a noncollocated output is proposed as a linear combination
of the angle of rotation and the slope of the beam at its tip. The model used in [20]
is an infinite dimensional linear model of a flexible link robot. Then, an approximate
finite order compensator is designed based on [107]. Here, we take a fundamentally
different approach to find a noncollocated output. We use a finite-order state-space
model of a flexible link derived by truncated modal analysis based on a Lagrangian

formalism due to De Luca and Siciliano {25]. This model is naturally in the form of

an underactuated mechanical system with (m + 1) degrees of freedom and a single
actuator where m is the number of deformation modes of the flexible link. Based on
our previous results on normal forms for underactuated mechanical systems [68, 66]
and theorem 4.2.3, we propose a noncollocated output as the angle of the rotation
augmented with a generalized saturated weighted linear combination of the deforma-
tion amplitudes of the link. We prove that the zero-dynamics corresponding to this
output is minimum-phase. '
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5.9.1 Model of a Flexible Link

The flexible link depicted in Figure 5-25 is modeled as an Euler-Bernoulli beam [25]

satisfying

Frw(¢,?)
¢4

2

ET 3

where ( = z/L is the normalized position along the link of length L and A,I, E,p
are physical parameters of the link. By the assumption of separability in time and
space, the deformation of the beam can be expressed as W((,t) = ¢(()6(¢). After

Y
y M, I,

Figure 5-25: A flexible one-link robot arm.

performing a truncated modal analysis with m modes, the Lagrangian equations of
the flexible link can be written as the following [25]

m11(5) M9 9 C1 (9, 6, 5) 0 T

i . L | = 5.34
[ mar mzz] [5 T e || K5+ FS 0 (5.34)
where 6 is the angle of rotation, § € R™ denotes the deformation amplitudes, M(§) =
{m;} is the inertia matrix that is a positive definite symmetric matrix and K, F' are

positive definite matrices as well. The expressions for m;;’s are explicitly given in
[25]. Here, we only need an explicit form of my;(6) (the rest of my;’s are constant) as

mll(é) = kl + k2(®35)2 (535)

Where ki > 0, ko = My, i.e. payload mass, . € R™ is a constant column vector that
is determined by the m eigenfunctions obtained from the modal analysis. In addition,
Coriolis and centrifugal terms can be explicitly given as

c1(6,6,0) = 2M9(®T6)(376)
(8,8) = —Mp2(3T5)d,

Apparently, from (5.34), the flexible one-link robot is an underactuated mechanical
system with m + 1 degrees of freedom and one control. The important feature of
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(5.34) is that the system has kinetic symmetry w.r-t. . In the next section, we show
that this symmetry property has a crucial role in derivation of a minimum phase
noncollocated output for the flexible one-link robot.

To apply theorem 4.2.3 to the case of the flexible one-link robot in (5.34), all the
elements of

Wy = mMi1 (5)_1m12d5

must be exact one-forms. If this holds, then a nonlinear noncollocated output in the
form of y = 6++(0) exists that transforms the system into a cascade nonlinear system.
However, this is false and the one-form my1(6)~*mi2dé is not exact due to the fact
_that myy # A7 for any A € R. This suggests an alternative way of constructing the
desired output. By inspection of my;(8) in (5.35), one can observe that the following
modified one-form

Wo = M1 (5)_1©Zd6
is exact and thus the expression
H. + mll(é)_IQZS

is integrable as an output y = 8 +(8). Next, we show that this is indeed the output
we were seeking.

5.9.2 The Noncollocated Output

In this section, we derive a noncollocated output and prove that its corresponding
zero-dynamics is minimum phase. But first we need to make some assumptions and
give a lemma.

Notation. For any two vectors =,y € R™ and the positive definite m x m matrix @,
define the following inner product

(z,9)q =" Qy
Assumption 5.9.1. Suppose the following properties hold
i) @, satisfies <m217m21>m2—21 > (@e,mzl)m;;.

ii) The matrix Qy = ma1miz — M2 @7 is positive definite.

Remark 5.9.1. By the specific structure of the inertia matrix M (d) for a flexible link
robot in [25], assumptions (¢) and (i) are very reasonable and can be algebraicly
checked.
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Lemma 5.9.1. Suppose Assumption 5.9.1 holds. Then the following matrices are
positive definite and thus invertible '

Q1 = mu(d) — @g'fTiz_;le
Q2 = mg —mumy O

Proof. First, note that the following matrices are symmetric and positive definite

Qs = m(6) = M1aMyy T
Qs = may — maymiy (8)mio

The proof for this can be found in [90]. This is true regardless of how many deforma-
tion modes are chosen as long as m;;’s are elements of a symmetric positive definite
inertia matrix M. Noting that @; can be rewritten as '

Q1 = Qs + (m12 — Qf)mgzlmm

by 4) in Assumption 5.9.1, the second term is positive and @3 is positive as well.
Thus, Q1 is positive definite. To prove (@, is positive definite, notice that for any
z € R™ we have

IZTQQ.’L' = IZ?TQ4$ + .Z'nglmll((S)—l (mlg — (I)Z)ZL'
or
2T Qor = 27 Quzx + mn(é)‘leQoz

and because by Assumption 5.9.1 @ is positive definite and also mq1(6)~! > 0, Q5 is
a positive definite matrix. O
Now, we are ready to present our main result for output tracking of a flexible-link
robot:

Theorem' 5.9.1. The nonlinear noncollocated output
y=60+7(0) (5.36)

where v : R™ — R 15 given by

1 ki .7
y(6) = N arctan(y / T o, 6) (5.37)

has global uniform relative degree 3 w.r.t. u = 7 and determines a global change of
coordinates

21=67 ZZZSa glzya 5223); 53:y

that transforms the dynamics of a flezible one-link robot augmented with an integrator
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u =17 into the following partially linear cascade nonlinear system

1 = 2

»’%2 = f(% fl,fzafs)

&L = & (5.38)
§2 = &

§3 = v

with a new control
v = a(d)u+ B(6,4,6)

In addition, there exists an € > 0 with the property € X \/Omin(F) such that over
a neighborhood U.(0) = {(21,22) : |21| < €, |22] < €} of (z1,22) = 0, for the zero-
dynamics corresponding to this output the origin is locally uniformly asymptotically
stable (i.e. the noncollocated output y is minimum phase).

Proof. By direct calculations, for y = 8 + v{(6) in (5.36}, we have

. ®T4/k
g o= 6+ :9/ks
ky/ky + (BT6)2
. o7
= § e

T T (2152
= 9 + mll(é)“l(éfé)

also
7 =0 +my1 ()7 8T8 — 2kymy1 (6)72(276)(976)?
but from the second line of equation (5.34), & can be obtained as
6 = —mirmg 0 — my(co + K& + F9)
>Thus, combining the last two equations, we get

g = mu(6) " (mu(8) — OFmayma)d

— m11(5)“1®3m{21 (CQ + K(5 + F6)
- 2]{22777,11(5)_2(@’56)(@35)2

On the other hand, after cancelling & from the first and second lines of (5.34), one
obtains

(mq11(8) — mlzmgzlmgl)é + 1 — miamys (e + K6 + F6) =T
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Hence, taking
’)’7’2,11((5) = (m11(5) — mlgmz—;mm) >0
we have

:lj = mi1 (5)(777;11 (5) - @ng;mgl)’ﬁ?,n (5)_1 . (T —C1 + m12m2_21'(cz + Ké + F5))
— m11(5)‘1<1>?;m2—21 (02 =+ K + Fé) — 2k2m11(5)'2(@35)(@36)2

This means that applying the change of control
w = (mu(d) - Miamaymar) - (ma1(6) — BT ma; mar) " ma (6)7 + B(6,6,6)

(where 3 can be explicitly calculated from the last equation of §) partially linearizes
the dynamics of the system as

j=w
and therefore the output y has global relative degree 2 w.r.t. 7 and global relative
degree 3 w.r.t. v. To determine the stability of the zero-dynamics corresponding to
y, let 21 = 6,25 = 0 and set y = 0 (thus, ¢, = 0). From the second equation in
(5.34), the zero-dynamics system can be determined as
(mzz — M91711 (6)_1@5)(5 + 2k2m21m11(5)_2(©36) (@Z5)2 +c1 + Ké + F(S =0
but ¢; = —kq6%(376)®, and § = —mq1(6)"1(®T4) (because § = 0), thus
1 = —kymy (8)"H(@L6)%(2L6)®.

The equations of the zero-dynamics can be expressed as the following

(m22 - m21m11(5)_1@3)5 + kzmn(6)_2(@35)(®35)2(2m21 — @e) + Ké + F(S =0
| (5.39)

Denoting
Q(8) = (maz — mamyy (8) 7187

and noting that Q(d) is a positive definite matrix, the following Lyapunov function
for the zero-dynamics system can be proposed

. 1. .1
V(5,6) = 55%(5)5 + 5<5TK5
Calculating V along the solutions of the zero-dynamics in (5.39), we obtain

V = $TQ(5)8 + §TKS + %STQS

160



where

Q= %—?5 = 2kyma1myy (6)~2(®T6) (T 46) BT

and
S57Q6 = kyrus(6)72(mnsd) (875) (2T6)?
Hence
V = —8TF5 — kymar (6) (27 6)*(876) - ((ma26) — (276))
and because mi; (6)7? < kT2, we get
V < —min (P + T318.I% s = @3T8
where O, (F) is the smallest singular value of F. Denoting
b = 2210l - ]
and defining

Omin (F)
k3

€=

for ||, 18] < € (i.e. over U,(0)), V < 0. But the largest invariant set in 2, = § = 0
(ie. V = 0) for (5.39) is (21,22) = (0,0). Therefore, from LaSalle’s invariance
principle the origin (8,6) = (21, 2) = 0 is uniformly locally asymptotically stable for
the zero-dynamics system, i.e. the output y is (locally) minimum phase. O

Remark 5.9.2. Viewing om (F) as the strength of damping of the flexible link, the
result of the preceding theorem can be interpreted as follows. The higher the strength
of damping, the larger the region of attraction of the origin for the zero-dynamics.

Remark 5.9.3. For a sufficiently small deformation amplitudes 6. The output y in
(5.36) can be expressed as a linear combination.of the angle of rotation and weighted
deformation amplitudes as

1 T
=9+ — (376

which depends on the payload mass M. This is in agreement with our intuition that
the payload mass matters in trajectory tracking control design for a flexible arm.
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5.9.3 Tracking Control

The control for trajectory tracking can be given as the following. Let y,(¢) denote
the desired trajectory and define the error functions

e1 =y —yalt), e2 =0 — Vg, €3 =19 — Ug

Then
él = €9
€2 = e3
s _ 3

& _ dya(t)

where y,; ' = e . Thus, setting

uw=1yP + cp(y — ya) + ca(¥ — Fa) + cali — Fa)

with ¢, cq, ¢, < 0, or applying the partial state feedback
u =y + 661 — ya) + cal€e — 9a) + calés — §ia) (5.40)
guarantees that (es, ez, e3) — 0 as t — oo and for sufficiently small initial conditions

(6(0),8(0)) asymptotic output tracking can be achieved [36].

5.10 Configuration Stabilization for the VT OL Air-
craft

In this section, we give a static state feedback law for global configuration stabilization
of the VTOL (vertical take off and landing) aircraft. The simplified dynamics of the

A\ e

x

Figure 5-26: The VTOL aircraft.
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VTOL aircraft, as shown in Figure 5-26, is given in [35, 55] as the following

1 = T

iy = —uysin(fd) + eug cos(h)

1= Y2

Ja = uicos() + eupsin() — g (5.41)
9 = W

w = uy

where € # 0. Here, 6 denotes the roll angle and the plane moves in a vertical (z1,y;)-
plane. Clearly, the system has three degrees of freedom and only two actuators—thus
it is underactuated. The effect of the body torque u; appears in the translational
dynamics of the VTOL aircraft by a factor of e. This captures a general property
of real aircrafts with 6 DOF' that exhibit a similar input coupling effect. The case
with |e] < 1 resulting in a weak input coupling has been mostly considered in the
literature [35, 55, 80]. Here, we are interested in the strong input coupling case with
an arbitrary € # 0. To decouple the effect of u, in the translational dynamics of the
VTOL aircraft, first let rewrite the dynamics of the VITOL aircraft as

mxz(jm - gz(Qz) - Fr (qs)Tr + Fx(qs)T

. 5.42
Msss = Fs(Qs)T ( )

where ¢o = (21, 11)7, @ =0, Mag = Ioyxo, mys =1, F; = 1, and F,, F;, g, are given by

ra=[ 20 = 20] =[]

which clearly shows F;.(g;) is a unit vector. Based on theorem 4.3.2, we need to check
whether the vector of one-forms w defined as w = m_. F;(gs) F;}(g5)mssdgs has exact
elements or not. By direct calculation, we get

w = Fy(gs)dgs = [ szjgg))gg }

“which has exact elements. Moreover, w has an exact differential v(¢) = [esin(8), —e(cos(6)—
1)]* that satisfies dy(f) = w. Therefore, applying the following global change of co-
ordinates

z1 = 1z — esin(6)

2o = xp—ecos(Blw

wy = y; +e(cos(F) —1)

wy = yo — esin(fw (5-43)
& o= 0

& = w
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transforms the dynamics of the VTOL aircraft into

2.!1 = 2y

22 = - sin(fl)ﬂl =Y

'U:)l = Ws

Wy = cos(&1)t; — g =: Vg (5.44)
f_l = {:2

£2 = u

and decouples the translational and attitude dynamics. Here, @; = u; — €£2 is the
new control. Due to [35], the system in (5.44) is dynamic feedback linearizable. In
this work, we take a different approach that makes use of a static state feedback and
backstepping procedure for global configuration stabilization of the VTOL aircraft.
Clearly, (z1,w;) are two flat outputs of the VTOL aircraft which are obtained auto-
matically as the by-products of the decoupling change of coordinates (see [29, 106, 105]
for more details on differential flatness and flat outputs).

Applying the linear state feedback v; = ¢,z and bounded feedback v, = cyo(cow)
where o(s) = tanh(s) and 0 < ¢y < g, globally asymptotically and locally exponen-
tially stabilizes (z, w) = (0, 0) for the (z, w)-subsystem in (5.44) where c¢;, ¢, € R? are
coefficients of a Hurwitz polynomial (a rather similar choice is made for v; in [80] but
with € = 0 which is not the case here). An important point is that, the unbounded
choice of vy = cow is not possible due to a singularity that appears later in control
design. To stabilize the origin for the composite system, we use the backstepping
procedure as follows. Solving for @; and tan&; in equation (5.44) gives

4 = ki(z,w) = /v + (v2 + g)?

—v
tan§1 = kQ(z,w = . +Ig
2

Then, defining the change of coordinates and control

p = tané — kz(zaw) .
pa = (1+tan?£)& — ko .
Ge = (1+tan?&)(us + 2tané&i&3) — ko
we get
pr = pe
ﬂz = U

Thus, applying 4, = —dyp1 — dope with dy,ds > 0 globally exponentially stabilizes
(p1, t2) = (0,0) for the u-subsystem. The dynamics of the closed-loop system is in
the form

f(n, 1)
po= Ap

. 3.
l

(5.45)
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where 77 = col(z,w), A is a Hurwitz matrix. Given g =0, for 7 = f(n,0), n =0 is
globally asymptotically and locally exponentially stable. It can be shown that for any
solution of the u-subsystem the solution of the n-subsystem is uniformly bounded and
the asymptotic stability of (n, u) = 0 for the cascade system in (5.45) follows from a
theorem due to Sontag in [82]. This guarantees global asymptotic stability and local
exponential stability of the origin for the VTOL aircraft. Figure 5-27 (a) shows the
trajectories of the VT'OL aircraft from initial condition (2, 3,4,1,7/3,1) with ¢ = 0.1.
The path of the center of mass of the aircraft is shown in Figure 5-27 (b). Based on
the simulation result in Figure 5-27, the controller performs an aggressive maneuver
to stabilize the position and attitude of the aircraft. In the sense that, after a rather
short transient period, the states of the system almost exponentially converge to zero.

45

i

L o o ™ o & o
0
’

25
lime (sac)

(a)

Figure 5-27: (a) The state trajectories of the VTOL aircraft, and (b) The path of the
center of mass of the aircraft in (z1, y1)-plane.
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5.11 Trajectdry Tracking and Stabilization of An
Autonomous Helicopter

This section is devoted to trajectory tracking and attitude stabilization nonlinear con-
trol design for an autonomous helicopter capable of performing aggressive maneuvers.
A helicopter is an underactuated mechanical system with 6 DOF (i.e. the position
and the attitude in R® x SO(3)) and 4 control inputs which includes the thrust of
the main rotor and 3 control moments in the body frame. As the dynamic model
of the helicopter, we use a model introduced in [43]. The reason for this choice is
that the helicopter model in [43] is rather accurate. In the sense that, both the effect
of the body moments on the translational dynamics and the effect of the thrust of
the main rotor on the attitude dynamics are taken into account. These two mutual
effects complicate control design for the helicopter. To derive the differentially flat
outputs [29, 106, 105] for this helicopter model, the effects of the body moment on the
translational dynamics are ignored in [42, 43]. We present a method for decoupling
of the translational and attitude dynamics of the helicopter. As a by-product, this
decoupling method provides the differentially flat outputs for the accurate model of
the helicopter. In addition, the problem of global exponential tracking of feasible
trajectories of a helicopter is addressed.

We use a rotation matrix R € SO(3) to represent the attitude of the helicopter.
This way, the singularities of the Euler angle parameterization can be avoided. In the
past, the use of a rotation matrix in SO(3) as the attitude, has proven to be efficient
for attitude control and tracking of satellites [108, 16], spacecraft [17], and helicopters
143, 31].

Figure 5-28: A helicopter.

5.11.1 Dynamic Model of A Helicopter

The dynamic model of the helicopter used in this work is based on a model of the
helicopter given in [43]. Let ¢ = (z,R) € R® x SO(3) denote the configuration of
the helicopter depicted in Figure 5-28. Here, R denotes that transformation from the
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body frame to the reference frame and is defined as

R = exp(yé;) exp(0és) exp(déy)

where ¢;’s are standard basis in R® and = (¢, 8, %) denotes the vector of three Euler
angles associated with rotations around z, y, z axes. The angles ¢, 6, are called roll,
pitch, and yaw, respectively. The attitude kinematics is given by

R =R

where w = (wi,ws,ws)T denotes the vector of angular velocities in the body frame
and & (i.e. & = w X -) is a skew-symmetric matrix

0 —W3 Wo
w= W3 0 —wh
—Ws W 0
The relation between 7 and w is as
7= ®(nw

where ®(n) is called the Euler matrix and is given by

1 sin¢gtanf cos¢tand
P(n)=1{0 cos¢ —sin ¢ (5.46)
0 singsecfd cospsech

The matrix ®(7n) has a singularity at § = £x/2. For this reason, we use R for the
‘tracking control design.
The equations of motion for the helicopter are as the following

r = v
my = RF{,

E — RO (5.47)
Jw = —wXxXJw+T

where Fj, 7, denote the forces and moments in the body frame and {(z,v) denote the
position and the velocity of the center of mass of the helicopter in the reference frame.
The forces and moments in (5.47) are in the form

{ F, = mgRTe; — Ter + Ties (5.48)

7 = Q(T)er+ Dt

where T is the thrust of the main rotor, T; is the thrust of the tail rotor, er is a unit

167



vector along the shaft of the main rotor defined by

sin(a) :
er(a,b) = | — cos(a)sin(b) (5.49)
cos(a) cos(b)

with a,b denoting the pitch and roll tilt angles of the tip of the main rotor, 7 =
(WT,aT, T,)*, D = diag(ly, L4, ;) is a constant matrix with positive diagonal elements,
and :

Q(T) = Qo+ Q:T*°

with relatively small constants Qy, Q1 > 0.

Assumption 5.11.1. Notice that for (a,b) = (0,0), ez = e3. In addition, for
lal, |bl < 1, er can be approximated as

a a
er = —b =e3+ —b
1 10

Since, a, b are small in practice, we use this approximation of er instead of er itself.
Moreover, we use the following approximation

Q(T)ST [ Q(T)eg

This is justified by the fact that if Qg, @1, a, b, ~ O(¢), then the first two elements of
Q(T)er are of the order O(e?) and can be ignored.

The following simplified forces and body moments are directly used in [31] as
the original expressions of forces and moments. For the sake of clarity, we restate
the approximate forces and moments in the body frame under the approximation
assumption 5.11.1.

Corollary 5.11.1. Suppose assumption 5.11.1 holds and let w = DT € R®. Then
Fy, 7y take the following forms

F, = mgRTes—~Tes+E-u

n = QT es+u (5.50)
where
0 €9 0
E= er 0 €3 ; 61=1/lb, 62:—'1/10, ,6321/lt
0 0 0
Proof. The proof is elementary and by direct substitution. . . o
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Based on corollary 5.11.1, the first-level approzimate model of the helicopter is in the
form

T = v
my = mge; — (Res)T + REu

B = R (5:51)
Ju = —wxJu+Q(T)es+u

Under a further approximation, by setting £ = 03«3 in 5.51, one obtains a second-level
approzimate model of the helicopter as

T = v
my = mges — (Re3)T .

R = RO (5.52)
Ju = —wxJw+Q(T)es +u

where the control input of the attitude dynamics u has no effect on the translational
dynamics. This is the “approximate model” used in [42, 43, 42]. Here, our main goal
is to address trajectory tracking for model (5.51) where E # O3y3.

5.11.2 Input Moment Decoupling for A Helicopter

Consider the first-level approximate model of the helicopter in (5.51) with input
moment u. In this section, we seek a differentially flat output [29, 106, 105] in the
form y = z + y(n) such that § is independent of u. If § is independent of u for all
n, we call y = z + y(n) an ezact flat output. On the other hand, if y = z + v(n) is
independent of u at n = ng, we call y = z + v(n) a weak flat output. In the following,
we show that there exists no exact flat output y = z + (n) for the helicopter model
- (5.51). Before doing so, let us present the dynamics of the helicopter using the Euler
angle parameterization and identify the shape variables of the helicopter.
The first-level approximate model of the helicopter in equation (5.51) can be
rewritten as

zT = v
mv = mges —n(n)T + R(n)Eu
i 9.53
n o= 2w (5:53)
Juw = —wxJw+QT)es+u

where n(n) = R(n)es and we refer to it as the unit normal vector. R(n) is given by

cosy —siny 0 cosf 0 sinf 1 0 0
R(n)= | siny cosyp O 0 1 0 0 cos¢ —sing
0 0 1 —sinf 0 cos#f 0 sing cos¢
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or equivalently

cosfcos?yy singsinfcosy — cos@siny cos@sinfcosy + sin¢gsiny
R(n) = | cosfsiny sin¢gsinfsiny + cos¢cosyy cos@sinfsiny — sinpcosy
—sinfd sin ¢ cos & cos ¢ cos @

Define ¥ () = ®*(n) and note that ¥(7) can be calculated as

1 0 —siné
U(p)=| 0 cos¢ cosfsing
0 —sing cosfcosd

Denote the configuration vector of the helicopter by ¢ = (z,7). The Lagrangian of
the helicopter is in the form

1 1
L{g,q) = EmvT'v + ng.]w + mgzs

which can be rewritten as

1[z]" [mI 0 &
. . _ = N 3 i
5(5577),36,77) = 2 { ,r} ] [ 0 \I’(T])TJ\II(T]) } { 77 } + mgza (554)
The inertia matrix of the helicopter is a block diagonal matrix
M (n) = diag(mIs, ¥ (n)" J¥(n))

Therefore, the Fuler angles are the shape variables of a helicopter, or g, = (¢,0,¢)
and the position g, = z is the vector of external variables of a helicopter. We need
the following result to check whether a flat output exists for a helicopter.

Proposition 5.11.1. The attitude dynamics of the helicopter can be expressed in the
form

M (n)ii + Cs(n, 07 = ¥(n)"n (5.55)

with a well-defined positive definite inertic matriz M,(n) = () TJU(n) (for 9 #
+7/2) given by

J1 0 _JISG
MS(T}) = 0 stg + J3C§, (Jz - J3)09C¢S¢ (556)
—Jlsg (Jz - J3>CQC(}5S¢ Jlsg -+ CZ(JQSi + JgCé)

(“ce” and “sg” denote cos(0) and sin(f), respectively) and the Coriolis and centrifugal
matric

Cs(n, %) = ¥(n)TT¥(n,7) — T (n)[(X(n)) ] J¥(n) (5.57)

‘where J = (diag(,]l., Jo, J3), 7 = Q(T)es + u denotes the total body moment, and -
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denotes the hat operation. In addition, for the case Jo # J3 (i.e. the anti-symmetric
case) the shape variables of the helicopter are ¢,0; while given J, = Jy (i.e. the
yz-symmetric case) the only shape variable of the helicopter is 6.

Proof. Let us first rewrite the attitude dynamics as the following

i = o+ e
= &(n,M)Y(n) — e(n)J \@Jw + B(n)J 'n,

which multiplying both sides of the last equation by m,(n) = ¥(n)TJ¥(n) gives the
attitude dynamics in the question with

Cy(n,7) = U(n)TTU(n)®(n, ) ¥(n) — ¥(n)T[(¥(m)7)"]T¥(n)

Noting that ¥ = U(n)®(n,7)¥(n) finishes the proof of the first part. The second
part of the result for the anti-symmetric case follows from the fact that M;(n) is
independent of %. In addition, for the symmetric case where Jo = J3, the inertia
matrix of the helicopter in (5.56) takes the form

J1 0 —J189
M@ =| 0 J 0 | (5.58)
—J189 0 J1Sg + chg

which does not depend on ¢, 1. O

Due to the fact that the attitude dynamics in (5 55) is a fully-actuated mechanical
system for 8 # +m/2, it is exact feedback linearizable. For the sake of completeness
this is stated as the followmg corollary.

Corollary 5.11.2. The collocated partially linearizing feedback law
= JU(n)a+ (n)"Cs(n, 7)n

which is invertible for 8 # 7 /2, transforms the attitude dynamics in (5.55) into a
3-dimensional double-integrator

. 3.
[
<

with a new control 4.

Following the line of theorem 4.3.1 and based on proposition 5.11.1, the dynamics
of the helicopter in (5.53) can be expressed as

mszr — gz = FT(QS)T + Fz(Qs)u

Mss(@s)ds + Ps(gs,ds) = Fs(gs)Q(T)es + Fi(gs)u (5.59)
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where (qz,95) = (z,7n) and

Mgz = mlis
Mss(gs) = T (n)J¥(n)
ho(gs,4s) = Cs(n,mn
Fr(gs) = —n(m)
Fi(¢;) = R(n)E

Fy(g) = T(n)”

Based on theorem 4.3.1, if the following vector of coupling one-forms
as = M Fa(g0) Py (g6 mas(2.)das
which can be rewritten as
wgs = m~  R(n)EJ¥(n)dn (5.60)

has exact elements. Then, there exists an exact flat output ¥y = z + (%) such that
wgs = dry(n). Without loss of generality assume m = 1. The following result assures
that such an exact flat output does not exist for a helicopter.

Proposition 5.11.2. There ezists no exact flat output y = x+y(n) for the helicopter,
i.e. there ezists no local diffeomorphism v(n) : R® — R® such that wys = dy(n).

Proof. Let fi(n) denote the ith column of R(17) EJ¥(n). Then, w,, has exact elements
if and only if f;’s satisfy the following property

0fi(m) _ 9f;(n)
on; om;

Vi, i=1,2,3,i#] (5.61)

where (n1,72,m3) = (¢,6,7%). By direct symbolic calculations in MATLAB, it has
been shown that there exists no pair (7,7) with ¢ # j that satisfies condition (5.61)
(see Appendix B for the code that symbolicly generates the difference of the left and
right hand side of the equation (5.61)). Therefore, none of the elements of w,, are
exact one forms. ' O

The following proposition, provides the weak flat outputs for the first-level approx-

imate model of the helicopter using momentum decomposition procedure in chapter
4.

Proposition 5.11.3. Consider the dynamics of the helicopter as the following

r = v
m'U = mges — (R(n)es)T + R(n)Et (5.62)
n = v
| M,n)y = —Cs(n,v)v+¥(n)Ta
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where & = Q(T)es + u and it is assumed that EQ(T)es ~ 0. Define the coupling
inertia p(n) as the following

pu(n) = R{n)EJ¥(n) (5.63)

and let m = p(n)n denote the nonintegrable coupling momentum between the body mo-
ments and the translational dynamics of a helicopter. (The nonintegrability property
of m is due to proposition 5.11.2). Then, using momentum decomposition procedure
7 can be represented as

T =T + T,

where m; = Gi(n)n denotes the integrable locked momentum dssociated with locked
configuration.7 = 0 which is given by

: 0 €3Joc088 —e3J3sin® qb
m = | €Jicos¢ 0 esJscosy | | 6 (5.64)
’ €1J1 Sin¢ —62J2 sin @ 0 ’l/)

and w, denotes the non-integrable error momentum that vanishes identically at n = 7.
In addition, there ezists a diffeomorphism v(n) = (vs(n), ve(n); Y (n))T satisfying
v(0) = 0 where

v6(0,%) = e3Jasind + ez Jz(cosy — 1)
’79((15, 1/") = €. Sln(¢) + €3J3 sin ’Q[) (565)
Y(0,8) = —eJi(cosg — 1)+ exJa(cosd —1)

- such that v = m. In addition, the following output

v =mz — y(n) (5.66)

is a weak flat output (i.e. 7. does not depend on the body moment & at n = 0) that
satisfies

i = mges — (Re3)T + Ce(n, 7)1 + Ge(n)u

where
C.(n,7) = Ci(n,m) — Gi(mM; (n)Cs(n,n)
Ciln,m) = Gy
Ge(n) = G(n) - Gi(n)
Ge(n) = Ge(mTH(n)J ™

and both G.(n) and G.(n) vanish at n = 7.

Proof. To obtain the locked momentum m = G;(n)7 from the original non-integrable
momentum m = G(n)n, we use the momentum decomposition procedure as the fol-
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lowing. Let
Ry = exp(¢é1), Ry = exp(022), Rz = exp(tés)
then, R = R3RyR; and G(n) can be written as
G(n) = R3RyR; EJY(n)
Consider the foliowing matrices

G1 = G(M)ln=(4,0,0), G2 = G (1) ln=(0,6,0)» G3()lr=(0,0.0)

To find 7, we need to calculate the ith column C; of G; for i = 1,2, 3. This way each
C; is a function of a single variable. Note that ¥(n) = ¥(¢,60). By definition, G;’s
can be rewritten as

G1(8) = RiEJT($,0), Gz(e) = R,EJU(0,6), G3(v) = RsEJ¥(0,0)

Setting Gi(n) = [C1(¢), Ca(8), Cs(v)] gives the locked momentum m = Gy(7)7 in
the question (see Appendix B for the symbolic calculation of G;(n)). Clearly, m is
integrable and ¥ = G,(n)n. Calculating 7., we get

U« = mges — (Re3)T + REG — 7

where
Y = Gm+ Gin)i ‘
= Cima)n+ (G(n) — G M ()T ()T a — M7 (n)Cs(n, 7)7]
= [Ci(n, %) — Gun) M7 ()Csln, D)0 + (G(n) = G(n)) ¥ ()] '@
= C'e(n,ﬁ)n+REu— (M¥H(n)J
~where

Ce(n,7) = Ci(m, 1) — Gi(n) M} (m)Cs(m, )
Therefore, 3, takes the following form
?y* =Tmges — (Re3)T - Ce(ﬂ, 77)77 + Ge(ﬁ)‘l’_l(U)J—lﬁ

The weak flat property of the output y, follows from the fact that G.(n) vanishes at

Corollary 5.11.3. After applying the changé of coordinates

21 = Yuy 22 = 3,?*
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the dynamics of the helicopter in (5.62) transforms into

2:’1 = 23

Z.Q = mge3 - (Re3)T + A("?) V) ﬂ) (5 67)

o= v |
M)y = —Cs(n,v)v+¥(n)7a

where the perturbation A is given by
A(n,v,8) = =Ce(n,v)v + Ge(n)a

In addition, assume 3Ly, Ly > 0 : Omas(Ce(n, v)) < Liliv|], am,n(é’e(n)) < Lo|in|l, v, v.
Let & = K,(z,m,v) be a state feedback such that (n(t),v(t),a(t)) is erponentially
vanishing with a rate o1 > 0. Then, A(t) is ezponentially vanishing with a rate
oy = 201 > 0.

Proof. The proof is straightforward and is omitted. O

Remark 5.11.1. Based on the preceding corollary, one can solve the tracking problem
for the unperturbed system with A = 0 and then perform a Lyapunov-based robust
stability analysis for the overall system with a perturbation A.

5.11.3 Nontriangular Normal Form of a Helicopter

The following proposition provides a non-triangular normal form for the first-level
approximate model of a helicopter. This normal form will be used later in chapter
7 for stabilization of the helicopter without decoupling or ignoring the effect of the
input moment on the translational dynamics.

Proposition 5.11.4. Define the state variables and control
z = COZ(I:U)7 51:777 62:’/7 w=1u (5-68)

and assume EQ(T)es = 03. Then, the first-level approzimate model of the helicopter
can be expressed in the following nontriangular normal form quadratic in & and affine
inw
2 = f(2) +qi(&)T + 92(&1, &2, €) + 93(&1, w
& & (5.69)

S = w
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where € = (e, €2,€3)T and f, g1, g2, g3 are defined as the following

o = | 4o, } (5.70)
- 0,
91(61) = i —m_I(R(’f})83) :| (571)
- 0,
92(51;52,6) = LR(”?)E(C)‘I’(”])TCs(U,V)V} (5.72)
- 0,
93(5176) = I R(H)E(G)J‘I’(n)} (5.73)

with the property that gy, g3 vanish at € = (0,0,0)7.
Proof. The proof is by direct calculation and follows from proposition 5.11.1 and
corollary 5.11.2. O

5.11.4 Feedback Linearization of the Unperturbed Model of
' the Helicopter

The dynamics of the unperturbed model of the helicopter is in the following form

T = v
mvy = mge; — (Res)T

2 - mo (5.74)
Jw = —wxJw+Tn

Both the translational and the attitude dynamics of the model of the helicopter in
(5.74) can be linearized as

= v
= w
= Rw

= T

(5.75)

£ a8

where w € R? is the control of the (z,v)-subsystem and 7 € R® is the new control for
the attitude dynamics. The relation between 7, and 7 is given by

=J7r+wx Jw (5.76)

Based on equation (5.75), the relation between the new control w, the thrust 7', and
the normal vector n = Rej is as the following

mges — nT = mw
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From the last equation, one can solve for T' and n as

T = m[lge3 — |
. ges—w (5.77)
k22 frane _—
ngs - ’WH

Assume that the controller for the translational dynamics is a state feedback
w = k(z,v)
Then, the feedback law w = k(z, v) defines both T and n as the following

T(z,v) = m|ges—k(z,v)]] '
ges — k(z,v) (5.78)
”963 - k(.’l?, U)”

We refer to n. = n.(z,v) as the control normal vector.

n(z,v) =

Remark 5.11.2. The reader should notice that the normal vector n = Rej is a function
of the attitude R, while the control normal vector n.(z,v) is a function of the position
and the velocity (for a stabilization problem).

For the stabilization problem, the state feedback k(z,v) is in the form
w = k(z,v) = —cp(x — zg) — Ca¥, Cp,Ca >0

where (z¢,0) is a desired equilibrium point of the translational dynamics. In contrast,
for the tracking problem, one is interested in tracking a trajectory z4(-) in R®. The
control law for the tracking case takes the following form

w:k(i:,f;) = —cp(z—:vd)—cd(v—:bd)—}—:id, Cp,bd> 0

where Z = z — 24 and ¥ = v — 4. Thus, for tracking purposes, the control normal
vector n. = n.(Z,7) is a function of the position and velocity errors. Notice that
‘the stabilization problem is a special case of the tracking problem with (z4, 4, %4) =
(x0,0,0). Therefore, from now on, by n, we mean

= =y geg—k(f,f;)
lges — &(z, D)

To achieve asymptotic tracking, the controller for the attitude dynamics must guar-
antee that the normal vector n = Res asymptotically tracks the control normal vec-
tor n. = n.(Z, 7). However, this does not uniquely determines the desired attitude
R € SO(3) required for such an asymptotic tracking. This problem is resolved in the
next section.
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5.11.5 Desired Control Attitude R; for Position Tracking

The desired control attitude is a rotation matrix By € SO(3) satisfying Rqes = n..
However, this only determines one column of Ry and the other two columns need
to be determined from the trajectory z; and {possibly) the heading direction of the
vehicle. For doing so, let us denote the three columns of Ry by

fc = Rdel
bc = Rdeg (579)
n. = Rges

We refer to f.,b. as the control forward vector and the control binormal vector,
respectively. This terminology is adopted from the names of the three unit vectors in
the Frenet frame for a curve in R® [26]. Given a trajectory z4(-) in R3, the control law
w = k(Z,7) determines n,. To specify Ry, we need to determine f; which is a unit
vector pointing out towards the nose of the vehicle. Let £4(¢) denote a unit vector
tangent to z4(t). Then, the tangent vector ¢4, given by

Vd

tg=——
“ lol

is defined almost everywhere (a.e.) for vy = 24 # 0. Depending on whether n, || ¢,
and/or t4 || e3, or not three situations might arise.

i) n -ty # £1: In this case, there is well-defined {(n., ¢;)-plane. We define f, as a
unit vector in the (n., t4)-plane orthogonal to n, such that f.-¢; > 0. Therefore

td - (nc ) td)’n'c
11— (nc . td)Q,

fc: nctd#il

(where - denotes the inner product of two vectors).

ii) ne-tq = £1 and e3 - ¢4 # £1: These two conditions imply that n, J es, or
Inc - es] < 1. For this case, we define f. as a unit vector in the (n.,es)-plane
such that f. L n.. Thus

es — (ne-e3)ne

— (nc - 63)2’

fe = —sgn(nc-tg) -sgn(ty - e3) Neta = £1,e3-tg # £1

iii) n. -ty = £1 and ez - t; = £1: This is equivalent to the case where n, || t; || e
and the vehicle moves in the vertical direction. For this case, we set
fe=sgn(n. - ta)e;

(e; in the last equation can be_ replaced by any other pre-determined unit vector
which defines a desired heading direction of the vehicle).
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Given f. and n., the control binormal vector is defined as
b = f e X Ne

Now, the three unit vectors f4, by, ng determine the desired control attitude Ry as
Rd = [fm bc,”c]'

5.11.6 Asymptotic Tracking of a Desired Attitude R; € SO(3)

To do attitude tracking, we need to define a meaningful distance between two different
attitudes in SO(3). Let R = [f,b,n], Ra = [fc, be, nc] denote the current and desired
attitudes, respectively. We define the Frenet distance between R, Ry € SO(3) as

Sp(R, Ra) = IIf = fell2+ 11— be[lz2 + {|n — ncl2

On the other hand, there is a well-known function @ : SO(3) = Ry defined as
1
QD(R()) = 51’;1’([ - Ro)

which has similar properties to a norm [16] (“tr” denotes the trace operator over
square matrices). In fact, ¢ satisfies the following triangular-type inequality:

o(R1RL) + o(ReRY) > ¢(RiR}), VRi, Rp, Ry € SO(3)
Defining the distance § as
5(Ry, Ra) = o(R1B3),
the triangular inequality over SO(3) takes a more familiar form
§(R1, Ry) + 6(Rz, Rs) > 6(Ry, R3)

In addition, based on Rodrigues’s formula, the rotation by 8 around a unit vector k
~ is given by

R(k,0) = I +sinfk + (1 — cos §)k> (5.80)
Thus
o(R(k,8) =1~ cos(6) <2

In other words, ¢ : SO(3) — [0, 2]. We prove that the Frenet distance d7(R, Rq) and
©(RRY) are equivalent upto a constant multiplicative factor. As a distance measure
between two SO(3) matrices R and Ry, p(RRJ) has been effectively used for satellite
attitude control [16] and helicopter motion planning [31].
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Lemma 5.11.1. Let
(R, Ru) = o(RRE) = Str(l ~ RR])
Then & and 0p satisfy the follounng identity
§r(R, Rg) = 40(R, Ry)
Proof. We have

Sp(R,Rs) = Lo, |I(R— Ryeill
S22 ef (R — Ry)T(R — Ry)e;
S>3 €T (2I — RRY — RIR)e;

= tr( — RRY) + tr(I — (RRY)T)
= 2tr(I — RRT) = 45(R, Ry)

O
From now on; we only use 6(R, Rq) as a distance measure instead of the Frenet
distance 6. Note that §(R,R;) = 0 & R = R4 Since ¢ > 0, the main idea in
attitude tracking is to design w, as the control input for the attitude kinematics, such
that § < 0,Vé > 0. Before presenting our control design for attitude tracking, we
need to define some notations. Let (A, B) denote the inner product of two 3 x 3
matrices A, B defined as

1
(A, B) = §tr(ATB)
Then, for two skew-symmetric matrices &1, &z, we have
(1, 80) = 01 - 0, (&, &) =[]

where - denotes the inner product of vectors in R3. Notice that any matrix A can be
decomposed as

A = skew(A) + sym(A)

where

_ AT T
A ) - A2

skew(A) =

Keeping this in mind, the main property of the distance 6(R, Ry) is given by the
following lemma [16].

. 1
Lemma 5.11.2. Let wg = (RYR,)Y, then 6(R,Ry) = §tT(I — RRY) satisfies the
follounng property '

§ = skew(RRT)Y - (w — wy)
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(¥ over skew-symmetric matrices denotes the inverse of the hat operation * ).

Proof. By direct calculation, we have

§ = —su(S(RED)
- .-%m(R@E§-+Rw§R§)
_ —%tr(R(d) ~ &4)RY)
_ —%tr(RgR(dJ )
- —%tr((skew(RgR) +sym(RIR))(@ — @q))
= —%tr(skew(R:{R) (@ —@q))
_ %tr(skew(RRg“)T(a} — @)

= (skew(RIR), (& — &y))
= skew(RIR)" - (w — wy)

and the resﬁlt follows.
The following proposition is a direct result of lemma 5.11.2.

Proposition 5.11.5. The state feedback law
w = Kp(R, Rg,wy) 1= wy — coskew(RdTR)v, co >0
(almost) globally asymptotically stabilizes the equilibrium § =0 of
0 = skew(RIR)Y - (w — wy)
Jor all 5(0) # 2. In other words, w = Ky, renders R = Ry for
R=Ro
(almost) globally asymptotically stable given that R(0) € SO(3)\ 8SO(3) where

8S0(3) = {R € SO(3) | 6(R, Ry) = 2}

Proof. For the closed-loop system

6 = —col|skew(RTR)V|2 < 0

181



for § > 0. Now, we need to show that skew(RZ R)" = 0 implies § = 0. For doing so,
observe that skew(RITR)Y = 0 implies RT R is a symmetric matrix, or

RTR = (RTR)T € SO(3)

The only symmetric matrices in SO(3) are I and I + 2k? where k is an arbitrary
unit vector in R? (this follows from Rodrigues’s formula). But RTR = I + 2k2
means § = (R, Ry) = 2 and this contradicts the assumption that §(0) # 2. Hence,
RTR = I is the only acceptable solution for skew(RJ R)" = 0 which implies R = Ry,
or § = 6(R,Ry) = 0. In other words, the only invariant equilibrium is § = 0 that
proves (almost) global asymptotic stability of 6 = 0 for 6(0) < 2. This is equivalent
to (almost) global asymptotic tracking of R = Ry for R(0) ¢ SO(3). O

Remark 5.11.8. All the matrices in 8S0O(3) are obtained by rotation of R; around a
unit vector k by 8 = 7 (see (5.80). Therefore, to satisfy R(0) ¢ dSO(3) in propo-
sition 5.11.5, one can perturb the initial condition R(0) via multiplying R(0) by the
rotation matrix R(k, €) defined in (5.80) that slightly rotates R(0). In practice, due
to measurement noise and round-off errors, it is unnecessary to apply such an initial
perturbation by a small rotation angle around k.

We restate the following lemma from [16] based on the notation and application
of interest in this work. '

Lemma 5.11.3. ([16]) For any 0 < € < 2, there exist positive constants dy,dy > 0
such that ¢(Ry) < 2 — € implies

di [|skew(Ro)"||” < (Ro) < daf|skew(Ro)*||*

This helps us to prove that the state feedback law in proposition 5.11.5 exponen-
tially stabilizes R = Ry.

Remark 5.11.4. This result in a more general form on Riemannian manifolds has been
proven by Bullo [16], however it is crucial to emphasize the result for the special case
~of SO(3) matrices due to its important applications in attitude control of helicopters,
aircrafts, satellites, spacecraft, and underwater vehicles. In addition, in [16] addi-
tional dissipation functions are used for attitude tracking/stabilization. Therefore,
the control laws obtained here are slightly different and simpler than the ones given
in [16].

Proposition 5.11.6. The state feedback law
w = Kgr(R, Ry, wq) = wg — coskew(RIR)", ¢o >0
(almost) globally ezponentially stabilizes R = Ry for

R=R&
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for all the initial conditions R{0) € SO(3)\ 0SO(3) where
9S0(3) = {R € SO(3) : (R, Ry) = 2}

Proof. For all R(0) € SO(3)\8S0(3), 6(0) = p(RRY) < 2. Setting e = (2—6(0))/2,
based on lemma 5.11.3, we have

6 = —co|skew(RIR)Y||2 < —codid = —6

Therefore, § = 0 is globally exponentially stable for all initial conditions §(0) €
[0,2—60],0<€0<<1. O
Remark 5.11.5. In the following, we provide the interpretation of the (almost) global
exponential attitude tracking control law in proposition 5.11.6 in terms of Rodrigues’s
rotation matrix R(6,k). For doing so, let

Ro(6,k) := RZR

Then, 5: go(RgR) = p(Re(6,k)) =1 — cos(f) and
§ = skew(RIR)" - (w — Wd)'
where
skew(RY R)Y = skew(Ry(9,k))” = sin(d)k
Therefore, the control law in proposition 5.11.6 can be expressed as
w = wg — cosin()k
which means § satisfies the following equation
6 = —cosin?(6) = —co(1 + cos(9))é

If for some 0 < € < 1, ¢(Ry) € [0,2 — ¢, then |#] < 7 and there exist dy,d, € (0,2]
such that '

di <14cos(f) <dy =2
As a result, we get
6. S_ —cod15 == 605

which guarantees (almost) global exponential stability of 6 = 0. Apparently, if ini-
tially 6(0) = @(Ro) = 2, § = 7 and 6 = 0. The stable solution in this case is
§(t) = 2,V¢t > 0 and thus 0 does not converge to zero. Furthermore, substituting
§ =1 — cos(f) in the differential equation of ¢ gives

b= —sin(8), be (—m,m)
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which has an exponentially stable equilibrium point ¢ = 0. Two possible Lyapunov
functions for this system are V =6 or V =1 — cos(d) = 6. Here, we prefer the latter
one due to its direct relation with the distance function 4.

Having a stabilizing state feedback w = Kp, using the backstepping procedure,
the controller for the composite system can be obtained in a straightforward way.

Proposition 5.11.7. Consider the aititude dynamics of a helicopter as the following

R = Ro,

P (5.81)

Then, the static state feedback law
7 = Ko(w, Rywg, Ry) = —¢1{w — wa) — clcoskew(RgR)V +Kpg; ¢g,¢1 >0 (5.82)
where

Kr = wq— coskew(RT R — 0z RIR)Y
we = (Rng — )"

achieves (almost) global asymptotic tracking for the solution Ry, wa) of the closed-loop
system. In addition, the following positive definite function

1
V = 2¢c10(R, Rg) + —2—|]w — KR||2

is a vald Lg)apunov function for the system.

Proof. Calculating V, we get

V = 2co016 — c1(w — wy + coskew(RIR)Y) - (w — wy + coskew(RI R))
= —aclskew(RRZ)"|3 ~ aillw — will3 < 0

for (R,w) # (Ra,wa), because ||skew(RIR)V|| =0 < 6(R, R]) = 0. Thus, § = 0 (i.e.
'R = Ry) and w = wy are (almost) globally asymptotically stable for the closed-loop
system, given that §(0) # 2. ' O

Here is our main result for the trajectory tracking/stabilization (in position) for
an autonomous helicopter:

Theorem 5.11.1. Consider a trajectory z4(-) as a curve in R® with an associated
attitude Ry(-). Assume Ly := ||Z4ljc < oo and denote z = col(Z,7). Then, there
ezists o closed ball B, = {z € R® | ||z|| < r} around z = 0 and a finite time {; > 0
such that given the state feedback law

T = wx Ju— Jei(w — wq) + crskew(RER)Y — wq + coskew(RY R — &4RT R)Y]
T(%,7) = mlges — k(z — 24,v — va)||
' | . : (5.83)
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the tracking error z(t) in position and velocity, for the closed-loop system, globally
ezponentially converges to B,, 1.e.

dtg, Ag,dp > 0 : HEan HZ(t) — pH < dy exp(—/\g(t - to)), Yt >t
pCor

and remains in B, thereafter. In addition, the total tracking error (Z,7,0,®) (almost)
globally asymptotically converges to zero, given that 6(0) # 2.

The following theorem, introduces a high-gain nonlinear controller for the approx-
imate model of the helicopter with T,w as the input. This controller achieves an
(almost) global exponential tracking of feasible trajectories for a helicopter.

Theorem 5.11.2. Consider a trajectory z4(-) as a curve in R® with an associated
attitude Ry(+). Assume Ly = ||Z4]|oo < 00 and denote z = col(Z,7). Then, there ezist
a finite time ty > 0 and a positive constant c* > 0 such that gien the state feedback
law

w = wq— coskew(RER)Y, ¢y >0

T(z,0) = m|ges —k(z —zg,v— va) | (5.84)

~ for all cg > c*, after time t,, the tracking error (2(t),8(t)) for the closed-loop system,
~ (almost) globally ezponentially converges to zero, given that §(0) # 2.

‘We need the following lemma, before presenting the proof of the last two theorems.

Lemma 5.11.4. Assume Ly = ||Z4]lc < 00 and denote z = col(Z,¥). Then, there
exists a closed ball B, = {z € R® : ||z|| < r},7 > 0 around z = 0 in the form and a
positive constant C1 > 0 such that the thrust state feedback T(z) = T(Z,0) in (5.83)
satisfies the following properties: :

i) |T(2))| < Chll2ll, ¥z € (R°\ B,),
#) IT(2)|| < Cir, Yz € B,.

Proof. Let ¢, := max{cy,cq} > 0. Since k(Z,0) = —¢p% — ¢c4¥ + %4 and T(Z,7) =
milges —k(Z,v)||, the thrust feedback T'(z) = T'(Z, U) satisfies the following inequality

IT(2)]] < mlg + La) + V2enliz]))

due to ||Z]] + [|9]| < v2||z||. Setting r = r(cm) := (g + La)/(emV/2), we get
ITG) < 5Cu(r + el

where C; = 2v/2mcy,. Thus, for all ||z|| > r, |T(z) < Cillz|| and for all ||z < r,
IT(2)]| < Cyr. | n
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Proof.(theorem 5.11.1) Denote £ = £ — z4 and ¥ = v —v4. The closed-loop dynamics
of the helicopter in (5.74) can be written as the following

= ¥
—ges + Rd€3T(§, 27) +A
= Rw

= u

30 BFCTE S TR

where the perturbation A € R? is given by
1
A =—(R— Ry)esT(Z,)
m
Calculating the upper bound of A, we get
1 X~
1Al < —Il(B — Ra)es[|[ (2, D)
but ||(R — Ra)es|| < r(R, Ry) = 46(R, Ry) and therefore

A] < Co8(R, R)|IT(2)]

where z = col(%,7) and C, := 4/m. Defining the new perturbation A = col[0, A], the
closed-loop translational dynamics in z-coordinates can be written as

i=Az+A (5.85)

where
_ 03 I3
A= { —CpI3 —Cdfg :|

is a Hurwitz matrix and z € R®. Consider the Lyapunov function V(z) = 27 Pz where
P is the symmetric and positive definite solution of the Lyapunov equation

ATP+PA= -1
For all z ¢ B,, we have
V o= =22 +27PA

< |2l + 2Amas (P) |2 I (2) [ 101
< =221 = 2V2Amaz (P)C1C28)  (by lemma 5.11.4 and the property § > 0)

On the other hand, § = 0 is exponentially stable for the attitude dynamics, thus
3t > 0: 8(¢) € [0, 0], VE > to with

1 1
42 mas(P)C1Cy  64cmAmas(P)’

To i= Cm = max{c,, cg} > 0
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This implies that for t > ¢, V < —0.5V and therefore any solution z(t) outside
the ball B, exponentially converges to B, and remains in it thereafter. Since with
§ =0, A =0 and z = 0 is globally asymptotically stable for z = Az, from Sontag’s
theorem on stability of cascade systems (see [83], or theorem 7.3.3 in chapter 7),
(z,6,@) = 0 is (almost) globally asymptotically stable for the closed-loop system
given that §(0) # 2. A ' O

Proof.(theorem 5.11.2) Based on the proof of theorem 5.11.1, after some finite time
to > 0, the position and velocity tracking error z(¢) enters a closed ball B, around
z = 0 exponentially fast and remains in it thereafter. From lemma 5.11.4, over B, we
have ||T(z)|] < C3 := Cir. From proposition 5.11.6, 6 < —Zyé where & = cgd; and
d; > 0 is a constant. Defining

W(z,é) =V(z) + %(52

and keeping in mind that 4 > 0, we get

W = —||z]|® + 2 PA+ 66
< —|2]|? + 2rCihmac (P)]]2]|8 — 26>
< —3llel? - @ - 27 (P

where the last inequality is obtained from
2

k
kab < la® + —b% .
ab_la+4lb

with a = iz]|, 6 = 8,k = 2rC1 Amez(P),1 = 1/2. Notice that Cy := r(cm)Ci(cn) does
not depend on ¢,, and is a constant because

g+ Lg

Cy=rC = 2V2mem) = 2m(g+ L
4 1 \/§cm( ) (g+ La)
.Taking
1 1
Go > ¢ = (20%)2 (P 2
Co CO ( 04 maz( )+4/\ma$(P))
or ¢y > c* 1= gy/dy, we get
. 1 1
< a2 = 2
W< =3l -
< e PP+ 26
—_ 2Amax(P) o z 2
1
<
S o



and therefore W = 0, or (z,8) = 0 is exponentially stable over B,. This implies
(2(t),6(2)) (almost) globally exponentially converges to zero, after some finite time
o > 0, given that 6(0) # 2. O

5.11.7 Thrust for Exponential Attitude Stabilization

For exponential attitude stabilization regardless of how the position in (e1, e3)-plane
changes, one has to use a different control law for the thrust T' than the one given
before (for tracking/stabilization of the position). This situation arises during doing
- a maneuver from a (normal) hover mode to an (inverted) upside-down hover mode.
This is equivalent to having no motions in the e3 direction, thus

el (Re3)T = mg

or
mg
€§1R€3

T =T(R) =

However, the denominator in the above ratio vanishes as Res passes through a hori-
zontal plane where the roll angle is £7/2 and T — oo. This singularity is inherent in
the dynamics of the helicopter and is impossible to avoid regardless of any parame-
terization of the attitude [31]. To avoid this problem, we suggest to apply a saturated
thrust given by

T = Tnazsat (T Trnaz)

where Tz > 1 is a pre-specified maximum thrust. This results in a slight drop
of the height of the position of the helicopter in the es direction during performing
this particular maneuver (or in general, any maneuver passing through § = /2 or
¢ = w/2). Still, the main controller for stabilization of the attitude remains the same
as in proposition 5.11.7 (with wy = 0). Notice that both T and 7 are independent of
(z,v) in this case.
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Chapter 6

Reduction and Control of
Underactuated Nonholonomic
Systems

This chapter is devoted to reduction and control of underactuated mechanical sys-
tems with nonholonomic first-order constraints and symmetry. A variety of real-life
control systems including Car-type Vehicles, Mobile Robots, Surface Vessels, and Au-
tonomous Underwater Vehicles (AUV) are examples of underactuated control systems
with nonholonomic velocity constraints. All of these examples of nonholonomic sys-
tems possess certain symmetry properties, i.e. their kinetic energy, potential energy,
or both are independent some configuration variables. This motivated us to focus
mainly on reduction and control of nonholonomic systems with symmetry.

Our main theoretical result is that an underactuated system with first-order non-

. holonomic constraints and kinetic symmetry can be reduced to a well-defined reduced-
order Lagrangian system in cascade with the constraint equation. Depending on
whether the number of control inputs and constraint equations is less than or equal
to the number of configuration variables, the reduced Lagrangian system is fully-
actuated or underactuated, respectively. We present a number of examples with de-
tailed reduction process. Namely, a rolling disk, a mobile robot [5], a dynamic model
-of a car, and the snakeboard [50]. Moreover, (almost) global exponential stabilization
and tracking for a two-wheeled mobile robot is provided in great details.

Based on a result due to Brockett [15], there exists no smooth static state feedback
that asymptotically stabilizes a mechanical system with first-order nonholonomic con-
straints to the origin. As a consequence, a two-wheeled nonholonomic mobile robot
(Figure 6-2), cannot be asymptotically stabilized to the origin using a smooth feed-
back. Due to Astolfi [5], this mobile robot can be stabilized using a discontinuous

~ change of coordinates and a discontinuous static state feedback. Our contribution
is to introduce a smooth dynamic state feedback which achieves global exponential
stabilization/tracking to a point/trajectory that is € far from the desired equilib-
rium/trajectory (¢ < 1) for a two-wheeled mobile robot. This is based on the use
of a new class of diffeomorphisms parameterized by A that we call call near-identity
diffeomorphism. A near-identity diffeomorphism is equal to an identity function when-
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ever \ vanishes. In addition, for all ), a near-identity diffeomorphism remains within
a distance X of an identity function. The dynamic state feedback is designed such
that A(t) — € as t = co and A(0) = O(1).

6.1 Nonholonomic Systems with Symmetry

This section is devoted to reduction of underactuated mechanical systems with non-
holonomic first-order constraints and symmetry. In the following, we precisely char-
acterize a broad class of underactuated nonholonomic systems of interest by giving
three assumptions.

To begin, consider a Lagrangian system with an n-dimensional configuration vec-
tor g, force matrix F(g), and m nonholonomic first-order constraints as the following

doL oL T
G =W (@A + F(g)T (6.1)
Wi(gg = 0

where A € R™ is the vector of Lagrange multipliers, 7 € R’ is the control input,.
| = rank(F(g)), and m+1 <n. Duetom > 1,1 < (n— 1) and the nonholonomic

system in (6.1) is an underactuated system. The term W7(g)A in (6.1) represents

the effect of the constraint forces [64, 11, 8, 48]. This is based on the principle of

virtual work which states “the constraint forces do not work on motions allowed by

the constraints”. The principle of virtual work is an axiom of mechanics.

Remark 6.1.1. The last condition that m + 1 < n is one of the main conditions that
distinguishes this work from the result of Bloch et al. in [11] on reduction of Caplygin
‘control systems. In that work, it is assumed that m + [ > n. Later, we show this
assumption leads to over-actuated or fully-actuated reduced systems.

Assumption 6.1.1. Assume W (g) has full row rank. Then, g can be partitioned
as (q1,¢gz) such that W(g) = (Wi(q), Wa(q)) where Wi(g) is an invertible matrix.
Therefore, the constraint equation in (6.1) can be rewritten as

W1(q)d1 + Wa(g)ga =0 (6.2)

Assumption 6.1.2. Assume M(q), F(g), W(q) are all independent of ¢;.

Assumption 6.1.3. Assume the potential energy is in the form

Vig) =k a1+ Ulg) (6.3)
where k£ € R*™™ is a constant.

Remark 6.1.2. Under Assumption 6.1.3 with k = 0, the notions of kinetic symmetry
and classical symmetry coincide. Therefore, by saying “symmetry”, we refer to both
of these notlons.
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Remark 6.1.3. Broad classes of mechanical systems with nonholonomic velocity con-
straints including mobile robots, car-type vehicles, surface vessels, rolling disk, Caply-
gin control systems [64, 11], and the snakeboard system [50, 9, 49, 73, 74] satisfy
Assumptions 6.1.1 through 6.1.3. Moreover, all the aforementioned examples of non-
holonomic systems are underactuated.

Under assumptions 6.1.1 through 6.1.3; the dynamics of the underactuated non-
holonomic system in (6.1) can be expressed as

doL oL ..
d_ta_cj_ a—q =W (QQ)/\—l-F(qQ)T

Wilg2)dr + Walge)da =0

(6.4)

Nonholonomic systems in the form (6.4) (with F'(g) = 0) are called Caplygin systems
[64]. Caplygin control systems in the form (6.4) were first introduced by Bloch et
al. in [11]. To eliminate A from (6.4), one can multiply both sides of the forced
Euler-Lagrange equation in (6.4) by a matrix A(g) that annihilates W7 (q) [11], i.e.
A(q)WT(g) = 0. For doing so, let us define ‘

wiz(ge) = — Wi (g2)Walg2)

then ¢ = D(q3)g> where
Dl = [ 220

By direct calculation, it can be readily shown that A(gs) = D7(g,) annihilates
W7T(gq,). This eventually leads to the following reduction theorem for underactuated
nonholonomic systems with symmetry.

Theorem 6.1.1. Consider the underactuated mechanical control system with non-
holonomic constraints and symmetry in (6.4). Then, system (6.4) with (2n + m)
first-order equations can be reduced to a system of (2n — m) first-order equations in
the following cascade form

Mr(Qr)q'r + CT(qT) q.T)QT + Gr(Qr) = Fr(q'r)T

where (Q:mqr) = (qla QZ); wT(QT) = le(Qz), and

M:(¢:) = D(g2)"M(a2)D(g)
Gr(qr) = wg(qr)k + Vqu(q'r)
Fg:) = D'(q:)F(g)

In addition, if V(q) = U(ga) (or k = 0), the reduced system is a well-defined La-
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grangian system with configuration vector ¢, = gz and Lagrangian function

LM @) - Ul) (6.6)

‘CT(Q‘T? QT) = 5

which satisfies a forced Fuler-Lagrange equation in cascade with the constraint equa-
tion as the following

p 8[_’,qz =8% (QT)dT
- — L = FT(QT)T

d (6.7
dt 9q, g

Moreover, if |+ m < n (or I +m = n), the reduced system with configuration vector
g- s an underactuated (or a fully-actuated) mechanical control system.

Proof. The forced-Euler-Lagrange equation in (6.4) can be rewritten as

M(g)i + Clg2,4)q + G(g) = WT(g2) A + Flgo)7 (6.8)

where C/(gs, ¢) satisfies M = C' + CT and G(q) = V,V (g). Multiplying both sides of
the last equation by A(gs) = DT(g,) eliminates A and gives

D" (g2)M(g2)G + D™ (g2)C (g2, 9)d + Gr(q) = Fr(go)7 (6.9)
where F,(g2) = DT(g2)F(gs) and

Grla) = DT@)6@ = (e 1] | 92 | = whimlk + VoU(e) = Grla)

On the other hand, § = D(g2)¢» implies that

§ = D(q2)d2 + D(gz, d2)do

-Substituting ¢ from the last equation in (6.9), we get

D7 (g5) M(92)D(g2)dz + [D7(42)C (g2, ) D(g2) + D" (q2) M (g2) Dl + G (q2) = Fy(g)7

which after renaming ¢, = ¢ can be equivalently rewritten as

M (g-)dr + Cr(ar, dr)dr + Gr(gr) = Fr(gr)7 (6.10)

where
M.(g:) = D7(g)M(22)D(g2) _ (6.11)
Cr(gr,Gr) = DT(0)C(g2, D(22)d2)D(g2) + D" (g2) M (g2) D(ga, ¢2)  (6.12)

To establish that (6.10) is in fact equivalent to the forced Euler-Lagrange equation
for the reduced system with the Lagrangian function L.{g,¢,) and the force matrix
F.(q:), we need to prove Cy(gr, -) satisfies M, = C; + CT. By direct calculation, we
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have

M, = D*MD+D*MD +D"MD
= DYC+CTYD+D"MD+DTMD
= (DTCD + DTMD) + (DTCTD + DT MD)
= C.+CT |

and the result follows. )

Remark 6.1.4. Since the Lagrangian reduced system in (6.7) with the reduced con-
figuration vector ¢, and the reduced Lagrangian £, is itself an underactuated system
for m + 1 < n, its reduction process can be addressed based on the reduction theory
developed in Chapter 4 of this thesis. Also, the case of m + [ = n is presented in
corollary 6.1.1.

Many well-studied cases of nonholonomic systems including the rolling disk, a one-
legged hopping robot in free-flying mode [51, 63], a two-wheeled mobile robot {5], and
a planar three-link diver {22, 32] are special examples of underactuated nonholonomic
systems considered in theorem 6.1.1 which all possess a fully-actuated reduced system.
We formalize this special case in the following corollary (which has also been found
independently in [11]).

Corollary 6.1.1. Consider the underactuated nonholonomic system in (6.4). As-
sume the number of inputs and constraints add up to n, 1.e. m+1=n. Suppose that
g2 1s actuated and the system has non-interacting inputs, i.e. F(q) = col(0, F5(g0))
where Fy(qa) 1s an invertible matriz. Then, there ezists a change of control input that
transforms the dynamics of (6.5) (or (6.4)) into the following nontriangular normal
form with a vector double-integrator linear part '

2 = f(&, &) =w (&)
&L o= & (6.13)

& = u

Proof. Notice that F.(q.) = DT(q:)F(q2) = Fa{qz) and thus F, is invertible. After
renaming the variables as z = g, & = ¢, & = ¢, and applying the change of control

T = F7 g ) (M, (g, )u + Cr(Gr, 4 )dr + Grlar))

we get ¢, = u and the result follows. O

6.2 Applications to Nonholonomic Robots

In this section, we provide applications of the theory developed in the preceding sec-
tion for reduction and control of several examples of nonholonom1c systems mcludmg
Caplygm systems and mobile robots.
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6.2.1 A Rolling Disk

A vertical rolling disk (see Figure 6-1) which is not allowed to slip is an example of
mechanical system with nonholonomic velocity constraints. These constraints can be
expressed as

& = rcos(f)p
g = rsin(9)¢

To view the rolling disk as a control system, assume the rotation angle ¢ and the

zZ

Figure 6-1: A vertical rolling disk

heading angle & of the disk can be controlled using torques 71 and 75, respectively.
The Lagrangian of the rolling disk with configuration vector ¢ = (z,y, ¢, ) is

L= %q‘TMq'

with a constant inertia matrix
M= dla‘g(m) m, Jl) JZ)

where m is the mass of the disk and J; and J; are the inertia of the disk. Thus, the
rolling disk is a flat underactuated mechanical system with actuated variables (g, §)
and unactuated variables (z,7). The constraint equation is in the form W{q)g = 0
with '

|1 0 —rcos(f) O
Wie) = 0 1 —rsin(d) 0

Apparently W(g) has full row rank. Setting ¢; = (z,y) and g2 = (i, 6), one obtains
W1(g2) = Ipxe which is an invertible matrix. Since the number of controls and
constraints add up to n = 4, based on theorem 6.1.1, the reduced system for this
underactuated nonholonomic system is a fully actuated system. The configuration
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of the reduced system is ¢, = (p,8) and the overall dynamics of the system can be
expressed as :

z = rcos(d)¢

y = rsin(8)¢ (6.14)
¢ =u '

g = U9

where u; = 7;/J;, 1 = 1,2. The reduced system of the rolling disk is a vector double-
integrator ¢, = u (v = (uy,uz)T). Controllability of the vertical rolling disk has been
addressed in [11, 49]. ' .

Assume the input controls of the system are ¢ = w; and § = w,. Then, after
normalization of (z,y) units by r, the kinematic model of the rolling disk can be
written as

z = cos(f)wy
g = sin(flw (6.15)
g = Wa

Applying the following change of coordinates and control for 8 € (—7/2,7/2)

Ty, = T

zo = tan(f)

T3 = Y

v1 = w/cos(f)

vg = wy/(1+ tan?(6)

the kinematics of the rolling disk in (6.15) transforms into a first-order chained-type
nonholonomic system as the following '

T = u
.’fg = 92 (616)
$'3 = T2V

This is a special case of the general chained-type system in (2.8). Exponential sta-
bilization of nonholonomic systems in the chained-form (6.16) using a discontinuous
state feedback is addressed in [4]. Also, a homogeneous time-varying state feedback
is used in [60, 59] for local exponential stabilization of such chained-form systems.

6.2.2 A Nonholonomic Mobile Robot

Consider the mobile robot depicted in Figure 6-2 [5, 4]. The robot has two rolling
wheels that can be controlled independently using input torques. It is not difficult
to see that the dynamics of this mobile robot is exactly the same as the vertical
rolling disk in equation (6.14). Clearly, the same arguments hold for the mobile robot
and using a change of coordinates and control the dynamics of this mobile robot
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can be transformed into the chained-form system (6.16). Exponential stabilization

y

Figure 6-2: A mobile robot

of this mobile robot using a discontinuous change of coordinates and a discontinu-
ous state feedback (both with singularities at the origin) has been addressed in [5].
Other researchers have tried time-varying and discontinuous state feedback or bath
to stabilize similar classes of nonholonomic systems [76, 19, 60]. Based on a theorem
due to Brockett [15], systems with first-order nonholonomic constraints cannot be
asymptotically stabilized using a C! smooth state feedback.

We propose a new approach for tracking and stabilization of this mobile robot us-
ing a smooth time-varying change of coordinates and a smooth dynamic state feedback
law that globally exponentially stabilizes the system to an equilibrium point arbitrary
close to the origin (i.e. within a distance € of the desired equilibrium for € < 1). To
make this more precise, we need to define new notions of asymptotic stability and
tracking. This is done in section 6.3. The details regarding stabilization and tracking
for the two-wheeled nonholonomic robot are presented in section 6.4.

6.2.3 A Car

In this section, we address reduction of a dynamic model of a car as shown in Fig-
‘ure 6-3. The kinematic model of a car is a more common model of a car that has
been studied in the literature [63]. This includes steering using sinusoids [63] and
stabilization using discontinuous state feedback of the type used for a two-wheeled
mobile robot [4]. Here, we take a different approach that later allows us to apply
our reduction result for a car, to locomotion control design for the snakeboard [50].
The snakeboard is a complex nonholonomic system with certain similarities to a car
and will be discussed in the next section. A dynamic model of a car is an example
of an underactuated nonholonomic system with five degrees of freedom, two con-
trols, and two velocity constraints corresponding to the rear and front wheels. Let
q = (z,9,0,%,¢) € SE(2) x ST x S' denote the configuration vector of a dynamic
car. The position of the middle of the rear wheels of the car is denoted by (z,y), the
orientation of the body of the car is denoted by 6, the angle of rotation of each wheel
is denoted by 7/, and the orientation of the front wheels w.r.t. the body is denoted
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Figure 6-3: The model of a car.

by ¢. The velocity constraints for the front and rear wheels are as the following

sin(@ i—l— é) - %(ax +lcosf) — cos(f+ @) - %(x +lsinf) = 0 (6.17)
sin(@) - £ —cos(f)-y = 0 (6.18)

or equivalently

Sin(6 + ¢)& — cos(6+ ¢)y — lcosdd = 0O © (6.19)
sin(f)t — cos(8)y = 0 (6.20)

These two constraints can be rewritten as W(q)g = 0 where W = (W1, W) is par-
titioned according to ¢, = (z,v) and ¢, = (6,1, ¢). The matrices Wi, W, are given
by.’

sin(6 + ¢) —cos(f0+ ¢)
sin 6 —cosf

W6, 6) = ~lcos¢p O OJ’

}’Wz(g"b):[ 0 00

Notice that Wi(0, ¢) is not invertible at ¢ = 0. We have

- 0 0
D)

where p1, po are defined as

lcos@
pl(gy ¢) =

fang (6.21)
:02(97 ¢) = ta,nq5
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Thus, from wy2(gq), D{(gq) can be obtained as the following

D(q) = D(9,¢) =

O O OO
_o oo O

Later, we use D(g) to calculate the reduced inertia matrix M,(g,). The Lagrangian
of a dynamic car is as the following

L = %m[(z - %sin(é’)é)2 + (7 + %cos(&)é)z]
+ G200 + ST+ g + 2RI+

where m is the mass of the car, J, is the inertia of the body, J, is the inertia of each
wheel along a horizontal axes, and J, is the inertia of each wheel along the vertical
axes. After some simplification, the Lagrangian can be expressed as

m 0 —(ml/4)sin6 0 0
1 0 m (ml/4) cos® 0 0
L=2¢"| —(ml/4)sind (ml/4)cosh Jy 0 2J, | g
2 0 0 0 274 (2 + tan2(g)) 0
0 0 2J, 0 2J,
(6.22)

where Jy = J, + 4J, + ml?/4. The differential-algebraic equations of motion for the
dynamic car are as the following

- - vl [32][:]

/\\2 ngg T2 (623)
W(gg = 0

‘where A1, A2 € R are Lagrange multipliers and 71,72 € R are torques applied to
the rear wheels and the steering wheel, respectively. Based on theorem 6.1.1, the
dynamics of the car in (6.23) can be reduced to the cascade of the constraint equation
and a reduced-order Lagrangian system with configuration vector ¢, = (6, v, ¢) as the
following

Mr(%)"jr + Cr(Qr; Q"r)‘jr = FT(QT)T
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where

M,(g;) = DT(q)M(q)D(q)
Cr(ar, Gr)
F.(¢;) = D"(q)F(q)

By direct calculation, we have

Il
S

I\ﬂ
2
o
\tQ_/.
S
+
S

~
=
o

0 0
Flg)=F=110
0 1
and
Jo(9) 0 2J,
Mg)=| 0 2/(2+tan’(g) O
2J, 0 2J,
with
~ 2
o) = Jo-+ i+ ) = P sin(0) = P con(6) = Jy + s

Clearly, the reduced Lagrangian system is itself an underactuated system with three
degrees of freedom (8,1, ¢) and two controls. In addition, (6,) are the external
variables and ¢ is the shape variable of the car. The dynamics of the actuated
variables (¢, ) of the reduced system can be linearized as

b= m
¢ = up

using an explicit collocated change of control in the form
7 = a($)u+ B(4,¢)

where

2Jx(2 + tan®(8)) 23 tan? ()
_ » tan
a(¢) 0 2Ju(1 = —5 Jp tan®(¢)

is well-defined and positive definite for all ¢. From the first constraint equation, one
can solve for 6 to get

6= tan(¢)(cos(8) + sin(6)y)
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From this equation, the overall dynamics of the car can be written as

S . e 8

7 cos(8)4)
rsin(6)¢
7 tan(9)9

U

(6.24)

Ug

where 7 is the radius of the wheel. After normalization of the units of (z,y) by 7, the
‘kinematic model of the car can be expressed as

z = cos(f)wy
g = Sin(@)wl
g % tan(@)ws (6.25)
¢ = w2
where
w1 = Uy, Wy = Ug
Now, applying the following change of coordinates and control (63]
ry = T
S tan(¢)
27 lcos(h)?
z3 = tan(f) (6.26)
Ty = Y )
v; = cos(f)w;
(1 + tan?(¢)) 3tan(6) tan?(e)
V2 = 2 w1
[ cos(8)? 12 cos(6)3

transforms the nonholonomic system in (6.25) into a chained-form system as the

following

T
Ty
z3
Ty

(41
V2
ZaWn
I3V

(6.27)

|

The system in (6.27) can be stabilized using a discontinuous state feedback [4, 47,

or sinusoid inputs [63].
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6.2.4 The Snakeboard

The snakeboard system depicted in Figure 6-4 was first introduced in [50]. In that
work, an experimental study was performed for locomotion of the snakeboard using
different “gait” settings (i.e. a set of sinusoid inputs). The snakeboard example was
one of the main motivations for developing a general framework for reduction of non-
holonomic systems with symmetry on Riemannian manifolds in [9]. Controllability
and motion planning for the snakeboard example as a control system was also consid-
ered in [49] and [73, 74], respectively. Here, we show that the snakeboard system can
be reduced to an underactuated Lagrangian system in cascade with the constraint
equation. Then, we use this representation to prove that locomotion control of the
snakeboard is equivalent to stabilization of a kinematic car.

Figure 6-4: The Snakeboard.

Dynamics and Reduction of the Snakeboard

The configuration vector for the snakeboard is ¢ = (z,y,0,v,¢1,62) € R? x S,
The velocity constraints for the front and back wheels of the snakeboard are as the
following

i(z-}- lcos®) -sin(f + ¢;) — i(:c+ [sin®) -cos(@+¢1) = O

dt dt
d . d )
E(w —lcos®) - sin(6 — ¢) — a(m —Isinf) -cos(f —¢3) = 0
These constraints can be simplified as
sin(d + ¢1) — cos(d + ¢1)y — lcos(¢) = 0 (6.28)
sin(f — ¢2)% — cos(f — ¢o)y + Lcos(¢a)d = 0O (6.29)
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Therefore, the constraints are in the form W (q)¢ = 0 with the constraint matrix W (q)
given by

| sin(@+ 1) —cos(f+¢1) —lcos(éy) O 0 O
Wia) = [sin(é)— $2) —cos(f@ —¢g) lcos(é2) 0 O O}

Partitioning ¢ as ¢; = (z,y) and ¢ = (6,%, ¢1,$2) and defining the vector n =
(6, ¢1,¢2) (i-e. all the variables that appear in W(g)), the constraint matrix W (q)
can be partitioned as (W;, W,) where Wi and W, are defined as

W= | o5 eosto o9 | W= [Ty 0 0 0]

and Wi(n) is invertible except for at isolated points ¢, + ¢y = km, k € Z. Assume
¢1 + ¢2 # k. By direct calculation, we have

_ -1 | A 000
wlZ(n)_ Wl W2_ |:p2 0 O Ojl
where
o = I cos ¢ cos(f — ¢2) + 1 cos ¢ cos(6 + ¢1)
1 . sin(¢; + ¢3) (6.30)
I cos ¢y sin(f — ¢o) + [ cos o sin(@ + ¢1) '
o sin(n + 62)
Hence
"5 00 07
02 0 00
w 1 000
D) =0y = | “E = L0 00
0 010
000 1]

Tt is assumed that the torque 7 = (1,73, 73)T € R® is applied to variables 1, ¢1, o
and the rest of variables are unactuated. The Lagrangian of the snakeboard is in the
form

. 1 .., . 1., 1., . .
L(g,q) = 5m(as2 + %) + 5Jb@? + §Jr(¢ 1 6)?

+ %Jv(gﬁl +6)? + %Jv(qﬂg e
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where Jy, J, and J, are the moment of inertia of the body, the rotor, and the wheel
along the vertical axis, respectively [50]. This Lagrangian can be rewritten as

- . T _ 4 - . =

& m 0 0 0 0 0 i

g 0m 0 0 0 0 g

L _ 1|6 00 Jo J Sy =J, || 6
Lad=3| 4 00 J J 0 0 ¥
b1 00 J 0 J 0 |4

6] Loo -7 0 0 g ][4

with Jp = Jy + Jr + 2J,. Clearly, the inertia matrix M is constant. Thus, the
- Coriolis and centrifugal matrix C(g, §) associated with M vanishes identically. The
algebraic-differential equations of motion for this system is as the following

doL oL . A 033 N
dtdg dq =@ I: Az } T [ Isx3 } [ 72 (6.31)

73

which can be expressed as

mi = /\1 sin(9 + 051) + )\2 Sin(& — ¢2)

my = —A;cos(f+ ¢1) — Aacos(f — ¢y)
Jod + J 1/) + J, ¢1 J, <,752 = —A1lcos ¢y + Aglcos ¢y (6.32)
J, z,/) +J8 = 7 :
Iy ¢1 + J 9 =7
J, 052 = T3

Based on theorem 6.1.1, the reduced Lagrangian system for the snakeboard system
in (6.32) is an underactuated system with configuration vector g, = (8,4, ¢1, ¢») as
the following '

MT(QT)‘?T + CT(QT; q"r)q.r = Fr(QT)T (633)

where

M(g;) = M.(n) = D(n)"MD(n)
Cr(gr,d) = Ci(n,n) =DT(n)MD(n,7)

F.¢) = F.=DY(q)F(q) = [ O1x3 ]

I3x3
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By direct calculation, we obtain the following inertia matrix

Jo(1,é2) Jr T, —J,

J. J 0 0
M:(qr) = J, 0 J, 0
~J, 0 0 J,

where
Jg = Jo +m(g} + p3)
Setting b := p? + p2, we get

2€08° @1 + cos? ¢y + 2 cos ¢ €os ¢y cos(@y + @)
sin®(¢1 + ¢)

which means b > 0 does not depend on 8,%. Thus, M,(¢q.) = M,(¢1,¢2). In other
words, (¢1,¢2) are the shape variables and (6,) are the external variables of the
reduced snakeboard. Notice that 5{(¢;, ¢;) has an isolated singularity at (¢y, ¢s) = 0
(under the assumption that |¢;| < 7/2;i=1,2).

The reduced system in (6.33) has non-interacting control inputs (ie. F, =
col(F}, F?) such that F} = 0). Therefore, using collocated partial-feedback lineariza-
tion, the dynamics of all three actuated configuration variables (v, ¢;,$s) can be
linearized using an explicit change of control in the form

b(¢1, ¢2) =1

7= o(p)u+ B(¢,4r)

where ¢ = (¢1, ¢2) and (@) is a positive definite matrix with a well-defined p.d. limit
as ¢ — 0. After collocated partial feedback linearization, we get

o=
¢3 = us .

This gives the following asymptotic output tracking result for the snakeboard.

Proposition 6.2.1. Denoting & = (¥, ¢1, d2) and & = (7,0, 1, q'Sz), we obtain
61 = 627 52 =U

with u € R3. Let &(t) € R® be a desired C? smooth trajectory for the snakeboard.
Then, the following partial state and output feedback

u=kp(é1— &a) +ha(ba — €) +€ay Fp ka <0

achieves global exponential tracking of the trajectory &; for the snakeboard.

204



Proof. Set ey =& — &, and ey =& — fd. Then
él = €9, ég = kpel —+ kdeg

and the e;’s vanish exponentially. O

Proposition 6.2.1 allows exponential tracking of certain “gaits” or sinusoid inputs
(v, ¢1, $2) for locomotion of the snakeboard [50]. Here, the contribution is that instead
of algebraic manipulation of the equations of motion (6.32) in [50], we propose a
systematic method for reduction and motion generation of a complex example like the
snakeboard which is applicable to higher-order underactuated nonholonomic systems
as well.

Locomotion Control of the Snakeboard

The key to locomotion control of the snakeboard is the invariance of the general-
ized momentum conjugate to 6 in the Lagrangian reduced system of the snakeboard
in equation (6.33). Since, the potential energy of the system is zero and 6 is an
unactuated variable of the reduced system (6.33), the generalized momentum

0L,
98

Ty

= Jo(¢1, 62)8 + Tt + Judy — Juh

is a conserved quantity. Assuming that the system was initially at rest (i.e. had zero
initial velocity), mg = 0,Vt > 0 and

: Jr ; Jy . .
s AT RPRL A AR 6.35
T’ Ty (6.35)

Based on the following assumption, both the last equation and the expression for
p1, p2 in (6.30) can be highly simplified.

Assumption 6.2.1. Assume ¢; = ¢ = ¢ and |¢| < 7/2.

Lemma 6.2.1. Under Assumption 6.2.1, the following equations hold:

i) = lt‘;‘r’f(fg)
p2(8) = ii?((z) | (6.36)
. J- tan(¢)?

- mi2 + Jytan(4)?

In addition, the constraint equation for the snakeboard is equivalent to the following
nonholonomic constraints

sin(6 + ¢)z — cos(6 + ¢)y — L cos(¢)f
sin(0)z — cos(f)y = 0

I
o

(6.37)
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Proof. Setting ¢; = ¢ = ¢, we get

cos(¢1) cos(f — ¢a) + cos(¢s) cos(d + ¢1)
 sin(¢1 + ¢2)
Jc05(8)[eos(9 — 6) + cos(8 + ¢
sin(2¢)

lcos(gb) (2 cos(f) cos(¢))

2sin{¢) cos(¢@)
lcos(6)
tan(¢)

p =1

Similarly, one obtains p, = Isin(d)/ tan(¢). Thus, Jy can be rewritten as

mi?

Jo(¢) = Jo+m(p + p3) = Jp + tan? (@)

From this equation, we have

Gy htani(g)
— Jole)  mi2+ Jptan®(e)

In addition, under Assumption 6.2.1, the velocity constraints for the snakeboard can
be expressed as

sin(f + ) — cos(8 + ¢)y — lcos()d = 0
sin(f — ¢)& — cos(0 — @)y + Lcos(d)d = 0

By adding the last two equations, one gets
[sin(6 + ¢) + sin(6 — ¢)]z — [cos(8 + ¢) + cos(d — ¢)]g =0
which can.be simplified as
cos(¢)[sin(0)z — cos(B)y] = 0
Due to |[¢| < 7/2, the last constraint reduces to
| sin(8)z — cos(f)y =0

and the result follows. O
Notice that the velocity constraints in (6.37) are exactly the same as the velocity
constraints of a car. Roughly speaking, a velocity constraint in the form

sin(f)z — cos(f)y =0

for the snakeboard, implies that the back half of the snakeboard can be removed and
two new virtual wheels can be added to the middle of the snakeboard. These virtual
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wheels must be along the body of the snakeboard with orientation angles 8 w.r.t. the
horizontal axis. This connection between the snakeboard and the car suggests the
following formal equivalence between the two systems.

Proposition 6.2.2. Letq = (z,y,0,%, ¢) € SE(2) xS? x S* denote the configuration
vector of both the snakeboard and the car with one difference. For the snakeboard, 9
denotes the angle of the rotor, while ¢ is the angle of the rotation of the rear wheels
in a car. Then, the kinematic model of the snokeboard and the car are the same
for ¢ # 0 (i.e. the diffeomorphism that maps the configuration of the snakeboard
to the configuration of the car is an identity map). In addition, both the kinematic
snakeboard and the kinematic car can be transformed into a chained-form system as
the following

Iy = n
2= 0 (6.38)
T3z = T2z
.i4 = T3V1
where the diffeomorphism
(xla T2, T3, T4, 11, U?) = T(:C, Y, 97 ¢7w¢7 w¢)
for the snakeboard is given by
Ty = X2
a:. _ tan(¢)
27 lcos(6)?
Ly = tan(é?)
Ty = Y (6.39)
” 1y cos(f) tan(¢)
' mi? + Jp tan?(¢) “
v (1+ tan2(¢))w ~ 3sin(f) tan(4)3J, "
2 lcos3(8) ¢ lcos(8)3(mi? + Jytan®(g) *
and the dynamics of (¥, @) is linear as the following
Vo= wy
9= W (6.40)
Wy = Ui )
d}¢ = Uy
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Proof. The dynamics of the snakeboard with ¢; = ¢ = ¢ can be expressed as

T = ,01(@9:
y = PQ(¢)9J 2(4)
: »tan :
‘?_ T TmiEt g, tan2(¢)¢ (6.41)
b=
¢ = up
where
_ lcos(f) _ lsin(6)
p1(¢) - ta,n(qb) s p2(¢) - tan(gb)
Defining
el tan(g)

" mi? + Jytan?(4)

the kinematic model of the snakeboard takes the following form
= cos(f)up

sin(6)w;

1

7 tan(gb)'wl

= ’U}Q

(6.42)

B e\

with control inputs (w1, ws) € R?. Equation (6.42) is exactly the same as the kine-
matic model of a car with configuration (z,y, 0, $) where w; is the velocity of the
rear wheels of the car and ws is the velocity of the steering wheel. Now, applying
the following change of coordinates and control (which is equivalent to the one in the
question)

Ty =

__ tan(9)

2 lcos(6)3

z3 = tan(6) (6.43)
Ty = Y

v1 = cos{f)u

Vo = i?g

transforms the kinematic model of the snakeboard into the chained-form nonholo-
nomic system in (6.38). O

Remark 6.2.1. Proposition 6.2.2 reduces the locomotion control for the snakeboard
to the stabilization problem for a car which is a rather well-studied problem 63, 4].
This is the first direct evidence between control of a locomotion system and a mobile
system that are both transformable into chained-form nonholonomic systems. In
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other words, this is an example of a case where the locomotion control for a system
reduces to the stabilization of a simple system.

Geometric Interpretation of (p1, po) and the Singularity in the Kinematics
of the Snakeboard

The functions (py, p2) in the kinematics and constraint equations of both the snake-
board and the car have a meaningful geometric interpretation that is stated in the
following. Consider a car with a virtual rear wheel in the middle of the real rear
wheels and a virtual front wheel. The path and geometry of the rear and front vir-
tual wheels for a car are shown in Figure 6-5. For the snakeboard, the front wheels
are the same but the rear wheel is a virtual wheel along the body of the snakeboard
at the center of mass (z,y). If one fixes the orientation of the front wheel at ¢. The

:‘Figure 6-5: The geometry of the paths of the rear and front wheels of the car with a
radius of rotation p.

~car rotates around the center of rotation O. The path of both wheels are circles.
Let p denote the radius of the rotation of the rear wheel located at point p = (z,%).
Then, the velocity v of point p is tangent to the circle (O, p) at p and is obtained by

v=ph (6.44)

Therefore, the vertical and horizontal components of v are

& = pcos(8)8
y = psin(6)8 (6.45)

In other words, setting p; = pcosf and p, = psinf, the components of v satisfy the
following equations

) : , 6.46
7 = pf ' ( )
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From Figure 6-5, we have

Thus, p; and p, are given by

I cos() , :lsin(ﬁ)
tan(g) " ™ tan(¢)

This is exactly the same as the definition of p;, p; for the car and the snakeboard
with ¢1 = ¢ = ¢. Notice that p uniquely determined by the orientation angle of
the front wheel ¢ and does not depend on §. Apparently, when ¢ — 0, p — oo and
p1, p2 — oo. This is equivalent to the fact that 6 is constant (or § = 0) and the radius
p of a straight line is infinity.

Now, let ¢ denote the angle of rotation of the rear wheel with unit radius in the
car. Then, v = p9 = 1), which means

P1=

_ tan(¢)
{

b= J
p

This gives the final equations of motion for the kinematic car as

z = cos(B)v
y = sin(f)v
i — tanl(é) .
b= w

The last system is obtained without any explicit use of nonholonomic velocity con-
straints. However, the fact that the rear and front wheels always move on a circle with
radius p is equivalent to the assumption that the wheels do not slip. The snakeboard
does not satisfy the last equation since it does not have a real rotating rear wheel.
Instead, it has a rotor with angle of rotation 7). The invariance of the momentum
conjugate to 0 in the reduced Lagrangian system of the snakeboard plays the role
of the kinematic equation § = w/p in the car. One can observe that defining the
curvature as k = 1/p, we have

6 = k()Y

where x(¢) is the curvature of the circle of rotation of the rear wheel of the car
corresponding to the front wheel angle ¢. If the rear wheels of the car rotate with a
constant non-zero velocity v, the curvature x(¢) plays the role of the control input
for the motion of the group element (z,y,0) € SE(2).

A rather similar property holds for the snakeboard with arbitrary front wheel and
rear wheel angles (¢1, ¢2). The geometric interpretation of p is shown in Figure 6-6.
In this figure, (71, 72) denote the radii of rotation corresponding to the front and back
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Figure 6-6: The geometry of the paths of the rear and front wheels and the center of
mass of the snakeboard with a radius of rotation p.

wheels of the snakeboard. In addition, p is the radius of rotation of the center of
mass of the snakeboard. This is due to the midsection theorem in planar geometry.
Observe that

p2 — (12 + h?
and the radii of rotation ry, 74 satisfy

2 = K2+ (l+a)?
r2 = A2+ (- a)?

Adding the last two equation gives

2 2
2:7"1+T2
2

— 2

In other words, if 1,72 (or ¢y, ¢) are constant, then p is constant and it is uniquely
determined by ¢1,¢;,I. This means that the geometric path of (z,y) is a circle
centered at O with radius p.

An elementary calculation shows that

. 2l
 tan(¢y) + tan(gs)

From h, the expressions of p,ry, 72,7 can be readily determined as functions of the
shape variables (¢1, ¢2). Particularly, one obtains the following formula for p(¢;, ¢2)

tan(¢1) — tan(¢y))? + 4}

2 _ g2 2 _ (1 _ n'22 2:2(
p*=a"+h*=(l—htan(¢s))’ + h* =1 { (tan(¢;) + tan(g,))2
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It is rather elementary to prove that the radius of rotation p from the last equation
is exactly the same as p = \/p? + p3 for p;, p» defined in equation (6.30).

6.3 Notions of e-Stabilization and e-Tracking

In this section, we define new stability/tracking notions for nonlinear systems called
e-stability /tracking. Consider the following nonlinear system

& = f(z) | (6.47)

where f:R* — R" is a C! smooth function.

Definition 6.3.1. (virtual equilibrium) We say zo € R® is a virtual equilibrium of
(6.47) within a distance € > 0, if there exists an equilibrium z} of (6.47) that is within
a distance € from o, l.e. Jz5 € R* : f(z5) =0, |z — 20| < e. We call z} the adjacent
equilibrium to zg.

Definition 6.3.2. (e-stable virtual equilibrium) We call z; an (exponentially or asymp-
totically) e-stable virtual equilibrium of (6.47), if there exists an adjacent equilibrium
Ty within a distance € > 0 from 1z, that is (exponentially or asymptotically) stable
for (6.47) in the sense of Lyapunov.

We are interested in considering the solutions of (6.47) under specific classes of
parameterized transformations where the notion of e-stability of solutions is useful.
Assume there exists a global diffeomorphism ¥(z,A) : R* x RP — R” in z that is
continuous in A and satisfies ¢/(z,\) =z == A = 0. By continuity at XA = 0, we
have

Ve>0,3A = A(e) : ||¢(z,A) —z] <€ (6.48)

We call ¢¥(z, A) a near identity diffeomorphism for |A]] < 1. Denote the inverse of
y = ¢(z, ) by z = ¢(y, A) so that '

¢(¢(z7 )‘)’ /\)’ =z, 1,0((25(1/, /\)3 )‘) =Y

By definition ¢(x,0) = z and ¢(z,\) =z = X = 0. Also, ¢(z,A) is continuous
w.r.t. A. Applying the following change of coordinates

Ty = ¢($’ /\)

one obtains a parameterized nonlinear system that we call A-system

i = f(za, A) (6.49)
where

Fon ) = | 2522 )]

$=¢($A,A)
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Apparently, any equilibrium point of (6.47) is an equilibrium point of (6.49) and vice
versa.

Definition 6.3.3. (e-stability under transformation) For any € > 0, let A = A(e)
be such that (6.48) holds. We say z = z° is (exponentially/asymptotically) e-stable
virtual equilibrium of (6.47) under the transformation ¥(z, ), iff z), = 2° is a (ex-
ponentially /asymptotically) stable equilibrium of the A-system (6.49) in the sense
of Lyapunov with A = A(e), or equivalently iff 7 = ¢(z°% A(€)) is (an) a (exponen-
tially /asymptotically) stable equilibrium of (6.47) in the sense of Lyapunov, i.e. z°
is an adjacent equilibrium to z° for the A-system. ‘

The following result is a common sense corollary of the definition of e-stability
which means the original system has an asymptotically stable equilibrium point near
Zp in the usual sense of stability.

Corollary 6.3.1. If z° is an (exponentially/asymptotically) e-stable equilibrium of
(6.47) under the transformation ¥(z, \), then there ezists an equilibrium point z° of
(6.47) that is (ezponentially/asymptotically) stable equilibrium of (6.47) in the sense
of Lyapunov within a distance € > 0 from z°, i.e. z0.

Proof. Let 20 = ¢(z%, A(€)), then

lze — 2%l = {lze = ¥(z, M) < e

Remark 6.3.1. Two simple examples of ¢(z, A) are the following
Ylz, )=z + A, AeR|u]| =1
and
Yz, ) =z+ A\, z€R* AeRP, A has full rank
Now, consider a nonlinear control system with a dynamic state feedback

‘? = f(a:,u)

5 = gl (6.50)

Let ¢¥(z, A) be a global diffeomorphism as before. Applying the change of coordinates

Ty = ’Z,b(x, >‘)

we obtain the following A-system

Dy o= flza Ay

T (6.51)
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where

9(zx, A) = g(6(zx, A), A)

[8¢($, A) 20 (z, )

x:g&(m; ,)\)

Definition 6.3.4. (e-stabilization) For a fix € > 0, let A; = A(e) satisfy (6.48). Let
7% be a desired equilibrium point of the system with zero control, or f(z° 0) = 0. We
say the dynamic state feedback

v = k(z,A)
A = gz (6:52)
achieves globally asymptotic e-stabilization of z° for (6.50) under the transformation
¥(zx, A), iff for the closed-loop A-system
ir = f

A=

(:II)‘, /\, /??(.’E,\, A))
(xh)\)

where k(zx, ) = k(¢(z, A),A), (2%, ) is a globally asymptotically stable equilib-
rium in the sense of Lyapunov, or equivalently z2 = ¢(z% As) and A; are globally
asymptotically stable equilibriums of (6.50).

The notion of e-tracking for a nonlinear control system & = f(z,u) can be defined
for an equivalent transformed control system with dynamic state feedback based on
the notion of e-stabilization.

Definition 6.3.5. (e-tracking) Consider the following nonlinear system with input u
and output y

T = flz,u)
y = hiz)

We say a control law u achieves asymptotic e-tracking of a trajectory yq(-) for (6.53)
under transformation ¥ (z, A), if there exists a control law u that achieves asymptotic
tracking of the desired trajectory yx = y, for :

(6.53)

Z‘)\ = f(xA,A,u)
A = gz, \) (6.54)
yn = h(g(z, 7))
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6.4 Global Exponential e-Stabilization/Tracking for
a Mobile Robot

In this section, we design a nonlinear controller for global exponential e-stabilization
and e-tracking of a nonholonomic mobile robot (Figure 6-2).

6.4.1 Dynamics of a Mobile Robot in SE(2)

In the majority of previous control design strategies for this nonholonomic mobile
robot, the kinematic model of the robot is used and the input torque are then obtained
using adding an integrator and high-gain control. Here, we directly use the dynamic
model of the mobile robot as the following

1 = cos(f)vy
Ty = sin(f)u
9 = v, (6.55)
= T
Up = Tp

Since this mobile robot moves on a surface, a more appropriate form of representation
of the dynamics of the mobile robot is in SE(2). SFE(2) is the Special Euclidean
group in R? with elements g = (R, z) where R is the rotation matrix satisfying
RTR =1,det(R) =1 (i.e. R € SO(2)) and z € R%. Equivalently ¢ can be defined as

=[5 7]

where the group product g;g, is matrix multiplication. From (6.55), the dynamics of
the mobile robot in SE(2) can be expressed as the following

T = (Re1)v; :
R = R, (6.56)
U o= T

where

Re [

and the skew-symmetric matrix 9, is defined as follows
~ | 0 —u
w7

or equivalently the evolution of the group element g in (6.56) can be expressed as
g =g- Qa V="
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where Q € se(2) (i.e. the Lie algebra associated with SE(2))

. ’ﬁz k51
o[ 5]
We use the representation in (6.56) as the model of this nonholonomic mobile robot.

6.4.2 Near-Identity Diffeomorphism
Consider the following near identity smooth change of coordinates
z=19(z,\) =z + ARe; (6.57)

where A € R, ¢; is the ith standard basis in R?, and R = R(6) is the rotation matrix
by 6 in R%. This transformations is schematically depicted in Figure 6-7. The inverse

A XZ

i —~
Zy d= A Re;

STy -

!
Figure 6-7: A near identity transformation with a parameter || < 1.
of this transformation is a near identity diffeomorphism given by
z=¢(2,\) =z — ARe;
‘Apparently, fdr all z € R? the fbllowing property holds
1%(z, ) — zl| = [|ARes | = [A]
and for all € > 0, A = € achieves the property
[¥(z,A) —zf <€

Notice that these properties of the near identity diffeomorphism (z, A) are true for
(R,z) € SE(n) with n > 2 and are not restricted to the special case of n = 2. The
dynamics of the system in z-coordinates (i.e. A-system) can be expressed as

-2'7 = R)\'U'*'(Rkel)).\
By = Ryis(\A) (6.58)

) T
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where v = (v1,v)T and Ry, 0, are given by

. 0 -l
_jcos(f) —Asin(d) | . L 272
AT [ sin(6) Acos(d) |’ B2\, A) = évg ;

Note that for A # 1, R, is not a rotation matrix and RY Ry # I. In fact, we have
A

1 0

G

] s det R,\ =A
Thus, for A # 0, the matrix R, is invertible.

6.4.3 Control Design for e-Stabilization/Tracking

In this section, we present our main e-stabilization /tracking results for a nonholonomic
mobile robot.

- Proposition 6.4.1. Any desired position x4 € R? for the nonholonomic mobile robot
in (6.56) can be rendered globally exponentially e-stable using a smooth dynamic state
feedback in an explicit form. Equivalently, this feedback law globally exponentially
stabilizes (i.s.0. Lyapunov) an equilibrium ¢ of (6.56) with a distance € from x4, i.e.
s — 2]l =e.

Proof. Fix an € > 0, and let the dynamics of A be as

)\:—CA(A—/\f), /\(O)z/\0>€,/\f=€,0)‘>0

Clearly, A = As is exponentially asymptotically stable for this system and A(¢) >
e > 0,¥t > 0. The task in the question is to stabilize the position of the mobile
robot to £ = x4 (the orientation of the mobile robot can be trivially exponentially
stabilized by setting v; = 0 at z = z4). Thus, we set the desired equilibrium of the
A-system in (6.58) to z; = z4. The goal is to globally exponentially stabilize z = z4
for the A-system. This renders the equilibrium z§ = ¢(z4, €) of the original system
~ is (6.56) globally exponentially stable (i.s.0. Lyapunov). But |[z§ — z4]| = ¢, thus
this achieves global exponential e-stabilization of z4 for the original system (6.56).
To render z; globally exponentially stable for the A-system in (6.56) can be rendered
globally exponentially stable. For doing so, let us calculate Z. We have

£ = Ry + Rw+ (Rae))d+ (Rae)) _
= Ry7+ R)\@Q(/\, )\)’U + R,\(’Z)Q()\, /\) — C,\I)€1/\

Thus, defining the change of control

T = Ry u — 950, Nv — (5,0, A) — ex) ey
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where \ = —ca{A —¢€), we get
zZ=1qu
which is a two-dimensional double-integrator. Therefore, applying
u=—cp(z — 24) — c42, Cpcq>0
or
u=—cp(z — 2q) — ca(Rav + R,\eQ\)

renders the equilibrium point z = z; of the A-system globally exponentially stable.
The overall smooth dynamic state feedback is in the form

T = —pRy Mz — 22) — cqv — cadey — Gy (N, Nv — (52(), ) — exl) Aes

A —cn(A—¢) (6.59)

O

Figures 6-8 and 6-9 show the path of the mobile robot starting at position z =
(2,3)" for the initial orientation angles § = kr/4,k = 0,...,7. The trajectories for
the position and input torques (controls) are shown in Figure 6-10

Similar results for trajectories starting at z = (0,2)7 with the initial orientation
angles 6 = 0,7/4,7/2,37/2 are shown in Figure 6-11 (for the complement angles
the trajectories are symmetric w.r.t. vertical axis). Also, trajectories of the posi-
tion and input torques (controls) for initial position z = (0,2)T) and orientation
6 = 0 are shown in Figure 6-12. These results demonstrate that the controller ef-
ficiently stabilizes the origin for this nonholonomic mobile robot. Each trajectory
exponentially converges to a point within a distance e = 0.01 from the desired equi-
librium z4 = 0. This is sufficiently close to the origin for all practical purposes.
The values of the parameters in all simulations for the mobile robot were chosen as
ex=1,¢=1,c4 = 2,X(0) = 0.5, \f = ¢ = 0.01. The trace trajectories of this non-
holonomic robot are shown in Figure 6-13. Based on this figure, graphically, the robot
makes a turn to face the desired destination (i.e. the origin) and goes exponentially
fast towards the destination.

Asymptotic e-tracking of a desired output 2z, can be obtained based on the follow-
ing result.

Proposition 6.4.2. The following dynamic state feedback law achieves asymptotic
e-tracking for the desired output yq(-) of the nonholonomic mobile robot (6.55)

—CPRKIZ — Cgv — cd/.\el — ’172(/\, A)’U — (’02()\, A) — c,\I)/.\el

T =
4 BNcoya + Cafia + Ga) (6.60)
A = —-C)\(/\—-G)
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Figure 6-8: Trajectories of the nonholonomic mobile robot in (z, xg)-pldile for initial
position z = (2,3)T (v = 0) and orientation angles § = 0,7/4,7/2, 37 /4.

Proof. Set the desired trajectory in z-coordinates to z; = y4. Then, the following
feedback

U= —cp(z — 24) — ca(2 — 24) + 24

guarantees that the error e = z — 2,4 globally asymptotically converges to zero and
the result follows from the relation between 7 and w. O

Figure 6-14 demonstrates simulation results of the e-tracking for a nonholonomic
robot starting at position (4,4) with orientation angle m/2. The desired trajectory
is an ellipse (z,y) = (3sint,4cost). Clearly, the robot very quickly converges to an
e-neighborhood of the desired trajectory (e.g. € = 0.01).
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Chapter 7

Control of Nonlinear Systems in
Nontriangular Normal Forms

This chapter is devoted to control of nonlinear systems in normal forms that pos-
sess nontriangular structures. Control of nonlinear systems in triangular forms, i.e.
(strict) feedback and feedforward forms, has been extensively studied in the past
decade. However, few results are available that deal with nonlinear systems with
nontriangular structures. later, we will be more precise on what we mean by nontri-
angular forms and present the challenging problems and stabilization limitations of
nonlinear systems in nontriangular forms. The following notations are convenient in
this chapter. '

Notation. GAS stands for globally asymptotically stable.

Notation. ||-|| = (z,z)? denotes the Euclidean norm and ||- |, denotes the L,-norm
in R™.

Notation. (Lie derivative) Let f(z) : R® — Rand g : R* — R” be smooth functions.
The directional derwative of f(z) with respect to g(z) is defined as any of the following
equivalent forms

L (@)= 2D g0) = (V1(2),o(2) = DF ) - o(e) (r.)

where (z,y} = 27y denotes the inner product in R*. Moreover, the kth order Lie
derivative of f w.r.t. g is denoted by Lg,k) f and is defined as

LEf(z) = Ly(L* D f(z), ke, (7.2)

with LY f(z) = f(z).

The outline of this chapter is as follows: First, we provide some background
on stabilization of nonlinear systems in triangular forms, namely, (strict) feedback
and feedforward forms. Secondly, we focus on control of nonlinear systems with
nontriangular structures. '
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7.1 Introduction

In the preceding chapters, we obtained three types of normal forms for underactuated
mechanical systems. Namely, cascade nonlinear systems in strict feedback form, strict
feedforward form, and different variations of nontriangular linear-quadratic forms. In
the past, effective methods have been developed for stabilization of nonlinear systems
in triangular forms (i.e. feedback/feedforward) [57, 36, 102, 103, 101, 56, 80]. Namely,
the backstepping procedure [57, 36, 103] and forwarding methods [102, 101, 56, 80] are
analytic tools for stabilization of nonlinear systems in feedback forms and feedforward
forms, respectively. ‘
The class of nonlinear systems affine in control

t=f(z)+g(z)u, z€R ueR (7.3)

is one of the most well-studied types of nonlinear systems. Assume there exists an
output ¥ = h{z) that has uniform relative degree r < n with respect to the input
over an open neighborhood U of z = zy € R”, i.e. there exist a(z), 8(z) such that
the following properties hold over U for a constant r

L¥rz) = 0, Vke{0,1,...r—1}
v = o(z)u+B(z)

where a(z) is an invertible matrix. According to [36], there exists a change of coor-
dinates and control in the form

(2,€) = ®(z), v=alz)u+ B(z)

that transforms the nonlinear system in (7.3) into the Byrnes-Isidori normal form of
degree r < n

Z = F(z)€1a£27'-' 757‘)
&L= & (7.4)
é’r = v

Here, ®(z) is a diffeomorphism over U. If U = R", then y = h(z) has global uniform
relative degree 7 and the aforementioned change of coordinates is global. The z-
subsystem

2:F(z:£)

in (7.4) with £ = (&1,...,& ) is called the zero-dynamics of (7.3) [36]. Given & =

& =...=& =0, if 2= 0 is asymptotically stable for the zero-dynamics, then both

the output y = h(z) and the zero-dynamics are called minimum phase. ‘
Under the condition that the vector field F'in (7.4) does not depend on (s, ... , &),
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the nonlinear system in (7.4) reduces to

Z = F(Z3 gl)
61 = 52 (75)
ér = v

which is in strict feedback form [36, 57]. In general, if at most one of £, ... , &, appears

in f, it is known how to stabilize the composite system in (7.4) under appropriate
technical conditions (see [36], chapter 9). The importance of the strict feedback
normal form in (7.5) is due to the existence of the following theorem called standard
backstepping [36].

Theorem 7.1.1. (standard backstepping) Consider the nonlinear system in (7.5) and
assume there erists a smooth state feedback & = a(z) with a(0) = 0 such that for the
closed-loop zero-dynamics

2= F(z,a(z)) (7.6)

the origin z = 0 is globally asymptotically stable (GAS). Define K1(z) := a(z) Then,
there exists a state feedback

€j+1 = Kj+1(z7€1a .- 'é—j)a .7 = 17 -, T (77)

i an explicit form where &1, = v that renders the origin (2,&1, ... ,&;) = 0 GAS for
the closed-loop (z,&1, ... ,&;)-subsystem (i.e. jth subsystem) of (7.5). In addition, let
Vo(z) be a smooth positive definite and proper Lyapunov function associated with the
closed-loop zero-dynamics subsystem satisfying Vy(2) := VVi(2) - f(z, a(z)) < 0,Vz #
0. Then, the the Lyapunov function Vj(z,&,... &), =1,...,r associated with the
Jth subsystem is given by '

. 1 1.
Vilz, &1, 6) = Volz) + 5(& —- Ki(2))* + 1{j>1}(])523=2(5i - Ki(z,&,...,&-1))°
and satisfies V} < 0>,V(z,§1,... &) # 0 (14(-) denotes the indicator function bf the
set A).

Proof. See remark 7.3.2. O
In the next section, we provide a constructive method for obtaining both the state
feedback K; and the Lyapunov function V; in a recursive manner (this can be found
in [36], also see theorem 7.3.1 here).

In contrast to nonlinear systems in strict feedback forms, the following normal
form

Z = F(Z, §17 §2)
& = & (7.8)
& = v o
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has a nontriangular structure. Throughout this chapter, we assume F(z,&;, &) de-
pends on both £;,& unless otherwise is stated. Our main focus in this chapter is
on stabilization of nonlinear systems in the form (7.8). Our main motivation is that
(almost) all nontriangular normal forms for underactuated systems are special classes
of Byrnes-Isidori normal form with a vector double-integrator linear part as in (7.8).
In addition, the following nontriangular normal form with a triple-integrator linear
part

z = F(z)£1;§2:§3)

el (73)
'53 = v

appeared in the study of flexible-link robots and a helicopter model with the effect of
the input of the attitude dynamics in the translational dynamics. The actual input
in both cases is {3 which is augmented with an integrator at the input.

Remark 7.1.1. Notice that by redefining the state variables and zero-dynamics vector
field as

¢ :=col(z,81), m = &, m2 := &, Fy:= col(F(z,&1,6,8), &)

The dynamics of system (7.9) can be rewritten as the following

é = Fo(Cy"h, 772)
mo= T (7.10)
e = v

which is a Byrnes-Isidori normal form of degree 2 (the same as (7.8)). Roughly
speaking, this implies that certain stabilization problems for the class of nonlinear
systems in (7.9) with a triple-integrator linear part reduce to equivalent problems for
the class of nonlinear systems in (7.8) with a (vector) double-integrator linear part.

Stabilization of Byrnes-Isidori normal forms with a double-integrator linear part
‘as in (7.8) is currently considered a major open problem [36]. Particular cases of
interest include normal forms for mechanical systems where F'(z, £, &) has quadratic
dependence in the velocity & (e.g. the beam-and-ball system). Our main contribu-
tion in this chapter is to introduce an extension of the backstepping procedure for
stabilization of important special classes of normal form (7.8). This new backstepping
procedure is considerably different from standard backstepping procedure that relies
on construction of appropriate Lyapunov functions.

Based on standard backstepping procedure, if a controller & = K;(z,£;) exists
that renders the origin GAS for

Z = F(Z1£11§2)
fl = 62

Then, the existence of a globally stabilizing state feedback v =K, (2,&1,&) for the

(7.11)
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composite system in (7.8) is trivial. In other words, the main stabilization problem
of interest is stabilization of nonlinear system (7.11) which is non-affine in control &,.

Observe that it is nontrivial to formulate a stabilization problem for the nonlinear
system (7.8) analogous to the one for a cascade system in strict feedback form, unless
a(z) = 0. We formulate this problem for the case of a(z) = 0 as the following:

Problem 7.1.1. Consider the nonlinear system in (7.8). Assume that the zero-
dynamics of (7.8) is globally minimum phase, i.e. given & = & = 0, the origin
z =0 is GAS for the zero-dynamics

z=F(z,0,0)

Find sufficient conditions such that there ezists a state feedback v = k(z,£1, &) that
globally asymptotically stabilizes (z,&1,&) =0 for (7.8).

Due to a counter-example by Sussmann [98], there exists a third-order nonlinear
system in the form (7.8) which is not semiglobally stabilizable. This major stabiliza-
tion limitation of nonlinear systems in nontriangular forms as (7.8) is because of the
peaking phenomenon that was introduced by Sussmann and Kokotovic [99]. The prob-
lem is that driving the state (£1,&;) exponentially fast to zero using a linear partial
state feedback does not necessarily asymptotically stabilize the composite system in
(7.8). Such a partial state feedback might cause the z-subsystem to have finite escape
time. In [99], growth conditions are provided on F(z, &1, &) for global stabilization of
(7.8) using partial state feedback. The problem is that these growth conditions are
rather restrictive. Nevertheless, the work in [99] is one possible solution to problem
7.1.1.

In many applications (e.g. tracking for flexible-link robots), the zero-dynamics is
not globally minimum phase. In this thesis, we are mainly interested in stabilization
problems for normal form (7.8) when the zero-dynamics is not minimum phase. A
possible way to formulate a stabilization problem for normal form (7.8) analogous to
the nature of the one addressed using backstepping procedure for systems in strict
feedback form is the following problem.

Problem 7.1.2. Consider the nonlinear system in (7.8). Assume there ezists a
smooth state feedback law & = a(z) with a(0) = 0 such that for the zero-dynamics
locked at £, =0

2= F(z,a(2),0)

z = 0 is globally asymptotically stable. Find sufficient conditions such that there ezist
state feedback laws & = ki(z,&1) and u = ko(z, &, &) which asymptotically stabilize
the origin for the (z,&)-subsystem and the composite system (7.8), respectively.

A third possible stabilization problem is as follows:
Problem 7.1.3. Consider the nonlinear system in (7.8). Assume there exist smooth

state feedback laws & = a(z) and & = B(z) satisfying the following conditions:
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i) a(0) =0 and B(0) = 0.
i) For
2 = f(z,0(z),0)
z=0is GAS.

i) (&1,&) = (a(z), 8(2)) is an invariant manifold for (7.8), i.e. a(z), 8(z) satisfy
the equation

82 = 22D 1z, 0(2), 8(2)

iv) For
z = f(z,a(z),8(2))
the origin z = 0 is GAS.

Find sufficient conditions such that there exist state feedback laws & = k1(z,&1) and
u = ko(z, &1, &) which semiglobally/globally asymptotically stabilize the origin for the
(2,&1)-subsystem and the composite system (7.8), respectively.

Remark 7.1.2. Based on condition ¢i¢) in problem 7.1.3, & = ((z) is a fixed point of
equation

_ Oalz)
52 - 9z f(z7a(z)7§2)

Thus, a(z), 8(z) are not arbitrary controllers. The state feedback a(z) must be chosen

such that it both stabilizes the zero-dynamics locked at £, = 0 and the preceding fixed-

point equation must be well-posed (i.e. have a solution). Both of these issues are
“addressed later in this chapter. ‘

A common example of nonlinear systems with feedforward structures is a chain of
integrators with higher-order perturbations as

i"'l = 22 +p1(x27$3)"' 7$n:u)
Iy = Z3 +p2(l‘3,... ,Zn,u) (7 12)
j;n = U +pn($mu)

System (7.12) can be rewritten as
t = Az + Bu + p(z, u) ‘ (7.13)

(with obvious definitions of A, B, p(z, u)) where the perturbation terms p; are at least
quadratic with respect to their arguments [102]. Nonlinear systems in feedforward
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forms can have more general forms as the following

:tl = f1($2,$3,.-- 7$n}u) )
i? = f2($3)"' 7:‘cn7u) (7 14)
with an apparent upper triangular structure w.r.t. variables (z1,2s,...,Z,,u) [56].

Feedforward systems of types (7.12) and (7.14) are studied by Teel and Mazenc-Praly.
Similar to systems in feedback forms recursive procedures called feedforwarding are
developed for stabilization of feedforward systems [102, 101, 56]. The main draw back
of all existing results on stabilization of feedforward systems is the low-gain nature
of controllers that leads to relatively poor performance of control laws obtained from
feedforwarding. Here, the performance measure is the settling time of the solutions
of the closed-loop system. The controllers obtained using backstepping procedure do
not suffer from this drawback.

7.2 Structure of ANontriangular Normal Forms of
" Underactuated Systems

The classification of underactuated mechanical systems presented in section 4.6 allows
us to identify the structure of the vector field f in (7.8) (or (7.9)) for underactuated
systems in nontriangular forms and feedforward forms.

Proposition 7.2.1. All the normal forms for classes of underactuated systems in
nontriangular/feedforward forms with o double-integrator linear part (minus the per-
turbation terms ;) are special classes of the following normal form

2 = z+ g(&)ée

Z = folz1, &) + 25 g (&) 20 + 2£ 912(61) &2 + €5 922(61)6n (7.15)
& = & '
& = u

where 21,2z, € R*, &,&,u € R™. In addition, the functions g : R™ — R"™",
fo(z1,&1) : R* X R™ — R* and cubic matrices g1 : R® — RV g, : R™ —
R™*™*™ and ggo : R™ — R™*™*™ gre all smooth and go(0) = 0.

Proof. The proof is by the definition of each class in section 4.6. 0
Remark 7.2.1. Equation (7.15) can be rewritten in the form |

_73 = F(Z:§1y£2)
&= & (7.16)
&2 = u :
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where

F(z,&,&) = f(z1,&) + L(&)& + (22, £)Q(&) (21, DT (7.17)

has a linear-quadratic structure with respect to & with a cubic matrix Q(¢;).
Remark 7.2.2. Global stabilization of the core reduced system

2T = 2z

2z = folz1,&) (7.18)

is addressed in section 4.7.
The following special classes of normal form (7.15) are important due to their
application in control of underactuated systems:

1) g11, g22 = 0: nonlinear system (7.15) is in nontriangular form with a vector field
affine in &;.

ii) fo(z1,&1) = fo(é1), 911 = O: nonlinear system (7.15) is in feedforward form with
a vector field quadratic in &s.

iii) go = 0: nonlinear system (7.15) is in nontriangular form with a vector field
quadratic in . Moreover, 2, does not depend on ({1, &).

Lemma 7.2.1. Normal form (7.15) can be represented as
.2:; = f(z7§1)+g(za£17§2)§2-
& = & (7.19)

&2 = u

where f,g are explicitly given by

Tz _ | 90(&1)
f(z,6) = folz1, &) + 23 gu (&) 2z ] » 95 b) = { 22 912(61) + & 922 (&) }

Proof. The proof is by definition of f and g. | O

Remark 7.2.83. The main condition in problems 7.1.2 and 7.1.3 is that there should
exist a state feedback & = a(z) with «(0) = 0 such that for the closed-loop zero
dynamics locked at & =0

zZ= F(z‘, a(z),0)

the equilibrium z = 0 is globally asymptotically stable. Based on lemma 7.2.1, this
is equivalent to the existence of a globally stabilizing state feedback for z = f(z,£;)
that can be expressed as

Z'l = 2y

2y = folz1,61) + 25 g11(&1) %2 (7.20)
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Apparently, if gi; = 0, then global stabilization of (7.20) is equivalent to global
stabilization of the core reduced system which is addressed in section 4.7. In addition,
for the special case where g11 = g11(&1, €) with the property ¢11(£1,0) = 0, semiglobal
stabilization of (7.20) can be achieved (under appropriate technical conditions).

Definition 7.2.1. (slightly nontriangular nonlinear systems) The following subclass
of nontriangular nonlinear systems in (7.19)

= f(z,61) + 9(2,&, 6, €)é
& =& (7.21)

& = u

with the property g(z, &1, €2, 0) = 0 are called slightly nontriangular nonlinear systems.

Control design for slightly nontriangular systems is important due to their appli-
cations in aerospace vehicles. As an example, according to proposition 5.11.4, the
normal form of the first-level approximate model of a helicopter is in the form

Z = f(z) +91(€1)T+92(§1a§2a6)+93(§1,€)U
& = & (7.22)

§2:U

where z = col(z,v) € R®, & = col(¢, 0, %), (i.e. the three Euler angles), & € R3, and
e = (e1,€2,¢3)7 € R®. Furthermore, both g, and g vanish at € = (0,0,0). Later, we
provide more examples of slightly nontriangular systems in robotics applications.

7.3 Stabilization of Nonlinear Systems in Feedback
Form

- Backstepping procedure is an effective method for global stabilization of nonlinear
systems in strict feedback form. There are two types of backstepping procedure. One
that makes an explicit use of a Lyapunov function and is referred to as standard

* backstepping procedure. The other one is a type of backstepping procedure which
does not require any explicit knowledge of a Lyapunov function and we call it cascade

‘backstepping procedure. Here, we present both of them and clarify the differences
between the two methods.

7.3.1 Standard Backsfepping Procedure

We start by presenting the standard backstepping procedure for a nonlinear system
augmented with a single integrator at the input. First, we need to state the following
lemma [36, 40]. '
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Lemma 7.3.1. Assume f(z,y): R® x R™ — R is a continuously differentiable func-
tion. Then, the following identity holds:

f(z,y) = f(z,0) + g(z,v)y (7.23)

where

1
g(z,y) = fo D, f(z, sy)ds

Proof. Fix (z,y) € R*™ and let h(s) := f(z, sy) where s € R. We have A'(s) =
D, f(z,sy)-y. Hence

B =1 = [ K(s)ds= (| Dyf@)ds) -y

and the result follows. 0
Remark 7.8.1. An application of lemma 7.3.1 gives

fl,y+6)=f(z,y) + g(z,y,6)d
The following version of backstepping theorem can be found in [36].
Theorem 7.3.1. (standard backstepping) Consider the following nonlinear system
i = f(2,8)
§ = u

where z € R, {,u € R, and f is a smooth function satisfying f(0,0) = 0. Assume
there ezists a smooth state feedback £ = a(z) : R® — R satisfying (0) = 0 such that

for

(7.24)

z= f(z7 Oz(Z))

z =0 1is GAS. Let V(z) be a smooth positive definite and proper Lyapunov function
associated with the closed-loop z-subsystem satisfying

DV(z)- f(z,0(2)) <0, VYz#0
Then, the following smooth state feedback

u=—cle—a@)+ 2 s 66) - VD hey  (r2s)

renders (2,€) =0 GAS for (7.24) where ¢ > 0 is a constant, p =€ — a(z), and

h{z, 1) :=/0 fo(z, a(z) +sp)ds
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satisfies

fz,0(2) + 1) = f(z,a(2)) + h(z, w)p

Proof. Consider the following Lyapunov function candidate
1
W(s8) = V(z) + 042

Calculating W along the solutions of the closed-loop system in (7.24), we get

W = V + }'J,,U,, .
— ag_iz)f(z, of2)+p) + (u— acéiz)f(z, &1, &),
- mgiZ),f(z’ a(z)) + [u - a(;(zZ)f(Z,fl, &) + GZE«Z) h(z, w)]p, (lemma 7.3.1)
oV (2)

= =5 f(z,a(z)) —cu? <0

for all (z,4) # 0. Therefore, (z,£) = 0 is GAS for (7.24) and W(z,¢) is a valid
Lyapunov function for the composite system. O

Remark 7.3.2. Successive application of theorem 7.3.1 proves the statements in the-
“orem 7.1.1.

In [57], the following theorem which is a special case of theorem 7.3.1 (with a
z-subsystem affine in £) is considered as standard backstepping procedure.

Theorem 7.3.2. ([57]) Consider the following cascade nonlinear system affine in &

z = f(2)+g(2)¢
& = u

where z € R?, £, u € R,' and f, g are smooth functions with f(0) = 0. Let the state
feedback £ = a(z) with a(0) = 0 render z =0 GAS for the closed-loop z-subsystem

2= f(z) + g(z)a(z)
Then, the following state feedback

(7.26)

Oda(z)
0z

renders (z,£) =0 GAS for the composite system (7.26).
Proof. Define f(z,¢) := f(2) + g(2)¢. Then

Flz. 6+ 1) = f(z,6) + h(z, wu

f(2,61,6) - 8222) g9(z) (7.27)

u=—c(§—az)+
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where h(z, u) := g(z). Thus, state feedback (7.27) reduces to (7.25) and the result
follows from theorem 7.3.1. O

The proof of standard backstepping procedure automatically provides a Lyapunov
function W(z,&;) for the closed-loop composite system. This is very valuable for
(possible) robustness analysis of perturbed nonlinear systems in feedback forms (e.g.
normal forms of Class-VI underactuated mechanical systems in chapter 4).

7.3.2 Cascade Backstepping Procedure

The knowledge about the Lyapunov function V(z) for the closed-loop z-subsystem
is necessary in the computation of the control law (7.25) for the composite system. -
Such a knowledge about V'(z) is not always available. This motivates developing a
backstepping procedure which is not Lyapunov-based. We refer to this procedure that
does not require explicit knowledge of any Lyapunov functions as cascade backstepping
procedure. .

The most important tool in developing a non-Lyapunov-based or cascade back-
stepping procedure in the following theorem due to Sontag.

Theorem 7.3.3. (global stability of cascade systems [83]) Consider the following cas-
cade nonlinear system

z = f(z"’))

i = gln) (7:28)

where f : R*xR™ — R" and g : R™ — R™ are smooth functions satisfying f(0,0) =0
and g(0) = 0. Assume the following conditions hold:

i) For z = f(2,0), z =0 is globally asymptotically stable.
i) For n = g(n), n =0 is globally asymptotically and locally ezponentially stable.

iii) For any solution 1(t) with initial condition ny € R™, the solution of the z-
subsystem of (7.28) exists for allt > 0 and is bounded.

Then, (z,m) = 0 is globally asymptotically stable for (7.28).

The main use of theorem 7.3.3 is in stability analysis of the class of cascade systems

z = f(33a77)

n = g(n,u) (7:29)

where a control law u = k(n) is available that render n = 0 GAS for 1 = g(n, k(n)).
In this chapter, we frequently use theorem 7.3.3 in the aforementioned context.

The only non-constructive aspect of theorem 7.3.3 is in its third condition where
the boundedness of the solutions of the z-subsystem of (7.28) is assumed. One pos-
sible assumption to guarantee this boundedness assumption is to assume that the
z-subsystem .

2= f(zn)
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is input-to-state stable, or simply ISS-stable [82]. Due to Sontag-Wang [84], a Lyapunov-
type characterization of the ISS property reveals that the necessary and sufficient
condition for a system to be ISS-stable is that there exist class-K functions «;, as
and a positive definite smooth ISS Lyapunov function V(z) such that the following
property holds:

P ftem) < —anllzl), for 2] > aalinl) (7.30)

Condition (7.30) is an extremely restrictive condition which might not hold for large
classes of nonlinear systems of interest. Since, it essentially ignores the existence of
the input 7. In the sense that over the region ||z|] > e (||7]]), V < 0 and the solution
of the z-subsystem converges towards the inner level surfaces around the origin z = 0,
until the condition ||z|| > ax(||7|]) is violated. However, to guarantee the boundedness
of the solution of the z-subsystem it is sufficient that V' (z(¢)) stays bounded. The time
decay of V(z(¢)} is unnecessary. Keeping this in mind, here we provide a constructive
condition that guarantees boundedness of the solutions of the z-subsystem. This
condition is less restrictive than the ISS-stability property of the z-subsystem. This
is influenced by the work of Sepulchre et al. [80] (theorem 4.7, p.129) and generalizes
that result. First, we need to define a class of input disturbances.

Definition 7.3.1. (class-Cy functions) Define the following class of functions § :
RZO — R” ‘

Collo,h) := {0() [ I8lleo <o, [[6][x < &y, lim 6(2) = O}, ko, b > 0

where ||6]|co := SUP,5|d(t)| and ||8]|1 := ;7 |6(¢)|d¢ denote Lo, and L; norms of 6(-),
respectively. We say a function 6 : ¢ — §(t) is class-Cy with bounds 4o, {; > 0, if
6() S COUO; ll)

Theorem 7.3.4. Consider the nonlinear system

¢=f(z,7) ' (7.31)

with o class-Cy tnput disturbance n(-) € Co(ly,11). Assume for any ly > 0, there exist
a smooth positive definite and proper function V(z), positive constants p > 0, k > 0,
and A € (0,1] such that the following conditions are satisfied: '

1) VV(z)- f(2,0) <0
i) [VV(z) - h(z,m)| < kV(2)}
for all ||z]| > p and ||n|| < Iy where
1
mem = [ Daf(e,sn)ds
“Then, any sf_olution.of the system (7.81) is bounded.

235



Proof. Based on lemma 7.3.1, we have

fz,m) = f(2,0) + h(z,m)n
Calculating V gives

V = VV(2)-f(z,7
0

)
= VV(z) f(2,0) + VV(z) - h{z,7)n
< VV(2) - h(z,m)n
< [VV{(z) - h(z,m) - 0]l
<

BV ()

We consider two cases: i) A € (0,1) and ii) A = 1. For A € (0,1), over the region
||2]| > p, the last inequality can be rewritten as

%V(z(t))_’\f/(z(t)) < [In(#)]]

Integrating both sides of the last inequality w.r.t. ¢ gives
t
V()™ = V) < k-2 [ Il < b0 =l <k -
0
which means z(t) is bounded uniformly in ¢, because

V(z(t) < [V (#(0)" + k(1 - M| =: Lk, M\ 11, 2(0)) (7.32)

and V(z) is a proper function. Thus, K := V~1([0, L(k, A, l1, 2(0)]) is a compact set
and z(t) € K,v¥¢t > 0. This implies |[z(t)]] < L, := max{p,r(K)}, for all ¢ > 0
where 7(K) = max,ex ||z|| denotes the radius of the compact set K. The proof of the
boundedness of z(t) for all £ > 0 for the case of A = 1 is very similar and is omitted.
The only difference is that the inequality (7.32) is in the form

V(z(t)) < V(2(0) exp(kly) (7.33)

|
Now, we are ready to introduce a non-Lyapunov-based backstepping procedure.

Theorem 7.3.5. (cascade backstepping procedure) Consider the following nonlinear
system

z = f(z¢)

i - u (7.34)
Assume there exists a smooth state feedback £ = a(z) with a(0) = 0 such that for

2= f(z,a(z))
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z =015 GAS. Let V(z) be a smooth positive definite and proper Lyapunov function
associates with the closed-loop z-subsystem satisfying

VV{(z)- f(z,a(2)) <0
In addition, suppose for any ly > 0, there ezist p > 0, k > 0, and A € (0, 1] such that
[VV(2) - bz, )| KV (2)Y, V(z, ) [l2ll = o, [l < Do (7.35)

where = £ —a(z) and h(z, p) = fol D¢ f(z, a(z)+su)ds. Then, the following smooth

state feedback

| da(2)
0z

u=—c(é —alz))+ f(z,8), ¢>0 (7.36)

renders (z,£) =0 GAS for (7.84).

Proof. The closed-loop cascade system in (7.34) with controller (7.36) can be rewrit-
ten as ' :

; - f(z,0(2) + p) = f(z,1) (7.37)
fpo= —cp |

Notice that both p = 0 is GAS for the p-subsystem and z = 0 is GAS for z = f(z,0).
On the other hand, the solution of the z-subsystem is bounded according to theorem
7.3.4. To see this, note that u(t) = u(0) exp(—ct) and thus u(t) is a class-Cy function
satisfying ||u(2)]] < lp := ||(0)]], V& > 0 and ||u(t)||1 = 1/c =: ;. But

flz,a(2) + u) = f(z,a(2)) + h(z, u)p
and by the assumption in the question we get
V < EV(2) |l

which guarantees uniform boundedness of the solution z(¢) for all £ > 0. Based on
theorem 7.3.3, the origin (2, z) = 0 is GAS for the cascade closed-loop system. This
implies (z,€) = 0 is GAS for (7.34). O

Example 7.3.1. Consider the following nonlinear system in strict feedback form

2.,'1 = 2
& = u

where o(£) is a sigmoidal function that is odd and globally Lipschitz (e.g. tanh(¢)).
The linear state feedback ‘

f = CZ(Z) = —k1z1 - kQZQ, kl,kQ >0
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renders z = 0 GAS for the z-subsystem. To prove this, let us express the dynamics
of the closed-loop z-subsystem as

2:’1222

22 —a(k1z1 + kQZQ) (739)

Define ¢(z1,22) := o(k12z1 + k222) and notice that D,,¢(z1,2) > 0 for all z € R?.
This means

z2(q5(211, 0) - ¢(211 Zg)) < 07 V(Z17 Z2) € R2 \ {(07 0)}

Let us define

P(z1) = /021 ¢(s,0)ds = /:1 o(k1s)ds

and consider the following Lyapunov function candidate

1,
29

Viz1,22) = ¥(z) + 5

Calculating V along the solutions of the closed-loop z-subsystem, we get

V = 2(4(21,0) — ¢(21,22)) <0, V(z1,2) # (0,0)

and therefore (21, 22) = 0 is GAS for the z-subsystem. Taking f(z,€) := [zg,0(&)]F
we have

3

f(Z7 a(z) + /") = f(Z, O‘(z)) + h(za Ju)iu’

where h(z,p) = [0,9(z,p)]T and g(z, u) fo ) + su)ds. Since o is globally
Lipschitz, there exists an L > 0 such that |g(z, ,u)\ _<_ L for all (z, p). Now, we prove
that based on theorem 7.3.5, the following nonlinear state feedback

Oa(z
u=—cl6 o)+ 2 f(z.6), e>0
which can be written in an explicit form
U= —C(§ + k1z1 + k’gZz) - k1Z2 — kgO’(f) (740)

renders (z,&) = 0 GAS for (7.38). For doing so, we need to show that condition (7.35)
holds. We have

IVV(2) - hz, w)| = l229(2, 1)| < Llz| < (2L)V(2)'/*

Therefore, condition (7.35) holds with £ = 2L, A = 1/2 uniformly in g. This guar-
antees boundedness of the solution of the z-subsystem and the GAS property of
(z,€) = 0 for the composite system. Using standard backstepping procedure, one
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obtains a different globally stabilizing control law

da(z)
0z

u=—c({ —afz)) + f(z,8) - E(2,¢), ¢>0

with an extra term E(z, &) compared to state feedback (7.40) which is given by

E(z,§) :=VV(2)-h(z,u) = /; 200" ((1 = s)a(z) + s&)ds

Remark 7.3.3. If the sigmoidal function ¢ in (7.38) is neither bounded nor globally
Lipschitz. Then, we choose the following control law

§= a(z) = —O’O(k121 + kQZQ), kl, ko >0

where go is a bounded and globally Lipschitz sigmoidal function. Now, &(§) =
c(00(€)) is both bounded and globally Lipschitz. The analysis in example 7.3.1 now
continues in a similar way with replacing o by &.

7.4 Stabilization of Nonlinear Systems in Nontri-
angular Forms

The main class of nontriangular nonlinear systems considered in this chapter are in
the form

Z = f(za 61’ 62)
&L = & (7.41)
& = u

where z € R™ and f is a smooth function satisfying f(0,0,0) = 0. Here, we consider
the single input case with &;,&,u € R for the sake of simplicity of notations. The
generalization of the obtained results to the case of multiple inputs is trivial. De-
pending on whether f(z,&;,£;) is an affine function of £, and/or & or none, we break
the problem of stabilization of (7.41) into a number of cases and address each case
separately. Throughout this chapter, we put especial emphasis on the structure of f
as it appears in the normal forms of underactuated mechanical systems.
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7.4.1 Nontriangular Nonlinear Systems Affine in (£, &)

In this section, our goal is to stabilize normal form (7.41) in its simplest possible form
given as

2 = (&) +a(2)6 + 06
5_1 = & (7.42)
&2 = u

where (z,&;) € R*xR and £; € Ris the control input. The vector fields f(z), g1(2), g2(2)
are all smooth and f(0) = 0. Due to the linearity property of the vector filed of the z
subsystem w.r.t. &, normal form (7.42) does not capture the effects of Coriolis and
centrifugal terms in mechanical systems. However, it facilitates explaining the main
necessary steps that are required to address the stabilization problem of systems in
nontriangular forms non-affine in (&1, &;), without excessive technical preliminaries.
More importantly, it allows us to show that the method of standard backstepping
and its particular way of construction of Lyapunov functions is not generalizable to
nonlinear systerns in normal form (7.42). In contrast, we provide a cascade backstep-
ping procedure for stabilization of nonlinear systems in the form (7.42). Later, we
present generalization of this non-Lyapunov-based backstepping procedure to classes
of normal form (7.41) that are non-affine in (¢1,&,).

First, we demonstrate why the standard backstepping procedure is practically
not applicable to (7.42). In the sense that, it requires conditions that are extremely
restrictive.

Proposition 7.4.1. Consider the nonlinear system in (7.42). Assume there ezists a
smooth state feedback a(z) : R* — R with «(0) = 0 such that for

2= f(2) + qu(z)a(z) =: f1(2) (7.43)

z=01is GAS. Let V(z) be the smooth positive definite and proper Lyapunov function
associated with (7.43) satisfying Ly, V(z) < 0,Vz # 0. Assume a(z) globally satisfies
the condition Lg,a(z) < 1. Define 3(z) as

Lfla(z)

blz) =1z L,,a(z)

so that & = [ is the fized-point solution of the equation

£ = Va(z) - [f(2) + g1(z)a(z) + g2(2)&:]
Suppose that Ly, V (z) = 0,Yz € R*. Then, the following statements hold:

i) For the closed-loop z-subsystem, z = f(z) + g1(2)a(z) + 92(2) B(2) =: f2(2), the
origin z = 0 is GAS. :

ii) there exist a smooth state feedback & = K1(z,&1) that renders (z,&) = 0 GAS
for the (z,&)-subsystem of (7.42).
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i) there exists a smooth state feedback u = Ky(z, &1, &) that renders (z,&,&) =0
GAS for the composite system (7.42).

Proof. The proof of i) is trivial due to the assumption L,V (z) = 0. This implies
V= LaV(E) = Ly V(@) + ALV (2) = LV () < 0

for all z # 0 and therefore z = 0 is GAS. To prove 1), first we need to apply a change
of coordinates by setting p = & — a(z). The dynamics of the (z,£;)-subsystem of
(7.42) in new coordinates can be expressed as

2 = fol2) +[91(2) + A(2)g2(2)]1m1 + B(2)g2(2) 2

B = 2 (7.44)

where 1o is the new control and the functions A(z), B(z) : R® — R are obtained as
follows. By definition of pu,, we have

b = & - Va(2) [F(2) + 0:(2)6 + ()6
=" (1 - nga(z>)§2 - Lfla(z) - )U'ngla(z)

This change of variable is globally invertible due to 1 — Lg,a(z) > 0. Solving the last
equation for & gives

_ Lpoz) + Lya(z)m + pe

&2 1= Lya() = B(z) +.A(z)ﬂ1 + B(2)pe (7.45)
where
— L.‘ha(z) _ 1
Alz) = 1—Lga(z) B(z) = 1 — Ly,a(z)

~ Substituting & from (7.45) in equation (7.42) gives (7.44). Following the proof the
standard backstepping theorem, let us consider the candidate Lyapunov function
1
W6 = V(e) + 58

for the nonlinear system in (7.44). Calculating W, we get

W = V+ e
= VV(2) - [f(2) + q1(2)(e(2) + p1) + 92(2)(B(2) + A(2) 1 + B(2) pi2)
= LpV(2) +[Le,V(2) + A(2) L,V (2) + p2lpts + B(2)(Lg,V (2)) 2
Unlike the case of systems in strict feedback form, for the case of nontriangular

nonlinear systems, an extra term § = B(z)(L,,V(2))u2 appears in the expression of
W which is sign indefinite. Unless § =0, or L,V (z) = 0 for all z, W cannot be made
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negative definite. But by assumption, L,V (2) = 0 and applying the state feedback
po = —c1p1 — Ly, V(2), a> 0
renders W negative definite for all (2, u1) # 0 because
W =LpV(z) — s}
This means that

& = Ki(z,&1) = B(2) + [A(2) — B(2)ar] (&1 — a(2)) — B(2) L, V (2) (7.46)

renders (z,£;) = 0 GAS for the (z,&,)-subsystem of (7.42) and W(z, &) is a valid
Lyapunov function for the (z, &;)-subsystem. Finally, part 4i¢) follows from part i7)
according to the standard backstepping theorem. O

Remark 7.4.1. The most restrictive condition in theorem is the assumption that
Ly, V(z) = 0 for all z € R*. However, without this assumption, in the opinion of
the author, there does not seem to exist any ways to render W negative definite
for all (z,£&;) # 0. This demonstrates the weakness of the particular choice of the
Lyapunov function used in the standard backstepping procedure, in dealing with
nonlinear systems in nontriangular forms.

The following result is the non-Lyapunov-based version of proposition 7.4.1.

Proposition 7.4.2. Assume all the conditions in proposition 7.4.1 hold. In addition,
suppose there exist p > 0, k > 0, and X € (0,1] such that

Lo, V(2)| <kV(2)Y, 2l > p
Then, the smooth state feedback
£ = K(z,6) = B(z) + G(2) (&1 — o(2)) (7.47)

(which does not depend on the Lyapunov function V (z)) renders (z,&) = 0 GAS for
the (z,&1)-subsystem of (7.42) where the nonlinear gain G(2) is defined as

G(z) = A(z) —aB{(z), >0

Proof. Setting u2 = —cip1, from equation (7.44), we have (i1 = —cip; (thus p; =0
is globally exponentially stable) and

V = LpV 4+ (LyV)m +G(2)L,,V
szv+(L9 )

< L V(2]

< EV(2)M

Based on theorem 7.3.4, the solutions of the z-subsystem are bounded. Now, accord-
ing to theorem 7.3.3, the origin (2, 1t;) = 0 is GAS for the cascade nonlinear system
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(7.44) which proves the statement in the question. O

Now, we would like to present a non-Lyapunov-based backstepping procedure
for stabilization of nontriangular nonlinear system (7.42) which does not require the
restrictive condition L, V' (z) = 0,Vz € R*. First, we need to make some assumptions.

Assumption 7.4.1. There exists a state feedback a(z) : R® — R with «(0) = 0
satisfying the following conditions:

i) for z = f(2) + g1(2)a(z) =: fi(2), the origin z = 0 is globally asymptotically
stable,

ii) there exists L1 > 0 such that |Ly a(z)| < L, for all z € R?,

iii) there exists L, > 0 such that Ly,a(2) <1—1/L; for all z € R*.

The following proposition is the main analytical tool that justifies the use of the
cascade backstepping procedure for stabilization of a nontriangular system as (7.42).

Proposition 7.4.3. Consider the nonlinear system in (7.42) and suppose assump-
tion 7.4.1 holds. Then, after applying the global change of coordinates yp = ®(z,£)
and change of control defined by

= & —ai(z)
pe = M(z}(& — a2(2,61)) (7.48)
w = M(Z)(U-CZ3<Z,§1,€2))

with M(z) = 1—Lg,a(z) > 1/L, > 0, the dynamics of the nonlinear system in (7.42)
transforms into

£ = fo(2) +[91(2) + A(2)g2(2)li1 + B(2)g2(2) sz
fi = po (7.49)
H = w

where fo(z) = f(2) + g1(2)a1(2) + ga(2)0n(z, a1 (2)) and a;’s are defined recursively
as the following

ai1(z) = afz)
a3(z,61) = [Lroa(z) + &Ly on(2)]/M(2)
Oy Ooy M
as(z,61,62) = E(f(z) + g1(2)61 + 92(2)&2) + 8—&52] - M[fz — (2, 61)]

with
M(z,€1,8) == LM (2) + &1Ly, M (2) + &Ly, M (2)

In addition, £ = VU(z, u), the inverse of @, is given in closed-form by

G = alg)+m (7.50)

§o = B(z) + Alz)pm + B(z)p2
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where

B(z) = az(z,01(2)), Alz) =

(7.51)

Moreover, A(z), B(z) satisfy the following bounds
]A(Z)i < Lle, 0< B(Z) < L,
for all z € R* (the constants L1, Ly > 0 are defined in assumption 7.4.1).

Proof. Let us calculate the first two time derivatives of u; = & — a(z). We get

p2 = =& —[Lra(z) + & Ly af2) + & Lg,a(2)]
= (1 - Lga(2))é — [Lra(z) + &L a(2)]
— M(Z)(&z _ Lfa(z);}f;)]:’gla(z))

Now, according to the definition of ay(z, ;)

po = M(z)(& — aa(z,&1))

Denoting w := 15, w can be calculated as

w o= M(2)(u— dn)+ M — (2, 6)
M(2)(u — as(z, &1, 62))

where

: M
a3(2,&1,82) 1= (2,61, 6) — M(fz — (2, &1))
So far, we proved that the new variables y;, o, w satisfy the chain of integrators
f1=po, flo=w

To calculate the inverse of u = ®(z, ), we need to solve u = ®(z,&) in (£1,&). One
can solve for & as & = a(z) + p1. Now, solving for &; from the definition of uy gives

& = (27€I)+ ()

= ooz, a(z) + p1) + B(2)pa
= oz, 01(2)) + A(z)p1 + B(z)us

which after denoting §(z) = aa(z, a1(2)), it agrees with the definition of 3(2) in the
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question. Substituting &, &, in the first equation of (7.42) shows that

z = f(2) + g(2)(a(z) + p) + 92(2)(B(2) + A(2)p1 + B(z)p2)
= folz) + [9:1(2) + A(2)92(2)]p1 + B(2)g2(2) 2
and this completes the proof of equation (7.49). The bounds for A(z) and B(z) follow
from parts ii) and iii) of assumption 7.4.1. O

The following assumption guarantees that the zero-dynamics of the cascade non-
linear system in (7.49) with the output ¥ = p; is globally minimum phase.

Assumption 7.4.2. Assume for

z = f(2) + g1(2)a(z) + 92(2)B(2) = fo(2) (7.52)
the origin z = 0 is globally asymptotically stable.

Assumption 7.4.3. Let V(z) be a smooth positive definite and proper Lyapunov
function satisfying Ly V(z) < 0. Suppose there exists p > 0, £ > 0, and X € (0, 1]
such that the following conditions are satisfied

L V() <KV, Wzl = p, i=1,2 (7.53)

Here is out main result on global asymptotic stabilization of nontriangular non-
linear systems affine in (£, &2):

Theorem 7.4.1. Consider the nonlinear system in (7.42). Suppose assumptions
7.4.1, 7.4.2, and 7.4.3 hold. Then, the following smooth state feedback in the form of
a PD controller with nonlinear gains

(&1 —ai(2)) —

M(z)

M(2)

U= 03(2;51,52) - (& — aa(z,&1)), c1,62 >0 (7.54)

that globally asymptotically stabilizes (z,£1,&) = 0 for the nontriangular nonlinear
“system (7.42) with M(z) =1 — Lg,a(z).

Proof. Based on proposition 7.4.3, nonlinear system (7.42) can be transformed into
the cascade system

2 = folz) +{g:1(2) + A(2)g2(2)lins + B(2)g2(2)p2 =: F (2, i, ia)
o= pe (7.55)

fo = w

such that for z = F'(2,0,0) = fo(2), z = 0 is GAS. Let us stabilize the u-subsystem
with a PD controller

W= —C1p4y — Coflz, C1,¢2 >0
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Then, p = 0 is globally exponentially stable. Based on theorem 7.3.3, to show that
(z,1) = 0 is globally asymptotically stable for the closed-loop cascade system in
(7.55), we need to prove that any solution of the z-subsystem is bounded. For doing
s0, let us calculate V' along the solutions of (7.55). One obtains

V = LpV(2) + (L V(2) + A(2) Ly, V (2)lin + B(2)(Lg,V (2) ) ia
(ILg. V(2)| + [A(2)|[Lg, V (2) ) |11a] + B(2)| Ly, V (2)]| 2]

gl + Ly Ly + L)V (2)*|pl|  (because |us| < ||ul,i = 1, 2)
KV (2)M| ]

IA A

ll

where k := 1+ L;Ly + L. On the other hand, p(t) is exponentially vanishing and
llu()]]1 < oo. Thus, from the proof of theorem 7.3.4, it follows that any solution
of the z-subsystem is bounded. The PD feedback w = —cju; — copp in the original
coordinate can be written as

U= a3('z7§1’ 52) - M_cz-zjul - ﬁzz)l‘m

which is a PD controller with nonlinear gains —¢;/M(z), i =1,2. - O

Remark 7.4.2. The equation of a3 in the state feedback (7.54) can be expressed in a
slightly more explicit way as follows. Define p(z), ¢(z) as ,

_ Lra(z)

p(z) : M(z) Lgla(z)

M(z)

, q(2) =

and observe that they satisfy ay(z,&1) = p(2) + &1¢(z). Then, the right hand side of

.M
a3(z,61,6) = Gz — il
can be explicitly determined as the following

&y = Lygp(2) + &Lgq(2) + &2(q(2) + Lgyq(2)) ~ (7.56)
M = L;M(2)+ &L, M(2)+ &L, M(2) (7.57)

A crucial assumption in theorem 7.4.1 is assumption 7.4.2. In the following, we
provide sufficient conditions on g»(z) such that assumption 7.4.2 holds.

Proposition 7.4.4. Consider the following nonlinear system
z = f(2) + q(2)& + g2(2)&
and assume the following conditions hold:

i) there ezists a smooth state feedback & = a(z) such that for

z = f(2) + qi(z)a(z) = fi(2)
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z=101s GAS,
i) Ly,a(z) <1 for all z € R?,

i) there exists a function h(z) : R* — R such that g2(z) = h(2) f1(2).

Let
— Lfl ( )
plz): 1— Lg,a(z)
Then, for the closed-loop system
z = f(2) + g1(z)a(2) + 92(2) B(2) (7.58)

z=01s GAS.

Proof. The closed-loop system with control (§1,&:) = (a(2), 8(2)) can be written as

_ fi(z) + A(2)

1- Lya(z) (7.59)

where
AR) = (Lpa()a(z) - (Lual) ()
But g2(2) || f1(2), or g2(2) = h(2) fi(z) implies
(Li.a(@)a(?) = Lpa(Dfile), VzeR

Thus, A(z) = 0. This means the closed-loop nonlinear system in (7.59) reduces to

= 5(2)f1(2) (7.60)
with a scaling factor S (2) =: (1 = Lg,a(z))™" > 0. Since S(2) is a positive definite
scalar, z = 0 is GAS for 2 = S(2) fi1(2) and the result follows. O

In the following result, we slightly remedy the restrictive condition g2(z) || fi(2)
In proposition 7.4.4.