UNIVERSITY of CALIFORNIA

Santa Barbara

Robust Hybrid Control Systems

A Dissertation submitted in partial satisfaction of the

requirements for the degree

Doctor of Philosophy
in

Electrical and Computer Engineering
by

Ricardo G. Sanfelice

Committee in charge:

Professor Andrew R. Teel, Chair
Professor Petar V. Kokotovié¢
Professor Joao P. Hespanha

Professor Bassam Bamieh

September 2007



Robust Hybrid Control Systems

Copyright (© 2007*
by

Ricardo G. Sanfelice

IRevised on January 2008.



iii

To my mother Alicia, and my father Adolfo



Acknowledgements

I am deeply grateful to my advisor, mentor, and friend Andy Teel for having guided me through the challenges
of academic life and for teaching me to strive for elegance and mathematical rigor in my research. He has
continuously motivated me to think creatively and to always aim for high-quality research.

I would like to express my gratitude to my family and friends who have given me constant emotional and
spiritual support and encouragement throughout my doctorate program. In particular, I want to thank my wife
Christine who has been bold and remained supportive even in the busiest times of this journey.

T also want to thank the faculty in the Department of Electrical and Computer Engineering and in the Center
of Control, Dynamics, and Computation who directly or indirectly have shaped my career. In particular, I want
to thank Petar Kokotovic and Joao Hespanha for their encouragement, advice, and friendship throughout the
years. I thank all of the members of my doctoral committee for insightful discussions and useful suggestions
made to improve this document.

T am grateful to my fellow graduate students, post-docs, and visitors who made graduate school an enjoyable
experience and were always available for discussions. I offer special thanks to Rafal Goebel for his helpful
comments, advice and friendship; and to Gene, Doca, Ryan, Emre, Dragan, Michael, Max, James, Cai, Sara,
Prabir, Payam, Kavyesh, Diane, Chris, and Josh who have been my lab-mates and friends.

Finally, I am thankful for the help I have received from the Center for Control, Dynamical Systems’ assistants
during the last five years who have aided me very efficiently in the administrative paper work. I am also grateful
for the financial support provided by the University of California Santa Barbara and the Office of International
Students and Schoolars, and through my advisor by the National Science Foundation, Air Force Office of
Scientific Research, and Army Research Office.

iv



Abstract

Robust Hybrid Control Systems
by

Ricardo G. Sanfelice

This thesis deals with systems exhibiting both continuous and discrete dynamics, perhaps due to intrinsic
behavior or to the interaction of continuous-time and discrete-time dynamics emerging from its components
and/or their interconnection. Such systems are called hybrid systems and permit the modeling of a wide range
of engineering systems and scientific processes. In this thesis, hybrid systems are treated as dynamical systems:
the interplay between continuous and discrete behavior is captured in a mathematical model given by differential
equations/inclusions and difference equations/inclusions, which we simply call hybrid equations.

We develop tools for systematic analysis and robust design of hybrid systems, with an emphasis on systems
that involve control algorithms, that is, hybrid control systems. To this effect, we identify mild conditions that
hybrid equations need to satisfy so that their behavior captures the effect of arbitrarily small perturbations. This
leads to novel concepts of generalized solutions that impart a deep understanding not only on the robustness
properties of hybrid systems but also on the structural properties of their solutions. In turn, these conditions
enable us to generate various tools for hybrid systems that resemble those in the stability theory of classical
dynamical systems. These include general versions of Lyapunov and Krasovskii stability theorems, and LaSalle-
type invariance principles. Additionally, we establish results on robustness of stability of hybrid control for
general nonlinear systems. We also present a novel mathematical framework for numerical simulation of hybrid
systems and its asymptotic stability properties.

The contributions of this thesis are not limited to the theory of hybrid systems as they have implications in
the analysis and design of practically relevant engineering control systems. In this regard, we develop general
control strategies for dynamical systems that are applicable, for example, to autonomous vehicles, multi-link
pendulums, and juggling systems.



Notation

e R™ denotes n-dimensional Euclidean space.

e R denotes the real numbers.

e 7 denotes the integers.

e R>( denotes the nonnegative real numbers, i.e., R>g = [0, 00).

e N denotes the natural numbers including 0, i.e., N={0,1,...}.

e B denotes the open unit ball in Euclidean space.

e Given a set S, S denotes its closure.

e Given a set 5, coS denotes the convex hull and ¢6.5 the closure of the convex hull.
e Given a set S C R” and a point z € R", |z|g := infyecg |z — y|.

e Given sets 51,52 C R™, dg(S1,S2) denotes the Hausdorfl distance between S; and Ss.
e Given sets 51,52 subsets of R”, S + Sy := {ax1 + @2 | 21 € S1,22 € S2 }.

e Given a vector = € R", |x| denotes the Euclidean vector norm.

e The equivalent notation [x7 yZ]T, [z y]T, and (z,y) is used for vectors.

e The notation f~!(r) stands for the r-level set of f on dom f, the domain of definition of f, i.e., f~1(r) :=

{zedomf | f(z) =r}.

e A function o : R>g — R is said to belong to the class K if it is continuous, zero at zero, and strictly
increasing.

e A function o : R>o — R is said to belong to the class K if it belongs to the class K and is unbounded.

e A function 8 : R>g x R>¢p — R>¢ is said to belong to class-KCL if it is continuous, nondecreasing in its
first argument, nonincreasing in its second argument, and lims\ o 8(s,t) = lim;— B(s,t) = 0.

e A function 5 : R>g x R>g x R>g — R is said to belong to class-KCLL if, for each r € R>g, the functions
B(-,-,r) and B(-,r,-) belong to class-KL.
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Chapter 1

Introduction

Driven by recent technological advances, most engineering systems combine analog and digital devices, interact
through networks, conduct tasks collaboratively, and operate in environments filled with uncertainties. This
ongoing trend has been one of the thrusts for research on modeling, stability analysis, control design, validation,
verification, planning, and simulation of systems exhibiting both continuous and discrete behavior.

Because of their heterogeneous composition, the word hybrid is attached to these systems, where the presence
of two different behaviors, continuous and discrete, is the cause of heterogeneity. Hybrid systems consist of a
large class of systems that have been studied during the last few decades in several areas of engineering and
science, and as a consequence, they adopt different names. These include hybrid automata, embedded systems,
and mized-signal systems, among others. Hybrid systems are prevalent as they permit the modeling of a wide
range of engineering systems and scientific processes, they are sometimes induced by system design, and at other
times, they appear as modeling abstractions.

This thesis takes a dynamical systems approach to hybrid systems in the sense that its continuous behavior
is associated with the dynamics of a continuous-time system while its discrete behavior is related to the dynamics
of a discrete-time system. The goal in treating hybrid systems as hybrid dynamical systems (which throughout
this thesis will be referred to as simply hybrid systems) is to deeply understand their stability and robustness
properties. The main purpose of this thesis is to provide tools for analysis, design, and simulation of hybrid
systems where hybrid phenomena is not only intrinsic to the system but also induced by some external control
mechanism. This broad class of hybrid systems is referred to as hybrid control systems.

1.1 Dynamical modeling from a robustness viewpoint

Over the last few decades, in research areas such as computer science, feedback control, and dynamical systems,
researchers have given considerable attention to modeling and solution definitions for hybrid systems. Perhaps
the earliest related reference is the work in [105] where a class of continuous-time systems with both continuous
and discrete states (the state is referred to as hybrid state) exhibiting transitions was proposed in the context
of optimal control. More recent contributions model hybrid phenomena as differential, hybrid, and automata
[97, 74, 43, 14, 103, 67, 98]; impulsive systems and inclusions [11, 7, 40]; continuous-time systems with discrete
events [4, 61]; among several others.



Even though these models, for the most part, differ from each other due to their structure and solution
definition, they are similar in the sense that the continuous and discrete behavior are captured by one (or
several) of their components which are active under certain conditions. In this thesis, such a modeling approach
is made explicit as it appears naturally from a dynamical systems point of view. A hybrid system is denoted
by ‘H with state denoted by z, possibly including both continuous and discrete state components, which takes
value in a state space given by an open set O C R™. The continuous behavior or flows of a hybrid system is
modeled by a differential equation # = f(z) (or inclusion # € F(x)), which is called flow map, while the discrete
behavior or jumps is modeled by a difference equation 2™ = g(z) (or inclusion z* € G(z)), which is called
jump map. The conditions that permit flows and/or jumps are given by the flow set C' and the jump set D,
respectively, subsets of the state space O. Then, a hybrid system H is uniquely determined by these five objects
and can be written as hybrid equations as follows

rzeC
= g(x) reD,

|
~
roum)

8
~—

by
H: zeO { 1

T

in the case of maps given by equations, or

' &t € F(x) zel
T reo {x+ e G(x) x €D,

in the case of maps given by inclusions. The compact representation above is suggestive for the solution concept
adopted for these systems. In this thesis, solutions are given by functions parameterized by two time variables:
ordinary time ¢ and discrete time j. The variable ¢ keeps track of the time that the system flows while the
variable j counts the jumps. This solution concept not only captures the joint effect of continuous and discrete
dynamics arising in hybrid systems, but also the behavior of purely continuous-time and purely discrete-time
systems as special cases. Figure 1.1 depicts this combination of time variables which confers a specific structure
to the time domain of a solution, which is called hybrid time domain. Hybrid time domains are similar to hybrid
time trajectories in [66],[67], and [7], and to the concept of time evolution in [103], but give a more prominent
role to the number of jumps. (This contrasts with the approaches in [105, 97, 11, 69, 25, 46, 98, 47, 37] where
solutions are given by right-continuous functions parameterized only by ordinary time ¢, usually referred to as
CADLAG functions, from the French “continue a droite, limite a gauche”.)

Chapter 2 makes the mathematical model for hybrid systems H outlined above precise and rigorously in-
troduces the solution concept. A key reason to insist on a modeling framework where the objects defining
the continuous behavior (in the model above, the flow map and flow set) and the objects defining the discrete
behavior (in the model above, the jump map and jump set) are clearly distinguished is so that good robustness
and structural properties can be conferred to a hybrid system through regularity of these objects (such a task
is certainly more challenging when considering, for example, the models in [67] and [37] defined by more than
six objects). Chapter 3 addresses this topic from the point of view of robustness of hybrid systems with state
perturbations by answering the question:

What are the properties that the state space, flow map, flow set, jump map, and jump set of a hybrid system
H need to satisfy so that its set of solutions is equal to the set of (converging) limiting solutions to H under
vanishing perturbations?

A clear understanding of the conditions required for the property in this question to hold is relevant in
the analysis and design of robust hybrid control systems since, when such a property is not present, undesired
behavior can arise in the control system due to arbitrarily small perturbations, such as measurement noise; see
[88, 90]. Several examples throughout Chapter 3 demonstrate the importance of this property and motivate
several conditions on the hybrid system H. These are are called hybrid basic conditions. Further motivation for
the hybrid basic conditions, briefly mentioned in Chapter 3, has been given in [38] and [39] but from the point
of view of the structural properties of solutions.
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Figure 1.1. Continuous, discrete, and hybrid solutions parameterized by ¢, j, and both ¢ and j, respectively.
The latter corresponds to the solution concept for hybrid systems H. Its domain is a hybrid time domain.

1.2 Tools for systematic analysis and design

The analysis and design tools for hybrid systems in Chapter 4 come in the form of Lyapunov stability theorems,
LaSalle-like invariance principles, and their connections with observability and detectability [87, 89]. Systematic
tools of this type are the foundation of the systems theory for purely continuous-time and discrete-time systems.
Among similar tools available for hybrid systems before this thesis (for an overview of some other stability results
for hybrid systems, see [70] and [32]), the tools presented in Chapter 4 generalize their classical versions for
continuous-time and discrete-time systems to the hybrid setting by defining an equivalent notion of stability
and providing intuitive extensions of the sufficient conditions for asymptotic stability as outlined below.

The standard notion of stability of a point or set for continuous-time and discrete-time systems: if a solu-
tion “starts close” then “it stays close” to the point or set, can be adopted as the notion of stability for hybrid
systems H: given a hybrid system H, a compact set (or equilibrium point) A C O is stable if:

For every € > 0 there exists 0 > 0 such that each solution to H starting in a d-neighborhood of A stays in
a e-neighborhood of A in its domain of definition.

Similarly, the notion of attractivity can also be extended: A is attractive if

INote that these notions do not assume that solutions exist for arbitrarily long ¢ and/or j. To denote this property, the prefix
“pre” is added to these concepts when precisely defined in Chapter 4.



There exists a neighborhood of A from which solutions stay in O and the ones that exist for arbitrarily long
t and/or j converge to A as t+ j goes unbounded.

With these definitions, and under the hybrid basic conditions, given a Lyapunov function V', continuously
differentiable and positive definite with respect to A, the checkable conditions that it needs to satisfy for A to
be stable and attractive, i.e., (locally) asymptotically stable, are simply

(VV(x), f(x)) < 0 Vee C\ A,
Viglx))—=V(z) < 0 Ve e D\ A, Vig(x)) —V(z) <0 Vee D,

for the case of single-valued flow and jump maps, and

521&X)<VV(:E),§> < 0 Vee C\A,
521&);){V(§) -V} < 0 Ve e D\ A, grenc?é){V(ﬁ) -V(z)} <0 Vre D,

for the case of set-valued flow and jump maps, where VV(z) is the gradient of V at z. Chapter 4 states
this result for the case of locally Lipschitz V. It also presents special cases of it including a hybrid version of
Krasovskii’s stability theorem [54].

The second part of Chapter 4 includes general invariance principles for hybrid systems. These are applicable
even in the cases when solutions are nonunique, depend semicontinuously with respect to initial conditions, and
have multiple jumps at the same instant. These type of behaviors are common in robust hybrid control systems
and current invariance principle results in the literature do not apply. (These include the invariance principles in
[67] where uniqueness of solutions and continuity with respect to initial conditions is required, and in [25] where
solutions with multiple jumps at an instant are not allowed and further quasi-continuity properties including
uniqueness of solutions are imposed.)

The invariance principles in Chapter 4 include a result that parallels LaSalle’s invariance principle?, pre-
sented in [59, 60] for differential and difference equations. The notion of invariance is accommodated appropri-
ately to allow for nonuniqueness of solutions. It is called weak invariance and is defined as follows:

Given a hybrid system H, a set M C O is weakly invariant if it is both:

Weakly forward invariant: if for each point & € M there exists at least one solution to H starting from
& that exist for arbitrarily long t and/or j and is contained in the set M for allt and j in its domain of definition.

Weakly backward invariant: if for each point & € M and every positive number N there exists a point &
from which there exists at least one solution to H starting from & that is equal to & for some t*,j* in its domain
of definition with the property that t* + j* > N, and that remains in M up to t*,5*.

Limiting this discussion to the case of single-valued flow and jump maps for simplicity, for a hybrid system
‘H satisfying the hybrid basic conditions, a continuously differentiable function V' : R” — R, and a nonempty
set U C R"™ such that

0 Vee CNU
0 YVee DNU ,

(VV(z), f(x))
Vig(z)) = V(x)

2 Also known as Barbashin-Krasovskii-LaSalle’s invariance principle. Never intending to discredit any of the authors’ contribution,
for simplicity, this invariance principle is referred throughout this thesis as “LaSalle’s invariance principle”.
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every solution z to H that is bounded, exists for arbitrarily long ¢ and/or j, and remains in U is such that
converges to the largest weakly invariant set contained in

{{(VV(2), f(z)) =0} U ({V(g(z)) — V(z) =0t ng({V(g(z)) — V(z) = 0}))
(1.1)

intersected with V~1(r) NU for some constant r € V (U).

Expression (1.1) characterizes the set of points in which to search for an invariant set. The invariance notion,
which involves both (weak) forward and backward invariance, reduces this set compared to results where only
forward invariance is required. Note that the result automatically recovers the continuous-time and discrete-
time versions of LaSalle’s invariance principle, which are obtained by omitting the terms to the right or to the
left of the union symbol in (1.1), respectively. Even though the intersection in the term at its right does not
improve the result when specialized to purely discrete-time systems, it does improve the result for the hybrid
case. This is illustrated in an example in Chapter 4.

1.3 Control strategies for robust stability

Over the last fifteen years, researchers have begun to recognize the extra capabilities of hybrid control systems
compared to classical continuous-time control systems. For example, it is now well-known that hysteresis
switching control can stabilize large classes of nonholonomic systems even though stabilization is impossible
using time-invariant continuous state feedback, and robust stabilization is impossible using time-invariant locally
bounded feedback. See, for example, [49, 76]. Also, sample-and-hold control (a special type of hybrid feedback)
can be used to achieve stabilization that is robust to measurement noise and fast sensor/actuator dynamics,
even if such robustness is impossible using purely continuous-time feedback. See, for example, [95], [28], [53].

Despite these specific studies, a general investigation of the robustness of hybrid controllers to perturbations
is absent from the literature. Research in these topics are relevant both from a theoretical and practical point
of view. Chapter 5 answers the question of whether asymptotic stability of compact sets for closed-loop systems
resulting from hybrid control of nonlinear systems is preserved when: a) small measurement error enters the
plant state; b) fast unmodeled sensor and actuator dynamics are incorporated in the closed-loop system; c) the
control law is “smoothed” by a fast filter; and d) the hybrid controller is digitally implemented with sample-
and-hold devices. As the perturbations are explicitly added to the nominal closed-loop systems as independent
subsystems given both by continuous-time models and hybrid models, these results are the first steps towards a
general understanding of interconnections and singularly perturbed hybrid control systems. Figure 1.2 depicts
some of the typical perturbations that arise in real-world scenarios [86, 83].

Hybrid control is a very powerful tool to solve control problems in a robust manner. For instance, it
is a well-known fact in the nonlinear control literature that there are certain control problems for which it is
impossible to use (possibly even discontinuous) pure state feedback to achieve asymptotic stability that is robust
to arbitrarily small measurement noise. This is one of the motivations for the sample-and-hold state feedback
laws proposed in [95] and [28]. Tt is the hybrid nature of these control laws that permits some level of robustness
to measurement noise. In Chapter 6, general capabilities of hybrid control as a tool for robust stabilization are
shown in three problems [82, 82, 85, 91]:

e A control strategy for the problem of stabilizing a nonlinear system to a disconnected set of points is
proposed to accomplish global robust stabilization. An elementary proof of the fact that, for continuous-
time systems, it is impossible to use (even discontinuous) pure state feedback to achieve this task when
arbitrarily small measurement noise enters through the system state is given. A constructive, Lyapunov-
based hybrid state feedback is developed for this purpose. This strategy has applications in the control of



unmanned autonomous vehicles in problems where topological constraints induce a partition of the state
space where decisions need to be made, like in the case of obstacle avoidance and target acquisition.

e The problem of robustly globally asymptotically stabilizing a point or a set for a class of nonlinear systems
is solved by combining local state feedback laws and open-loop control signals. A hybrid controller or-
chestrates the switching between these control laws to steer the trajectories toward the desired point from
other particular points in the state space, and a “bootstrap” feedback controller that is capable of steering
the trajectories to a neighborhood of one of these points. From there, the local feedback stabilizers and
the open-loop controls can be used. A logic to select the control laws that is based on hysteresis and
recover the system from failures of the open-loop controls is implemented in the hybrid controller using
logic variables and logic rules. The main idea is illustrated in, but not limited to, the problem of global
stabilization of the upright position of the pendubot.

e From a hybrid systems point of view, a modeling framework and a trajectory tracking control design
methodology for a class of juggling systems is introduced. The main ideas and concepts are presented in
a one degree-of-freedom juggling system with multiple impacting balls. A hybrid control strategy that,
with only information of the state of the balls at impacts, controls the balls to track the reference inputs
in finite time is designed.

1.4 Robustness of numerical simulations

Numerical simulation plays a very important role in the analysis of hybrid systems. In the literature of simulation
of hybrid systems, special attention has been given to the definition of semantics for simulation, event detection,
and numerical solvers, see e.g. [64, 73]. This has lead to the generation of very powerful simulation tools for
hybrid systems, which includes Modelica [34], Ptolemy [63], Charon [2], HYSDEL [100], and HyVisual [61],
among others. Perhaps, the ultimate goal of a hybrid simulator is to reproduce with arbitrary precision the
solutions to the system under simulation. In this setting, numerical simulation techniques have to account for
both flows and jumps. As for continuous-time systems, the continuous-time dynamics of hybrid systems need
to be discretized by a numerical integration method (perhaps using one-step integration methods like Euler
and Runge-Kutta or more advances multistep methods). However, even though this is intuitively true, rigorous
results that parallel the well-known facts about simulation of continuous-time systems (see, for example, [96],
[33]) are currently missing for the hybrid setting.

In Chapter 7, the following hybrid simulation model for H, denoted by H,, based on discretization of the

U nonlinear T ,/

actuator system z%s

A/D

j_k__‘TC
ZOH hybrid
controller
D/A J
discretization

Figure 1.2. Hybrid control of a nonlinear system and some of the perturbations that arise in real-world scenarios.



dynamics is introduced:

_ v e Fy(x) z € Cs
Hs z€0 {:Z:Jr € Gs(x) z € Dy

where s > 0 is the integration step, Fj is the integration scheme for the flows, Cj is a subset of R™ that indicates
where in the state space the integration scheme Fy works, G is the discrete mapping that simulates the jumps,
and Dy is a subset of R™ that indicates where in the state space the mapping G for the simulation of jumps
works. Note that the differential inclusion & € F'(x) was replaced by a difference inclusion. This corresponds to
the discretization of the flows. In Chapter 7, the following questions is addressed [84]:

What are the conditions on s, Fs, Cs, Gs, and Dy such that: 1) for a given simulation horizon, every
sitmulation to a hybrid system is arbitrarily close to an actual solution to the hybrid system; 2) asymptotically
stable compact sets for a hybrid system are semiglobally practically asymptotically stable compact sets for the
hybrid simulator; 8) asymptotically stable compact sets for the hybrid simulator are continuous in the step size s?

The required properties are obtained by treating the hybrid simulator H, as a perturbation of the hybrid
system H. The results make use of the recent results of asymptotic stability of compact sets for perturbed
hybrid systems in [39].

1.5 Notes

The results outlined in the previous sections are given in the following chapters as indicated. More references
and related material are included in the “Notes and references” section at the end of each of the following
chapters.



Chapter 2

Mathematical Model and Solutions

In this chapter, a mathematical model is introduced as a framework for modeling, analyzing, and designing
hybrid systems. The description of the model is exercised by some of the examples exhibiting hybrid phenomena
discussed in Chapter 1. The concept of solution in this framework is given by functions, called hybrid arcs, in
extended time domains, called hybrid time domains. These concepts are illustrated through several examples.

2.1 Preliminaries

A set-valued mapping from R™ (or from a subset S of R™) to R" is understood to associate, with each point
x € R™ (or x € S), a subset of R™. The notation M : R™ = R" will distinguish a set-valued mapping M from
a function.
Definition 2.1 (domain, range, graph)

Given a set-valued mapping M : R™ = R"”,

e the domain of M is the set
domM ={z e R™ | M(x) #0};

e the range of M is the set
rge M = {y € R" | 3z € R™ such that y € M(z) };

e the graph of M is the set
gph M = {(z,y) e R™ xR" | y € M(z)}.

A set-valued mapping M is fully determined by its graph, in the sense that
M(z) ={y | (z,y) €gph M} .

A mapping M is empty-valued, single-valued, or multivalued at = if M (x) is empty, a singleton, or a set
containing more than one element. Every function defined on a set S is a set-valued mapping that is single-
valued at each point of S.

Solutions to differential equations and differential inclusions will be understood in the Carathéodory sense.
That is, given a function f or a set-valued mapping F', the classical and very restrictive condition that a solution



z:[a,b] — R™ to 2(t) = f(2(t)) or 2(t) € F(z(t)) be differentiable is replaced by requiring that it be absolutely
continuous, and then 2(t) = f(z(t)) or 2(t) € F(z(t)) are required to hold for almost all ¢ € [a,b]. (For an
absolutely continuous z : [a,b] — R™, the time derivative #(t) = < z(t) need not exist for all ¢ € [a,b] but is
guaranteed to exist for all ¢ € [a, b] except a set of measure zero.)

2.2 The model

In order to develop tools to analyze the behavior of hybrid systems, a mathematical model, one that can describe
both the continuous evolution and the discontinuous evolution of the state variables, is needed. The approach
taken in this thesis is from a dynamical systems point of view. A hybrid system has a state vector with dynamics
governed by differential equations (or inclusions) and difference equations (or inclusions) in certain regions of a
state space. More precisely, a hybrid system is described by five objects, which we refer to as the data of the
hybrid system, that define what we call hybrid equations':

e The state space, i.e., the set to which the state of the hybrid system is restricted. The state space is
denoted by O and is an open subset the Euclidean space R™, and often, the whole space itself. The state
of the hybrid system is denoted by .

e The flow map is either a function f : O — R™ or, more generally, a set-valued mapping F': O = R" that
describes, through a differential equation or a differential inclusion, the behavior of the state x when it
evolves continuously. That is, during an interval of flow of z, either & = f(x) or & € F(x) is satisfied. In
the latter case, the velocity vector & is restricted to be an element of the set F(z).

e The flow set is a subset of the state space O that specifies where the continuous evolution can occur. It is
denoted by C. Thus, only those solutions to a differential equation @ = f(x) or inclusion & € F(x) that
satisfy the constraint « € C, except possibly the times just before or just after a jump, will represent a
possible behavior of the hybrid system.

e The jump map is either a function g : O — O or, more generally, a set-valued mapping G : O = O
that describes, through a difference equation or a difference inclusion, the behavior of the state x when it
jumps. That is, when a jump occurs, the value of the state after the jump, denoted x*, satisfies x™ = g(x)
or 7 € G(z) is satisfied. In the latter case, the state after the jump is restricted to be an element of the
set G(x) that depends on the state x before the jump.

e The jump set is a subset of the state space O that specifies from where the discontinuous evolution can
occur. It will be denoted by D. Paralleling what was described for the flow, only those solutions to a
difference equation 2™ = g(z) or inclusion 2™ € G(x) that satisfy the constraint x € D, i.e., the state z
is in D before the jump, will represent a possible behavior of the hybrid system.

A shorthand notation for a hybrid system with the state space O, flow map f, flow set C, jump map g,
and jump set D will be H = (O, f,C, g, D) or, in the case of set-valued mappings, H = (O, F,C,G,D). A
representation that highlights the interplay between continuous and discrete dynamics by hybrid equations and
suggests a concept of solution for hybrid systems H is

z = f(x) zeC

H: z€0 {:17Jr = g(x) reD,

1In the general case, the data of a hybrid system will include set-valued mappings and the name hybrid inclusions would fit
better, but for simplicity and uniformity, we simply use hybrid equations.



respectively

_ &t € F(x) zelC
e reo {er € G(z) zeD. (2.1)

The concept of solution will be rigorously stated in the next section, but the representation above suggests that

e solutions will stay in O;

e solutions will only be allowed to flow when in C' and will satisfy # = f(z) (¢ € F(z) in the set-valued
case);

e solutions will only be allowed to jump when in D and the value after the jump will satisfy 2+ = g(z) (or
xt € G(z) in the set-valued case);

e at points where C and D overlap, solutions could be nonunique, that is, they could either flow or jump;
e from points in C' where flows are not possible solutions will not be able to evolve forward;

e from points in O that are not in C'U D, and from points where solutions that initially flow do it outside
of the set C, solutions will not exist.

An important property of the concept of solution used here that is worth it emphasizing is that solutions to H
could be nonunique not only due to the flow and jump dynamics given by inclusions, but also because it could
be that from certain points in the state space, solutions could both flow and jump.

Since functions can be viewed as a special (single-valued) case of set-valued mappings, from now on, unless
otherwise stated, set-valued mappings F' and G as in (2.1) will be used in the symbolic description of hybrid
systems. Note that this representation indicates that the proposed model for hybrid systems subsumes general
models for continuous-time and discrete-time systems when the jump map and jump set are empty, i.e., when
data is given by (O, F,C,0,0), and when the flow map and flow set are empty, i.e., when data is given by
(0,0,0,G, D), respectively. This implies that the results in this thesis can be specialized, when appropriate, to
these dynamical system subclasses.

The hybrid phenomena discussed in Section 1 will be revisited with an emphasis on describing possible
choices for the corresponding data that comprise the mathematical model as described above.

2.2.1 Examples

As illustrated in the following examples, hybrid phenomena, i.e. the typical behavior in hybrid systems, can
arise naturally or can be induced by interconnections and logic.

A bouncing ball

Consider a ball dropped from some height above the floor, as in Figure 2.1. A simplified way to model the
ball’s behavior is to assume that only gravity affects the ball when the ball is above the floor, and that the
collision of the ball with the floor produces an instantaneous effect on the ball’s velocity. In such a model, the
velocity of the ball evolves continuously above the floor until a collision occurs. During a collision, the velocity
undergoes a discontinuous change. More precisely, the velocity jumps as it changes sign and perhaps decreases
in magnitude due to energy dissipation. After each collision, and so after each jump in the velocity, the ball
position and velocity evolve continuously again, until the next collision with the floor.
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Figure 2.1. Bouncing ball system: ball above the floor and gravity force g.

Denote the bouncing ball’s height by h and its vertical velocity by h. Take the state to be

x::[Z}ERQ.

The flow map for this system follows from the forces acting on the ball. For x; > 0, gravity acts on the ball
generating the flow map

T2

)= |

where g denotes the gravitational constant, according to Newton’s laws of motion. Since flowing below the level
of the floor will not be possible, the flow map does not need to be defined for x; < 0. Alternatively, one can
view the flow map as a set-valued mapping with empty values for z; < 0. One may also consider defining the
flow map for z; = 0. One possibility is to augment f with the additional definition

:| ifxy >0,

€2

f(ac):z[ 0 ] if z1=0.
Another possibility is to augment f using the set-valued map
F(SC) = {f = [flfg]T S Rz | fl =9, f2 S [—g,O]} if z1=0.
The jump map can be taken to be

—)\SCQ

so)=| 5, |

where A € [0,1) quantifies the restitution factor for collisions between the ball and the floor.

Following the discussion above, the ball’s velocity is allowed to jump when xzy = h = 0 and z9 = h < 0.
Thus, the jump set may be taken to be

D::{:EEIR2 |x1:O,x2<O}.

One may also consider choosing the jump set to be the closure of the set D given above. This would add the
point (z1,22) = (0,0) to the jump set, resulting in a closed set. The effect on solutions of closed jump sets will
be discussed in the next chapter.

The state of the bouncing ball system changes continuously when the ball is above the floor. Thus, one
may consider taking the flow set as
Ci={zeR*|z1>0} .
Figure 2.2 depicts the sets C' and D defined above. It also shows the vector field f and the value of the jump
map g for a particular point in its domain of definition.

Again, one may consider including some or all of the boundary points of C' in the definition of the flow set.
The effect on solutions will be discussed in the next chapter.

11
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Figure 2.2. Bouncing ball data.

Sample-and-hold control systems

Digital computer systems have become the universal platform for the implementation of control algorithms
for systems and processes. Typically, these digital controllers consist of microprocessors, digital signal processors,
field-programmable gate arrays, etc., where the control algorithm is programmed in software. These constitute
a large class of systems that is known as sample-and-hold control systems or computer controlled systems.

Consider the closed-loop system in Figure 2.3 resulting when digitally controlling a continuous-time nonlin-
ear system with sample and hold devices. The basic operation of the digital controller is as follows. The output

nonlinear

system

T
15 jon A | —
ZOH

algorithm

o

Figure 2.3. Digital control of a continuous-time nonlinear system with sample and hold devices.

of the nonlinear system is sampled by a sample device (this is the task of the analog-to-digital converter denoted
as A/D) to obtain discrete values of the output to be processed by the control algorithm implemented in the
digital controller. The result from the control algorithm computation is used to update the control input for the
nonlinear system through the hold device (this is the task of the digital-to-analog converter denoted as D/A).
For a periodic A/D sampler and a zero-order hold (ZOH) type of D/A, the output samples and control input
updates occur at a fixed rate which is denoted by T'. At every T units of time, there is a jump in the system
which updates the outputs of these blocks and the time logic that synchronizes the devices. In between jumps,
the system flows: the state of the nonlinear system evolves following its continuous-time dynamics under the
effect of constant control input. The closed-loop system is a hybrid system with jumps at every T units of time,
at which the digital controller obtains samples of the nonlinear system output and updates the control input,
and flows in between those events.

Suppose that the nonlinear system to be controlled is given by
£=fEuw), E€R’, ueR™. (22)
Let the control law to be implemented in the algorithm block in Figure 2.3 be the state-feedback law

k:RP — R™
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and suppose that the rate of D/A and A/D devices is T > 0, i.e., the sampling period. A timer variable 7 is
used to keep track of when the sampling period has elapsed. The held value of the control will be stored in the
variable u in the ZOH device. This variable becomes part of the state of the closed-loop system, which is given
by

with state space RPT™*!  Since the variable u is held constant during flows, the timer variable 7 keeps track of
elapsed time, and the state x evolves with the dynamics in (2.2), the flow map is given by

fie.u)
fa)=1] 0
1

Since, at the end of a sampling period, the variable u is updated by the feedback law s (function of &), the
timer should restart its count, and the state of the plant does not change, the jump map is given by

The continuous evolution is allowed when the timer variable 7 belongs to the interval [0, T]. In other words,
C:={[ur]" eRPI™ | 70,7} .
The jump evolution is allowed when the timer variable 7 equals T, i.e.,

D={[tur]T eRPt™ | 7=T} .

2.2.2 Hysteresis in feedback control

Hysteresis is a property of a system that relates its input and output through a mechanism that keeps track of
the previous input and output values, i.e. it has memory. It appears in nature and is exploited in many areas
of technology.

Perhaps the most well-known hysteresis behavior is the one present in ferromagnetic materials. Figure 2.4(a)
shows a typical relationship between the magnetic field intensity H and the magnetic flux density B in a
ferromagnetic material. From an initial B =~ 0, B reaches a value close to one when H > 1, and from that
condition, for B to reach a value close to zero, H needs to decrease below 0.1.

Hysteresis is usually incorporated into engineering systems by means of devices specially designed with
such a characteristic. In particular, there exist electronic and mechanical devices where their input and output
variables are related as shown in Figure 2.4(b), which we refer to as relay-type hysteresis. When the output of
the device is zero, a transition to one is only possible when the input reaches the right threshold (denoted by us
in Figure 2.4(b)). From that condition, an output transition back to zero is only possible if the input reaches
the left threshold (uq).

Figure 2.5 shows a typical hysteresis input/output map. The two curves are defined for input values in the
depicted overlapping input intervals. To model the input/output behavior, a logic variable can be associated
to indicate the curve used to assign the output. The logic variable equal to one is assumed to indicate that the
output is given by the lower curve, while equal to two indicates that the output is given by the upper curve. To
be able to change from using the lower curve to the upper curve and vice versa, as hysteresis behavior requires,

13
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(a) Hysteresis in a ferromagnetic mate- (b) Relay-type hysteresis.
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Figure 2.4. Examples of hysteresis behavior.

the logic variable has to jump. The update rule is as follows. When the logic variable is equal to one, indicating
that the output is assigned through the lower curve, then a jump to two occurs when the input reaches the
right end of the lower curve’s interval of definition. When the logic variable is equal to two, indicating that the
output is assigned through the upper curve, then a jump to one occurs when the input reaches the left end of
the upper curve’s interval of definition. When none of these jump events occur, the logic variable is constant.
This corresponds to hybrid behavior.

Below, an application of hysteresis in control systems is presented.

‘output
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(a) Hysteresis function. (b) Functions and domain of definition.

Figure 2.5. General hysteresis.

Combining local and global controllers

In several control applications, the design of a continuous-time feedback controller that performs a particular
control task is not possible. For example, in the problem of globally stabilizing a multi-link pendulum to
the upright position with actuation on the first link only, topological constraints rule out the existence of a
continuous-time feedback controller that accomplishes this task globally and robustly. However, it is often
possible to overcome such topological obstructions using hybrid feedback control to combine continuous-time
feedback laws that achieve certain subtasks.

To illustrate this idea, consider the task of combining a high performance controller that only works near a
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prescribed operating point with a controller that is able to steer every trajectory to the operating point but does
not have as good a performance near that point. We refer to these as local and global controllers, respectively.

local L

reference e controller N
E ! plant

global

controller
supervisor

Figure 2.6. Closed-loop system combining local and global controllers.

Figure 2.6 depicts a block diagram of the control mechanism being described. Each controller measures
the error signal given by the plant output and reference input. The controller selection is performed by the
supervisor. By measuring the plant output, the supervisor decides whether to apply the local or global controller
using a logic variable. This variable indicates the controller that is currently applied and is used in the selection
rule as follows. If the logic variable indicates that the local controller is currently applied and the system output
is far away from the region where the local controller works, then select the global controller and update the
logic variable to indicate this. If the logic variable is such that the global controller is currently applied and
the system output is in the region where the local controller works, then select the local controller and update
the logic variable accordingly. If, with the logic variable indicating that the local controller is in the loop, the
system output is in a small neighborhood of the region where the local controller works, then keep the current
controller. However, if the system output is far away from that region where the local controller guarantees
good performance, then select the global controller and update the logic variable as well. This switching rule
introduces hysteresis. Note that the updates of the logic variable correspond to jumps, and that in between
those, the closed-loop system flows. Hence, it is a hybrid system.

Suppose that two state feedback control laws 1 : RP — R™, ko : R — R™ have been designed to stabilize
the origin of a nonlinear control system § = f(&, u). The feedback law k1 produces efficient transient responses,
but only works near the origin. The feedback law ko produces less efficient transients but works globally. The
goal is to build a hybrid feedback law that globally asymptotically stabilizes the origin while using x; near the
origin and uses ko far from the origin.

The controller will use a logic variable ¢, which here we assume to take values in the set {1,2}, to keep
track of which controller is currently being applied. Then, the state of the closed-loop system is given by

:v:z[g}ERpH.
q

Since the logic variable does not change during flows, the flow map for the closed-loop system is given by

flx) = [ f(&gq(é‘)) }

Hysteresis will be used as follows to determine when it is appropriate to switch between controllers. A jump
should occur when ¢ = 2 and the state £ is close to the origin, say in a set Ds, and a subsequent jump should
not occur unless ¢ = 1 and the state £ attempts to leave a larger set C7. This behavior is generated by allowing
flows when ¢ =1 and £ € C or when ¢ = 2 and £ € RP\ Dy =: (s, while allowing jumps when ¢ = 2 and £ € Ds
or when ¢ =1 and & € RP\Cy =: D;. Thus, the flow set is taken to be

C:={(q) eRP x{1,2} | ge{1,2} , £y} .
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Figure 2.7. Sets for the hybrid controller combining control laws k; and k.
Sets for the hybrid controller combining control laws x; and kKo.

The jump set is taken to be

D:={(6,q) eRP x {1,2} | g€ {1,2}: €€ D,} .

These sets are depicted in Figure 2.7. Regarding the jump map, since the role of jump changes is to toggle the
logic mode and since the state component & does not change during jumps, the jump map for the closed-loop

system will be
| ¢
s0)=| 55,

(Note that 3— ¢ =2 when ¢ =1 and 3 — ¢ =1 when ¢ = 2.)

Finally, in order for the hybrid feedback law to work as intended, there should be a relationship between
Dy and (. In particular, if trajectories of

é = f(év K/l(g))

start in Do they should remain in a closed set that is a strict subset of C7; moreover any trajectory of this
system that starts in C; and remains in C7 should converge to the origin. Since the local controller is locally
asymptotically stabilizing, both of these properties can be induced by first picking C; to be a sufficiently small
neighborhood of the origin and then picking D2 to be another sufficiently small neighborhood of the origin.

2.3 Time domains and arcs

Classical dynamical systems come in two main varieties: continuous-time systems, where solutions are param-
eterized by t € R>o, i.e., by time, and discrete-time systems, where solutions are parameterized by j € N, i.e.,
by the number of jumps. For general hybrid systems, which are a blend of continuous-time and discrete-time
systems, it is natural to suggest that solutions be parameterized by both ¢, the amount of time passed, and j,
the number of jumps that have occurred. Of course, it is impossible for a particular solution of a hybrid system
to be defined for all (,7) € R>g x N: for example, for a solution that jumps three times in the first two seconds
of its evolution, it makes no sense to ask what is the state of this solution after four seconds and the first jump.
More precisely, only certain subsets of R>g x N can correspond to evolutions of hybrid systems. Such sets are
called hybrid time domains.
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Definition 2.2 (hybrid time domains) A subset E C R>¢ x N is a compact hybrid time domain if
J—1
E=J (lt. 41 9)
j=0

for some finite sequence of times 0 = tg < t1 < tg ... < t;. It is a hybrid time domain if for all (T,J) € E,
EnN([0,T] x{0,1,...J}) is a compact hybrid domain.

Equivalently, F is a compact hybrid time domain if F is a union of a finite sequence of intervals [t;, t;+1]x{j},
while E is a hybrid time domain if it is a union of a finite or infinite sequence of intervals [t;,t;41] x {j}, with
the last interval, if the last one exists, possibly of the form [t;,T) with T finite or T' = occ.

Figure 2.8 shows an example of a hybrid time domain E given by the sequence of times 0 =ty < 1 < to =
t3 < t4. Note that for (T, J) € F in Figure 2.8, EN([0,T] x {0,1,...J}) is a compact hybrid domain. The figure
suggests that for each hybrid time domain FE, there is a natural (lexicographical) way of ordering its points:
given (t,7), (t',j') € E, (t,j) 2 (t',7) if t <t' or t =t and j < j'. Equivalently (as long as the points are taken
from the same time domain E) (t,7) =< (¢/,5') if t +j < t' 4+ j'. Points in two different hybrid time domains
need not be comparable. For example, points (1,0) and (0,1) — which cannot belong to the same hybrid time
domain — are not comparable: it is not the case that either (1,0) < (0,1) or (1,0) < (0, 1).

7 A
3
J - |~)
2 o
1 C—) E

0| t to =13

1

~Y

ty

Figure 2.8. Hybrid time domain E.

Given a hybrid time domain F,

sup,F =sup {t € R>¢ | 3j € N such that (¢,5) € E},
sup;/ =sup{j € N [ 3¢ € Ry such that (t,j) € E'}.

That is, the operations sup, and sup; on a hybrid time domain F return the supremum of the ¢ and j coordinates,
respectively, of points in E. Furthermore, sup F = (sup, E, suij)7 and finally, length(F) = sup, E + sup; E.

Definition 2.3 (hybrid arc) A function 2 : E — R™ is a hybrid arc if E is a hybrid time domain and if for each
j €N, the function t — «x(t, j) is locally absolutely continuous.

In the definition above, the absolute continuity requirement is only relevant for those intervals I7, defined
for each j € Nby I’ x {j} = EN (R>o x {j}), that have nonempty interior. In general, such intervals may be
empty or consist of just one point. On each I? with nonempty interior, local absolute continuity of ¢ — (¢, j)
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means that ¢ — z(t,j) is absolutely continuous on each compact subinterval of I7. Also, on each such I7,
t — x(t, j) is differentiable almost everywhere, and @(t, j) will denote the time derivative of z(¢, 7), whenever it
exists. In short, p

‘@(tvj) = Ex(tvj)

Given a hybrid arc z, the notation domx represents its domain, which is a hybrid time domain. Such
notation is consistent with the following “set-valued interpretation” of a hybrid arc. A hybrid arc x can be
defined as a set-valued mapping = : R? = R™ that is single-valued on its domain domz (i.e., on the set of (¢, 5)
on which z(¢,7) # 0, recall Definition 2.1) which is a hybrid time domain and for which ¢ — z(t, j) is locally
absolutely continuous for each fixed 5 € N. Such interpretation makes it more natural to think that the hybrid
time domain dom x is determined by the arc x. This will be particularly relevant when talking about hybrid
arcs that are solutions to a hybrid system. Then, it is certainly not appropriate to consider (an arbitrary)
hybrid time domain F first, and then try to find a solution with E as a domain. Rather, it is necessary to find a
solution z first, and say that its domain dom «x is determined by x. Furthermore, the “set-valued interpretation”
above will help carry over some concepts of convergence and closeness of mappings from the set-valued realm
to hybrid arcs and to solutions of hybrid systems, in later chapters.

Figure 2.9 illustrates a hybrid arc x with hybrid time domain domx that happens to coincide with the
hybrid time domain in Figure 2.8.

x(t,7) A

Figure 2.9. Hybrid arc x.

Certain classes of hybrid arcs can be defined based on the structure of their domains.

Definition 2.4 (types of hybrid arcs) A hybrid arc x is called

nontrivial if dom x contains at least two points;
- complete if dom x is unbounded, i.e., if length(FE) = oo;

- Zeno if it is complete and sup, dom x < 0o;

eventually discrete if T = sup, domz < oo and domx N ({T'} x N) contains at least two points;

- discrete if nontrivial and domx C {0} x N;
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- eventually continuous if J = sup; domz < oo and domx N (R>o x {J}) contains at least two points;

- continuous if nontrivial and domz C R>o x {0}.

The hybrid time domains associated with some of the classes defined above are shown in Figure 2.3.

J J J
6 P 6 6
5 o9 5 5
4 -9 4 ° 4
3 o=y 3 o 3
2 [} 2 ) 2
1 (] 1 [ ] 1
0] t ... t 0] t t t ol ¢
J J
6 6
5 5
4 4
3 Oe— 3
2 [ ] 2
1 L] 1
0! ty ty ty ¢ 0! t

Figure 2.10. Hybrid time domains associated with various arc types: (a) Zeno, (b) eventually discrete, (c)
discrete, (d) eventually continuous, and (e) continuous hybrid arcs.

2.4 Solutions to hybrid systems

Given a hybrid system H, its solutions will be hybrid arcs x satisfying certain conditions determined by the data
(O,F,C,G, D) of H on hybrid time domains dom z. For each fixed j, the functions ¢ — (¢, 7) will be required
to satisfy conditions given by the flow set and the flow map, while for each fixed ¢, the functions j — (¢, j) will
be required to satisfy conditions given by the jump set and the jump map.

Definition 2.5 (solution to a hybrid system) A hybrid arc x is a solution to the hybrid system H if 2(0,0) €
CUD, x(t,j) € O for all (t,j) € domx, and

(S1) for all j € N such that I’ has nonempty interior, where I’ x {j} = domz N ([0,00) x {j}),

x(t,j) € C forallt €int I/, &(t,j) € F(x(t,j)) for almost allt € I7; (2.3)

(S2) for all (t,j) € domx such that (t,j+ 1) € domwz,

x(t,j) € D, x(t,j+1) € G(x(t,7)). (2.4)
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Figure 2.11 depicts a solution z to H from z(0,0). The solution flows in C' to a point both in the flow and
jump set where flow is no longer possible. This occurs at (¢,7) = (t1,0) from where the solution jumps. After
this jump, the solution jumps once more at (¢1,1) = (t2,1) and it flows in C' with j = 2 for every ¢ in the interior
of [ta,t3]. At (t3,2), the solution jumps continuing its evolution.

Figure 2.11. A solution to a hybrid system H evolving in the state space O (The symbol x denotes the initial
condition. Dotted lines connect the solution values before the jump with the value after the jump.)

As in Definition 2.4, solutions to hybrid systems are classified based on their hybrid time domains as
nontrivial, complete, Zeno, eventually discrete, discrete, eventually continuous, and continuous. Additionally,
solutions that cannot be extended are said to be maximal.

Definition 2.6 (maximal solutions) A solution x to H is maximal if there does not exist another solution z’
to H such that dom x is a proper subset of domz’ and z(t, j) = a'(t, j) for all (t,j) € domz.

Throughout the thesis, Sy (S) denotes the set of all maximal solutions = to H with 2(0,0) € S. For example,
given a point & € O, writing © € Sy (€) means that x is a maximal solution to H with x(0,0) = £. If no set S
is mentioned, x € Sy means that x is a maximal solution to H.

The following proposition gives natural conditions for the existence of nontrivial solutions to hybrid systems.

Furthermore, it characterizes maximal solutions.

Proposition 2.7 (basic existence of solutions) Consider a hybrid system H = (O, F,C,G, D). Let £ € C' U D.
If¢ € D and G(€) # 0 or

(VC) there exists € > 0 and an absolutely continuous z : [0,e] — R™ such that z(0) = &, 2(t) € F(z(t)) for
almost all t € [0,¢], and z(t) € C for all t € (0,¢),

then there exists a nontrivial solution x to H with z:(0,0) = £. If G(§) # 0 for each £ € D and (VC) holds for
each ¢ € C'\ D, then there exists a nontrivial solution to H from each point of C'U D, and each x € Sy, satisfies
exactly one of the following:

(a) x is complete;

(b) domz is bounded and, with J = sup; dom x, the interval I’ defined by I x {J} = domz N (Rxo x {J})
has nonempty interior and t — x(t, J) is a maximal solution to 2 € F(z) on O;
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(c) »(T,J) ¢ C U D, where (T, J) = supdom z.
Furthermore, if G(D) C C U D, then (c) above does not occur.

Proof. The first conclusion follows from the definition of a solution to H. For the second, suppose that z is a
maximal solution that is not complete, i.e., domz is bounded. Let (7', J) = supdomz. If domz is closed, in
other words, if (T, J) € domz, then x(T,J) ¢ C U D. Indeed, if 2(T,.J) € D, then z could be extended past
(T,J) by a jump, if 2(T,J) € C'\ D, then = could be extended past (T, J) by flowing, and so 2 would not be
maximal. If domx is not closed, then I’/ defined by I/ x {J} = domz N (R>¢ x {J}) has nonempty interior
and is open to the right, i.e., I7 = [a, ) for some b > a > 0. Say t — z(¢,J) on I’ is not a maximal solution to
Z2 € F(z) on O. Then ¢t — z(t,J) can be extended to a solution of Z € F(z) that remains in O on (at least) the
interval [a, b], and in such a way, one in fact obtains an extension of x that is a solution to H on dom . This
contradicts the maximality of x. O

2.5 Examples and further modeling

2.5.1 Bouncing ball revisited

The concept of a solution to hybrid system H is now illustrated on the bouncing ball example from Section 2.2.1.
First, the model summarized below is considered; later, effects of modifying this data on the solutions is
addressed. Recall that z; represents the height and x2 the velocity of the ball. Consider the data

O =R?, f(x)-[fi}], C:{I€R2|x1>0},
g(m)—{_ilm], D={zeR® |21=0, 22<0} .

Existence of nontrivial solutions is discussed first. From every initial state representing the ball above the
floor, there exists a nontrivial solution that flows first. In technical terms, for every & € C, there exists € > 0
and a hybrid arc x satisfying x(0,0) = &, x(¢,0) € C for all t € (0,¢) and #(¢,0) = f(x(¢,0)) for almost all
t € [0,¢], in fact for all ¢ € [0, ]. This is true since C' is open, and — because f is continuous — the very existence
of solutions to the differential equation Z = f(z) is not problematic. Similarly, there exists a nontrivial solution
that flows first from each initial state ¢ representing the ball at floor level and “moving up”, that is, from
nonzero £ € C'\ (C'U D). This happens as f points into the set C' from all points near £. From initial states &
representing the ball at floor level and "moving down”, that is, from £ € D, there exists a nontrivial solution
that jumps first. In technical terms, there exists a hybrid arc « with 2(0,0) = &, 2(0,1) = g(§). This is possible
as g(&) # (). However, there is no solution from the state representing the ball resting on the floor, that is, from
& = 0. Indeed, the unique solution to 2(t) = f(z(¢)) from the origin never enters C, while at the same time
0 ¢ D. In summary, there exists a nontrivial solution to H from every initial point in C'\ (C' U D) except the
origin.

Regarding maximal solutions to the bouncing ball model, it can be shown via Proposition 2.7, that maximal
solutions from each nonzero initial state are complete. Indeed, g(D) C C, and option (c¢) from the conclusions
of Proposition 2.7 can be excluded. Furthermore, any maximal solution to Z = f(z) on O represents “the ball
falling forever, as if there was no floor”. This cannot correspond to a solution to the hybrid system as required
in (b) of Proposition 2.7, and so (b) can be excluded. This leaves completeness as the only option for maximal
solutions. Now, the argument just given neglected the fact that the bouncing ball fails the assumptions of
Proposition 2.7 at the origin. This can be overcome by noting that the origin is not reachable, in finite hybrid
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(a) Solutions. (b) Hybrid time domains.

Figure 2.12. Bouncing ball solutions and domains.

time, from any nonzero initial state, and so does not affect the applicability of Proposition 2.7. In more technical
terms, one can just apply the proposition to the bouncing ball with state space R? \ {0}.

Each maximal, and so complete, solution from a nonzero initial state turns out to be Zeno. Given § :=
(€1 &]T € (C'\ D)\ {0}, the time of the first bounce of the solution x from ¢ is

t = M ) (2.5)

(At that time, z(t;,0) € CU D, the flow is no longer possible, and a jump occurs.) Recursive use of (2.5) shows
that the total amount of time before the first jump and in between all consecutive jumps (of which there is
infinitely many) is

et VE 260 2A\g/é§ jf)g& . (2.6)

If A <1, t, < oo and the solution is Zeno. Figure 2.12 depicts two such solutions and corresponding hybrid
time domains for different initial conditions.

Now, consider an augmented flow map f given by
f(ac)z{%z} if 2,=0.

From & = 0, the hybrid arc x given by (¢, j) = 0 for all (¢,5) € domx = R>( x {0} satisfies @(t,5) € f(z(¢t,7)),
x(t,j) € C for all (t,7) € domx. However, this hybrid arc is not a solution to the bouncing ball system since it
does not satisfy x(t,j) € C for all t € int I°, I° = R>(. Clearly, replacing the jump set C by its closure causes
this hybrid arc to be a solution. Since domxz = Rx>q x {0}, this solution is complete, and in contrast to the
complete solutions present for the original mode, it is not Zeno.
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Existence of a solution from the origin can be guaranteed if, instead, the point £ = 0 is added to the jump
set D. With this modification, a constant complete and discrete solution from ¢ exists. Indeed, g(D)ND = {0}
and x(0,7) = 0 for all j € N with doma = {0} x N is a solution. While allowing such a hybrid arc to be a
solution of the bouncing ball model may seem counter intuitive, it can — and will be in later chapters — motivated
by the pursuit of robustness of hybrid system models. Indeed, this solution reflects the nature of solutions from
initial points in C'U D arbitrarily close to 0 — all such solutions are Zeno.

2.5.2 Hybrid automaton

With appropriate choice of data, hybrid systems H can model systems where the “discrete variable” ¢ is explicitly
mentioned. More specifically, consider

2 = fq(2) z € Cy

H - 2zt
[qu] € Gy(z) z€ Dy,

(2.7)

where @ is the set of “modes”, and for eachq € Q, f; : Cy — R™, Cy CR™, G, : Dy = R™ x Q, and D, C R™.
When @ can be identified with a subset of integers (and so a subset of R), we can consider a system in the form
(2.1) with the variable z = [z ¢]T € R™T! and data

fay = [T o= €y x ), @) =Gy(2), D= Dy x {a}) - (2.8)
0

qeQ q€Q

In turn, systems in the form (2.7) easily capture the commonly encountered hybrid automata where data is
given in terms of domains, guards, edges, and resets, Let () be the set of “modes”, for each ¢ € @) let f; be the
flow map, let the mapping Domain : Q = R™ give the domains of flow, let Edges C @ x @ be the set of edges,
Guard : Edges = R™ be the mapping giving the guards, and Reset : Edges x R™ = R™ be the reset map. One
then takes

Cy = Domain(q), D, = U Guard(e), (2.9)
e=(q,q’)€EEdges

Go)= Resetfe’”ﬂ | (2.10)

q
e=(q,q)s.t.
x € Guard(e)

Note that a set-valued mapping G, will arise this way when two guard sets, Guard(e’) with ¢’ = (¢q,¢’) and
Guard(e”) with €” = (g, ¢"), overlap. This will even be the case when the resets Reset(¢’, -) and Reset(e”, ) are
single valued. Solutions to the hybrid automaton by hybrid arcs are such that, for a fixed value of the discrete
state ¢, the continuous state evolves with dynamics given by Z = f,(z), and once the jump set D is reached
(given by D, which corresponds to the current Guard), jumps are possible with the rule determined by the reset
map Reset.

2.6 Summary

A modeling framework for hybrid systems has been introduced. Hybrid systems are given by hybrid equations
with a state space O, a flow map given by a single-valued function f or a set-valued mapping F', a flow set
C C O, a jump map given by a single-valued function g or a set-valued mapping G, and a jump set D. The
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shorthand notation for a hybrid system is H = (O, f,C,g,D) or H = (O, F,C,G, D) in the set-valued case.
Solutions are given by hybrid arcs and parameterized by (¢, ) on hybrid time domains, which are subsets of
R>¢ x N. Depending on the hybrid time domain, solutions (or more generally, hybrid arcs) can be nontrivial,
complete, Zeno, eventually discrete, discrete, eventually continuous, and continuous. Moreover, solutions that
cannot be extended are called maximal. Several examples illustrated this modeling framework.

2.7 Notes and references

In what could be described as a “classical” approach to dynamical systems with jumps, the candidates for a
solution are considered to be piecewise continuous functions of time that are right continuous and have left
limits at each ¢ in their domain of definition. This approach has been used in the early work by Witsenhausen
[105] and Tavernini [97], and more recently in [11, 69, 25, 46, 98, 47, 37]. (Functions that are right continuous
and have left limits are frequently referred to in the literature as CADLAG, from the French “continue a droite,
limite a gauche”.)

More precisely, a CADLAG solution to H = (O, f,C, g, D) is a function £ : [0,T] = R or £ : [0,T) — R"
that is piecewise absolutely continuous (or piecewise differentiable), has a finite number of discontinuities in each
compact subset of the interval on which it is defined, and that at every ¢ it has left limits, is right continuous,
and:

(D1) on each interval of continuity

) eC, €)= FEW);
(D2) at all points 7 > 0 of discontinuity satisfies
£ (r)eD, &) eglE (1)

where £ (7) := limy_~, £(t). Whether £(t) = f(£(t)) is to be understood as true for all ¢ or for almost all £ depends
on whether one considers ¢’s that are differentiable on the intervals of continuity, or just absolutely continuous.
By design, such a concept of a solution excludes multiple jumps at a single time instant. Furthermore, it makes
it troublesome (or impossible) to discuss limits of solutions as the following example shows.

Example 2.8 (rotate and dissipate) Consider a hybrid system H on R? given by

i = f@);:{“] z€C :=R?

—I

zt = g(x):zg xeD:=(0,1) x {0} .
For any point £ with 0 < || < 1 and £ € D, a CADLAG solution from ¢ exists. One such solution rotates
clockwise around the origin for all time. (Such a solution will be excluded if D is considered to “force” jumps
rather than “enable” them.) Another solution rotates clockwise until it hits D, then via a jump has its magnitude
divided by 2, and then rotates again for 27 units of time until it hits D again at which point in time it jumps,
and this cycle repeats for all time. Figure 2.13 depicts a solution of this type up to the second jump. Other
solutions are created by rotating clockwise around the origin when not in D and permitting a jump whenever

in D.

There are additional solutions that are admitted when using hybrid time domains that are not admitted
when using CADLAG functions. In particular, the hybrid arc that corresponds to rotating clockwise around
the origin until hitting D and then making an infinite number of jumps, each one cutting the magnitude of the
solution in half, is a solution since each jump maps a point in D to another point in D. o
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Figure 2.13. A CADLAG solution x to H in Example 2.8 starting from £. When it reaches the D set, its
magnitude is reduced by half. Flows continue after the jump until the solution hits the D set again.

We note that with each CADLAG solution, one can naturally associate a hybrid arc. More specifically, if ¢;,
j=1,2,...,J, is the time of the j-th jump of a CADLAG solution £ : [0,7] — R™, and ¢t; =0, t;41 = T, one
can associate with £ a hybrid arc £ on a hybrid time domain given by U"jjzl([tj, tit1] x {7}), with &(¢, j) = £(¢t)
for all t € [tj, t;11), E(tjzr1,) = € (tj41) (vecall that £ (t;11) = limy ~,,, £(t)). Then € is an ezecution of H
(another commonly used concept of a solution to hybrid systems; see for example [67]), in the sense that:

(E1) &(t,5) € C for all t € [t;,¢;41) while £(t, j) = F(£(t, ) for almost all £ € [t;,¢;41) (or for all ¢ € [t;,;41)
if the original solution was piecewise differentiable);

(E2) &(tj1.4) € D, &(tj+1,5 +1) € g(€(tj41,4)), for j =0,1,...,J.
Hybrid time domains are similar to hybrid time trajectories in [66],[67], and [7], and to the concept of time

evolution in [103], but give a more prominent role to the number of jumps j (c.f. the definition of hybrid time
set by Collins in [30]).

The hybrid automaton example in 2.5.2 follows the hybrid automaton modeling in [15, 18, 67].
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Chapter 3

Generalized Solutions

This chapter discusses the effect of state perturbations on the solutions to a hybrid system. It is shown
that state perturbations, of arbitrarily small size, can dramatically change the behavior of solutions. This
behavior is related to the properties of the data of a hybrid system. A regularization procedure that results
in a hybrid system with a set of “generalized solutions” that captures all limiting solutions with measurement
noise converging to zero is proposed. This leads to and motivates the regularity conditions on the data of
hybrid systems, called hybrid basic conditions, that will be required when deriving the results in the subsequent
chapters.

3.1 Hybrid systems with state perturbations

A hybrid system H = (O, F,C, G, D) with a state perturbation e is denoted by H., and following (2.1), will be
written in the suggestive form:

(3.1)
Before formally defining solutions to H,, a class of admissible state perturbation is specified.

Definition 3.1 (admissible state perturbation) A mapping e is an admissible state perturbation if dome is a
hybrid time domain and the function t — e(t,j) is measurable on dome N (R>q x {j}) for each j € N.

In several instances, the naturally arising state perturbation entering a hybrid system is dependent on
time ¢t € R>¢ only, and not on j. For example, this is the case when a nonlinear control system is controlled
by switching between several state-feedback laws, and the switching — which is what makes the closed-loop
system hybrid — is not affected by the state perturbation. In such cases, any measurable signal ¢’ : R>g — R"
corresponding to the state perturbation can be considered as given on an arbitrary hybrid time domain F, by
setting

e(t,j) =¢€'(t) (t,j) € dome :=E . (3.2)

A formal definition of solutions to H,. with admissible state perturbation e follows.
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Definition 3.2 (solution to a hybrid system with state perturbation) A hybrid arc x is a solution to the hybrid
system H. with admissible state perturbation e if domz = dome, 2(0,0) +€(0,0) € CUD, z(t,j) +e(t,j) € O
for all (t,7) € domz, and

(S1.) for all j € N such that I’ has nonempty interior, where I’ x {j} := domx N ([0, +0) x {j}),

x(t,j) +e(t,j) € C forallt€int 17,

| (33)
x(t,j) € F(x(t,j) +e(t,7)) for almost all t € I;
(S2.) for all (t,j) € domx such that (t,j + 1) € domx,
x(t,j) +e(t,j) € D, z(t,j+1) € Gz(t,j) +elt, ). (3-4)

With some abuse of terminology, sometimes it will be said that a measurable ¢’ : R>¢g — R™ leads to a
solution x to H. if = with e given by e(t,j) = €/(t) is a solution to H. in the sense of Definition 3.2. Similarly,
the statement that e’ : R>o — R™ leads to nonexistence of solutions to H. (possibly, with a specified initial
point) will mean that there are no solutions = with e given by e(t, j) = ¢/(t) for (¢,j) € domz to He.

The behavior of solutions to H,. can be dramatically different from that of solutions to H. Even when the
flow map and jump map are continuous functions and the state perturbations are very small, in which case
state perturbations do not affect the flow and jump maps significantly, the flow set or the jump set not being
closed can lead to H being very sensitive to those perturbations. One simple consequence of this is that state
perturbations can lead to solutions that “miss” the jump set. This means that it is possible that solutions that
jump in the absence of state perturbations can flow forever when perturbations are present. Such phenomenon
may be undesired in, say, hybrid feedback control, as stabilization may rely on certain variables jumping.

Example 3.3 (solutions miss the jump set) Consider the hybrid system H on R? with jump set D as in
Figure 3.1, flow set C = R?\ D, jump map g(x) = 0 for all x € D, and flow map f(z) = [1 1]7 for all z € C.
The unique solution to H from ¢ = 0 is “periodic”: x(t, j) = [t—j t—j]" for (t,7) € domz = U,enlj, 7 +1] % {j}-
(Note that the distance from the origin to D is unitary.) The unique solution to H. from £ = 0 with e(¢,0) =0
if t £ 1 and e(1,0) # 0 is continuous: z.(¢,0) = [t t]T for (¢,0) € domz, = R>o x {0}, and so, quite different
from x; in fact, different from all solutions to H from initial points close to 0. Note though that x. would be a
solution to H if the flow set was changed to be R, that is, if one considered the closure of the original C. m]

With the effect of state perturbations so dramatic (for hybrid systems with data missing some regularity, for
example, with the flow sets or the jump sets not closed), it can be expected that in some situations, asymptotic
stability is not robust to perturbations. This is illustrated by the next example.

Example 3.4 (asymptotic stability without robustness) Consider a hybrid system with f(z) = —z for all
x € C:=(—00,1], and g(z) = 1 for all z € D := (1,00). Solutions starting from C (in particular, the unique
solution starting from £ = 1) converge to 0 exponentially. Solutions from D jump to 1 € C instantly, and
then converge to 0 exponentially. It can be easily verified that the system is globally uniformly asymptotically
stable. However, the unique solution to H, from ¢ = 1 with constant and equal to € > 0 perturbation is
given by z.(0,7) = 1 for all j € N. Figure 3.2 illustrates this behavior. In particular, (arbitrarily small) state
perturbation destroys asymptotic stability. Note that x. corresponds to a solution to H with D replaced by its
closure. n]

When the flow map and/or jump maps are discontinuous, the effect of measurement noise can lead to
unexpected behavior of the system. For instance, the presence of two opposite values of a discontinuous map
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Figure 3.1. Flow and jump set for the hybrid system in Example 3.3. Solution z without measurement noise is
periodic while solution x. with measurement noise escapes to infinity.

Figure 3.2. The effect of state perturbations in Example 3.4. x is a solution to H and x. is a solution to H,.
with admissible measurement noise e.

near an initial point can lead to a solution chattering around such a point. The following examples illustrate
this, and more general behaviors resulting from state perturbations, for two extreme types of hybrid systems:
purely continuous and purely discrete.

Example 3.5 (differential equation with discontinuous right-hand side) Consider the hybrid system on R? with
data (O, f,C, 0, () where

f(z) = H if 20>0, f(2)= {_01 if 20<0

and C = R?. The unique solution from & = 0 is given by z1(t,0) = ¢, 22(t,0) = 0 for t € R>o. Now,
given any £ > 0, consider e : R>¢ x {0} — R? given by e;1(¢,0) = 0, ex(t,0) = esint. The solution to
2(t,0) = f(2(t,0) + e(t,0)), in the first variable, is a see-saw function z1. oscillating between 0 and 7 as shown
in Figure 3.3. This is significantly different than the original, unperturbed, solution.

More generally, given any € > 0 and any A € (0,1), let e : R>g x {0} — R? be given by e1(t,0) = 0
for t € R>o and by ey that is periodic, with period ¢, and defined on [0,e) by ea(t,0) = ¢ for t € [0, \e),
ea(t,0) = —¢ for t € [Ae,e). The resulting solution, from & = 0, displays a “see-saw like” function in the first
variable. The average rate of growth of that function, over [0, ke) for any k € N, is A(1) + (1 = A)(—=1) =2x—1.
The limit (uniform on compact intervals, and in fact uniform), as ¢ — 0, of such “see-saw like” functions is
z1(t,0) = (2X — 1)t for t € R>q. Together with z2(¢,0) = 0 for ¢ € R>g, such limit is in fact a solution to the
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Figure 3.3. Flow map and solutions to Example 3.5.

differential inclusion Z € F'(z), where

F(z) = H if 20>0, F(z)= [_01] if 20 <0, F(2)= {[_é’ 1]} if 29 =0.

In particular, at the points of discontinuity of f, the set-valued mapping F' is given by the convex set containing
the values of f from nearby points. a]

The example suggests that the effect of state perturbations on solutions to a hybrid system with discontin-
uous flow map may be reflected by solutions to the hybrid system with flow map F(z) with F being a “convex
closure” of f. This will be made formal later.

Example 3.6 (difference equation with discontinuous right-hand side) Consider the hybrid system on R with
data (O, 0,0, g, D) where g is given as in Figure 3.4(a) and D = R. For every £ € R, solutions converge to zero
in finite steps (or jumps). In fact, the number of jumps for solutions to converge to zero is equal to floor(¢) + 1
if £ € Z, and equal to £ otherwise, where floor(§) is the smallest closest integer to £. Given any e > 0, consider
e: {0} x N — R given by ¢(0,j) := ¢ for each j € N. The solution to 2T = g(z + €) from & € R is a constant
function z(0, j) = floor(&’ +¢) for all j € N. Then, the limit of such solution as ¢ — 0is z(0,5) = &’ for all j € N.
This limiting solution is a solution to the differential inclusion 2zt € G(z) where G is given as in Figure 3.4(b).
At the points of discontinuity, the set-valued map G is given by all of the limiting points of g from nearby
points. o

A different phenomenon is also possible: for some hybrid systems, even with quite regular data, some state
perturbations can lead to nonexistence of solutions. This is certainly possible for initial conditions ¢ that are
on the boundary of C'U D, independently of regularity of the data (in fact, C', D can be closed in R", f,
g continuous, and the necessary conditions for existence of solutions, as in Proposition 2.7 can be assumed).
Indeed, for such &, there exists an arbitrarily small A € R™ such that £ + A ¢ C U D. Then, there are no
nontrivial solutions to H. with e(t) = A, ¢ > 0. In fact, when £ is in the intersection of the boundaries of C'
and of D (but is possibly in the interior of C'U D), existence may still be problematic for some perturbations.
For such &, there exists (arbitrarily small) A; such that £ + A; ¢ D and A, such that € + Ay ¢ C. Taking
noise defined by e(0) = Aq, e(t) = Aq for ¢ > 0, results in no solutions to H. from &. Indeed, any solution to
H,. from & would either satisfy 2(0,0) + A; € D, which does not hold, or z(¢,0) + Ag € C for small enough ¢,
which also does not hold (this follows since (0, 0) + Ay € C, the complement of C is open, and x(t,0) is close
to x(0,0) for small ¢).
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from &, and with state perturbation from ¢’.

Figure 3.4. Jump map and solutions to Example 3.6.

Proposition 3.7 (basic existence with state perturbations) Consider a hybrid system H = (O, F,C, G, D). Let
¢ € CUD. If there exists § > 0 such that either & + 0B C D and G(¢') # ) for all ¢’ € £ + 6B or

(VC.) &+ 0B C C and for every measurable ¢’ : R>og — R™ with ¢/(t) € 0B for all t € R>q there exists € > 0
and an absolutely continuous z.s : [0,¢] — R™ such that zer = &, Ze(t) € F(zer(t) + €/(t)) for almost all
t €10,¢], and ze (t) + €'(t) € C for all t € (0,¢),

then there exists a nontrivial solution z to H. with x(0,0) = £ for any admissible state perturbation e with
e(t,j) € 6B for all (t,7) € dome.

Proof. Suppose first that ¢ is such that for some 6§ > 0, £ + 0B C D and G(¢') # 0 for all ¢’ € £ + 6B. Then,
for any admissible state perturbation e : {(0,0),(0,1)} — R” with ¢(0,0) € ¢B, ¢(0,1) € R", it follows that
&+ ¢e(0,0) € D. Then, the hybrid arc « : {(0,0), (0,1)} — R™ with 2(0,0) = £ and z(0,1) € G(x(0,0) + ¢(0,0))
is a nontrivial solution to H,. with admissible measurement noise e. Suppose instead that (VC.) holds. Let
e(t,0) = €'(t) for all ¢t € [0,¢]. Then, the hybrid arc z : [0,¢] — R™ with z(¢,0) = 2. (¢) for all t € [0,¢] is
nontrivial solution to H. with admissible measurement noise e. O

Limits of solutions to hybrid systems, as the perturbations vanish, are discussed in the next section.

3.2 Generalized solutions to hybrid systems

The previous sections illustrated that the effect of state perturbations on the solutions to a hybrid systems
can be quite significant. In this section, the effect of (arbitrarily small) state perturbations is related to an
operation that regularizes the data of the hybrid system. Briefly speaking, an appropriately understood limit
of a sequence of solutions to a hybrid system, generated with state perturbation decreasing in magnitude, turns
out to be a solution to a regularized hybrid system. Conversely, any solution to the regularized system can be
approximated, with arbitrary precision, with solutions to the original system generated with state perturbations.

To make these statements precise, a way to measure whether two hybrid arcs are close to one another is
needed. Certainly, as two different hybrid arcs need not have the same domains, relying on the uniform metric
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is impossible. The (7, ¢)-closeness defined below is related to the distance between the graphs of hybrid arcs as
Figure 3.5 shows.

Definition 3.8 ((,¢)-closeness) Given 7 > 0 and € > 0, two hybrid arcs x1 and xo are (1,¢)-close if
(a) for all (t,j) € domaxy with t + j < T there exists s such that (s,j) € domzs, |t — s| < e, and
[1(t, ) — 22(s,J)| <,
(b) for all (t,j) € domzo with t + j < 7 there exists s such that (s, j) € domz, |t — s| < e, and

|:E2(t7.7) _l'l(S,j)l <é.

A A

IZ>A IZ>A

T T

J J
(a) Hybrid arc z1 and e-neighborhood around it. (b) Hybrid arc z2 and e-neighborhood around it.
Figure 3.5. Two hybrid arcs (7, €)-close.

Accounting for state perturbations, or regularizing the data of a hybrid system, will lead to two concepts
of generalized solutions to a hybrid system. The terminology used for these concepts, Hermes solutions and
Krasovskii solutions, is borrowed from what was established for differential equations.

Definition 3.9 (Hermes solutions to hybrid systems) A compact hybrid arc x is a compact Hermes solution to

H if there exist a sequence {x;}72 of hybrid arcs and a sequence {e;}5°, of admissible state perturbations such
that

e 1, is a solution to H. with state perturbation e; for each i € N;
e for each € > 0 there exists iy such that for all i > iy, x; and x are (T,¢)-close, where T = length(x);

e the sequence of SUp(y,j)

cdome, €i(t, )| converges to 0.

A hybrid arc z is a Hermes solution to H if the restriction of x to each compact subset of dom x that is a hybrid
time domain is a compact Hermes solution to H.

Definition 3.10 (Krasovskii solutions to hybrid systems) A hybrid arc x is a Krasovskii solution to H =
(O,F,C,G,D) if x is a solution to the regularized hybrid system

-~ i F(x) zeC
A €0 roeh - 3.5
v { zt € Gx) =zeD (8:5)
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WhereézzaﬂO, 13:25007 and

VoeC  F(z):=()@F((z+0B)NC),
6>0
VzeD G(z) == () G((z + 6B) N D).
6>0

For the hybrid system H in Example 3.3, the regularized hybrid Systemﬁ has the same jump set, flow map,
and jump map as the original H. The only change is in the flow set, with C'=R. This leads to nonuniqueness
of solutions to H from £ = 0. One solution is the solution already present for H (and unique for H). Another
solution, that reflects what was exhibited by H under perturbations, is continuous, and flows through D (while
remaining in C). Of course, other solutions are also present.

_ Regarding Example 3.4, the only difference between H and H is the jump set which, for ﬁ, is given by
D = D = [1,00). Solutions from & = 1 are no longer unique: the solution that (exponentially) converges to
the origin is still present while the discrete solution that is always equal to 1 is new. The new solution is the
Krasovskii solution to H that does not converge to the origin as discussed in Example 3.4.

All of the interesting behavior of solutions to hybrid systems discussed in Section 3.1 and the equivalences
between Hermes and Krasovskii solutions in the examples discussed above are true even when f and g are single
valued. Recall that motivation for considering set-valued jump maps was given by the general model of a hybrid
automaton in Section 2.5.2. Further motivation comes from decision-making control algorithms which, in some
applications, as it will be shown in Chapter 6, it is the case that the controller has multiple options to choose
from. The following equivalence result between Hermes and Krasovskii solutions covers this large class of hybrid
systems.

Below, given an open set O, a function ¢ : S — R™ (or a set-valued mapping ¢ : S = R") defined on a
subset S C R™ is said to be locally bounded on O if for each compact set K C O there exists a compact set
K’ C R™ such that ¢(K) C K'. It is locally bounded with respect to O on O if K" C O.

Theorem 3.11 (Hermes and Krasovskii solutions to hybrid systems) Let H = (O, f,C,G, D) be a hybrid
system with set O C R" open, sets C' and D subsets of O, function f : C — R"™ locally bounded on O, and
set-valued mapping G : D = R" locally bounded with respect to O on O. Then, a hybrid arc = is a Hermes
solution to ‘H if and only if it is a Krasovskii solution to H.

The following example illustrates a situation where a hybrid system with data coinciding with the data of
its regularized version can be easily and intuitively derived.

Example 3.12 (robust zero-crossing detection) The effect of state perturbations illustrated in Example 3.3
can arise in general when decisions are made at a surface or “thin” jump set D. In the problem of counting
the number of times that the trajectories of the planar nonlinear system @ = [zo — 21]7, cross the -axis,
the crossing detection algorithm determines the effect of state perturbations in the counts. Suppose that the
crossing algorithm is designed so that every time that the x; component of the solution is equal to zero, a
counter is incremented and that the resulting hybrid system H is simulated numerically. The hybrid system
H has state given by [z p|T, where p € N, flow map f(z,p) = [x2 — 21 07, jump map g(z,p) = [z p + 1]7,
jump set D = {z € R? | 21 =0} x N, and flow set given by C' := (R? \ {z € R? | 21 =0}) x N. Following
the discussion in Example 3.3, the presence of arbitrarily small state perturbation can cause the hybrid system
from missing the jump, and consequently, miss a count. In fact, in numerical simulations, state perturbations
appear, among other things, due to the approximation of the value of the system state. However, it is likely
that such pathology is not actually observed since in general, commercial numerical simulators, by default, use
zero-crossing detection algorithms when performing computations. There algorithms usually include a memory
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variable that keeps track of the side of the decision boundary in which the state is located. Such an algorithm
can be modeled with the following hybrid system with the state space O = R*:

- :1;2:|
f(xapvq) = |:_gl 70:: {(Iap7Q)€R2XNx{_171} |$1QZO}

0

T
9(z,p,q) = p+1 |, D:=Up(-1,13(Dg x Nx {q})
| —sign(z1)

where sign(r) = —1if r <0, 1 if r > 0, and {—1,1} if »r = 0; D; := {:v ER? |11 >0,19 = O}; and D_; =
{SC ER? |21 < 0,1 = 0}. It follows that this hybrid system and its regularization coincide. Then, state
perturbations do not affect the number of crosses of the z;-axis. Figure 3.6 illustrates solutions to H and this

hybrid system with state perturbations. o
g=1
Z2
'y
C
X2
A
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(a) Solutions with state perturbations (b) Solutions with robust zero-crossing
may miss counts when state perturba- detection: flows are not possible any
tions are present. longer once the jump set is crossed,
which forces ¢ to jump and register a

count.

Figure 3.6. Solutions to zero-crossing detection system in Example 3.12.
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3.3 Measurement noise in feedback control

In general feedback control systems, hybrid or not, measurement noise enters the system not as a state per-
turbation affecting every occurrence of the state in the equations of motion, but only through feedback. More
specifically, given a general nonlinear control system Z = ¢(z,u) and a feedback mapping u = r(z) (cer-
tain control objectives require the use of discontinuous feedback k), measurement noise enters the closed loop
Z = ¢(z,k(z)) through the feedback, leading to differential equations like Z = ¢(z, k(2 +€)). When the feedback
is hybrid, or when the control system is hybrid to begin with, the measurement error can also interplay with
the flow sets, jump sets, and the jump map. Some of this is illustrated in the following example.

Example 3.13 (robust stabilization and measurement noise) Consider a simple control system Z = u with
z € R, u € [-1,1]. The goal is to robustly stabilize the set consisting of two points: A = {0,6} via feedback.
Let sat : R — [—1, 1] be the standard saturation function, that is

sat(u) = —1 if w< -1, sat(u)=wu if wel[-1,1], sat(u)=1 if u>1.

A nonhybrid feedback that results in asymptotic stability of A for the closed loop Z = k(z), and that closed-loop
system are described below:

. . —sat(z) if 2 <3
2=k(z) = {—sat(z —-6) ifz>3.

Note that this & is discontinuous at z = 3, and because of this, the resulting asymptotic stability is not robust
to measurement noise. Indeed, for arbitrarily small ¢ > 0, the unique solution from 3 to Z = k(z + ¢) with
e(t) := ecos(wt/e) is a see-saw function oscillating between 3 — ¢ and 3 + ¢ with period 2e. The uniform limit
of such see-saw functions is a constant function z(t) = 3 for all ¢ € R>q. Of course, the nonrobustness of
asymptotic stability can be detected by looking for Krasovskii solutions to Z = k(z). These are the solutions
to the differential inclusion 2 € K(z), where K differs from k only at the point of discontinuity of &, that
is, K(3) = [~1,1]. Obviously, 3 is an equilibrium of 2 € K(z). (And so the constant function z(t) = 3 is a
Krasovskii solution to 2 = f(z), and equivalently, a Hermes solution. That the constant function is a Hermes
solution can be seen directly, as it is the uniform limit, as € \ 0, of the see-saw functions constructed above.)

Asymptotic stability of A that is robust to measurement noise can be accomplished by hybrid feedback.
One possible approach is based on hysteresis, with the hybrid feedback involving an additional logic variable
q € {1,2}. To make an analogy with the nonhybrid feedback analyzed above, the logic variable will, in a sense,
keep track of whether z < 3 or z > 3, and will prohibit switching between these two instances too often. More
specifically, the hybrid feedback will set u = —sat(z) if the logic variable ¢ equals 1 and z < 4, and will set
u = —sat(z — 6) if ¢ = 2 and z > 2. If neither of the conditions is met, the logic variable ¢ will be toggled. In
closed loop, this leads to a hybrid system H in R? with the flow and jump sets

C= (_0054] X {1} U [2700) X {2}5 D= (45 OO) X {1} U (_0052) X {2}5
and the flow and jump equations given by

= feg = { oty HEE0 s -3-a

The logic variable ¢ remains constant during flow, and the state z remains constant during jumps. Figure 3.7
depicts the flow and jump sets and two solutions. It is easy to verify that solutions x = (z,¢) to H jump at
most once, the maximal ones are complete, and the set A x {1,2} is globally uniformly asymptotically stable.
The solutions are also unique for any initial condition. The uniqueness would no longer be true if the jump set
D was replaced by its closure. Indeed, then a solution from (4,1) could only flow (with z converging to 0) or
jump first (with ¢ changing from 1 to 2) and then flow (with z converging to 6). Similar nonuniqueness would
also occur from (2,2). Still, such nonuniqueness does not affect asymptotic stability.
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Figure 3.7. Sets C := (Cy x {1}) U (C2 x {2}), D := (D1 x {1}) U (D3 x {2}) for the robust feedback controller
in Example 3.13.

For robustness analysis of H, it is natural to only consider measurement noise affecting z and not ¢. This
suggests considering (c.f. (3.1)) the following system:

2=f(z4+e) (2+4e,4q) €C
{ q" =g(q) <z+e,3> €D. (3.6)

It can be verified that if e : R>g — [—¢,¢] with e < 2, solutions to (3.6) converge to the set [—¢,¢] x {1,2} and a
bound as required by global asymptotic stability also exists. (Solutions to (3.6) may either only flow, instantly
jump from the initial state and then only flow — these two behaviors are the same as for the system without
noise — or flow for at most £ amount of time before jumping and then flowing forever.) Considering arbitrarily
small £ suggests that practical stability of A x {1,2} is preserved. Certainly, the behavior that appeared when
measurement noise affected the nonhybrid feedback — a constant solution remaining at the initial state 3 — is
not possible for the proposed hybrid feedback.

However, the very existence of solutions to (3.6) may still be an issue, as alluded to above Proposition
3.7. Indeed, for the initial condition (4,1) and measurement noise e(0) = —¢, e(t) = ¢ for ¢ > 0, there are
no solutions to (3.6). Following Proposition 3.7, robust existence can be guaranteed by altering the data so
that the flow set and the jump set overlap. This can be done without affecting the asymptotic stability and its
robustness. For example, it is sufficient to alter the jump set to be

O = (—00,5] x {1} U [1,00) x {2}.

This introduces nonuniqueness, even in the absence of measurement noise: from any point in (4,5] x {1} U
[1,2) x {2} there exists a solution that only flows and a solution that jumps first. However, asymptotic stability
is preserved, it is robust to measurement noise as discussed above, and existence of solutions to (3.6) is guaranteed
for e : R>g — [—¢,¢] with e < 1. o

In general, application of hybrid feedback to a nonlinear control system z = ¢(z,u) can lead, in the closed
loop, to a hybrid system of the kind

. T € F(z,ke(x)) zeC
H re0 {:1:+ € G(z,kq(x)) zeD,

with the state x including the original state z and other variables as well, for example a discrete variable ¢ as
it was the case in Example 3.13, or a timer variable, as it is the case in sample-and-hold control. For such
a system, it may be natural to consider F' and G quite regular, but allow discontinuous “feedbacks” k., Kkq.
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Assuming that the measurement error enters H¢ through the mappings k., kg and also affects the flow and the
jump sets, leads to the system

. &t € F(x,kc(z+e)) x+eel
He: z+e€O {:v* € G(x,ka(z +e)) x+eeD.
Two notions of generalized solutions to H¢ above can be considered, paralleling the notions of Hermes solutions
and Krasovskii solutions in Definitions 3.9 and 3.10. Control Hermes solutions can be defined as limits of
sequences of solutions to H¢ generated with sequences of measurement noise vanishing in the limit.

Definition 3.14 (Control Hermes solutions to hybrid systems) A compact hybrid arc x is a compact control
Hermes solution to H if there exist a sequence {x;}52, of hybrid arcs and a sequence {e; };2, of admissible state
perturbations such that

e 1; is a solution to He (with flow map condition F(z, k.(x + €)) and jump map condition G(x, kq(x +¢€)))
with state perturbation e; for each i € N;

o for each € > 0 there exists iy such that for all i > iy, x; and x are (7,¢)-close, where T = length(x);

e the sequence of SUD(, j)cdom e, |€i(t, )| converges to 0.

A hybrid arc x is a control Hermes solution to ‘H if the restriction of x to each compact subset of dom x that is
a hybrid time domain is a compact control Hermes solution to H.

Control Krasovskii solutions can be defined as just Krasovskii solutions, as in Definition 3.9. (While a
seemingly different approach would be to consider & € Ns=oCOF (x, ke((z + dB) N C')) and a similarly defined
jump equation, mild regularity — including continuity — of F' and just local boundedness — but not continuity —
of k. make such an approach lead to Krasovskii solutions.) Equivalences between control Hermes and Krasovskii
solutions to H¢ as in Theorem 3.11 can be also shown. This is stated below.

Corollary 3.15 (control Hermes and Krasovskii solutions to hybrid systems) Let H = (O, f,C, g, D) be a
hybrid system with set O C R™ open; sets C and D subsets of O; function f: O x R™e — R" locally Lipschitz
continuous in the first argument, locally uniformly in the second argument '. ; function g : O x R™¢ — O
continuous in the first argument, locally uniformly in the second argument; and functions k. : C — R™e,
kg : D — R™4 Jocally bounded on O. Then a hybrid arc x is a control Hermes solution to H¢ if and only if it
is a Krasovskii solution to H°.

The following feedback control examples illustrate the relevance of generalized solutions in robust stabiliza-
tion.

Example 3.16 (impulsive and reset control systems) State-dependent impulsive systems are dynamical systems
with states that jump when a condition of the state is satisfied, and flow otherwise. State-dependent impulsive
systems are generally modeled as

= f(z):= fe(z) z ¢ M
= g(x) =2+ fa() reM

LA function h : O x R™ — R” is continuous (locally Lipschitz continuous) in the first argument, locally uniformly in the second
argument if for each z € O, each compact U C R™, and each € > 0 there exists § > 0 (K > 0) such that |z — z| < § implies
|h(z,u) — h(z,u)| < e (z,y € (2 +eB) N O implies |h(z,u) — h(y,u)| < K|z —y|) for all u € U.
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where the function f. defines the continuous dynamics, the function f; defines the discrete dynamics, and M
is the reset set. In most applications, the reset set M defines a surface in R™. A particular case of a state-
dependent impulsive system is reset control systems. A reset controller is a linear system with the property
that has its output reset to zero whenever its input and output satisfy certain algebraic condition.

Among several models for reset control systems, the following model has been widely used

T = f(CL') = Agx + Byd & M (3.7)
rt = g(x) = Agrz reM (3.8)

where M :={z € R" | Cyax =0,(I — Ag)x #0}; Au, Ba, Cu are the closed-loop system matrices; Ag is the
reset control matrix; x is the state of the system; and d is an exogenous signal.

State-dependent impulsive systems, and in particular, reset control systems, are hybrid systems that can
be modeled with data (O, f,C, g, D) where the jump set is given by D := M and the flow set is given by
C :=R"\ D. It follows from the definition of M that the flow set corresponds to almost every point in the
state space. Given a state-dependent impulsive system H, its Krasovskii regularization H = (O, F , C , @, ﬁ)
with O = R" has F = f, G = g, C = R™, and D = D. Since the flow set is the entire state space, there
exist Krasovskii solutions to H that never jump. It follows by Theorem 3.11 that there exist Hermes solutions
to ‘H that never jump. In fact, it is easy to construct a convergent sequence of solutions to H with vanishing
measurement noise that never hits D. Such a limiting solution, a Hermes solution to H, is indeed captured in
the Krasovskii regularization of H above.

Generally, the reset control system in (3.7)-(3.8) is implemented and simulated with a zero-cross detection
(ZCD) algorithm (like the one in Example 3.12) that does not miss the jumps in the presence of noise (for
example, in Matlab/Simulink, one usually uses special blocks like “Compare to zero”, “Hit crossing”, etc.). An
alternative approach, which does not involve extending the state space, corresponds to thickening the jump set
in order to obtain robustness. (Cf. Example 3.17.) o

Example 3.17 (switching on surfaces) In many robotics applications, navigation algorithms for mobile robots
are designed by switching between several feedback laws when the state of the system hits a switching surface.
For example, consider the scenario where it is desired to steer a vehicle in the plane from its initial location to
a target while avoiding an obstacle. The following hysteresis-type switching scheme is proposed. As depicted
in Figure 3.8, the basic idea is to define two sets given by circles, Dy and D;, and design control laws, ko and
K1, so that when kg is applied, the vehicle approaches the target, while when 1 is applied, the vehicle is driven
away from the obstacle.

Without changing the control strategy described above, we write the closed-loop system as a hybrid system,
let ¢ € Q :={0,1} be a set of modes, z € R? the position of the vehicle, and z = f’(z,u) the dynamics of the
vehicle with input u € R?. Let x be the vector resulting from stacking z and ¢q. The closed-loop hybrid system
is given by

& = f(x):= [f/(z’g"(z))] x & Dy x {q}
ot = g(x);_{lfq] z €Dy x{q}.

Denote this hybrid system by H = (O, f, C, g, D) where C := Uycq (R2 \ Dq) x{q}, D = Ugeq (Dq x {q}), and
O := R3. Tt follows that the Krasovskii regularization of H, denoted by H= (O, ﬁ, 6, @, B), has data given by

fz fLg=g, C=R2x Q, and D = D. Since for each q € @, the set C allows flows for every z € R?, there exist
Krasovskii solutions to H that never jump. Then, Theorem 3.15 and the definition of control Hermes solutions
imply that there exist solutions influenced by arbitrarily small measurement noise that either crash into the

37



obstacle or miss the target. For example, suppose that initially the controller is in mode ¢ = 0 and consequently,
it is driven towards the target. If it gets close to the set Dy, (arbitrarily small) noise in the measurement of the
position of the robot can prevent the controller from detecting that Dy was hit and cause the vehicle to crash
into the obstacle. A similar argument shows that under (arbitrarily small) measurement noise, the controller
can miss the jump at the set Dy, and thus, cause the vehicle to miss the target. All of the possible control
Hermes/Krasovskii solutions, including the one that actually reaches the target with two jumps, are depicted
in Figure 3.8.

Note that the nonrobustness phenomenon in this example is not due to the existence of an obstacle itself;
it is due to the fact that the control strategy switches when the state z belongs to either of the surfaces Dy
and D7, switching condition that is vulnerable to small measurement noise in z. A possible modification of
‘H to accomplish the task robustly is to replace Dy by the closed disk that it defines and D; by its (closed)
complement, and take C' := U,eq(Cy x {q}), Cy = (R?\ D,) for each ¢ € @, as shown in Figure 3.9. This
implementation is an alternative to the zero-crossing detection used in Example 3.12. It has the features that no
extra states are introduced, solutions exist from every initial condition (except those starting on the obstacle),

and the data meets the regularity requirements.

x x
target target
Do Do
obstacle obstacle
\ \
D1 D 1
. \ ) . J
1 A -4
. vehicle © . vehicle © | vehicle

Figure 3.8. Steering a vehicle to its target; a hybrid closed-loop system with logic variables. The circles represent
the switching surfaces for the control strategy. The three different control Hermes/Krasovskii solutions in
Example 3.17 are depicted: 1) the vehicle crashes into the obstacle; 2) the vehicle avoids the obstacle but does
not acquire the target; 3) the vehicle avoids the obstacle and acquires the target.

3.4 Regular hybrid systems

The examples in Section 3.1, 3.2, and 3.3 show the effect of the properties of the data in the set of solutions to
hybrid systems. Theorem 3.11 (and Corollary 3.15 for the feedback control case) shows that the set of solutions
to H contains the limiting solutions obtained with vanishing state perturbations to H. Such a result is only
possible due to the properties of the data (O, F,C, G, D) of the regularized hybrid system H. In general, given
a hybrid system, if its data satisfy the same regularity properties as the data of H does, then it is said that H
satisfies the hybrid basic conditions introduced below.

Before that, the following concepts should be introduced. The set S, subset of an open set O C R", is
closed relative to O if S = SN O. A set-valued mapping ¢ : S = R”, where S C O, is outer semicontinuous
relative to S if for any « € S and any sequence {z;}°; with z; € S, lim,; o x; =  and any sequence {y;}32,
with y; € ¢(x;) and lim; o y; = y we have y € ¢(x).
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Figure 3.9. Modified flow and jump sets in Example 3.17 for ¢ = 0 and ¢ = 1. The jumps are enforced when
the trajectories leave the set Cy for the current ¢ € {0,1}. Solutions starting away from the obstacle converge
to the target even in the presence of small measurement noise.

Definition 3.18 (hybrid basic conditions) A hybrid system H = (O, F,C,G,D) satisfies the hybrid basic
conditions if

(A0) O C R™ is an open set.
(A1) C and D are relatively closed sets in O.

(A2) F: 0O = R" is outer semicontinuous relative to C' and locally bounded on O, and for all x € C, F(x)
is nonempty and convex.

(A3) G : O = O is outer semicontinuous relative to D and locally bounded on O, and for all x € D, G(x)
is nonempty.

When a hybrid system does not satisfy the hybrid basic conditions, then the Krasovskii regularization in
Definition 3.10 results in a hybrid system that satisfies them. (Note that this follows by construction.) When
regularizing a la Krasovskii, the regularized maps F ,A@ are “minimal” among all set-valued mappings possessing
the properties in (A2), (A3) and such that F(z) € F(z) for all z € C, G(z) C G(z) for all z € D. Similarly, C,

D are the smallest relatively closed subsets of O containing C N O, D N O, respectively.

A different motivation to hybrid systems satisfying the hybrid basic conditions comes from the point of
view of the properties of solutions. In particular, a structural property needed to extend classical stability
analysis tools to the hybrid setting, like the stability theorems and invariance principles in the next chapter,
is the following: for every given sequence of bounded solutions, there exists a subsequence that converges to a
solution. For hybrid systems, such a property only holds when the hybrid basic conditions are satisfied. The
result below, extracted from the literature?, states such a property for solutions to hybrid systems.

A sequence {z;}32, of solutions is locally eventually bounded with respect to O if for any m > 0, there exists
10 > 0 and a compact set K C O such that for all i > ig, all (¢,j) € domx; with t + j < m, x;(t,7) € K.

Theorem 3.19 (sequential compactness) Given a hybrid system H satisfying the hybrid basic conditions, let
z; rdomx — O, i =1,2,..., be a locally eventually bounded (with respect to O) sequence of solutions to H.
Then there exists a subsequence of solutions {x; }3°, which as graphs (with the graphic metric in Definition 3.8),
converges to a solution to H.

2See Theorem 4.4 in [39)].
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3.5 Summary

The concept of solution to hybrid systems with admissible state perturbations was introduced. Several examples
illustrated the effect of this perturbation in the system behavior. Solutions obtained as the limit of solutions
with admissible state perturbation with size converging to zero were defined as Hermes solutions. It was shown
that these solutions are captured by the solutions to a regularized hybrid system, denoted by H, with data
regularized through a “closure” operation. This regularization and the solutions to the resulting system are
called Krasovskii. Furthermore, it is shown that every Krasovskii solutions is a Hermes solution. A similar result
holds for a general hybrid feedback control case. Finally, the hybrid basic conditions for the data of hybrid
systems were introduced after their motivation from a robustness to state perturbations such as measurement
noise.

3.6 Notes and references

The effect of measurement noise when solutions are taken as CADLAG solutions or executions (see Section 2.7)
is more notorious. This is due to these concepts of solutions not behaving well under graphical convergence.

x2 T2
5172(070) xQ(O,O)
—
0 . as e 0 /
— 74 ase; — 0
1 532 Ty t 1 s T t
2t A T T 7 v
2 i 2 _‘/
/4 /
3 7 3 /s
— g - - — — —
/4 /
J J

Figure 3.10. Convergence of solutions to the hybrid system in Example 3.20 when the noise approaches zero.
The value of the noise e at the i-th jump is given by (0,¢;) where &; — 0 as ¢ — oo. The limiting function is
not a CADLAG solution.

Example 3.20 (rotate and dissipate, revisited) Consider the system H from Example 2.8. Let « be a CADLAG
solution from & with 0 < |{| < 1 and £ ¢ D. Let 7 be the first time when x(7) € D and consider the noise
e(t) = (0,0) if t < 7, e(t) = (0,e) for t > 7. Then, one CADLAG solution z to & = f(z +¢), x+e € C
with jumps governed by #7 = g(z~ +¢e7), 2~ + e~ € D will jump at 7 and then again when x5 = —¢ since
by definition of e, after the first jump at 7 there exists 7/ > 7 at which z(7’) 4+ e(7') € D. This way, one
can generate sequences of hybrid arcs x; from ¢ and noise signals e; such that x; is a solution to H. with
admissible measurement noise e;, such that z; that rotates to D, and then jumps infinitely many times, with
jumps separated by less than 1/i amount of time. The graphical limit « of such z;’s flows to D and then jumps
infinitely many times. Figure 3.10 illustrates this limiting process. Of course, such x does not correspond to a
CADLAG solution. It is an execution, though. However, if one considers a sequence of x;’s as above, but with
initial points on the line 1 = x2 and converging to (0,0), the graphical limit is a discrete solution: it jumps
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infinitely many times from (0, 0) to (0,0) with no intervals of flow. While such limit is a hybrid arc, it is not an
execution of H since (0,0) ¢ D. By definition, it is a Hermes solution. o

The following example connects the regularization of the hybrid systems introduced in this chapter with
Example 2.8 and the example above.

Example 3.21 (rotate and dissipate, re-revisited) Consider the system H from Example 2.8. The regularized
hybrid system H with O = R? has data given by C = R2, D = [0,1] x {0}, while f = f, § = ¢. In particular,
there exists a discrete Krasovskii solution given by z(0,j) = [0 0] for all j € N. As we noted in Example 3.20,
this is also a Hermes solution to H, but is not an execution of H. Another way that Krasovskii solutions differ
from executions is that there are Krasovskii solutions from initial points & with |¢| = 1 that flow and then jump
(as [1 0]7 € D) while the unique execution from ¢ only flows. o

The regularization for F' follows the Krasovskii regularization for discontinuous right-hand sides introduced
in [55] (see also [42]). Tt differs from the Filippov’s regularization [36] as this ignores the behavior of the right-
hand side on sets of measure zero. Such a regularization technique proves to be unsuitable for hybrid systems
(and even for constrained differential equations). Indeed, for example, a set C' with zero measure leads to
an “empty” regularization. For further details on the relationship of regularized to unregularized right-hand
sides see [36], [44], [55], and [42]. Regarding G, the regularization follows the one used in [52] for single-valued
right-hand sides; due to the nature of discrete time, the convexification is not needed.

Theorem 3.11 and Corollary 3.15 are generalizations to the hybrid setting of a result for differential equations
initially reported by Hermes in [44] and expanded upon by Hajek in [42] and a result by Coron and Rosier [31]
given in the context of robust stabilization of nonlinear control systems (with non-hybrid feedback), respectively.
As a special case, they subsume analogous results for difference equations. These generalizations are enabled
both by the novel concept of solution to hybrid systems and the use of graphical convergence, rather than
pointwise, of sequences of solutions.

To be consistent with what is encountered in hybrid feedback control design, the equivalence result in
Corollary 3.15 did not allow for the control functions k. and k4 to be set valued. However, this can be easily
adjusted to account for a set-valued version of this functions. Similarly, Theorem 3.11 can be adjusted to allow
for a set-valued flow map.

One of the earliest references dealing with impulsive systems as in Example 3.16 is the work by Bainov
and Simeonov [11]. The general model in that example follows the model in [25]. Regarding reset control
systems, the first reset integrator was introduced in [29] in order to improve the performance of linear systems.
Subsequent efforts in studying the stability properties of reset control include [56], [12], [106]. The particular
model for reset control systems in Example 3.16 follows the model in [12].

Example 3.6 is borrowed from [52]. Example 3.13 was suggested by Rafal Goebel.
The robotic problem and hysteresis control strategy in Example 3.17 was taken from [13, Section 3].

Theorem 3.19 appeared as Theorem 4.4 in [39]. The proofs of Theorem 3.11 and Corollary 3.15 can be
found in Section B.1.
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Chapter 4

Stability and Invariance

In this chapter, stability theorems and invariance principles for hybrid systems are developed. These results
provide a methodical procedure to establish stability and asymptotic stability of compact sets, and to obtain
information about the convergence properties of solutions to hybrid systems. Examples throughout the chapter
illustrate the concepts and results.

4.1 Stability

4.1.1 Definitions

The concept of stability for hybrid systems H is now introduced. They parallel the standard notions for
continuous and discrete-time systems. The prefix “pre” in the definitions below is used to indicate that maximal
solutions, that is, the elements in Sy, are not necessarily complete. In fact, in the case that every maximal
solution is complete, the prefix “pre” can be dropped. For instance, this is the case when in addition to
(A0)-(A4), it is true that (VC) (see Proposition 2.7) and

(VD) for each £ € D, G(§) CcCUD

hold. (Under conditions (VC) and (VD), any maximal solution to H is either complete or eventually leaves any
compact subset of O.)

Definition 4.1 (stability) For a hybrid system H, given a compact set A, subset of the state space O,

o A is pre-stable for H if for each e > 0 there exists § > 0 such that any solution x to H with |(0,0)|4 < ¢
satisfies |x(t,j)|a < € for all (t,j) € domx;

e A is pre-attractive for H if there exists § > 0 such that any solution x to H with |x(0,0)|4 < § is bounded
with respect to O and if it is complete then x(t,j) — A ast + j — oo;

e A is pre-asymptotically stable if it is both pre-stable and pre-attractive;

e A is asymptotically stable if it is pre-asymptotically stable and there exists 6 > 0 such that any maximal
solution x to H with |x(0,0)|4 < 0 is complete.
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The set of all z € C'U D from which all solutions are bounded with respect to O and the complete ones
converge to A is called the pre-basin of attraction of A. This set is denoted by B%. At times, the stability
properties defined above will hold relative to a subset K of the state space, that is, they will hold when the
solutions to ‘H stay in that set, i.e., rgex C K.

4.1.2 Lyapunov theorems

Throughout this chapter, it is assumed that hybrid systems H satisfy the hybrid basic conditions.

Sufficient conditions for pre-asymptotic stability are given in terms of functions V', which will be called
Lyapunov functions, satisfying certain conditions. Let V : O — R be continuous on O and locally Lipschitz on
a neighborhood of C'. Let z be any solution to the hybrid system H, and let (¢, j), (t,j) € domx be such that
(t,j) = (t,7). Let t(j) denote the least time ¢ such that (¢,7) € domx, and j(t) denote the least index j such
that (¢, j) € domz. The increment V (z(Z, 7)) — V(x(t, j)) is given by

/t Vi di+ Y V), 5) ~ Vi@).i D) (4.1)

j=j+1

This expression takes into account the “continuous increment” due to the integration of the time derivative of
V(z(t,7)) and the “discrete increment” due to the difference in V' before and after the jump. The integral above
expresses the desired quantity since ¢ — V(x(t,;(t))) is locally Lipschitz and absolutely continuous on every
interval on which ¢ — j(¢) is constant.

Conditions for stability of compact sets will be given in terms of functions ue(z) and up(z) constructed
from V. The function uec will bound the “derivative” of V' at x in directions belonging to F(x), while the
function up will bound the difference between V' at x and at points belonging to G(x).

The function uc : O — [—00,00) is given by

vEF (x) CEAV (z) (4.2)
—00 otherwise

max max ((,v) ze€C
UC(@:_{ ax max ((,v) x€

where OV (z) is the generalized gradient (in the sense of Clarke) of V at x € C. It is a closed, convex, and
nonempty set equal to the convex hull of all limits of sequences VV (z;) where z; is any sequence converging to
2 while avoiding an arbitrary set of measure zero containing all the points at which V' is not differentiable (as
V is locally Lipschitz, VV exists almost everywhere).

This function can be used to bound the increase of V' along solutions to the hybrid system. In fact, for any
solution to the hybrid system, and any ¢ where £V (x(t, j(t))) exists, it follows that

d . )

SVt 1(0)) < uee(t, 5 (1),

This follows by the fact that ue is equal to the (Clarke) generalized directional derivative of V' at x in the
direction of v (One of its basic properties is that for any solution z(-) to 2(t) € F(2(t)), %V (2(t)) < V°(2(t), 2(t))
for almost all £. Note that as V' is locally Lipschitz, the derivative on the left above can be understood in the
standard sense.)

To bound the “discrete increment” of V', the following quantity will be used:
max {V(¢) —V(x)} xz€D
up(x) := { (EG(m) (4.3)

—00 otherwise.
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Even without any regularity on V', one gets the bound

Vi(e(tjv, g +1) = V(e 7)) < up (et 7))
for any solution to the hybrid system.

The following result corresponds to the main stability theorem.

Theorem 4.2 (hybrid Lyapunov theorem) For a hybrid system H, suppose that

(x) A C O is compact, U C O is a neighborhood of A, V : O — R is continuous on O, locally Lipschitz on a
neighborhood of C, and positive definite on C'U D with respect to A, and uc and up satisfy uc(z) <0,
up(z) <0 forall z € U.

Then A is pre-stable. Suppose additionally that
uc(z) <0 and up(z) <0 forallze U\ A.

Then A is pre-attractive, and hence pre-asymptotically stable.

Note that this result recovers the classical Lyapunov stability theorem for purely continuous-time (discrete-
time) systems when H has only continuous (discrete) dynamics since there is no need to check the condition on
up (UC)

The following result states that when uc (respectively, up) is negative in points near a compact set and
discrete solutions (respectively, continuous solutions) converge to the compact set, then it is pre-asymptotically
stable.

Theorem 4.3 (special case of Lyapunov theorem) For the hybrid system H, suppose that (x) of Theorem 4.2
holds. Suppose that either

(a) uc(z) <0 for each z € U \ A,

(b) any discrete solution x to H with rgex C U converges to A;
or

(a’) up(z) <0 for each z € U \ A,

(b’) any continuous solution x to H with rgex C U converges to A.

Then A is pre-asymptotically stable.

The results above actually hold for any functions u., ug such that

VGED) = V) < [ ulio) i+ Y ue).i-1) (44)

Jj=Jj+1

holds along solutions x to H for every (t, ), (t,j) € domz such that (£,7) < (Z,7). Such generality, but in the
context of invariance principles, is pursued in the next section.
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4.2 Invariance

4.2.1 Preliminaries

The concept of invariance for hybrid systems is defined below. The prefix “weak” is used to indicate that the
invariance notion involves only a particular solution to satisfy the invariance property, while the prefix “strong”
is used to indicate that all solutions (from the set under analysis) need to satisfy the invariance property.

Definition 4.4 (invariance) Given a hybrid system H, the set M C O is said to be

e weakly forward invariant if for each & € M, there exists at least one complete solution x € Sy (§) with
x(t,j) € M for all (t,j) € domx;

o weakly backward invariant if for each ¢ € M, N > 0, there exist £ € M and at least one solution z € Sy(§)
such that for some (t*,j*) € domwz, t* + j* > N, the solution satisfies z(t*,j*) = q and x(t,j) € M for
all (t,7) <X (t*,j*), (t,7) € domx;

e weakly invariant if it is both weakly forward invariant and weakly backward invariant;

e strong pre-forward invariant if for each £ € M and each x € Sy(§), it holds that x(t,j) € M for all
(t,j) € dom =z.

e strong forward invariant if it is strongly pre-forward invariant and each maximal solution starting in M
is complete.

Definition 4.5 (Q-limit set of a set) Given a set X C O, the Q-limit set of X for H is given by
Qu(X) :={y € R y=lm; 00 2 (ti, Ji), i €Sn(X), (ti,];) € domua;, t; + j; — oo} .
Q-limit sets capture the asymptotic behavior of solutions to a dynamical system from an initial set.
Define, for each i € N,
Ryu(X):={y €O |y=ua(tj), v € Su(X), (t,j) €dom x, t+j>i} .

Note that if i/ > i then R%,(X) C R4, (X). Because of this, a sequence of sets Ry, (X) is said to be nested.
R4, (X) corresponds to the reachable set of H from X for all ¢ + j > i. It is related to Q3 /(X) in the following
lemma.

Lemma 4.6 (Q(X) characterization) Let X C O. Then'

Qp(X) = lim RY,(X) = QR;(X) . (4.5)

1—00
Equivalently, for each € > 0 and p > 0 there exists i* such that for all i > i*

1. Qu(X)NpB C RL(X) + B
2. Ry, (X) N pB C Qyy(X) + B.

1A sequence of sets S; C R™ converges to S C R™ (i.e. lim;,o0 S; = S) if for all z € S there exists a convergent sequence of
x; € S; such that lim; . =; = = and, for any sequence of z; € S; and any convergent subsequence z;, , limy_, o z;, € S.
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Proof. From the very definition of the outer limit of a sequence of sets, Q3(X) = limsup,_,, R4, (X). As the
sequence R%, (X) is nested, [79, Exercise 4.3] implies that the limit lim; . R}, (X) exists, and by its definition,
it equals

lim sup R4, (X) = Qp(X) .

17— 00

By Exercise 4.3b in [79], it follows that lim; .. R4, (X) is equal to [); R%,(X). Theorem 4.10 in [79] implies the
equivalent characterization of convergence of R}, (X) to Qy(X). O

A concept that captures the asymptotic behavior of a particular complete solution is the £2-limit set of the
solution z.

Definition 4.7 (Q-limit set of a solution) Given a complete solution x € Sy, its Q-limit set, denoted Q(z), is
the set of all w-limit points, that is, points ™ € O for which there exists an increasing and unbounded sequence
{(ti,7:)}521 in dom x so that lim;_,o 2(t;, j;) = x*.

Clearly, there are connections between -limit sets of sets and w-limit sets of solutions to hybrid systems.
Such connections are not pursued here, but it is observed that

U 2@ con@)

EEX wESH(E)
The opposite set containment does not necessarily hold.

The following type of solutions will be used in the invariance principles.
Definition 4.8 (precompact solutions) A solution x to H is precompact if it is both complete and bounded.

The following result for precompact solutions, which characterizes the time elapsed between jumps under a
condition on the jump map and jump set, will be combined with some of the special cases of the hybrid LaSalle’s
invariance principle in Section 4.2.3.

Lemma 4.9 (uniform bound on time between jumps) Suppose that H has data such that DNG(D) = (). Then,
for any precompact x € Sy there exists v > 0 such that t; 1 —t; >~ for all j > 1, (¢;,7), (tj+1,7) € domz (i.e.
the elapsed time between jumps is uniformly bounded below by a positive constant).

Proof. By local boundedness of F' and precompactness of x, F(rgex) is bounded, and thus for some 6 > 0,
|z(t,j)| < 0 for all (¢,5) € domx. Let E := Uj;ol(tj+17j) be the set of all points in dom« at which a jump

occurs (J can be finite or infinite). By precompactness of x, x(E) C O is compact. We have z(E) C D, and
by (relative) closedness of D in O, z(E) C D. By outer semicontinuity of G, G(z(E)) C G(D) is closed, and
since z(E) N G(z(E)) = 0, the distance between z(E) and G(z(E)) is positive, say ¢ > 0. In particular, for
j=0,1,2,...,J — 1, the time interval between t; and ¢;;1 is at least ¢/d (as the distance between z(t;, j) and
x(tj41,7) is at least €). O

4.2.2 Properties of ()-limits sets

In what follows, various properties of Q3(X) are shown. The assumption that the sets R4, (X) are uniformly
bounded with respect to O for large ¢ will be used in some of the results below:
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Assumption 4.10 (R;_((X) assumption) The set X C O is such that the hybrid system H is eventually
uniformly bounded from X, i.e., there exist a compact set K C O and a nonnegative integer i* such that
Ri,(X) C K for all i > i*.

The next theorem asserts that, under Assumption 4.10, the properties of weak backward invariance and
uniform attractivity from X" are generic for Qp(X).

Theorem 4.11 (invariance property of Qu (X)) Under Assumption 4.10, the set Q3,(X) is contained in O,
compact, weakly backward invariant, and for each ¢ > 0 there exists * such that, for all i > i*, Qu(X) C
Ry, (X) + eB and RL(X) C Qu(X) + eB. If, in addition, Qy(X) C RY(X) U X then Qp(X) is strongly
pre-forward invariant.

Proof. Since the sequence of sets R% (X) is nested, its limit exists and is given by (4.5). Then, Qy(X) is
closed. By Assumption 4.10, Q(&X) is bounded with respect to O. Then, it follows that Q4(X) is compact
and a subset of O. By Assumption 4.10, using Theorem 4.10 in [79], for each € > 0 there exists ¢* such that,
for all i > i*, Qy(X) C RE(X) + B and R, (X) C Qp(X) + €B.

To show that Q4 (X) is weakly backward invariant, let * € Q4 (X) be arbitrary (note that when Qx (X) =0
there is nothing to check). By Assumption 4.10, there exists a compact set K € O and a nonnegative index ¢*
such that R%,(X) C K for all i > i*. We will not relabel this sequence and assume that R%, (X) C K for all
i > 0. Then, with the definition of Qy,(X) in (4.5), there exists a sequence z; € R}, (X) with z; — 2* as i — oo.
Let N > 0 be arbitrary. Then, for each I = i — N, i > N, there exists a sequence of solutions ¢; € Sy(X)
such that ¢;(t;,j;) = x; with ¢; + j; > i. From ¢;, generate another sequence of solutions, which we will not
relabel, by truncating the hybrid time domain of each solution so that ¢;(t,j) € R4, (X) for all (¢,5) € dom ¢;.
Note that ¢; is nontrivial for every I. Note also that by the construction above, the sequence {¢;};°, is an
uniformly bounded sequence of solutions; in particular, it is locally eventually bounded. By Theorem 3.19,
there exists a graphically convergent subsequence, that we will not relabel, converging to a solution ¢ € Sy (X).
By construction, ¢ has the property that for some (¢*,j*) € dom ¢ such that t* + j* > N, ¢(t*,j*) = z* and
o(t, ) € Qu(X) for all (¢,7) € dom ¢ satisfying (0,0) < (¢,7) = (t*,7%). Weak backward invariance of Q3(X)
is shown since this holds for every point in /(X)) and every N > 0.

We now show that under the assumption that Qp(X) C RY(X) U X, Qp(X) is strongly pre-forward
invariant. By contradiction, suppose that there exist ¢ € Q4 (X) and ¢ € Sy (q) so that for some (Z,7) € dom ¢,
z=¢(1,7) & Qn(X). By weak backward invariance of Q(X), for each N > 0 there exists ¢'(0,0) € Qy(X) and
¢ € S(¢'(0,0)) such that for some (¢, ;") € dom¢’, t’ + j° > N, we have ¢/(t',j') = q and ¢'(¢,7) € Qn(X)
for all (¢,7) = (t',7"), (t,j) € dom¢’. Define ¢(t,5) := ¢'(t,7) for each (t,7) € dom¢’, (t,7) < (¥,7'), and
B(t,7) = é(t,j) for each (t,j) such that (t —t/,j — j') € dome, (t —t',j — ') < (£,j). Let t* = t' +¥¢,
j* = j' +j and note that ¢(t*,j*) = z. By construction, ¢ is bounded. Construct in this way a sequence of
bounded solutions ¢; with ¢;(0,0) € Qu(X) and ¢; (¢}, jF) = z where ¢f + j > i for each 7. By construction,
lim; 00 ¢3(t7,57) = Z. Let 20 = lim; o0 ¢:(0,0). By compactness of Q3 (), 2° € Q3(X). Then, by assumption,
¥ € RY(X)UX. Suppose that 2° € X. By definition of Qy(X), Z € Qp(X) which is a contradiction.
Suppose instead that 20 € RY,(X). By definition of R}, (X) there exists 2° € X and ¢ € Sy(i°) such that
o(t,7) = x0 for some (f,j) € dom¢. Define ¢/ (t,5) := é(t,7) for each (t,j) € dom¢, (t,5) < (,7), and
@ (t, ) := ¢i(t —1t,j —j) for each (t —£,§ — j) € dom ¢y, (t,5) = (£,7), (t —,j — j) € dom ¢;. By construction,
Y € X and lim; o ¢"(tF + 1,55 4+ j) = Z. Then Z € Q3 (X) which is also a contradiction. O

In order to guarantee weak forward invariance of 3,(X), it is assumed that the hybrid system H is eventually
complete from X, i.e., there exists a nonnegative integer i* such that, for all i > i*, every maximal solution
starting in R%,(X) has an unbounded hybrid time domain. (Note: this still doesn’t guarantee that R, (X) is
nonempty for all 7 and thus still doesn’t guarantee that (X’ is nonempty.) Since the sequence of sets Rj, (X))
is nested, it is enough to verify this property for solutions starting in RZ(X ) for some nonnegative integer
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i*. Eventual completeness combined with the condition for strong pre-forward invariance in Theorem 4.11
guarantees strong pre-forward invariance with complete solutions. Additionally, the next theorem establishes
weak forward invariance under Assumption 4.10 and the assumption that the system H is eventually complete
from X.

Theorem 4.12 (invariance property of Q4 (X)) Under Assumption 4.10, if the hybrid system H is eventually
complete from X then Qy(X) is weakly forward invariant. If, in addition, Qy(X) C RY,/(X) U X then Qy(X)
is strongly forward invariant.

Proof. Let z* € Qy(X) be arbitrary. By definition of the limit and the assumptions, there exists a sequence
z;, € R;Q(X), E=1,2,..., with z;, — 2™ as k — oo, complete solutions ¢;, € Sp(x;,) satisfying rge ¢;, C
R;j (X) for each k, and a compact set K C O such that R;_’;(X) C K for each k. Then, the sequence of
solutions {¢;, }72 , is an uniformly bounded sequence of solutions; in particular, it is locally eventually bounded.
By Theorem 3.19, there exists a graphically convergent subsequence, that we will not relabel, converging to
a complete solution ¢ € SH( ). Let (f,j) € dom ¢ be arbitrary. By the graphical convergence of ¢;, to ¢,
there exists a sequence (t lk,]lk) € dom ¢, , (ti,,Ji,) — (£,7) such that ¢y, (£, ,7i,) — #(t, j) as k — oo. By
construction, limy oo ¢4, (fi,Ji,) € Qu(X). Therefore, for every (£,5) € dom¢, ¢(£,7) is in Qp(X). Thus
Oy (X) is weakly forward invariant.

Strong forward invariance of ((X) with the additional assumption Qy(X) C RY,(X) U X follows from
Theorem 4.11 and the eventually completeness assumption. O

Theorem 4.11 combined with Theorem 4.12 parallel the following result for Q(z).

Lemma 4.13 (invariance property of Q(z)) If x € Sy is a precompact solution to H then its w-limit set (x)
is nonempty, compact, and weakly invariant. Moreover, the solution x approaches Q(x), which is the smallest
closed set approached by x. That is, for all € > 0 there exists (t,j) € domx such that for all (t,j) satisfying
(t,7) = (£,7), (t,j) € domz, z(t,j) € Q(z) + €B.

Proof. As z is precompact, it is complete and bounded. For any increasing and unbounded sequence (;,j;),
x(t;, j;)’s are bounded and have a convergent subsequence. Thus Q(z) # (). Boundedness of x implies that of
Q(z). To prove that Q(x) is closed, pick x} € Q(z) with z}, — z*. By the definition of Q(z), for each k there
exists an increasing and unbounded sequence (ti,ji) such that zy (i, ji) — x} as i — oo. Let i, be such that
|z (ts, ji)— x| < k=1 forallk, alli > i Now, pick i;’s so that for each k, i), > iy and (2, jin) < (E4 jier).
As xj — x*, we must have xk(tk ,jk #) — 2* as k — oo. Thus z* € Q(x), and Q(x) is closed.

Now we show weak invariance, dealing with forward invariance first. Let z* € () be arbitrary and let
(t;, Ji) be an increasing and unbounded sequence such that x(t;, j;) — «* as i — co. Consider Z; € Sy (x(t;, ji))
defined by z;(t,7) == x(t +t;,j + ji), (t,7) € domZ;. As x is bounded with respect to O and Z; are truncations
of z, {Z;}32, is locally eventually bounded with respect to O. Then, by the hybrid basic conditions, there
exists a subsequence {z;, }7°, of {Z;}2,, graphically converging to another complete hybrid trajectory of
Z € Sy starting at x* (since Z;(0,0) — z* as i — oo so does T;, (0,0)), i.e. T;, — & € Sy(a*) as k — oo,
where 2* € Q(z). Let (£,j) € dom# be arbitrary. By the graphical convergence of Z;, to &, there exists
a sequence (ti, Jin) € dom;,, (t LivsJir) — (£, 7) such that Z;, (f;,,7:,) — #(f,7) as k — oo. By construction,
z, (ti, jzk) =z(t;, iy Jiy, —|—jzk) where (t;, , ji, ) is increasing and unbounded by properties of (¢;, j;). Therefore,
for every (t,7) € domx, &(f,) is an w-limit point of z. Thus Q(z) is weakly forward invariant.

To show weak backward invariance, let :v** € Q(z) and N > 0 be arbitrary. Let (¢;, j;) be an increasing and
unbounded sequence such that x(¢;, j;) — #** asi — oo. Pick s g, such that t;+j;,— (N+1) < ¢, itJ, Stitji— N
and let Z;(t, j) = a(t +¢;,j + j,) for all (¢, ) € domz;. Since z is bounded and z; are truncations of z for each
i, {Z:}32, is locally eventuall}7 bounded with respect to O. Then, by the hybrid basic conditions, there exists
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a subsequence {Z;, }7°, of {Z;}32,, graphically converging to another hybrid trajectory of & € Sy starting at
some z* € Q(z) (since (t;,7,) is unbounded and increasing), i.e. Z;, — & € Sy(2*) as k — oo. For t; =t; — t;
and j; = ji — j, since (%,7;) € dom;, Z;(t;,j;) = @(t;,ji) — «** as i — oo. Since T;(%;, j;) converge, there
exists (t*,7*) € dom, such that (t; —;,j; —j.) — (t*,j*) as i — oo that satisfies Z(t*,j*) = 2**. Note that

(t*,j*) satisfies N < ¢* + j* < N + 1. That :i:(%,j) € Qx) for all t + 5 < t* 4 j*,(t,7) € domz follows by the
same argument used at the end of the paragraph above.

Finally, we show convergence of x to its w-limit set. Suppose that for some € > 0 there exists an increasing
and unbounded sequence (t;, j;) € domx such that x(¢;, j;) € Q(x) + €B for i = 1,2, .... By precompactness of
x, there exists a convergent subsequence of z(t;, j;)’s. Its limit is, by definition, in Q(x). This is a contradiction.

O

Lemma 4.13 is a key result needed when showing the invariance principles in the next section.

4.2.3 Convergence via invariance principles

In this section, invariance principles for hybrid systems are introduced. First, invariance principles that involve
conditions given by Lyapunov functions are introduced. These are followed by invariance principles that use
more general functions, both involving conditions about several solutions and a single solution.

Invariance principles with Lyapunov functions

When the conditions on the functions uc and up in Theorem 4.2 are not satisfied with strict inequality,
even though stability of the compact set under analysis is established, convergence to that set is not guaranteed
by Theorem 4.2. However, with additional knowledge of the behavior of the solutions, information about
convergence of solutions can be obtained as stated in the following result.

Theorem 4.14 (hybrid LaSalle’s invariance principle) Given a hybrid system H, let V : O — R be continuous
on O and locally Lipschitz on a neighborhood of C. Suppose that U C O is nonempty, and that x € Sy is
precompact with Tgex C U. If

uc(z) <0 and up(z) <0 forall ze U

then for some constant r € V(U), = approaches the largest weakly invariant set in

Vi) n U N (ugt(0) U (up'(0) NG(up'(0)))) (4.6)

When it is known that solutions are either Zeno or the time between jumps can be upper bounded from
below by a positive constant, the set in (4.6) where invariance is to be checked becomes smaller. This is stated
in the following result.

Corollary 4.15 (special case of hybrid LaSalle’s invariance principle) Under the assumptions of Theorem 4.14,
(a) if x is Zeno, then, for some r € V(U), it approaches the largest weakly invariant subset of
Vi) n U 0 oup'(0)NGlup'(0); (4.7)

(b) if © is s.t., for some v > 0, J € N, and all j > J, tj;1 —t; > 7 (i.e. the elapsed time between jumps
is eventually bounded below by =), then, for some r € V(U), x approaches the largest weakly invariant
subset of

V) nU 0 ougt(0). (4.8)

49



The invariance principle in Theorem 4.14 can be used to show the following stability result that parallels
Krasovskii stability theorem. Note that instead of requiring an strict inequality to hold for the conditions
involving uc and up, an invariance condition is in place.

Theorem 4.16 (hybrid Krasovskii) Given a hybrid system H, suppose that

(x) A C O is compact, U C O is a neighborhood of A, V : O — R is continuous on O, locally Lipschitz on a
neighborhood of C', and positive definite on C'U D with respect to A, and uc and up satisfy uc(z) <0,
up(z) <0 forall z e U.

Then A is pre-stable. Suppose additionally that

(xx) there exists * > 0 such that for all r € (0,r*) the largest weakly invariant subset in
Vi) n U 0 [ug'(0) U (up'(0) N G(up'(0)))] (4.9)

is empty.
Then A is pre-asymptotically stable.

Examples where these results are applied are given in Section 4.3.

Invariance principles with general functions

Versions of the results above for general functions u. and ug, instead of uc and up, satisfying the condition
in (4.4) are possible. The following theorem states an equivalent result to Theorem 4.14.

Theorem 4.17 (general invariance principle) Suppose that there exist a continuous function V' : O — R, a set
U C O, and functions ue, ugq : O — [—00,00] such that for any solution £ € Sy with rge C U,

uc(§(t,5)) <0, wa(é(t,5)) <0
for all (t,7) € dom¢ and (4.4) holds for any (t,7),(t',7') € dom¢& such that (t,j) < (¢',5).

Let x € Sy be a precompact solution such that

{x(t,5) | (t,4) € domz, (T, J) = (t,4)} C U,

for some (T,J) € domx, which holds when Tgex C U. Then, for some r € V(U), x approaches the largest
weakly invariant subset of

vl nou 0 (u(0) U (ug'(0) N Glug ' 0))) - (4.10)
The following results parallels Corollary 4.15

Corollary 4.18 (special case of general invariance principle) Under the assumptions of Theorem 4.17,

(a) if x is Zeno, then, for some r € V(U), it approaches the largest weakly invariant subset of

V) N U 0wy t(0) N Guyt(0)); (4.11)
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(b) if x is such that, for somey >0, J € N, and all j > J, tj41 —t; >~ (i.e. the elapsed time between jumps
is eventually bounded below by a positive vy), then, for some r € V(U), x approaches the largest weakly
invariant subset of

V) n U 0 uzt(0). (4.12)

Corollary 4.15 relies on the character of the solutions verifying the weak invariance of Q(z), rather that on
whether = jumps infinitely many times or whether x is not Zeno. The example below illustrates this, among
other things.

Example 4.19 (linear oscillator with reset) Consider the hybrid system on O = R? given by

= {_@] reC:=Rx[0,00), z"= {_@] z €D :=Rx (—00,0].
I I
Any solution to this system satisfies (4.4) with V(z) = |z|. Let u.(z) =0 if 22 > 0, u.(z) = —o0 if z2 < 0, and
ug(z) = 0if 9 <0, ug(xr) = —oo if 9 > 0. Functions u., ug are the natural bounds on the decrease of V', see
(4.2) and (4.3). For these functions, ug '(0) is the (closed) upper half plane, u;'(0) is the (closed) lower half
plane, and G(u;'(0)) is the (closed) right half plane. For the periodic solution given by z(t,5) = (cost,sint)
for t € [0,7], (7, 1) = (0,—1), and z(t,j) = x(t — 7, j — 2) for t > m, j > 2, the Q-limit set is just rgez: the
(closed) upper half of the unit circle and (0, —1). Note that the domain of this solution is unbounded in both
t and j directions. For this solution, V(z(¢,7)) = 1 for all (¢,7) € domz. Suppose that Corollary 4.15 were
applicable. Taking r = 1 and U = R2, the set (4.7) would be the unit circle in the closed fourth quadrant and
the set (4.8) would be the unit circle in the (closed) upper half plane. In particular, z does not approach either
of these two sets even though dom x is unbounded in both ¢ and j directions, and therefore, it will not approach
an invariant set included in those sets. Of course, x approaches the largest weakly invariant set contained in the
union of the sets (4.7) and (4.8) (as dictated by Theorem 4.17). This set turns out to be rgex; see Figure 4.1.
Note that if G (u;l(O)) is not used in Theorem 4.17 then one must search for the largest weakly invariant subset

ug(z) =0

Figure 4.1. Solutions to the hybrid system in Example 4.19 converge to the solid line and to points where jumps
occur, denoted with dots.

of V=Y 1)nUn (u;l(O) U u;1(0)>. This turns out to be the unit circle, which is larger than rgex. o

Note that the strong conclusion in the example above relies both on the strong (forward and backward)
invariance notion and the set G(u;'(0)) in (4.7).
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Note that when applying Theorem 4.17, as a difference to Theorem 4.14, a condition “for all solutions in a
set U” has to be checked. A follow-up question is whether conditions that involve a single solution, or in general,
a hybrid trajectory (if no data is associated to it) can be stated to obtain information about its convergence.
The following lemma states the conditions that two functions need to satisfy along a single hybrid trajectory in
order to characterize the point(s) to which it converges. The results that follow in this section are also stated
for a single hybrid trajectory.

Below, a function f : R>g — R is weakly meagre if lim,, o (inf,ey, |f(¢)]) = 0 for every family {I,, | n € N}
of nonempty and pairwise disjoint closed intervals I,, in R>g with inf,ey p(f,) > 0. Here, p stands for the
Lebesgue measure. Moreover, f is weakly meagre if for some 7 > 0,

M+t
lim |f(1)] dt = 0. (4.13)
M—o0 M

In particular, any L' function is weakly meagre.

Lemma 4.20 (meagre-limsup conditions) Let = be a complete hybrid trajectory such that

(*) For each z € Q(z) and € > 0 there exist 6 > 0 and T > 0 such that, if x(t,j) € z + éB for some
(t,7) € domx then x(t',j) € z+ €B for all t’ € [t — T,t+ T such that (¢, j) € domx.

Furthermore, suppose that for some set U C O with rgex C U there exist functions £.,¢q : U — [0, 00| that, for
the hybrid trajectory x, satisfy the meagre-limsup conditions given by
(a) if the projection of domx onto R>¢ Is unbounded then t — (.(z(t,j(t))) is weakly meagre,
(b) if the projection of dom x onto N is unbounded then for all large enough j there exists t; € [t(j),t(j + 1)]
such that limsup;_, . £a(x(t}, 7)) = 0.
Then Q(z) C Ey e, U Ey 4, where E, 4, and E, g, are respectively defined by
{zetgex |z — 2,2 € rgex, liminf, . l.(2;) = 0},

{z etgex | 32; — 2, 2; € rgex,liminf; . £4(z;) = 0}.

Proof. Suppose otherwise, that for some z* € Q(z) and €,v > 0,
0(z) :=min{l.(2),0q4(2)} > v

for all z € z* 4+ €B, z € rgex. By definition of w-limit point, there is an increasing and unbounded sequence
(ti, j;) € domx with x(t;, j;) — a* as i — oo. We can assume that for all i, ¢;4+j; +1 < t;11+ j;41. Let §,T >0
be related to a*, € as in condition (*) and, without loss of generality, suppose that T' < 1. Ignoring initial terms
if necessary, we have x(t;,j;) € * + 0B for all 7 € N. Consequently, z(¢,j;) € 2* + 0B for all t € [t; — T, t; + T,
(t,7i) € domz. For each i, either of the two conditions holds:

(17) either t(j;) <t; — T or t(j; + 1) > t; + T (x flows for time T either before ¢; or after ¢;)

(2%) t(ji) > ti — T and ¢(j; + 1) < t; + T (z jumps within time T before and after ¢;)

Either (1) or (2’) has to occur for infinitely many i’s. Suppose it is (1’) and that ¢(j;) < ¢; — T for such
i’s (the other case is treated similarly). Then, domz must be unbounded in the ¢-direction. The fact that
0(x(t,j(t))) >~ for any t € [t; — T,t;] for infinitely many i’s contradicts weak meagreness of t — £.(x(¢,5(t)))
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(note that intervals [t; — T, t;] are disjoint). If (2°) holds for infinitely many 4’s, then dom z is unbounded in the
Jj-direction, and for infinitely many 4’s and all ¢ € [t(j;),t(j; + 1)] we have £4(x(t,7;)) > 7. This contradicts (b).
O

The condition (*) above can be viewed as a sort of continuity of z(¢,7) in ¢, uniform “near each point of
Q(x)”. The condition automatically holds if x is a solution to a hybrid system that satisfies (S1) and (S2) and
the hybrid basic conditions. In fact, since F is locally bounded, x(t, j) is Lipschitz in ¢, locally “near each point
of Q(z)”.

In Lemma 4.20, E,, C {z € t8¢x | l.(2) = 0}, where £, is the lower semicontinuous closure of /..
(Given a set U and a function ¢ : U — [—o0, 00|, its lower semicontinuous closure £ : U — [—00,00], is the
greatest lower semicontinuous function defined on ¢/, bounded above by ¢ on U. Equivalently, for any = € U,
{(z) = liminf,, ., ¢(x;). In this terminology, E, ¢ is the zero-level set of the lower semicontinuous closure of the

function ¢ truncated to rgex.) In particular, if both ¢, and ¢, are lower semicontinuous, and Tgex C U, then
the conclusion of Lemma 4.20 implies that Q(x) is a subset of

{2 € T80T | Le(2) = 0} U {= € TGT | Lul2) = 0}.

However, if the assumption that /., /4 are nonnegative was weakened to say that they are nonnegative only on
rge x, the last conclusion above may fail.

The following result corresponds to an invariance principle involving the meagre-limsup conditions which
automatically follows from Lemma 4.20.

Theorem 4.21 (meagre-limsup invariance principle) Let © be a precompact hybrid trajectory. Suppose that
for U C O, rgex C U, there exist functions l., Ly : U — [0, 00] for which the meagre-limsup conditions hold.
Then = converges to the largest weakly invariant subset of

{2l | Le(z) = 0} U{z €T | La(z) = 0}.

Iftgex C U and ., Ly are lower semicontinuous, then all the closure operations above can be removed.

Let x be a precompact hybrid trajectory for which there exist functions u.,uq : O — [—00,0land V : O — R
such that (4.4) holds for the hybrid trajectory x for all (¢,7), (¢',j’) € domz such that (¢,5) < (¢/,4’). Then
le = —ue, g = —uy satisfy conditions (a) and (b) of Theorem 4.20. In fact, there exists a constant M > 0 for
which

T J
/ (ot J)) dE < M, S Law(tG+ 1), ) < M,
0 =
for any (T,J) € domx (this shows that ¢.(¢,7(t)) is integrable on [0,00) and thus weakly meagre, while to
satisfy (b), one can take tf = t(j + 1).

Based on the previous discussion, the next result shows that, when a function V' with the right properties
exists, the conditions (a) and (b) of Lemma 4.20 are guaranteed.

Corollary 4.22 (meagre-limsup conditions with a V') Let 2 be a precompact hybrid trajectory. Suppose that
there exists a continuous function V : O — R, and functions uc,uq : O — [—00,00] such that for some
(T,J) € domux,

ue(x(t, 7)) <0, wa(x(t,j)) <0
for all (t,j) € domx with (T,J) < (t,7), and (4.4) holds for the hybrid trajectory = for all (t,7), (t',j") € domx
such that (T, J) = (t,5) = (t',5"). Then Q(x) C E®" U E®" where E®" and E*" are respectively defined
by
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{zetgex | Iz, — z,2; € rgex, limsup,_, o, uc(z;) = 0},

{z eTtger | Iz — 2,z € rgex,limsup,_,  uq(z;) = 0}.

More precise results can be obtained if the hybrid time domain of the hybrid trajectory is bounded in either
the t or j direction.

Corollary 4.23 (special cases for meagre-limsup conditions) Let x be a complete hybrid trajectory for which
(*) holds.

(a) If the projection of domx onto N is bounded and there exists a function {. : rgex — [0, 00] such that
t— Le(x(t,4(t))) is weakly meagre, then Q(x) C Eyq,.

(b) If the projection of domx onto R>q is bounded and there exists a function ¢4 : rgex — [0, 00| such that, for
all large enough j, there exists t; € [t(j),t(j+1)] such that limsup,_, . £a(=(t},5)) = 0, then Q(z) C Ey .

If, for a hybrid trajectory, the elapsed time between jumps is uniformly positive then only (a) of the
meagre-limsup conditions needs to be checked to draw the conclusion of Lemma 4.20.

Corollary 4.24 (meagre-limsup invariance with uniformly bounded time between jumps) Let x be a complete
hybrid trajectory such that (*) holds and tj41 —t; > v > 0 for all j = 1,2,.... If there exists a function
l. :rgex — [0, 00| such that condition (a) of the meagre-limsup conditions holds, then Q(x) C E, ..

Proof. In the proof of Lemma 4.20, T' can be chosen arbitrarily small. Picking 7" < 3 shows that (2’) in the
proof of Lemma 4.20 cannot hold; hence (1’) has to hold for infinitely many times. The proof follows that of
Lemma 4.20. O

If multiple instantaneous jumps can occur “only on the zero level set of £;” (for a hybrid system H, this
is equivalent to ¢4 (G(D) N D) = 0) and « is precompact, then only (a) of the meagre-limsup conditions needs
to be checked to draw the conclusion of Lemma 4.20. This is because under such an assumption on the jumps,
on each compact set away from the zero level set of ¢4, the elapsed time between jumps is uniformly bounded
below by a positive constant.

Corollary 4.25 (case of multiple instantaneous jumps) Given the function £4 : O — R>(, assume that for all
T €Sy, if (t,j—1),(t,7),(t,j+1) € domZ, then £4(Z(t,j)) = 0. Let x € Sy be a precompact solution. Suppose
that there exists a function {. : rgex — [0, 00] such that condition (a) of the meagre-limsup conditions holds.
Then the conclusion of Lemma 4.20 is true.

4.2.4 Connections to observability and detectability

Classically, (zero-state) observability means that if the output of a system is held to zero, the state is identically
zero. The following definition extends this concept to hybrid systems.

Definition 4.26 (observability) Given sets A, K C O, the distance to A is observable relative to K for the
hybrid system H if for every nontrivial solution x satisfying rgex C K then |z(t,j)|4 = 0 for all (t,j) € domx.

If, for a certain (output) function h : O — RF, K = h71(0), then it is said that the distance to A is
observable through (the output) h.

Basic properties based on observability are stated below, under the assumption that A and K are compact
subsets of O and the distance to A is observable relative to K.
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Theorem 4.27 (observability and the invariance principle) Let A, K C O be compact, and suppose that A is
stable relative to K for the hybrid system H. Then the following statements are equivalent:

1. The distance to A is observable relative to K.

2. The largest weakly invariant set in K is a subset of A.

In differential equations, detectability is the property that when the output is held to zero, complete solutions
x satisfy lims—, o |2(¢)].4 = 0. Below, this notion is generalized.

Definition 4.28 (detectability) Given sets A, K C O, the distance to A is detectable relative to K for H if for
every complete solution x € Sy satisfying rgex C K then liminf,y; .o |2(¢,5)|4 = 0.

This detectability notion above can be understood as x having an w-limit point at A. As for observability
relative to K := h~1(0) for some function h : O — RF it is said that the distance to A is detectable through h.

When detectability (as in Definition 4.28) is combined with relative stability, the usual detectability is
recovered.

Lemma 4.29 (detectability and relative stability) Let A, K C O be compact. If the distance to A is detectable
relative to K and A is stable relative to K, then each complete solution x € x with rgex C K converges to A.

Example 4.30 (hybrid system with linear dynamics) For z € R", A;, Ay € R™*™ and closed C, D C R",
consider the hybrid system H given by

# = Ayx when ¢ € C, 27 = Asx when z € D.

For simplicity, assume that CUD = R"™. The motivation for this type of systems comes from many applications,
like sample-data control, reset systems, etc. Suppose that:

(o) Let C' € R™*" be such that there exists matrices L1, Ly, and P = PT > 0 that satisfy
T ~
2" ((Al +1.C) P+ PT (4 +L10)) z <0,
\T ~
27 <(A2 n ch) P (A2 n ch) - P) z <0,
where the first inequality is for all x € C'\ {0} and the second one for all z € D\ {0}.

This assumption holds in particular when the pairs (C, A;) and (C, Ay) are detectable (in the linear sense) and
the detectability of both pairs can be verified with a common Lyapunov function (which is quadratic and given
by P).

Let K be any subset of {z eR” ’ Cz= O} and A = {0} C R™. By definition of K, solutions that remain
in K are also solutions of the output injected hybrid system Ho defined as

b= (A +LC)x zeC ot =(Ay+ L0)x z€D.

Stability of A (for the system above, and hence for H relative to K) can be easily verified with the use of the
common quadratic Lyapunov function V(z) = z¥ Px. Moreover, by Corollary 4.14 with &/ = R™ and V (x),
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every solution that stays in K converges to A. Hence, the distance to A is detectable relative to K for H.
However, (o) is not a necessary condition for detectability of H relative to K, it is only sufficient.

Note that for LTI systems, the concepts of relative stability and detectability introduced above reduces to
the standard concept in the literature. For instance, for the continuous-time LTI system # = Ax with output
y = Cz, detectability of the pair (C, A) is equivalent to the distance to A := {0} being detectable relative to

subsets of {z eER" | Cz = O}. u]

Theorem 4.31 (detectability and invariance principle) Let A, K C O be compact, and suppose that A is stable
relative to K for the hybrid system H. Then the following statements are equivalent:

1. The distance to A is detectable relative to K.

2. The largest weakly invariant set in K is a subset of A.

Corollary 4.32 (connection with meagre-limsup invariance principles) Let A, K be compact subsets of O,
with A stable relative to K and with the distance to A detectable on K, and let w : O — R be a continuous
and positive definite function with respect to K. If x € Sy is precompact and the meagre-limsup conditions
hold for x with ¢., ¢4 replaced by w, then x converges to A.

Stability and detectability of the distance to a compact set A relative to a compact set K leads to uniform
convergence.

Theorem 4.33 (uniform convergence) Let A, K C O be compact. Suppose that A is stable relative to K and
the distance to A is detectable relative to K. Then, for each ¢ > 0, there exists M > 0 such that for each
complete solution © € Sy with rgex C K implies |x(t, j)|.a < € for all (t,5) € domz, t + j > M.

Proof. Suppose otherwise. Then, for some € > 0, there exist a sequence of complete trajectories z; € Sy such
that rgex; C K and a sequence (t;, ;) € doma; with ¢; + j; > i such that |z;(¢;, j;)|4 > €. By relative stability
of A, there exists 6 > 0 such that for each i = 1,2,..., |z;(t,j)|a > 6 for all t + j < i, (¢,j) € domz;. Since
K is compact, the sequence {x;}2, is locally eventually bounded, and, by the hybrid basic conditions, it has
a graphically convergent subsequence. Its limit, let us call it x, is complete (since each x; is complete; see [39,
Lemma 3.5]) and such that rgex C K. Furthermore, for all (¢,j) € doma, |z(t,7)|4 > 0. This contradicts the
detectability assumption. O

4.3 Examples

The stability theorems, the invariance principles, and their connections to observability and detectability pre-
sented above are applied to hybrid systems with purely hybrid dynamics, set-valued dynamics, nonuniqueness
of solutions, and solutions with multiple jumps at the same instant. Figure 4.2 depicts the hybrid systems for
the first three examples. The last example corresponds to the problem of disturbance rejection for a class of
hybrid control systems.

Example 4.34 (bouncing ball) Consider the bouncing ball example in Section 2.2.1 with regular data given by

O :=R? f(x) :-{f?},C:— {zeR® |21 >0} (4.14)
g(x):—[_ilm] ,Di={zeR?® [2,=0, 22 <0} (4.15)

56



Z1

Figure 4.2. Examples: (a) bouncing ball, (b) simplified Newton’s cradle, and (c) inverted pendulum on a cart.

where g > 0 is the gravity constant and A € [0, 1) is the restitution coefficient.

Consider the continuously differentiable function V(z) = %x% + ~vx1. To apply hybrid LaSalle’s invariance
principle, we compute the function ue : O — [—00,00) given by equation (4.2), which amounts to computing
(VV(z), f(x)) for all z € C. Then

(VV(z), f(x)) =0 forallzeC. (4.16)

The increment of the energy at jumps is given by

for all x € D. From (4.3),

1
up(z) = 5 (1 - &)} — 7o,

for each z € D. Since uc and up are never positive, i = R? satisfies the conditions in Theorem 4.14. Therefore,
every precompact solution to the bouncing ball system converges to the largest weakly invariant set in (4.6) for
some r € V(U) (with G = g). Note that

uc'(0)=C, g(up'(0) =up'(0)={z €0 |z =0} .

Suppose r > 0 and consider solutions starting in the set (4.6). Such solutions will hit 1 = 0 and then jump.
Since up(z) is strictly negative away from the origin, V needs to decrease after the jump. This shows that with
positive r there is no invariant set in (4.6). The only invariant set is for » = 0 and it is given by {z € O | 2 =0}
see Figure 4.3. Thus, precompact solutions to the bouncing ball converge to the origin.

The same conclusion follows from Corollary 4.15 by noting that solutions to the bouncing ball are Zeno.
Our invariance principles involving functions satisfying the meagre-limsup conditions in Lemma 4.20 are also
applicable, in particular, Corollary 4.23(b) with £4(x) = |z1], j > 1, and ¢} = t(j + 1). Moreover, it follows with
our hybrid Krasovskii theorem (Theorem 4.16) that A is asymptotically stable with basin of attraction C' U D.

[m]

Example 4.35 (Newton’s cradle) Consider a simplified model of the Newton’s cradle consisting of a pair of
pendulums with mass my, mo as shown in Figure 4.2(b). Denote by z} and z? the angular position of each
pendulum, and by z} and 23 their tangential velocity defining the state x = [z} 2% 23 23]T. Viscous friction for
the circular motion and elastic collisions are considered. Moreover, it is assumed that the pendulums remain
ordered with angles in (—m, 7) along solutions ( “ordered” means that the pendulum with mass m; stays to the
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Figure 4.3. A solution to the bouncing ball system in the z7 — 5 plane and a level set of V' (dashed). Solutions
escape a level set with » > 0 in finite time.

left of the pendulum with mass mso along solutions). More general models allowing the pendulums to change
their order can be derived but for simplicity, they are not pursued here. Let O = (—m,7) x (—7,7) x R2.

The equations of motion for the pendulums in between collisions are given by Newton’s laws

it =ah, @b = —% sin(z}) — byl | (4.17)

when either 1 < 2% (pendulums in the right order) or z} < 23 (pendulums moving in the right direction),
where i = 1,2, b; > 0, v > 0 is the gravity constant, and [ > 0 is the length of the pendulums. Jumps are
assumed to happen when z} > 2% and x5 > 2. When this holds, the state is updated by

rf = {ﬂ arg min {1 —cos(s)}, x5 = Mxy, (4.18)

se{zy,ai}
where 71 = [z} 23T, x5 = [23 23]T, and the matrix M characterizes the exchange of kinetic energy at impacts.
Note that the angular positions are mapped to the minimal potential energy configuration (typically, collisions
between the pendulums occur when x{ = 7). When the usual impact rule with conservation of momentum is
used, the jump mapping for velocities is

(22)" = (@3) " = —e (23— 23),

ma(z) "+ ma(a3)T = mizy +maas

where e € [0, 1] is the restitution coefficient. In this case

A—(1=XNe (1-=XN(1+e)

M= A1 +e) 1—A—)e |’

(4.19)

ma
mi+ma

where A = € (0,1). For the following analysis, it is assumed that M is given as in (4.19).

The continuous dynamics of the Newton’s cradle system are given by f(z) which is the vector function
resulting from stacking the vector fields given in (4.17) for ¢ = 1,2. The flow and jump sets are given by

C:={ze0 ’x%ﬁx%orx%ﬁx%}, D:={ze0 }xiZw%,x%Zw%}

The jump mapping on D is given by g(z), the vector function constructed by stacking the mappings in (4.18).
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A 0
0 1—-2A
system satisfies the hybrid basic conditions.

Let J = . It is easy to show that MTIM - J <0. Moreover, the data of the Newton’s cradle

Let V be the energy of the system normalized by mi 4+ mo:
V(z) = %Zngzjz +YAL(1 = cos(z1)) +v(1 = M)l (1 — cos(a?)) . (4.20)
It turns out that for all z € C
(VV (@), f(2)) = =Mbal? (w8)” = (1 = \bal? (23)” <0 .

Thus, with (4.2), uc(z) = —Aby[? (w%)z — (1= N\)bol? (x%)z for all x € C. At jumps, V(g(z)) — V(z) is given by

12 X

Ea:g (MTTM — J) 22 +41(1 — cos(s*)) — yAL (1 — cos(z1)) — v(1 — A (1 — cos(z?)) ,
where s* = argmin,e .1 ,2y {1 —cos(s)}. It follows that V(g(z)) — V(x) < 0, and for each point in D, defines
up.

To apply hybrid LaSalle’s invariance principle, compute
ug (0)={z €0 |x§:x§=0},

up'(0) ={x €0 |2} =af, a3 (MTTM ~ J)z2 =0}.

The set ug'(0) follows from the definition of C' and uc above. To find uj,'(0) note that points z € D with
x1 = 2% are such that s* = z1 = 22, and consequently, up is zero only if 22 (MTJM — J)xs = 0. The remaining
points in D are such that #1 # 22. Since the first term of up is nonpositive and the remaining terms are strictly
negative for 2} # 2%, points with #1 # 27 are not in uBl (0). When g acts on uBl(O), the angles are mapped to
their same value and the velocities are mapped to (z3)T, (23)" with (z3)* < (23)*. Using the jump rule (4.18)

and the properties of M and J

ul_)l(O) ﬁg(ul_)l(O)) = {CE cO0 } CE} = xf,x% = :C%} .

By Theorem 4.14 with U = O, every precompact solution converges to the largest weakly invariant set in
(4.6) for some r € V(U) (with G = g). Solutions starting in u;'(0) and staying in the largest weakly invariant
subset of (4.6) need to have same angles. Therefore, only points with 1 = 2% in ug'(0) qualify for the invariance

property. It follows that
ual(O) U (uBl(O) N g(uBl(O))) = {x cO0 | z% = x%,x% = x% } .
For every £ in this set, there exists one discrete solution that stays in it. Then, precompact solutions approach
VIiryn{z €O |z =af,ay =23}
for some r = V(U). Note that the same conclusion holds when the jump map for the angles is the identity and

the inequality condition for the angles in D is replaced by equality.

The invariance principle shows that solutions to the Newton’s cradle system approach points with equal
angles and velocities. The reason for this is that with the jump map considered above, the kinetic energy of the
balls remains constant when the pendulums collide with equal velocity. This generates solutions that after such
a collision, jump for all time (discrete solutions). This undesirable behavior can be removed by including the
“spring effect” at collisions (or when the balls are touching). (Another option is to redefine the collision rule,
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this is not pursue this here.) To model the “spring effect” we add temporal regularization by means of a timer
7 with continuous dynamics 7 = 1 — 7, jump map 7 = 0, and temporal regularization constant ¢ € (0,1).

The hybrid system for the model of the Newton’s cradle with temporal regularization has state x =
[z} 22 23 23 7]T and state space given by O™ = R®. The flow and jump sets under temporal regularization are
given by

CT:={2z€0" |zi<aforay<ajorTel0,},
DT;:{erT |:1:%2:1:%,x%2x§,7’25} .

The continuous dynamics are given by f7(x) which is the vector function resulting from stacking the vector
field f(z) and the timer dynamics defined above. The jump mapping is given by g7 (z), the vector function
constructed by stacking the mapping g(z) and the jump mapping for the timer.

For the energy function given by equation (4.20), the functions uc and up, and their zero-level sets turn
out to be the same as above but with the addition of the timer state 7.

By Theorem 4.14 with & = O7, every precompact solution converges to the largest weakly invariant set in
(4.6) for some r € V(U) (with G = g7). Note that in this case, up,'(0) N g7 (up'(0)) = 0. Then by Lemma 4.9
and Corollary 4.15(b) with &/ = O7, precompact solutions converge to the largest weakly invariant subset in

Vi) nUNnug (0) =V (r)n{z e O |23 =a3=0}

for some r € V(U). From the continuous dynamics of the system, that largest weakly invariant subset is given
for r = 0 and is equal to ‘ .
A={z€0 |zi=2,=0,i=1,2,7€[0,0]} .

Hence, precompact solutions that stay in I/ are such that the pendulums converge to the resting position. Local
asymptotic stability of A follows from Theorem 4.16. m]

Example 4.36 (pendulum swing-up with hybrid control) Consider an inverted pendulum on a cart controlled
by an external input force 4 as shown in Figure 4.2(c). The variable x; is the pendulum angle (z; = 0 is the
vertical upright position), xo is the angular velocity, x3 is the cart position, and x4 is the cart velocity. After
a preliminary input feedback transformation of the form @ = ¥ (z) + ¢(x)u, a hybrid model of the resulting
system can be written as

= f(r,u) v € Cr, " =g(x) x € Dy,

where )
fz,u) == [xg %sin(zl) -7 cos(z1)u x4 u)T,

g(x) := [(x1 — 20Z) N [—7, 7] o 3 247,
Cri={zeR' | |zq|<m+pu},
Dry={zeR ||z1|>7m+pu}.

where 1 is a positive constant, v > 0 is the gravity constant, and [ > 0 the length of the pendulum. The purpose
of the jump mapping g is to keep the angle z1 bounded (g remaps 1 to the set [—m, 7] at every jump.)

The proposed hybrid swing-up strategy chooses the appropriate feedback control law depending on the
location of the pendulum. When the pendulum is in the region ¢, the control law is given by k(-,7), i € @ :=
{1,2,3}. Let W(z) be the energy of the pendulum and c¢;,co be constants that are sufficiently close to but
larger than min,cgre W (z) and satisfy ¢; > co. Take Us, and Usp, Us, C Usyp, to be closed neighborhoods of the
origin in R? contained in [—m, 7] x R, such that for the system & = f(z,u), the control law k(-,3) renders the
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origin (in R*) locally asymptotically stable with basin of attraction containing Us, x R? and such that solutions
starting in Us, x R? do not reach the boundary of Us, x R2.

Define three regions by the sets ; and C; (; C C;), i € Q, as follows
Q=Cr={zeR* |W()<ea}
Q3 = U, x R%,C5 = Usy x R?
ng{xEMXRQ |W(:v)201}

CQ:{I€R2\U3QXR2 |W(x)202}

As previously stated, the control law in the set C5 is given by k(-,3). In the region defined by Cs, the control
k(-,2) is designed to inject enough energy into the system so that Us, is reached. The control law for the set
(4 is given by k(-,1) which is designed to drive the system away from the resting condition (e.g. k(z,1) = 1).

The state of the closed-loop system is denoted by (z,q) where x € R* and ¢ € Q. Define the state
space O := R5. For each i € Q, D; == R*\C;NCr, D := {(2,9) eR*xQ |z €Dy} UD,, C :=
{(z,q) e R*x Q | w € C;NCr}, and ¥(q) := Upcqpeqflp. The closed-loop system defines a hybrid system H;
that can be written as

= f(x,k(z,q)), ¢=0  (x,q9) €C,

m+=G@® (z,q) €D

where G(z, q) is defined by

ggq z € D\ D,

Gi(z,q) x € (DgN¥(q) \ Dx
Ga(z,q) x € Dy \ (¥(q) U Dr)
{ {g(qx)] ,Gl(:v,q)} v € D,N¥(g)N Dy
{9 cawa} e w@no.,

where
G = .
D= lpeQ e,

x
Go(z,q) = .
2(%:9) hp€Q|p>%w€QM]

Note that the hybrid system H; satisfies (A0)-(A3). Note that there exists initial conditions for which
solutions are nonunique. For instance, there exist (£,1) € (1 N Q3) x @ such that either ¢ immediately jumps
to 2 and then flows according to & = f(z, k(x,2)) or else flows according to @ = f(x, k(x, 1)) while remaining
in ©Q; until flows are not longer possible and then ¢ jumps to 2.

To show that solutions converge to the compact set A := {0} x {3} C O. Consider the continuously
differentiable function V' (z,q) = 1/¢. Since the continuous dynamics of ¢ are such that (¢, j) remains constant
during flows, V' does not increase along flows and uc¢ is identically zero. The design of the controller guarantees
that solutions starting with initial z and ¢ in €; x {1} will sequentially transition from region 1 to region 2 and
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finally to region 3. Solutions starting with arbitrary initial conditions will be mapped after the first jump to
U = U2_Q; x {i} and from there on will follow the transition rule. Then

1 1
- ——-<0

UD(xv Q) =

where n € Q, n > q, (z,q) € U. By Theorem 4.14, precompact solutions that stay in & approach the largest

weakly invariant set in (4.6) for some r € V(). From the previous definitions, u;'(0) = C, uj,'(0) = 0. Then

the set (4.6) is given by V~1(r) NU N C. By construction of the controller, the largest weakly invariant set
1

contained in this set is for r = 3 and is equal to A. Thus, by Theorem 4.14, precompact solutions to H;

converge to A, i.e. pendulum in the straight-up position and zero position and velocity of the cart.

The same result can be obtained by means of detectability. Let K = C3 x {3}. Every solution (z,q)
satisfying rge(z,q) C K has q(t,j) = 3 for all (¢,5) € dom(z,q). Since the control law in Cj is the local
stabilizer for the origin (in R*), the compact set A is stable relative to K and the distance to A is detectable
relative to K for H;. Given a precompact solution (z,q) to Hy, let K/ = K Nrge(x,q). Detectability and
stability of A relative to K’ automatically holds since K/ C K. Then, by Corollary 4.32, with w being the
distance to K, precompact solutions = to Hy converge to A. Note that the meagre-limsup conditions hold for
w since, by design of the controller, for each solution (x, q) there exists T such that (z(¢,7), q(t,j)) € K’ for all
t+j>1T* (tj) € dom(zx,q). o

Example 4.37 (disturbance rejection) Consider the control of a nonlinear system & = f(z,u,d) with state x,
control input u, and disturbance input d, by a hybrid controller H, with state z.. Let the closed-loop hybrid
system H.; be .

ngcl(gad) §€Ccl, §+:gcl(§) geDcl s

with output y = he(€), where € := [, 2.]T € R, fo : R% x R™ — R"_ g, : R" — R™ and hy : R — R™e
are continuous. Suppose that the following holds for H,;.

Assumption 4.38 (H,; conditions 1)

1. There exists a continuously differentiable, positive definite, radially unbounded function V;; : R™ — Rx>q
and 7. > 0 such that
(VVa(€), fea(€ ua)) < —lha(€)]* +valual®

V€ € Ceopyuq € R™; and V(g (§)) < Va(§) V€ € Dy

2. The hybrid closed-loop system H.; with d = 0 is such that the distance of the state £ to the origin (in
R™) is detectable relative to the set K :={{ € R" | hy(§) =0}.

Let 4 = fa(xd,uq) with output yq = ha(xq) be the model for the disturbance d where x4 € R™; f; : R xR™e —
R™, hg : R™ — R™ are continuous. Below, || - |2 denotes the Lo-norm and || - ||« denotes the £ -norm.

Assumption 4.39 (disturbance model conditions) The disturbance model satisfies

1. There exist 74 > 0 and pg € Koo s.t. [Jyall2 < valludllz + pa(|za(0)]), [|Zdllee < pa ([yall2 + lluall2 + |2a(0)])
Yug € [,2, xd(O) € R™.

2. When ug = 0, the distance of the state 24 to the origin (in R™) is detectable relative to the set K4 :=
{Id e R™ | hd(acd) = 0}.

Under the following additional assumptions:
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Assumption 4.40 (H.; conditions 2) C.;, D, are relatively closed in R, C,;UD = R™, and go(De)N Do =
0;

Assumption 4.41 (gain condition) y4vq < 1;

the origin of the closed-loop system, denoted by H, resulting of interconnecting H.; with the disturbance model
is globally asymptotically stable.

To show the claim, let ¢ = [¢7,27]T be a maximal solution to H and let E := dom¢ N ([0,7] x {0,...,J})
be a compact subset of dom ¢ (Recall that it is possible to write E = UJ_,[t;,t;11] x {i} where to = 0 and
tj11 =T.) By Assumption 4.38.1, it follows that

T
/0 ha(et O < / haza(t, 31 |dt+Z (Fan, 3(8)) + Vi€t 3 (1))

Note that by Assumption 4.40 and Lemma 4.9, for every 0 < ¢ < J, the intervals [¢;, t;11] C [0, 7] have non-zero
length, and therefore, contribute to the integrals above. Using Assumption 4.38.1 and positive definiteness of
Ve

(ha(O15)® < Val€(0,0) + 42 (Ilhatza) 13,

where ||hg(z4)||5 denotes \/fOT |ha(za(t,j(t)))|?dt.

Let uq(t) = hea(E(t,4(t))) for all ¢t € [0,T], uq(t) = 0 for all t > T. For each ¢t € [0,T], uq generates
ya(t) = ha(zq(t,7(t))). Then, using ug4, yq in Assumption 4.39.1, the bound on the norm of hy(§) and hg(xq)
are

Il < T—— (VVaal€(0,0)) +vapa(lza(0, 0)1))
_’Yd’Ycl
Iha(ra) 5 < g (1V/Val€0,0)) + pa(la(0,0))) -

By Assumption 4.41, W € (0,00). Integrating the flow condition in Assumption 4.38.1 along (¢, j) from 0
to some ¢, (t,j(t)) € dom, (¢,7(t)) < (T,J), yields

t
d ) 2
| vatemimmar < % (Ihateals)’.
0 T
Using the nonincreasing condition at jumps gives

Va(€(t,5(0) < 22 (Iha(@a)ll5)” + Va(£(0,0)).

Since Vg is radially unbounded, there exists o € K that satisfies a(]z]) < Vi(z) for all z € R™. It follows
that

2
612 <t (Vae®) + (10 Tal@ + putiel)) )
leall, < pa (123/Val€) + spallel)) + |a:2|)
2
where ||§||§o means Sup(t,j)es |€(t73)|7 1= (1_3#[)27 V2 = 11;2”6[7 V3 = %7 50 = 5(070)7 and .’L'g =

24(0,0). Note that the bounds for the norm of the states £, x4 and the outputs hei(€), ha(xq) are independent
of the compact hybrid time domain S. Therefore those bounds can be extended to the entire domain dom (.
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Since ¢ is maximal and bounded, and since C; U D, = R™, by Proposition 2.1 in [39], ¢ must be complete,
i.e. ¢ is precompact. Thus, the origin (in R™ x R™) is stable.

Let £(¢) = |he(€)]? + |ha(xq)[?. By Assumption 4.40 and Lemma 4.9, the elapsed time between jumps
is uniformly bounded below by a positive constant. Since ¢ is complete, the projection of dom¢ on Ry is
unbounded and only condition (a) of the meagre-limsup conditions needs to be checked. Since the integral of
|het(€)|? and |hg(xq)|? over the domain of ¢ are finite, t — £((t,5(t))) is weakly meagre. Define K := K x Kg4
and A := {0} C R" x R™. Then, using Assumption 4.39.2 and Assumption 4.38.2, A is stable relative to K
and the distance to A is detectable on K. By Corollary 4.32 with w = ¢, { converges to .A. Since this holds for
every solution ¢ to H, A is globally asymptotically stable. o

4.4 Summary

Concepts of stability and invariance for hybrid system were introduced. The main new stability and convergence
tools for hybrid systems H were presented: hybrid Lyapunov theorem and hybrid LaSalle’s invariance principle.
Special cases of these results and more general invariance principles were derived. In particular, invariance prin-
ciples involving functions not necessarily obtained from Lyapunov functions were stated, and versions of these
involving several trajectories and a single trajectory were proposed. Connections of the invariance principles to
observability and detectability were given. Finally, the results were exercised in four examples involving hybrid
systems exhibiting different types of behavior.

4.5 Notes and references

For more details about Clarke’s generalized derivative see [27].

Theorem 4.14 implies the original invariance principle of LaSalle, [59, Theorem 1], by considering F = f,
C =0, and D = (). Taking C = O and D = () but letting F be a set-valued map satisfying (A2) reduces Theorem
4.14 to the invariance principle in [81, Theorem 2.11]. Theorem 4.17 implies the invariance principle as stated
by LaSalle in [60, Chapter 2, Theorem 6.4] — the general notion of a derivative used in [60, Chapter 2, Theorem
6.4] can take the place of u. in inequality (4.4); see [60, Chapter 2, Lemma 6.2] and the comment following it.
Theorem 4.17 also implies [9, Proposition 3], by using the nonpathological derivative of the Lyapunov function as
U, in (4.4) and relying on the solutions closure property, [9, Definition 5], to satisfy our hybrid basic conditions.

Considering C = (), G = g where g is a function, and D = O reduces Theorem 4.14 to a discrete-time systems
invariance principle as stated in [60, Theorem 6.3, Chapter 1]. Indeed, the term G(uBl (0)) in (4.6) becomes
irrelevant for purely discrete-time systems. (But is important in truly hybrid systems; recall Example 4.19.)

Theorems 4.17, 4.14 and their corollaries can also be used to deduce convergence of trajectories of switched
systems. This is possible because these results can be stated for a larger (and rather more abstract) class
of hybrid systems given by only hybrid trajectories satisfying certain properties, which are referred as sets of
hybrid trajectories in [89]. The conditions that the elements in the sets of hybrid trajectories need to satisfy are
summarized in the following assumption.

Assumption 4.42 (sets of hybrid trajectories conditions) Given a set of hybrid trajectories Sy (without data
associated):

(B1) rgex C O for all x € Sy,

(B2) for any x € Sy and any (t,j) € domx we have T € Sy, where domz = {(¢,5) | (t +¢,j +j) € domz} and
Z(t,j) =x(t+1t,5+7) for all (t,7) € domz,
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(B3) for any locally eventually bounded (with respect to O) sequence {x;}5°, of elements of Sy that converges
graphically, the limit is an element of Sy.

Assumption (B1) identifies O as the state space of the system. (B2) says that tails of trajectories in Sy are
also in Sy, and reduces to the standard semi-group property under further existence and uniqueness conditions.
(B3) guarantees a kind of semicontinuous dependence of trajectories on initial conditions. More specifically,
given a sequence of x; € Sy with z;(0,0) convergent to some point z*, a general property of set convergence
(see [79, Theorem 4.18] or Section IIT in [39]) implies that one can pick a subsequence of x;’s that converge
graphically. Under the eventual local boundedness assumption, (B3) guarantees that the graphical limit of that
subsequence, say x, is an element of Sy. As from the very definition of graphical convergence it also follows
that x(0,0) = 2*, this essentially means that a limit of graphically convergent trajectories with initial points
convergent to z* is a trajectory with initial point x*. (However, this does not mean that every trajectory from
x* is a limit of some trajectories with initial points different from, but convergent to x*.) It follows from the
results in [39] that the solution set of a hybrid system H satisfying the hybrid basic conditionsautomatically
satisfies Assumption 4.42.

Various subsets of Sy also satisfy Assumption 4.42. A general result is stated first followed by examples.

Corollary 4.43 (a subset of a set of hybrid trajectories satisfying Assumption 4.42) Suppose that H satisfies
the hybrid basic conditions. Let ¢ : R>o x N x R>g x N — [—00, 00] be a lower semicontinuous function. Then
the subset of Sy consisting of all solutions x to H such that

(¢) @(s,i,t,7) <0 for all (s,4), (t,j) € domuw,

satisfies (B3) of Assumption 4.42. If furthermore ¢ is such that for some function ®, ¢(s,i,t,5) = ®(t —s,j—1)
for all (s,i,t,7) € R>g x N x R>¢ x N, then the subset of solutions satisfies (B2) of Assumption 4.42.

Proof. If {z4}7°, is a locally eventually bounded and a graphically convergent sequence of elements of Sy,
then by Lemma 4.3 in [38], the limit, which is denoted by z, is a solution to H. Moreover, the sets dom
converge (in the sense of set convergence) to domx; see the proof of Lemma 4.3 in [39]. In particular, given
any (s,i),(t,j) € domux, there exist (sg,ix), (tx, jr) € domxy for all large enough k’s, so that (sg,ir) — (s,1)
and (tg,jr) — (t,7). If each of x;’s satisfies (¢), then by lower semicontinuity of ¢, so does x. This shows the
first claim of the corollary. Now, suppose that x € Sy satisfies (¢) and that ¢(s,i,t,7) = ®(t —s,j — i) for all
(s,i,t,7). For any (T,J) € domux, let T(t,j) := x(t + T,j + J). Then, for any (s,),(t,j) € domZ, ¢(s,i,t,7)
equals

Pt —s5,j—0)=P((t+T)=(s+T),(j+J)=(+J)=d(s+T,i+ Jt+T,j+J)<0
since (s +T,i+ J),(t+T,j+ J) € domzx. This shows the second claim. O

To illustrate Corollary 4.43, consider

d(s,i,t,j) = {

Note that for such ¢, ¢(s,i,t,5) = ®(t—s,j—1i) with ®(7,0) =ar—br—cif ¢ > 0, ®(7,1) = —oc if ¢ < 0. When
a=c=1and b=1/7p > 0, then (¢) reduces to (j —i —1)0 <t — s when ¢ < j, which requires that the jumps
be separated by at least 7p amount of “dwell-time”. This class of solutions is known as dwell-time solutions.
Bounds of the type j —i < b(t — s) + ¢ for i < j describe solutions with bounded average dwell time. See [46]
and [48].

a(j—i)—b(t—s)—c i<y
—00 1>7.

An invariance principle for switched systems is now stated. Let @(t) = fy)(z(t)), ¢(t) € Q :== {1,2,...,m}
be a switched system and H be a corresponding hybrid system with data (&, ¢) = (f4(x),0), (z*,q") € (z,Q),
C =D =0 xQ. Let Sy(7p) be the set of all solutions to this hybrid system with dwell-time 7p.
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Proposition 4.44 (invariance principle for switched systems under dwell-time switching) For each ¢ € Q let
fq : R® = R" be a continuous function and V, : R™ — Rx>( be a continuously differentiable function such that
VVy(x) - fq(z) <0 for all z € R". Let Sy* C Sy(mp) for some 7p > 0 be such that Assumption 4.42 holds
for Sy and Vi jqy(x(t, 5 + 1)) < Vi j)(x(t, j)) for all solutions (x,q) € Sx*. Then each precompact solution
(z,q) € Sy" approaches the largest subset K of J; 1 {VVy(x) - fy(x) = 0} that is invariant in the following
sense: for each & € K there exists € > 0 and: 1) ¢ € Q and a solution z to &(t) = f,(x(t)) such that x(0) = &
and x(t) € K for allt in [0,¢); ii) ¢ € Q and a solution x to ©(t) = f,(x(t)) such that £(0) = £ and x(t) € K
for all t in (—e,0].

Proof. The bound (4.4) holds for each (z,q) € Sy™ with u.(x,q) = VVy(z) - fy(x) and ug(x,q) = 0 for all
(z,q) € R® x Q. Corollary 4.15 implies that (x,q) approaches L, the largest weakly invariant (with respect
to S, and thus with respect to the larger set Sy (7p)) subset of [, co{VVy(2) - fo(z) = 0} x {g}. Thus
approaches the projection L’ of L onto R™. It remains to show that this projection is invariant in the sense
stated in the proposition. Pick any 2 € L’ and a corresponding (2°,¢") € L. By weak forward invariance
of L, there exists a complete (z,q) € Sy(rp) with (2(0,0),¢(0,0)) = (2°,¢%) and (z(t,7),q(t,j)) € L for all
(t,j) € dom(z,q). As (z,q) € Sy(7p), either (t,0) € dom(zx,q) and q(t,0) = ¢° for some € > 0 and all
t € [0,¢], in which case #(t,0) € fyo(x(¢,0)) and x(¢,0) € L' for t € [0,¢], or (0,1) € dom(z,q) in which case
@(t,1) € fyo,1)(x(t, 1)) and x(t,1) € L' for t € [0,7p]. Either x(-,0) or x(-,1), with the corresponding values of
q, provide the needed (forward) solutions. Arguments involving backward invariance are similar. O

When the functions Vi, Va, ..., Vp, are identical, the decrease condition Vi j41)(2(t, j4+1)) < Vo i (x(t,7))
is trivially satisfied for any solution of the switched system. Thus, the result above implies that any solution
with a positive dwell-time (i.e., an element of Sy (7p) for some 7p > 0) approaches the set K. This is essentially
the invariance principle for switched systems as stated in [10, Theorem 1]; our result is actually stronger as
the concept of invariance in Proposition 4.44 involves both forward and backward parts, and not forward or
backward, as in [10]. For related results involving multiple Lyapunov functions, see [46].

Regarding truly hybrid systems, a result most closely related to our work, in particular to Theorem 4.14,
is [67, Theorem IV.1]. The first difference is in the assumptions. [67, Theorem IV.1] assumes continuous
dependence of solutions on initial conditions, properties quite hard to verify by looking at the data (see [18]
and [21] for some results in that direction). Theorem 4.14 of this paper relies on semicontinuous dependence,
both weaker and easier to verify (given by the hybrid basic conditions). Another difference is the sharper
notion of invariance (which includes backward invariance) used in Theorem 4.14 and the presence of the term
G(up'(0)) in (4.6) which leads to a tighter characterization of the set to which trajectories converge. For
instance, Example 4.19 can be used to compare the invariance principles in Section 4.2.3 with the one in [67].
For that particular example, the invariance principle in [67] only concludes that the solutions converge to the
unit circle, while the invariance principle in Corollary 4.15 concludes that the convergence set is the solution
itself.

Weak meagreness was used previously by Logemann et al. in [65] to formulate extensions of the Barbalat’s
lemma and resulting invariance principles. A reduction of the invariance principles involving the meagre-limsup
conditions in Section 4.2.3 to continuous-time systems is possible. Lemma 4.20 implies [81, Theorem 2.10] (which
in turn implies the result of [20]) because condition (*) of Lemma 4.20 is satisfied for solutions of differential
inclusions discussed in [81] and the set E, ¢, is exactly {z € Tgez | £.(z) = 0} when /. is lower semicontinuous,
as assumed in [81, Theorem 2.10].

As discussed in [62], the detectability concept in Definition 4.28 can be understood as x having an w-limit
point in A.

The jump map for the Newton’s cradle system in Example 4.35 is as the one in Section 2.2.6 of [103]. The
“spring effect” at collisions missing from the initial model of the Newton’s cradle is discussed by Herrmann and
Seitz in [45].
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For a possible design of the control law k(-,3) in Example 4.36, see [99].

Finally, the proof of Theorem 4.2 follows from the proof of Theorem 4.16 in SectionB.2. For the proof
of Theorem 4.27 see the proof of Theorem 4.31 in SectionB.2. Corollary 4.22 and Corollary 4.23 follow from
combining Lemma 4.20, Theorem 4.17 and Corollary 4.18. The remainder proofs associated to the results in
this chapter can be found in Section B.2.
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Chapter 5

Robustness of Hybrid Control

In this chapter, robustness properties of asymptotic stability of compact sets for closed-loop system resulting
from hybrid control of nonlinear systems are presented. Constructive models for the resulting closed-loop
systems are proposed for a class of perturbations that arise in real-world implementations of hybrid control
systems.

5.1 Hybrid control of nonlinear systems

Over the last fifteen years, researchers have begun to recognize the extra capabilities of hybrid control systems
compared to classical continuous-time control systems. For example, it is now well-known that hysteresis
switching control can stabilize large classes of nonholonomic systems even though stabilization is impossible
using time-invariant continuous state feedback, and robust stabilization is impossible using time-invariant locally
bounded feedback. Also, sample and hold control (a special type of hybrid feedback) can be used to achieve
stabilization that is robust to measurement noise and fast sensor/actuator dynamics, even if such robustness is
impossible using purely continuous-time feedback.

For nonlinear control systems

&= fp(z,u) (5.1)

where the state = of (5.1) takes value in R™ and the function f, is defined as a map from R x R™ to R"»,
robustness of hybrid control to perturbations is characterized. It is assumed that the nonlinear system in (5.1)
satisfies the following mild assumption.

Assumption 5.1 (regularity properties of controlled nonlinear system)
The function f, : R"» x R™ — R"» is continuous.

Hybrid controllers for (5.1) are denoted by H.., have a state given by . taking value in R™, and have continuous
and discrete dynamics modeled by a flow map f., a flow set C,, a jump map G., and a jump set D.. The state
space is given by O := R" x R™¢. Note that x. can contain both continuous and discrete states.

As in (2.1), the hybrid controller H. is represented in the suggestive form

. ':.CC = fC(Iaxc) (I,IC) S Oc
He: { zt € Ge(z,zc) (v, xc) € De . (5-2)
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The output of H,, i.e., the input u of (5.1), is a function of x and z. given by & : R"» x R"* — R™. A shorthand
notation for a hybrid controller H, will be H. = (O, f., C¢, G¢, De, K).

The closed-loop system resulting from controlling the nonlinear system (5.1) with the hybrid controller H,.
in (5.2) is a hybrid system which is denoted by M., its state is ¢ := [z z.]", and it can be written as

. C = f(C) CEOC
Her : ce0 {CJr c GO ¢ e D, (5.3)

where
T

10 = PG oe D] 60 = | 0] (5.4)

The hybrid controller H, is assumed to satisfy the following mild regularity conditions.
Assumption 5.2 (regularity properties of H.) The following conditions hold for H..:

1. The sets C. and D, are closed subsets of O.
2. The functions k : O — R™ and f. : R"» x R" — R" are continuous.

3. The set-valued mapping G, : O = R" is outer semicontinuous and G is nonempty for all { € D,.

This conditions guarantee that the closed-loop system H,; satisfies the hybrid basic conditions.

Since the focus of this chapter is the robustness properties of asymptotic stability of hybrid control systems,
the following asymptotic stability assumption is in place for the closed-loop system H,;.

Assumption 5.3 (nominal global asymptotic stability) The compact set A, subset of O, is globally asymptot-
ically stable for the closed-loop hybrid system H.;.

Following Definition 4.1, globally asymptotic stability of the compact set A means that solutions starting
from C. U D, exist, are complete, and that A is stable and attractive with B4 = C. U D.. Note that A is a
subset of the state space, and consequently, involves the controller’s state.

Perhaps the most intuitive hybrid control strategy comnsists of, given a pool of static feedback laws with
certain stabilizing properties, appropriately switching between these control laws based on the measurements
of the system state = to stabilize to the origin. Suppose that the controller state is given by ¢ which is a logic
state taking value in a finite set @ C N, and that there exist two families of sets, {€l} ., and {Cy} (), and a
family of feedback laws {r(-,q)},c designed so that, for each ¢ € @, the trajectories z(t) of & = f) (2, k(x, q))
starting in C; have the following properties:

(C1) When a trajectory hits the boundary of the current C, set and may be able to flow with larger ¢, it does
not belong to Q, with o smaller than the current mode g, i.e., if 2(0) € Q, and z(t) € 9C,\ {0} for some
t > 0 then x(t) ¢ Q4 for any a < ¢;

(C2) Trajectories that never switch converge to the origin, ie., if z(t) € Cy; for all ¢ in its domain and z
is maximal, then z is complete and lim; . z(t) = 0 (maximal and complete solutions to differential
equations are defined similarly as for hybrid systems in Definition 2.4 and 2.6);

(C3) The trajectories do not go unbounded;
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(C4) Every control law corresponding to a ¢ such that 0 € C; renders the origin of the closed loop stable, i.e.,
for each £, > 0 there exists §, > 0 such that |z(0)| < §, implies |z(t)| < ¢, for all ¢ where z(-) is defined.
(Notice that if 0 ¢ C, then, since Cy is closed, there is nothing to check.)

Moreover, suppose that Useqfl, = R"?, for each ¢ € @, Q, and C; are closed and satisfy €2, C Cy, the map
Kq : R" — R™, defined by z +— k.(z, ¢) is continuous.
For each ¢ € Q, define Dy := R™\C,. Then, define
D.:={(z,q9) eR" xQ |z € Dy}

and
Ce:={(z,q) eR™ xQ |z C,}

and note that C. U D, = R™ x @. Then the closed loop system H.; obtained from connecting this particular
controller H, with the nonlinear system (5.1) is given by

‘rb = fp(.’II,H(.’IJ,Q)) (‘Tuq) € CC (5 5)
¢t € Qelr,q) (z,9) € D, '
where
o {ae@Q |a>q,xeQy} ifxe D\ (Upcya)
Qe(@, ) i= { {acQ |zen) if 2 € Dy N (UncyQu) -

It follows from the fact that Ua<42, is closed that Q. is outer semicontinuous. It also follows that Q. is

nonempty on D.. Indeed, if z € D, then, since the sets 2, are closed and , C C; and Dy = R"\C}, we have
T € Uazq€Qa. Thus © € Dy\ (Ua<q€o) implies & € Ugs Q.

Theorem 5.4 (global asymptotic stability) With the construction above, the closed-loop system (5.5) has the
set {0} x @ globally asymptotically stable.

The stability property in Theorem 5.4 follows by construction. Given € > 0, to construct §, denoting by m
the number of elements in @) and letting g,, be the maximum element of @, take ¢,,, = € and let this generate
dq,, according to (C4). Note that 0 < d,,, < &,,,. Then, let ¢,,—1 be the second largest element in () and take
€qm_1 = Oq,, and let this generate d,,, ,. Continuing in this way to the smallest element gy of ), we take § = dg,.
If a solution has no jumps, ¢ is constant and the x component of the solution remains in Cyg o) for all time.
By (C2) and (C4), |z(t,0)] < e for all t > 0 and lim;_,o |2(¢, 7)| = 0. Otherwise, when the solution jumps, note
that since, by the assumption and the controller construction, the variable ¢ evolves monotonically increasing,
if x reaches the origin then it remains there forever, due to the stability assumption on each controller. If it
does not reach the origin, then it stays in some Cy set for all (¢, ) with large enough ¢ and j in the domain of
the solution. Then, by (C2) and taking the tail of the solution, it converges to the origin.

In control systems, like the one in the example above, several perturbations can arise and potentially destroy
the good behavior for which the controller was designed for. For example, noise in the measurements of the
state taken by the controller arises in every implemented system. It is also common that when a controller is
designed, only a simplified model of the system to control exhibiting the most important dynamics is considered.
This usually simplifies the control design. However, sensors/actuators dynamics that remain unmodeled can
substantially affect the behavior of the system when in the loop. Additionally, in almost every application, the
control of nonlinear systems is accomplished by implementing the controller in a digital device (e.g. computer,
microcontroller, digital signal processor, etc.). In this setting, the output of the plant is usually sampled by an
analog-to-digital (A/D) converter and the sample is passed to the digital controller which computes the control
law and actuates on the nonlinear system through a digital-to-analog (D/A) converter. In these scenarios, it is
desired that the hybrid controller provides a certain degree of robustness to such perturbations. In the following
sections, general statements are made to that extent.
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5.2 Robustness to perturbations

5.2.1 Robustness via filtered measurements

In this section, the case of noise in the measurements of the state of the nonlinear system is considered. As
discussed in Section 3.3, measurement noise in hybrid systems can lead to nonexistence of solutions. This
situation can be remedied, at least for small measurement noise, if under global existence of solutions, C, and
D, always “overlap” while guaranteeing that the stability properties still hold. The “overlap” means that for
every ¢ € O, either ( +¢e € C. or ( + e € D, for all small e; see also Proposition 3.7. In general, there always
exist inflations of C' and D that preserve semiglobal practical asymptotic stability; however, they only guarantee
existence of solutions for small measurement noise. Alternatively, solutions are guaranteed to exist locally for
any locally bounded measurement noise if the measurement noise does not appear in the flow and jump sets.
This can be achieved by filtering the measurements. Figure 5.1 depicts this scenario. The state x is corrupted
with noise e and the hybrid controller H,. measures a filtered version of = + e.

(&
" i = fy(eu) A
X

filter

controller
K Ly

Figure 5.1. Closed-loop system with noise and filtered measurements.

The filter used for the noisy output y = = + e is taken to be linear and defined by the matrices Ay, By, and
Ly, and an additional parameter ey > 0. It is designed to be asymptotically stable. Its state is denoted by x
which takes value in R"7. At jumps, s is reset to the current value of y. Then, the filter has flows given by

epiy = Ajry+ Bry, (5.6)
and jumps given by

x}r = A;lexf-i-ny. (5.7)

Assumption 5.5 (filter properties) The matrices Ay € R" x R"f, By € R" x R"», Ly € R" x R"f are such
that Ay is Hurwitz and —L;A;' By = 1.

The output of the filter replaces the state x in the feedback law x and in the flow and jump conditions in
(5.3)-(5.4), thereby guaranteeing local existence of solutions. The resulting closed-loop system can be interpreted
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as a family of hybrid systems that depends on the parameter £¢. It is denoted by Hilf and is given by

& = fplz,k(Lyzy, xc))
i = fe(Ljxy,xe) (Lyxy,zc) € Ce
W | b= AmaBato 59
xt = =z
:172r S GC(Lf:Z?f, xc) (fof, CL‘C) €D,
x}" = —A;le(x—i-e)

Solutions to Hilf are defined as in Definition 3.2 for a certain admissible state perturbation e (in this case,
a measurement noise signal) with the difference that the noise enters through the plant state « rather than the
closed-loop system state (.

It can be shown that for every compact set of initial conditions and positive number v, the solutions to the
family of hybrid systems Hilf with a small enough parameter ¢ satisfy a LL bound with an offset given by
v. The proofs of the following statement uses results from [39] (see Appendix B.3).

Theorem 5.6 (semiglobal practical stability with filtered measurements) Under Assumptions 5.1, 5.2, 5.3, and
5.5, there exists § € KLL and for each > 0 and v > 0, there exist 5}2 > 0 and 6 > 0 such that, for all

er € (0, 5}], the solutions (¢, xs) to Hilf with admissible measurement noise with a magnitude no larger than §
are bounded and the ( component satisfy

€t 5)]a < B(I¢(0,0)[ 4, 8,5) +v

for all initial conditions (€(0,0),x(0,0)) € R™ x R™ x R™ with |[¢(0,0)|4 < p and |z;(0,0)| < u.

Proof. First, note that at every jump of Hilf, x}L = —A;le(:zz + e) and that with Assumption 5.5, the value
of L¢xy after the jump is given by

fo}r = —Lngle(:L“ +e)=x+e.

Combining this with the properties of A¢ in Assumption 5.5, given 6>0,p>0,and T > 0, there exist ey >0

and & > 0 such that each solution ({,zy) to H.f, ey € (0,e%], with admissible measurement noise e with a

magnitude no larger than ¢ and with [{(0,0)|4 < g, |x£(0,0)|4 < p, satisfies
jo(t,§) = Lywg(t,5)] <0 V(t,j) = T (t,j) € dom(C, ) -

(Recall that ¢ = [z z.]T.) Then Lyxf(t,j) € ((t,5) + 0B for all (t,5) = T, (t,j) € dom(C,z¢). It follows that
solutions to Hilf , Ef € (0,5}], with admissible measurement noise e with a magnitude no larger than , and
with [€(0,0)]4 < u, |£5(0,0)|4 < p, are contained in the set of solutions to the perturbed hybrid system

r € fp(x,li(fv‘f'&ﬂ%))
fe(x + 0B, z.)

2t = =z
ISL € GC(I + 5B7 xc)

} (x4 0B,z.)NC, #0

m

Te
} (x4 0B,z.)ND, #0 .

With Assumptions 5.1, 5.2, and 5.3, and Theorem B.14, the claim follows directly from an application of
Theorem B.15 to the auxiliary system above. O
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5.2.2 Robustness to sensor and actuator dynamics

This section addresses the robustness properties of the closed-loop H. when additional dynamics, coming from
sensors and actuators, are incorporated. Figure 5.2 shows the closed-loop H.; with two additional blocks: a
model for the sensor and a model for the actuator. In general, to simplify the controller design procedure, these
dynamics are usually not included in the model of the nonlinear system (5.1) when the hybrid controller H,
is designed. Therefore, it is important to know whether the stability properties of the closed-loop system are
preserved, at least semiglobally and practically, when those dynamics are incorporated in the closed loop.

A
u | .
= fp(z,u) {
x
actuator sensor
controller
K T

Figure 5.2. Closed-loop system with sensor and actuator dynamics.

The sensor and actuator dynamics are modeled as stable filters. The state of the filter that models the
sensor dynamics is given by x5 € R™s with matrices (As, Bs, L) and the state of the filter that models the
actuator dynamics by x, € R™ with matrices (A4, Ba, La). The parameter €4 > 0 is common to both filters.

Assumption 5.7 (sensor and actuator properties) The matrices (A, Bs, Ls) and (Aq, B, L,) are such that
Ag and A, are Hurwitz, —LsA;'Bs = I and —L,A;'B, = I.

Assumption 5.7 states that the filters are stable and have unitary DC gain. Note that since the filters are
not internal components of the hybrid controller, their state cannot be reset at jumps to an arbitrary value given
by the controller (cf. the filter in Section 5.2.1). This physical impossibility can cause that when the sensor and
actuator dynamics are incorporated into the system, new Zeno solutions are added to the closed-loop system.

To prevent from adding new Zeno solutions that do not converge to 4, temporal regularization is added
to the closed-loop system. Let 7 € R be the timer state and 7 > 0 be the timer parameter for the temporal
regularization.

Augmenting H; by adding filters and temporal regularization leads to a family H:j' given as follows

i = fp(z,Laza)
a;c z {cq(—lfil[ii, Tc) (Lszs, zc) E_Oc
cats = Aszs+ Bs(x+e) T
oy ;(ixa :: ) Aqtq + Bak(Lgxs, ) (5.9)
azgt € Ge(Lszs, xc) (Lss, 2.) € D,
sz ; ;z and 7 > T
T =0

where 7* is a constant satisfying 7* > 7. The following result states that for fast enough sensors and ac-
tuators, and small enough temporal regularization parameter, the compact set A is semiglobally practically
asymptotically stable.
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Theorem 5.8 (semiglobal practical stability with sensor and actuator dynamics) Under Assumptions 5.1, 5.2,
5.3, and 5.7, there exists 3 € KLL, for each p > 0 and v > 0 there exist 7° > 0 and § > 0, and for each
7 € (0,7*] there exist €}; > 0 such that, for each T € (0,7*], each eq € (0,¢}], the solutions (¢, xs,Tq,T) to H}
with admissible measurement noise with a magnitude no larger than § are bounded and the { component satisfy

|C(t7j)|A < 5(|C(070)|A7t7j) +v

for all initial conditions ({(0,0),x5(0,0),2,(0,0),7(0,0)) € R™ x R™ x R™ x R™ x R with |¢(0,0)]a < pu,
1£2(0,0)] < i, and [z,(0,0)] < o

Proof. Consider the auxiliary system

T = fp(I,li(iZ?,iEc))

ie = fe(w,xc) (r,z.)€Coor7<T
T = —T747F
zt = =z
+
fﬁr E gc(x’xc) (z,z.) € D, and 7 > T .

By Assumption 5.5, [39, Example 5.3], and Theorem B.14 there exists § € XKLL and for each p > 0 and v > 0
there exists 7° > 0 such that, for the auxiliary system, the trajectories satisfy

[2(t.)].4 < BUI=(0,0)la, t.5) + 5 -

Moreover, for each solution and each 7 > 1 in the domain of the solution, the length of the j-th interval is at least
7. Then € > 0 can be chosen so that, on an arbitrarily large part of such an interval, Lsx, is arbitrarily close
to x and L,x, is arbitrarily close to x(xz,x.). The proof is finished continuing as in the proof of Theorem 5.6.

O

In Theorem 5.8, the parameter ¢}, the maximum value for €4, depends on the size of the compact set
of initial conditions, determined by y, and on the desired level of closeness v to A for the solutions to H:;.
The smaller the parameter €} resulting from this result, the faster the filters modeling the sensor and actuator
dynamics have to be.

5.2.3 Robustness to sensor dynamics and smoothing

In several hybrid control applications, the state of the controller is explicitly given as a continuous state £ and a
discrete state ¢ € Q := {1,...,n}, that is, x. := [£ ¢]T. When such is the case and the discrete state q chooses a
different control law to be applied to the system for different values of ¢, then the control law generated by the
hybrid controller H. can have jumps when ¢ changes. In many scenarios, it is not possible for the actuator to
switch between control laws instantaneously. Moreover, especially when the control law (-, -, ¢) is continuous
for each ¢ € @, it is desired to have a smooth transition between them when ¢ changes.

Figure 5.3 shows the closed-loop system, denoted as H:j, resulting from adding a block that performs
the smooth transition between control laws indexed by’ ¢ and denoted by x?. The smoothing control block is
modeled as a linear filter for the variable ¢. It is defined by the matrices (Ay, By, L,,) and the parameter e,,.

The output of the control smoothing block is given by
oz, xe, Lywy,) = Z A (Lyzy) k(2 2, q)
qeq

where for each ¢ € ), A\g : R — [0, 1] is continuous and \;(¢) = 1. Note that the output is such that the control
laws are smoothly “blended” by the function A,.
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Assumption 5.9 (actuator smoothing properties) The matrices (A, By, L,) are such that A, is Hurwitz,
—L,A;'B, = 1.

The smoothing block is considered to be part of the actuator, and for that reason, it is not possible to reset
its state at jumps. In addition to this block, a filter modeling the sensor dynamics is also incorporated as in
Section 5.2.2. The closed loop H:}' can be written as

b=y alnae L)
5 - fc(Ls'rsvxc)
i -0 (Latez) € Coorr <7
7'— = —T +?* , a
Eui's - Asxs + BS(‘T)
Euly = AuTy+ Bug
e e = A (5.10)
+
§+
|:q+ S Gc(LsxsvxC) (LSJ:S,:I:C) €D,
T . and 7 > T .
xj = Ty
=0

Theorem 5.10 (semiglobal practical stability with actuator smoothing) Under Assumptions 5.1, 5.2, 5.3, and
5.9, there exists 3 € KLL, for each p > 0 and v > 0 there exist 7" > 0, and for each T € (0,7"] there exist
el > 0 such that, for each 7 € (0,7], each e, € (0,€}], the solutions ({,xs,xy,T) to H}' are bounded and the
¢ component satisfy

€t 5)]a < B(I¢(0,0)] 4, 8,4) +v

for all initial conditions (¢(0,0),x5(0,0),x,(0,0),7(0,0)) € R™ x R"™ x R™ x R with |{(0,0)|a < u, and
|2u(0,0)] < .

A corollary to Theorem 5.10 establishing robustness to noise in the state = (as in Theorem 5.6) also holds

for the closed-loop system with control smoothing H_}'.

In Section 5.4, we add fast sensor dynamics and control smoothing to the problem of swinging up a pendulum
on a cart.

u | .
= fp(z,u)
smoothing sensor
N HER
controller
Ts

Figure 5.3. Closed-loop system with sensor dynamics and control smoothing.
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5.3 Robustness to digital implementation

A hybrid controller like the one in (5.2) is frequently implemented in a digital device, e.g. computer, microcon-
troller, digital signal processor, etc. In such a scenario as that depicted in Figure 5.4, the controller is usually
interfaced with sample-and-hold devices. The sample-and-hold device that samples the state = of the plant is
referred to as sampling device (or analog-to-digital (A/D) converter), while the sample-and-hold device that
stores the output of the controller in between computations is referred to as hold device (or digital-to-analog
(D/A) converter) which is assumed to be of zero-order type, that is, a zero-order hold (ZOH).

U nonlinear x
system
T,
j_‘% D/A A/D| —%
ZOH T
hybrid
controller

Figure 5.4. Sample-and-hold control of a nonlinear system.

In contrast to purely continuous-time and discrete-time systems, hybrid systems can experience jumps in
their variables at any rate, even without flows between consecutive jumps. A challenge in the sample-and-hold
implementation of hybrid control systems is that the sampling task and the update of the control law need
to be performed fast enough in order to reproduce the jumps that were designed to accomplish a particular
stabilization task. Therefore, it is important to know, in a practical sense, for which values of the parameters of
the sample-and-hold devices the stability properties of the closed-loop system are preserved when these devices
are incorporated in the closed-loop system. The bounds on these parameters obtained from such a result are
useful in choosing the sampling time, computation rate, and rate of the control law for the devices used in the
implementation.

In the next sections, a detailed description of the models for each of the components in Figure 5.4 is
given. Note that the models for the sampling device and for the controller and ZOH device are themselves
hybrid. In this way, the resulting closed-loop system consists of an interconnection of hybrid systems. Following
this section, a general stability result for closed-loop systems with sample-and-hold implementation of hybrid
controllers is given.

5.3.1 Sample-and-hold model

The main function of the sampling device is to sample the state z of the nonlinear system (5.1) and to transfer
this sample to the digital device so that the control law is computed. To model this system, define 7, € R to
be the timer for the samples and z;, € R™ to be the state of the sampling device that stores the last sample.
For simplicity, only the case of periodic sampling x at every Ty € Rs( units of time is considered. Then, the
sampling device can be modeled as the following hybrid system

Ts = 1
so— 0 } Ts €10, T4]
™ =0
Z;’_ - } 7s = T,
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where the continuous dynamics are such that the timer counts the time elapsed from the last jump and the
sampling state z4 is kept constant as long as 75 € [0,7Ts]. When 74 = T}, flows are no longer possible, jumps are
forced, and are such that the timer is updated to zero, and the sampling state is updated to the current value
of the state x.

The digital controller performs the actual computation of the control algorithm in H. and updates the
state of the ZOH device, which are denoted by z. € R™. These are modeled as a single hybrid system Hj,_..
Synchrony between this system and the sampling device is not assumed, i.e., the computation of the algorithm
and the update of the ZOH are governed by an independent clock, which in general, has a different sampling
time than the sampling device. The model for Hj_. is given in terms of the ZOH state z. € R™ which stores
the computation resulting from the controller H,, a timer state 7. € R which after very T, € R~ units of time,
triggers the computation of the control algorithm and updates the ZOH. Since there is no synchronization with
the sampling device and no relationship between the constants 7, and 7. a priori, it could be the case that
the sampling device is updated in between computations. To accommodate to this situation, a memory state
zm € R" is added to the model in order to store the samples provided by the sampling device. With these
definitions, the model of Hj_., that is, the digital controller with the hold device, is given by

|
2. =0 7. € [0, T]
Zm = 0

Tt =0

Z;r € In. (Zma ZC) Te =Te
2t =z

where gy, is defined below.

These dynamics are such that when 7. € [0, T,], the timer 7. counts the elapsed time and the states z. and
Zm remain constant. When 7, = T, then the timer is reset to zero, the output of the ZOH device z. is updated,
and the memory state z,, is updated to the last sample z;. The update law for z. is given by

ng(Zm,ZC) (vazc) S Cc\Dc
9. (Zm, 2ze) =4 Ge(2m, 2¢) (zm, zc) € D\ C. (5.11)
{gfc(Zm,Zc),Gc(Zm,Zc)} (Zmazc) e C.ND,

where gy, is an approximation of the flow equation of H,, and G, is the same jump mapping as for H..

5.3.2 Closed-loop system analysis

The closed-loop system with the models for the nonlinear system, sampling device, and digital controller and

ZOH device given in Section 5.3.1 is denoted by Hfl/ H; has states x, z¢, 25, Ts, Te, Z2m; has continuous dynamics
given by

X - fp(xa K(szzc))

e = 0

72"5 i (1) 7s € [0,T5] and 7. € [0, T];
o= 1

im = 0
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and discrete dynamics given by

+

X X
2t Ze
it S )
= = LyZeyRgyTgyTey R
7_;}- 0 g1 sy ~cy~sy sy ey~ m
TC+ Te
zt Zm,
when 74, = Ty and 7. € [0,T,),

.IJF X

zF gH.(2m, 2c)

+

z Zs .

i S = g2($72¢:7zs;7577'c;2m)

TS Ts

Tr 0

2t Zs

when 75 € [0,T5) and 7. = T, and

SIS
T

€ {gl (,T, Zcy Zsy Tsy Tey Zm)a.é?(xu ZcyZsy Tsy Tey Zm)}

SIS
IHOte ooy

N

when 7. = T, and 7, € Ts. The flows of the closed loop are governed by the flow equation of each subsystem.
The jump mappings are combined so that only the states of the original jump mapping are updated. For
instance, when 7, = Ty and 7. € [0,7T.), only the states z; and 74 are updated to new values (as discussed in
Section 5.3.1) while the other states are mapped back to their current values. Moreover, note that the data of

Hfl/ H satisfy the hybrid basic conditions.

It is expected that, in order to establish any type of stability result for Hfl/ " inherited from the stability
properties of H,;, the value of the flows of H. and the value of gy, in the controller’s jump mapping g, have
to be “close” at jumps. The consistency property defined below is one way to guarantee such closeness.

Given two positive real numbers § and A satisfying 0 < § < A < oo and a compact set A C R"* "< define

Qa(0,A) :={(z,z.) € R"™ x R" | 0 < |(z,z:)|a <A} .

Definition 5.11 (consistency of flow map of H.) Let A be a compact subset of R"» x R™. The integration
scheme gy, is said to be consistent with respect to f. if for each positive number A there exists p € Ko and
T! > 0 such that for each (2°,29) € Q4(0,As) and each T, € (0,T) there exists a solution ¢(t) to ¢ = fe(x,¢),
©(0) = 29, with z(t) satisfying i = f,(z, k(2% ¢(0))), x(0) = 2, such that

9. (2(0), 0(0)) — (Te)| < Tep(Te) - (5.12)
Theorem 5.12 (semiglobal practical stability) Let Assumption 5.1, 5.2, and 5.3 hold. Let the integration

scheme gy, in H.; be consistent with respect to f.. Then, the set A is semiglobally practically asymptotically
stable for Hfl/H, i.e. there exists B € KLL, for every compact set K C R™ x R" and every € > 0 there
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S/H

exists TS, T} > 0 such that for each Ty € (0,T7), T. € (0,T)), solutions (x, Z, Zs, Ts, Te, 2m) to H,/ "~ with
(2(0,0), 2.(0,0)) € K are bounded and the x and z. components satisty
|(@(t,5); ze(t,3)) 4 < B((2(0,0), 2¢(0,0)) |4, 8, j) + ¢ (5.13)

for all (t,j) € dom(x, z).
5.4 A benchmark problem: robust global swing-up of a pendulum
on a cart

Consider the problem of swinging a pendulum on a cart to the upright position by acting on the cart, as shown
in Figure 5.5, and simultaneously stabilizing the cart to the neutral position. The inverted pendulum on a cart

Igw

T4

<

T3

Figure 5.5. Pendulum on a cart.

system, after a preliminary state feedback of the form® @ = ¢ (x) + ¢(z)u, is given by

fZ’?l - xr2,

iy = sin(zy) + cos(x1)u, (5.14)
(b?, = T4, '

g = U

where x; represents the angle of the pendulum from the up vertical position, zs is the angular velocity, x3 is
the cart position and x4 is the cart velocity. Note that for simplicity, the constants have been normalized.

Consider the hybrid swing-up strategy that chooses the appropriate feedback control law depending on the
location of the pendulum. Let W be the energy of the pendulum, W (z) = %:v% + cos(z1), and let ¢, ca be
constants that are sufficiently close to but larger than min,crs W(x) and satisfy ¢; > ¢o. Take Us, and Usy,
Usa C Usyp, to be closed neighborhoods of the origin in R? such that for the system & = f(z,u), there exists
a state feedback law % that renders the origin (in R*) locally asymptotically stable with basin of attraction
containing Us, x R? and such that solutions starting in Uz, x R? do not reach the boundary of Us, x R2. Then,

for each ¢ € Q := {1,2, 3}, define sets Qg and C; (Q, C Cy) as follows

0 = 01:{ZC€R4|W(I)§61},

Q3 = Use xR? C3=Us, x R?,

Q = {xeR2\U3axR2|W(x)zc1},
Cy = {xeRQ\UgaxR2|W(:z:)202}.

I This state feedback is also subject to measurement noise, but the effect of measurement noise at this location is as in standard
ordinary differential equations. For simplicity, this subtlety will be ignored.
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When the pendulum is in the region ¢, the control law is given by k.(-,q), ¢ € Q. The control law for C4
is given by k1 which drives the system away from the resting condition. One can simply choose k1 = 1. In
Cs, the control law should inject enough energy into the system so that Us, is reached. For that purpose, we
let k2 be a feedback law that stabilizes W to the value one, e.g. ko(x) = —zg cos(z1)(W(x) — 1). Design the
control law for region ¢ = 3 so that it satisfies the properties of £ above. This control law can be constructed by
feedback linearizing the system (5.14), computing the basin of attraction with a quadratic Lyapunov function,
and extending the linearized controller so that the cart position and velocity are stabilized to the origin:

sin(z1) + 21 + 22

k3(r) = cos() + saty, {z4 + sat%l{23 + 241}
1
Us, = {ZCER4 5(.’[5%4’1’%) SCg}
a1, o o
Uy, = <z€R §(x1+x2)§04 ,

where z4 = x4 + 229 + x1, 23 = @3 + 24 + T2 + 221, and ¢4 > ¢3 > 0. Finally, define k.(-, ¢) = kq(-).

-2 4

Figure 5.6. Solution with normally distributed measurement noise with variance o = 0.1 starts in €2;, the mode
switches when the solution hits the boundary of C7 and Cy and then stays in Q3 (and also inside C3 which is
the depicted set contained in Q3). The noise is not able to keep the system away from a neighborhood of the
upright condition.

Note that this construction meets the specifications of the controller proposed at the end of Section 5.1.

The closed-loop system including fast sensor dynamics and control smoothing as discussed in Section 5.2.3
is implemented. Since there are three different modes, the control smoothing is modeled as

u=ug(x,xy) = Z Ag(Luzy)ug(z)

q=1

where the selection functions A, : R — [0, 1], for each ¢ € @, are continuous and A\,(¢q) = 1.
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Finally, the parameters for the simulations are

-1 -2 -1

L L,=[1 0 0]

N OO

ew = 0.01, 7= 0.001, 7* = 0.0005 Ay = —I, By=1, L, =1,
c1 = —0.96, ¢y = —0.98, c3 = 0.1, cq = 0.23, A = 0.5.

Figure 5.6 shows a closed-loop solution in the (21, x3) plane starting at 2° = [-7 00 0]7, ¢° = 1, 2% = [0 0 0]T,
and with normally distributed noise on each measurement with o = 0.1. In the same figure, the sets €2, in solid
and the sets Cy, with dashes lines are also plotted.

To highlight the robustness property to measurement noise, the magnitude of the noise was increased by
setting 0 = 1. The results are shown in Figure 5.7 and 5.8. When the noise is able to kick the solution, for
example, outside the set C3, the controller reaction is to switch the mode from ¢ = 3 to ¢ = 2. Then, it drives
the solution back to 23 by switching the mode back to ¢ = 3. The time between switches in Figure 5.8 shows
that the controller reacts relatively fast.

Figure 5.7. Solution starting with the same initial conditions as before but with ten times larger measurement
noise. The noise is able to cause the state to leave C3 and therefore, perturb the pendulum from the straight-up
position, but the hybrid controller reacts and steers it back in.

The hybrid controller designed above is now implemented with sample and hold devices as in Section 5.3.1.
Note that Assumption 5.2 and 5.3 are both satisfied. A numerical analysis of the margin of robustness of H;
to sample and hold devices was performed with results shown in Figure 5.9 and Figure 5.10. In these figures,
along with the regions €y, ¢ € @, of the controller, the position z; and the velocity x> of the pendulum for
different values of timer constants T and T, are depicted.

Figure 5.9 shows the nominal trajectory (no sample and hold devices) as well as closed-loop trajectories
resulting from periodic sample and digital controller/ZOH device in the loop for timer constants Ty = T, (for
simplicity, both devices were considered to be synchronized) and initial condition 2° = [—7,0,0,0]. The effect
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Figure 5.8. Control law and discrete mode for large noise. The mode changes rapidly between ¢ = 3 and ¢ = 2
when the noise causes the state to leave the set Cs (see Figure 5.7).

of the sample and digital controller/ZOH device in the loop becomes noticeable for timer constants of 2/10
seconds. This indicates that, as predicted by Theorem 5.12, the closed-loop system H,.; has some robustness
properties to sample and digital controller/ZOH device since typical rates for commercial devices of this type are
around the order of milliseconds. (For example, academic control systems kits manufactured by Quanser provide
sample/ZOH rates that can be set below 0.005sec.) Figure 5.9 shows that as the sample/hold rate increases, the
trajectories approach the upright position after performing more swings. We detected by simulations that for
T, = T. > 0.6sec, more than one swing is required to stabilize the pendulum to the upright position, and that
for Ty = T, > 0.85sec, the rate of failure to accomplish the task increases. Figure 5.10 presents trajectories with
constant sampling rate T = 0.01sec and different values of the timer constant T for the digital controller/ZOH
device. In this situation, as in Figure 5.9, a large timer constant 7T, causes similar effect, requiring more than
one swing to stabilize the pendulum to the upright position and to stabilize the cart to zero position and zero
velocity, in this case for T, larger than 0.48sec. Again, as T, approaches 0.85sec the rate of failure increases.
When the timer constant T for the digital controller/ZOH device is fixed to 0.01sec and the timer constant T
varies, the results obtained line up with the ones depicted in Figure 5.9. This suggests that for this particular
system both the sampling and digital controller/ZOH device introduce similar effects.

5.5 Summary

Robustness of asymptotic stability of closed-loop systems resulting from hybrid control was characterized for
several perturbations: measurement noise, unmodeled sensor and actuator dynamics, control smoothing, and
sample-and-hold implementation. The results guarantee that when this perturbations are small enough, the
compact set (which is nominally asymptotically stable) is semiglobally practically asymptotically stable. The
global stabilization of one-link pendulum on a cart to the upright condition was used as a benchmark problem
to test the robustness properties of hybrid control guaranteed by the results presented.
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Figure 5.9. Closed-loop trajectories for the nominal case (no sample and hold devices) and for timer constants:
T, =T, =0.2sec (:), Ts =T, = 0.6sec (—.), Ts = T. = 0.8sec (——), Ts = T. = 0.85sec (solid).

-4 i

Figure 5.10. Closed-loop trajectories for the nominal case (solid) and for (fixed) timer constant of the sampler
T, = 0.01sec and for timer constants of the digital controller/ZOH device: T, = 0.2sec (:), T, = 0.48sec (—.),
T. = 0.8sec (——), T. = 0.85sec (solid).

5.6 Notes and references

For references showing that it is impossible to stabilize nonholonomic using time-invariant continuous state
feedback and robust stabilization is impossible using time-invariant locally bounded feedback see, for example,
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[49, 76].

The robustness properties inherited when sample and hold control is used in stabilization is discussed in
[95, 28, 53].

Consistency properties have been considered for numerical integration schemes in the numerical analysis
literature (see e.g. [96, 5]) and in the construction of approximate models for discrete-time systems (see e.g.
[75]).

The ideas in the particular hybrid controller at the end of Section 5.1 are similar to the ones in [77].

For swing up of a pendulum on a cart control algorithms related to the one in Section 5.4 see, for example,
[6, 102, 26].

The preliminary state feedback and the construction of & in Section 5.4 are, for example, given in [99] .

The proof of 5.12 is given in Section B.3.
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Chapter 6

Hybrid Control Applications

In this chapter, relying on the tools developed in the previous chapters three general hybrid control strategies to
accomplish tasks that are recast as asymptotic stabilization problems are presented. The need of hybrid control
and the strategies themselves are motivated, explained, and illustrated by several engineering problems. The
hybrid controller implementing each control strategy will be designed so that the resulting hybrid closed-loop
system satisfies the hybrid basic conditions, and consequently, the results in the previous chapters are applicable.

6.1 Hysteresis-based control

6.1.1 A robustness motivation to hybrid control

The problem of designing feedback systems for nonlinear systems to accomplish a particular stabilization task
in the presence of noise in the measurements is relevant in most industrial applications. The reason for this is
that measurements are usually taken from sensors which are frequently corrupted by noise. When the control
strategy involves switching between different controllers, it is crucial to guarantee that the decision making
algorithm is not fragile to measurement noise. In some engineering applications, like the ones described below,
the presence of measurement noise in the closed loop may lead to undesired behavior of the system.

Suppose that two different locations are given, denoted by the points (or sets) A; and As in Figure 6.1(a),
and that it is desired to steer an autonomous vehicle to either one of these points using position feedback. Let
the dynamics of the autonomous vehicle be given by @ = u where z,u € R?. One possible design technique
to accomplish the task is to design a feedback controller that globally asymptotically stabilizes the closed-loop
trajectories to the set A := A; U As. To that end, one can easily construct functions V; and V5 that are
quadratic, positive definite with respect to A; and As, respectively, and design a state-dependent switching law
between the steepest descent control laws

ki(z) = =VVi(z) and ko(z) = =V (x) .
To render the set A globally asymptotically stable, trajectories starting near Ay (Az) should approach A; (As2)
and starting far from them, should approach one of them.

Consequently, a line, like the one depicted in Figure 6.1(b) denoted by M, arises partitioning the state space
in a way that for initial conditions on one side of it, trajectories approach A;, while for initial condition at the
other side, trajectories approach As. Such a control strategy renders the set A globally asymptotically stable,
that is, steers the vehicle to one of the locations for each initial condition. However, issues may arise in the
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(a) Global steering of an autonomous vehicle. The task (b) From initial conditions to the left of the (dashed)
is to steer the vehicle to one of the locations denoted by line, the trajectories approach location A;, while from
Aj and Az from every point in the state space. initial conditions to the right of the (dashed) line, the

trajectories approach location Az. In the presence of
measurement noise, there exists a solution that stays in
a neighborhood of the (dashed) line M.

Figure 6.1. Global steering of an autonomous vehicle to different locations.

presence of noise in measurement of the vehicle position (even when this noise is arbitrarily small). To illustrate
this, consider an initial condition that is close to the line M. There exists a measurement noise signal e such
that  and = + e are at opposite sides of M. Then, the control strategy just described will steer the vehicle over
the line towards the opposite side. Since e can change at any time instant, it can change as soon as the vehicle
has crossed the line and report that the vehicle is now in the opposite side of M. This can occur repetitively,
preventing the autonomous vehicle from reaching A as illustrated in Figure 6.1(b). In fact, as it is shown later,
there exists arbitrarily small measurement noise that causes the vehicle trajectories to stay arbitrarily close to

M.

Another scenario where a similar phenomenon can arise under perturbations is the problem of driving
a vehicle from its initial position to a specific target while avoiding an obstacle. Figure 6.2(a) depicts an
autonomous vehicle to be steered to a target x while avoiding the obstacle /. Suppose that there exists a
feedback law that achieves stability and “global” convergence to the target (in the sense that for every point
not in A, trajectories approach the target) and, for simplicity of the exposition, suppose that the trajectories
are unique and once they reach some set I, like the one depicted in Figure 6.2(a), they converge to the target.

Due to the topological properties of the problem, as shown in Figure 6.2(b), there exists a line M such that
for initial conditions at each side of it, trajectories approach the set K either from above the obstacle or from
below it. It follows that, for initial conditions arbitrarily close to the line M, there exists a noise signal e for the
measurements of the vehicle position such that there exist closed-loop trajectories that stay in a neighborhood
of the line M. Eventually, if the forward velocity of the vehicle is positive, such trajectories could indicate that
the vehicle crashes onto the obstacle. This is depicted in Figure 6.2(b).

A similar type of behavior arises in other applications, including multiple agent control of autonomous
vehicles, control of robotic manipulators, etc. This lack of robustness appears in general when the control task
is such that the state space is partitioned generating a similar topological structure as in the examples above.
The following section formalizes these issues for a large class of nonlinear systems.
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(a) Global steering of an autonomous vehicle to a target (b) From initial conditions above the (dashed) line, the tra-
with obstacle avoidance. The task is to control the vehicle jectories approach the set K, and from there they approach
so that it avoids the obstacle N and approaches the target the target from above the obstacle, while from initial con-
X. ditions below the (dashed) line, the trajectories approach

the set K and then the target from below the obstacle. In
the presence of measurement noise, a trajectory could stay
in a neighborhood of the (dashed) line, potentially causing
the vehicle to crash into the obstacle.

Figure 6.2. Global steering to a target with obstacle avoidance.

6.1.2 A general robustness issue

Consider the nonlinear system

&= fp(x) (6.1)

where x is the state, O C R™ is an open state space, and f, : O — R". Solutions to (6.1) are in the sense of
Carathéodory.

Definition 6.1 (Carathéodory solution) A Carathéodory solution to system (6.1) on an interval I C R>¢ is an
absolutely continuous function z : I — R™ that satisfies @(t) = f(x(t)) almost everywhere on I; equivalently,
for every to € I, x(t) satisfies

x(t) = x(to) —I—/t fplx(T))dr
forallt € I,t>t.

A Carathéodory solution is said to be mazimal if there is no proper right extension which is also a solution to
(6.1), and it is said to be complete if its domain is equal to R>q (cf. Definition 2.6 and 2.4).

Assumption 6.2 (existence of solutions) The function f, is locally bounded and for every initial condition
x(tg) = 2° € O at least one Carathéodory solution to (6.1) exists and all solutions are complete.

Note that this assumption is reasonable since the goal is to make a point about robust stability rather than
about existence of solutions. Carathéodory solutions to (6.1) in the presence of measurement noise! are defined
as follows.

I Measurement noise arises in control scenarios where perturbations enter the state measurements when computing a control law.
Even though a control law has not been defined explicitly yet, the term “measurement noise” will be still used when referring to
general state perturbations, like the ones in Definition 6.3.
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Definition 6.3 (Carathéodory solutions with measurement noise) Given an interval I C R>q and a measurable
function e : I — R™, a Carathéodory solution to the system & = f,(x + e) on I is an absolutely continuous
function = : I — O that satisfies #(t) = fp(x(t) + e(t)) almost everywhere on I; equivalently, for every ty € I,
x(t) satisfies

2(t) = x(to) + [ fpla(r) +e(r))dr

to

for allt e I.

A general result about vulnerability to measurement noise for a class of nonlinear systems is stated below.
Let B C O be open and let M; C O, i € {1,...,m}, m € Nxo, be disjoint sets satisfying [J;"; M; = B. Let

<
i

(-

<l
D

Assumption 6.4 (state partition) Suppose that there exists T > 0 such that for each x € M and each p > 0,
there exist points z;, z; € {x} +pB, i,j € {1,...,m}, i # j, for which there exist Carathéodory solutions x; and
x; to system (6.1) starting from z; and z;, respectively, satistying x;(t) € M; \ M and z;(t) € M,; \ M for all
te0,T].

Theorem 6.5 (nonrobustness to measurement noise) Let Assumptions 6.2 and 6.4 hold. For every positive
constants e, p', and p”', and every ° € M +¢eB such that 2° + p'B C O and 2° + p""B C B there exist a piecewise
constant function e : dome — eB and a maximal Carathéodory solution z : domz — O to & = fy(z + e)
with £(0) = 2° such that z(t) € (M +eB)N BN (2° + p'B) for all t € [0,T") for some T’ € (T*, 00|, where
domz = dome, T* = %@”}7 and m := sup {1 +|f(n)| | n € 2® + max{p’,p"}B}. If T' is finite, then
limy— 7 z(t) & BU (2° + p'B).

Theorem 6.5 states that for nonlinear systems with the topological properties in Assumption 6.4, there
exists a set of points of the state space (the set M) such that from every point z° arbitrarily close to it, there
exists an arbitrarily small noise signal e and a solution x to @ = f,(z +¢) starting from z° that stays close to an
arbitrarily small neighborhood of M (intersected with a ball around z"). Moreover, if the solution ever leaves
such set then either it does it through the boundary of B or through the boundary of 20 + p'B.

Note that Assumption 6.4 states in general the scenario that arises, for example, in the stabilization problems
in Section 6.1.1. For the problem of stabilizing a disconnected set of points, the regions on each side of the line
define the sets M7 and My, respectively. Note that by global asymptotic stability, the union of M; and Ms
covers the state space. Then, the open set B is equal to O = R™. The set M is given by M := M; N Ms as
depicted in Figure 6.3(a) (it corresponds to the dashed line in Figure 6.1(b)). For the obstacle avoidance problem
in Section 6.1.1, the state space is given by O = R™ \ N/ where N is a closed subset of R"™. The set of points
from which at least one trajectory converges to K by crossing into the set K from below the obstacle defines the
set M7 while the set of points from above the obstacle define the set M. By “global” convergence, My U M
covers every point of the state space except the obstacle N and the set K. By stability and attractivity, those
sets are nonempty. Then, the set M is defined as the intersection of the closures of the sets M; and M. The
set B is given by the union of the sets M;, i = 1,2, and K is such that O = BU K. Figure 6.3(b) depicts these
sets.

Under further assumptions, a version of Theorem 6.5 also holds in the state feedback case, that is, for
nonlinear systems of the form

i = f(e.n(2)) (6.2)

where x is the state, O C R" is the open state space, k : O — R™, and f: O xR™ — R".
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obstacle

x
target
K
(a) Sets for the problem of globally steering an au- (b) Sets for the problem of globally steering an au-
tonomous vehicle to different locations. tonomous vehicle to a target with obstacle avoidance.

Figure 6.3. Sets for the problems in Section 6.1.1.

Assumption 6.6 (regularity conditions for state feedback case) The function f is locally Lipschitz continuous
in the first argument, locally uniformly in the second argument?; the function r is locally bounded; and for
every ¥ € O at least one Carathéodory solution to (6.2) exists and all solutions from O are complete.

The function x usually corresponds to a static control law designed to accomplish some control task. In this
scenario, a Carathéodory solution to (6.2) with measurement noise is as in Definition 6.3 but with measurement
noise entering through « only, that is, 2:(t) satisfies

(t) = x(to) + ) fp(@(7), 5(x(7) + e(7)))dT .

In this way, x models the case of closed-loop systems where not every state component is perturbed by mea-
surement noise because some of its components come from the natural dynamics. The assumption on f in
Assumption 6.6 holds in many cases since the nonlinearities of the natural dynamics are Lipschitz continuous.
For example, in the problem of regulating a double integrator to two different points of zero velocity by means
of state feedback, measurement noise does not enter the natural dynamics of the system (note that the natural
dynamics are linear in this case); it only enters through the feedback law.

Under Assumption 6.4, it follows that measurement noise entering the system through x may prevent the
trajectories to approach the set A. This is stated in the next corollary.

Corollary 6.7 (state feedback case of general nonrobustness) Let Assumptions 6.4 and 6.6 hold. For every
e > 0 and every z € MNB there exists § > 0 such that for each 2° € (2+0B)NB there exist a measurable function
e : dome — eB and a maximal Carathéodory solution x : domx — O to @ = f,(x, k(x + €)) with z(0) = 2°
such that z(t) € (M +eB)N B for all t € [0,T") for some T" € (0,00]. If T" is finite, then lim;_p x(t) & B.

As in Theorem 6.5, Corollary 6.7 states that under the stated assumptions, solutions can stay arbitrarily close to
the set M under the presence of arbitrarily small measurement noise. The proof of this result uses the fact that
Theorem 6.5 implies the existence of a maximal Krasovskii solution to (6.1) that stays in M (cf. [31, Proposition
1.4]). Then, a solution and measurement noise signal for (6.2) is constructed to “track” the Krasovskii solution
with arbitrary precision.

2A function h : O x R™ — R™ is continuous (locally Lipschitz continuous) in the first argument, locally uniformly in the second
argument if for each z € O, each compact U C R™, and each € > 0 there exists § > 0 (K > 0) such that |z — z| < § implies
[h(z,u) — h(z,u)| < e (z,y € (z+eB) N O implies |h(z,u) — h(y,u)| < K|z —y|) for all uw € U.
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6.1.3 Control design and analysis

In this section, nonlinear control systems of the following form are considered:

&= fplz,u) (6.3)

where z is the state, O C R" is an open state space, u € R™ is the control input, and f, : O x R™ — R".
Assumption 6.8 (regularity of f,) The function f, is continuous.

Let A C O be a compact set. A hybrid controller, denoted by H,., that renders the set A asymptotically
stable for (6.3) is designed. This hybrid controller confers to the closed-loop system a margin of robustness to
noise in the measurements of the state x. The proposed controller prevents the closed-loop system from being
vulnerable to measurement noise in scenarios like the ones discussed in the previous sections.

Hybrid controller

The hybrid controller H,. measures the output y := 2 + e of (6.3), has logic (or discrete) state ¢ that takes
value in the finite set @ := {1,2,...,m}, m € N, has continuous dynamics

g = 0 (y.q9) € Ce ,

discrete dynamics

" € Qcy,q) (y,q) € D ,

and output

u=r(Y,q) ,

where C., D, are subsets of O X @, Q. : O x Q = (@ is a set-valued map that defines the update law for the
discrete state ¢, and « is a function that defines the control law applied to (6.3).

Assume there exists a family of open sets O, C R™ such that O := UzeO, and A C O. Suppose that
there exist functions V, : O — [0, oc] that are C' on Oy, for every z € O \ O, are such that V,(z) = oo, and as
|z] — oo or  — DO, are such that V,(z) — oo; a family of C° functions x, : O, — R™; functions ay, az € Kuo;
a continuous, positive-definite function p : R>g — R>0; and a proper indicator® w of A on O such that

ar(w(z)) < géig Vp(z) < ag(w(z)) Vze O, (6.4)
and, for each ¢ € @,
(VVy (@), fp(@, kq(2))) < —p(Vy(x)) Vo €O, . (6.5)

In some control problems, like in the regulation to a disconnected set of points (see Section 6.1.1), for each
q € Q, there exist a proper indicator w, of A on O, and functions of, ad € Ko satisfying

al(wg(®)) < V(x) < a(wy(z) Vre O, . (6.6)

The function w : O — Rx>¢ constructed as w(z) := min g s t. zeo, wa(®) for each x € O is a proper indicator
of A on O and the functions aq,as € Koo given by ai(s) := minyeq af (s), az(s) := maxpeg ob(s) for each
s € R> satisty (6.4).

3A function w: U — R>( is a proper indicator of a compact set A C U with respect to an open set U if it is continuous, positive
definite with respect to A, and such that w(z) — oo as x — U (boundary of U) or |z| — oo.
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Assumption 6.9 (V, condition on A x Q) There exists v > 0 such that (z,q) € A x Q and Vy(x) > 0 imply
Vo(x) > 1.

Assumption 6.9 is automatically satisfied when, for each ¢ € @, V; is positive definite with respect to A
since, in this case, it is impossible to have (z,¢q) € A x @ and V,(x) > 0. In scenarios where V; is non-zero on
a subset of A, for example when A is a disconnected set like in Section 6.1.1, then the constant ~ consists of a
uniform lower bound on V,(z) on that subset.

Define constants 1 > 1 and A € (0, — 1). Let v > 0 be given by Assumption 6.9. The hybrid controller
‘H. defines the feedback law

u = kY, q) = rq(y)
when (y,q) € C, := C* U C?, where
et = { ) €0xQ | Vo) < umig Vi) | (6.7
p
Ce o= {(@'d) e 0xQ | Vy(a') <}, (6.8)

and has discrete dynamics given by

gt €Qc(y,q) ={d €Q | Voly) = (= NVy(y)}

when (y, q) € D., where D, is given by

{@.d)€0xQ [Vet) = - Nmin vy} (6.9)

The design parameters of the controller are p and .

The basic idea in this construction is as follows. The discrete mode ¢ selects the control law that is to
be applied to system (6.3). A change in the mode occurs only if the Lyapunov function for the current mode,
Vg, gets larger or equal than the Lyapunov function for some other mode, say Vi, multiplied by @ — A > 1.
Points (z,q) € O x Q with this property define the set D.. Then, jumps are only allowed to modes that, at the
current state, have a Lyapunov function ﬁ < 1 times smaller than the Lyapunov function at the current
mode. Flows are allowed when the Lyapunov function for the current mode is smaller or equal than p times
the minimum of the Lyapunov functions for the other modes. Then, with (6.5), the Lyapunov function for the
current mode is decreasing along solutions. Global asymptotic stability of the compact set A is achieved in this
way. This stability property and its robustness to external state perturbations is addressed in the next section.

Closed-loop system properties

From the construction of H., the nominal closed-loop hybrid system, denoted H,;, can be written as

j _ gp(x’“(x’q” } (z,9) € Ce (6.10)
vt = z
€ Quxq) } (z,q) € D, . (6.11)

With the regularity properties of f,,, V,, and k4 on Oy for each ¢ € @) and the construction of the flow and
jump sets in (6.7)-(6.8) and (6.9), respectively, the resulting data (O, F,C, G, D) of the hybrid system H,; with
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state £ := [2T ¢T] given by

3 fo(@, (x, q)) x
O:=0 xR, F(§):= [/PV7 7 , G(&) = ,C:=C., D:=D
©= " ©= @0 : C
satisfies the hybrid basic conditions. Recall that these conditions guarantee, among other things, that hybrid
systems have several structural properties, including the property that the limit of a sequence of solutions to
hybrid systems is itself a solution.

Lemma 6.10 (hybrid basic conditions) Under Assumption 6.8 and 6.8, for every v > 0 the closed-loop system
H satisfies the hybrid basic conditions. Moreover, C, C UgeqOq4 % {q} and C.U D, = O x Q.

Proof. By definition, C. € O x Q C O. By continuity of V, for each ¢ € Q, C = C. Then
CNO=CN(OxR)=C .

Then, C is relatively closed in 0. Proceeding similarly, D, C O x @ and it can be shown that D is relatively
closed in O.

By definition of C¢, if (z,q) € C, then V,(x) < oo, and since by Assumption 6.8 this holds only if (z,q) €
Oy x {q}, then C. C Ugeq(O4 x {¢}). Every point in (Useq(O4 x {q})) \ C¢ satisfies, in particular, V,(z) >
pmin,eq Vy(z). By definition of D., every such point is in D.. Moreover, every point (z,q) € (O x @)\
(Ugeq(Oq4 x {q})) is such that V;(x) = co. By definition of O, for each such point there exists ¢’ € @) such that
Vg () < oo. Then, every such point is in D.. This establishes that C, U D, = O x Q.

Since for each ¢ € @, k(z,q) = Kq(z) for each € O, and kg, f, are continuous, F' is continuous on its
domain of definition and nonempty for each point in Uyeq(Oy X {¢}), in particular, for each point in C..

By construction of D, and Q., Q.(z,q) # 0 and Q.(z,q) C C. for every (z,q) € D,. For every (x,q) € D,
and every sequence x;, g; such that (x;,q;) € D. and x; — x,¢; — ¢ it holds that

where p; € Q.(x;,¢;). For ¢; and p; to converge, p; = p and ¢; = ¢ for large enough i, for some p, ¢ € Q. Taking
limit at each side of (6.12) and using the continuity properties of V; for each ¢ € @ yields

Vo(@) > (1= MWV (a) (6.13)
Then, p € Q.(z,q) and Q. is outer semicontinuous in its domain of definition. |

As discussed in the previous section, the construction of the hybrid controller is such that the logic mode
q is updated so that the Lyapunov function for the closed-loop hybrid system H,; given by W(z,q) := V,(x)
decreases along solutions. This leads to the following “global” asymptotic stability result of the compact set

A x Q.

Theorem 6.11 (nominal asymptotic stability of .A) Under Assumptions 6.8 and 6.9, the compact set A x Q is
asymptotically stable with basin of attraction By = O x ) for the hybrid system H,;.

In the case that noise e corrupts the measurement of the state x, that is, the controller measures the output
y = = + e, statements about robustness of the above asymptotic stability property can be made by perturbation
analysis. Roughly speaking, the main idea is to model the measurement noise as a state perturbation of size
d* > 0 and replace the instances in (6.10) and (6.11) where the controller measures the state by the state
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perturbation x + 0*B (these places are the first argument of x, C.., Q., and D). Then, the resulting perturbed
hybrid system will have the original data (O,F, C, G, D) perturbed and, by construction, satisfying certain
conditions that guarantee that the stability property is semiglobally and practically preserved. The following
result uses this technique to show that A x @ is semiglobally practically asymptotically stable under small
enough measurement noise.

Theorem 6.12 (robustness of H,; to measurement noise) For given parameters p > 1 and A € (0, 1 — 1) of the
controller 'H., there exists 3 € KCLL and for each € > 0 and each compact set K C O there exists 6* > 0, such
that for each admissible measurement noise e : dome — 6B with § € [0,8*], solutions (r,q) to H., exist, are
complete, and for initial conditions (z°,¢") € K x Q satisfy

w(z(t,§)) < Bw(a®),t,5)+¢  V(t,j) € dom(z,q) .

Theorem 6.12 guarantees that for each compact set of initial conditions, the closed-loop system H,; tolerates
a nonzero level §* > 0 of measurement noise. This corresponds to the margin of robustness that the hybrid
control strategy confers to the closed-loop system. This margin of robustness to measurement noise overcomes
the issues described in the control problems in Section 6.1.1.

An estimate of this margin of robustness can be computed from the sets C. and D.. Figure 6.4 shows these
sets, along with level sets of the Lyapunov functions, for the problem of globally stabilizing a disconnected set of
points in Section 6.1.1. Given points A;, A5 with associated Lyapunov functions Vi, Vo and control laws k1, ko
satisfying the conditions in Section 6.1.3, respectively, and parameters > 1, A € (0, u — 1), the set C. and D,
can be written as

Coi=(Co x {1})U(Cea x {2}),  De 1= (Dey x {1}) U (Dez x {2}) (6.14)

where C.1,Ce2, D.1,Deo C O. Figure 6.4 depicts these sets and a solution to H.;. The solution, which starts
from a point in the flow set with ¢ = 1, experiences a jump when in the jump set that maps ¢ to 2. From
there, the solution flows with ¢ = 2 until, once in the jump set again, a jump maps ¢ to 1. From there on, the
solution stays in the flow set with mode ¢ = 1 and approaches A;. From this discussion, it follows that under
the presence of measurement noise, for the closed-loop system to experience the nonrobust behavior discussed
in Section 6.1.1, the size of the measurement noise needs to be so that fast switching between the modes occurs.
This is only possible from certain points of the state space if the measurement noise is larger that the minimum
distance between the sets D.; and D.s. Then, this analysis suggests that the maximum measurement noise for
which solutions approach the target set without experiencing the phenomenon described in Theorem 6.5 and
Corollary 6.7 is given by

01 := min |21 — 22] . (6.15)
21€Dc122€ D2
This level depends proportionally on p, and therefore, can be tuned by varying this control parameter. For
the setting in Figure 6.4, as u increases, the set D.; (D.2) becomes smaller and centered around the set Ao
(Ay). Clearly, the maximum margin of robustness to measurement noise that can be obtained with this control
strategy is upper bounded by the distance between 4; and As.

As discussed in Section 3.3, measurement noise in hybrid systems can lead to nonexistence of solutions,
even when the measurement noise is arbitrarily small. The overlap between the set C. and D, obtained from
using p in the definition of C; and p— A in the definition of D, guarantees such existence for measurement noise
smaller than the minimum overlap given by

62 = min{égl,égg}, 521 = min |2’1 — Zgl,
21€0\Dc1,22€0\Ce1

dog = |21 — 22| ,

min
21€0\De2,22€0\Cl2
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Figure 6.4. Flow set C. and jump set D, for the regulation to disconnected set of points problem. A solution
converges to A; after switching mode two times. The minimum distances d1, d21 and d22 between sets are used
to compute an estimate of the margin of robustness to measurement noise.

which depends proportionally on the parameter A > 0. The overlap between the sets C; and D.;, and between
the sets Ceo and D.o. in Figure 6.4 correspond to the overlap between the sets C. and D..

From the discussion above, an estimate of the margin of robustness to measurement noise is given by
min{dy,d2}. The examples in the next section illustrate this as well as the construction of the control law
designed in the previous sections.

6.1.4 Two numerical examples
Robotic task

Consider the problem of transporting objects from a source to two isolated destinations with a controlled
robotic arm. Suppose that there exist control algorithms that can transport the objects from the source to each
destination but the switching rule between the algorithms is to be designed. Suppose also that full measurement
of the state of the robotic arm is available but it is corrupted with noise. The goal is to design a switching
control strategy between the control algorithms that is robust to measurement noise. As the focus will be on
the problem of switching between the control algorithms, simple dynamics for the robotic arm are assumed.
Consequently, consider a planar model for the robotic arm given by @ = u, x = [z1, 22]7, u = [u1, us]”. Let A;
and A define sets in R? that correspond to the location of each destination, which are assumed to be given by
A; ={(-1,0)} and A2 = {(1,0)}, and let the source be located on the 5 axis (and be represented by a small
neighborhood around it). With this formulation, the task is to design a switching rule between two control
algorithms that robustly steers the trajectories of the robotic arm system to the compact set A := A; U Ay (c.f.
first example in Section 6.1.1). The state space O is given by RZ.

Consider quadratic Lyapunov functions Vi, V5 that are zero at Ay, As, respectively, and steepest descent con-
trol laws r;(z) = —VV;(z), i = 1,2. A simple switching rule is the following: if z € My := {z € R? | 21 <0}
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then u = ry(z), while if # € My := {z € R? | 21 >0} then u = ka(z). This switching strategy glob-
ally asymptotically stabilizes the system to A. However, for initial conditions arbitrarily close to the set
M = {x ER? |2 =0 }, there exists arbitrarily small measurement noise that causes the trajectories to stay
in a neighborhood of that set as stated in Corollary 6.7. Figure 6.5(a) depicts a possible trajectory with
measurement noise that is such that it stays far away from the target set A.

g o x x g o
Ay A

0.5 0.

= -1

1 -1

9 I I 2

-2 -1 -1 0. 0 0.5 1 1 2 -2 —1 1 2
T

(a) A possible trajectory with a simple switching logic (b) Sets Cc and D, (see (6.14)) for the hybrid controller
with 2(0) = (—0.005,1). The trajectory (with binary Hc. Noise levels with magnitude larger than the sys-
noise of amplitude 0.08 and period 0.1s) “chatters” tems’ robustness level (determined by the separation
around 1 = 0 and does not reach the set A. between the lines) would prevent the trajectories from

approaching A.

Figure 6.5. Global stabilization of a robotic arm to two isolated destinations.

The hybrid controller introduced in Section 6.1 solves this problem. Let @ = {1,2}, u = 2, A = 0.7, and
~v = 0.5. Figure 6.5(b) depicts the resulting sets C. and D, obtained from (6.7)-(6.8) and (6.9), respectively,
as well as y-level sets of the Lyapunov functions and a sample trajectory. The set C,. defines flow set and D,
defines jump set.

A trajectory starting in the set Cey x {1} C C.. can flow as long as its 2 component is in C¢, and can jump
when its z component reaches D.;. Jumps from this set map the logic state ¢ to 2. Similarly for solutions
starting in the set Ceo. Solutions starting in the set D, with & component in D, \ C¢ initially jumps, the logic
state ¢ is mapped to 2, and then flows with x in C.. Similarly for solutions starting in D, with x component
not in D¢ \ Ce2. By construction, solutions starting in C, U D, approach either the set A; or Ay (depending
on the initial condition). Note that asymptotic stability of A is guaranteed by Theorem 6.11.

As discussed above, the largest noise that the system tolerates is determined by the minimum separation
between the boundaries of D, and D.2, between the boundary of C.; and D.;, and of C.e and D.y. This
corresponds to an estimate of the robustness margin for asymptotic stability of the set A and is ~ 0.1.

Target acquisition and obstacle avoidance

Suppose that it is desired to steer a vehicle from its initial location to a target while avoiding an obstacle as
depicted in Figure 6.2(a). As in Section 6.1.4, simple dynamics for the vehicle given by & = u will be assumed,
where x,u € R2. The obstacle A is modeled as a ball on the plane of radius § > 0 at x, := (o1, To2), while the
target is located at z; := (41, 742). The state space O is given by R? \ (z, + 0B).

The control strategy described in Section 6.1.1 solves the control task nominally; however, under the presence
of measurement noise, the same pathology around the line M arises. Another potential solution to solve this
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(a) The vehicle is denoted by > and its position relative
to the coordinate system is given by (z1,x2), the target
is denoted by x with coordinates z; = (3,0), and the ob-
stacle (static) by the circular gray area with coordinates
zo = (1,0) and radius § = 1/(20+/2). Trajectories (without
noise) starting at :c8 and xé converge to the target while
the trajectory starting at (E(z) (with noise) approaches the
saddle node point denoted by o.

(b) Hybrid controller sets and trajectories. The region O1
is defined by all points below the two lines from where the
arrows labeled as so originate; similarly for the other region
O3 for points above the dotted lines. The level sets of V; are
plotted as well. Also for ¢ = 1, the figure depicts the sets
Cec1 and Dey, respectively, for p = 1.1 and A = 0.09. The
trajectory that starts at mg = (0,0.2), qg = 1, is pushed into
D1 by binary noise of magnitude 0.08, but the controller’s

mode jumps to ¢ = 2 and steers it to the target. The
trajectory starting from z§ = (0.2,0), g¢ = 1, converges to
the target from below the obstacle without jumping.

Figure 6.6. Global stabilization with obstacle avoidance.

task is to define a Lyapunov function that is positive definite with respect to the target, and then steer the
vehicle to the target with a steepest descent controller. To this end, consider the Lyapunov function defined by

Vz):= %(x —2:)? + B(d(z)) (6.16)

where B : R>g — R is a continuously differentiable barrier function defined as B(z) := max{0, (z — 1)?In 1},
and d : R? — Rxq is a continuously differentiable function that measures the distance from any point in O to
the obstacle N. The control law is given by the steepest descent control u = —VV(z). Figure 6.6(a) shows
simulation results of the closed-loop system. Without noise, the trajectories starting at z§ = (0,—0.01) and
x} = (0.1,0.05) avoid the obstacle and arrive at the target. Figure 6.6(a) denotes by o the saddle point present
in the function V. Trajectories starting from that point stay at that point. The presence of measurement noise
can cause that trajectories starting nearby the saddle point eventually reach it. The trajectory starting at
23 = (0.824,0.1) is such that reaches the saddle point (such measurement noise was generated with a controller
that locally stabilizes the vehicle’s trajectories to the saddle point) and stays there for ever. Therefore, there
exists a trajectory that does not reach the target.

To solve this problem robustly with the hybrid control strategy in Section 6.1, define a box N around
the obstacle and two sets O1,02 C as depicted in Figure 6.6(b). Let O = R2\ NV and let V, : O — Ry,
q € Q = {1,2}, given by (6.16) with d replaced by d, which is a continuously differentiable function that
measures the distance from any point to the set R? \ O,. The control law is given by u = k(z,q) := —VV,(z).

Figure 6.6(b) depicts the flow and jump sets C. and D, as in (6.14), respectively, of the hybrid controller
and two trajectories, one starting from z3 and another from z3. (The set construction is given in (6.7)-(6.8)
and (6.9), respectively.) Note that in this case, by construction, there is no saddle point. For the particular

selection of the parameters, ;1 = 1.1 and A = 0.09, solutions reach the target by avoiding the box containing the
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obstacle.

For every point away from the obstacle, the margin of robustness with respect to measurement noise is
nonzero and gets larger as the vehicle is farther away from the obstacle (recall that the largest noise that the
system tolerates is determined by the separation between the boundaries the jump sets, the boundary of C.y
and D1, and the boundary Cys and D.2).

6.2 Throw-and-catch control

6.2.1 An intuitive control strategy

Given the nonlinear control system

& = fp(z,u) (6.17)

with output given by y = x4+ e where e is a bounded measurement error signal, suppose that the goal is to design
a controller that measures the output y, acts on the input u, and that steers the trajectories of the nonlinear
system (6.17) to a neighborhood of a compact set A, a subset of the state space. The idea is to accomplish
this robust stability task with a hybrid controller that combines several control laws. More precisely, suppose
that for the nonlinear system (6.17), it is known how to steer the trajectories from a neighborhood S; of some
compact set A; to a neighborhood E; of the compact set A, perhaps just in an open-loop manner by a function
of time a. Moreover, suppose that local state feedback controllers for (6.17) can be designed, given by «(-) and
k1(+), to locally asymptotically stabilize the compact sets A and Ay, respectively. With this information, an
intuitive control strategy is as follows:

1) If the state x is near Ay, then apply k1 (z);
2) When the state z reaches the set S, apply «(t).

3) When the state x approaches the set Fy, apply x(z).

This control strategy consists basically of two modes of operation. In 2), the trajectories of the nonlinear
system (6.17) are transferred from nearby points of A; to nearby points of A. This task can be interpreted as
“throwing” the state from an initial location to another location. This stage is called throw mode. In 3), the
trajectories are steered to A by the local stabilizer £ when they approach the set E; and are nearby A. This
logic can be seen as “catching” the trajectories, and consequently, it is referred to as the catch mode.

Figure 6.7 depicts a sample trajectory resulting from the nominal closed-loop system with this control
strategy. When noise is added to the measurements of z, the robustness properties conferred by our control
strategy rely on the construction of the sets that define the jumps of the resulting hybrid closed-loop system.
Additionally, since during the “throw” mode the controller does not use any information about the state of the
system, if due to external perturbations the control law « fails to steer the trajectory to a neighborhood of E;
then the controller should be able to steer back the trajectory to a “safe” controller. This capability is added
to the system as an additional mode: “recovery” mode.

This control technique can be used in several engineering applications to confer robust stability properties to
the closed-loop system. For instance, in the problem of swinging up a multi-link pendulum, it is usually the case
that local stabilization around the resting and upright equilibrium point of the system is possible. Moreover,
open-loop control laws that are capable to drive the trajectories of the system from any point to nearby points
of resting equilibrium, and from there to nearby points of the upright equilibrium can be computed. This can
be done by solving a two-point boundary value problem, or in a simpler manner, by trial an error. Figure 6.8
depicts this scenario for the case of a three-link pendulum.
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“throw”

Figure 6.7. A trajectory starting at z(0) = 2% for the nonlinear system with the local state feedback law 1
reaches the set S; from where the controller switches to the control law «(t) in order to steer the trajectory to
points nearby E;. When the trajectory reaches a small enough neighborhood of A, the controller switches to
the local state feedback law & to drive the trajectory to A. The dots along the trajectory denote the locations
where the control strategy decide the controller to be used.

A
K(z)
Ay

Figure 6.8. Swing up of a multi-link pendulum on a cart. The set A; corresponds to the state at the stable resting
equilibrium while the set A corresponds to the upright position. Control law 1 (almost globally) stabilizes the
resting equilibrium and control law & locally stabilizes the upright position. The open-loop control law « steers
the trajectory from nearby points of A; to nearby points of A.

The problem of steering autonomous vehicles with limited information is another example where the throw-
and-catch strategy can be applied. In such a scenario, vehicle sensors usually have a limited area of coverage.
Consequently, relative measurements to a target destination are only available in a neighborhood of that des-
tination. Then, position feedback control is not a global solution. In this situation, open-loop control laws
that steer the vehicle from nearby points of one location to nearby points of another location, where position
measurements are available, can be combined with feedback laws. Figure 6.9 depicts this idea for a single
autonomous vehicle.

6.2.2 Control design and analysis

In this section, nonlinear control systems of the following form are considered:

&= fp(z,u) (6.18)

where f : R” x R™ — R", z € R" is the state, and v € R™ is the control input. Let A C R™ be compact;
P = {1,2,...,pmax} C N, pmax > 1; for each j € P, Q; = {1,2,...,¢l .} C N, ¢/, > 2; and R :=
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Figure 6.9. Control of autonomous vehicles with limited position measurements. The autonomous vehicle is only
capable of measuring its position relative to A, .A; with the radius of coverage given by r. With the knowledge
of an open-loop control law that is able to steer (“throw”) the vehicle from nearby points of A; to nearby points
of A, once the vehicle is able to obtain (relative) position measurements of the destination, the local controllers
can “catch” the vehicle and take it to the desired destination.

Ukep (Qr x {k}). The following assumption guarantees that the control laws needed for the throw-and-catch
strategy outlined in the previous section exist.

Assumption 6.13 (conditions for throw-and-catch control) The function f, : R x R™ — R™ is continuous.
For each (i, j) € R, there exist:

1. Disjoint compact sets A; ; C R" satisfying A; ; = A for each i =qJ,,., j € P.

2. When i > 1, continuous state-feedback laws r; j : R" — R™ such that the compact set A; ; is asymptoti-
cally stable with basin of attraction B, , C R" for & = fp(x, ks j(x)).

3. When i < ¢l .., piecewise-continuous functions (i) = (i+1,5) * : R>g — R that are capab]e of steering
trajectories of (6.18) from a set S; ; to an open set E; j in finite time with maximum time 7;°; > 0, where
Si; C R™ contains an open neighborhood of A; ;, E; ; contains an open neighborhood of A;,1 ; and is
such that an open 65 ;-neighborhood of itself, §; ; > 0, is contained in Ba,,, ;-

Moreover, there exists:

4. Continuous state-feedback law ko : R™ — R™, such that, for each solution x to @ = f,(x,ko(x)) there

exists finite T > 0 such that (T is in the union of each of the sets E;; + 5;“15% and S; ; above (this
corresponds to a “bootstrap” feedback controller).

In most applications, the compact sets A; ;, (4,7) € R, are given by single points, in particular equilibrium
points, for which local regulation of the trajectories of (6.18) is known with the state-feedback laws r; ;. The
functions a; j)—(i4+1,5) are functions of time that can be recorded in the memory of the digital controller.

Note that the compact sets A; j, (4,7) € R, define a directed tree in the sense that for every compact set A; ;
with ¢ < ¢J..,j € P, there exists an open-loop control law that transfers the state from nearby points of A, ; to
nearby points of A; 11 ;. Every path has the last node in common and first independent nodes defining a path,
which eventually, merges with another paths. This connectivity between nodes is denoted in Figure 6.10 by a
directed arc joining the node A; ; with the node A;11 ;. Note that Assumption 6.13.4 guarantees the existence
of a state-feedback law k(¢ such that, when the trajectories are away from the basin of attraction of the local
stabilizers or at points where the open-loop control laws are not able to transfer the state to the next node, the
trajectories are steered back to the tree.
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Figure 6.10. General case of directed tree (left) and j-th path (right).

Control Design

Now, the state-feedback hybrid controller, denoted by H., that performs the switching between the feedback
control laws ko, k4 j, and a(; jy—(i+1,5) in Assumption 6.13 is designed. The controller state is given by [q p 7|7
with logic states ¢ taking value in Q U {0} C N and p taking value in P U {0} C N, and timer state 7 taking
value in R. The set @ is given by

Q= J@UQY. Q= (-Qu\{~1}Q}=Qc\ {dhad) - (6.19)

keP
They logic statest store the running mode of the system:

e “Catch mode” at the |g|-th node of the p-th path when ¢ € @, p € P.

e “Throw mode” at the ¢-th node of the p-th path when ¢ € Q;, peP.

e “Recovery mode” when ¢ =p = 0.
Basically, the sets Qj, j € P, contain the values of the logic variable ¢ for “catch mode”, while the sets ;-,
j € P, contain the values of the logic variable ¢ for “throw mode”.

With the definitions above, the logic states as a pair (¢, p) take value in

L= J(QzuQ}) x {k})u(0,0). (6.20)

keP

For convenience in what follows, the sets Q! are combined with the corresponding path index k in the set

L= (@} x {k}) . (6.21)

keP

The output of the hybrid controller is given by

Ii‘q‘)p(ib) if q < Qg
Ke(T,q, D7) = ¢ Qqp)—(q+1,p) (T) if ¢ € Q,, (6.22)
Ko(z) ifg=0".
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The following sets are part of the control logic.
I) Sets for “Catch mode” update logic
For each (i,7) € L, let E; j and 47 ; be given as in Assumption 6.13.3, and define

D — I
C. = ¢ cC _ Rn c 1,]
i = B+ 51‘,ij Ci,j =R \Dm, + TB )

II) Sets for “Throw mode” update logic

For each (i,7) € L', let S; ; be given as in Assumption 6.13.3, and define D} ; to be a closed set such that
for some 4} ; > 0 satisfies

t
A, i+ 68 Bc D! D! +517ch3--
,] i, INE i, 2 g -

Then, for each (i,7) € L*, let C} ; be given by

t

t . Ton t %7
Ct; =R\ DI, + 1B

III) Sets for “Recovering mode” update logic

For each (i, ) € Urep (Qf, x {k}), for some 67 ; > 0, define
Ci; :=reach; ; (D ;) + o7 ;B (6.23)

where reach,; ; (Dfi|—1,j) is the reachable set of & = f,(z, k)3 ; (7)) from Dy, _, ;- Also, define Dy ; as

%

T

I
Di; =R\ Cy, + 2’JIB%. (6.24)

Define Cf o and Dy as follows. For each (i, ) € Upep(Qr x {k}) define an auxiliary set f)fj to be a closed
set such that for some &7 ; > 0 satisfies

- - or.
T s s 2,7 c t
AiJ + 61)]13 C Di,j7 Dlv] + TB C Di—l,j U DZ,] 5
where D ; = szj = {) for all j € P. Then, Cf, and Dy, are given by
T T T 56 0
D070 = U Di,j7 Co)o = Rn \ D670 + . B

(4,5)EUkep (Qrx{k})
where 47 o is the minimum 6; ; over Ure p(Qr x {k}).

With these definitions, the update laws are designed as follows. If in throw mode and the state x is such
that a “catch” is possible, i.e.

(¢:p) € Qy x{p}, z€D;,, (6.25)
then jumps to catch mode are enabled with update law ¢© = —(|¢| + 1). If in catch mode and the state z is
such that a “throw” is possible, i.e.

(qvp) € (Q;C) \ {_qrp;lax}) X {p}7 LS qu|7p ) (626)
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then jumps to throw mode are enabled with update law ¢* =|q].

If in throw mode and the timer state 7 is larger than 7, ) or if in catch mode and the state x is such that
x € Dy, then jumps to recovery mode are enabled with update law gT = 0,p™ = 0. While in this mode, the
controller enables updates of (g, p) to a pair in Upep((Qf, U Q}) % {k}) when x € Dy .

The construction of the sets in I)-IIT) define the flow and jump sets of the hybrid controller (while in mode

q € Q and in path p € P, the sets Cf, and D, : Cf, and D{, :and C" . Cioand D" . Df, define

the flow and jump sets for jumps to catch, throw, and recovery mode, respectively). Figure 6.11 illustrates
the sets used in the update law and a sample trajectory for the i-th compact set in the j-th path, (i,7) € L,

i€{2537"'7Q¥Hax_1}'

Figure 6.11. The compact set A; j, (4,7) € L, i € {2,3,..., ¢l — 1}; the associated flow sets Cf ;,Cf ;,C";
and the jump sets Df ;, D ;, D", . are deplcted The sets Cf_; ; and Df_, ; associated with the compact set
Ai_1,j are also shown for the computation of C”; ; and D”, ;. Vaguely, the control strategy is such that with
qg=1—1and p = j, a jump can occur as soon as the traJectory enters the set Df_; ;, from where the local
state feedback law r; ; is applied. A jump that activates the control law a(; j)—(i4+1,5) can be triggered as soon
as the trajectory hits the set D; ;- The local stabilizer for A;;1 ; is enabled when the trajectory enters the set

Ds ;. The sequence is repeated until the compact set A;» ;, i* is reached.

=qJ
- Qmaxa

Hybrid controller

Let O, := R" Xx L xR , 7 = max7;, for all (i,7) € L' where 7/; is given by Assumption 6.13.3, and
¢ :=[27 ¢ p 7]. The hybrid controller, denoted by H., is

o { (@) =(0,0), 7=1, ¢eC
| @p)" €gu9). T =0, e

where the sets C. and D, are given by

Cc =Cea U Cc? U CCS
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where

Co = {5 €0 | g€ Qp\{~dhax}, €Ty, N CZ,,,} U{ee0e [ 4= ~dhae 7€ CY,}

Co = {€€0c [qeQ zeCyy <7, 1}

Ces = {€€0.|q=p=0,2€Ch,} ,
and

D, = D¢ UDgUD,s,

where
Dy = {£€0c|qeQ, veD;,, 1<7;,}U{{€O. | (¢,p)=(0,0), (¢,p) €L, z€ D, NDj,},
Dz = {€€0. | q€Qp\{~dhach € Dfy, fU{E €O | (0.:p) = (0,0), (¢'p) € L', 2 € Dy N Djo },
Des = {£€0. |qeq), TZT;,p}U{geOc q €@y, xequLp},

and the jump map g. is given by

gel Eg) 5 € Dcl

9e(€) =1 92(§) € € De2
(0,0) 56 ch
(—lql = 1,p) if (¢,p) € L,
gcl(g) =
{(=la1=1.p) | (@ p) €Ll xeDy, } if(gp)=(0,0)
(lal,p) if ¢ € Qp \ {—dhax}
902(5) =

{(¢.9) | (¢.p) €L, xeD. ,} if(qp)=(0,0)
and output k. given in (6.22).

The jump map g, and jump set D.; implement the logic for catch mode, while g.o and D.o implement
the logic throw mode. The first pieces of these sets correspond to the conditions in (6.25) and (6.26), while the
second pieces allow jumps from recovering to catch or throw mode. Moreover, the definitions of D, and Do
differ from the corresponding ones in (6.25)-(6.26) as they implement jumps that update the path state p to a
correct one. Similarly for g.1 and geo. (This mechanism is needed when the initialization of the logic states is
not correct.) The jump set D, states the conditions for jumps to recovery mode. The flow set C,. includes all
points at which jumps are not allowed, and to guarantee robust existence of solutions, it overlaps with the jump
set D..

Note that this construction is such that the resulting hybrid closed-loop system given in the next section
satisfies the hybrid basic conditions.

Stability and robustness to measurement noise

The closed-loop system resulting from controlling the nonlinear system (6.18) with the controller H.. is given
by
z = fP (Ia Ke (5))
(¢ p) (0,0) el

T 1

103



$+ X

(¢,p)" 9:(6) p £€De..
Tt 0

Im

This hybrid system is denoted by H.;. The hybrid controller H. confers the following stability property.

Theorem 6.14 (nominal asymptotic stability) Let Assumption 6.13 hold. For the hybrid system H., the
compact set Ax (Ujep({—aqlax} X {j})) % [0,7] is asymptotically stable with basin of attraction B := C.UD..

This result states that every solution to H; is such that the z component converges to A4 and that every
solution with initial = close to A stays close for all time. This corresponds to global asymptotic stability of A
for the the nonlinear system (6.18) controlled by H.. The proof of this result follows from the control logic
implemented in H.. The open-loop schedules are used to steer trajectories from a neighborhood of one node
to a neighborhood of the following node, and the state-feedback control laws steer the trajectories toward the
nodes of the tree. The control logic in H.. is such that for every point in the state space, by measuring the state,
a sequence of switches between the control laws takes the state of the system to A.

The hybrid controller H,. confers a margin of robustness to measurement noise e on the state . This is
stated in the following result. Below, |z|4 = inf,c 4 |z —y|. Also, recall that dom(z, g, p, 7) denotes the domain
of the solution (xz,q,p,7) to He.

Theorem 6.15 (robustness to measurement noise) Let Assumption 6.13 hold. Then, there exists 8 € KL,
for each ¢ > 0 and each compact set K C B4 there exists 0* > 0, such that for each measurement noise
e: R>o — 0*B, solutions (z,q,p,T) to He exist, are complete, and for initial conditions (29,4, p°,7°) € K the
x component of the solutions satisfies

j2(t, 5)]a < B(1a"|a),t+5) +e V(t,5) € dom(w,q,p, 7).

In addition to the property in Theorem 6.15, the hybrid controller H,. confers an additional robustness
property to the closed-loop system when the open-loop schedules are in the loop. When a disturbance or failure
prevents a “throw” from being successful, the recovery logic implemented in the hybrid controller steers the
state of the system back to the tree and retries the “throw-catch” sequence.

6.2.3 Application: robust global pendubot swing-up control

Consider the dynamical system given in Figure 6.12 consisting of a pendulum with two links, the pendubot. For

Figure 6.12. The pendubot system: a two-link pendulum with torque actuation u in the first link.

104



the problem of robustly globally stabilizing both links of the pendubot to the upright position using only torque
actuation in the first link, the hybrid controller proposed in the previous section is designed.

Let ¢ and ¢, denote the angles relative to the upright position, w; and ws the angular velocities, and
u € R the control input. The dynamical model of this system can be obtained with the Lagrange method. The
resulting equations are of the form

¢?1 = Wi, (-«.11 = fi(z,u) (6.27)
P2 = w2, W= fa(z,u),
where 7 := [¢1 w1 @2 wo]T € R* and fi, fo : R* x R — R are nonlinear, locally Lipschitz functions that define

the dynamics of the pendulum. Let f(x,u) = [w1 fi(z,u) wo fo(x,u)]T. It is considered that ¢ and ¢o are
given by the angle of a vector in the unit circle Z := {z eER? | |z|l2=1 } More precisely, for each i = 1,2, ¢;
is given by the angle of the vector z; € Z. Note that, with this embedding technique, the problem of globally
stabilizing the pendubot to the upright position is equivalent to globally stabilizing the system to the compact
set defined by 21 = 20 = [1 0]7, w; = wy = 0.

The pendubot system has four equilibrium points:

e Resting (A,): ¢1 = —m, w1 =0, ¢ = —7, wy = 0;

e Upright (A,): ¢1 = w1 = ¢p2 = wa = 0;

e Upright/Resting (Ay.): &1 = w1 =0, ¢p2 = —7, wa = 0;
e Resting/Upright (Ayy): ¢1 = —7, w1 = ¢o = wy = 0.
These equilibrium points are depicted in Figure 6.13.

9] !

A, Ay Aur Aru o

Figure 6.13. Equilibrium configurations of the pendubot.

The control laws needed in the throw-and-catch strategy are designed below.

Local state-feedback stabilizers x, and k.,

The construction of local state-feedback stabilizers x, for the upright equilibrium A, and x, for the
resting equilibrium A, are designed to steer points nearby A, and A, to the equilibrium point itself, re-
spectively. Such controllers can be designed by linearization and pole placement. For example, for k., let
A= 0f(z,u)/0%|p=a, u—o and B := df(z,u)/Ou|s=A, u—0, choose K € R* and P € R¥4 P = PT > 0, such
that

(A-BK")TP+PA-BEK") <0, (6.28)
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and let k(1) := KT2. (Such K and P exist as (A, B) is controllable.) The basin of attraction of this controller
can be estimated with a sublevel set Ly, (1) of the Lyapunov function V() := 27 Pz.

Open-loop control laws for steering from/to neighborhoods of points to A,, A,, A, and A,,

Construct open-loop controllers a;,—., Qyr—y , and @, such that

a) a,_.(t) steers the trajectories of (6.27) from points nearby the resting equilibrium A, to points nearby the
upright equilibrium A,;

b) aur—(t) steers the trajectories of (6.27) from points nearby the upright/resting equilibrium A, to points
nearby the resting equilibrium A, ;

C) Qpqr(t) steers the trajectories of (6.27) from points nearby the resting/upright equilibrium A,,, to points
nearby the resting equilibrium A,..

For example, for item a), it is possible to construct a piecewise-continuous function of time a,_, : R>g — R
such that for the initial condition 29 = A,,t" = 0, the solution to i = f(x, &, (t)) is in a small neighborhood
of A,,. Then, by continuity with respect to initial conditions to (6.27), there exist a neighborhood S of A, and a
neighborhood E of A, such that solutions to & = f(z, a,—.(t)) starting from S reach E in finite time 7*_,, > 0.
Controls ayy—, and ay.—., are designed similarly. One technique that can be used to design these open-loop
controllers is to define a parameterized basis function for the control law and then determine its parameters by
trial and error. A different approach is to solve a two-point boundary value problem (or some other constrained
optimal control problem) with boundary constraints corresponding to neighborhoods of A,, A, A, and A,.,.

Bootstrap stabilizer kg

The main task of this controller is to steer trajectories starting from every point not in A, U A, U AU Ay
to a small enough neighborhood of A, U A, U Ay, UA,.,. One such controller is kg = 0 as the natural damping
present in the system steer the trajectories to A, U A, U Ay UA,,, with zero control input. In the next section,
to obtain better performance, a more sophisticated control law which removes energy from the system much
faster is used.

With the control ingredients designed in 1), 2), and 3), the basic tasks that our control strategy performs
are:

For points nearby A,, apply the state-feedback law r, to steer the state to the set S corresponding to
Qr—q and then apply «,._.,, to steer the trajectories to a neighborhood of A,;

For points nearby A,,, apply the state feedback law k,, to stabilize the trajectories to Ay;

For points nearby A, and A, apply the open-loop control laws ., and ., respectively, to steer
the trajectories to a neighborhood of A, ;

For any other point in R, apply the law k¢ to steer the trajectories to a neighborhood of A,UA,UA,,UA,..

Figure 6.14 shows the combination of these tasks to accomplish global stabilization to the point A, of the
pendubot.

The control strategy, interpreted as a directed tree or graph with nodes given by the equilibrium points, has
two paths given by A, — A, — A, and A, — A, — A, .
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Figure 6.14. Control strategy for robust global stabilization of the pendubot to the point A,,. A sample trajectory
in the ¢1, ¢ plane resulting from our control strategy is depicted. From the initial point x, the trajectory is
steered to the neighborhood S;.,—., of A, with ko(x), from which it is “thrown” to the neighborhood FE,,_.,
of A, with the control law au.,—... The local stabilizer x, “catches” the state to a point in S,_,, from where
the open-loop law «;,._.,, is applied. Finally, after the “throw”, the state reaches a point in E,_, and the last
“catch” by the local stabilizer k,, steers the trajectory to A,.

The nodes in each of the paths are numbered, starting from A,, and A;, and finishing at A,, by the pairs
(1,7) € {1,2,3} x {1, 2} where ¢ indicates the node number and j the path number. Then, the two paths are

Path 1: (1,1) — (2,1) — (3,1) (ie. Aur — A, — Ay).
Path 2: (1,2) — (2,2) — (3,2) (ie. Ay — A, — Ay).

Then controller logic states, ¢ and p, are such that (¢, p) € {—3,—2,0,1,2} x{1,2}. The timer state is 7 € R.
Recall that the state ¢ indicates the mode of the controller, p indicates the current path of the trajectories,
and 7 keeps track of the time that the system has been in open loop. Let 7/, = 7., 775 = 77,_,, and
751 =T 9 =1,_,. The control logic is summarized as follows:

e Catch mode when ¢ < 0. This mode indicates that the state z is steered to the (|g|,p)-th node of the
current path p. If ¢ = —2 then the control law applied is k.., while if ¢ = —3 then the control law applied
1S Ky

e Throw mode when g > 0. This mode indicates that the trajectories are being steered from a neighborhood
of the (g, p)-th node to a neighborhood of the (¢+ 1, p)-th node of the current path p. If ¢ = 1,p = 1, then
the control law applied is au—; if ¢ = 1, p = 2, then o, ., is applied; and if ¢ = 2 then «,._,,, is applied.

e Recovery mode when ¢ = p = 0. This mode indicates that the trajectories are being steered to the tree
with the control law kg.

The hybrid controller updates its state under the following events:
(C) “Throw-to-catch” transitions: when the state z is in some neighborhood E of an open-loop control

law and in throw mode (¢ > 0), the controller jumps to catch mode (¢ updated to —(|g| + 1)). The timer
state 7 is reset to zero.
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(T) “Catch-to-throw” transitions: when the state z is in some neighborhood S of an open-loop control
law and in catch mode (¢ < 0), the controller jumps to throw mode (g updated to |g|). The timer state 7
is reset to zero.

(R) “Throw- or catch- to-recovery” transitions: when the trajectories

— while in throw mode, do not reach a neighborhood of the associated set F in the expected amount of
time (that is, ¢ > 0 and 7 > 7, ); or

— while in catch mode, leave the basin of attraction of the current local stabilizer;

then the controller jumps to recovery mode (¢, p updated to ¢ = p = 0).

Figure 6.15. Simulation of the pendubot system with our hybrid control strategy. Initial conditions: 2% =
[~7/4,0, —7/4,0]7, ¢° = p® = 1, 7° = 0. The figure depicts: pendubot angles ¢; (trajectory with larger
overshoot) and ¢s, logic state ¢ (dashed, transitions: 0 — 2 — —3), logic state p (dashed, transitions: 0 — 1),
and timer state 7 (dashed, seesaw trajectory). After an initial switch to recovery mode, when z reaches a
neighborhood of [—7,0, —7,0]7, a “throw” is performed (at around 8.5sec.) from the resting configuration
(node (2,1), A;) to a neighborhood of the upright configuration (node (3,1), A,). Finally, a switch to the local
stabilizer k, (¢ = —3) (at around 9.5sec.) steers x to the origin.

Figure 6.15 shows a simulation of the closed-loop system resulting from controlling the pendubot with our
hybrid controller. The initial state of the pendubot is such that it is far away from the regions where the
open-loop laws and the local stabilizer k, are applicable. Therefore, the hybrid controller initially switches
to recovery mode (¢ = p = 0) and applies xg. (In this case, the controller ko was designed to be given by
—L,V := —(VV(z),g(x)) where V is the kinetic plus potential energy of the pendubot and g is such that
f(z,u) = f(x) + g(x)u. This controller removes energy faster than ro = 0.) With this controller, the angles of
the pendulums reach a neighborhood of —7 and the angular velocities a neighborhood of 0. Then, the hybrid
controller switches to throw mode in the first path and from node (2,1) to node (3,1) (¢ = 2,p = 1). The
open-loop control law applied is a,.—.,, which steers the state x to a neighborhood of the origin. In that event,
a switch to the local stabilizer x,, follows, and the state x converges to the origin asymptotically.
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6.3 Trajectory tracking control for a class of juggling systems

6.3.1 Introduction

Mechanical systems with impacts are nonsmooth dynamical systems with trajectories that have intervals of
continuity (flow) and points of discontinuity (jumps). Among a number of important stabilization tasks for
these systems, the problem of stabilization to rhythmic patterns has received great attention from the engi-
neering and neuroscience community because of its relevance in robotics and nature. A widely used benchmark
system for this type of task is the simple, but rich in dynamics, model of a mechanical system with impacts
consisting of a ball vertically bouncing on an actuated robot. This particular class of systems is referred to as
Juggling systems. Studies on juggling systems include feedback control strategies in for phase-lock stabilization
to rhythmic patterns generated by a reference clock of one and two-dimensional juggling systems with only
measurement of the ball state at impacts, and also open-loop strategies for the same stabilization task.

In this chapter, the juggling problem is viewed as a trajectory tracking problem for hybrid systems. Juggling
systems are modeled as hybrid dynamical systems and a a (feedback) hybrid controller is designed to accomplish
the trajectory tracking tasks. The main goal of this chapter is to provide a general control design framework for
general juggling systems with multiple impacting objects and reference trajectories. For the particular system
for which the main ideas and concepts are introduced, the one degree-of-freedom juggler, the tracking problem
translates into the problem of stabilizing multiple balls to multiple periodic patterns with a single actuated
device. Figure 6.16 depicts the one degree-of-freedom juggler which consists of a point-mass ball, the plant,
that impacts with a point-mass platform, the juggler.

x19 <0
29 >0
T21 u

Figure 6.16. Juggling system of interest: one ball (plant) and an actuated robot. Their positions are denoted
by x11, 221 and their velocities by x12, 22, respectively.

11

The main challenge of this trajectory tracking problem for juggling systems is that the controller has to
stabilize the trajectories of the balls to a reference signal with specific impact times by only taking measurements
of the balls at impacts.

Our hybrid control algorithm accomplishes this task by, at impacts, planning the future impacts and, in
between them, steering the actuated robot to satisfy the results from the planning stage. At every impact, the
controller measures the ball state and its reference, and computes: 1) the time for the next impact, and 2) the
position and velocity of the actuated robot at the next impact time. Then, the controller generates an input for
the actuated robot to satisfy these constraints. An appropriately designed logic in the controller supervises the
tracking of each of the balls to each reference trajectory. The proposed hybrid control strategy accomplishes
finite-time practical tracking of the reference trajectories. It is demonstrated by simulations that it takes only
three bounces for each ball to approach the reference trajectories.
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6.3.2 Trajectory tracking approach to juggling control

The juggling problem outlined in Section 6.3.1 consists of designing a controller for system H so that, with only
information of the state of the ball at impacts, the ball state x1 tracks a given reference trajectory r (on an
appropriate hybrid time domain). Since both z; and r are given on hybrid time domains, and those are not
necessarily the same, tracking between x; and r means that their graphs are close after a finite amount of time.
More precisely, given € > 0, x; : domx; — R?, and 7 : domr — R?, z; and r are e-close after T > 0 if

a) for all (¢,7) € domzy with (¢,7) = , or some J, , € domxy, there exists (t',5") € domr,
for all j d ith ] T,J) f J, (T,J d h i "y d
|t —t'| <e, and
|.’IJ1 (tvj) - T(tluj/” <g, (629)
or all (¢,7) € domr with (¢,7) = , or some .J, , € domr, there exists (¢',5") € domuzy,
b) f 1 (¢, 5 d ith (¢, T,J) f J, (T,J d h i iy d
|t —t'| <e, and
|T(t7]) - 'rl(tlajl)| <e. (630)
When this property holds for z1 and a given reference trajectory r, it is called finite-time e-tracking, and it will
be said that “z; finite-time e-tracks 77 (cf. Definition 3.8).

Figure 6.17 shows the ball position component of the solution shown in Figure 6.19 and the reference
trajectory shown in Figure 6.18. Note that the hybrid time domains of these trajectories do not coincide. These
trajectories are such that the state x1; and the reference r are e-close after t3. Figure 6.17 shows the way
properties (a) and (b) verify at points with time ¢ in a neighborhood of t5. Notice that the closeness property

Figure 6.17. A ball position trajectory (trajectory jumping first at ¢1) and a reference trajectory (trajectory
jumping first at ¢,1) with different hybrid time domains. The trajectories are e-close for points with ¢ such that
|t — t3] < € since each trajectory has points in a e-neighborhood (denoted by eB) of the other trajectory.

above does not insist on the trajectories to satisfy (6.29) and (6.30) for the same index j, but rather for different
indexes for which the trajectories are close at nearby times.*

As mentioned above, reference trajectories are given on hybrid time domains. Periodic reference trajectories
are generated by the hybrid system H,.:

. . "
11 = T2, T12 = —% ri1—rip =20,

+ _ + _ *

T = T, Ty = —Ti2 ri1 —71; < 0and rig <0,

4This is the main difference between this notion of closeness and (7, €)-closeness in Definition 3.8.
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where 7}, is the reference height and 77, is the reference velocity after the impact. Let r := [r11 712]7. Given
an initial condition r°, the solution r to H, defines a reference trajectory on a hybrid time domain domr.
Figure 6.18 shows a sample reference trajectory which describes a periodic pattern.

r
4

Figure 6.18. Reference trajectory describing a periodic pattern generated by H,. for a given initial condition V.

The constant r}; is the desired height for the pattern.

The hybrid system H, is considered to be an external signal generator to the juggling system and hybrid
controller.

6.3.3 Single-ball juggling

A model for a hybrid system given by a ball and a juggler in Section 6.3.1 is derived first. The dynamics of the
ball are given by Newton laws

i = {fﬂ =: fi(x1) (6.31)

where 1 := [211 (Elg]T € R? with z1; being the height and z15 the velocity of the ball, and « is the gravity
constant. The mass of the plant is denoted by m;. The actuated robot is assumed to have double integrator
dynamics given by

. T
Ty = {52} =: fo(xa,u) (6.32)
where x9 := [29; JJ22]T € R? with 27 being the height and x9o the velocity of the actuated robot, and u € R

the control input. The mass of the actuated robot is denoted by mso.

The impacts between the ball and the actuated robot are given by the following impact rule with conservation
of momentum

+ +
Tl — X5y = —e(T12 — Ta2),

+ +
MiTiy + Mooy = M1T12 + M2T22

mi
mi+tmg’

where e € (0,1) is the restitution coefficient. Let A =
Zo9 is given by

The resulting update law at impacts for x12 and

Loo /\(1 + 6) 1-—X— e X292 €T22

[x%] _ [)\ —-(1-=Xe (1-X(1 +e)] [xlg} — T\ e) [1712} 7
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while the update law for x1; and x2; are given by

l“fl _ |t
3 To1|
The impacts between the ball and the actuated robot occur when z11 < x91 and x5 < x9s.

Then, the one degree-of-freedom juggler system in Figure 6.16 is given by the hybrid system H with flows

11 = ®T12, T2 = —Y
. . z11 — 221 > 0
To1 = X2z, Toz =u } ’
and jumps
Iﬂ = T11
Z12
i = [ 0]T(ne) [m ]
o 2 z11 — 221 <0 and z12 — 222 < 0.
Tor = T2
212
i = [0 1T0ve) [m]

Figure 6.19 depicts the 211 and z2; components of a solution to H for a particular choice of control input w.
At hybrid times (t1,0), (t2, 1), (t3,2) the ball and the actuated robot impact and the jump map g computes the
new value of the state at (¢1,1), (t2,2), (t3,3), respectively. The continuous evolution of the solution is governed
by the differential equations (6.31) and (6.32).

A

Figure 6.19. Position components of a solution to H on hybrid time domains: ball height (top, dark) and
actuator robot height (bottom, gray).

The main control task to accomplish in this section is

(x) For every feasible initial condition, level of tracking accuracy € > 0, and a reference trajectory r, the
ball state component x1 of the solutions to the closed-loop system finite-time e-tracks the reference trajectory r.

To solve this problem, the state of the balls can only be measured and controlled at the impact times. A
feasible initial condition is any initial condition of the closed-loop system for which an impact between the plant
and the actuated robot occurs in finite time.
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Control strategy

The main control idea to accomplish the tracking problem in (%) is summarized in the following algorithm:
Algorithm for Single-ball Juggling

At every impact between the ball and the actuated robot (say it occurs at hybrid time (o, 0)) compute:

Step 1) the apex time of the ball position trajectory x11 resulting from the impact (denote this time by
ta);

Step 2) the time of the next two consecutive impacts to ¢, in the reference r (denote these impact times
by t1 and t3, respectively);

Step 3) the ball trajectory 1 at (¢1,0);

Step 4) the value of the state xo at (¢1,0), denoted by z, required for the impact at (t2,1) to occur with
1 equal to the reference trajectory r;

Step 5) a wirtual reference trajectory z that at time (¢1,0) is equal to the value of xq, given by af,
computed in step 4).

Finally, the control law applied to the actuated robot is designed so that x5 tracks the virtual reference trajectory
computed in Step 5).

Note that the steps above can be computed by solving for the dynamics of the ball in (6.31). The virtual
reference trajectory z needed in Step 5) is basically a trajectory initialized at the impact time such that, when
tracked, the next impact between the ball and the actuated robot occurs at the appropriate time with value
equal to z}.

Figure 6.20. Main control idea to track a reference trajectory r (r1; component, dashed, jumping first at ¢1).
At the impact at ¢ = ¢, the controller computes the resulting ball position trajectory z11 (dashed, jumping first
at tp) at time ¢; and the required value of the state xo at ¢; such that the next desired impact time ¢o of the
reference, 211 equals r1. The virtual reference trajectory z (solid) resulting from this computation is tracked by
the actuated robot (dashed, gray).

Figure 6.20 depicts the computations in Steps 1)-5) that the control algorithm performs at the impact at
(to,0). For simplicity, the trajectories are plotted projected to the ordinary time axis ¢. Figure 6.21 illustrates
the sequence of events of the juggling system executing the control algorithm.
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211(0,0) x11(to, 1) z11(t,1) z11(t1,1)

, 212(0,0) 212(t0, 1) z12(t,1) x12(t1,1)
; 221(0,0) w21 (to, 1) @21(t, 1) @21(t1,1)
222(0,0) 292 (to, 1) [?] To2(t, 1) Zoa(t1,1)

(a) Initial configuration. (b) Impact. (¢) Tracking control. (d) Planned impact and

next impact planning.

Figure 6.21. Sequence of events during ball-robot impact. From the initial configuration at (0,0) (see (a)), at
the impact at hybrid time (¢, 0) (see (b)), the controller executes Steps 1)-5) of the control algorithm. After
the impacts, the actuated robot tracks the virtual reference (see (c)). The next impact occurs at the desired
hybrid time (¢1,1) with desired actuated robot state (see (d)) given by x5. The next impact is then planned.

Hybrid Controller

The control algorithm above is implemented in a hybrid controller which is denoted by H.. The state of
the controller is given by the virtual reference state z = [211 212]T € R2. The controller performs three main
tasks:

e At every impact, perform the computations in Step 1)-4).

e At every impact, reset z to a value such that the continuous dynamics of z generate a virtual reference
trajectory that matches the impact constraint in Step 4).

e In between impacts, control the actuated robot to track the virtual reference trajectory.

The continuous dynamics of the state z are defined by a copy of the dynamics of the actuated robot. Then,
the flows of H. are given by

Z11 =212, fiz=q (6.33)

where o < 0. This constant is chosen so that the z1; components of the solution to (6.33) are described by
concave parabolas (see [80] for more details). The jump map for H, is given by

+
{211] € ke(1,2,7) (6.34)
212

where k. : R? x R? x R? = R? is a set-valued mapping that updates the state z for the generation of the virtual
trajectory. The output of the controller is given by
u=k(z2,2) .

This corresponds to the control input for the actuated robot. Note that the hybrid controller H. only uses state
and reference information at impacts for the update of z. The only measurements that are needed permanently
are the state of the actuated robot and z.

The closed-loop system H,; resulting from controlling the juggling system H with the hybrid controller H.
can be written as the following hybrid system:

T11 = @12, T12 = —7Y

To1 = @22

. _ T11 — w21 =0,
oo = k(x2,2)

Z11 = 212, 212 =«
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Tqq = 11

o= T [

+  _
Ty = T; N 211 — 221 <0 and z192 — 222 <0 .
12

o= b Tree [

Lt
|: 11:| S Kc(xla'Z?T)

212

This construction is such that H,.; satisfies the hybrid basic conditions.

Control Design

To design the update law k. of the hybrid controller H,., the dynamics of the actuated robot in H are
initially replaced by the dynamics of the state z in H,, i.e.,

T = Ti2, Tz =—7 o1y — 211 > 0
Z11 = 212, 12 =« -
+ _
11 = T11
+ T12
T = |1 0|T'(\e
12 [ ] (A€) 212 r11 — 211 < 0and z19 — 212 <0 .
Jr
z
H S I{C(Il,Z,T)
212

This system is denoted by H,, meaning virtual juggling system. The main idea for control design is to define
the set-valued map k. such that the control task (x) is accomplished for H, and then design a control law x
that acts on the actuated robot and accomplishes (standard) tracking between xo and 7. To that end, a result
for the solutions to H,, is first stated.

Lemma 6.16 (property of solutions to H,) For every feasible initial condition
[xu(O, 0) 11712(0, 0) 211(0, 0) 212(0, O)]T
for H,, the next impact occurs at time (t1,0) provided that

+ «
21(0,0) = 2 Tt + (212(0,0) = 212(0,0)t1 + 212(0,0) - (6.35)
Moreover, the position and velocity of the ball after the impact at (t1,0), denoted by z11(t1,1) and x12(t1, 1),

respectively, are given by

mu(t 1) = =28 +212(0,0)t +211(0,0), (6.36)
212(0,0) — ~t
z12(t, 1) = [1 0]T(\e) thi(+zfz<070§]' (6.37)

Proof. Given a feasible initial condition [z11(0,0) 12(0,0) 211(0,0) 212(0,0)]%, that is, an initial condition for
which there exists ¢; > 0 such that an impact between the ball and the virtual reference occurs at (¢1,0), then,
up to (¢1,0), the ball trajectory is given by

Ill(t, O) = —%t2 —+ 212 (O, O)t + 211 (638)
z12(t,0) = —vt+212(0,0) (6.39)
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and for the virtual reference
21(t,0) = %ﬁ 4 212(0,0)t + 213 (6.40)
2’12(t, O) = at+ 212 (0, 0) . (641)

For the impact to occur at (t1,0), x11(t1,0) = 211(¢1,0) and x12(t1,0) < 212(¢1,0). The first condition

implies (6.35). The second condition is satisfied by the initial condition being feasible.
Finally, (6.36) and (6.37) are given by applying the jump map of H, to x and z at (¢1,0). O
Lemma 6.16 can be shown by solving the continuous dynamics of the ball and state z. In fact, equation
(6.35) follows from solving the system backward in time from the jump condition of H,, equation (6.36) follows

from the fact that the z17 component of the solution is mapped to itself at jumps, and equation (6.37) is derived
from the impact rule used for the impacts of H,,.

Let J : R? x R%2 x R? = R? be the set-valued mapping

rio+ri, if ari2+bzia rio+ri,
* ’Y * ’Y *
J(z1,2,7) = Tty Tatrn g op o gf aziadbz o Tt (6.42)
il v il vy
7"12;””12 +T. if ari2+bzio > 7"12;”"12

where T, = 2r7,/~ and

o= [ 0]T(\e) [(1)] b=[1 0]T(\e) m

The proposed control algorithm first computes the time for the next impact ¢; in Step 1) and then computes
Step 2)-5) to generate a virtual trajectory. Regarding Step 1), the set-valued mapping J contains the time(s)
to the next impact ¢; from the current state. The value of ¢; is chosen so that if the apex time of the trajectory
211 is smaller than the time for the next impact of the reference, then ¢; is given by the next impact time of
the reference. If it is larger, then the impact is postponed for one period T,. When t; is equal to the apex time
both times are possible, and therefore, J is set-valued. Regarding Step 2)-5), for each t; € J(x1, 2, r), the reset
value z* for z is computed by two applications of Lemma 6.16. This is done by setting x11(t; + T3,3) = 774
and x12(t; + Tr,3) = riy (see Figure 6.20). Then, the set-valued mapping k.(z1, z,7) is given by all points
2% = [27; 25,)T such that

i, = —WTat% + (ax12 + bz1a — 2]9)t1 + 211
(6.43)
2, = i+ 3T 4 33 —b(;xlg +bzi2)t — 11 n (ay — ba)ty —ba(a:z:u + bz12).
' (6.44)

The control law « is designed so that the trajectories of the platform system track the trajectories of the
virtual platform system. Let ey := xo1 — 211, €2 := T29 — z12. Then, the error system is

él = €2, égzu—a.

Given ki, ko > 0, a particular choice of the control law k to accomplish the tracking between zo and r is given
by

k(xa,2) = o — ki (@21 — 211) — ka(222 — 212) -
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Tracking properties

In a perfect tracking scenario, when the error between the actuated robot state and the virtual trajectory is
zero, the control algorithm achieves finite-time O-tracking. That is, given z1 : dom x; — R? and r : domr — R?,
1 finite-time O-tracks r after T' > 0 if

(a) for all (¢,7) € domay with (¢, ) = (T, J) for some J, (T, J) € domz1, there exists (¢,5’) € domr and
|lz1(t,5) —r(t.5") =0, (6.45)
(b) for all (t,j) € domr with (¢,j) = (T, J) for some J, (T,J) € domr, there exists (t,7) € domz; and

This is the case for the virtual juggling system H, as shown next.

Theorem 6.17 (finite-time O-tracking) For each reference trajectory r generated from H, and each feasible
initial condition, each solution to H, is bounded and the x; component finite-time O-tracks the reference
trajectory r. Moreover, the trajectories coincide after three impacts.

Proof. The result follows by the construction of the update law x.. Suppose that an impact , the first impact,
occurs at (Tp,0). Let Th1,T> > 0 be such that subsequent impact, the second impact, and the following impact,
the third impact, occur at (771, 1), (1%, 2), respectively. The impact times 77 and T, are planned as follows.

e To accomplish finite-time 0-tracking, assume x11(7%,3) = i}, 12(T%,3) = iy, and x11(T1,2) = —3 (11 —
To)? + 212(Ty, 1)(T1 — Tp) + 211 (Tp, 1). Then, using (6.37) and (6.35), solving for x12(71,2) yields

S (T —T0)? — (T4, 2
po(Ty,2) = 12 2T2 _1)T1 (7, 2) (6.47)

e Given z11(71,2) and x12(771,2) as above, solve for z§ and z5 using (6.37) and (6.35). This results in

212(T1,2) + [1 0] (A e) <H (VT' — 212(Tp,1)) — [0 1] an>

[1 0]T(\e) m
(6.48)
o= X% (T 1) — o) T + e (To, 1) (6.49)

2

The time T = T} — Ty, the time to the next impact, is computed measuring the velocity of the reference ball,
given by rio and using the fact that in between jumps, 712 decreases linearly with rate v from rj,. Then, the
time to the next impact in the reference signal is given by thasty Assuming that the velocity of the platform
at impacts is positive, the impact times should only occur when the velocity of the ball is negative. In this way,
the impacts are programmed to occur no sooner than the apex time for the trajectory, which when an impact
occurs with velocity of the ball 15 and velocity of the virtual reference state z15 is given by ‘”mﬁ*bm. The
set-valued mapping J in (6.42) performs this computation. Note that this choice of T7 is so that if the apex
time is smaller than the time for the next impact of the reference, then the time for the next impact is given
by the next impact time of the reference. Otherwise, the impact is postponed for one period T;.
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Then, combining (6.47), (6.48), (6.49), and (6.42) at each impact time, the control inputs to the virtual
reference are given by (6.43) and (6.44). By construction, the ball’s trajectory coincides with the reference
trajectory from the third onwards. O

The proof of Theorem 6.17 follows from the construction of the update law k. in Section 6.3.3 which is
designed so that the ball component of solutions to H, converge to the reference trajectory in finite time.

The fact that it is possible to select the parameters ki, ks of the tracking law x so that the actuated robot
tracks the the virtual state z fast enough, suggests that the following conjecture is true:

For each € > 0, each reference trajectory r generated from H,, and each feasible initial condition, each
solution to Hep is bounded and the x1 component finite-time e-tracks the reference trajectory r. Moreover, only
three impacts are required for x1 and r to be e-close.

The numerical simulations in the following section are indicators of truthfulness of this conjecture.

Numerical simulations

The closed-loop system H,; with a reference trajectory generated by H, with rj; = 0,77, = 10,7° = [0 10]T
is simulated in Simulink.

| /
|
—10 \‘ / | //
/ | /
| /
[

; I 1/
20 ‘/ |
| |

—30 L L L L L |
0 2 $

Figure 6.22. Simulation of closed-loop system H.. System parameters: m; = 1,ms = 9,e = 0.8,7 = 9.8.
Controller parameters: a = —9.8, k1 = 2000, ko = 100. Initial condition: z11(0,0) =5, £12(0,0) = 1, 221(0,0) =
—1, 222(0,0) = 0. The trajectory of the ball (top) impacts with the actuated robot (gray). Finite-time e-
tracking is achieved at the third bounce when the ball trajectory approaches the reference trajectory (dashed,
periodic pattern). The virtual reference z is depicted with a black, dashed line (bottom).

Figure 6.22 shows a simulation of the closed-loop system. For simplicity in plotting the results, trajectories
are projected to the ordinary time ¢ axis. The ball trajectory approaches the reference trajectory in the
neighborhood of the time corresponding to the third bounce. Note that the parameters of the control law
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Figure 6.23. Simulation of closed-loop system H.. System parameters: m; = 1,mo = 9,¢ = 0.8,y = 9.8.
Controller parameters: a = —9.8, k1 = 2000, ko = 100. Initial condition: x11(0,0) =5, £12(0,0) = 1, 221(0,0) =
—1, 222(0,0) = 0. The trajectory of the ball (top) impacts with the actuated robot (gray). Finite-time e-
tracking is achieved at the third bounce when the ball trajectory approaches the reference trajectory (dashed,
periodic pattern). The virtual reference z is depicted with a black, dashed line (bottom).

steer the actuated robot to a very small neighborhood of the virtual reference as the figure indicates. This can
be adjusted appropriately with the parameters k; and k.

The simulation in Figure 6.23 is for the same reference trajectory but for different initial conditions of the
ball. It illustrates the decision that the controller makes when the apex time of the trajectory after the first
bounce is larger than the next impact of the reference trajectory. As a difference to the simulation in Figure 6.22,
the second impact is planned for t; = 4r},/v rather than for t; = 2r{,/7. Recall that the control algorithm is
so that, if the apex time coincides with the impact time of the reference trajectory, both choices are possible.

6.3.4 Multiple-balls juggling control

In this section, the multiple balls juggling problem is considered. Suppose that n reference trajectories, n balls,
and one actuated robot are given as in Figure 6.24. The goal is the following:

(x*) For every feasible initial condition and n reference trajectories with distinct impact times, the i-th ball
state component x' of the solutions to the closed-loop system finite-time e-tracks the i-th reference trajectory r'.

Recall that the state of the balls can only be measured and controlled at the impact times.

A feasible initial condition in this multiple trajectory tracking problem means any initial condition for which
each ball impacts with the actuated robot in finite time and in an ordered manner: every n impacts, each ball
has impacted only once, and the order is preserved for all time.
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Figure 6.24. Juggling system of interest: n balls (plant) and one actuated robot. The ball positions and velocities
are denoted by z};, x],, respectively, and the actuated robot position and velocity by 12, x22, respectively.

Control Strategy and Hybrid Controller

The control strategy proposed here combines the control algorithm introduced in Section 6.3.3 to plan the
impacts for each ball individually and uses additional logic to select the ball to control. Let @ := {1,2,...,n}
and ¢ be a logic state, ¢ € Q. Let 29 € R? be the virtual reference state of the g-th ball. The reference trajectory
for ¢-th ball is generated by the hybrid system H4. It is assumed that for each ¢, H? is defined as H,.. Moreover,
it is assumed that the reference trajectories are such that the impact times do not occur at the same time and
that they have the above ordering property: every n impacts, each reference trajectory has only one impact,
and the order is preserved for all time.

The control logic for multi-ball juggling is as follows.
Algorithm for Multiple-balls Juggling

At an impact between the ¢-th ball and the actuated robot:

Step 1) With reference trajectory r9, compute Step 1)-5) of the Algorithm for Single-ball Juggling to
obtain z?*. Update the state z? with this value.

Step 2) Update the logic state ¢ by ¢™= mod (¢,n) + 1.

Step 3) Apply to the actuated robot a control law that tracks the virtual reference z9.

This logic is implemented in a hybrid controller resulting in the closed-loop system H given by
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where in the jump map and jump set, the components of the state that remain constant at jumps were omitted.
Note that this construction is such that H2/ satisfies the hybrid basic conditions.

Tracking properties

By construction, the closed-loop system Hé\f{ inherits the same properties than the ones of H.. The main
difference in the multiple trajectory tracking problem is that feasible initial conditions need to satisfy more re-
strictive ordering constraints. This leads to a smaller set of initial conditions from where finite-time e-tracking
is achieved. The following conjecture is expected to be true:

For each € > 0, ¢ reference trajectories r¢ generated from H?, ¢ € @, and each feasible initial condition,
each solution to HY is bounded and the ¢ component finite-time e-tracks the reference trajectory r4, ¢ € Q.
Moreover, for each ¢ € @, only three impacts are required for z{ and r? to be e-close.

Numerical simulations

The case of juggling two balls is considered first. References 7! and 72 are such that 7! is generated by H.}
with 717 = 0,715 = 10,719 = [0 10]T and r? by H2 with r?% = 0,77 = 10,72° = [0 10]”. (Reference ' and r?
have a 180deg phase difference as show in Figure 6.25.) The closed-loop trajectories in Figure 6.25 show that
at the third impact with each ball, each reference trajectory is e-tracked for all future time. Figure 6.26 shows
the switches of the logic state ¢ that select the appropriate state z¢ for tracking and update at impacts.

Finally, Figure 6.27 shows a simulation result for the case of juggling three balls. Notice that tracking is
also accomplished at the third bounce of each one of the balls.

121



Figure 6.25. Simulation of the closed-loop system H for two balls. System parameters: m} = m? = 1,mg =

9,e = 0.8,y = 9.8. Controller parameters: o = —9.8, k1 = 2000, ky = 100. Initial condition: z},(0,0) = 8,
215(0,0) = —0.5, 22,(0,0) = 12, 23,(0,0) = —4, 221(0,0) = —1, 222(0,0) = 0. The trajectory of the first ball
(top, the one jumping first, ¢ = 1) and the trajectory of the second ball (black, ¢ = 2) bounce on the actuated
robot (top, the one jumping second) and approach the respective reference trajectories r? (dashed, periodic
patterns) at the third bounce.

o 10

30 1 1 1 1 ]

Figure 6.26. Simulation of the closed-loop system H for two balls. The states z{, are plotted (bottom, second
one with a large negative peak, ¢ = 1; bottom, first one with a large negative peak, ¢ = 2) along with the logic
state ¢ € {1,2}. The tracking law switches reference after each bounce.
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Figure 6.27. Simulation of the closed-loop system HX for three balls. System parameters: mi = m? =
m3 = 1,mz = 9,e = 0.8,y = 9.8. Controller parameters: o = —9.8,k; = 2000, ks = 100. For the given
initial conditions, the trajectories approach their respective reference trajectories (in red, dashed) at their third
bounce.

6.4 Summary

Hybrid control strategies for nonlinear and hybrid systems have been introduced. These accomplish particular
tasks, treated as stabilization problems, globally (for the control strategies in Section 6.1 and 6.2) and robustly.
Examples including numerical simulations illustrated the strategies.

6.5 Notes and references

For techniques to design the feedback laws in the obstacle avoidance problem in Section 6.1.1 using MPC see
[57, 58, 101].

In the context of control, Carathéodory solutions for systems with discontinuous right-hand side have been
considered in, for example, [3] and [8]. Control-related conditions on the right-hand side f that guarantee
existence of Carathéodory solutions to (6.1) can be found in [3].

Control strategies for local and nominal stabilization of the pendubot appeared in the literature; these
include energy pumping [35], trajectory tracking [51], and jerk control [1].

Other frameworks for modeling mechanical systems with impacts, in particular, juggling systems, different
from the hybrid systems framework proposed in Section 6.3 include Poincaré map modeling [19, 104, 107, 94],
dynamical systems with unilateral constraints [16, 107, 17], measure differential inclusions [72, 71], among
others. Studies on juggling systems include the feedback control strategies in [107, 94, 80] for phase-lock
stabilization to rhythmic patterns generated by a reference clock of one and two-dimensional juggling systems

with only measurement of the ball state at impacts, and the open-loop strategies for the same stabilization task
in [93, 78].
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The model for juggling systems used in Section 6.3 for the one-degree of freedom juggler is applicable to the
following more general juggling systems. Consider juggling systems with plant (for the one-degree of freedom
juggler with one ball, the ball plays the role of the plant) given by

11",'1 = fl (,Tl) (650)
where 11 = [111 212]7 € R™ is the state, and actuated robot given by
i72 = fQ(IQ, u) (651)

where 29 = [221 xgg]T € R™ is the state and u € R™ is the input. The first components z1; and x2; of the states
1 and x4 correspond to the position state, and the second components z15 and z95 correspond to the velocity
state of the plant and actuated robot, respectively. Define z := [x1 2]T and f(z,u) := [fi(z1) f2(z2,u)]T. The
restitution law at impacts is modeled by the difference equations

ol = gi(x), x5 = g2(). (6.52)
Let g(z) := [g1(z) g2(x)]T. The impacts between the plant and the actuated robot are assumed to occur when

for a continuously differentiable function h, the state x and input u satisfy
h(z) =0 and (Vh(z), f(z,u)) <0 . (6.53)

Then, these juggling systems are given by the hybrid system

i1 = fi(z1)

i = Palzsu) }h(z)zo, (6.54)
af = gqi(z) h(z) <0 and

zy; = ga(7) }(Vh(x),f(x,u)>§o7 (6.55)

where the right-hand side of the differential equations (the function f) and the state constraint in (6.54) define
the flow map and flow set, respectively, and the right-hand sides of the difference equations (the function g)
and the state constraints in (6.55) define the jump map and jump set, respectively. Extensions of the control
strategy for the one-degree of freedom juggler to these systems is work under progress.

The remainder proofs of the results in this chapter can be found in Section B.4.
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Chapter 7

Simulation Theory

7.1 Introduction

The theory of numerical simulation for differential equations is well-developed and several textbooks in the
subject are available. The properties of integration schemes for differential equations are generally studied as
dynamical systems. The analysis of stability and convergence of one-step integration schemes (like Euler and
Runge-Kutta), multi-step algorithms (like Adams method and backward differentiation), and their variable step
versions establishes conditions on the step size for integration and on the discrete map used to approximate
the solutions of the system so that the simulations are close to the actual solutions. The ultimate goal in these
numerical integration schemes is to reproduce with arbitrary precision the trajectories to the mathematical
model under simulation. In other words, it is desired that the simulated solutions are close to the solutions to
the actual model, and that this level of closeness can be adjusted with the integration step size of the numerical
solver. Moreover, it is also desired that when the dynamical system to be simulated has an asymptotically
stable set, the simulated model preserves that asymptotic stability in a practical sense. Results of this type,
though currently not available for hybrid systems, can be found for differential equations and inclusions in the
numerical analysis literature.

In this chapter, a hybrid simulator model for hybrid systems H is proposed. Conditions on the data of the
hybrid simulator are established to show the following sequence of results:

1) On compact hybrid time domains, every simulation to a hybrid system is arbitrarily close to a solution of
the hybrid system;

2) Asymptotically stable compact sets for a hybrid system are semiglobally practically asymptotically stable
compact sets for the hybrid simulator;

3) Asymptotically stable compact sets for the hybrid simulator are continuous in the step size s.

These conditions basically consist of a closeness property for the integration scheme that is used to simulate the
flows of the hybrid system, plus additional conditions on inflations of the jump mapping and the jump and flow
sets. To generate these results, jumps are not assumed to be “forced” when the trajectories hit the boundary
of the jump set, sometimes considered as forcing or triggering semantics. Alternatively, trajectories are allowed
to “enter” the jump set, sometimes referred to as enabling semantics.
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7.2 Simulation model

Given a hybrid system H = (O, F,C, G, D), a hybrid simulator for H will be given by the family of systems
Hs = (O, Fs, Cs, Gs, D) parameterized by the step size s > 0, where

e F,: O = R" is the integration scheme for the flows of H;
e GG, : O = R" is the jump mapping;
e (, is a subset of the state space O where the integration scheme Fj is allowed;

e D, is a subset of the state space O where the mapping G is allowed.

Following (2.1), the hybrid simulator H, can be written as

. zt e Fy(x) x €’

Comparing (2.1) with (7.1), the dynamics for the continuous flows of the hybrid system H have been replaced
by the integration scheme 2 € Fy(z), where Fj is constructed from F by a particular integration scheme (e.g.
forward Euler, Runge-Kutta, etc.). The discrete dynamics of H have been replaced by the discrete mapping
G, and the flow and jump sets C' and D by the sets Cs and Dy, respectively.

Note that the dynamics of the hybrid simulator Hs are purely discrete. For that reason, the solutions to
‘Hs will be given on discrete versions of hybrid time domains.

Definition 7.1 (discrete time domain) A subset E C N x N is a compact discrete time domain if

J—1 Kjt1

E=J U *J)

J=0 k=K
for some finite sequence 0 = Kg < K; < Ky ... < Ky, K; € N for every j < J, j € N. It is a discrete time
domain if for all (K,J) € E, E N ({0,1,...K} x {0,1,...J}) is a compact discrete time domain.

Solutions to Hs are parameterized by the discrete variables j and k where k keeps track of the step of the
integration scheme for flows and j counts the steps of the simulation.

Definition 7.2 (discrete arc) A function x5 : E — R™ is a discrete arc if E is a discrete time domain.
Simulations to H are defined as solutions to the hybrid simulator H,.

Definition 7.3 (simulation to H) A discrete arc x, : domxzs — O is a simulation to the hybrid system H with
a hybrid simulator H, for a given s > 0 if 25(0,0) € Cs U Dy, z5(k,j) € O for all (k,j) € domz,, and

(S1°) for all k,j € N such that (k, j),(k+1,j) € domxs,

xs(k,j) € Cs, ws(k+1,7) € Fs(xs(k,j)); (7.2)

(S2’) for all k,j € N such that (k, j),(k,j+ 1) € dom xs,
xs(k,j) € Ds, xs5(k,j+1) € Gs(xs(k,j)) . (7.3)
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Figure 7.1. Solution and simulation to the bouncing ball model: (a) Solution for initial conditions x1(0,0) =
6m, 22(0,0) = 0.1m/s, constants g = 9.8m/s? v = 0.6; position x; and hybrid time domain are plotted; (b)
Simulation to the bouncing ball model with step size s = 0.1sec, initial conditions x1(0,0) = 6m,x2(0,0) =
0.1m/s, and constants g = 9.8m/s2,y = 0.6; discrete arc s denoted with +, hybrid arc & denoted with ——,
and discrete domain denoted with .

One way to translate a simulation xs on the discrete time domain domzs to a hybrid arc £ on a hybrid
time domain dom &, is by piecewise linear interpolation of the flows:

e for every (t,7) such that (k,7), (k+1,7) € domayg, ks <t < (k+1)s,

Es(t,5) = as(ky ) + 2(t — ks)(zs(k + 1,5) — 25(k, 7)),
tj :gfs, (ZES Zj(k + 1)s; ! ’ (7.4)

e for every (t,7) such that (k,5), (k,j+ 1) € domas, t = ks,
§s(t,j) = xs(kuj)u tj =tj41 = ks; (75)

e J = Sup(; jjedom, J and the hybrid time domain dom¢; is the union of a finite or infinite sequence of
intervals [t;,t;11] x {j}, j € {0,1,...,J} with the “last” interval possibly of the form [t;, +00) x {j}..

To illustrate the transformation of a simulation x4 into a hybrid arc £, consider the model for a bouncing
ball. A solution z starting at x1(0,0),22(0,0) > 0 on a hybrid time domain is depicted in Figure 7.1(a).
Taking s = 0.2sec and using the forward Euler scheme for the flows, a simulation x5 to the bouncing ball with
25(0,0) = 2(0,0) and its discrete domain are shown in Figure 7.1(b) along with its respective hybrid arc &.

7.3 From hybrid to discrete

The hybrid simulator model proposed above suggests a discretization of the data of H. Such operation
has to be done so that the solutions of the simulator Hs and of the hybrid system H are “close” on compact
hybrid time domains defined by the simulation horizon. The following assumption establishes conditions on
(O, Fy,Cs, G5, Ds) in terms of (O, F,C, G, D) for that purpose.
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Below, given a sequence of sets {5;}5°,, each S; subset of R, its outer limit, denoted by limsup,_, ., S;, is
the set of all points # € R™ for which there exists a subsequence {S;, }22, and points z;, € S;,, k = 1,2,...
such that x;, — =.

Assumption 7.4 (hybrid simulator data) The data of the hybrid simulator Hs = (O, Fs, Cs, Gs, Ds) for the
hybrid system H = (O, F,C, G, D) satisfies

(R1) Fs implements a specific integration algorithm and is such that, for each compact set K C O, there exists
p € Koo such that for each x € Cs N K and each s > 0

Fy(x) C x4 sp(s)B + scoF (z + p(s)B);

(R2) Gy is such that Go(z) C G(x) where Gq is the outer graphical limit of G, , for any s; “\, 0;

(R3) Cy and Dy are such that for any sequence s; \, 0,

(limsup CSZ) Nno cC, (limsupDSi) NnNoOcCD

1—00 i— 00

where limsup,_, ., Cs, and limsup,_, ., Ds, are the outer limits of the sequence of sets Cs, and Ds,, re-
spectively.

Assumption (R1) is a condition on the integrator scheme for flows. It implies that, given a compact set £ C R™,
at every point in Cs N K where the integration scheme is active, the new value is close to a perturbed solution to
% € F(x). When simulating a hybrid system, the projection function is required since there is no guarantee that
the integration step s keeps the simulations in C U Dy, even if it keeps them in O. For Assumption (R2) recall
that Gy is the outer graphical limit of G, when gph Go = limsup,_, . gph G, and G, is locally eventually
bounded with respect to O (for a definition of locally eventually bounded, see Section 3.4). Assumption (R3) is
a condition on the inflation by s of the flow and jump sets. Both conditions (R2) and (R3) are satisfied when
Gs,Cy, and Dy are outer perturbations of G, C, and D, respectively. More precisely, given a continuous function
a: O — Rxg such that, for all z € O,  + a(x)B C O, the outer perturbation of G,C, and D for § € (0,1) is
given by the set-valued mapping G5 and sets Cy, Ds defined by

Gs = {ylyen+dan)B,ne G(x+da(x)B)}
Cs = {z€0 |(z+da(z)B)NC #0}
Ds = {z€O |(z+da(x)B)ND#0}

which satisfy (R2)-(R3). However, very often, when simulating hybrid systems the jump mapping G and the
sets C' and D are such that it is sufficient to choose G5, = G, Cs = C, and Ds = D (this is a reasonable situation
when G, C, and D are known precisely).

Example 7.5 (forward Euler method) The simplest numerical method to approximate solutions to differential
equations/inclusions is the forward Euler rule. This method is based on the first-order Taylor’s expansion of
the continuous right-hand side around x € R™ and is given by

FP(z) =2+ sF(x) .

S

Condition (R1) is automatically satisfied. o
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Example 7.6 (p-stage Runge-Kutta consistent methods) For differential inclusions (or equations) & € F(x)
with locally bounded F': R™ = R", the update law for p-stage Runge-Kutta integration schemes, p > 1, is given
by

P
Fif(@)=z+s Z bi&i (7.6)
i=1
where b; € R and & € F(Y;), i € I :={1,2,...,p}. The variables Y; are called stage variables and are given by
P
YVi=a+sY ay&, & €F(Y) (7.7)

Jj=1

where a;; € R, (i,7) € I x I. (When a;; = 0 for all j > 4, the method is called explicit since the stage variables
can be solved without recursion.)

Provided that the equations (7.7) are solvable, either in a explicit or implicit manner, for every compact set
K C R"™ there exists p € K such that the stage variables satisfy

Yiex+sp(s) Viel.

Moreover, when the Runge-Kutta method is consistent, the coefficients b; satisfy

zp:bi =1. (7.8)

Then, the sum in (7.6) corresponds to a convex hull condition and Assumption (R1) is satisfied since

FEE (1) Cx—i—s_ceolF(Yi)Cx—i—scoF(:C—i—p(s)) .

7.4 Closeness and continuity properties

The hybrid simulator Hs = (O, Fy, Cs, G, D;) is considered as a perturbation of the hybrid system H =
(O,F,C,G, D). The following result exploits this idea to show that for a given simulation horizon (T, J), by
a proper choice of the step size, every simulation to the hybrid system is close in the graphical sense to some
solution of the hybrid system with a desired level of closeness.

Theorem 7.7 (closeness on compact domains) Assume that H satisfies the hybrid basic conditions and that,
for some compact set K C O, it is forward complete at every x° € K. Assume that the family of hybrid systems
Hs satisfies Assumption 7.4. Then, for any € > 0 and any simulation horizon (T, J) € R>oxN there exists s* > 0
with the following property: for any s € (0, s*] and any simulation x5 to Hs with z4(0,0) = 2% € (K +eB) N O
there exists a solution x to H with x(0,0) € K such that for all (k, j) € domxs with ks <T', j < J, there exists
m such that (m,j) € domuz, |ks —m| <e, and

Proof. Let € > 0 and a simulation horizon (7', J) € R>g x N be given. Let reachz“‘TS ) (K) be the finite-time
(up to (T, J)) reachable set of H; from the compact set K, i.e.,

reach’ts

(7o) (K) :={zs(k, j)|zs is a simulation to H,x5(0,0) € K, (k,j) € domz,, ks <T,j < J} .
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By Definition 7.3, any simulation x5 : domzs — O to H, domzxs C [0,7] x {0,...,J}, satisfies (S1;) and
(S24), and can be extended to a hybrid arc & : dom&s; — O on a hybrid time domain dom s constructed as in
(7.4)-(7.5). Note that for each (¢, j) € dom& such that (k,j), (k+1,7) € domé&, ks <t < (k+ 1)s, by (R1) in
Assumption 7.4 we have that

[6s(ks, 7) = &s(t,4)| < |ws(k, §) — ws(k + 1, 5)] < s8(s) (7.10)

where

8 (s) == max coF((n+ p(s)B)NO) + p(s)B .
ne reach(s , (K)nC.

Then, using (R1) in Assumption 7.4 and (7.10), for every (¢,j) € domé&, so that (k,7),(k + 1,5) € domus,
ks <t < (k+1)s, & satisfies

&,g) = 2D = nlbd)

S € co F((&s(ks, j) + p(s)B) N O) + p(s)B

= &(t,) € TF((&s(t,4) + (s8'(s) + p(s))B) N O) + (s8'(s) + p(s))B

and

Ltj)e{reO | (x+s8(s)B)NC £0} .

By construction of &, for every (t,j) so that (k,j), (k,j+ 1) € domay, t = ks,
§s(t,j) € Ds, &s(t,j+1) € Gs(&(t, 7)) -

Given 0 > 0 pick s > 0 such that sé’(s) + p(s) < 4. Define

Fs(z) :==F((x +6B)NO) + 6B,  Gs(x) := Gys)(2),
Cs={2€0 |(x+B)NCys #0}, Ds := D)

where the dependence of s on § is explicitly indicated. In fact, s approaches zero as § — 0.

From the properties of & above, hybrid arcs s obtained from simulations x5 to H are solutions to the
perturbed hybrid system Hs := (O, F5,Cs,Gs, Ds). For any arbitrary sequence {9;}5°, with 1 > §; > J; >
... > 0 converging to zero, sequences C; = Cjs,, D; = Ds,, F; = Fj,, G; = G, satisfy assumptions (C1), (C2),
(C3), and (C4) in [39, Section 5]. Assumption 7.4 automatically implies that C;, D;, and G; satisfy (C1), (C2),
(C3), and (C4). The proof that F; satisfies (C2) and (C3) can be found in Lemma 5.4 in [39] which follows by
the fact that F; is an outer perturbation of F.

It follows that using the techniques in [22], a version of Corollary 5.5 in [39] without completeness as-
sumptions holds. Then, given € > 0 there exists §* > 0 such that for each § € (0,0*], each s > 0 such that
s6'(s)+ p(s) < 4§, and each solution to H; starting from K+ 0B, in particular, every hybrid arc & obtained from
a simulation xs, domxz, C [0,7] x {0, ..., J}, there exists a solution z to H with (0,0) € K such that for every
(k,j) € domx, with ks < T, j < J, there exists m such that (m, j) € domz, |ks—m| <e, |zs(k,7)—x(m,j)| <e.
To finish the proof, let s* > 0 be the maximum s satisfying sd’(s) 4+ p(s) < o*. O

When a hybrid system H has an asymptotically stable compact set A, the hybrid simulator H, has the
same set semiglobally practically asymptotically stable.

Theorem 7.8 (practical semiglobal stability of simulations) Suppose that H = (O, F,C,G, D) satisfies the
hybrid basic conditions and that A is an asymptotically stable compact set with basin of attraction B4 open
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relative to C' U D. Let U C O be any open set such that B4 = (C' U D) NU. Assume that the family of
hybrid systems Hs = (O, Fs, Cs, Gs, D) satisfies Assumption 7.4. Then, the set A is semiglobally practically
asymptotically stable for Hs, i.e., for each proper indicator w : U — R>¢ of A with respect to U, each compact
set K C B, and each € > 0 there exists § € KLL and s* > 0 such that for each s € (0, s*] every simulation x4
to H starting from K satisfies, for each (k,j) € dom z,

w(zs(k,j)) < Blw(zs(0,0)), ks, j) +¢€ . (7.11)

Proof. It follows that using the techniques in [22], a version of Theorem B.14 without completeness assumptions
holds. Then, for each proper indicator w : U — R>¢ of A with respect to U there exists § € KLL such that for
each solution x to H with z(0,0) € B4, for all (¢,5) € domz,

w(x(t,j)) < Bw(x(0,0)),t,7) -

By Assumption 7.4, we proceed as in Theorem 7.7 to construct a perturbed hybrid system H; such that every
hybrid arc & obtained from a simulation x, to H is a solution to it. By construction, Hs satisfies (C1), (C2),
(C3), and (C4) in [39, Section 5]. Then, by Theorem B.15, for each compact set K C B4 and each € > 0 there
exists 6* > 0 such that for each ¢ € (0,*], s > 0 such that sd'(s) + p(s) < J, every hybrid arc & obtained from
a simulation x4 starting from K satisfies, for all (¢, j) € dom &,

w(&s(t,5)) < Bw(&s(0,0)),t,5) + ¢
Let s* > 0 be the largest s that satisfies s6'(s) + p(s) < 0. Hence, by the construction of &, from z,, (7.11)
holds. |

Theorem 7.8 implies that simulations starting from K with unbounded discrete time domain approach the
compact set A := {z € O | w(x) < e}. This property holds for small enough step size s. Clearly, as the desired
level of closeness to A which is given by e decreases, the required step size s decreases as well.

In order to guarantee that simulations exist for arbitrarily large simulation horizon as required in the
definition of asymptotic stability in Definition 4.1, we strengthen assumptions (R1) and (R2) in Assumption 7.4
as follows.

Assumption 7.9 (conditions on H, for completeness)

The data of the hybrid simulator Hs = (O, Fs, Cs, G, D) for the hybrid system H = (O, F, C, G, D) satisfies
the following conditions: for each compact set K C O there exists s* > 0 such that for all s € (0, s*]

(R1.) Fs(CsNK) C CsU Dy and for each x € Cs N K, Fy(x) # 0;

(R2.) G4(DsNK) C CsU Dy and for each x € Dy N K, Gg(x) # 0.

Theorem 7.10 (continuity of asymptotically stable sets) Let Assumption 7.4 and 7.9 hold. Suppose that the
hybrid system H = (O, F,C, G, D) satisfies the hybrid basic conditions and that A is an asymptotically stable

compact set with basin of attraction B4 which is open relative to C'U D. Then, there exists s* such that for all
€ (0, s*], the hybrid simulator Hs has an asymptotically stable set As which satisfies

dg(As, A) =0 ass\,0. (7.12)

Proof. Let K be any compact set such that for some €* > 0, A+¢*B C KL C O. Let § € KLL and s* > 0 come
from Theorem 7.8 with K, € € (0,¢*], and w(-) = | - |4. Using Assumption 7.9, redefine s* above so that (R1.)
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and (R2.) hold. Then, every simulation to H starting from K exists for arbitrarily large simulation horizon
(T, J).

By Assumption 7.4, we proceed as in Theorem 7.7 to construct a perturbed hybrid system H;s such that
every hybrid arc & obtained from a simulation x5 to H is a solution to it. By construction, H; satisfies (C1),
(C2), (C3), and (C4) in [39, Section 5]. Let

B. := reach”® (A + 2¢B)
where reach’® (A + 2¢B) is the reachable set of Hs from A + 2B, i.e.,
reach™? (A + 2eB) := {&(t,5) | € is a solution to € Hs,&4(0,0) € (A4 2eB)} .

By Theorem 7.8, B. is bounded. Since B. is closed by definition, it follows that it is compact. We now show
that it is forward invariant. Let £&° € B. and let € be a solution to Hs from £°. Suppose that there exists
(t',7") € dom¢ for which £(¢/,j') € B.. By definition of B, since €9 € B, the solution ¢ belongs to B. for all
(t,j) € dom €. This is a contradiction. Then, B. is forward invariant. To show that solutions to Hs starting
from C converge to B uniformly, note that, Theorem 7.8 implies that there exists N > 0 such that for every
solution & to Hs with £(0,0) € K, we have

€(t,5)|a < B(1€(0,0)] 4,8, 5) +& < 2¢ (7.13)

for all (¢,7) € domé, t + j > N, for large enough simulation horizon. Then, since B. is compact, forward
invariant, and uniformly attractive from /C, by Proposition 6.2 in [39], B, is an asymptotically stable set for
‘Hs. Hence, it is an asymptotically stable set for H.

Finally, note that By = reach™ (A) = A and that as ¢ \, 0, dy(B., Bo) — 0. Then, since ¢ and s are
related through Theorem 7.8 and are such that s \, 0 as £ \, 0, with some abuse of notation, the claim holds
with Ay = Be. O

7.4.1 Numerical example

Consider the bouncing ball example in Section 2.2.1 with regular data which, for convenience, is rewritten
below:

O :=R? f(x) :-{f?},C:— {zeR® |21 >0} (7.14)
g(x):—[_ilm] ,Di={zeR?® [2,=0, 22 <0} (7.15)

where g > 0 is the gravity constant and A € [0, 1) is the restitution coefficient. Denote this system by HZZ.

A hybrid simulator for the bouncing ball system is given by

fs(z) =z + sf(x), C, =C,
gs(x) = g(x), Ds={z €0 | —a(s)|z2| <1 <0,22},

where s > 0 is the integration step for the integration scheme for flows and a : R>g — R>¢ is a continuous
function satisfying a(s) > s for all s > 0, «(0) = 0. Note that Hy = (O, fs, Cs, gs, Ds) satisfies Assumption 7.4.
Note that one of the perturbations included is due to the integration scheme for the flows which is implemented as
a forward Euler rule. Moreover, the jump set D is perturbed in order to satisfy Assumption 7.9 and consequently,
guarantee that simulations to the bouncing ball starting in C'U D exist for all simulation horizon.
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The bouncing ball example is appropriate to illustrate that simulations to HZ# are close to some solution to
HBB (Theorem 7.7) since its solutions can be analytically computed. Given a finite simulation horizon (T, J),
a level of closeness ¢, and a compact set K C R? of initial conditions, there exists s* so that for each 0 < s < s*
the simulations z, to HEB are e-close to solution to HBE. The solution to which each simulation is close to is
uniquely defined since H5Z? has unique solutions. In Figure 7.2, the first component of a solution x and the first
component of a simulation x, to HP? are plotted in a compact domain and for a particular step size s. It is
clear to see that the level of closeness can only be satisfied on compact time domains. In Figure 7.3 a zoomed in
version of the trajectories is shown to indicate that at points (k,j) € dom s (denoted by o) for which x4(k, j)
enters the set Dy closeness between = and x4 is not possible for the same hybrid time (&, j). The desired level
of closeness is obtained by considering the distance between graphs of  and ;.

X, Imi
T

i [lumps]

4 5
t [ordinary time]

Figure 7.2. Closeness of simulations to solutions. Step size s = 0.02sec, a(s) = 2s, initial conditions z1(0,0) =
6m, 22(0,0) = 0.1m/s, constants g = 9.8m/s?, A = 0.6. Discrete arc x5 denoted with +, exact hybrid arc solution
2 denoted with solid line and exact hybrid time domain with solid line (floor). The graphs of the simulation
and of the solution are close until some finite hybrid time (7”,.J’). The closeness property can be tuned with
the step size s.

It can be shown with invariance principles for hybrid systems, like the ones in [87], that the compact set
A = (0,0) is a globally asymptotically stable set for HZZ. By Theorem 7.8, the set A is semiglobally practically
asymptotically stable for HBB. Provided a desired neighborhood of A for the convergence of the simulations,
it is possible to obtain an upper bound on the sampling time s so that simulations to H?Z approach A + B
for large enough simulation horizon.

The bouncing ball example illustrates the closeness between the graph of the simulation and the graph of
the exact solution to the bouncing ball. As stated in the results above, this closeness property is on compact
hybrid/discrete time domains. As a matter of fact, the hybrid simulator is able to approximate the Zeno
trajectories to the bouncing ball with arbitrary precision for any finite simulation horizon (finite flow time and
number of jumps) by choosing sufficiently small step size. In general, simulations obtained on finite simulation
horizons have the closeness property to some exact solution by virtue of a proper choice of the step size. Note
that the hybrid simulator model does not require event/zero-cross detection algorithms to trigger the jumps.
The jumps are detected by only checking whether the simulation has reached the jump set D or not. The step

133



Figure 7.3. Detail on closeness of solutions. The circled points of simulation x5 are not close in the “standard”
sense to the exact solution x. The closeness property is between the graphs of x, and z.

size required to detect jumps is expected to be small when the jump set D, and consequently its approximation
Dy, are very thin. Indeed, in the limiting case when those sets have measure zero, no matter how small the
step size is chosen, the hybrid simulator may not detect the jump. However, in this case, there will exist a
solution to the hybrid system (solutions will be non unique) that does not jump when the jump set is reached
(cf. Example 3.3) . This is the solution that is close to the simulation that did not jump when the jump was
not detected. Note that the usage of some type of detection algorithm for the jumps would prevent this from
happening, but at the same time, alters the hybrid system H under simulation.

7.5 Summary

A general model for simulations of hybrid systems H, referred to as a hybrid simulator for H and denoted
by Hs, was proposed. Solutions to Hs are simulations to H and are given by discrete arcs on discrete time
domains satisfying certain conditions given by the data (O, Fy, Cs, G5, Ds) and the step size s of the hybrid
simulator. Closeness and stability properties of the hybrid simulator H, related to the hybrid system H are
shown and illustrated in a numerical example.

7.6 Notes and references

For more details about integration rules see [5, Chapter 3], [33, Chapter 2]. Counsistency of these methods is
defined in [96, Definition 3.4.2]. Condition (7.8) is usually required for stability of the Runge-Kutta integration
method, see [50] and [41].)

The forward Euler integration scheme used in the example in Section 7.4.1 has been used to simulate the
continuous dynamics of hybrid systems in the literature before, see e.g. [64, 73].

The simulations of the bouncing ball in Section 7.4.1 were coded in Matlab/Simulink. The simulation
algorithm executes the discrete events of the hybrid simulator model HZZ. Since the integration rule employed
was the forward Euler, it was not necessary to use any of the integration schemes available in the software.
However, the simulations of the hybrid systems in previous chapters were implemented in Matlab/Simulink
with a technique that is described in Appendix A.
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Chapter 8

Conclusion

In this thesis, a dynamical systems approach to modeling, analysis, and design of hybrid systems was pursued
from a robust stability point of view. A summary of the contents of this document and several future research
thrusts emerging from this thesis are the focus of this chapter.

8.1 Summary

A general modeling framework for hybrid control systems was introduced in Chapter 2. Hybrid systems were
modeled by hybrid equations with a state space, a flow map (given by a single-valued function or a set-valued
mapping), a flow set, a jump map (given by a single-valued function or a set-valued mapping), and a jump set.
Solutions were defined as hybrid arcs and parametrized both by flow time ¢ and jump time 7 on hybrid time
domains, which are subsets of R>g x N. Several examples were presented to illustrate the modeling framework.

In Chapter 3, it was shown that the robustness properties of hybrid systems are very sensitive to the
properties of the data defining the hybrid equations. Several examples illustrated the effect of this perturbation
in the system behavior. Mild conditions on these objects, the hybrid basic conditions, were motivated and
shown to capture the effect of arbitrarily small state perturbations in the nominal set of solutions of what we
called a regularized hybrid system. The regularization procedure and the solutions to the resulting regularized
system followed the regularization and solution notion introduced by Krasovskii in [55].

Structural properties of solutions guaranteed by the hybrid basic conditions allowed the development of the
stability and invariance results in Chapter 4. Stability and convergence tools for hybrid systems H presented
include hybrid versions of the classical Lyapunov stability theorem and of LaSalle’s invariance principle. Special
cases of these results, and more general invariance principles and their connections to detectability were also
derived. The application of these tools were illustrated in several examples.

In Chapter 5, robustness of asymptotic stability for classes of closed-loop systems resulting from hybrid
control was established. Results for perturbations arising from the presence of measurement noise, unmodeled
sensor and actuator dynamics, control smoothing, and sample-and-hold devices were derived. These results
guarantee that, for small enough perturbations, nominally asymptotically stable compact sets (or points) are
semiglobally practically asymptotically stable. The problem of globally stabilizing the one-link pendulum on
a cart to the upright condition was used as benchmark to test the robustness properties of the hybrid control
strategies proposed.

Several engineering control applications were studied in Chapter 6. The problem of robustness in stabiliza-
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tion of nonlinear systems with certain topological structure was investigated. A general nonrobustness result for
such problems and a hybrid controller featuring hysteresis were given. The hybrid control guarantees robust,
global asymptotic stability. These results were illustrated in autonomous vehicle control problems like that of
steering a vehicle to a disconnected set of points and to a target with obstacle avoidance. In a subsequent
section, a novel hybrid control strategy combining local state-feedback and open-loop laws for robust, global
stabilization of nonlinear systems was introduced. A decision-making algorithm was implemented in a hybrid
controller by combining logic variables and timers. The problem of stabilizing the trajectories to the pendubot
system to the upright configuration was used to illustrate the design procedure and functionality. Finally, a
tracking control strategy for a class of juggling systems was presented and developed for the problem of juggling
multiple balls with a single actuator. The proposed control algorithm provides finite-time practical tracking of
reference trajectories.

A general model for simulation of hybrid systems was introduced in Chapter 7. Solutions to the hybrid
simulator were given by discrete arcs on discrete time domains satisfying certain conditions given by the data
and the step size of the hybrid simulator. The main properties of the hybrid simulator consist of a closeness
property between solutions and simulations on compact time domains, and practical semiglobal asymptotic
stability and upper semicontinuity of compact sets that are asymptotically stable for the original hybrid system.
A numerical example about the simulation of a bouncing ball system was given.

These results are currently being compiled into a textbook on hybrid dynamical systems. Other results that
were not included in this thesis are the hybrid control strategy for a class of nonlinear systems that renders the
closed-loop system uniformly input-to-state stable with respect to measurement noise in [92], the hybrid control
algorithm with hysteresis for robust contact detection and force regulation of robotic manipulators in [24], and
the hybrid control methodology for the problem of commanding autonomous vehicles to locate a radiation source
using only measurements of the radiation strength in [68].

8.2 Future directions

The following research directions arise from the results in this thesis.

e Control of hybrid system with inputs: The stability results and invariance principles for “closed”
systems (that is, systems without inputs) in Chapter 4 can be used to develop tools for analysis and design
of “open” hybrid systems (that is, hybrid systems with inputs). The concept of “control-Lyapunov func-
tion” and related control design methods for classical nonlinear systems can be generalized to the hybrid
setting. This will lead to new tools for systematic design of hybrid and non-hybrid control algorithms for
hybrid systems with inputs. The coupling between the control inputs and the flow/jump sets, which is
present in the general input case, is one of the challenges in Lyapunov design of control laws for hybrid
systems with inputs.

e Singular perturbation analysis: The results in Chapter 5 on robustness to a particular class of sin-
gularly perturbed hybrid systems can be taken as the first step on the development of a general theory
on this topic, one that parallels the perturbation theory of classical nonlinear systems. This theory would
enable the application of standard nonlinear control design techniques to hybrid systems with inputs.

e Advanced hybrid control methods for robotics and aerospace systems: The hybrid control
strategies in Chapter 6 are applicable to other relevant problems in robotics and aerospace systems. For
instance, the throw-and-catch strategy in Section 6.2 can be used to develop control algorithms with
decision-making capabilities and robustness for multiple autonomous vehicles. Robust algorithms for such
purposes seem to be missing from the literature. The hybrid tracking control strategy in Section 6.3 for
juggling systems is applicable to more general mechanical systems with impacts, including walking and
jumping robots.
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e Embedded systems: The analysis of the effect of sample-and-hold devices on the robust stability
properties of closed-loop systems resulting from interconnecting a nonlinear system with a hybrid controller
in Section 5.3 of Chapter 5 can be specialized to different classes of embedded systems to derive minimum
rates for sample-and-hold devices and software computation. These results would serve as guidelines
for embedded system design. Moreover, the hybrid system framework introduced in this thesis is also
useful to capture the dynamics of models of computation used in embedded computing, thus enabling the
application of the new systematic tools to that area as well.

e Simulation: The initial efforts in Chapter 7 are an indicator that classical results in the simulation theory
of continuous-time systems can also be extended to the hybrid setting. A simulation theory for hybrid
systems seems to be missing from the literature. The simulation framework introduced in Chapter 7 is
suitable for its future development.

Other areas of science and engineering that would benefit from the theoretical and practical results in
this thesis include several problems in biology, especially those dealing with biological networks and mutual
synchronization. We believe this thesis contributes both to the theory and applications of hybrid control
systems by introducing new modeling, analysis, and design tools that are useful for the control community and
other related fields.
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Appendix A

Simulating Hybrid Systems in
Matlab /Simulink

A.1 Simulink Model

Hybrid systems H = (O, f,C, g, D) can be simulated in Matlab/Simulink. Figure A.1 shows a Simulink imple-
mentation used in this thesis.

Five basic blocks are used to define the dynamics of the hybrid system:

e The flow map is implemented in a Matlab function block executing the function f.m. Its input is the state
of the system x, its output is the value of the flow map f which is connected to the integrator’s input.

e The flow set is implemented in a Matlab function block executing the function C.m. Its input is the state
of the Integrator system z’, its output is equal to 1 if the state belongs to the set C' and is 0 otherwise.

e The jump map is implemented in a Matlab function block executing the function g.m. Its input is the
state of the Integrator system x’, its output is the value of the jump map g.

e The jump set is implemented in a Matlab function block executing the function D.m. Its input is the state
of the Integrator system x’, its output is equal to 1 if the state belongs to D and equal to 0 otherwise.

e The state space is implemented in a Matlab function block executing the function 0.m. Its input is the

state of the Integrator system x’, its output is equal to 1 if the state belongs to O and equal to 0 otherwise.

The flows and jumps of the hybrid system are computed by the Integrator system. This is depicted in
Figure A.2.

The main component of the Integrator system is the integrator block. Its state is [t j 7|7 where t and j
parametrize the result of the simulation of the hybrid system H which is stored in the state component z. That
is, the integrator generates both the time variables and the state trajectory.

The integrator is configured with the following special settings:

e External reset: “level hold”!.

IThis corresponds to the setting for Simulink/Matlab R2007a. For previous versions, as older as R14 SP3, this reset setting
corresponds to level.
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Figure A.1. Matlab/Simulink implementation of a hybrid system H = (O, f,C, g, D).

e Initial condition source: “external”.

e Show state port: checked.

Zero cross detection is globally disabled. The ODE solver is set to be the variable-step algorithm ode23 (Bogacki-
Shampine) with default options.

The subsystems of the Integrator system perform the following main tasks:

1. Continuous dynamics: compute continuous dynamics of the hybrid system.
2. Jump logic: trigger jumps.
3. Update logic: update the state of the system and the simulation time (¢, j) at jumps.

4. Stop logic: stop simulation.
The following parameters have to be defined for this implementation to work:

- 20: the initial condition for the state x.

- T and J: simulation horizon for the flows and for the jumps, respectively.
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Figure A.2. Integrator.

- rule: rule for priority of flows/jumps to use. rule = 1 indicates that jumps have the highest priority
(forced jumps), rule = 2 indicates that flows have the highest priority (forced flows), rule = 3 indicates
that at points where both flows and jumps are possible, the selection is done randomly.

The following sections describe each of these subsystems in detail.

A.2 Continuous dynamics

This block defines the continuous dynamics of the state [t j 27]7. These are given by

Figure A.3 depicts this implementation. Note that input port 1 takes the value of f(x) through the output of
the Matlab function block fin Figure A.1.

A.3 Jump Logic

The inputs to the jump logic block are the output of the blocks C,D, and O indicating whether the state is
in those sets or not, and a random signal with uniform distribution in [0, 1]. Figure A.4 shows that these signals
are the input a Matlab function block called jump priority. (The initial condition blocks set the initial value
of the signals. These depend on the initial condition 2:0.) The jump priority block runs the following function
(jumpPriority.m):
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function out = jumpPriority(u,rule)

% state
flowFlag = u(1);
jumpFlag = u(2);

stateFlag = u(3);
randomInput = u(4);

% rule = 1 -> priority for jumps

% rule = 2 -> priority for flows
% rule = 3 -> no priority, random selection
% when simultaneous conditions

if (rule == 1) & (jumpFlag == 1)

out = 1;

elseif (rule == 1) & (jumpFlag == 0)
out = 0;

elseif (rule == 2) & (flowFlag == 1)
out = 0;

elseif (rule == 2) & (flowFlag == 0) & (jumpFlag == 0)
out = 0;

elseif (rule == 2) & (flowFlag == 0) & (jumpFlag == 1)
out = 1;

elseif (rule == 3)
if (flowFlag == 1) & (jumpFlag == 0)

out = 0;

elseif (flowFlag == 0) & (jumpFlag == 1)
out = 1;

elseif (flowFlag == 1) & (jumpFlag == 1)
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if (randomInput >= 0.5)

out = 1;
else
out = 0;
end
else
out = 0;
end
end

The output of this function is equal to one only when the output of the D block is equal to one and rule = 1,
or when the output of the D block is equal to one, rule = 3, and the random signal r is larger or equal than 0.5.
Under either event, the output of this block, which is connected to the integrator external reset input, triggers
a reset of the integrator, that is, a jump of H. The reset or jump is activated since the configuration of the
reset input is set to “level hold”, which executes resets when this external input is equal to one (if this input
remains set to one, multiple resets would be triggered).
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Figure A.4. Jump Logic.

A.4 Update Logic

The update logic uses the state port information of the integrator. This port reports the value of the state
of the integrator, [t j #7]7, at the exact instant that the reset condition becomes true. Notice that a’ differs
from x since at a jump, 2’ indicates the value of the state that triggers the jump, that is, x € D, while = at
that same time is equal to the value assigned at the jump by the update logic. This value is given by g(2') as
Figure A.5 illustrates. It also shows that the flow time ¢ is kept constant at jumps and that j is incremented
by one by the Matlab function block j 4+ 1. More precisely

tt=t,  jt=j, a2t =g

where [t j/ 2'T]T is the state that triggers the jump.
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A.5 Stop Logic

This block stops the simulation under any of the following events:

e The flow time is larger or equal than the maximum flow time specified by T
e The jump time is larger or equal than the maximum number of jumps specified by J.

e The state of the hybrid system x is neither in C' nor in D, or it is not in O.

Under any of these events, the output of the logic operator connected to the Stop block becomes one, stopping
the simulation. Note that the blocks computing whether the state is in C, D, and O use the current value of
the state x.

A.6 Examples

The examples below illustrate the use of the implementation above. The following functions are used to
generate the plots:

e plotflows(t,j,x): plots (in blue) the projection of the trajectory z onto the flow time axis t. The value of
the trajectory for intervals [t;,t;41] with empty interior is marked with * (in blue). Dashed lines (in red)
connect the value of the trajectory before and after the jump.
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Figure A.6. Stop Logic.

e plotjumps(t,j,x): plots (in red) the projection of the trajectory x onto the jump time j. The initial and
final value of the trajectory on each interval [t;,¢;11] is denoted by * (in red) and the continuous evolution
of the trajectory on each interval is depicted with a dashed line (in blue).

e plotHybridArc(t,j,x): plots (in blue) the trajectory x on hybrid time domains. The intervals [t;, ;1]
indexed by the corresponding j are depicted in the ¢ — j plane (in red).

Example A.1 (bouncing ball) For the simulation of the bouncing ball system in Section 2.2.1 with regular
data given by

0:=R? f(z):= [ f?y } ,C:={zeR® |2 >0} (A.1)
g(x):—[_)(\)m] ,Di={zeR?® [z, <0, 22<0} (A.2)

where v > 0 is the gravity constant and A € [0, 1) is the restitution coefficient. The Matlab scripts in each of the
function blocks of the implementation above are given as follows. The constants for the bouncing ball system
are g = 9.8 and A = 0.8.

function out = f(u)
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Figure A.7. Solution to the bouncing ball example: height.

% state

x1 = u(1);

x2 = u(2);

% flow map

xldot = x2;

x2dot = -9.8;

out = [xldot; x2dot];

function [v] = C(u)

% state
x1 = u(1);
x2 = u(2);

if (x1 >= 0) % flow condition
v =1; % report flow
else
v = 0; % do not report flow
end

function out = g(u)
% state
x1 = u(l);
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Figure A.8. Solution to the bouncing ball example: velocity.

x2 = u(2);

% jump map

xlplus = O;

x2plus = -0.8%x2;

out = [x1plus; x2plus];

function [v] = D(u)

% state
x1 = u(l);
x2 = u(2);

if (x1 <= 0 && x2 <= 0) % jump condition
v =1; % report jump

else
v = 0; % do not report jump

end

function [v] = 0(uw)
v =1; % in the state space

A solution to the bouncing ball system from [1,0] and with T" = 10,J = 20, rule = 1, is depicted in

Figure A.7 (height) and Figure A.8 (velocity). Both the projection onto ¢ and j are shown. Figure A.9 depicts
the corresponding hybrid arc.
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Figure A.9. Hybrid arc corresponding to a solution to the bouncing ball example: height.

These simulations reflect the expected behavior of the bouncing ball model. However, if instead
{:CER2 | 21 =0, x2§0}

is used as D, the effect of the discretization of the flows would prevent the Jump Logic block from detecting the
jumps since it is very unlikely that the computed solution would hit z; = 0 exactly. The enlarged jump set
prevents this from happening. Another way to prevent such behavior is by adding special Simulink blocks with
zero-cross detection.

Also note that using [z1, —y22]T as the jump map would cause the simulation to stop after the first jump.
In fact, at the jump, due to the discretization effect of the flows mentioned above, x1,x2 < 0. With this new
jump map, :vf <0, :v; > (0 and this state is neither in C' nor in D. Hence, the simulation is stopped after the
first jump.

Example A.2 (a simple example)
Consider the hybrid system with data
0 :=R, f(z):=-z, C:=10,1], g(x):=1+mod(x,2), D:={1}U{2}.

Note that solutions from & = 1 and £ = 2 are nonunique. The following simulations show the use of the
variable rule in the Jump Logic block.
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Jumps enforced:

A solution from z0 = 1 with 7' = 10, J = 20, rule = 1 is depicted in Figure A.10. The solution jumps from
1 to 2, and from 2 to 1 repetitively.
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Figure A.10. Solution to Example A.2 with forced jumps logic.

Flows enforced:

A solution from z0 = 1 with T' = 10, J = 20, rule = 2 is depicted in Figure A.11. The solution flows for all
time and converges exponentially to zero.

Random rule:

A solution from z0 = 1 with 7' = 10, J = 20, rule = 3 is depicted in Figure A.12. The solution jumps to 2,
then jumps to 1 and flows for the rest of the time converging to zero exponentially.

Enlarging D to
D :=[1/50,1]U {2}

causes the overlap between C' and D to be “thicker”. The simulation result is depicted in Figure A.13 with the
same parameters used in the simulation in Figure A.12. The plot suggests that the solution jumps several times
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Figure A.11. Solution to Example A.2 with forced flows logic.

until < 1/50 from where it flows to zero. However, Figure A.14, a zoomed version of Figure A.13, shows that
initially the solution flows and that at (¢,7) = (0.2e — 3,0) it jumps. After the jump, it continues flowing, then
it jumps a few times, then it flows, etc. The combination of flowing and jumping occurs while the solution is in
the intersection of C' and D, where the selection of whether flowing or jumping is done randomly due to using
rule = 3.

This simulation also reveals that this implementation does not precisely generate hybrid arcs. The maximum
step size was set to 0.1e — 3. The solution flows during the first two steps of the integration of the flows with
maximum step size. The value at t = 0.1e—3 is very close to 1. At ¢ = 0.2e—3, instead of assuming a value given
by the flow map, the value of the solution is about 0.5, which is the result of the jump occurring at (0.2e — 3,0).
This is the value stored in = at such time by the integrator. Note that the value of 2" at (0.2e — 3,0) is the one
given by the flow map that triggers the jump, and if available for recording, it should be stored in (0.2¢ — 3,0).
This is a limitation of the current implementation.

The following simulations show the Stop Logic block stopping the simulation at different events.
Solution outside O:

Replacing O by (—1,2), a solution starting from z0 = 1 with 7" = 10, J = 20, rule = 1 fails to exists after
the first jump. This is depicted in Figure A.15 (cf. Figure A.10)
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Figure A.12. Solution to Example A.2 with random logic for flowing/jumping.

Solution outside C'U D:

The same behavior as the one just outlined arises with O = R but with D = {1}. The simulation stops
since the solution leaves C'U D. (See also Overlap3.zip).

Solution reaches the boundary of C' from where jumps are not possible:

Finally, taking O = R and replacing the flow set by [1/2, 1] a solution starting from 20 = 1 with "= 10, J =
20 and rule = 2 flows for all time until it reaches the boundary of C' where jumps are not possible. Figure A.16
shows this.

Note that in this implementation, the Stop Logic is such that when the state of the hybrid system is not in
(CUD)NO, then the simulation is stopped. In particular, if this condition becomes true while flowing, then
the last value of the computed solution will not belong to either C or O, or both, depending on the situation.
It could be desired to be able to recompute the solution so that its last point belongs to the corresponding set.
From that point, it should be the case that solutions cannot be continued.
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Figure A.13. Solution to Example A.2 with random logic for flowing/jumping.

A.7 Notes

Matlab/Simulink files corresponding to the simulation technique described in this appendix can be found at the
authors’ website, currently at

http://www.ccde.ece.ucsb.edu/~rsanfelice/ .
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Figure A.14. Solution to Example A.2 with random logic for flowing/jumping. Zoomed version.
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Figure A.15. Solution to Example A.2 with forced jump logic and different O.
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Appendix B

Proofs

This appendix contains proofs that, for clarity of the exposition, were omitted throughout the thesis.

B.1 Proofs of results in Chapter 3

B.1.1 Proof of Theorem 3.11 and Corollary 3.15

The proof of these results is divided in two parts. In the next two sections, it is shown that Krasovskii solutions
are (control) Hermes solutions, and in the last section, it is shown that (control) Hermes solutions are Krasovskii
solutions.

Krasovskii solutions are Hermes

Theorem B.3 below is an extension of Theorem 5.5 in [42] to differential equations with a constraint z(t) € C.
Our proof is also different (and shorter) than that given in [42]. We will need the corollary of [42, Lemma 3.3]
below.

Assumption B.1 (f and g assumptions) The set O C R™ is open. The sets C and D are subsets of O. The
function f : C — R™ is locally bounded on O. The set-valued mapping G : D = R" is locally bounded with
respect to O on O.

Lemma B.2 (auxiliary lemma) Let f satisfy Assumption B.1 and let 1 [0,T] — O be an absolutely continuous
function that satisfies, for almost all t € [0,T], ¥(t) € f(¢(t)). Then, for every € > 0, there is a closed null-set
Z and a Lipschitz function z : [0,T] — O such that |[(t) — z(t)| < e for all t € [0,T] and which is piecewise

linear in the sense that Z(t) = v¢(«) for all t in any component («, 3) of [0, T\ Z, and for any such component,

d(a) € Fy(a)).

Above, by a component of (the open set) [0,T]\ Z we understand any of the (at most countably many)
mutually disjoint intervals («, 8) covering [0,7]\ Z. In what follows, we will refer to the family of all such
intervals as Z. Below, we will also use the term “piecewise constant” to mean that a function is constant on
each («a, 3) € Z. Finally, we note that directly from the proof of the result above one can deduce that the size
of the intervals (o, 3) in Z can be made arbitrarily small.
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Theorem B.3 (continuous-time Krasovskii is Hermes) Let f satisfy Assumption B.1 and let ¢ : [0,T] — O be
an absolutely continuous function that satisfies, for almost all t € [0,T], ¥(t) € C, (t) € f(x(t)). Then, for
any € > 0 such that rget + B C O and any ¢y € C such that |po — 1 (0)| < €, there exists a Lipschitz and
piecewise linear ¢ : [0,T] — O with ¢(0) = ¢g and a measurable e : [0,T] — R™ such that sup,¢o 1 |e(t)| < ¢,
¢ + e is piecewise constant on [0,T],

o) +e(t) e C forallte[0,T]), &)= f(p(t)+e(t)) for almost all t € [0,T],
and |(t) — @(t)| < e for all t € [0,T].

Proof. Fix e > 0so that rgep+eB C O, pick ¢y € C so that |po—1(0)| < €, and pick any ¢’ € (0,e—|po—1(0)]).
Let L > 0 be a bound on f on rgev + ¢'B (so in particular, L is a Lipschitz constant for ). Use Lemma B.2
to obtain z : [0,T7] — O with |¢(t) — z(¢)| < &'/8 in a way that § — « 8(1+L for each component («, 3) of
[0, 7]\ Z. Then, in particular, [¢(t) = (a)| < &'/8 for all t € (a, B) and all intervals (a, #) in Z. For each segment
(o, B) € Z, by the definition of f and since ¥)(a) € f(1()), there exist points ¢ € C, j = 1,2,...,n+ 1, so
that | —¢(a)| < €'/8 and constants A} >0, j =1,2,...,n+ 1, so that Z?;Lll AY =1 and

n+1 /

;A?f(wf) _1/.’(@) Sm-

Divide (a, ) into n + 1 subintervals (v 1,7§) with 7§ = a, 73, = B of lengths A\ (8 — a). Now define
a piecewise linear function v : [0,7] — R™ almost everywhere by v(t) = f(1§) on (7§ ,7§). Note that
v € L1[0,T], and consequently, the function ¢ : [0,7] — R™ defined by

o(t) = oo + / o(r) dr

is absolutely continuous. Furthermore, ¢(t) = v(t) for almost all ¢ € [0, 7] (in fact, whenever t € (v§_1,75),j =
1,2,...,n+1). Also, define e : [0,T] — R™ as follows: set

e(t) =9 —(t) if  te (i)

and note that this defines e for almost all ¢ € [0,7], and that for those ¢’s, we have ¢(t) = f(¢(t) + e(t)) as
well as ¢(t) + e(t) € C. For each t at which e(t) has not been defined yet, one can find ¢; € C such that
lee — (t)| < €'/4 and then set e(t) = ¢ — ¢(t). Then @(t) + e(t) € C for all t € [0,T]. Also, o(t) + e(t) is
constant on each (7§ ;,7¢), as so ¢ + e is piecewise constant on [0,7]. We claim that ¢ and e have the other
desired properties.

For each initial point @ of some interval (a, ) € 7

o

[“tot0) - '<>>dt\
< Jgo - =(0)] + Z / £y dt — () (6 — o)

lp(@) = z(a)] < [@(0) —2(0)| +

(a,3)€Z,B<a ( )
eB—a
< I v OO O+ Y
B (a,B)EZ,B<x
< o - ()|+g/8+m Z 7(5—04)
, (a,B)ET,B<ar
= lpo = (Ol +&/8+ g a
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< lpo —w(0)] +£'/4

where the sum above is over all intervals (o, 3) € Z with 8 < @& (so that in particular, Y (8 — «) = @) and the
last inequality above relies on & < T'. ! Furthermore, for each interval (a, 3) and any 7 € (a, 3),

/T G(t)dt —p(a)(T — )| < 2L(r —a) < 2L(B— ) <&'/4

since both ¢ and 1/1 are bounded by L. Consequently,

lo(t) = 2()] < lpo — ¥(0)] +€'/2
for all ¢ € [0, 7], and hence
lp(t) = ()] < lpo —¥(0)| +5¢"/8 < e
for all t € [0,T].

For the error bound, one obtains, for ¢ in one of the intervals (73?‘_1 , 73?‘),
le(t)] (05 = ()| + [(@) = »(®)] + [b(t) — (1)

e'/8+¢"/8+ |po — ¥(0)| + 5¢'/8

loo — (0)] + 7' /8 < e.

[ IAIA

For the remaining t’s,

le()] < fer =)+ 19(t) — o(t)] < €'/4+po — ¢(0)] 45" /8 < €

by the choice of ¢; and the previously established bound on [¢(t) — ¢(¢)|. Thus |e(t)] <e forallt € [0,T]. O

Theorem B.4 (Krasovskii solution is close to a Hermes solution) Let Assumption B.1 hold and let ¢ : dom ¢ —
O be a Krasovskii solution to the hybrid system H = (O, f,C, g, D). Pick any € > 0 and any (T,J) € dom 1.
Let E =domynN([0,T] x{0,1,...,J}) and express E as szo([tj, tit1] x {j}). Then, there exist a measurable
function e : dome — R™, dome = E and a hybrid arc ¢ : domp — O, ¢(0,0) = ¢(0,0), dom ¢ = E such that
SUP(¢,j)edom e |€(f,j)| < ¢ and

(V1) for all j =0,1,...,J,

o(t,j) +e(t,j) € C forallt € [tj,tj1), ¢(t.j) = fle(t,)) + e, 7))
for almost all t € [t;,t;j41];
(V2) forall j=0,1,...,J—1,

So(tj-i-laj) + e(tj+l7j) S Du Sp(tj-‘rlaj + 1) € g(sp(t]-‘rlu]) + e(taj))v

IWe used the fact that by the construction of v, for any (o, 3) in Z,

n+1 n+1 n+1
/ 0 dt = Z/ () dt = ZA“(ﬁ—a P = (8- ) Y ATFE)
o V51 i=1
and thus
/ t) dt — () (B a)'s(ﬁ—a) %A?f(wj —(a)| < 2loa),
o ~ 8(1+1)
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and |@(t,j) — ¥(t, j)| < e for every (t,7) € dom .

Proof. Fix ¢ > 0 small enough so that ¥ (¢,j) +eB C O for all (¢,j) € E. Note that for each j =0,1,...,J—1
there exists z; € D and w1 € g(z;) such that [z; — (tj41,5)] < § and |wjr1 —P(tj41,5 + 1) < §. Indeed,
for any € D and € > 0, we have:

gx) Cg((x+eB)ND)NO C (9((x +eB)N D) +eB)NO,

where the first inclusion above comes from the definition of g(z), and the second one from the definition of
the closure of a set. Consequently, for each y € g(z), there exists z € (z + eB) N D and w € g(z) such that
y € g(y) + €B.

On each segment [t;,t;4+1] X {j} that is nontrivial, i.e., with t;41 > t;, by Theorem B.3, there exists an
absolutely continuous function ¢; : [t;,t;41] — O starting at gog-) € Y(t;,7) + §B, where cp? =w; if j >0,

@] =1(0,0) if j = 0, and a measurable function e; : [t;, ;1] — R™ with SUPse(t, ¢,44] 1€5(D)] < T satisfying

pj(t) +ej(t) € C forallt € [tj, 1],  ¢;(t) = fp;(t) +e;(t))
for almost all ¢ € [t;,t;4+1], and such that

o (t) —0(t, )| < = forall t € [t;,t;41] -

5
4

We now construct the measurement noise e. On each segment [t;,t;41] x{j} C E that is trivial, i.e segments
with t;11 =t;, let €} = z; —w; if J > 7 >0, ¢; =29 —¢(0,0) if j =0, and €} = 0 if j = J. On each nontrivial
segment [t;,t;11] x {j}, let ei(t) = e;(t) for all (t,7) € [t;,tj41) x {j}, €j(tj+1) = 25 — @;(tj1) if j < J,
e;(tj_H) =0 lf] =J.

Then, ¢ and e are given by

(t,j) = ©;(t) it (t,7) € [tj,tj41] x {j} nontrivial

ving) w; i (t,7) = [t tj41] X {j} trivial

e(t) = { e;(t) %f (t,q) € [tj,tis1] x {]} DO'D‘FI'lvlal
el if (t,7) = [tj,tj+1] x {j} trivial .

By construction, ¢ and e satisfy (V1) and (V2). It follows that |¢(t, j) — ¢ (t, j)| < e for all (¢,j) € dom ¢ since
on every trivial segment

lp(t,5) = (& 3 = lw; = (4] <

and on every nontrivial segment [t;,t;41] % {j}

| ™

. . ) €
ot ) = (& DI = les () =9t J)l < 7 VEE [t t4a] -
Moreover, sup jycdom e le(t,j)| < e since on every trivial interval
e(td) = |z —wy| < lzg — ()| + [0(t.5) —wgl <5 T > >0
le(t,j)] = lz0—9°| < % ifj=0
le(t,j)| =0 if j=J,

and on every nontrivial segment [t;,t;41] X {j}

. g
le(t,5)] = lejM)=le;()I <~ VtE [ty t541)
1
. . . e
e DI = |z =] < |z =@+ [9(85) — @i (O] < 5
for all (t,7) = (tj41,7) if j < J, and |e(t, §)| = 0 if j = J. O

158



Corollary B.5 (Krasovskii solutions are Hermes solutions) Under Assumption B.1, if a hybrid arc is a hybrid
Krasovskii solution to H then it is also a Hermes solution to H.

Proof. Let ¢ : domv¢ — O be a Krasovskii solution to H. Pick (T, J) € domt (when dom is compact, it is
enough to consider (T, J) = supdom ). Let ¢’ be the truncation of ¢ to dom ¢’ = dom N ([0, T]x{0,1,...,J}).
By Theorem B.4, there exist e; : dom1)’ — R" and ¢; : dom®)’ — O such that sup; j)caome, [€i(t; J)| < 1 and
which satisfy conditions (V1) and (V2) of Theorem B.4 (with e replaced by e; and ¢ replaced by ;) and also
[(t,7) — wi(t,7)] < 1/i for every (t,j) € domp;. The last bound implies that ¢; converge graphically to v’.
Since sup, ;) ei(t,j)| < %, ¥ is a Hermes solution to H. O

€dom e;

Krasovskii solutions are control Hermes solutions

Below, we consider f and g given as in Corollary 3.11 with the assumption therein which, for convenience,
we rewrite below. The result to follow is a corollary of Theorem B.3.

Assumption B.6 (f and g assumptions (control)) The set O C R™ is open. The sets C and D are subsets of
O. The function f’: O x R™ — R™ is locally Lipschitz continuous in the first argument, locally uniformly in
the second argument. The function g’ : O x R™¢ — O is continuous in the first argument, locally uniformly in
the second argument. The functions k. : C'— R kg : D — R™4 are locally bounded on O.

Corollary B.7 (continuous-time Krasovskii is control Hermes) Let f satisfy Assumption B.6, and let v :
[0,T] — R™ be an absolutely continuous function that satisfies, for almost allt € [0,T], 1(t) € C, ¥ (t) € F(1b(t)).
Let & > 0 be small enough so that rge)+2¢B C O and let L be a Lipschitz constant for f(-,u) onrge+2eB C O
for any u € k.(rge+2eB). Then, for every ¢ such that |pg—1(0)] < ee LT there exists a measurable function
e:[0,T] — R™ and an absolutely continuous function ¢ : [0,T] — O, ¢(0) = o, such that sup,c(o 11 le(t)] < ¢,

o(t)+e(t) e C, forallte[0,T],
o) = f'(p(t), ke(p(t) +e(t))) for almost all t € [0,T],
and |o(t) — ()] <e for all t € [0,T].

Proof. Let ¢ > 0 be as assumed, and let ¢/ = ce*7 < ¢. By Theorem B.3, there exists an absolutely continuous
function z : [0, 7] — O with z(0) = o and a measurable function e’ : [0,7] — R™ such that

2(t) = f'(z(t) + €' (t), ke(2(t) + €'(t))) for almost all ¢ € [0,T],
and |z(t) — ()| <€, |e(t)| <&, and z(t) + €/(t) € C for all t € [0,T]. Note that |(z(¢) + €'(¢)) — ()| < 2¢'.
Furthermore, z + €’ is piecewise constant on [0,7], so k.(z(t) + €'(t)) is measurable, and so the mapping

(x,t) — f'(x,k(2(t) + €'(t)) is a Carathéodory mapping: continuous in z for a fixed ¢ and measurable in ¢ for
a fixed x. Consequently, there exists a solution ¢ : [0,7] — O to

p(t) = f'(o(t), he(2(t) + €'(1))) ae. and (0) = @o
for which ¢(0) = z(0),

o(t) = 2()] < Llp(t) — 2(t) — €'(t)] < Llp(t) — z(t)| + Le’
and thus |¢(t) — 2(t)] < &'(elT — 1) for all t € [0,T]. Consequently, for all ¢t € [0,7T],

() = (O] < lo(t) = 2()] + [2(t) = 9(t)| < e =¢.
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Let e(t) := z(t)+¢€'(t) —(t), so that z(t)+¢'(t) = @(t)+e(t). Then, since z(t)+¢'(t) € C, we have p(t)+e(t) € C
for all ¢ € [0, T]. Furthermore, ¢(t) = f(¢(t), cc(@(t) + e(t))). Finally,

e(®)] < Jp(t) = 2(O] + |(B)] < /(T — 1) + &' = e = |

The next result combines Corollary B.7 above, and the ideas of Theorem B.4.

Corollary B.8 (Krasovskii solution is close to a control Hermes solution) Let Assumption B.6 hold, and let
¥ : dom — O be a Krasovskii solution to H = (O, f,C, g, D) with f and g as given in Corollary 3.15. Pick any
e >0 and any (T,J) € domv. Let E =dom N ([0, 7] x {0,1,...,J}) and express E as szo([tj,tﬂl] x {j})-
Then, there exist a measurable function e : dome — R", dome = E and a hybrid arc ¢ : domyp — O,
©(0,0) = (0,0), domp = E such that sup(; jycdome [€(t,7)| < € and

(V1’) for all j =0,1,...,J,

Sp(tvj) + e(tvj) € Cforallte [tj7tj+1)7 sp(tvj) = f/(@(t,j),ﬁc((p(t,j) + e(tvj)))

for almost all t € [t;,t;j41];
(V2) forall j =0,1,...,J — 1,
o(tjy1,7) +eltirr,4) € D, @(tjr, 7+ 1) =g'(@(tjr1,7), kale(t, j) + e(t, j)));

and |p(t,j) — ¥(t,7)] < e for every (t,7) € dom .

Proof. Let S := dom N ([0,7] x {0,1,...,J}), fix € > 0 so that ¢(¢,7) + 2eB C O for all (¢,7) € S, and let
L be a Lipschitz constant for f(-,u) on {¢(¢,7) + 2eB| (¢, j) € S}. Note that for any ¢ > 0, at each jump of ¢
on S, i.e. at each point (¢,j) € S such that there exists (¢,7 + 1) € S, we can find z; € D arbitrarily close to
Y(t, j) that satisfies |g(z;, ka(zj)) — ¥(t, 5+ 1)| < /2. This was already justified in the proof of Theorem B.4.
Since ¢ is continuous in the first variable, locally uniformly in the second variable varying over compact sets,
we can pick z; so that |g(¢(t, j), ka(z;)) — ¢ (t, 5 + 1)| < 6. Thus, by using 6 = min{Z, e~ =T}, for every jump
of 1) we obtain points z; € D such that |z; — (¢, j)| < 5 and |g(¢(t,5), ka(z;)) —¥(t,j + 1)| < min{g, e~ =T}

On each segment [t;,t;41] X {j} := SN (R>o x {j}) C S that is nontrivial, i.e segments with ¢;11 > ¢,
by Corollary B.7, there exists an absolutely continuous function ¢; : [t;,t;41] — O starting at cp? € Y(tj,j) +
min{§, fe " *T}B, where ¢! = g(¢(t;,7),ka(zj-1)) if 5 > 0, 9 = ¢° if j = 0, and a measurable function
ej: [ty tj+1] — R™ with supepy, 4,1 l€(H)] < § satisfying for almost all ¢ € [t;,¢;41]

0;i(t) +ej(t) € C, @;(t) = f'((t) + €; (1), Ke(p(t) + (1))

and for all t € [t;,t;41]

|05 (t) = ¥(t,4)| <

=1 ™

The rest of the proof is analogous to that of Theorem B.4. O

With Corollary B.8 at hand, the result below can be shown exactly in the same fashion as Corollary B.5.

Corollary B.9 (Krasovskii solutions are control Hermes solutions) Under Assumption B.6, if a hybrid arc is a
hybrid Krasovskii solution to H then it is also a control Hermes solution to H.
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Hermes and control Hermes solutions are Krasovskii solutions

Let p: O — (0,00) be an admissible radius of perturbation, that is, a continuous function such that for all
€0, x+ p(x)B C O. For each § € (0,1), let H? denote the hybrid system defined by sets

C’ ={2€0|z+p(x)BNT#£0}, D :={xecO|z+dp(x)BND # 0}

and mappings
7' (@) == co F((z + 6p(«)B) N C) + Sp()B,

9’ (2) = { +6p()B|€ € g((z + op(z)B) N D)}

Such “inflations” of the hybrid system H were discussed in detail in [39]. A key property of such perturbations of
H is that, thanks to properties of H given by the hybrid basic conditions and subject to minor local boundedness
conditions, a sequence of solutions to H® with decreasing d is a solution to 7. We will use this below.

Proposition B.10 (control Hermes solution is close to a Krasovskii solution) Under Assumption B.6, if a
hybrid arc is a control Hermes solution to H, then it is also a Krasovskii solution to H.

Proof. Let ¢ : dom — O be a control Hermes solution to H = (O, f,C, g, D). Pick (T, J) € dom ¢ and let ¢’
be the truncation of ¢ to dom ¢’ given by dom¢ N ([0,7] x {0,1,...,J}). Let the sequences of ¢;’s, e;’s, and
g;’s correspond to ¢’. In particular, for all ¢ and all (¢,7) € domey, |e;(t,j)| < &; and lim; o &; = 0.

For each j € {0,1,...,J}, vi(+,j) converge graphically to ¢’(-,j); this comes directly from the definition of
graphical convergence. Since, for each j, the graphs of ¢;(+, j) are connected and the graph of (-, j) is compact
(in fact a compact subset of R>¢ x N x O), for each j the graphs of ¢;(+, j) are eventually bounded with respect
to O. This can be shown in the same fashion as [79, Corollary 4.12]. Consequently, there exists a compact set
K C O and an index i® such that ¢;(¢,7) € K for all i > %, all (¢,5) € dom ¢, j < J.

Let p be any admissible perturbation radius. Then let i > io be such that |e;, | < k~' min{p(z) |z € K},
and let ¢y, be the truncation of ¢;, to domw;, := {(t,7) € domg;, | j < J}. Fix k. For all k and almost all ¢
such that (¢,7) € dom vy, we have v (t,7) + e;, (¢, 7) € C C C and since |e;, (t,5)| < k™ 1p(vr(t, 7)), we have

(¥n(t5) + k~ p(ur(t, 1)) N T # 0
and consequently ¥y (t, j) € c'* Furthermore, since for any 6 € (0,1) and any =,
(@, ke((x+6p(z)B) N O)) C fl(z+dp(x)B)NC) C f((z+dp(x)B)NC) C Té(x)7

we have, for all k and almost all ¢ such that (¢,7) € dom ty, W (t,j) € 71/k(wk(t,j)). Similar arguments show
that for all (¢, 7) € domwy, such that (¢, j+1) € dom ), we have ¥y (t,7) € D" and Ur(t,j+1) € GY*(r(t, 5)).
Consequently, 1, is a solution to ﬁl/k, for k =1,2,.... Since the sequence of p;’s converges graphically to ¢,
by the very definition of graphical convergence, so does the sequence of 1’s. Now, since {1y}, is eventually
bounded, its graphical limit, that is ¢, is a solution to H; see [39, Theorem 5.1 and Theorem 5.4]. Thus, ¢’ is
a Krasovskii solution to H. Since (T, J) was an arbitrary point in dom ¢, this is sufficient to guarantee that ¢
is a Krasovskii solution to H. O

In the proof above, the local boundedness and continuity properties from Assumption B.6 are only needed
to guarantee that f and g meet Assumption B.1, so that [39, Theorem 5.1 and Theorem 5.4] can be invoked.
Furthermore, the proof can be repeated with little change for the case of a set valued g, as considered for Hermes
solutions. The results of [39] still apply, and thus we obtain:
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Corollary B.11 (Hermes solutions are Krasovskii solutions) Under Assumption B.1, if a hybrid arc is a Hermes
solution to H, then it is also a Krasovskii solution to H.

Proof. Let ¢ : domt — O be a Krasovskii solution to H. Pick (T, J) € dom (when dom1 is compact, it is
enough to consider (T, J) = supdom ). Let ¢’ be the truncation of ¢ to dom ¢’ = dom¥N([0,T]x{0,1,...,J}).
By Theorem B.4, there exist e; : domy’ — R"™ and ¢; : dom¢)’ — O such that supy j)caome, |€i(t, )] < 1 and
which satisfy conditions (V1) and (V2) of Theorem B.4 (with e replaced by e; and ¢ replaced by ¢;) and also
[(t,7) — wi(t,5)| < 1/i for every (t,j) € dom ;. The last bound implies that ¢; converge graphically to v'.
Since SUpP(; j)edome; 1€i(t; )| < 1, v is a Hermes solution to H. O

B.2 Proofs of results in Chapter 4

B.2.1 Proof of Theorem 4.3

Stability of A is guaranteed by Theorem 4.16. To show attractivity, pick § > 0 as in the last paragraph of the
proof of Theorem 4.16. Pick any z € A+ 0B and any z € Sy(z). Then Qy(x) C N, where N is given by (B.3),
and in particular, Q(x) C U. Given any 2z’ € Q(x), let £ € Sy (z') be any solution to H verifying the forward
invariance of Q(z), i.e. rge& C Q(z). By Lemma B.12, V is constant along £. Suppose that V(£(¢,7)) =d >0
for all (¢,7) € dom¢&, so in particular Q(z) N A = (. If assumptions (a) and (b) hold, then by (a) and Lemma
B.12, ¢ is instantaneously Zeno since Q(x) C N. Hence, by (b), it converges to .A. But this contradicts V' being
constant along &. If assumptions (a’) and (b’) hold, then by (a’) and Lemma B.12, £ has no jumps, i.e. it is a
complete continuous solution. Hence, by (b’), it converges to .A. This again contradicts V being constant along
& Thus, V(&(t,7)) =0 for all (t,7) € dom¢ and consequently, Q(z) C A. This implies that « converges to A.

B.2.2 Proof of Theorem 4.14

The bound (4.4) holds with u., ug replaced by ue, up, for any trajectory x with rgex C U. Consequently,
by Theorem 4.17, any precompact trajectory x with Tgex C U approaches the largest weakly invariant set in
(4.10) for some 7 € V(U) (with G = g), and here, the reachable set G(up,'(0)) is just G(up'(0)). Since uc
is upper semicontinuous and nonpositive on U, the set ual(O) is closed, and the closure can be omitted. The
same reasoning applies when assumptions involve veo or we, however since these functions need not be upper
semicontinuous, the closures are necessary.

B.2.3 Proof of Corollary 4.15

If x is Zeno, then the weak invariance of Q(x) can be verified by instantaneous Zeno trajectories. More specif-
ically, given z € Q(z) with z(t;, j;) — z for some increasing and unbounded sequence of (¢;,7;)’s, the sequence
of trajectories x;(t,7) := x(t + t(j;),j + ji — 1) has a graphically convergent subsequence, the limit £ of which
has the domain equal to {0} x N (see also the proof of Lemma 4.13) and is such that £(0,1) = z. Using this
limit in the proof of Lemma B.13 shows that z € u;*(0) N G(u;'(0)).

Regarding (b), note that we can truncate x (and we won'’t relabel it) so that, for some v > 0, tj41 —t; > v
for all j > 0 such that (t;,7),(tj+1,7) € doma. Pick Z € Q(z) and an increasing and unbounded sequence
(ti,7i) with the property that x(¢;,7;) — Zz. Suppose that the sequence given by z;(¢,7) := x(t + t;,5 + Ji)
graphically converges, say to a trajectory T € Sy, and Z(0,0) = z (consult the proof of Lemma 4.13). If

[0,7/3] x {0} C dom Z, then using Z in the proof of Lemma B.13 shows that z € uz '(0). In the opposite case, a
graphically convergent subsequence can be extracted from the sequence given by (¢, 5) := x(t +t; —v/3,j+ Jji)
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so that its limit #’ is such that [0,7/3] x {0} C domZ'. Furthermore Z’'(y/3,0) = z and rgeZ’ C Q(z) (so
7’ verifies the weak backward invariance of Q(z) at z), and using Z’ in the proof of Lemma B.13 shows that
P

zZ € ue (0).

B.2.4 Proof of Theorem 4.16

Assume (x) and let € > 0 be small enough so that A+ 2eB C Y. We claim that there exists ¢, such that

V(z) <ce,z€ (A+2eB)N(CUD) (B.2)
=z€(A+eB)N(CUD),G(z) C (A+eB)N(CUD). ’

Certainly, as V is positive definite on C' U D with respect to A, there exists 7. > 0 so that for z €
(A+2eB)N(CUD), V(z) <r. implies z € (A+ eB) N (C U D). Now note that as up(z) <0 for all z € A and
V' is positive definite on C'U D with respect to A, G(AN (CUD)) C AN (C U D). By outer semicontinuity
and local boundedness, the mapping G is “upper semicontinuous”, in particular there exists v > 0 so that
G(A+9B) C A+ €B. Using positive definiteness of V again, one can find / > 0 so that z € (A+2eB)N(CUD)
and V(z) < r/ imply z € (A+yB)N(CUD). To make the implication (B.2) true, one now takes r. = min{r,, r/'}.

€’ e

Based on (B.2), we claim that the set
N={ze(A+eB)N(CUD) | V(z)<r.} (B.3)

is (strongly) forward invariant for H, that is for any x € Sy(z) with z € N, rgex C N. Indeed, pick any
z € N and let @ € Sy (z). If (0,1) € domx, then x(0,1) € G(z) C (A+€eB)N(CUD). If [0,T] x {0} C domz
and for some t' € (0,T], z(t',0) ¢ N, then by continuity of ¢t — z(t,0), for some t” € (0,¢'], z(¢t",0) ¢ N
but z(t”,0) € (A+€eB) N (C U D) and V(x(t",0)) < r. (the latter is true as V' is nonincreasing along z). By
equation (B.2), z(¢”,0) € N. This is a contradiction. Thus x([0,77,0) C N. The facts just shown are enough
to conclude that N is forward invariant.

Finally, by continuity of V', given any small enough € > 0 and r. > 0 so that (B.2) holds, we can find
d € (0,¢) so that z € (A+dB) N (CUD) implies V(z) < r.. Relying on forward invariance of N, each maximal
x € Sy(z) with z € A+ B is so that rgex C A+ eB. Thus, A is stable.

Now assume (x) and (xx). To show attractivity, note that given ¢ > 0 with A + 2eB C U, we can find
re € (0,r), r as in condition (%*) so that N in (B.3) is forward invariant (i.e. one can pick r. in the proof of
stability of A arbitrarily small). In particular, if § is associated with e as in the paragraph above, any = € Sy (z)
with z € A+ dB is precompact. As such, by Theorem 4.14, it converges to the largest weakly invariant subset
of the set given by (4.6). It must be the case that v < r. as V is nonincreasing along z, and then 1’ < r*.
As Q(x) is nonempty, = converges to the largest weakly invariant subset of (4.6) with » = 0 which, by positive
definiteness of V', is a subset of A. Hence, A is attractive.

B.2.5 Proof of Theorem 4.17
The next two lemmas allow us to establish the V invariance principle for hybrid trajectories.

Lemma B.12 (V constant on Q(z)) Suppose a function V : O — R is nonincreasing along a hybrid trajectory
x. If' V is lower semicontinuous, then for some r € R, V(Q2(z)) C (—oo,r|. If V is continuous, then for some
reR, V(Qx)) =r.

Proof. If Q(z) = 0, there is nothing to prove. Otherwise, pick any z € Q(z). By the definition of Q(z),
there exists {(¢;,7:)}52,, an increasing and unbounded sequence in domz, satisfying x(t;,j;) — z. Let 7 =
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liminf; o V(x(t;,Ji)). Pick any z € Q(x), and an increasing and unbounded sequence {(tx,jx)}72, in domzx
with z(ty, ji) — z. There exists a subsequence {(t,, jk; ) }°21 of {(tx, jk)} 52 such that for i =1,2,..., (¢, ;) =
(tk;, Jk;), and as V' is nonincreasing along x, V(x(t;, j;)) > V(x(tg,, jr;)). If V is lower semicontinuous, taking
limits as ¢ — oo yields 7 > liminf; oo V(2 (tk;, ji;)) > V(2). If V is continuous, then let 7 = lim V(z(t;, j;)) =
V' (%), and considering a subsequence {(t;, , ji, ) } ooy of {(ti,7:) }52q so that (¢, jr) < (tiy, Ji, ) and V(z(tg, jr)) >
V(x(ti,,, ji,)) vields, in the limit, that V(z) > 7. Thus, if V' is continuous, V(z) = 7. O

Lemma B.13 (invariant sets with constant V) Let V : O — R, uc,uq : O — [—00,400] be any functions,
the set U C O be such that u.(z) <0, ug(z) < 0 for all z € U and such that for any trajectory & € Sy with
rgeé C U, (4.4) holds for any (t,7),(t',j') € dom¢& such that (t,j) < (¢',5’). Let M C U be a set such that

V(M) = r for some r € R. If M is weakly forward invariant, then M C uz'(0) Uu,'(0). If M is weakly
backward invariant, then M C uz*(0) U G(u;'(0)). If M is weakly invariant, then

M Cuz'(0) U (uz'(0) N G(uy'(0))).

Proof. For any trajectory @ € Sy such that z(t, j) € M for (¢,j) € doma with (¢, ) = (¢,7) = (,) for some
(t,j) and (t,7) in dom z, the fact that V is constant along trajectories in M gives

/tuc(a:(s,j(s)))ds—l- S waa(t(i),i — 1)) = 0.

i=j+1

Pick any z € M. If M is weakly forward invariant, then there exists a nontrivial x € Sy(z) with rgexz C M.

If (0,1) € domx, applying the above equation to (¢,j) = (0,0), (,7) = (0,1) yields uq(x(0,0)) = 0, which
shows that 2z € u;'(0). If (T,0) € domz for some T > 0, then applying the equation to (0,0), (T,0) yields
fOT uc(z(s,0))ds = 0. As u, is nonpositive, it must be the case that u.(x(s,0)) = 0 for almost all s € [0,T].
Hence, z € uz'(0). If M is weakly backward invariant, then there exists x € Sy(2*), z* € M, such that
x(t*,j*) = z, t* + j* > 1, and z(t,j) € M for all (¢,5) =< (t*,5%). If (¢t*,57% — 1) € domz, then the inequality
above with (¢, 7) = (t*,5*—1), (£,7) = (t*,5*) shows that ug(z(t*, j* — 1)) = 0 and so 2 = z(t*, 5*) € G(u; ' (0)).
If (t* =T, j*) € domz for some T > 0, then an argument similar to the one for forward invariance can be given.
O

For any precompact trajectory x, from Lemma 4.13 we know that x approaches its w-limit, which is weakly
invariant. This w-limit is the same as the w-limit of the truncation of x to (¢, 7)’s with (T, J) < (¢,j) € domz.
By (4.4), the function V' is nonincreasing along the truncation. Thus V is constant on Q(z) by Lemma B.12.
Now note that (x) is a subset of U intersected with {rge{ | £ € Sy,rge{ C U}. In turn, this intersection
meets the conditions placed on the set ¢/ in Lemma B.13. Thus, invoking Lemma B.13, with M also replaced
by Q(x), finishes the proof.

B.2.6 Proof of Theorem 4.31

(1 = 2) Let M be the largest weakly invariant set in K. Suppose that there exists z € M \ A. Let € = |z| 4.
By stability of A relative to K, there exists § > 0 such that every hybrid trajectory £ € Sy with rgeé € K
and £(0,0) € A + B satisfies rge{ C A + §B. By weak backward invariance of M, there exists a trajectory
x1 € Sy such that for some (t1,j1) € domay, t1 4+ j1 > 1, 21(¢t1,71) = z and x4 (¢, ) € M for all (¢,5) = (t1, 1),
(t,j) € domx; (in particular z1(0,0) € M). Note that by stability, since z1(t1,51) & A+ §B, we have
x1(t,7) € M\ (A+6B) for all (¢,7) € domxy, (t,5) =< (t1,71). In this way, we can construct a sequence z; € Sy
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such that for every i > 0, there exists (¢;, j;) € domu;, t; + j; > @ with x;(t;, ;) = 2z and z;(¢,j) € M\ (A+0B)
for all (t,7) = (ti,j:), (t,7) € domz;. As K is compact, the sequence {z;}$2; is locally eventually bounded.
By the hybrid basic conditions, it has a subsequence (that we won’t relabel) converging to some = € Sy,
with x;(0,0) — x(0,0) € M. Since doma; are “increasing”, x is complete; see [39, Lemma 3.5]. Finally,
rgex C M\ (A+ B), and also rgex C K. The second inclusion, by detectability of A relative to K, relative
stability of A, and Lemma 4.29, implies that = converges to 4. This is a contradiction with the first inclusion.

(2 = 1) Any trajectory = € Sy with rgex C K is precompact, by compactness of K, and as such, it
converges to its w-limit. Since the w-limit is invariant and a subset of K, it must be a subset of A. Hence, x
converges to A.

B.3 Proofs of results in Chapter 5

Some of the following results use theorems from [39], which for completeness are reproduced below.

Theorem B.14 (KLL-bound [39, Theorem 6.5]) Suppose that the basin of attraction B4 of a compact set
A C O is open relative to C' U D. Let U C O be any open set such that B4 = (C'UD)NU. For each proper

indicator w : U — Rx>( of A with respect to U there exists € JCLL such that, for all solutions x starting in
Ba,

w(x(t, 7)) < B(w(x(0,0)),t,7) Y(t,7) € domx . (B.4)

Theorem B.15 (KLL-bound under perturbations [39, Theorem 6.6]) Suppose that the basin of attraction B
of a compact set A C O is open relative to C'U D, U C O is any open set such that B4 = (C'UD)NU, and
w : U — Rx( is a proper indicator of A with respect to U, and 3 € KLL is such that, for all solutions starting
in B, (B.4) holds. Assume that the family of perturbed hybrid systems Hs, § € (0,1), has the convergence
property (CP) in [39, Section V]. Then, for each compact set K C B4 and each € > 0 there exists 6* > 0 such
that for each § € (0,9*], the solutions x5 of Hs from K satisty, for all (t,j) € dom x5,

w(zs(t, 7)) < Blw(zs(0,0)),t,5) +e  Y(t,j) € domuw .

B.3.1 Proof of Theorem 5.12

To show Theorem 5.12, we first exploit the asymptotic stability of A with respect to H¢;. Using the properties
of the data defining the closed-loop system H,; to invoke the converse Lyapunov theorems for hybrid systems
in [23], there exists a smooth function V' : R™ x R™ — Rx( and class-K functions ay, as satisfying

) V(z,z.) € R™ x R"™ : a1 (|(x,2:)|4) < V(z,2.) < as(|(z, z:)] ), (B.5)
i) V(z,2.) € Co: (VV (z,2), [fo(, k(z, 2 )T, felz,z)T]F) < V2, 20), (B.6)
i) V(z,z.) € D : fegjgc)fmc) V(x, &) <e 'WV(x, x.), (B.7)

where we have used the properties of the data of H,;.

By using continuity of V' and (B.6), for each 0 < d; < Ay < oo there exists 5 >0 and 7 € (0,1) such that
for all (z,z.) € (Ce + 0B) N Qa(ds, Ag)

(VV(z,zc), [f(, ke(z, IC))Ta fe(, IC)T]T>§ YV (z, ).
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By local boundedness of (z,z.) + fp(z,ke(r, 7)) and f., there exists M > 0 such that for all (z,z.) €
(Ce+0B)NQ4(0,Ay)

o (@, k(@ )T, felz, )T < M .

Let 0 < 0 < 0 and pick T, and T, so that max{7T,,T.} < 6/M. Note that with this construction, when flows
are enabled, points in C. are not reachable from R™ x R™ \ (C, + ¢B) and points in R™ x R™ \ (C, + ¢B) are
not reachable from C..

We extend the hybrid system Hfl/ " with two auxiliary states: a continuous state denoted by Zj and a
discrete state denoted by ¢. The continuous state zj, is so that its update law is equal to the one for z., while
its continuous dynamics are so that the flows of z;, are governed by f., i.e.

Zn o= folx, %) (B.8)
when 74 € [0,T5] and 7. € [0, T¢].
The discrete state ¢ assumes values in the set {0,1}. We design the update law for ¢ so that it is equal to 1

when the new values of (z,,, z,) are in the proximity of the flow set C., and zero when they are away from the
S/H.

flow set C.. During flows, ¢ remains constant. We denote the extended hybrid system by H_;
Let A1, A2, A3 € R be constants satisfying A1, Ao > 0, A3 < 0, and let W (z, 2}, 75, 7e, ¢) be given by
Wz, Zh, 75, e, @) 1= exp(A17s) exp(Aaqre) exp(As(1 — q)7)V (2, Z) - (B.9)

The function W is constructed by combining the Lyapunov function V for the nominal closed-loop system H,;
and exponential terms that depend on the timers 74, 7. and the logic state q. The purpose of the exponential
terms in W is to balance the increase of

<VV(.’L‘, gh)v [f(CL', KC(st ZC))Tv fC(xv gh)T]T>

along flows and of V(z,2;) — V(z,%,) at jumps. Clearly, during flows, the terms exp(A;7s) and exp(A2q7)

for ¢ = 1 decrease. However, at jumps, the terms exp(A2q7.) and exp(A3(1 — ¢)7.) may increase or decrease
depending on the value of ¢™. Therefore, the constants Ai, Ao, and A3 have to be designed carefully to obtain
decrease both at flows . Let

e1:=2n — 9t.(Zm, 2c), €2 1= Zm — T, €3:=Zc— Zp, €4:=2Z2s—T .
The partial closed-loop system state [z, Zp, Ts, 7e, ] has continuous dynamics given by

f('r7 gh, TS? TC, q) = [f('r7 HC(ZS) ZC))T, fc(.f, gh)T, 17 ]‘, O]T *
The following lemma states a decrease property of W along flows for a proper choice of its constants.

Lemma B.16 (decrease along flows) Let Assumptions 5.1, 5.2, and 5.3 hold. Then, for each positive number
0s and Ay satisfying 0 < 05 < Ag < oo there exist € > 0 and constants A1 > 0, Ao > 0, and A\3 < 0 of W such
that

<VW(:I;7 5}17 TsyTey q)u f(xa 5}17 TsyTe Q)> S _EW(J:7 ghu TsyTe Q)

for points

(Fl) (xaghuTsuTw(L |[€§,€Z]T|) € ((CC + 5]B) N QA(657A5)) X [07T5] X [07TC] X {1} X 534187.
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(F2) (xaghuTsuTw(L |[6§,€Z]T|) € QA((SS?AS) X [07TS] X [07TC] X {0} X 534187.
for some 934 > 0.

Proof. When 74, < T, and 7. < T, with the closed-loop dynamics we obtain

(VW (2, Zh, Tes Ter @)s F (2, 20y Ty Ter @) < (A1 + A2q + As(1 — q)) exp(M7s) exp(Aaqre) exp(As(1 — q)7e)V (, Zn)+
exp(M7s) exp(Aaqre) exp(A3(1 — @)1 (VY V (2, Z1), [f (@, ke(2s, 2e)) T, fol, 2)T]0).

By operating with the last term, we can rewrite the inequality as follows:

(VW (2, Zh, Ts, Tey @), [(X, Zhy Ty Tey ) < (A1 + Aag + A3(1 — q)) exp(A17s) exp(A2qTe) exp(As(1 — ¢)7e)V (2, Zn)+
exp(M7s) exp(Aaqre) exp(As(1 — q)7)(VV (2, Z3), [f (2, kie(z, Z0) T, fol, Z)T]F) exp( M 7s) exp(AaqTe)
exp(As(1 — q)7e)p(x, Zn, Ts, Te, @, €3, €4)
where
(@, Zh, Tsy Te, G, €3, €4) = |VV (2, Zp)|| f (2, ke (2 + eq, Zn + €3)) — [, Ke(z,21))] -
The function p is continuous and for every (z, Zp, 7s, Te, ¢) € R™ X R™ x RZOQ x {0,1} then we have
(X, Zh, Tsy Tey ¢,0,0) = 0 .

For all (z,zp) € (Cc 4+ 0B) N Q4(ds, As) and g = 1, with the property of V' in (B.8) there exists A\ > 0,
A2 >0, and € > 0 satisfying —vo + A1 + A2 < —2¢ that yields

<VW(I5 gha Tss Tes Q)a f(xa 5]17 Tsy Tey q)> < eXp()\lTS) eXp(AQTC)(_ZEV(Ia gh) + [)(‘Iv gh; TsyTes 4, €3, 64))'

Since j is continuous and vanishes with (e3, e4), there exists small enough 634 > 0 so that (z, Zp, Ts, Te, |[e2 , eX]T|)

in
Qa(0s, Ag) X [0,Ts] x [0,T,] x 634B
implies
(X, Zh, Tsy Tey @, 3, €4) < eV(x,23) .

Then

<vw(x7gh77-55767Q)5f(‘rvgh;7’877-65q)> < _EW(‘rvghaTsvTCaq)
for all (z,Zh, Ts, Te, ¢, €2, eX]T|) € ((Ce + 6B) N QA(Js, As)) x [0, Ts] x [0,T.] x {1} x 34B.
When ¢ = 0 we have that

<VW(‘I7 ghv Tsy Tes q)7 f(‘rv gha TssTes q)> S ()\1 + >\3) eXp(AlTS) eXp(A3TC)V(‘r7 gh)+
exp()‘lTs) eXP()\STc)<VV($, Eh)a [f(xu Iic((E, gh))Tu fc(xu Eh)T]T> + eXP()\lTs) eXP()\3Tc)P~(CUa ghu TsyTey 4, €3, 64) .
Let My be such that

ma VVi(x,z z, ke(z, 2 )T, fo(z,Z)T1E |} < My .
oo {9V (5] (el 3T, L 5T < My

Let p > %. It follows by (B.5) that

|<VV(Ia 5]1)7 [f(xa ’{C(Ia 5h))Ta fC(Ia zh)T]TH < HV(% gh)
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for all (z,25,) € Q4(ds, Ag). Then choose A3 < 0 so that A\ + A3+ 4 < —%5. Proceeding as for ¢ = 1, we obtain

<VW($7gthSaT67Q)a f(xvgh;T57TCaq)> < _EW(xvghaTsvTCaq)

for all (z,Zn, Ts, 7e, , |[€d, eX]T|) € Qa(ds, Ag) x [0, Ts] x [0,T.] x {0} x 534B. O

Lemma B.17 (decrease along jumps) Let Assumptions 5.1, 5.2, and 5.3 hold. Then for each positive number
0s and Ay satisfying 0 < §; < Ay < oo and each constants \y > 0, Ay > 0, and \3 < 0 of W and T.,Ts > 0
satisfying T.As € (—1,0) there exists p € (0,1) such that

W(x+7 g};‘rv T+7 T+7 q+) S pW(Ia 2]17 TsyTes Q)

S C

for points

(J1) (z,Zh, Ts, Te, @) € Qa(ds, Ag) X [Ts, +00) x [0,Te] x {0,1};
(J2) (2m, 2zc) € Coy (X, 2, Ts, Tey ¢, |€1]) € Qa(ds, Ag) X [0,Ts] x [Te, +00) x {1} x 6:B;
(J3) (Zm,ZC) € DC’ (xaghuTsa7—07Q7 |[€g,€§]T|) € QA((SS?AS) X [O7TS] X [TC7 +OO) X {07 1} X 523187’

for some 91,923 > 0.
Proof. When 7, > Ty, for every Ay > 0, T5 > 0 there exists p; € (0,1) that satisfies p; > exp(—\1Ts) and
yields
Wz, 25, 75 78, 07) = exp(Aeqre) exp(Ns (1 = @)7e)V (2, Z0) < p1W (2, 2, T, Te, )
for all (z,Zh, Ts, Te, @) € Qa(ds, As) X [Ts, +00) x [0, T] x {0,1} since Ay > 0.
When 7. > T¢, (zm, 2.) € C. \ D., and ¢ = 1, the update law yields
W(at, 55t gt

azh 57-5 aTc »q ): eXp(AlTS)V(.I,ng(Zm,ZC)) . (Blo)

Since V is smooth on R™, for every ¢’ > 0 there exists L > 0 such that |n; — 2| < &, n1,m2 € Q4(0, As) NR™
implies

[V(m) —V(nz)| < Ld". (B.11)

Let 01 > 0 to be fixed later. Using (B.11) with ¢’ = §; in (B.10), for every (x, Zn, Ts, Tc, ¢, |€1]) € Qa(ds, As) X
[0,Ts] x [Te, +00) x {1} x 61B we obtain

W(IJra 5};’_5 Tera Tc+a q+) < eXp()‘lTS)(V(Ia 5h) =+ L51) .

Since V(z, zp) > a1(0s) for every (z,2y) € Qa(ds, As), for every Ay > 0, T, > 0 there exists p2 € (0, 1) satisfying
p2 > exp(—A2T.) and by fixing 7 to satisfy d; < %al(és)(pg exp(A2T.) — 1) we obtain

W(.I—i_,g}j,T:,Tj,q—i_) S pQW(IagthSachq) (B12)

for all (2, 2.) € Ce \ De, (%, Zh, Ts, Tey @, l€1]) € Qa(0s, Ag) X [0, Tg] X [Te, +00) x {1} x 61B.
When 7. > T, and (2, 2.) € D, \ D., the update law yields

Wt 20,70 78 ) = exp(Mo)V(@, gel2m, 2c)) (B.13)
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Let d23 > 0 to be fixed later. Using ¢’ = §23 in (B.11) and the property of V at jumps in (B.7), for every
() Zh,y Tsy Tey @, |€2]) € Qa(ds, Ag) x [0,Ts] X [Te,400) x {1} x d23B we obtain

W(er,E,T,Tj,Tj, q") < exp(M7s) (e V (2m, 2e) + Ldas)
Using the smoothness of V' again, for every
(2,2, Ts, Tes @, | [€2, €21T]) € Qa(8s, Ag) X [0, Ts] x [T, +00) x {1} x 523B
it follows that
Wtz rh, 7k q") <exp(\irs)(e 'V (2, Z) + Loas(L +e71)) .

Since V' (z, z5) > a1(0s) for every (z,2y) € Qa(ds, As), for every T A3 € (—1,0) there exists p3 € (0, 1) satisfying

ps > exp(—AsT, — 1) and by fixing do3 to satisfy dog < ﬁal(és)(m exp(A3T. + 1) — 1) we obtain

W($+72Z,Tj77j,q+) S PSW(xvgh;Tsﬂ'caQ) N (B14)

for all (2, 2z.) € Do\ Ce, (2, 2h, Ts, Tes @, | [€2, €2 ]T]) € Qa(ds, As) % [0, T5] x [Te, +00) x {0, 1} x d23B. Following
the last two cases of the proof it is easy to show a similar result for points (2., 2.) € D. N C.. O

In order to keep overall boundedness, the timer constants 75,7, > 0 need to be designed so that during
flows and jumps the error states e;, i = 1,2, 3, 4, remain bounded. We establish this as follows.

Lemma B.18 (errors boundedness) Let Assumptions 5.1, 5.2, and 5.3 hold. For each positive numbers 5 and

A, satisfying 0 < §, < A, < oo, given &' > 0 there exists T,, Ty > 0 so that for every solution &, to H;,S/H‘: with

(2°,20) € Qa(ds,As) there exists (T*,J*) € dom&, so that
le2(t, )| < &', les(t,4) < &', lealt, )| <0, (B.15)

for every (t,7) = (T*,J*), (t,j) € dom¢&,.

Proof. Recall that the dynamics of Hfl/ He are such that during flows
ér = —f(@,Kc(2s,20), €3 =—fe(@,2), €4=—Ff(x,kec(zs, 20)); (B.16)
at jumps due to 74 > T
ey =ea, e5 =e3, ef =0; (B.17)
and at jumps due to 7. > T

e =eq, 65 =0, e =ey . (B.18)

Let Mo = [[e2(0)T, e3(0)7, e4(0)T]T| + 6" + 1. Let My and M, be two positive numbers satisfying

max ez, Zn)| < My, B.19

(x.21)€Q4 (85, A5) [fel, 20) ! (B.19)

W x, ke(x + MoB, Z), + MoB))| < M. B.20
(I,Eh)eszA(st,Aj( ( 0% =h 0B))| 2 ( )

Since the jumps of Hfl Ae are triggered by the timers 74 and 7., for every solution £, there exists (T*, J*) € dom &,
such that the jump mappings (B.17) and (B.18) have already been executed at least once, independently of the
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point with (2%, 2)) € Qa(ds,As) from where & started from. Then, for all (t,7) = (T*,J*), (¢t,j) € domé&.,
using (B.19)- (B 16), |es| cannot grow more than M3T., MiT. < 1, and |e4| cannot grow more than M7y,
M>T, < 1, during flows. From (B.17) and (B.18), |es]| and |es4| do not increase during jumps. Then choose T,
so that M1 T, < min{1, %/} and Ty so that MoTs < min{l, %/} to show

/ /

st )] < % lealt, ) < 5 (B.21)

error |es| cannot increase more than ¢’ + MsT,., MyT,. < 1. Then choose T, so that M>T. < min{1, %/} to show

for every (t,7) = (T*,J*), (t,7) € dom&.. Since es is reset to e4 at jumps triggered by 7. > T, using (B.21) the

lea(t, j)| < o' (B.22)

for every (t,7) = (T*,J*), (t,j) € dom¢.. O

We are now ready to show Theorem 5.12. The state of Hf/ He i given by

T T T T T
[(E 720 725 7TS7T07Zmuzh7Q]

but for this analysis we consider the state vector with the error signals given by [T, Z] 7, 7., q,eT]T (all
the signals can be recovered from the errors as well), where e := [e], el el eT]T. First note the following

observation based on the design of ¢:

(¢) Solutions to Hf/ e cannot flow for more than max{T,, T, } units of time. By design, max{T,, Ts} < /M
which implies that solutions that flow with components (z,zp) in C. N Q4(ds, As) cannot reach the set
R™\ (C. + 0B) before experiencing a jump, and that solutions flowing in (R™ \ (C, + 0B)) N Q4 (s, As)
cannot continue flowing and reach the set C, without jumping.

This observation has the following implication: solutions with components (x,Zp,q) starting in the set (or
eventually entering the set)

Ro = (Co N Qu(0s, Ay)) x {g =0} (B.23)

leave it in finite time and never return to it. To show this, consider first that there is an instantaneous jump
due to the timer 7.. Since (2, z.) € C., the jump mapping giogic Will update g to one and consequently, the
component of the solution (z,z}, ¢) will leave the set Ry. If we assume instead that there is an instantaneous
jump due to 75, z,, and z. will be remapped to their initial values before the jump, event that will be repeated
until a jump due to 7. occurs. Instead, if the solution flows, by (¢), it will stay in C. + dB. From there, a future
jump due to 7. > T, would map it outside R since the mapping used would be gy, (zs, z.). This shows that
solutions with components starting in Rq leave it in finite time. As the solution leaves this set, ¢ is necessarily
mapped to one. For ¢ to be mapped back to zero and (z,, z.) to C¢, a jump due to 7. > T, should occur with
(255 9H. (2ms2c)) € (Ce + 6B) and ¢* = 0. This is impossible by the definition of gjog;c. It follows that, after
leaving the set Ry, ¢ indicates if (zs,2.) € (Cc + dB) with ¢ = 1 or if it is in (zs,2.) € R™ \ (C, + 0B) with
q = 0. Based on this discussion, we will not consider solutions with components in C,. and with ¢ = 0 since
such a condition is not reachable after finite time.

Let & be any solution to Hf/He with 2(0) = 2°,2,(0) = 20, (2°,20) € Qa(Js, As)
Obtain d34 from Lemma B.16, and §; and d23 from Lemma B.17.

Then from Lemma B.18 with ¢’ = min{da3, 634}, there exists T*1 > 0, T > 0, and (T, J*) € dom &, such
that for all (¢,7) = (T*,J*), (t,7) € dom&, |e;(t,7)| < ¢, for each i = 2,3,4. With some abuse of notation, we
redefine the solution & (but we don’t relabel it) so that for each ¢ = 2,3,4; |e;(t, j)| < 0’ for all (¢,7) € dom&,.
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Let 03 = 6, = 0. Since |[e],eT]T| < &', it follows from Lemma B.16 that for every (¢,7) € dom &, for which &,
flows and its components satisfy the condition (F1)

(x,z1) € (Ce 4+ 0B) NQa(ds, As) and (75, 7¢, q) € [0,T5] x [0,T,] x {1}
or the condition (F2)
(w,zh,Ts,Tc,Q) € QA(657 AS) X [OvTS] X [OvTc] X {0}7

we have

Wi (t,5), Zn(t,4), 7s(t, ), Te(t, ), a(t, 5) < —eW (x(t, 4), Zn(t, ), 7s(t, ), 7e(t, 5), a(t, 7))
for every e € (0,&*], where £* is imposed by Lemma B.16.

Since gy, is consistent with f., there exists p € Ko and T2 > 0 such that for all 7. € (0,T?), at every
jump point (¢,5) € domé&, due to 7. > T,

|g.fc(2m(t7j)7zc(tvj)) - gh(tvj)l < Tcp(TC) <6 .

Let &, = 6,. Then, when Te(t,7) > T. and q(t,j) = 1 we have |e1(t,j)| < d1. Let 69 = 023. Then, for every
jump point (¢, 5) of & due to 74 > T with components of &, satisfying condition (J1)

(,T,E}“TS,TC,(])E QA(éstS) X [T87+OO) X [07TC] X {07 1}

or for every jump point (¢,7) of & due to 7. > T, with components of & satisfying condition (J2) (2, 2.) € C.
and

(xaghaTsuTm(J) € QA(657 AS) X [OvTS] X [TC7+OO) X {1}7
or condition (J3) (zm,2.) € D, and
(xaghuTS7T07q) € QA(ésu AS) X [O,TS] X [ch+oo) X {07 1}

we have

This implies that provided we choose T, < min{7°, 7%, T*?} and T, < min{T%, T}, trajectories with

c "rc

components (z,z;,) € Qa(ds, As) satisfy during flows

W (a(t,5), Zn(t, 1), 7s(t,5), 7e(t, ), a(t, §)) < —eW (@ (t, 5), Zn(t, ), 7(t, 5), 7e(t, ), a(t, ), (B.24)

and during jumps

B.25

with |es(t,5)| < s, i = 1,2,3,4 for all (¢, ) € domé&,.
Then, for every solution &, to Hf/ He starting at
(20,20, 79,79 4%, %) € Qa (0, A) X Rxo? x {0,1} x 6B,

_ 1,7 T T ,T1T U 3
e=lej,e5,e3,e5]" and 0 = min;eqy 203,43 6,
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e during flows & satisfies (B.24) and therefore, for each ¢ € [t;,tj41], tjy1 > tj, (¢,7) € domé,,

W(C(t,5)) < exp(—e(t — t;))W(C(t5, ), (B.26)
where for clarity in the exposition, we define
C(t,5) = (x(t,7), Zn(t, 5), 75 (t, ), 7e(t, 4), 4(, 5)), € = €(0,0).

e during jumps &, satisfies (B.25) and therefore, for each (¢,5) € dom &, so that (¢,7+ 1) € dom &,
W(C(E,j+1) < pW(C(t, 7)) - (B.27)

Combining (B.26) and (B.27) we obtain a bound on |(x,Z)|4 on compact hybrid time domains. Let
T = min{T;, T.}. Then for every (T, J*) € dom ¢ and defining n = | 2|
W (T, J")) < p”" exp(—eTn) exp(—e(T* —nT))W(C°)

which combined with (B.5) gives
~ 1 -
[(2,2p)|a < 041_1 (—p’] exp(—eTn) exp(—e(T" — nT))W(CO)) )
ay

Solving this equation when |(x,2;,)|4 = s gives an explicit value of (T, J*) such that (x(T™*, J*),zZn(T*, J*)) €
0.4(0,65).

We now fix d; and A to satisfy the given set of initial conditions K and the level of closeness ¢ to the set

A.
From the definition of W in (B.9) and the bounds for V in (B.5) we obtain

aron (|(z, )| a) < arV(z,z.) < W(x,Zn, Ts, Te, @) < a2V (z,2) < asan(|(z, 2c)]4) (B.28)

where a1 = exp(A3T.) and as = exp(AMTs + A2T.) and we used the fact that the timer 74 and 7. do not grow
more than T and T, respectively.

Let A’ > 0 be such that K C Q4(0,A%) and let A, = a;! (Z—TOZQ(A;)).
For initial conditions
(20,29, 79,704, €%) € Q4(0, AL) x Rxo? x {0,1} x 0B, (B.29)
where the solution ¢ to Hf/He starts, using (B.28), we have
W((0,0)) < azaz(AY) .
Suppose that there exists a first hybrid instant (', j') € dom ¢ at which
(@(t',57),Zn(t',5))) & Q2a(0,As) .
Then, for all (¢t,7) < (t,7'), (t,7) € dom{, W decreases along the solution and with (B.28) gives
avan (|(x(t, 1), Z(t, 5)la) < W(C(E 7)) < W(C°) < azaz(A))

which implies

((x(t,5), Zn(t, §)|a < a7t <Z_ja2(Afs)) A, .
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Then, the solution ¢ (and every solution with initial points satisfying the condition in (B.29)) never leaves
the set Q4(0,Ay).

The jumps from the set ©.4(0, d5) may land outside of that set since W is no longer decreasing for (x,z) €
2.4(0,68,). Let 6 > 0 be such that after the jump from Q.4(0, ), ds < |(zF,%)|.4 < 67. This can be established

by choosing §, small enough and using continuity of W. Let ¢, = 041_1 (Z—fag (5;,’)) . Then by the same argument

used above, the solution after the jump cannot leave the set ©4(0,d%). More precisely, say that the jump from
0.4(0,d5) occurred at (t*,j*) € dom¢. Then for all (¢,5) = (t*,7*), (t,7) € dom ¢ until (z,z)) enters 2.4(0, d5)
again

ava (|(x(t, ), Za(t, 5)la) < W(C(E 7)) < W(C°) < azaz(57)

which implies
N~y 4 fa
|(@(t,7), Zn(t, )4 < i (a—?ag(sg)) _

Let ¢ < € and use §” = oy * (Z—;al(ég)) in the continuity argument above to obtain J5.

Finally, the bounds on = and Zz;, can be extended to z. and combined into a KLL function satisfying along
solutions the properties in the claim.

B.4 Proofs of results in Chapter 6

B.4.1 Proof of Theorem 6.5

The following auxiliary lemma will be needed.

Lemma B.19 (middle point lemma) Let B C O. If z; € M; and z; € M, with i # j and the line segment
connecting z; and z; is contained in B then there exists a point on the line segment connecting z; and z; that
belongs to M.

Proof. Since the line segment is contained in the open set B there exists a neighborhood N’ of the line segment
contained in B. We cover the line segment with an increasing number of open balls with decreasing radius,
each centered at points on the line segment and such that each ball is contained in N’. The radius is taken
to be % with k a sufficiently large integer. Since the endpoints belong to different index sets, at least one ball
intersects more than one index set. We use y; to denote the center of the ball of radius % intersecting more
than one index set. The sequence y; has a subsequence converging to a point y on the line segment. We claim
that y € M. Suppose not. Then there exists p > 0 and i such that £ € M, for all £ € {y} + pB. But since

{yx} + +B C {y} + pB for k sufficiently large, this provides a contradiction. O

By Assumption 6.2, m < +o0o. Then, given p/, p”" > 0, every solution z to @ = f(x) from z° is such that if
there exists T} such that z(T) & 20 + p'B, then the minimum such time 7} satisfies

o
T >2 (B.30)
m

3

while if there exists Ty such that x(7T%) € B, then the minimum such time T5 satisfies

p//
T, > (B.31)
m

3
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Then, 7% := min{T1, T} > %,’p”}'

Let z§ = 2° and i be such that 2§ € M,. Since 2 € M + B, there exists z € M such that |z — z| < e.
Pick j # i and using Assumption 6.4, let z; be such that |z; — z| < min{%, e — |2) — 2|} and z;(¢) € M;\M C B
for all t € [0,T] where xz; : [0,7] — O is a Carathéodory solution to & = f(z), z;(0) = z;. Note that such z;
exists by choosing small enough p > 0. Also note that

|20 — zj| < |2) — 2| + |z — 2| < ¢ . (B.32)

Let z: [0,7] — R" satisfy & = f(z;(¢)) with z(0) = x), that is, it satisfies

x(t) = :108 —l—/o [z, (r))dr (B.33)

for all ¢ € [0,T]. Let e(t) := x;(t) — x(t) for all t € [0,T]. It follows that z is also a Carathéodory solution to
the initial value problem & = f(z + ¢), £(0) = , since

2(t) = 2%+ /f )+ e(r))dr = 20 + /ij (B.34)

for all t € [0, T]. Note that since z; is a Carathéodory solution to the initial value problem & = f(z), z;(0) = z;,
it satisfies

t) = z; +/0 f(x;(r))dr (B.35)

for all t € [0,7]. Combining (B.35) with (B.34), e(t) = z; — 3. From (B.32), |e(t)| < e for all ¢ € [0,T]. Note
that by construction, for x(t) to leave M + B it is required that |x;(t) — z;| > §, and that the minimum time
for that to happen is 5—

Let t; € [0,min{T,T*, 5=-}] be such that, for all t € [0,4], ‘fotf(ZE(T) +e(r))dr| < e. It follows that

z(t) € (2 +eB) N BN (z) + p'B) for all t € [0,¢1]. Let | € (0,¢1] and suppose that z(t}) € My, for some k # i.
Since z(t) € B for all t € [0,#1], by Lemma B.19, there exists a line connecting #° and z(#}) that has a point
that is in M. Denote this point by z’. Then

l(t)) — 2| < |a(t)) — x)| = ‘/0 ' fz(r) +e(r))dr| <e. (B.36)

Instead, if x(t]) € M,, using again Lemma B.19, the line connecting x(#}) and x(#]) + e(t}) contains a point
that is in M since z(t) + e(t) = z;(t) € M, j # i, for all t € [0,T]. Denote this point by z’. It follows that

|z(th) = 2| < Ja(ty) — 2(t)) —e(ty)] = le(t))] << .

Continuing in this way, provided that x(t;) € (z° + p'B) N B, i = 1,2,. this argument can be repeated
with constants €; = € and p} = p/, picking p} so that z(t;) + p''B C B, and w1th x) = x(t;) to obtain a sequence
of times ;41 > 0,7 = 1,2, ..., defining a Carathéodoy solution = to # = f(z), x(0) = 2°, with measurement
noise e and with the property that, for all t € [0,7") C doma, T' := >, ; t; (possibly unbounded, in which
case z is complete), z(t) € (M +eB) N BN (2° + p'B) and |e(t)| < . Note that by construction, 77 > T*. If
T' is finite, then lim;_ 7 x(t) & BU (z° + p'B). If limy_7 2(¢t) € O, then z is maximal; otherwise = (and the
measurement noise e) can be further extended to obtain a maximal solution.
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B.4.2 Proof of Corollary 6.7

Following the definition in [55] (see also [42]), a function z : dom x — R™ is a Krasovskii solutionto & = f(x),
f:O—=R" if
#(t) € F(x(t)) for almost all ¢t € domz,

where, for each £ € O,

F(§) = () of (& + 0B).

>0

Corollary B.20 (Krasovskii solution on M) For every 2° € M N B there exists a maximal Krasovskii solution
x to @ = f(x) with x(0) = 2° such that z(t) € M N B for all t € dom z. Moreover, this solution either leaves B
or is complete.

Proof. Pick any p’ > 0 and any p” > 0 such that 2%+ p'B C O and 2° + p""B C B. For each i € N, let p}, p// > 0,
g; = 1, and 2 be such that p} — o/, p! — p”, and 2? — 2% as i — co. Using Theorem 6.5 with the constants
just defined, obtain, for each i € N, x; : domx; — O and ¢; : dome; — %IB%, dom x; = dom e, such that

1
x;i(t) € (M + —,B) NBN (29 + pB) vt €[0,7}) C domuwz; , (B.37)

i
where T/ > T := %ﬁ’pg}, m; = sup {1+ |f(n)] | n€a?+pB}. In the limit, the truncation of {z;}52,
to [0,77) uniformly converge to = : [0,7*] — O, (0) = 2°, and the truncation of {e;}2, to [0,TY) umformly
converge to the zero function on (in R™) on [0, T*], where T* = % m=sup {1+ |f(n)| |nea’+pB}.

Then, x satisfies z(t) € M for all ¢t € [0,T*]. It follows by Theorem 4.3 in [42] that x is a Krasovskii solution
to & = f(x). Now we show that if 2(7™*) € B then = can be extended further while in M N B. By contradiction,
suppose it is maximal. Pick a sequence 79 such that lim; ., #7 = z(T*). Using Theorem 6.5 again with the the
constants above, obtain {#;}{2, and {€&;}72; such that they Satlsfy (B.37) (replacing 29 by ¢ in T} and m;).
Then, #; converge uniformly o0& [0,T"] — R™ where T" > T*. This is a contradiction since Z is an extension
of z and the concatenation of x and Z is a Krasovskii solution to & = f(x). O

With Corollary B.20, the proof of Corollary 6.7 follows from Corollary 4.5 in [90]. In fact, by Corollary B.20
with 20 = z, there exists a maximal Krasovskii solution Z to & = f(, k.(z)) with #(0) = z and Z(t) € MNB for
all t € dom Z. Let T > 0 be the largest time such that [0,7) C domZ. Let 7" € (0,T). Then, by Corollary 4.5
in [90] with C' = O, for every 2° € O such that |2° — Z(0)| < e’e T =: § where &’ > 0 is small enough so that
rge#+2¢/B C O and ¢’ < e, and L is a Lipschitz constant for f(-,u) on rge @+ 2¢'B for any u € k.(rge &+ 2¢'B),
there exists a measurable function e : [0,7'] — R™ and an absolutely continuous function z : [0,7"] — O,
2(0) = 2°, such that sup,c(o 7 [e(t)] < &,

i(t) = f(x(t), ke(z(t) + e(t))) for almost all ¢ € [0,T"] , (B.38)

and [z(t) — Z(t)| < ¢’ for all t € [0,T"], that is, x(t) € (M + eB) N B. The horizon T" can be chosen arbitrarily
close to T' by picking sufficiently small ’. The remainder of the proof follows the proof of Theorem 6.5.

B.4.3 Proof of Theorem 6.11

By Lemma 6.10, the closed-loop system H,; satisfies the hybrid basic conditions. Then, for each (z,q) €
C.U D, if (z,q) € D, then Q.(z,q) # 0; otherwise (VC) in Proposition 2.4 in [39] holds by construction of C.
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and the continuity properties of V;, on O, for each ¢ € Q. Then, using Proposition 2.4 in [39], there exists a
nontrivial solution from each £ € C. U D., and since

)= [QC(Z, q)]

is such that G(D.) C C. U D,, each solution is either complete or has a bounded hybrid time domain. Suppose
that a solution (z(t, j), ¢(t, 7)) has a bounded hybrid time domain with 7" and J being the supremum of dom(z, ¢)
in the ¢ and j direction, respectively. Since G(D.) C C.U D, if (x(T,J),q(T,J)) € D, then the solution can be
continued forward by jumping. If (x(T, J), ¢(T, J)) € C. and £ cannot flow forward in time, then, since the flow
map is continuous on C., (z(T,J),q(T,J)) is either in the boundary of C¢ and not in C? or is in the boundary
of C? and not in C%. If (x(T,.J),q(T,.J)) is in the boundary of C¢ and not in C? then, by construction of D,
(x(T,J),q(T,J)) € D, and the solution can be continued forward by jumping. If (x(7T,J),q(T,J)) is in the
boundary of C? and not in C¢ then, since by construction of C,. and D, we have (O x Q) \ C¢ C D,, then
(x(T,J),q(T,J)) € D, and the solution can also be continued forward by jumping. Hence, every solution to
He from O x @ is complete.

Asymptotic stability of A x @ is shown by establishing uniform convergence to and forward invariance of
A x Q. By the definition of D., every (z,q) € D, is such that

Vo(@) > (5 — A min V()
peQ

By construction of Q.

Vo@) = (n=MNVy(z)  Yq € Qel,q), (2,q) € D .
Let v := (u— A", v €(0,1). Then

Vo () <9'Volz) V' € Qelx,q), V(z,q) € De . (B.39)

Moreover, from (6.5) we have

(VVy(2), fp (@, kg (2))) < —p(Vy(z))  V(z,q) € C. . (B.40)
Let W(x, q) := Vg(x). Given any compact set KX C O and € > 0, define

M = 211621})((041_1 o as(w(z)), m = zeg?sl,lM) a1 (w(2))

where Q(e, M) :={z € O | ¢ <w(x) < M }. Note that m, M > 0. Let 2° € K and (z(¢, ), q(t, j)) be a solution
to He with 2(0,0) = 2% and ¢(0,0) € Q. Let ¢(j) denote the least time ¢ such that (¢, j) € dom(z,q), and j(¢)
denote the least index j such that (¢,7) € dom(z, ¢). Then

W (2, 0)(t, 1)) — W((z,0)(0,0)) = / W (@) ) dr + D W (e, 0) (1), 9) = W (@, )10, = D)

where the shorthand notation (z,q)(t,j) = (z(t,7),q(t, 7)) was used. Combining (B.39), (B.40), and the lower
bound in (6.4) yields
t J
W((z,q)(t 7)) = W((x,)(0,0)) < —/ poar(w(z(r,j(r)dr =Y (1 =7 )ar(w(@(t(i),i— 1)) . (B.41)
0 i=1
Since the right-hand side of this expression is nonpositive, W does not increase along solutions. Then, solu-

tions starting from K stay in Q(0, M) for all time. For every (¢,j) € dom(z,q) such that z(¢,7) € Q(e, M),
aq(Jz(t,7)|) > m. Then, from (B.41),

W(‘T(tvj)v Q(tvj)) —p(m)t - m(l - 71).7. + W(‘T(Ov 0)7 Q(Ov O))

<
< —E(t+7) +ai (M) (B.42)
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where ¢/ = min{p(m),m(1 —~')} > 0. Then, n = M is such that for every solution x from K we have
w(x(t,j)) <eforall t+ j > n, (t,7) dom(x,q). This follows since, with the choice of n, from (B.42) and (6.4)
we have that

w(z(t,j)) < —en+a1(M)=¢ Vt+j >n,(t,j) € dom(z,q).

Then, A x @ is uniformly attractive from K x Q.

To show that A x @ is forward invariant, suppose (2’,¢’) € A x Q. First note that, from (6.4), for every
(@',q") € Ax Q, min,eq Vp(2') = 0. Suppose Vi (z') = 0. Then, using (B.39) and (B.40), along each solution
(x,q) with (2(0,0),¢(0,0)) = (2/,¢"), W remains identically zero. Then, using (6.4)

on(w(z(t,)) < minVy(x(t, 7)) < Wzt ), q(t,5)) =0 (B.43)

for all (¢,7) € dom(x,q). This implies that the z component of the solution remains in A. Next, suppose
Vg (2') > 0. Tt follows that (2/,¢") ¢ C2 since minyeq V,(2') = 0. Moreover, with Assumption 6.9, (z/,¢’) ¢ CP.
It follows that (2,¢’) € D.. Then, solutions from (z/,¢') € A x @ with Vi (z') > 0 jump at (0,0). Let ¢" € Q
be the value of the logic state after the jump. Since (2/,¢") € A x @, if Vo (2') = 0 then it follows, as above,
that the trajectory remains in A x Q. If Vpv(2') > 0 then it follows again that (2/,¢”) ¢ C¢ (respectively,
(2',q") ¢ C®). By repeating this argument we conclude that no trajectory can leave A x Q.

Then, since A x @ is forward invariant and uniformly attractive from compact sets of O x @), asymptotic
stability with basin of attraction O x @ follows from [39, Proposition 6.1].

B.4.4 Proof of Theorem 6.12

The following lemma together with the properties of the data of H.; in Lemma 6.10 guarantee existence of
solutions from every point in C'U D for small enough perturbation. Note that since  — A < p, the sets C. and
D. have a nonzero overlap which can be adjusted by the parameter A. The construction of these sets guarantees
that for small enough measurement noise, solutions to the closed-loop system H,; exist since, as stated below,
it can be shown that for every point in (x,q) € O x @, points (y, q) nearby are either in C. or D.. (When
existence of solutions is not a concern, like in the case of sample-and-hold implementation, one can take A = 0.)

Lemma B.21 (existence of solutions under perturbations) For each compact set K C O x @, there exists § > 0
such that for each (z,q) in K either ({x} + 0B) x {¢q} C C. or ({z} + 0B) x {¢} C D..

Proof. For a given compact set K C O, let K1, K5 C O be compact sets such that K = K; UKy, K1 C O\ A,
and A C Ko C O. Tt is shown first that there exists 4 > 0 such that for each (z,q) € K; X @, either
(x+0B) x {q} C C% or (x+¢B) x {¢} C D.. To this end, note that if V,(z) is not finite, then (x,q) € D, since
by definition of V; and O for some ¢’ € Q, Vy/(x) < co. Then z € Oy and since Oy is open, there exists § > 0
so that (x4 0B) x {¢} C D.. We now consider the case that V,(x) is finite. We consider the following two cases:

Va() < (p—A/2) min Vp(2) (B.44)
and
Va() 2 (p = A/2) min Ve (z) . (B.45)

If (B.44) holds, then, by continuity of V', for every £ > 0 there exists 0 > 0 such that for each z € x + 0B

Vy(2) < Vy(z)+ €. (B.46)
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Then

Vo(z) < pminVy(z)+¢ (B.47)
peQ
< pminV,(2)+ (1 +p— é)5' _2 min V (2) (B.48)
= Mo o9 T o™ '
for every z € x + dB. Let M = max ek, w(x). Using the upper bound in (6.4) and choosing &’ < %, we
have
Va(2) < pmin V,(2) (B.49)
PeEQ
for every z € x + 0B. Then, (z + 0B) x {¢} C C2.
Proceeding similarly, if (B.45) holds, then, by continuity of V', we have
Vi(z) > (p—N)minV,(z) — (1 4+ —A)E’—l—éminV(z) (B.50)
a\z) = ([ ney P =3 2 e P :
and, for small ¢’ gives
Va(2) 2 (1 — 2 min Vo (2 (B.51)
PE

for every z € & + dB. Then, (x + 0B) x {¢} C D..

It is shown now that there exists 6 > 0 such that for each (z,q) € K2 x @ either (z + dB) x {¢} C C. or
(x4 6B) x {q} C D.. If Vy(x) < &, by continuity of V' there exists § > 0 so that V,(z) < p for all z € 2 + B
which implies that (z +6B) x {g} C C?. Suppose now that V,(z) > £. If (z,q) € A x Q then min,eq Vp(z) =0
and by continuity of V' there exists § > 0 such that (z + 6B) x {¢} C D., while if (z,q) € A x @ the analysis
above for K; applies. O

From Theorem 6.11, the closed-loop system H,.; has the set A x @ nominally asymptotically stable with
basin of attraction B4 = O x Q@ = C. U D.. Let U = O x R and for each (z,q) € U, &(x,q) := w(x) + |q|o
where w is the proper indicator of A x @ with respect to O in Section 6.1.3. Then, @ is a proper indicator of
A x @ with respect to U. Then, by Theorem 6.5 [39], there exists 8 € KLL such that, for all solutions (z, q) to
He starting in B g,

@(z(t, ), q(t,4)) < B(@(x(0,0),4(0,0)),1, ) (B.52)
for all (¢,7) € dom(z, q).

Let 6" > 0, which is a function of p and A, be given by Lemma B.21. Let 6 < ¢’ and assume that the
measurements y of the state x satisfy y €  + dB. Then, the hybrid closed-loop system can be written as the
family of hybrid systems Hgl with parameter d:

3:3 S FJ(IaQ) } (I,q) € Cjs

g =0
-
§+ € g?s(x, q) } (@,9) € Ds
where, for each (z,q) € O xR
_ | Fp(@,k(z,9) (2,9) € ((z +0B) x {q}) N Ce
o Fy(z,0) ._{ o ad € (@
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o Qs(x,q) = { (%(z,q) (2,q) € ((x + 6B) x {¢}) N D,

otherwise ;

and

 Cs={(2,q) €0xQ | ((x+B) x {g}) N C. £ 0};
o Ds={(x,9) €0 xQ | ((x+0B) x {g) N D #0}.

Following Example 5.3 in [39], the convergence property (CP) in [39, Section 5] is satisfied by H?,. Then, by
Theorem 6.6 [39], given the compact set K C O and € > 0 there exists §* > 0 such that for each ¢ € (0,*], the
solutions (z5,¢s) to HS, from K x @ satisfy, for all (¢, ) € dom(ws, gs)

(‘D(‘T6(tvj)7q5(tvj)) < ﬁ(&(‘rt?(ovo))vtvj) +e. (B53)

To finish the proof, note that by Lemma B.21 and Proposition 2.4 in [39], there exist nontrivial solutions
from every point in C, U D.. Completeness of solutions from K x @ follows with a similar argument to the one
in the proof of Theorem 6.11.

B.4.5 Proof of Theorem 6.14

The construction of the hybrid controller is such that, the following holds.
For each (i,j) € Lt
1) The flow set Cf; and the jump set D} ; satisfy R \ Cf ; C Dj ; C S; j;

2) The flow set Cf; and the jump set Dy ; satisfy E; ; C R"\ Cf; C Df; C Ba,,, ;-
Moreover, for every (i,7) € Urep((Q4 \ {1}) x {k}):
3) For every (i, ) € Urep (QF, x {k}), the jump set Df; _, , satisfies

reach; ; (Dri\fl,j) CR™\ D:,j C Ciryj;

4) For every (i,7) € L', the flow set C} ; is such that Cf ; # 0, C} ; N A; j # 0.

From 1) and the definition of g.2, for each (i, j) € L!, jumps to “throw” mode occur only when x € S; ;. By
definition of #, the control law a; j)—(i+1,5) is only applied when z € S; ;. By the properties of a; j)—(it1,j)
in Assumption 6.13 and 2), after a throw with (z,7) € L, the trajectories reach E; ; C B Since from 2),
Df; C Ba

i1,
11, Jumps to catch mode are only possible when in the basin of attraction of A;y1 ;.

From 3), for each (i, /) € Urep (QF, x {k}), every solution to & = f(, ki ;(x)) starting from Df _, ; stays in

" .. Using the fact from 2) stating that D¢,_, . C B4, . and the stabilizing properties of ; ; in Assumption 6.13,

C1 ;. Using the fact from 2) stating that Df; _, - C B4, , and the stabilizi ties of ; j in A tion 6.13

it follows from 4) that every solution to & = f(, ;;(x)) starting from Dfj _, ; reaches in finite time R™ \ Ct ;.

Note that by 1) we have R™\ C; ; C Sij. By the definition of g.1, this implies that after jumps to “catch mode”,

the state is in Sy p, (¢,p) € Urep((Q% \ {1}) x {k}).

Jumps to “recovery” mode occur when the closed-loop state is in D.3. By the properties of the “bootstrap”
controller ko in Assumption 6.13.4, solutions reach one of the jump sets Dfﬁj or Dg ; for some (4, j).
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Combining the arguments above, solutions follow a “throw”-‘“catch” sequence, potentially after being in

“recovery” mode, that steers them to D¢ . for some (¢,p) € (Urep{—afa} X {k}), and by the properties of

the local stabilizer kg p, their 2 component converge to A, , = A. Then, every solution starting from
(2°,¢%,p°, %) e R" x L x R

converges to A x {¢? ..} x {p} x [0, 7], for some p € P. Finally, stability follows from the properties of the local
stabilizer for A.

B.4.6 Proof of Theorem 6.15

By the construction of the flow and jump sets since, for each (i,5) € L, we have

¢, = BOVD+4E, cf, R\ Dy + S4B
o = RUADL;+ 5B, G =R"A\Dj; + 7B,
and, for each (7,7) € Urep(Q5 x {k}),
- st
r _ n T QYA
Di; = R*"\C],;+ 5 B,
and
T n T 66 0
CO,O = R \DO,O + é .

Existence of solutions to H,; follows from the fact that for each compact set K C R"™, there exists ' > 0
such that for each z in K either ({z} + §'B) x {¢} C C. or {2} + ¢'B) x {¢q} C D.. In fact, it holds for each
8 >0, 8 €10,6*], where

1
§* = —min{ min 6, min 0¢ ., min 00 } . B.54
2 {(m‘)eLf T agert M ipeuperQpx iy 0 (B.54)

By Theorem 6.14, A = A x (Ujep({gl..} x {4})) x [0,7] is asymptotically stable with basin of attraction
B;i = C.UD.. Let U be any open set such that C. U D, C U. By Theorem B.14, for each proper indicator

@:U — Rxq of A with respect to U, there exists § € KLL such that for all solutions & to H,; starting in B3,
for all (¢,7) € dom¢&, satisfy

w(&(t, ) < B@(£(0,0)),,4) -

The closed-loop system H.; with measurement noise in the state z is given by

T :f(l',lﬁc(fli-i-e,q,p,T))

(Qap) = (an) (I +e,4,p, 7—) € C.
T =1
xt =z
(¢,p)" €gelx+eqpT) p (r+eqp7) €D,
Tt =0
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Let 6 >0 and e: R>g — 0B. The closed-loop system H. with measurement noise can be written as

where

F5(6)
Gs(€)
Cs
Ds

which we denote as Hs. This hybrid system corresponds to an outer perturbation of H.; and satisfies (C1),

£ eF5(6) €eCs
&t eGs(§) EeDs

cof(z, ke(w + 6B, q,p, 7))

ge(x + 6B, q,p, 7)

{¢€0: | (x+0B,qp,7)NC.#0}
{¢€0: | (x+0B,q,p,T)ND #0}

(C2), (C3), and (C4) in [39] by the properties of f, k., and g. (see Example 5.3 in [39] for more details).

It follows by Theorem B.15 that for each compact set K C B ; and each € > 0 there exists 0* > 0 such that

for each § € (0,0*], every solution & to Hs from K satisfies, for all (t,7) € dom &,

@(&5(t 7)) < B(@(€5(0,0)),,5) + ¢ -

The claim follows with compact set K such that K = K x K’ and proper indicator & given by | - | 4.
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