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Summary

Discontinuous dynamical systems and multiagent systems are encountered in nu-
merous engineering applications. This dissertation develops stability and dissipativ-
ity of nonlinear dynamical systems with discontinuous right-hand sides, optimality of
discontinuous feedback controllers for Filippov dynamical systems, almost consensus
protocols for multiagent systems with innaccurate sensor measurements, and adaptive

estimation algorithms using multiagent network identifiers.

In particular, we present stability results for discontinuous dynamical systems
using nonsmooth Lyapunov theory. Then, we develop a constructive feedback con-
trol law for discontinuous dynamical systems based on the existence of a nonsmooth
control Lyapunov function defined in the sense of generalized Clarke gradients and set-
valued Lie derivatives. Furthermore, we develop dissipativity notions and extended
Kalman-Yakubovich-Popov conditions and apply these results to develop feedback
interconnection stability results for discontinuous systems. In addition, we derive
guaranteed gain, sector, and disk margins for nonlinear optimal and inverse opti-
mal discontinuous feedback regulators that minimize a nonlinear-nonquadratic per-
formance functional for Filippov dynamical systems. Then, we provide connections
between dissipativity and optimality of nonlinear discontinuous controllers for Filip-

pov dynamical systems.

Furthermore, we address the consensus problem for a group of agent robots with

uncertain interagent measurement data, and show that the agents reach an almost

x1



consensus state and converge to a set centered at the centroid of agents’ initial loca-
tions. Finally, we develop an adaptive estimation framework predicated on multiagent
network identifiers with undirected and directed graph topologies that identifies the

system state and plant parameters online.

The consideration of nonsmooth Lyapunov functions for proving stability of feed-
back discontinuous systems is an important extension to classical stability theory
since there exist nonsmooth dynamical systems whose equilibria cannot be proved to
be stable using standard continuously differentiable Lyapunov function theory. For
dynamical systems with continuously differentiable flows, the concept of smooth con-
trol Lyapunov functions was developed by Artstein to show the existence of a feedback
stabilizing controller. A constructive feedback control law based on a universal con-
struction of smooth control Lyapunov functions was given by Sontag. Even though a
stabilizing continuous feedback controller guarantees the existence of a smooth control
Lyapunov function, many systems that possess smooth control Lyapunov functions
do not necessarily admit a continuous stabilizing feedback controller. However, the
existence of a control Lyapunov function allows for the design of a stabilizing feed-
back controller that admits Filippov and Krasovskii closed-loop system solutions. In
this dissertation, we develop a constructive feedback control law for discontinuous
dynamical systems based on the existence of a nonsmooth control Lyapunov function

defined in the sense of generalized Clarke gradients and set-valued Lie derivatives.

Furthermore, we develop dissipativity notions for dynamical systems with dis-
continuous vector fields. Specifically, we consider dynamical systems with Lebesgue
measurable and locally essentially bounded vector fields characterized by differential
inclusions involving Filippov set-valued maps specifying a set of directions for the
system velocity and admitting Filippov solutions with absolutely continuous curves.

Moreover, extended Kalman-Yakubovich-Popov conditions, in terms of the discontin-

xii



uous system dynamics, characterizing dissipativity via generalized Clarke gradients
and locally Lipschitz continuous storage functions are derived. Finally, these results
are then used to develop feedback interconnection stability results for discontinuous
systems thereby providing a generalization of the small gain and positivity theorems

to systems with discontinuous vector fields.

Then, we derive guaranteed gain, sector, and disk margins for nonlinear optimal
and inverse optimal discontinuous feedback regulators that minimize a nonlinear-
nonquadratic performance functional for Filippov dynamical systems. Furthermore,
using the newly developed dissipativity notions we develop a return difference inequal-
ity to provide connections between dissipativity and optimality of nonlinear discon-
tinuous controllers for Filippov dynamical systems. Specifically, using the extended
Kalman—Yakubovich—Popov conditions we show that our discontinuous feedback con-
trol law satisfies a return difference inequality if and only if the controller is dissipative

with respect to a quadratic supply rate.

One of the main challenges in robotics applications is dealing with inaccurate
sensor data. Specifically, for a group of mobile robots the measurement of the ex-
act location of the other robots relative to a particular robot is often inaccurate due
to sensor measurement uncertainty or detrimental environmental conditions. In this
dissertation, we address the consensus problem for a group of agent robots with un-
certain interagent measurement data. Using agent location uncertainty characterized
by norm bounds centered at the neighboring agent’s exact locations, we show that the
agents reach an almost consensus state and converge to a set centered at the centroid
of agents’ initial locations. The diameter of the set is shown to be dependant on the
graph Laplacian and the magnitude of the uncertainty norm bound. Furthermore,
we show that if the network is all-to-all connected and the measurement uncertainty

is characterized by ball of radius r, then the diameter of the set to which the agents
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converge is 2r. Finally, we also formulate our problem using set-valued analysis and

use a set-valued invariance principle to obtain set-valued consensus protocols.

Finally, we present an adaptive estimation framework predicated on multiagent
network identifiers with undirected and directed graph topologies. Specifically, the
system state and plant parameters are identified online using N agents implement-
ing adaptive observers with an interagent communication architecture. The adaptive
observer architecture includes an additive term which involves a penalty on the mis-
match between the state and parameter estimates. The proposed architecture is
shown to guarantee state and parameter estimate consensus. Furthermore, the pro-
posed adaptive identifier architecture provides a measure of agreement of the state
and parameter estimates that is independent of the network topology and guarantees
that the deviation from the mean estimate for both the state and parameter estimates

converge to zero.
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Chapter 1

Introduction

Numerous engineering applications give rise to discontinuous dynamical systems.
Specifically, in impact mechanics the motion of a dynamical system is subject to ve-
locity jumps and force discontinuities leading to nonsmooth dynamical systems [9,58].
In mechanical systems subject to unilateral constraints on system positions [57], dis-
continuities occur naturally through system-environment interactions. Alternatively,
control of networks and control over networks with dynamic topologies also give rise to
discontinuous systems [42]. Specifically, link failures or creations in network systems
result in switchings of the communication topology leading to dynamical systems with
discontinuous right-hand sides. In addition, open-loop and feedback controllers also
give rise to discontinuous dynamical systems. In particular, bang-bang controllers dis-
continuously switch between maximum and minimum control input values to generate
minimum-time system trajectories [1], whereas sliding mode controllers [22, 73] use
discontinuous feedback control for system stabilization. In switched systems [8,39],
switching algorithms are used to select an appropriate plant (or controller) from a
given finite parameterized family of plants (or controllers) giving rise to discontinuous

systems.

In the case where the vector field defining the dynamical system is a discontinuous

function of the state, system stability can be analyzed using nonsmooth Lyapunov



theory involving concepts such as weak and strong stability notions, differential inclu-
sions, and generalized gradients of locally Lipschitz continuous functions and prox-
imal subdifferentials of lower semicontinuous functions [15]. The consideration of
nonsmooth Lyapunov functions for proving stability of discontinuous systems is an
important extension to classical stability theory since, as shown in [67], there exist
nonsmooth dynamical systems whose equilibria cannot be proved to be stable using

standard continuously differentiable Lyapunov function theory.

Many physical and engineering systems are open systems, that is, the system
behaviour is described by an evolution law that involves the system state and the
system input with, possibly, an output equation wherein past trajectories together
with the knowledge of any inputs define future trajectories (uniquely or nonuniquely)
and the system output depends on the instantaneous (present) values of the system
state. Dissipativity theory is a system-theoretic concept that provides a powerful
framework for the analysis and control design of open dynamical systems based on
generalized system energy considerations. In particular, dissipativity theory exploits
the notion that numerous physical dynamical systems have certain input-output and
state properties related to conservation, dissipation, and transport of mass and energy.
Such conservation laws are prevalent in dynamical systems, in general, and feedback
control systems, in particular. The dissipation hypothesis on dynamical systems
results in a fundamental constraint on the system dynamical behavior, wherein the
stored energy of a dissipative dynamical system is at most equal to sum of the initial
energy stored in the system and the total externally supplied energy to the system.
Thus, the energy that can be extracted from the system through its input-output
ports is less than or equal to the initial energy stored in the system, and hence, there
can be no internal creation of energy; only conservation or dissipation of energy is

possible.



The key foundation in developing dissipativity theory for nonlinear dynamical
systems with continuously differentiable flows was presented by Willems [74,75] in his
seminal two-part paper on dissipative dynamical systems. In particular, Willems [74]
introduced the definition of dissipativity for general nonlinear dynamical systems
in terms of a dissipation inequality involving a generalized system power input, or
supply rate, and a generalized energy function, or storage function. The dissipation
inequality implies that the increase in generalized system energy over a given time
interval cannot exceed the generalized energy supply delivered to the system during
this time interval. The set of all possible system storage functions is convex and every
system storage function is bounded from below by the available system storage and

bounded from above by the required energy supply.

In light of the fact that energy notions involving conservation, dissipation, and
transport also arise naturally for discontinuous systems, it seems natural that dissi-
pativity theory can play a key role in the analysis and control design of discontinuous
dynamical systems. Specifically, as in the analysis of continuous dynamical systems
with continuously differentiable flows, dissipativity theory for discontinuous dynami-
cal systems can involve conditions on system parameters that render an input, state,
and output system dissipative. In addition, robust stability for discontinuous dy-
namical systems can be analyzed by viewing a discontinuous dynamical system as
an interconnection of discontinuous dissipative dynamical subsystems. Alternatively,
discontinuous dissipativity theory can be used to design discontinuous feedback con-
trollers that add dissipation and guarantee stability robustness allowing discontinuous
stabilization to be understood in physical terms. As for dynamical systems with con-
tinuously differentiable flows [31], dissipativity theory can play a fundamental role in
addressing robustness, disturbance rejection, stability of feedback interconnections,

and optimality for discontinuous dynamical systems.



Even though passivity notions for the specific problem of the control of mechanical
systems with discontinuous friction-type nonlinearities are considered in [20, 44, 77]
using input-to-state stability notions and set-valued nonlinearity extensions of the
circle and Popov criterion, the general problem of dissipativity theory in the sense of
Willems [74,75] for discontinuous dynamical systems and its connections to nonlinear
discontinuous feedback regulator theory and inverse optimal control have not been
addressed in the literature. It is important to note, however, that the problem of
stabilization for discontinuous systems with nonsmooth control Lyapunov functions
has been extensively addressed in the literature; see [3,5,13,45,47,69] and the refer-
ences therein. However, with the exception of [7,63] that address the specific problem
of Lo-gain stabilizability, these results do not explore the underlying connections be-
tween steady-state viscosity supersolutions of the Hamilton-Jacobi-Bellman equation
and nonsmooth closed-loop Lyapunov functions for guaranteeing both stability and
optimality for discontinuous dynamical systems. In addition, gain, sector, and disk
margin guarantees are not provided in the aforementioned references by exploiting
connections between dissipativity theory, discontinuous nonlinear regulator theory,

and an inverse optimal control problem.

In this dissertation, we present several results from the literature on Lyapunov-
based tests for Lyapunov and asymptotic stability for nonlinear dynamical systems
with discontinuous right-hand sides. Moreover, using an extended notion of control
Lyapunov functions [3] we develop a universal feedback controller for discontinuous
dynamical systems based on the existance of a nonsmooth control Lyapunov function

defined in the sense of generalized Clarke gradients and set-valued Lie derivatives.

Next, we extend the results of [36] to develop dissipativity notions for dynamical
systems with discontinuous vector fields. Specifically, we consider dynamical systems

with Lebesgue measurable and locally essentially bounded vector fields character-



ized by differential inclusions involving Filippov set-valued maps specifying a set of
directions for the system velocity and admitting Filippov solutions with absolutely
continuous curves. Moreover, we develop extended Kalman-Yakubovich-Popov con-
ditions in terms of the discontinuous system dynamics for characterizing dissipativity
via generalized Clarke gradients of locally Lipschitz continuous storage functions. In
addition, using the concepts of dissipativity for discontinuous dynamical systems with
appropriate storage functions and supply rates, we construct nonsmooth Lyapunov
functions for discontinuous feedback systems by appropriately combining the storage
functions for the forward and feedback subsystems. General stability criteria are given
for Lyapunov, asymptotic and exponential stability for feedback interconnections of
discontinuous dynamical systems. In the case where the supply rate involves the net
system power or weighted input-output energy, these results provide extensions of the

positivity and small gain theorems to discontinuous dynamical systems.

Furthermore, we consider a notion of optimality that is directly related to a given
nonsmooth Lyapunov function. Specifically, an optimal control problem is stated
and sufficient Hamilton-Jacobi-Bellman conditions are used to characterize an opti-
mal discontinuous feedback controller. In addition, we develop sufficient conditions
for gain, sector, and disk margin guarantees for Filippov nonlinear dynamical systems
controlled by optimal and inverse optimal discontinuous regulators. Furthermore, we
develop a counterpart to the classical return difference inequality for continuous-time
systems with continuously differentiable flows [11,52] for Filippov dynamical systems
and provide connections between dissipativity and optimality for discontinuous non-
linear controllers. In particular, we show an equivalence between dissipativity and
optimality of discontinuous controllers holds for Filippov dynamical systems. Specifi-
cally, we show that an optimal nonlinear controller ¢(z) satisfying a return difference

condition is equivalent to the fact that the Filippov dynamical system with input



u and output y = —¢(x) is dissipative with respect to a supply rate of the form

[u + y)T[u+ y] — uTu.

Next, we consider a multiagent consensus problem in which agents possess sen-
sors with limited accuracy. Modern military and national command and control
infrastructure capabilities involve large-scale multilayered network systems placing
stringent demands on controller design and implementation of increasing complexity.
In numerous large-scale network system applications, agents can detect the location
of the neighboring agents only approximately. This problem can arise in network
defense systems involving low sensor quality, sensor failure, or detrimental environ-
mental conditions resulting from a weapons of mass destruction (WMD) attack. This
problem also arises in many robotics applications with inaccurate sensor data as well
as low-cost, small-sized unmanned vehicles with relatively cheap sensors. In such a

setting, it is desirable that the agents reach consensus approximately.

In this dissertation, we develop consensus control protocols for continuous- and
discrete-time network systems that guarantee that the agents reach an almost consen-
sus state and converge to a set centered at the centroid of the agents’ initial locations.
For discrete-time network systems, we also use difference inclusions and set-valued

analysis to describe the inaccurate sensor measurement problem formulation.

Finally, we consider the problem of adaptive estimation of a linear system with
unknown plant and input matrices. In particular, we propose a novel distributed
observer architecture that adaptively identifies the dynamic system matrices using a
group of N agents. Each agent generates its own adaptive identifier which is based
on the identifier architecture presented in [53]. The adaptive estimation architecture
builds on the work of [71] on adaptive consensus control of multiagent systems with
the key difference being that the mismatch between the state and parameter estimates

is also penalized, and thus, accounting for interagent communication constraints.
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1.1. Brief Outline of the Dissertation

In this dissertation, we develop dissipativity theory and analyze optimality of dis-
continuous feedback controllers for nonlinear differential equations with discontinuous
right-hand sides. Furthermore, we develop almost consensus protocols for multiagent
systems with innaccurate sensor measurements and design a distributed adaptive
estimation framework using multiagent network identifiers. The contents of the dis-
sertation are as follows. In Chapter 2, we provide mathematical preliminaries and
present a summary of the recent results on the stability of discontinuous dynamical

systems as well as an overview of consensus problem over static networks.

In Chapter 3, we design a constructive feedback control law for discontinuous
dynamical systems based on the existence of a nonsmooth control Lyapunov function
defined in the sense of generalized Clarke gradients and set-valued Lie derivatives.
In Chapter 4, we develop dissipativity notions and extended Kalman-Yakubovich-
Popov conditions and apply these results to develop feedback interconnection stability
results for discontinuous systems. In Chapter 5, we present guaranteed gain, sector,
and disk margins for nonlinear optimal and inverse optimal discontinuous feedback
regulators and provide connections between dissipativity and optimality of nonlinear

discontinuous controllers for Filippov dynamical systems.

In Chapter 6, we develop consensus control protocols for continuous- and discrete-
time network systems in which agents possess sensors with limited accuracy that
guarantee that the agents reach an almost consensus state and converge to a set cen-
tered at the centroid of the agents’ initial locations. In Chapter 7, we design a novel
distributed observer architecture using a group of N agents that adaptively identi-
fies the dynamic system matrices of a linear system with unknown plant and input

matrices. Finally, in Chapter 8, we discuss ongoing research and future extensions of



the research.



Chapter 2

Mathematical Preliminaries, Stability of
Discontinuous Dynamical Systems, and
Consensus Over Networks

2.1. Notation and Mathematical Preliminaries

The notation used in this dissertation is fairly standard. Specifically, R denotes
the set of real numbers, R™ denotes the set of n x 1 column vectors, R"*™ denotes the
set of real n x m matrices, Z, denotes the set of nonnegative integers, and (-)* denotes
transpose, (-)~! denotes inverse, ® denotes Kronecker product, ¢ denotes Kronecker
sum, and I, or I denotes the n x n identity matrix. Furthermore, £, denotes the
space of all real square-integrable Lebesgue measurable (vector or matrix) functions
on [0,00) and L, denotes the space of all real bounded Lebesgue measurable (vector

or matrix) functions on [0, 00).

We write Apin(M) (resp., Amax(M)) for the minimum (resp., maximum) eigenvalue
of the Hermitian matrix M, oya (M) for the maximum singular value of the matrix
M, p(M) for the spectral radius of the matrix M, spec(M) for the spectrum of the
square matrix M including multiplicity, ||-|| for the Euclidean vector norm, |- ||¢ for the
Frobenius matrix norm, tr(-) for the trace operator, V’(x) for the Fréchet derivative of
Vat z, B.(a), « € R", ¢ > 0, for the open ball centered at o with radius e, dist(p, M)

for the distance from a point p to the set M, that is, dist(p, M) £ inf.er ||p — 2|,

9



and x(t) = M as t — oo (resp., (k) — M as k — oo, k € Z,) to denote that
the trajectory z(t) (resp., x(k)) approaches the set M, that is, for every € > 0 there
exists T' > tq (resp., Ny > 0) such that dist(z(¢), M) < e for all t > T (resp., k > Np).
Furthermore, we write 0S and S to denote the boundary and the closure of the subset

S C R", respectively.

Moreover, in this dissertation, we distinguish between the set inclusions C and
C; namely, C denotes a strict inclusion, whereas C denotes a nonstrict inclusion.
In addition, we use the Minkowski sum for summation of sets with an analogous
definition for set subtraction. Namely, for the sets XY Cc R", X +)Y and X — Y
denote, respectively, the set of all vectors z € R" such that z =z +y and z =z — vy,
where x € X and y € Y. Finally, the notions of openness, convergence, continuity, and
compactness that we use throughout the dissertation refer to the topology generated

on R™ by the norm || - ||.

In this dissertation, we consider nonlinear dynamical systems G of the form

(t) = f(z(t), z(ty) =z0, a.e. t>to, (2.1)

where, for every t > to, z(t) € D C R, f : D — R" is Lebesgue measurable
and locally essentially bounded [24] with respect to x, that is, f is bounded on a
bounded neighborhood of every point x, excluding sets of measure zero, and admits

an equilibrium point at x, € D; that is, f(z.) = 0.

An absolutely continuous function x : [tg, 7] — R" is said to be a Filippov solution

[24] of (2.1) on the interval [to, 7] with initial condition z(to) = o, if x(t) satisfies

#(t) € K[fl(z(t)), ae. tE€ [to. ], (2.2)

where the Filippov set-valued map K[f] : R* — 28" is defined by

ﬂ ﬂ co{ f(Bs(z)\S}, =z eR" (2.3)

0>0 u(S

10



28" denotes the collection of all subsets of R™, u(-) denotes the Lebesgue measure
in R", “Go” denotes convex closure, and [ 1(S)=0 denotes the intersection over all
sets S of Lebesgue measure zero.! Note that since f is locally essentially bounded,
K[f](-) is upper semicontinuous and has nonempty, compact, and convex values.
Thus, Filippov solutions are limits of solutions to G with f averaged over progressively
smaller neighborhoods around the solution point, and hence, allow solutions to be
defined at points where f itself is not defined. Hence, the tangent vector to a Filippov
solution, when it exists, lies in the convex closure of the limiting values of the system
vector field f(-) in progressively smaller neighborhoods around the solution point.
Dynamical systems of the form given by (2.1) are called differential inclusions in the
literature [4] and, for every state x € R", they specify a set of possible evolutions of

G rather than a single one.

Since the Filippov set-valued map given by (2.3) is upper semicontinuous with
nonempty, convex, and compact values, and IC[f](-) is also locally bounded [24, p.
85], it follows that Filippov solutions to (2.1) exist [24, Thm. 1, p. 77]. Recall that
the Filippov solution ¢ — z(t) to (2.1) is a right mazimal solution if it cannot be
extended (either uniquely or nonuniquely) forward in time. We assume that all right
maximal Filippov solutions to (2.1) exist on [tg, 00), and hence, we assume that (2.1)
is forward complete. Recall that (2.1) is forward complete if and only if the Filippov
solutions to (2.1) are uniformly globally sliding time stable [72, Lem 1, p. 182]. An
equilibrium point of (2.1) is a point z, € R™ such that 0 € KC[f](x.). It is easy to see
that x, is an equilibrium point of (2.1) if and only if the constant function x(-) = .
is a Filippov solution of (2.1). We denote the set of equilibrium points of (2.1) by &.

Since the set-valued map KC[f](-) is upper semicontinuous, it follows that £ is closed.

! Alternatively, we can consider Krasovskii solutions of (2.1) wherein the possible misbehavior
of the derivative of the state on null measure sets is not ignored; that is, K[f](x) is replaced with
Klfl(z) = Ns>oc0{f(Bs(x))} and where f is assumed to be locally bounded.
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To develop stability properties for discontinuous dynamical systems given by (2.1),
we need to introduce the notion of generalized derivatives and gradients. Here we

focus on Clarke generalized derivatives and gradients [13].

Definition 2.1.1. ([13], [5]) Let V : R" — R be a locally Lipschitz continuous
function. The Clarke upper generalized derivative of V(-) at x in the direction of

v € R™ is defined by

V hv) =V
VO(x,v) = lim sup y + o) (y) (2.4)
y—x,h—0*t h
The Clarke generalized gradient OV : R* — 28" of V(-) at z is the set
OV (r) = co {.lim VYV (z): 2 =z, 2, €N U S} , (2.5)
1—r 00

where co denotes the convex hull, V denotes the nabla operator, A is the set of
measure zero of points where VV does not exist, S is any subset of R" of measure

zero, and the increasing unbounded sequence {;},.z, C R" converges to x € R™.

Note that (2.4) always exists. Furthermore, note that it follows from Definition
2.1.1 that the generalized gradient of V' at x consists of all convex combinations of all
the possible limits of the gradient at neighboring points where V' is differentiable. In
addition, note that since V'(+) is Lipschitz continuous, it follows from Rademacher’s
theorem [23, Thm 6, p. 281] that the gradient VV'(-) of V'(-) exists almost everywhere,
and hence, VV(-) is bounded. Specifically, for every = € R", every ¢ > 0, and every
Lipschitz constant L for V on B.(z), 0V () C BL(0). Thus, since for every x € R",

JV (z) is convex, closed, and bounded, it follows that OV (x) is compact.

In order to state the main results of this dissertation, we need some additional
notation and definitions. Given a locally Lipschitz continuous function V' : R — R,

the set-valued Lie derivative L;V : R" — 28 of V with respect to f at z [5,16] is
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defined as

LV (r) = {a € R : there exists v € K[f](x) such that p™v = a for all p* € 8V(x)}

c ) »Kif@). (2.6)

pTedV (z)
If C[f](x) is convex with compact values, then LV (x), x € R", is a closed and
bounded, possibly empty, interval in R. If V() is continuously differentiable at x,
then L,V (z) = {VV(z)-v:v € K[f|(z)}. In the case where LV (z) is nonempty,
we use the notation max L¢V (z) (resp., min £;V(z)) to denote the largest (resp.,
smallest) element of £¢V (x). Furthermore, we adopt the convention max @ = —oc.
Finally, recall that a function V : R” — R is regular at x € R"™ [13, Def. 2.3.4] if, for
all v € R, the right directional derivative V] (z,v) £ limy_o+ 3+ [V (z + hv) — V(z)]
exists and V/(z,v) = V°(x,v). V is called regular on R" if it is regular at every

z € R™

For stating the main stability theorems we assume that all right maximal Filippov
solutions to (2.1) exist on [0,00). We say that a set M is weakly positively invariant
(resp., strongly positively invariant) with respect to (2.1) if, for every zo € M, M
contains a right maximal solution (resp., all right maximal solutions) of (2.1) [5,64].
The set M C RY is weakly negatively invariant if, for every x € N and ¢t > 0, there
exist z € A and a Filippov solution ¢(-) to (2.1) with ¢(0) = z such that (t) = z
and (1) € N for all 7 € [0,¢t]. Finally, the set M C R? is weakly invariant if M is

weakly positively invariant as well as weakly negatively invariant.

The next definition introduces the notion of Lyapunov stability, semistability, and
asymptotic stability for discontinuous dynamical systems. The adjective “weak” is
used in reference to a stability property when the stability property is satisfied by at
least one Filippov solution starting from every initial condition in D, whereas “strong”

is used when the stability property is satisfied by all Filippov solutions starting from
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every initial condition in D. In this section, however, we provide strong stability
theorems for (2.1) and, hence, we omit the adjective “strong” in the statement of our

results.

Definition 2.1.2. Let D C R” be an open strongly positively invariant set with
respect to (2.1). An equilibrium point z, € D of (2.1) is Lyapunov stable if, for every
e > 0, there exists 6 = d(¢) > 0 such that, for every initial condition xy € Bs(z.) and
every Filippov solution z(¢) with the initial condition z(0) = xg, x(t) € B.(z.) for all
t > 0. An equilibrium point z, € D of (2.1) is semistable if z, is Lyapunov stable and
there exists an open subset Dy of D containing z, such that, for all initial conditions
in Dy, the Filippov solutions of (2.1) converge to a Lyapunov stable equilibrium point.
An equilibrium point z., € D of (2.1) is asymptotically stable if x. is Lyapunvov stable
and there exists 6 = d(¢) > 0 such that if xy € Bs(z.), then the Filippov solutions
of (2.1) converge to x.. An equilibrium point z, € D of (2.1) is ezponentially stable
if there exits positive constants «, 3, and ¢ such that if xq € Bs(x.), then every
Filipov solution to (2.1) satisfies ||z(t)]] < [lzolle™, t > 0. The system (2.1) is
semistable (resp., asymptotically stable) with respect to D if every Filippov solution
with initial condition in D converges to a Lyapunov stable equilibrium (resp., the
Lyapunov stable equilibrium z.). Finally, (2.1) is said to be globally semistable (resp.,
globally asymptotically stable, globally exponentially stable) if (2.1) is semistable (resp.,

asymptotically stable, exponentially stable) with respect to R™.

Given an absolutely continuous curve 7 : [0, 00) — R", the positive limit set of 7 is
the set €(7) of points y € R™ for which there exists an increasing divergent sequence
{t;}22, satisfying lim; ,, y(t;) = y. We denote the positive limit set of a Filippov
solution ¥(+) of (2.1) by Q(¢). The positive limit set of a bounded Filippov solution

of (2.1) is nonempty and weakly invariant with respect to (2.1) [24, Lem. 4, p. 130].
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2.2. Stability of Discontinuous Dynamical Systems

In this section, we state sufficient conditions for stability of discontinuous dynam-
ical systems. Here, we state the stability theorems for only the local case; the global
stability theorems are similar except for the additional assumption of properness on

the Lyapunov function and nonrestricting the domain of analysis.

Theorem 2.2.1. ([5,41]) Consider the discontinuous nonlinear dynamical system
G given by (2.1). Let z. be an equilibrium point of G and let D C R™ be an open
and connected set with z, € D. If V : D — R is a positive definite, locally Lipschitz
continuous, and regular function such that max £V (z) < 0 (resp., max LV (z) < 0,
x # x.) for almost all x € D such that £,V (z) # @, then z. is Lyapunov (resp.,
asymptotically) stable. Finally, if there exists scalars «, 5,7 > 0, and p > 1 such that
V : D — R satisfies af|z — z.||P < V(z) < ||x — z.||P and max L,V (z) < —v||x — z.||P

for almost all = € D, x # ., such that LV (x) # @, then z. is exponentially stable.

The next result presents an extenson of the Krasovskii-LaSalle invariant set the-

orem to discontinuous dynamical systems.

Theorem 2.2.2. ([5,41]) Consider the discontinuous nonlinear dynamical system
G given by (2.1). Let x, be an equilibrium point of G, let D C R™ be an open strongly
positively invariant set with respect to (2.1) such that . € D, and let V : D — R
be locally Lipschitz continuous and regular on D. Assume that, for every x € D and
every Filippov solution v (-) satisfying (o) = z, there exists a compact subset D, of
D containing 1 (¢) for all ¢ > 0. Furthermore, assume that max £,V (z) < 0 for almost
all z € D such that £;V(z) # @. Finally, define R £ {x € D: 0 € L;V(x)} and

let M be the largest weakly positively invariant subset of R N D. If z(ty) € D, then
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x(t) = M as t — oo. If; alternatively, R contains no invariant set other than {x.},

then the Filippov solution z(t) = z, of G is asymptotically stable for all 24 € D..

Example 2.2.1. Consider a nonsmooth harmonic oscillator with nonsmooth fric-
tion given by ([5])

t1(t) = —sign(za(t)) — %sign(zl(t)), x1(0) = x19, ae. t>0, (2.7)

To(t) = sign(z1(t)), x2(0) = 90, (2.8)

A

where sign(o) = ﬁ, o # 0, and sign(0) = 0. Next, consider the locally Lipschitz
continuous function V(x) = |z1] + |x2| and note that

{sign(z1)} x {sign(z)}, (z1,22) ER?*: 11 #0, x9 # 0,
oV (z) = {sign(z1)} x [-1,1], (1,29) ER?: 27 #£0, 22 =0,

[—1,1] x {sign(xs)}, (r1,22) ER?*: 19 #0, 71 =0,

@{(171)7<_171)?<_17_1)7<1a_1)}7 ( )

Hence, with f(z) = [—sign(zs) — 1 sign(z), sign(z;)]",

{_% , (1,20) €R?: 2y #0, 23 #0,

) @, (w1, 20) €ER?: 21 #0, 29 =0,

LiVi(z) = a, (r1,m9) ER?: @y #0, 11 =0,
{0}, (21, 22) = (0,0)

Now, since max £,V (z) < 0 for almost all € R? such that £V (z) # @, it follows

from Theorem 2.2.1 that (z1(t),z2(t)) = (0,0) is Lyapunov stable. A

Example 2.2.2. Consider the harmonic oscillator with Coulomb friction given

by ([67])
mi(t) + bsign(@(t)) + kx(t) =0, x(0) =z9, (0) =2y, ae. t>0, (2.9)
or, equivalently,
RO 2109 z1(0) | | 1o
UCE [@(t) } - { — (1) — L sign(za(t)) } ’ {xQ(O) } - {x% ] ’
ae. t>0,
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where m, b,k > 0. Next, consider the continuously differentiable Lyapunov function
V(z) = 3kai+ tma} and note that, for almost all z € R?, LV (z) = {—b|x,|}, which
implies that every Filippov solution of (2.9) approaches the largest weakly positively
invariant set in R, where R £ {z € R?: 0 € £;V (x)}. Now, since

K@ = |y oy |-

TmT T

for x5 = 0, it follows that the largest weakly positively invariant subset of R is M =

[[—2,2],0]T. Hence, it follows from Theorem 2.2.2 that x(t) — M as t — co. A
2.3. Static Networks and the Consensus Problem

The consensus problem appears frequently in coordination of multiagent network
systems and involves finding a dynamic algorithm that enables a group of agents in
a network to agree upon certain quantities of interest with undirected and directed
information flow [40,48,59]. In this dissertation, we use undirected and directed graphs

to represent a static network.

The graph-theoretic notation and terminology we use in this dissertation is stan-
dard [27]. Specifically, & = (V, £, A) denotes a weighted directed graph (or digraph)
denoting the static network (or static graph) with the set of nodes (or wertices)
YV = {1,...,N} involving a finite nonempty set denoting the agents, the set of
edges £ C V x V involving a set of ordered pairs denoting the direction of infor-
mation flow between agents, and a weighted adjacency matriz A € RV*N such that
Aijy = aij > 0, 4,5 =1,...,N,if (j,i) € &, and a;; = 0, otherwise. The edge
(7,1) € € denotes that agent i can obtain information from agent j, but not neces-
sarily vice versa. Moreover, we assume that a;; = 0 for all « € V. Note that if the

weights a;;, ¢,7 = 1,..., N, are not relevant, then a;; is set to 1 for all (j,i) € £. In
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this case, A is called a normalized adjacency matriz.

Every edge ¢ € £ corresponds to an ordered pair of vertices (i,5) € V x V, where i
and 7 are the initial and terminal vertices of the edge ¢. In this case, ¢ is incident into
j and incident out of i. Finally, we say that & is strongly (resp., weakly) connected if
for every ordered pair of vertices (i, j), i # j, there exists a directed (resp., undirected)

path, that is, a directed (resp., undirected) sequence of arcs, leading from i to j.

The in-neighbors and out-neighbors of node i are, respectively, defined as M, (i) =
{j€V:(ji) €& and Now(i) £ {j € V : (4,7) € £}. The in-degree deg,,(i) of
node ¢ is the number of edges incident into ¢ and the out-degree deg, (i) of node i
is the number of edges incident out of 4, that is, deg; (i) = Z;VZI a;; and deg, (i) £
Zjv:l a;;. We say that the node ¢ of a digraph & is balanced if deg;, (i) = deg,(7),
and a graph & is called balanced if all of its nodes are balanced, that is, ZN:1 a;j =

Z;.Vzl aji, ¢ = 1,...,N. Furthermore, we define the graph Laplacian and Perron

matriz of ® as L = A — A and P & I — L, respectively, where ¢ > 0 and A £

diag[degin(1)7 e adegin(N)]'

A graph or undirected graph ® associated with the adjacency matrix A € RY*Y
is a directed graph for which the arc set is symmetric, that is, A = AT. In this
case, Nin(i) = Now(i) = N (i) and deg;, (i) = deg,, (i) = deg(i), i = 1,...,N.
Furthermore, in this case we say that & is connected if for every ordered pair of
vertices (7, 7), i # j, there exists a path, that is, a sequence of arcs, leading from i to
j. A graph is all-to-all connected if every node of & is connected to every other node
of &. Finally, we denote the value of the node i € {1,..., N} at time ¢ (resp., time

step k) by z;(t) € R™ (resp., z;(k) € R™).

In light of the above definitions, the consensus problem involves the design of

a dynamic algorithm that guarantees system state equipartition [48,59], that is,
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limy oo x;(t) = ¢ € R” for ¢ = 1,..., N. This problem can be characterized as a

network involving trajectories of a multiagent dynamical system G given by

wi(t) = D gylxit),z;(t), i=1,...,N, (2.11)
FENn(9)

where ¢;;(-,-), i,j = 1,..., N, are locally Lipschitz continuous. Here, x;(¢), t > 0,
represents an information state and wu;(t), t > 0, repsresents an information control
input with a distributed consensus algorithm involving neighbor-to-neighbor inter-
action between agents. In this dissertation, we consider continuous-time distributed
consensus algorithms resulting in closed-loop systems of the form ([59])

Bi(t) = D (w(t) = wi(t), 2:(0)=mp, t>0, i=1... N, (212

JEN (1)

as well as discrete-time distributed consensus algorithms resulting in closed-loop sys-
tems of the form ([48])

vk +1) =azi(k)+e > (x;(k) —zi(k), :(0) =zi0, k€EZLy,

JEN (%)
i=1,...,N, (2.13)

where € > 0.
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Chapter 3

Universal Feedback Controllers for
Discontinuous Systems

3.1. Introduction

The consideration of nonsmooth Lyapunov functions for proving stability of feed-
back discontinuous systems is an important extension to classical stability theory
since, as shown in [67], there exist nonsmooth dynamical systems whose equilibria
cannot be proved to be stable using standard continuously differentiable Lyapunov
function theory. For dynamical systems with continuously differentiable flows, the
concept of smooth control Lyapunov functions was developed by Artstein [3] to show
the existence of a feedback stabilizing controller. A constructive feedback control law
based on smooth control Lyapunov functions was given in [68]. Even though a sta-
bilizing continuous feedback controller guarantees the existence of a smooth control
Lyapunov function, many systems that possess smooth control Lyapunov functions
do not necessarily admit a continuous stabilizing feedback controller [3,61]. However,
as shown in [61], the existence of a control Lyapunov function allows for the design
of a stabilizing feedback controller that admits Filippov and Krasovskii closed-loop
system solutions. In this chapter, we use the results of [60,61] to develop a con-
structive universal feedback control law for discontinuous dynamical systems based

on the existence of a nonsmooth control Lyapunov function defined in the sense of
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generalized Clarke gradients [13] and set-valued Lie derivatives [5].

Consider the controlled nonlinear dynamical system G given by
(t) = F(x(t),u(t)), z(to) =z0, ae. t>to, (3.1)

where, for every t > to, z(t) € D CR™, u(t) e U CR™, F: D x U — R" is Lebesgue
measurable and locally essentially bounded [24] with respect to z, continuous with
respect to u, and admits an equilibrium point at z, € D for some u, € U; that is,
F(ze,ue) = 0. The control u(-) in (3.1) is restricted to the class of admissible controls
consisting of measurable and locally essentially bounded functions u(-) such that

u(t) € U, t > 0. For each value u € U, we define the function F, by F,(x) = F(z,u).

A measurable function ¢ : D — U satisfying ¢(z.) = u, is called a control law.
If u(t) = ¢(x(t)), where ¢ is a control law and x(¢) satisfies (3.1), then we call u(-)
a feedback control law. Note that the feedback control law is an admissible control
since ¢(-) has values in U. Given a control law ¢(-) and a feedback control law

u(t) = ¢(x(t)), the closed-loop system is given by
(t) = F(z(t),p(x(t))), =(0)=wx9, a.e. t>0. (3.2)

Analogous to the open-loop case, we define the function F, by Fy(z) = F(z, ¢(z)).
Note that an arc x(-) (i.e., an absolutely continuous function from [ty, t] to D) satisfies

(3.1) for an admissible control u(t) € U if and only if [24, p. 152]
i(t) € F(z(t)), x(to) =z0, ae. t>to, (3.3)

where F(z) £ F(z,U), that is, F(z) = {F(z,u) : u € U}.

Here F : D — 2% is a set-valued map that assigns sets to points. The set
F(z) captures all of the directions in R™ that can be generated at x with inputs

u = wu(t) € U. The inputs u(-) can be selected as either u : [ty,00) — U oru:D — U.

21



We assume that F(z) is an upper semicontinuous, nonempty, convex, and compact
set for all x € R™. That is, for every « € D and every € > 0, there exists > 0 such
that, for all z € R” satisfying ||z — z|| < 6, F(2) € F(x) + B.(0). This assumption is

mainly used to guarantee the existence of Filippov solutions to (3.2) [24].

An absolutely continuous function x : [ty, 7] — R™ is said to be a Filippov solution

[24] of (3.2) on the interval [to, 7] with initial condition z(t) = xo, if x(t) satisfies
(t) € K[Fyl(x(t)), ae. telty,T], (3.4)
where the Filippov set-valued map K[Fy] : R® — 28" is defined by
KFs)(x) £ () () o{Fs(Bs(@)\S)}, weD, (3.5)
>0 pu(S)=0
p1(+) denotes the Lebesgue measure in R", “c0” denotes convex closure, and (1),s)—o
denotes the intersection over all sets S of Lebesgue measure zero.? Note that since F

is locally essentially bounded, K[Fy|(-) is upper semicontinuous and has nonempty,

compact, and convex values.
3.2. Nonsmooth Control Lyapunov Functions

In this section, we consider a feedback control problem and introduce the notion
of control Lyapunov functions for discontinuous dynamical systems. Furthermore,
using the concept of control Lyapunov functions we provide necessary and sufficient
conditions for stabilization of discontinuous nonlinear dynamical systems. To address
the problem of control Lyapunov functions for discontinuous dynamical systems, let
D C R" be an open set and let U C R™, where 0 € D and 0 € U. Next, consider the

controlled nonlinear discontinuous dynamical system (3.1), where wu(-) is restricted

2 Alternatively, we can consider Krasovskii solutions of (3.2) wherein the possible misbehavior of
the derivative of the state on null measure sets is not ignored; that is, K[Fy](z) is replaced with
K[Fy)(x) = N5 01 F(Bs(x))} and where Fy is assumed to be locally bounded.
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to the class of admissible controls consisting of measurable functions u(-) such that
u(t) € U for almost all £ > 0 and the constraint set U is given. Given a control law
¢(-) and a feedback control u(t) = ¢(x(t)), the closed-loop dynamical system is given
by (3.2).

The following definitions are required for stating the main result of this section.

Definition 3.2.1. Let ¢ : D — U be a measurable mapping on D\{0} with
#(0) = 0. Then (3.1) is feedback asymptotically stabilizable if the zero Filippov so-
lution z(t) = 0 of the closed-loop discontinuous nonlinear dynamical system (3.2) is

asymptotically stable.

Definition 3.2.2. Consider the controlled discontinuous nonlinear dynamical sys-
tem given by (3.1). A locally Lipschitz continuous, regular, and positive-definite

function V : D — R satisfying

inf [max Lp, V(z)] < 0, ae. zeD)\{0}, (3.6)

ueU

is called a control Lyapunov function.

Note that if (3.6) holds, then there exists a feedback control law ¢ : D — U
such that max Lp,V(z) < 0, z € D,  # 0, and hence, Theorem 2.2.1 with f(z) =
Fy(z) = F(x,¢(z)) implies that if there exists a control Lyapunov function for the
discontinuous nonlinear dynamical system (3.1), then there exists a feedback control
law ¢(z) such that the zero Filippov solution z(¢) = 0 of the closed-loop system (3.2)
is strongly asymptotically stable. Conversely, if there exists a feedback control law
u = ¢(x) such that the zero Filippov solution z(¢) = 0 of the discontinuous nonlinear
dynamical system (3.1) is strongly asymptotically stable, then, since Lp,V(x) C

{pTv : pT € IV(z) and v € K[F,](x)}, it follows from Theorem 2.7 of [61] that
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there exists a locally Lipschitz continuous, regular, and positive-definite function
VD — R such that max L,V (x) < 0 for all nonzero x € D or, equivalently, there
exists a control Lyapunov function for the discontinous nonlinear dynamical system
(3.1). Hence, a given discontinuous dynamical system of the form (3.1) is strongly
feedback asymptotically stabilizable if and only if there exists a control Lyapunov
function satisfying (3.6). Finally, in the case where D = R" and U = R™ the zero
Filippov solution z(t) = 0 to (3.1) is globally strongly asymptotically stabilizable if

and only if V(z) — oo as ||z|| — oo.

Next, we consider the special case of discontinuous nonlinear systems affine in
the control, and we construct state feedback controllers that globally asymptotically
stabilize the zero Filippov solution of the discontinuous nonlinear dynamical system
under the assumption that the system has a radially unbounded control Lyapunov
function. Specifically, we consider discontinuous nonlinear affine dynamical systems

of the form
(t) = f(z(t)) + G(z(t))u(t), z(0) ==z, ae. t>0, (3.7)

where f: R" — R", G : R" - R™™ D = R" and U = R™. We assume that f(-)
and G(-) are Lebesgue measurable and locally essentially bounded. Note that (3.7)
is a special case of (3.1) with F(z,u) = f(z) + G(x)u. We use the notation f + Gu

to denote the function F,(z) = f(z) + G(x)u for each u € R™.

Note that (3.7) includes piecewise continuous dynamical systems as well as switched
dynamical systems as special cases. For example, if f(-) and G(-) are piecewise con-
tinuous, then (3.7) can be represented as a differential inclusion involving Filippov set-
valued maps of piecewise-continuous vector fields given by K[ f](z) = co{lim; o f(;) :
x; = x,x; ¢ Sy}, where Sy has measure zero and denotes the set of points where f is

discontinuous [56], and similarly for G(-). Here, we assume that KC[f](-) has at least
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one equilibrium point so that, without loss of generality, 0 € IC[f](0).

Next, define

LoV (z) = {qg € R™™ : there exists v € &(z)

such that pTv = ¢ for all p* € OV ()},

where &(z) £ Nsp Nyusy=0 C{G(Bs(x)\S)}, = € R™, and (5= denotes the in-
tersection over all sets S of Lebesgue measure zero. Finally, we assume that the set
LoV () is single-valued® for almost all z € R", and that L5V (z) # @ at all other

points x.

Theorem 3.2.1. Consider the controlled discontinuous nonlinear dynamical sys-
tem given by (3.7). Then a locally Lipschitz continuous, regular, positive-definite,
and radially unbounded function V' : R" — R is a control Lyapunov function for
(3.7) if and only if

max L,V (z) <0, ae z€TR, (3.8)

where R = {z € R"\ {0} : LoV (z) = 0}.

Proof. Sufficiency is a direct consequence of the definition of a control Lyapunov
function and the sum rule for computing the generalized gradient of locally Lips-
chitz continuous functions [56]. Specifically, for systems of the form (3.7), note that

LricV(z) C LV (2) + LV (x)u for almost all x and all u, and hence,

inf [max L,V (z) + LoV (x)u] = —o0

uelU

3The assumption that L5V (z) is single-valued is necessary. Specifically, as will be seen later,
the requirement that there exists Z € L&V (x) such that, for all u € R™, max[LqV (z)u] = Zu holds
if and only if L&V (z) is a singleton. To see this, let ¢, € L5V (x), with ¢ # r, and assume, ad
absurdum, that the required Z exists. Then, either ¢ —Z # 0 or r —Z # 0. Assume ¢ —Z # 0 and let
ut = q—2. Then, qu—2zu= (¢ —2)u = (¢ —2)(¢—2)T = ||¢ — z||3 > 0. Hence, qu > Zu, which
leads to a contradiction.
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when z ¢ R and = # 0, whereas inf,cy[max LV (z) + LoV (z)u] < 0 for almost all
x € R. Hence, (3.8) implies (3.6) with F,(z) = f(z) + G(z)u.

To prove necessity suppose, ad absurdum, that V'(-) is a control Lyapunov function
and (3.8) does not hold. In this case, there exists a set M C R of positive measure
such that max LV (x) > 0 for all x € M. Let z € M and let a € L;V(z) N[0, 00).
From the definition of a control Lyapunov function, x is such that there exists u such
that max £,V (z) < 0 and, by the sum rule for generalized gradients, the inclusion
LiV(z) C LrraV(x) + Log,V(2) is satisfied (since the sum rule holds for almost
all ). Now, since x € M, we have L_g,V(z) = —Lg.V(x) C =LV (x)u C {0}.
Hence, there exists a nonnegative o € L,V (z), which is a contradiction. This

proves the theorem. 0

It follows from Theorem 3.2.1 that the zero Filippov solution z(t) = 0 of a dis-
continuous nonlinear affine system of the form (3.7) is globally strongly feedback
asymptotically stabilizable if and only if there exists a locally Lipschitz continuous,
regular, positive-definite, and radially unbounded function V' : R® — R satisfying
(3.8). Hence, Theorem 3.2.1 provides necessary and sufficient conditions for discon-

tinuous nonlinear system stabilization.

Next, using Theorem 3.2.1 we construct an explicit feedback control law that is
a function of the control Lyapunov function V(-). Specifically, consider the feedback
control law given by
a(@)+4/0?(2)+(8T (@)B(x))?
0, B(z) =0,

where a(z) = max £,V (z), B(z) = (LaV (x))T, and ¢; > 0 is a constant. In this case,

the control Lyapunov function V' (-) of (3.7) is a Lyapunov function for the closed-loop
system (3.7) with u = ¢(z), where ¢(x) is given by (3.9). To see this, recall that using
the sum rule for computing the generalized gradient of locally Lipschitz continuous
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functions [56] it follows that Lsic,V (z) C LV (x) + L&,V (z) for almost all z € R™.

Now, Theorem 3.2.1 gives
max Lp,V(r) = max Ly,
< max [LfV(z) + LoV (2)p(z)]

= max LV (z) + LoV (x)p(x)

= a(z) + 8" (2)(x)
- { —afT(2)B(x) = v/o2(x) + (BT (2)B(x))?, Blx) #0,
a(x), /B(:E) = 0,
<0, zeR" ae x#0, (3.10)

which implies that V() is a Lyapunov function for the closed-loop system (3.7),
and hence, by Theorem 2.2.1, guaranteeing global strong asymptotic stability with
u = ¢(x) given by (3.9).

3.3. Illustrative Numerical Examples

In this section, we present several numerical examples to illustrate the utility of

the proposed feedback control law.

Example 3.3.1. Consider a controlled nonsmooth harmonic oscillator with non-
smooth friction given by ([5])

tq1(t) = —sign(za(t)) — %sign(xl(t)), x1(0) = x19, ae. t>0, (3.11)

To(t) = sign(z1(t)) + u(t), x2(0) = x99, (3.12)

JAN

where sign(o) = %, 0 # 0, and sign(0) £ 0. Next, consider the locally Lipschitz

_H’

continuous function V' (z) = |z1| + |z2| and note that

{sign(z1)} x {sign(z)}, (r1,22) ER?*: 11 #0, 29 # 0,

OV (z) = {sign(z1)} x [-1,1], (r1,20) ER%2: 21 #0, 23 =0,
[—1, 1] x {sign(z2)}, (1,29) ER?: 29 £ 0, 2, =0,
@{(17 1)7 (_17 1)? <_1v _1)7 (1’ _1)}v (xh x2) - (07 0)
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Hence, with f(z) = [—sign(z,) — § sign(z1), sign(z1)]" and G = [0,1]7,

{—3} (zr,2) €R?: a1 #0, a3 #0,
_ ) 9, (z1,20) € R? . 21 #0, 29 =0,
£yV(z) = g, (z1,20) ER*: 29 #0, 21 =0,
{0}7 (xlaxQ) ( )
and
{sign(xs)}, (x1,22) ER?: 21 #0, x5 #0,
) o, (11, 20) €ER?: 21 #0, 29 =0,
LaV(x) = {sign(ws)}, (x1,72) ER*: 29 #0, 2, =0,
{0}7 ($1,$2) = (an)

Now, since max £,V (z) < 0 for all z € R, where R = {z € R*\ {0} : LsV (x) = 0},
it follows from Theorem 3.2.1 that V(x) = |21| + |x2| is a control Lyapunov function

for (3.11) and (3.12).

Next, note that it follows from (3.9) that

( —2+ /1 + sign*(z2)
plz) =4 — co + sizn2(2y) sign(wy), sign(xs) # 0,
\ 0, sign(zg) = 0,
)
_ ) - (co + \/32_ 1) sign(xs), sign(zy) # 0, (313)
x 0, sign(zs) = 0,

where ¢y > 0, and hence, since L4V (x) C LV (z) + LV (2)¢(z) for almost all z,

5
max LrigeV () < — <CO+ g) < 0, sign(xq) # 0.

Now, it follows from Theorem 2.2.1 that (3.13) is a globally strongly stabilizing
feedback controller. Figures 3.1 and 3.2 show the phase portraits of the open-loop
(u(t) = 0) and closed-loop nonsmooth harmonic oscillator with ¢ = 0, respectively.
Finally, Figures 3.3 and 3.4 show the state trajectories and the control trajectories of

the closed-loop system versus time for z(0) = [2, —2]T and ¢ = 0. A
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Figure 3.1. Phase portrait of the open-loop nonsmooth harmonic oscillator.
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Figure 3.2. Phase portrait of the closed-loop nonsmooth harmonic oscillator.
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Figure 3.3. State trajectories of the closed-loop system versus time.
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Figure 3.4. Control trajectories of the closed-loop system versus time.
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Example 3.3.2. Consider the controlled dynamical system G given by (3.7),

where © = [z1, 2o]", u = [uy, us]",

fz) = |1 [(—21 + [2]) }  Glr) = { 21 0 } '

[E2<—ZE1 — |ZE2|) 0 )

Next, consider the locally Lipschitz continuous function V() = 2|x1|+2|x2| and note

that
{2sign(z1)} x {2sign(xq)}, (r1,22) €ER?: 11 #0, 29 #0,
oV (z) = {2sign(z1)} x [-2,2], (1,29) ER?: 2y £ 0, 29 =0,
[—2,2] x {2sign(xs)}, (T1,22) ER?*: 29 #0, 71 =0,
m{(z 2)’ (_2a 2)’ (_2’ _2)’ (27 _2>}’ (1‘1, 752) = (07 0)
Hence,
{—222 — 222}, (w1,22) ER?*: 11 #0, 79 # 0,
) {227}, (r1,22) ER?*: 11 #0, 29 =0,
LyViz) = {—222}, (r1,20) ER%2: 29 #0, 21 =0,
{0}’ (1’1,1‘2) = (070)7
and

2x1,2|x2| T1,%9) ER2: 11 #£0, 29 #0,
2x1,0) ER?: 2, #0, 23 =0,

e
LV =1 o, 2|x2| ’ (z1,02) ER?: p #0, 11 =0,
{(0, ( )
<

0 for all z € R, where R = {z € R*\ {0} : L5V (z) = 0},

Now, since max L,V (z)

it follows from Theorem 3.2.1 that V' (z) = 2|x1|+2|z3] is a control Lyapunov function.

Setting a(x) = max LV (z) and B(x) = (LcV (2))7F, it follows that 8(z)87 (z) =
A(zi + 23) and o®(x) + (87 (2)B(2))* = 4(af + 23)* + 16(x] + 23 + 22723) = 20(x} +

r3) + 402223 = 20(2? + 23)?, and hence, (3.9) gives

¢($) — ! (CO + (\/g_ 1)) [ |.Z'2‘ :| ) (xlva) 7é (070)7 (314)
0, (131,1’2) = (0,0),

where ¢y > 0. Thus, max L;,g4V (x) < —|x]? for all z # 0. Now, it follows from The-
orem 2.2.1 that (3.14) is a globally strongly stabilizing feedback controller. Figures
3.5 and 3.6 show the phase portraits of the open-loop (u(t) = 0) and closed-loop sys-

tem with ¢ = 50, respectively. Finally, Figures 3.7 and 3.8 show the state trajectories
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Figure 3.5. Phase portrait of the open-loop system.

and the control trajectories of the closed-loop system versus time for z(0) = [2, —2|T

and ¢ = 50. A
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Figure 3.6. Phase portrait of the closed-loop system.
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Figure 3.7. State trajectories of the closed-loop system versus time.

33



Controller
|
[e2}
o

-100

-120 ! L
0 0.2 0.4

Figure 3.8. Control trajectories

0.6

of the

0.8 1 1.2 1.4 1.6 1.8
Time (sec)

closed-loop system versus time.

34




Chapter 4

Dissipativity Theory for Discontinuous Systems

4.1. Introduction

Dissipativity theory is a system-theoretic concept that provides a powerful frame-
work for the analysis and control design of dynamical systems based on generalized
system energy considerations. The key foundation in developing dissipativity theory
for nonlinear dynamical systems with continuously differentiable flows was presented
by Willems [74,75] in his seminal two-part paper on dissipative dynamical systems.
Dissipativity theory along with Lyapunov stability theory for feedback interconnec-
tions of dissipative systems has been extensively developed for continuous dynamical
systems possessing continuously differentiable flows [31]. In light of the fact that en-
ergy notions involving conservation, dissipation, and transport also arise naturally for
discontinuous systems, it seems natural that dissipativity theory can play a key role
in the analysis and control design of discontinuous dynamical systems. Specifically,
dissipativity theory can be used to analyze robust stability of discontinuous dynami-
cal systems. Moreover, it can be applied to design discontinuous feedback controllers
that add dissipation and guarantee stability robustness allowing discontinuous stabi-

lization to be understood in physical terms.

In [35], the authors extend the notion of dissipativity theory to impulsive and
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hybrid dynamical systems possessing left-continuous flows using generalized storage
functions and hybrid supply rates. The overall approach provides an interpretation
of a generalized energy balance for impulsive and hybrid dynamical systems in terms
of the stored or accumulated system generalized energy, the dissipated energy over
the continuous-time dynamics, and the dissipated energy at the resetting instants.
Extensions of dissipativity theory to vector dissipativity notions using vector storage
functions and vector supply rates for analyzing large-scale interconnected systems
are considered in [37]. More recently passivity theory for switched dynamical systems
described by a family of subsystems parameterized by a finite index set are discussed

in [36,78-80].

In this chapter, we extend the results of [36] to develop dissipativity notions for
dynamical systems with discontinuous vector fields. Specifically, we consider dynam-
ical systems with Lebesgue measurable and locally essentially bounded vector fields
characterized by differential inclusions involving Filippov set-valued maps specify-
ing a set of directions for the system velocity and admitting Filippov solutions with

absolutely continuous curves.

Finally, using generalized Clarke gradients of locally Lipschitz continuous storage
functions, we develop extended Kalman-Yakubovich-Popov conditions for discontinu-
ous systems. In addition, using the concepts of dissipativity, we construct nonsmooth
Lyapunov functions for discontinuous feedback systems as well as provide general
stability criteria for feedback interconnections of discontinuous dynamical systems.
The consideration of nonsmooth Lyapunov functions for proving stability of feed-
back interconnections of discontinuous systems is an important extension to classical
stability theory of dissipative feedback systems since, as shown in [67], there exist
nonsmooth dynamical systems whose equilibria cannot be proved to be stable using

standard continuously differentiable Lyapunov function theory.
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4.2. Dissipative Discontinuous Dynamical Systems

In this section, we extend the notion of classical dissipativity [74,75] of dynamical
systems with continuously differentiable flows to discontinuous systems. Specifically,

we consider nonlinear dynamical systems G of the form

(t) = F(z(t),u(t)), x(to) =mzo, ae. t>to, (4.1)

y(t) = H(x(t), u(t)), (4.2)

where, for every t > to, z(t) e D CR", u(t) e U CR™ y(t) e Y CRL F:Dx U —
R™ is Lebesgue measurable and locally essentially bounded [24] with respect to x,
continuous with respect to u, admits an equilibrium point at x, € D for some u, € U;
that is, F'(ze,u.) = 0, and H : D x U — R'. The following definition is needed for

the main results of this section.

Definition 4.2.1. i) The discontinuous dynamical system G given by (4.1) and
(4.2) is weakly (resp., strongly) dissipative with respect to the (locally Lebesgue in-
tegrable) supply rate s : U x Y — R if there exists a locally Lipschitz continuous,
regular, and nonnegative definite storage function Vy : D — R, such that V;(0) = 0
and the dissipation inequality

t
V(elt) < Vilatto) + [ stuto).ylodo, ¢t (1.3
is satisfied for at least one (resp., every) Filippov solution z(t), ¢t > to, of G with

u(t) e U.

i1) The discontinuous dynamical system G given by (4.1) and (4.2) is weakly (resp.,
strongly) exponentially dissipative with respect to the (locally Lebesgue integrable)
sypply rate s : U x Y — R if there exist a locally Lipschitz continuous, regular, and

nonnegative storage function V; : D — R and a scalar € > 0 such that V;(0) = 0 and
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the dissipation inequality
t
Valt) < Vilalta) + [ sulo) o)l (49
to

is satisfied for one (resp., every) Filippov solution z(t), t > 0, of G with u(t) € U.

i11) The discontinuous dynamical system G given by (4.1) and (4.2) is strictly

weakly (resp., strongly) dissipative with respect to the (locally Lebesgue integrable)

supply rate s : U x Y — R if there exist a locally Lipschitz continuous, regular, and

nonnegative storage function V; : D — R and a scalar € > 0 such that V;(0) = 0 and
the dissipation inequality

t
Vi(ele) < Vilatto) + [ [s(u(0).p(0) ~cldo, 210 (4.
is satisfied for at least one (resp., every) Filippov solution z(t), t > to, of G with

u(t) € U.

Since Vj(+) is assumed to be locally Lipschitz continuous and regular, an equivalent

statement for the dissipativeness of G involving supply rates s(u,y) is

Vi(z(t)) < s(u(t),y(t)), ae t>0, (4.6)

or, equivalently, Vi(z) < s(u,y), where

Ay )| 2 tim sup W) = V@)

‘./S xT) = )
(z) dt =0 h—0+ h

(4.7)

for every x € R", denotes the upper right directional Dini derivative of Vi(z) along
the Filippov state trajectories 1 (t,z,u) of (4.1) through x € D with u(t) € U at
t = 0. Alternatively, an equivalent statement for exponentional dissipativeness and

strict dissipativeness of G involving the supply rate s(u,y) is, respectively,
Vi(z(t)) + eVi(z(t)) < s(u(t),y(t)), ae. t>0, (4.8)
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and

Vi(z(t)) < s(u(t),y(t)) —e, ae. t>0. (4.9)

The following lemma is necessary for the next proposition. For the statement of
this lemma we require some additional notation. Specifically, given a locally Lipschitz
continuous function V' : R" — R, define the set-valued Lie derivative Lpe.,)V :

R"™ x U — 2R of V with respect to F at x and u by

LrenV(z) = {a € R : there exists v € K[F(-,u)](x)

such that pTv = a for all pT € 8V(x)},

where KC[F(-,u)](x) denotes the Filippov set-valued map of F(x,u) over x for each
admissible input u(t) € U. That is, F'(-,u) is averaged over progressively smaller
neighborhoods around x € R™ with v € U. Analogously, for fixed t > 0, z € R", and
a measurable and locally essentially bounded u : R — U, define the set-valued Lie

derivative Lp( )V : R" x U — 2% by

LreuyV () £ {a € R : there exists v € K[F(-,u(t))](x)

such that pv = a for all p* € 8V(x)},

that is, we fix u(-) € L(R,U) and apply the Filippov construction over z. Note
that if ¢(-) is a Filippov solution to (4.1) with u(-) = u(-), then Lpm.)V (¥(t)) C
LpewyV(¥(t)). In addition, note that Lp(..)V (x) is a closed and bounded, possibly

empty, interval in R.

Lemma 4.2.1. Let x : [to,t] = R™ be a Filippov solution of (4.1) corresponding
to the input u(-) and let V' : R" — R be locally Lipschitz continuous and regular.
Then LV (z(0)) exists for almost all o € [to, ] and LV (2(0)) € Lp(uyV (z(0)) for

almost all o € [to, t].
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Proof. The proof is similar to the proof of Lemma 1 of [5] and, hence, is omitted.

O

Proposition 4.2.1. Consider the discontinuous dynamical system G given by
(4.1) and (4.2), and let V : D — R be a locally Lipschitz continuous and regular
function such that V(xz) > 0 for all x € R™ and V(0) = 0. Assume there exist a
Lebesgue measurable function s : U x Y — R and a scalar £ > 0 (resp., € = 0) such

that
max Lp.)V(r) < —eV(x) + s(u,y), ae uel. (4.10)

Then G is strongly exponentially dissipative (resp., strongly dissipative) with respect

to the supply rate s(u,y).

Proof. It suffices to show that if (4.10) holds, then (4.3) holds on the interval
[to,t]. To see this, let = : [ty,t] — R™ be a Filippov solution of (3.3) with initial
condition x(0) = xo. Now, since by Lemma 4.2.1 V(z(0)) < max Lz(. ...V (z(c)) for
almost all o € [t, t], it follows from (4.10) that V(z(0)) < —eV (z(0)) + s(u(a), y(o))

for almost all o € [ty, t], and hence,
e |V (z(0)) +6V(x(a))] < es(u(o),y(o)), ae. o€ t,t]. (4.11)

Now, integrating (4.11), where the integral is a Lebesgue integral, it follows that (4.3)

holds with € > 0 (resp., € = 0). O

Example 4.2.1. Consider the controlled discontinuous dynamical system G rep-
resenting a mass sliding on a horizontal surface subject to a Coulomb frictional force.
During sliding, the Coulomb frictional model states that the magnitude of the fric-

tion force is independent of the magnitude of the system velocity and is equal to the
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normal contact force times the coefficient of kinetic friction. The application of this

model to a sliding mass on a horizontal frictional surface gives
&(t) = —sign(z(t)) + u(t), x(0) =z, a.e. t>0, (4.12)
y(t) = x(t). (4.13)
Equation (4.12) can be rewritten in the form of a differential inclusion
z(t) € K[f](z(t)) + u(t), x(0)=wz9, ae. >0, (4.14)

where the Filippov set-valued map K[f] : R — 2% is given by

-1, x>0,
Klifl(z) =4 [-1,1], =0, (4.15)
1, x < 0.

Vi, (z) € LpuVsi(x)

= OV, (2)(K[f](x) + u)

= 2zK[f](z) + 2zu

= —|z| + 2uy

< 2uy, (4.16)
it follows that max Lp(. Vs, () < 2uy for all Filippov solutions, which, by Propo-
sition 4.2.1, implies that G is strongly dissipative with respect to the supply rate
2uy.

Next, let Vi, (z) = |z|. Since

. —1 4 sign(x)u, x # 0,
Vo) € LreuVale) = TS 220

= —1+4usign(y), x #0, (4.17)
it follows that max Lp(..)Vs,(z) < usign(y) for almost all # € R and all Filippov
solutions, which, by Proposition 4.2.1, implies that G is strongly dissipative with

respect to the supply rate usign(y). A
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4.3. Extended Kalman—Yakubovich—Popov conditions

Next, we show that dissipativeness of discontinuous nonlinear affine dynamical

systems G of the form

(t) = f(z(t)) + G(z(t))u(t), xz(to) =x0, a.e. t>tp, (4.18)
y(t) = h(x(t)) + J(2(t))u(), (4.19)

where z(t) € D C R"®, D is an open set with 0 € D, u(t) € U CR™, y(t) € Y C R},
f:D—=R"G:D—-R>™" h:D—=Y, and J: D — R*™, can be characterized in
terms of the system functions f(-), G(-), h(:), and J(-). Here, we assume that f(-),

G(-), h(-), and J(-) are Lebesgue measurable and locally essentially bounded.

For the remainder of this section, we consider the special case of dissipative systems
with quadratic supply rates [75], [31]. Specifically, set D = R", U = R™, Y =R/, let
QS ReS™ and S € R*™ be given, and assume s(u,y) = yTQy+2yT Su+uT Ru,
where S denotes the set of ¢ X ¢ symmetric matrices. Furthermore, we assume that
there exists a function s : R' — R™ such that x(0) = 0 and s(x(y),y) <0, y # 0, so
that, as shown by Theorem 3.2 of [38], all storage functions for G are positive definite.

Next, define
LVi(z) & {q € RY™ : there exists v € &(z)
such that pTv = ¢ for all p* € 9V, (x)},
where &(z) £ M50 Nus)=0 ©O{G(Bs(2))\S}, © € R", and (), 5)—, denotes the in-
tersection over all sets & of Lebesgue measure zero. Finally, we assume that the set

L Vi(z) is single-valued* for almost all z € R™ modulo L5Vi(x) # &. The following

definition is necessary for the statement of the next result.

4The assumption that Lo Vi(z) is single-valued is necessary for obtaining Kalman-Yakubovich-
Popov conditions for (4.18) and (4.19) with Lebesgue measurable and locally essentially bounded
system functions f(-), G(-), h(:), and J(-), and with locally Lipschitz continuous storage functions
Vi(+). Specifically, as will be seen in the proof of Theorem 4.3.1, the requirement that there ex-
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Definition 4.3.1. ([38]) The nonlinear dynamical system G given by (4.1) and
(4.2) is weakly (resp., strongly) completely reachable if for every xo € D C R™ there
exists a finite time ¢; < ¢y and an admissible input u(t) defined on [t;, to] such that at
least one (resp., every) Filippov solution z(t), t > ¢;, of G can be driven from z(¢;) = 0
to z(ty) = xo. The nonlinear dynamical system G given by (2.1) and (2.2) is weakly
(resp., strongly) zero-state observable if u(t) = 0 and y(t) = 0 implies z(¢) = 0 for at

least one (resp., every) Filippov solution of G.

The following theorem gives necessary and sufficient Kalman—Yakubovich—Popov
conditions for dynamical systems with Lebesgue measurable and locally essentially

bounded system functions.

Theorem 4.3.1. Let Q € S', S € R>*™, R € S™, and let G be weakly zero-state
observable and weakly completely reachable. If there exist functions V; : R" — R,
:R"— RP and W : R" — RP*™ and a scalar € > 0 (resp., ¢ = 0) such that V(-) is

locally Lipschitz continuous, regular, and positive definite, V(0) = 0, and, for almost

all z € R™,
0 = min £;Vi(z) + eVi(x) — ' (z)Qh(x) + ( (2)l(x), (4.20)
0= %EGVS(I) — b (2)(QJ(x) + S) + (T (x)W(z), (4.21)
0= R+STJ(x)+ J(2)S + J (2)QJ(z) — W (z)W(z), (4.22)

[0(z) + W(z)u] " [0(x) + W(x)u] > max L;Vi(x) — min LV (z), uweR™,  (4.23)

then G is weakly exponentially dissipative (resp., weakly dissipative) with respect
to the supply rate s(u,y) = yTQy + 2y*Su + uTRu. Conversely, if G is weakly

exponentially dissipative (resp., weakly dissipative) with respect to the supply rate

ists Z € LgVe(x) (resp., z € LaVi(z)) such that, for all u € R™, max[LgVi(x)u] = Zu (resp.,
min[LaVs(z)u] = zu) used in the proof of Theorem 4.3.1 holds if and only if L5Vs(x) is a single-
ton. This fact is shown in Footnote 3 for Z € L& V;(z). A similar construction shows the result for
z € LoVs(z).
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s(u,y), then there exist functions V5 : R” — R, ¢ : R” — RP, and W : R” — RP*"™ and
a scalar € > 0 (resp., € = 0) such that V,(+) is locally Lipschitz continuous, regular,

and positive definite, V5(0) = 0, and, for almost all z € R™, (4.20)—(4.22) hold.

Proof. First, suppose that there exist functions V; : R® — R, ¢ : R" — RP,
and W : R — RP*™ and a scalar ¢ > 0 such that V() is locally Lipschitz contin-
uous, regular, and positive definite, and (4.20)—(4.23) are satisfied. Then, for every

admissible input u(t) € R™, t > 0, it follows from (4.20)—(4.23) that

/t St s(u(t), y(t))dt

_ / " AT 0@ + 2T (1) Sult) + u (6 Ru(t)] dt

t1

- /t S (A (2 () Qh(x(1)) + 2h™ (x(t))(S + QJ (x(1))u(t)
(O 0)QI) + ST ale) + T () + Rut] e

_ /t ® [min £,V(x(t)) + eVa(@(t)) + LaVa(a()yult) + 7 (x(t))0(x(t))
+12€T($(75))W($(t))U(t) +uT W (@)W ((t)u(t)]dt

_ /: e min £,Vy(2(8)) + L& Vi(2(6))u(t) + eVi(z (1))

+He( () + W (t)u®)] () + W(a(t))u(t)]]dt

> / e max £, Va(w (1)) + LaVie(t)u(t) + Va(x(6)dt, (4.24)

t1

where x(t), t > 0, satisfies (4.18).

Next, using the sum rule for computing the generalized gradient of a locally Lip-

schitz continuous function [56] it follows that

for almost all x € R™. Now, it follows from Lemma 4.2.1 that

d

EVs(x(t)) € LricuVs(z(t)) C LiVi(z(t)) + LauVs(z(2))
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for almost all £ > 0. Hence,

aVs(gg(zf)) < max Ly, Vs(z(1))
< max [LVa(z(t)) + LaVala(t))u(t)]

= max LVi(x(t)) + LoVi(x(t))u(t), ae. t>0, u(t) e U. (4.25)

Next, note that

t

V(2 (1)) = eVila(to)) + / L Vile(0)))do, (4.26)

1 do

where the integral in (4.26) is the Lebesgue integral.

Using (4.25) and (4.26), it follows from (4.24) that

/t2 e s(ult), y(t))dt > /tQ oot {%Vs(x(t)) + g‘/s(x(t))] &

t1 t1

2 d et
= [ G
= eV, (z(ty)) — " Vi(x(ty)), ae. t>0, wu(t)eU.

The assertion now follows from Definition 4.2.1.

Conversely, suppose that G is weakly exponentially dissipative with respect to the
supply rate s(u,y). Now, it follows from Theorem 3.1 of [38] that the available storage
Vas(z) of G is finite for all z € R, V,5(0) = 0, and

2 Vos(2(t)) < e Vs(2(ty)) + / : es(u(t), y(t))dt (4.27)

t1
for almost all £, > t; and u(-) € U. Dividing (4.27) by ty — t; and letting t, — t; it

follows that
%Vas(x(t)) + eVas(z(t)) < s(u(t),y(t)), ae t >0, (4.28)

where z(t), t > 0, is a solution satisfying (4.18) and

%Vas(x(t)) = liinﬁifp[‘/as(:v(t + h)) — Vas(z(t))]/h.
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Now, with t = 0, it follows from (4.28) that

d
&V:as(x()) + Evas(xO) < S(U, y(O)), u e R™.

Next, let d : R® x R™ — R be such that

V(@) — Viala) + 8(u,9). (4.29)

d(x,u) = T

Now, it follows from (4.28) that d(z,u) > 0, z € R", u € R™. Since LV, (x) €

de " as

LVas(x) + L Vas(z) for almost all x € R”, it follows that

d

E\/as(x) > min LVos(x) + LaVas(2)u, ae. zeR", weR™, (4.30)

and hence, it follows from (4.29) and (4.30) that

—[min £ V,s(x) + L Vas(z)u + eVis(x)] + s(u, h(x) + J(z)u) > d(z,u) > 0,

ae. z € R", uweR™ (4.31)

Since the left-hand side of (4.31) is quadratic in u, there exist functions ¢ : R® —

R? and W : R® — RP*™ guch that

() + W(x)u]'[l(2) + W(2)u]
=—[min L Vas(x) + Lo Vas(z)u + eVas(2)] + s(u, h(z) + J(z)u)
=—[min £ Ve () + L& Vas(2)u + Vs ()] + [h(z) + J(2)u]"

Q(x) + J(w)u] + 2[h(w) + J(x)u]" Su +u’ Ru.

Now, equating coefficients of equal powers yields (4.20)—(4.22) with Vi(z) = V,s(x)

and with the positive definiteness of Vi(z), x € R, following from Theorem 3.2 of [38].

Finally, the proof for the weakly dissipative case follows by using an identical

construction with € = 0. O
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Remark 4.3.1. Note that if WT(z)W(z) is invertible for all z € R, then in-
equality (4.23) can be equivalently written as
[((z) = W(z)WH (@)W ()" W (@)l(2)] [l(2) = W(z)W (2)WV(2)) " W (2)()]

>max L;Vi(z) —min L;Vi(x), ze€R",  (4.32)

which is free of w € R™. This follows from the fact that (4.23) holds if and only if
mum[é(x) + W(x)u]T[f(x) + W(x)u] > max L;V,(x) — min L;Vi(z), z € R, (4.33)
holds. A similar expression to (4.32) involving generalized inverses also holds in the

case where W (z)W(z) is singular for some z € R™.

The following result gives sufficient conditions for weak dissipativity and weak

exponential dissipativity of G based on max LV(-).

Theorem 4.3.2. Let Q € S, S € R*™, R € S™, and let G be weakly zero-state
observable and weakly completely reachable. If there exist functions V; : R" — R,
¢:R" — RP and W : R" — RP*™ and a scalar € > 0 (resp., € = 0) such that V(-) is

locally Lipschitz continuous, regular, and positive definite, V;(0) = 0, and, for almost

all z € R™,
0 = max L;Vi(z) + eVi(z) — K (2)Qh(z) + (T (2)l(x), (4.34)
0= %ﬁgvs(x) _ 0T (@)(QJ(2) + 5) + (M (@)W (a), (4.35)
0= R+ STJ(x) + JY@)S + I (2)QJ(x) - W (2)W(x), (4.36)

then G is weakly exponentially dissipative (resp., weakly dissipative) with respect to

the supply rate s(u,y) = yTQy + 2y*Su + u" Ru.

Proof. Suppose that there exist functions V5 : R” — R, ¢ : R® — RP, and W :

R™ — RP*™ and a scalar £ > 0 such that V,(+) is locally Lipschitz continuous, regular,
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and positive definite, and (4.34)-(4.36) are satisfied. Then, for every admissible input
u(t) € R™, it follows from (4.34)-(4.36) and (4.25) that

/t " et s(ut), y())dt

_ / T T (OQy(E) + 25" (6)Su(t) + () Ru(t)]dt

t1

=/t e [T (2(1)Qh(x(t)) + 20" (x(£)) (S + QJ (2(t)))u(t)
+ut () (T (2() QI (x(t)) + ST T (x(t)) + J T (x(t))S + R)u(t)]dt
_ /t " max £, Va(@(t)) + LoVa(@(t))ult) + Va(x(t)

He((t) + W () u®)] () + W(a(t))u(t)]]dt

2/%6“mwxﬁf%cmw>+zzWAw@»ua>+e%cawndt

t1

Z/t et Evs(x(m +eVie(t) | dt

=V (a(t)) — € Vila(h)), ae. £2>0,

where x(t), t > to, is a solution satisfying (4.18). The result is now immediate
from Definition 4.2.1. The proof for the weak dissipative case follows an identical

construction by setting ¢ = 0. O

Next, we provide several definitions of nonlinear discontinuous dynamical systems
which are dissipative or exponentially dissipative with respect to supply rates of a

specific form.

Definition 4.3.2. A discontinuous dynamical system G of the form (4.1) and
(4.2) with m = [ is weakly (resp., strongly) passive if G is weakly (resp., strongly)

dissipative with respect to the supply rate s(u,y) = 2uTy.

Definition 4.3.3. A discontinuous dynamical system G of the form (4.1) and
(4.2) is weakly (resp., strongly) nonexpansive if G is weakly (resp., strongly) dissipative
with respect to the supply rate s(u,y) = y?utu — yTy, where v > 0 is given.
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Definition 4.3.4. A discontinuous dynamical system G of the form (4.1) and
(4.2) with m = [ is weakly (resp., strongly) exponentially passive if G is weakly (resp.,

strongly) exponentially dissipative with respect to the supply rate s(u,y) = 2uy.

Definition 4.3.5. A discontinuous dynamical system G of the form (4.1) and
(4.2) is weakly (resp., strongly) exponentially nonexpansive if G is weakly (resp.,
strongly) exponentially dissipative with respect to the supply rate s(u,y) = v*u u —

yTy, where v > 0 is given.

The following results present the nonlinear versions of the Kalman-Yakubovich-
Popov strict positive real lemma (resp., positive real lemma) and strict bounded real
lemma (resp., bounded real lemma) for weakly exponentially passive (resp., weakly
passive) and weakly exponentially nonexpansive (resp., weakly nonexpansive) discon-

tinuous systems, respectively.

Corollary 4.3.1. Let G be weakly zero-state observable and weakly completely
reachable. If there exist functions V; : R — R, /: R* — RP, and W : R* — RP*™
and a scalar ¢ > 0 (resp., ¢ = 0) such that Vi(-) is locally Lipschitz continuous,

regular, and positive definite, V;(0) = 0, and, for almost all z € R,

0 = min £;Vi(z) + eVi(x) + £ (x)l(z), (4.37)
0= %ﬁgvs(fb) — Y (z) + (F(2)W(2), (4.38)
0= J(z)+ J (x) = WHa)W(x), (4.39)

[0(z) + W(z)u] " [0(x) + W(x)u] > max L;Vi(x) — min LV (z), ue€R™, (4.40)

then G is weakly exponentially passive (resp., weakly passive). Conversely, if G is
weakly exponentially passive (resp., weakly passive), then there exist functions Vj :

R* - R, £: R" —» RP, and W : R” — RP*™ and a scalar ¢ > 0 (resp., ¢ = 0) such
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that V4(+) is locally Lipschitz continuous, regular, and positive definite, V(0) = 0,
and, for almost all z € R", (4.37)—-(4.39) hold.

Proof. The result is a direct consequence of Theorem 4.3.1 with [ = m, Q) = 0,
S = 1I,,,and R = 0. Specifically, with x(y) = —y it follows that s(x(y),y) = —2yTy <

0, y # 0, so that all the assumptions of Theorem 4.3.1 are satisfied. 0O

Example 4.3.1. Consider the harmonic oscillator G with Coulomb friction given

by ([67])

mi(t) + bsign(i(t)) + kx(t) = u(t), z(0) =y, ©(0) =g, ae. t >0, (4.41)

y(t) = (), (4.42)

or, equivalently,

0] [ s " | [ 20 (20 122]
ae. t>0, (4.43)

y(t) = %@(t), (4.44)

where m, b,k > 0. Next, consider the continuously differentiable storage function
Vi(z) = $kaf + ima3 and note that, for almost all 2 € R?, L;V,(x) = {—b|z,|} and
LeVi(z) = {x2}, which implies that min £;V(z) = max L;V,(z) = —b|xs|. Now,
with (z) = £+/b|xs| and W(z) = 0, (4.37)—(4.40) are satisfied. Hence, it follows

from Corollary 4.3.1 that G is weakly passive. A

Example 4.3.2. Consider a controlled smooth oscillator with nonsmooth friction

and uncertain coefficients given in [5] represented by the differential inclusion G given

by

(t) € K[f)(z(t)) + Gu(t), =x(0) =z, ae. t>0, (4.45)
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1

y(t) = §x2(t), (4.46)

where G = [0,1]T and K[f] : R? — 2% is given by

(([—2x9 — 1, =20 — 1] x {z1}, (21,22) ER?: 2y > 0,29 > 0,
{—xy —sign(z1)} x {x1}, (71, 22) € R?\ ({(0,22) : 72 € R}
U{(z1,x2) : 1 > 0,29 > 0}),

Ay
Klfl) = [—2x9 — 1, —x9 + 1] x {0}, (1, 22) ER? 1 9 > 0,71 = 0,
[—$2—17—$2+1] X {0}, (3?1,%2) € R? t X9 < 0,21 =0,
\ [_]—7 1] X {0}7 (~T1,(L’2> = (07 0)

Next, consider the continuously differentiable storage function Vi(z) = (2% +13) and

note that for almost all x € R?,

{[-1,0jz129 — 21}, (21,22) € R?: 21 > 0,29 > 0,

{=lzl}, (21, 22) € R?\ ({(0,22) : 22 € R}

ﬁf‘/s<x) = U{(I’l,LCQ) 1r > O,$2 > 0}) ,
{0}, (371,33'2) S R? : T2 7£ O,%l = 0,
{0}7 (xh‘T?) = (070)7

LaVi(w) = {wa},

which implies that max £;V(z) = 0 and min £;V;(z) = —|z;| for almost all z € R?.
Now, it follows from (4.37)-(4.40) that

0= —|z| + (z), (4.47)

1 1
0= 5%2 — 52 + ()W (x), (4.48)
0= W*(z), (4.49)
21| < [0(z) + W(z)u)’, u€eR. (4.50)

Hence, with ¢(x) = £4/|z1| and W(z) = 0, it follows from Corollary 4.3.1 that G is

weakly passive. A
Example 4.3.3. Consider a controlled nonsmooth harmonic oscillator with non-
smooth friction and nonsmooth output given by ([5])

(t) = f(z(t)) + Gu(t), «(0)=umzy, ae. t>0, (4.51)

o1



1

y(t) = 5 sign(za(0), (4.52)

where f(z) = [—sign(z2) — 3 sign(z1),sign(z1)]" and G = [0,1]. Next, consider the

locally Lipschitz continuous storage function Vi(z) = |z1| + |z2| and note that

{sign(z1)} x {sign(z2)}, (11, 20) €ER? 1y # 0,15 # 0,
OVi(w1, 2) = {sign(x1)} x [—1,1], (z1,79) ER? 12y # 0,29 = 0,
s\ 2 [—1,1] x {sign(z2)}, (z1,22) ER? 1 29 #£ 0,17 = 0,
@{(17 1)7 (_1> 1)7 (_17 _1)7 (17 _1)}7 (1:17 :EQ) = (07 O)
Hence,
( {_%}a (z1,22) € R? 2y # 0,25 # 0,
) o, (r1,12) ER? :wy # 0,29 = 0,
Ef‘/s(xhx2) N @, (33'1,1’2) € R2 ) 7é 0,331 = 0,
\ {0}7 <x17x2) = (07 0)?
( {sign(zq)}, (z1,20) ER?:zy # 0,29 # 0,
) @, (w1, 20) €ER? : 2y # 0,15 = 0,
LoVl 22) = {sign(wq)}, (z1,72) ER?: 29 #£ 0,21 =0,
\ {O}’ (x17x2) = (070)7

which implies that max £;Vi(x) = 0, min £;V,(z) = =%, and LsVi(z) = {sign(x2)}

—5,

for almost all z € R%. Now, it follows from (4.37)—(4.40) that

1

0=—5+ (), (4.53)
0— %Sign(l‘g) _ %Sign(xz) + )W), (4.54)
0= W?(z), (4.55)
% < [tz) + W(@)u?, ueR. (4.56)

Hence, with ¢(z) = j:\/g and W(x) = 0, it follows from Corollary 4.3.1 that G is

weakly passive. A

Corollary 4.3.2. Let Q € S!, S € R™*™ R € S™, and let G be weakly zero-state

observable and weakly completely reachable. If there exist functions V; : R" — R,
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¢:R" — RP, and W : R" — RP*™ and a scalar € > 0 (resp., ¢ = 0) such that V(-) is

locally Lipschitz continuous, regular, and positive definite, V;(0) = 0, and, for almost

all x € R™,
0 = min £;Vi(z) + eVi(z) + AT (2)h(z) + F (2)l(z), (4.57)
0= %cgvs(x) BT (2)J () + (T (@)W (), (4.58)
= 21, — J (@) (z) = W' (2)W(2), (4.59)

[0(z) + W(z)u] " [0(x) + W(x)u] > max L Vi(x) — min LV (z), ueR™, (4.60)

where v > 0, then G is weakly exponentially nonexpansive (resp., weakly nonexpan-
sive). Conversely, if G is weakly exponentially nonexpansive (resp., weakly nonexpan-
sive), then there exist functions V5 : R" — R, £: R" — RP, and W : R” — RP*™ and
a scalar € > 0 (resp., ¢ = 0) such that V;(-) is locally Lipschitz continuous, regular,

and positive definite, V(0) = 0, and, for almost all z € R", (4.57)—(4.59) hold.

Proof. The result is a direct consequence of Theorem 4.3.1 with Q = —1;, S = 0,

and R = v21,,,. Specifically, with k(y) = —%y it follows that s(k(y),y) = —%yTy <0,

y # 0, so that all the assumptions of Theorem 4.3.1 are satisfied. 0O

Example 4.3.4. Consider the controlled dynamical system G given by

z(t) = f(z(t)) + G(z(t)u(t), =z(0)=wxy, ae ¢>0, (4.61)

where z(t) = [z1(t), zo(t)]", u(t) = [ui(t), ua(t)]",

o \x1|<—x1+|xzr>]7 G@):[\xlr o}

.CC2<—$1 — |33'2D 0 To

Next, consider the locally Lipschitz continuous storage function V(x) = 2|x1| + 2|xs|
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and note that

{2sign(xy)} x {2sign(zs)}, (1, 22) € R? 1wy # 0,29 # 0,
Vi1, 2) = {2sign(zq)} x [-2,2], (11,29) €ER?: 2y # 0,29 = 0,
SV 2] T[22, 2] x {2sign(zs)}, (1, 22) ER?: 1y #£ 0,71 = 0,
E{(27 2)7 (_27 2)7 (_27 _2)7 (27 _2)}7 (931, $2) = (07 0)
Hence,
({222 — 222}, (w1,20) €R? 1y # 0,25 # 0,
) {223}, (r1,22) ER? 1y # 0,29 = 0,
LyVala, z2) = {—222}, (r1,22) €ER? 1wy # 0,27 = 0,
\ {0}7 (xl’x2) = (070)7
( {[2.’1]1,2|I‘2”}, (.361,5172) € R2 A # 0,$2 §£ O,
. {[21‘1,0]}, (xl,xg) € R? I #O,IQZO,
LeVal@n, o) = 3 {10, 2[z2]}, (71,72) € R? : xy # 0,2, =0,
\ {[O’O]}v (x17$2) = (070)7

which implies that

min £;V;(z) = max L;Vi(z) = =227 — 225 and LgVi(z) = {[271, 2|z2]]}

for almost all z € R?. Now, it follows from (4.57)-(4.60) that

0= —2a] — 225 + o] + a5 + (M (2)l(x),
1

0= 5[221, 2fas|] + )W (),

0= L - W (@)W(x),

0 < [0(x) + W(a)u)" [t(x) + W(x)u], ueR>

(4.63)
(4.64)
(4.65)

(4.66)

Hence, with v = 1, £(z) = —[z1, |22|]T, and W(z) = I, it follows from Corollary 4.3.2

that G is weakly nonexpansive.

In light of Definition 4.3.2 the following result is immediate.

A

Proposition 4.3.1. Consider the discontinuous dynamical system G given by

(4.1) and (4.2). Then the following statements hold:
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i) If G is strongly passive with a locally Lipschitz continuous, regular, and positive
definite storage function Vi(-), then the zero solution x(t) = 0 of the undisturbed

(u(t) = 0) system G is strongly Lyapunov stable.

i1) If G is strongly exponentially passive with a locally Lipschitz continuous, reg-
ular, and positive definite storage function V(+), then the zero solution z(t) = 0 of

the undisturbed (u(t) = 0) system G is strongly asymptotically stable.

i1i) If G is strongly zero-state observable and strongly nonexpansive with locally
Lipschitz continuous, regular, and positive definite storage function V;(-), then the
zero solution z(t) = 0 of the undisturbed (u(t) = 0) system G is strongly asymptoti-

cally stable.

iv) If G is strongly exponentially nonexpansive with a locally Lipschitz continuous,
regular, and positive definite storage function V(-), then the zero solution z(t) = 0

of the undisturbed (u(t) = 0) system G is strongly asymptotically stable.

Proof. Statements i)—iv) are immediate and follow from (4.6)—(4.8) using Lya-
punov and invariant set stability arguments given by Theorems 2.2.1 and 2.2.2, re-

spectively. O

4.4. Stability of Feedback Interconnections of Dissipative
Discontinuous Dynamical Systems

In this section, we consider feedback interconnections of dissipative discontinuous
dynamical systems. Specifically, using the notions of dissipativity and exponential
dissipativity for discontinuous dynamical systems, with appropriate storage functions
and supply rates, we construct (not necessarily smooth) Lyapunov functions for inter-
connected discontinuous dynamical systems by appropriately combining the storage

functions for each subsystem.
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We begin by considering the nonlinear discontinuous dynamical system G given

(t) = f(z(t)) + G(z(t))u(t), =x(0) =z, ae >0, (4.67)

y(t) = h(xz(t)) + J (2(t))u(t), (4.68)

where z € R", u € R™, y € R}, f : R" - R", G : R* — R™™_ h:R* - R, and

J : R" — R>™ with the nonlinear feedback discontinuous system G, given by

Te(t) = fo(we(t)) + Ge(ue(t), xc(t))uc(t), w.(0) =z, ae. t>0, (4.69)

Ye(t) = heluc(t), (1)) + Je(ue(t), ze(t))uc(t), (4.70)

where . € R, u. € R!, y. € R™, f. : R%™ — R"% G, : Rl x R — Rl h :
RIxR" — R™ and J,. : R xR — R™!, We assume that f(-), G(-), h(-), J(-), f.(*),
Ge(+), he(+,+), and J.(+,-) are Lebesgue measurable and locally essentially bounded,
(4.69) and (4.70) has at least one equilibrium point, and the required properties for
the existence of solutions of the feedback interconnection of G and G, are satisfied.
Note that with the negative feedback interconnection given by Figure 4.1, u. = y and
Yo = —u. We assume that the negative feedback interconnection of G and G. is well

posed, that is, det[l,, + J.(y, z.)J(z)] # 0 for all y, z, and z..

The following results give sufficient conditions for Lyapunov, asymptotic, and
exponential stability of the feedback interconnection given by Figure 4.1. In this
section, we assume that the forward path G and the feedback path G. in Figure 4.1
are strongly dissipative systems. This assumption holds when the closed-loop system
(4.67)—(4.70) admits a unique solution and is only made for notational convenience.
Finally, we also note that the obtained stability results also hold for the case where
G and G, are weakly dissipative. In this case, however, the set-valued Lie derivative
operator should be replaced with the upper right Dini directional derivative in the

proofs of the stability theorems.
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Ge

Figure 4.1. Feedback interconnection of G and G..

The following lemma is necessary for the next theorem.

Lemma 4.4.1 [5]. Let z : [ty,t] — R be a Filippov solution of the discontinuous
dynamical system (3.2) and let V : R? — R be locally Lipschitz continuous and
regular. Then LV (z(0)) exists for almost all o € [to,¢] and LV (z(0)) € L;V (2(0))

for almost all o € [to, t].

Theorem 4.4.1. Consider the closed-loop system consisting of the nonlinear dis-
continuous dynamical systems G given by (4.67) and (4.68), and G. given by (4.69)
and (4.70) with input-output pairs (u,y) and (u., y.), respectively, and with u. = y
and y. = —u. Assume G and G, are strongly zero-state observable, strongly com-
pletely reachable, and strongly dissipative with respect to the supply rates s(u,y)
and s.(uc, y.) and with locally Lipschitz continuous, regular, and radially unbounded
storage functions V;(-) and Vi.(-), respectively, such that V;(0) = 0 and Vi.(0) = 0.

Furthermore, assume there exists a scalar ¢ > 0 such that s(u,y) + osc(ue, ye) < 0,
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for all u € R™, y € R!, u, € RY, y. € R™ such that u. = y and . = —u. Then the

following statements hold:
i) The negative feedback interconnection of G and G, is strongly Lyapunov stable.

i1) If G, is strongly exponentially dissipative with respect to supply rate s¢(uc, yc)
and rank [G.(uc,0)] = m, u. € R!, then the negative feedback interconnection of G

and G. is globally strongly asymptotically stable.

iii) If G and G, are strongly exponentially dissipative with respect to supply
rates s(u,y) and s(uc, y.), respectively, and Vi(-) and Vi.(-) are such that there exist

constants «, a, 3, and 5. > 0 such that
allz|? < Vi(z) < Bllz)?,  z€RT, (4.71)
acllzel? < Vie(e) < Bellzel?, zc € R™, (4.72)

then the negative feedback interconnection of G and G, is globally strongly exponen-

tially stable.

Proof. i) Note that the closed-loop dynamics of the feedback interconnection of

G and G, has a form given by

|2 |- [0 20 ][]
a.e. t >t (4.73)

Now, consider the Lyapunov function candidate V(z,z.) = Vi(z) + 0V (x). Since

LiV(z,zc) C LiVi(x) + 0L ;Vie(z,) for almost all (z,z.) € R x R™, it follows that

max LV (z,z.) < max{Lp, Vi(x) + 0Ly, Vic(zc)}

< max Ly, Vi(x) + o max Ly, Vie ().

Next, since s(u,y) + 0sc(ue,y.) < 0, for all uw € R™, y € R, u, € R, 3. € R™,
LVi(z(t) € L, Vi(z(1)), ae. t >0, and SVio(xo(t)) € Ly, Vie(zc(t)), ae. t > 0, there
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exist v/, ¥, u.. and y. such that
max L7V (z, v.) < max L, Vi(z) + 0 max Ly, Vee(we) < s(u',y') + osc(ug, ye) <0

for almost all x € R™ and xz. € R™. Now, it follows from Theorem 2.2.1 that the

negative feedback interconnection of G and G, is strongly Lyapunov stable.

i1) If G. is strongly exponentially dissipative it follows that there exist u/, ¢/, w.,

and y/ and a scalar ¢, > 0 such that

d
EV(I, z.) < max LV (z, z.)

IN

max L, V() + 0 max L, Ve ()

IN

_O€C%C(IC> + S(ul7 y,) + USC(“’C? yé)

IN

—oeVie(xe), ae. (x,z.) € R" x R"™.

Now, let R £ {(z,2.) € R" x R™ : SV(z,z.) = 0 € LV (z,zc)} and, since
Vie(x.) is positive definite, note that %V(w, x.) = 0 if and only if z. = 0. Now, since
rank|Ge(uc, 0)] = m, u. € R, it follows that on every invariant set M contained in
R, u.(t) = y(t) = 0, and hence, by (4.70), u(t) = 0 so that &(t) = f(z(t)). Now,
since G is strongly zero-state observable it follows that M = {(0,0)} is the largest
strongly positively invariant set contained in R. Hence, it follows from Theorem 2.2.2
that dist(¢(t), M) — 0 as t — oo for all Filippov solutions ¢(-) of (4.73). Now,
global strong asymptotic stability of the negative feedback interconnection of G and

G. follows from the fact that V;(-) and Vi.(-) are, by assumption, radially unbounded.

i11) Finally, if G and G, are strongly exponentially dissipative it follows that there

exist v/, ¥, u.. and y., and scalars ¢ > 0 and . > 0 such that

max LV (z,z.) < max Lp, Vi(x) + o max Ly, Vie(zc)

IN

_EV;(:E) - O-gc‘/sc(xc) + 8(ula y,) + O'SC(UL, y(,:)

IN

—min{e,e.}V(z,z.), (x,z.) € R" x R™,
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Hence, it follows from Theorem 2.2.1 that the negative feedback interconnection of G

and G, is globally strongly exponentially stable. O

The next result presents Lyapunov, asymptotic, and exponential stability of dis-
sipative discontinuous feedback systems with supply rates consisting of quadratic

supply rates.

Theorem 4.4.2. Let Q € S, S € R>*™ R € S™, Q. € S, S. € R™! and
S, € S'. Consider the closed-loop system consisting of the nonlinear discontinuous
dynamical systems G given by (4.67) and (4.68) and G. given by (4.69) and (4.70),
and assume G and G, are strongly zero-state observable. Furthermore, assume G is
strongly dissipative with respect to the supply rate s(u,y) = ¥y Qy + 2y*Su + uT Ru
and has a locally Lipschitz continuous, regular, and radially unbounded storage func-
tion V4(+), and G, is strongly dissipative with respect to the supply rate s.(ue,y.) =
X Qeye + 2y Scue + ul Roue and has a locally Lipschitz continuous, regular, and ra-
dially unbounded storage function Vi.(-). Finally, assume there exists o > 0 such

that

A +oR. —S+oST
Q= —%T +oS. RtoQ. | =0 (4.74)

Then the following statements hold:
i) The negative feedback interconnection of G and G, is strongly Lyapunov stable.

i1) If G. is strongly exponentially dissipative with respect to supply rate sc(ue, ye)
and
rank|Ge(uc, 0)] = m, u. € R!, then the negative feedback interconnection of G and G,

is globally strongly asymptotically stable.

iii) If G and G, are strongly exponentially dissipative with respect to supply rates
s(u,y) and s.(ue,y.) and there exist constants «, 3, e, and . > 0 such that (4.71)

and (4.72) hold, then the negative feedback interconnection of G and G. is globally
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strongly exponentially stable.

iv) If () < 0, then the negative feedback interconnection of G and G, is globally

strongly asymptotically stable.

Proof. Statements i)-iii) are a direct consequence of Theorem 4.4.1 by noting

that

S(u0) + 05 () = | r@ HE

and hence, s(u,y) + osc(uc, y.) < 0.

To show iv) consider the Lyapunov function candidate V' (z, z..) = Vi(z)+0oVie(xe).
Now, since G and G, are strongly dissipative it follows that there exist «/, ¥/, u.. and

y. with u, = y" and y, = —u’ such that

d

EV(:L’,J:C) < max L7V (z, x.)
< max Ly, Vi(x) + o max Ly, Vic(z.)
< s(u,y) + ose(ue, ye)

= y'Quy+ 2y Su+ uTRu + U(yCTQCyC + 2yCTSCuC + u;FRCuC)

-[1] elt]

<0, ae (z,7.) €R"xR"™,

which implies that the negative feedback interconnection of G and G, is strongly Lya-
punov stable. Next, let R £ {(z,2.) € R* x R™ : &V(z,z.) = 0 € LV (z,zc)}
and note that SV (z,z.) = 0 if and only if (y,y.) = (0,0). Now, since G and G,
are strongly zero-state observable it follows that M = {(0,0)} is the largest strongly
positively invariant set contained in R. Hence, it follows from Theorem 2.2.2 that
dist(¢p(t), M) — 0 as t — oo for all Filippov solutions v (-) of (4.73). Finally, global
strong asymptotic stability follows from the fact that V() and Vi.(-) are, by assump-

tion, radially unbounded, and hence, V (z,z.) — o0 as ||(z, z.)|| = oc. O
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The following corollary to Theorem 4.4.2 is necessary for the results in Section

5.4.

Corollary 4.4.1. Consider the closed-loop system consisting of the discontinuous
nonlinear dynamical systems G given by (4.67) and (4.68), and G, given by (4.69) and
(4.70). Let o, B, e, B, 0 € Rbesuch that > 0,0 < a+3,0 < 2§ < f—a, a. = a+0,
and . = =9, let M € R™ ™ be positive definite, and assume G and G, are strongly
zero-state observable. If G is strongly dissipative with respect to the supply rate

af 1

s(u,y) = uTMy + myTMy - muTMu and has a locally Lipschitz continuous,

regular, and radially unbounded storage function V4(+), and G, is strongly dissipative

with respect to the supply rate se(uc, ye) = ug Mye — = }rﬂ yX My, — %UEMUC and

has a locally Lipschitz continuous, regular, and radially unbounded storage function
Vie(+), then the negative feedback interconnection of G and G. is globally strongly
asymptotically stable.

Proof. The proof is a direct consequence of Theorem 4.4.2 with ) = %M ,

S=4M,R=5M, Q.= —5M, Se = 3M, and R, = —acBe N Specifically,

- 5 a+p ac+Be

let 0 > 0 be such that

52 1 1 0
”(m‘1)+1>'

In this case, Q given by (4.74) satisfies

af _ gacfe o—1
Q = (OH—/B o‘—féc—i_ﬂC)M 1 2 ]\f < O)
5 (737 — 15
so that all the conditions of Theorem 4.4.2 are satisfied. O

The following corollary is a direct consequence of Theorem 4.4.2. Note that if a
nonlinear discontinuous dynamical system G is strongly dissipative with respect to a
supply rate s(u,y) = u'y —euTu — éyry, where g, > 0, then with x(y) = ky, where
k € R is such that k(1 —ek) < &, s(u,y) = [k(1 —ek) — élyTy < 0, y # 0. Hence, if G
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is strongly zero-state observable it follows from Theorem 3.2 of [38] that all storage

functions of G are positive definite.

Corollary 4.4.2. Consider the closed-loop system consisting of the nonlinear dis-
continuous dynamical systems G given by (4.67) and (4.68) and G, given by (4.69) and
(4.70), and assume G and G, are strongly zero-state observable. Then the following

statements hold:

i) If G is strongly passive, G, is strongly exponentially passive, and rank[G.(uc, 0)] =
m, ue € R, then the negative feedback interconnection of G and G, is strongly asymp-

totically stable.

it) If G and G, are strongly exponentially passive with storage functions V()
and Vi.(+), respectively, such that (4.71) and (4.72) hold, then the negative feedback

interconnection of G and G, is strongly exponentially stable.

i1i) If G is strongly nonexpansive with gain v > 0, G. is strongly exponentially
nonexpansive with gain . > 0, rank[G.(uc, 0)] = m, u. € R!, and v, < 1, then the

negative feedback interconnection of G and G. is strongly asymptotically stable.

iv) If G and G, are strongly exponentially nonexpansive with storage functions V;(-)
and Vi (), respectively, such that (4.71) and (4.72) hold, and with gains v > 0 and
ve > 0, respectively, such that vy, < 1, then the negative feedback interconnection of

G and G, is strongly exponentially stable.

Proof. The proof is a direct consequence of Theorem 4.4.2. Specifically, i) and
i1) follow from Theorem 4.4.2 with @ = Q. =0, S = S. = I,, and R = R. = 0,
whereas i77) and iv) follow from Theorem 4.4.2 with Q = —1I;, S = 0, R = +*I,,,

Q.= —1,, S. =0, and R. = v2I,,.. O
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Example 4.4.1. Consider the nonlinear mechanical system G with a discontinu-

ous spring force given by

Z(t) +sign(z(t)) = u(t), x(0)=x9, (0)=1d, ae. t>0, (4.75)

u(t) = 5ie), (4.76)
or, equivalently,
#(l) = 2o(t), 2(0) = 219, ae. t3>0, (4.77)
da(t) = —sign(er() + u(t), 22(0) = ws0, (4.78)
y(t) = 5oa(t), (4.79)

and the continuous nonlinear second-order dynamic controller G. given by

i‘cl (t) = —%Ztcl (t) - l'cg(t), Tl (0) = Zc10, t Z 0, (480)
Teo(t) = —1022, (1) — 1022 () + 5uc(t), Ze2(0) = Ten0, (4.81)
Ye(t) = 10zca(t). (4.82)

Furthermore, consider the feedback interconnection of (4.77)—(4.82) given by u = —.

and u, = y. Next, let Vi(z) = |z1] + 223 and note that, for almost all z € R?,

| {sign(zy)} x {z2}, (z1,12) € R? 121 #0,
OVa(21,22) = { [—i 1] x {:UXQ}, (1, 22) ER?* 1y = 0.

Hence, L£;Vi(z1,22) = {0} and L5 Vi(21, 22) = {22}, which implies that min £,V,(z) =
max L;V;(z) = 0 for almost all z € R% Now, with £ = 0, {(z) = 0, and W(z) = 0,
(4.37)—(4.40) are satisfied. Hence, it follows from Corollary 4.3.1 that G is weakly

passive.

Next, note that with W(z.) = 0, {(x.) = £1/102} (2 — ) + 22%(20 — ¢), Vie(zc)
= 10z, + 222, and ¢ € (0,2], it follows from Corollary 4.3.1 that G, is exponen-

tially passive. Furthermore, rank|[G.(u.,0)] = 1, u. € R. Now, it follows from ii)
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Figure 4.2. State trajectories of the closed-loop system versus time for the full-order

controller.

of Theorem 4.4.2 that the negative feedback interconnection of G and G. is glob-
ally asymptotically stable. Figure 4.2 shows the state trajectories of the closed-loop

system versus time for z(0) = [2, —2]" and z.(0) = 0.

Alternatively, we consider the reduced-order dynamic controller G. given by

Te(t) = —10xc(t) + 20uc(t), 2.(0) = xe, t >0, (4.83)

ye(t) = 122.(¢). (4.84)

Note that with Vi (z.) = 222, £ = 20, £(z.) = 0, and W(z.) = 0, it follows from Corol-
lary 4.3.1 that G. is exponentially passive. Moreover, rank[G(uc,0)] = 1, u. € R.
Hence, it follows from i) of Theorem 4.4.2 that the negative feedback interconnection

of G and G. is globally asymptotically stable. Figure 4.3 shows the state trajectories

of the closed-loop system versus time for z(0) = [2, —2]T and z.(0) = 0. A
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controller.
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Chapter 5

On the Equivalence Between Dissipativity and
Optimality of Discontinuous Nonlinear
Regulators for Filippov Systems

5.1. Introduction

For continuous-time nonlinear dynamical systems with continuously differentiable
flows, the problem of guaranteed stability margins for optimal and inverse optimal
regulators is well known [26,51,52]. Specifically, nonlinear inverse optimal controllers
that minimize a (in the terminology of [26]) meaningful nonlinear-nonquadratic per-
formance criterion involving a nonlinear-nonquadratic, nonnegative-definite function
of the state and a quadratic positive definite function of the control are known to
possess sector margin guarantees to component decoupled memoryless input non-

linearities lying in the conic sector (%,00). These results also hold for disk margin

2
guarantees where asymptotic stability of the closed-loop system is guaranteed in the
face of a dissipative dynamic input operator. In addition, using a certain return dif-
ference condition, closely related to loop gain concepts in linear systems theory, an

equivalence between dissipativity with respect to a quadratic supply rate and opti-

mality of a nonlinear feedback regulator also holds [52].

In a two-part paper [32,33], the authors extend the results of [26,51,52] to develop a

general framework for hybrid feedback systems by addressing stability, dissipativity,
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optimality, and inverse optimality of impulsive dynamical systems. In particular,
[33] considers a hybrid feedback optimal control problem over an infinite horizon
involving a hybrid nonlinear-nonquadratic performance functional. In [34], sufficient
conditions for hybrid gain, sector, and disk margins guarantees for nonlinear hybrid
dynamical systems were developed. In [7], the authors provide a sufficient condition
for discontinuous L,-gain stabilizability of a nonlinear affine system with respect to
Filippov solutions. Their sufficient condition requires the existence of a viscosity

supersolution of a Hamiton—Jacobi—Bellman equation.

In this chapter, we develop sufficient conditions for gain, sector, and disk margins
guarantees for Filippov nonlinear dynamical systems controlled by optimal and in-
verse optimal discontinuous regulators. Furthermore, we develop a counterpart to the
classical return difference inequality for continuous-time systems with continuously
differentiable flows [11,52] for Filippov dynamical systems and provide connections
between dissipativity and optimality for discontinuous nonlinear controllers. In par-
ticular, we show an equivalence between dissipativity and optimality of discontinuous
controllers holds for Filippov dynamical systems. Specifically, we show that an opti-
mal nonlinear controller ¢(z) satisfying a return difference condition is equivalent to
the fact that the Filippov dynamical system with input u and output y = —¢(x) is

dissipative with respect to a supply rate of the form [u + y|*[u + y] — uTu.

5.2. Stability Margins for Discontinuous Feedback
Regulators

To develop relative stability margins for discontinuous nonlinear regulators con-

sider the discontinuous nonlinear dynamical system G given by

(t) = f(z(t)) + G(z(t)u(t), x(0)=xz, a.e. t>0, (5.1)
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y(t) = —o(z(1)), (5.2)

where f(-) and G(-) are Lebesgue measurable and locally essentially bounded, and
¢ : R" — R™ is a discontinuous feedback controller such that G is weakly (resp.,
strongly) asymptotically stable with u = —y. Furthermore, assume that the system G
is weakly (resp., strongly) zero-state observable. Next, we define the relative stability
margins for G given by (5.1) and (5.2). Specifically, let u. = —y, y. = u, and consider
the negative feedback interconnection u = A(—y) of G and A(-) given in Figure
5.1, where A(+) is either a linear operator A(u.) = Au,, a nonlinear static operator
A(ue) = o(uc), or a dynamic nonlinear operator A(-) with input u. and output ..

Furthermore, we assume that in the nominal case A(-) = I(-) so that the nominal

closed-loop system is weakly (resp., strongly) asymptotically stable.

A() g

Figure 5.1. Multiplicative input uncertainty of G and input operator A(-).

Definition 5.2.1. Let o, € R be such that 0 < o« < 1 < < oo. Then the
discontinuous nonlinear dynamical system G given by (5.1) and (5.2) is said to have
a weak (resp., strong) gain margin (a, 3) if the negative feedback interconnection of
G and A(u.) = Au, is globally weakly (resp., strongly) asymptotically stable for all
A = diaglky, ..., kp|, where k; € (o, 8),i=1,...,m.

Definition 5.2.2. Let o, € R be such that 0 < a < 1 < 8 < co. Then the

discontinuous nonlinear dynamical system G given by (5.1) and (5.2) is said to have
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a weak (resp., strong) sector margin («, ) if the negative feedback interconnection of
G and A(u.) = o(u.) is globally weakly (resp., strongly) asymptotically stable for all

T

nonlinearities o : R™ — R™ such that ¢(0) = 0, o(uc) = [01(Uc1), - -+, Om(Uem )], and

au?; < o;(Uei)ue; < Pu;, for all ug; #0,i=1,...,m.
Definition 5.2.3. Let o, € R be such that 0 < o < 1 < < oo. Then the
discontinuous nonlinear dynamical system G given by (5.1) and (5.2) is said to have
a weak (resp., strong) disk margin («, B) if the negative feedback interconnection of
G and A(+) is globally weakly (resp., strongly) asymptotically stable for all dynamic
operators A(-) such that A(-) is weakly (resp., strongly) zero-state observable and
weakly (resp., strongly) dissipative with respect to the supply rate s(uc,ye) = uly. —
jﬁyfyc—%ufuc, where & = a+6, 3 =3—6,and § € R such that 0 < 26 < 8—a.
Definition 5.2.4. Let a,8 € R be such that 0 < o < 1 < 8 < oo. Then
the discontinuous nonlinear dynamical system G given by (5.1) and (5.2) is said
to have a weak (resp., strong) structured disk margin («, 5) if the negative feedback
interconnection of G and A(+) is globally weakly (resp., strongly) asymptotically stable
for all dynamic operators A(-) such that A(-) is weakly (resp., strongly) zero-state
observable, A(u.) = diag[di(uc1), .- -, Om(Ucm)], and 6;(+), i = 1,...,m, is weakly
(resp., strongly) dissipative with respect to the supply rate s(uci,Yei) = Ucilei —
a—}rﬁyé—;—@uzz, where @ = a4+, 3= -0, and § € R such that 0 < 26 < 8 — a.
Remark 5.2.1. Note that if G has a weak (resp., strong) disk margin («, 3), then

G has weak (resp., strong) gain and sector margins («, [3).
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5.3. Nonlinear-Nonquadratic Optimal Regulators for Discon-
tinuous Dynamical Systems

In this section, we consider a control problem involving a notion of optimality with
respect to a nonlinear-nonquadratic cost functional. To address the optimal control
problem let D C R™ be an open set and let U C R™, where 0 € D and 0 € U. Next,
consider the controlled nonlinear discontinuous dynamical system (3.1), where u(-) is
restricted to the class of admissible controls consisting of measurable functions u(-)
such that u(t) € U for almost all ¢ > 0 and the constraint set U is given. Given
a control law ¢(-) and a feedback control u(t) = ¢(x(t)), the closed-loop dynamical

system shown in the Figure 5.2 is given by (3.2).

o(x)

Figure 5.2. Nonlinear closed-loop feedback system.

Next, we present a main theorem for characterizing feedback controllers that guar-
antee stability of the controlled discontinuous dynamical system G and minimize a
nonlinear-nonquadratic performance functional. For the statement of this result let

L : D x U — R be Lipschitz continuous and define the set of regulation controllers
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S(z0) = {u(-) € U : u(-) is measurable and locally essentially bounded,

and x(-) driven by (2.1) satisfies z(t) — 0 as t — oo}.

Note that restricting our minimization problem to u(-) € S(xg), that is, inputs corre-
sponding to null convergent solutions, can be interpreted as incorporating a system

detectability condition through the cost.

Theorem 5.3.1. Consider the controlled discontinuous nonlinear dynamical sys-

tem (3.1) with performance functional®

J(zo,u(-)) = /OOO L(x(t),u(t))dt, (5.3)

where (5.3) is defined with respect to absolutely continuous state arcs z(-) and mea-
surable control functions u : [0, 00) — U. Assume that there exists a locally Lipschitz

continuous and regular function V' : D — R and a control law ¢ : D — U such that

V(0) = 0, (5.4)
V() >0, ze€D, z#0, (5.5)
¢(0) = 0, (5.6)
max Lp( gnV(z) < 0, ae zeD, x#0, (5.7)
H(z,p(x)) =0, ae xz€D, (5.8)
H(z,u) >0, ae xz€D, wel, (5.9)
where
H(w,u) = L(z,u) + min Lp. )V (2). (5.10)

®Since solutions to (3.1) are not necessarily unique, J(zo,u(-)) given by (5.3) depends on the
particular state trajectory x(-) along which we integrate. Alternatively, if we assume that f(-,u) is
essentially one-sided Lipschitz on Bs(x) for some § > 0, then there exists a unique Filippov solution
to (3.1) with initial condition x(tg) = o and u(t) € U [24].
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Then, with the feedback control u(-) = ¢(x(+)), the zero Filippov solution z(t) = 0 of
the closed-loop system (3.2) is locally strongly asymptotically stable and there exists

a neighborhood of the origin Dy C D such that
J(.ﬁlfo, ¢($())) = V(.Z'o), To - Do. (511)

In addition, if xy € Dy, then the feedback control u(-) = ¢(x(+)) minimizes J(zg, u(-))
in the sense that

Tao, o(e() = min  J(zo,u(). (512

Finally, if D = R”, U = R™, and
V(z) = o0 as ||z]| — oo, (5.13)

then the zero Filippov solution z(¢) = 0 of the closed-loop system (3.2) is globally

strongly asymptotically stable.

Proof. Local and global strong asymptotic stability follow from (5.4)—(5.7) by
applying Theorem 2.2.1 to the closed-loop system (3.2). Next, with u(t) = u(t), where
() is measurable and locally essentially bounded, let v (t), t > 0, be any Filippov
solution of (3.1). Then, it follows that Lr(. 40V (¥(t)) C Lpe.wV (¥(t)) for almost
every t > 0. Moreover, it follows from Lemma 4.2.1 that SV (4(t)) € Lp(.ac)V (¥(1))

for almost every ¢ > 0. Now, since @(t) and 1)(t) are arbitrary, it follows that

min Lp )V (z(0)) < %V(m(a)) <max Lp.u)V (z(0)),

ae. o€0,t], uel. (5.14)

Next, let 2y € Dy, let u(-) € S(xp), and let z(t) for almost all ¢ > 0 be the Filippov

solution of (2.1). Then, it follows from (5.14) that

L(x(t), u(t)) = =V (2(t)) + L(x(t), u(t)) + min LV (2(t))
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—V(z(t)) + H(z(t),u(t), ae t>0. (5.15)

Furthermore, note that

V(x(t) = V(a(t)) + /t (%_V(x(o))da, (5.16)

where the integral in (5.16) is the Lebesgue integral. Now, using (5.9), (5.15), (5.16),

and the fact that u(-) € S(zo), it follows that

J (o, u(-)) = /Ooo[—V(fU(t)) + H(x(t), u(t))]dt
= — lim V(2(t)) + V(z0) + /O T (), u(t) )t
= V(o) + /Ooo H(z(t),u(t))dt
> V(o)
= J(zo, o(x(-)),
which yields (5.12). 0

Note that (5.8) is the steady-state Hamilton-Jacobi-Bellman equation for the dis-
continuous dynamical system (3.1) with the cost J(xg,u(-)). Since we are not impos-
ing that solutions to (5.8) be smooth, the Hamilton-Jacobi-Bellman equation (5.8)
should be interpreted in the viscosity sense (i.e., a viscosity supersolution) [25, 30]

or, equivalently, as in the proximal analysis formalism of [14]. Specifically, since

9V (x) C 0V (z), where

oV (x) & {p € R" : lim inf

denotes the subdifferential of V(-) at x [13,14], it follows from (5.9) that V' (z) is a vis-
cosity supersolution of (5.8). However, in general, V' (z) is not a viscosity subsolution
of (5.8), which shows that the equivalence between optimal regulation, solvability of
the Hamilton-Jacobi-Bellman equation, and feedback stabilizability breaks down for

nonsmooth value functions V'(-). It is important to note that Theorem 5.3.1 provides

74



constructive sufficient conditions for optimality of a feedback controller. Further-
more, this controller is stabilizing and its optimality is independent of the system
initial condition xy. Finally, necessary conditions for optimality of nonsmooth regu-
lation and existence of viscosity solutions of the resulting Hamilton-Jacobi-Bellman

equation are discussed in [6, 18].

Next, we specialize Theorem 5.3.1 to discontinuous affine dynamical systems.
Specifically, we construct discontinuous nonlinear feedback controllers using an op-
timal control framework that minimizes a nonlinear-nonquadratic performance cri-
terion. This is accomplished by choosing the controller such that the total gener-
alized derivative of the Lyapunov function is negative along the closed-loop system
trajectories while providing sufficient conditions for the existence of asymptotically
stabilizing viscosity supersolutions to the Hamilton-Jacobi-Bellman equation. Thus,
these results provide a family of globally stabilizing controllers parameterized by the

cost functional that is minimized.

The controllers obtained in this section are predicated on an inverse optimal con-
trol problem [26,31]. In particular, to avoid the complexity in solving the steady-state
Hamilton-Jacobi-Bellman equation we do not attempt to minimize a given cost func-
tional, but rather, we parameterize a family of stabilizing controllers that minimize

some derived cost functional that provides flexibility in specifying the control law.

Consider the discontinuous nonlinear affine dynamical system given by
(t) = f(z(t)) + G(z(t))u(t), =x(0) =z, ae t>0, (5.17)

where f: R" — R", G : R" - R™™ D = R" and U = R™. We assume that f(-)
and G(-) are Lebesgue measurable and locally essentially bounded. Furthermore, we

consider performance integrands L(z,u) of the form

L(z,u) = Li(x) + Ly(2)u + u" Ry()u, (5.18)
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where L; : R® — R, Ly : R® — R™™ and R, : R® — P™ with P denoting the set of

m X m positive definite matrices, so that (5.3) becomes
J(zo,u(-)) = /OOO[Ll(x(t)) + Lo(x(t)u(t) + ut () Ro(x(t))u(t)]dt.  (5.19)

Theorem 5.3.2. Consider the discontinuous nonlinear controlled affine dynam-
ical system (5.17) with performance functional (5.19). Assume that there exists a

locally Lipschitz continuous and regular function V' : R® — R such that

V(0) =0, (5.20)
Ly(0) = 0, (5.21)
V(z) >0, z€R" x#0, (5.22)

max ﬁ[ V(z) <0, ae. z€R" x#0,(5.23)

f(@)~3G(@)Ry (@) LE ()~ 3 C(2) Ry (2) La VT (2)]

and

V(z) = o0 as ||z|| = oo. (5.24)

Then the zero Filippov solution x(t) = 0 of the closed-loop discontinuous dynamical

system
(t) = f(z(t)) + G(z(t))p(x(t)), =(0) =z, a.e. t>0, (5.25)
is globally strongly asymptotically stable with the feedback control law
¢w) = =3 Ry (2)[LeV (2) + La()]", (5.26)
and the performance functional (5.19), with
Li(z) = ¢" (2) Ra(2)¢(w) — min L,V (2), (5.27)
is minimized in the sense that

J(zo, p(2(+))) = u(.gé?xo) J(zo,u(-)), =z € R™ (5.28)
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Finally,
S (2o, (x(+))) = V(20), 0 € R™ (5.29)

Proof. The result is a direct consequence of Theorem 5.3.1 with D = R", U = R™,
L(z,u) = Ly(x) + Ly(z)u+ u' Ry(x)u, and f(x,u) = f(x)+ G(z)u. Specifically, with

(5.18) the Hamiltonian has the form
H(x,u) = Li(x) + Lao(z)u + u” Ry(z)u + min L;V () + LV (x)u.

Now, the feedback control law (5.26) is obtained by setting 2% = 0. With (5.26),
it follows that (5.20), (5.22), (5.23), and (5.24) imply (5.4), (5.5), (5.7), and (5.13),
respectively. Next, since V(+) is locally Lipschitz continuous and regular, and = 0 is
a local minimum of V'(+), it follows that L5V (0) = 0, and hence, since by assumption
Ly(0) = 0, it follows that ¢(0) = 0, which implies (5.6). Next, with L;(x) given
by (5.27) and ¢(x) given by (5.26), (5.8) holds. Finally, since H(z,u) = H(x,u) —
H(z, ¢(z)) = [u— ¢(x)]TRo(x)[u — ¢(x)] and Ry(x) is positive definite for almost all
x € R", condition (5.9) holds. The result now follows as a direct consequence of

Theorem 5.3.1. O

Example 5.3.1. To illustrate the utility of Theorem 5.3.2 we consider a con-

trolled nonsmooth harmonic oscillator with nonsmooth friction given by ([5])

11(t) = —sign(xq(t)) — %sign(ml(t)), z1(0) = 219, a.e. t>0, (5.30)

To(t) = sign(z1(t)) +u(t), x2(0) = w9, (5.31)

where sign(c) £ o # 0, and sign(0) = 0. To construct an inverse optimal globally

IUI’

stabilizing control law for (5.30) and (4.52) let V() = |x1]| + |22| and note that

=
S
[N}
M
=
[\
]
kS
N
\.O
3
[\
e
(@)

f%gngxlg x ﬁsign(]x2>}, E
OV (1, r2) = [—1g, 1] x {s1gn<x2>}i ( ER?: xy # 0,1 =0,
(

co{(1,1),(=1,1), (=1,-1),(1,-1)},
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Hence,

9,
LV (x1,29) = e

( {sign(z2)}, (21,20) ER%: 2y # 0,29 # 0,

B a, (r1,m9) ER? 1wy # 0,29 = 0,
LaV (21, 22) = {sign(z9)}, (x1,72) ER?*: 29 # 0,21 =0,
\ {0}7 (%1,.1’2) = (070)7

which implies that max £;V (z) = 0, min £;V (z) = =%, and LoV (z) = {sign(x2)}

27

for almost all x € R2.

Next, it follows that

{-1- %L2($1,$2) sign(z2)},  (21,72) € R? 12y # 0,22 #0,

) ) o, (1, 29) ER? 1wy # 0,29 = 0,

BV o) =0 1 e, a0 sign(ea)}, (e1,02) € B2 £ 2y # 0,2y = 0,
{0}, (1, 22) = (0,0),

where f £ f(z) — 1G(2)Ry ' () LY (v) — 3G(2) Ry (2) LV ™ (v) with Ry(z) = 1. Let
L(z,u) = Li(x) + Ly(z)u + u®. Now, Ly(z) = w satisfies (5.23) so that the inverse

optimal control law (5.26) is given by
1, . )
o(x) = —5[81gn(x2) + 1], ae. xR (5.32)

In this case, the performance functional (5.19), with

1 1
—[sign(xy) + x9)* + g e TE R?, (5.33)

Ly(z) = 1

is minimized in the sense of (5.28). Furthermore, using the feedback control law

(5.32) it follows that

{—1—3laal}, (@1,22) €R? 1y # 0,23 #0,

) - J, (I1,$2> cR?: X1 #0 xo =0,

LV (@) = {=1—3%lzal},  (w1,22) €R? 12y # 0,29 = 0,
{0}, (z1,22) = (0,0).

Note that max L7V (z) < 0. Now, let R L{zeR?: $V(x)=0¢ LV (z)} and
note that £V (z) = 0 if and only if z = 0. Hence, since M = {(0,0)} is the largest
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strongly positively invariant set contained in R, it follows from Theorem 2.2.2 that
dist(¢(t), M) — 0 as t — oo for all Filippov solutions #(-) of (5.30) and (4.52). Now,
since V() is radially unbounded, the feedback control law (5.32) is globally strongly

stabilizing. A

5.4. Gain, Sector, and Disk Margins of Nonlinear-
Nonquadratic Optimal Regulators
for Discontinuous Systems

In this section, we derive guaranteed gain, sector, and disk margins for nonlin-
ear optimal and inverse optimal regulators that minimize a nonlinear-nonquadratic
performance criterion for discontinuous dynamical systems. Specifically, sufficient
conditions that guarantee gain, sector, and disk margins are given in terms of the
state, control, and cross-weighting nonlinear-nonquadratic weighting functions. In

particular, we consider the discontinuous nonlinear dynamical system given by

#(t) = f(a(t) + Gle(@®)ult), z(0)=zo, ae. t>0, (5.34)

y(t) = —o(x(t)), (5.35)

where f : R®" - R*", G: R" - R*™™ D =R", U =R"™, and ¢ : R* — R™, with a

nonquadratic performance criterion

J(o,u()) = / T La(a(t) + La(e(®)ult) + u" () Ra(a(®)u(d]dt,  (5.36)

where L; : R® — R, Ly : R® — RY™™ and R, : R® — R™*™ are given such that
Ry(z) > 0, x € R", and Ly(0) = 0. Once again, we assume that f(-) and G()
are Lebesgue measurable and locally essentially bounded. In this case, the optimal
nonlinear feedback controller u = ¢(z) that minimizes the nonlinear-nonquadratic

performance criterion (5.36) is given by the following result.
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Theorem 5.4.1. Consider the discontinuous nonlinear dynamical system given
by (5.34) and (5.35) with performance functional (5.36). Assume that there exists a

locally Lipschitz continuous and regular function V' : R” — R such that

V(0) =0, (5.37)

V(z) >0, zeR" z#0, (5.38)

Ly(0) = 0, (5.39)
max L[ 1 V(z) <0,

f(@)~3G(@) Ry (@) LE ()~ 3 C(2) Ry (2) L VT (x)]

ae. t€R x#0, (5.40)
Li(z) + min £;V (z) — 1[LaV (z) + La(2)] Ry (2)[LaV (z) + Lo(z)]" =0,
ae reR" (5.41)
and
V(z) = oo as |Jz]| = oo. (5.42)

Then the zero Filippov solution z(t) = 0 of the closed-loop discontinuous dynamical

system
B(t) = f(a(t) + Gz(t)d(z(t), z(0) =m0, ae. t>0, (5.43)

is globally strongly asymptotically stable with the feedback control law

$(w) = —3 Ry (2)[LeV (2) + La()]", (5.44)

2

and the performance functional (5.36) is minimized in the sense that

J(xo,(x(+))) = min J(xo,u(-)), xzo€ R". (5.45)
u(-)€S(zo)
Finally,
J(xo, ¢(2(+))) = V(xo), w0 € R™. (5.46)
Proof. The proof is a direct consequence of Theorem 5.3.1. 0O

The following key lemma is needed.
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Lemma 5.4.1. Consider the discontinuous nonlinear dynamical system G given
by (5.34) and (5.35) where ¢(z) is a strongly stabilizing feedback control law given
by (5.44). Suppose V(z), z € R™, satisfies

0 =min £,V (z) + Li(z) — [LeV (z) + La(2)] Ry () [LaV () + Lo(z)]",  (5.47)
max L,V (z) —min L,V (x)] < Ly(z) — ng(x)Rg’l(x)Lg(x),

a.e. x€R" (5.48)

with 6 € R such that 0 < 6 < 1. Then, for almost all u(t) € U and 1,1ty > 0, t; < to,

the solution z(t), t > 0, to (5.34) satisfies

2(t)) / {[ut) + (&) Ra((t))[u(t) + y(t)
—0%u T(t)Rg(a:' (t)}dt + V (z(tr)). (5.49)

Proof. Note that it follows from (5.44), (5.47), and (5.48) that for almost all

r € R" and u € R™,

0*u' Ry(z)u < 0*u' Ry(x)u Ly(z)Ry M (x) + V1 — QQUT:|

1
* {2\/1 — 02

1 -1 2, T B
X Ry(x) {ﬁlg(x)}%z () +V1—6%u ]
1

A(1— 62)
< u"Ry(w)u+ La(z)u + Ly(x) — [max £,V (x) — min £,V ()]

= u' Ry(x)u + Lo(x) Ry (2) Ly (x) + Ly(z)u

= u' Ry(x)u + [Lo(x) + L&V (z)]u + min LV (z) — min LV (z)
+¢T(q:)R2(:U)¢(x) —max LV (z) — LV (x)u

= [u+ 9y Ro(z)[u+ y] — max L;V (z) — LoV (2)u. (5.50)

Next, using the sum rule for the generalized gradient of locally Lipschitz con-
tinuous functions [56] it follows that Lri¢.,V(z) C LV (z) + L,V (x) for almost

all z € R". Now, it follows from Lemma 4.2.1 that £V (z(t)) € Lra.V (z(t)) C
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LV (x(t)) + LoV (2(t)) for almost all ¢ > 0. Hence,

%V(m(t)) < max L,V (x(t))
< max [L;V (z(t)) + LoV (z(t))u(t)]

= max LV (x(t)) + LoV (x(t))u(t), ae t>0, u(t)eU. (5.51)

It follows from (5.50) and (5.51) that, for all u(t) € U and almost all ¢ > 0,

0% (1) Ro(x(t))u(t) < [u(t) +y()]" Re((t))[ult) + y(t)] - %V(x(t)).

Now, integrating over [t1,t5] and using (5.16) yields (5.49). O

Note that with Rs(xz) = I,,, condition (5.49) is the counterpart, for discontinu-
ous dynamical systems, of the return difference condition for continuous-time and
discrete-time systems [11,12,52]. Next, using the extended nonlinear Kalman —
Yakubovich—Popov conditions for discontinuous dynamical systems given by The-
orem 4.3.1, we show that for a given nonlinear dynamical system G given by (5.34)
and (5.35), there exists an equivalence between optimality and dissipativity. For the
following result we assume that for the given discontinuous nonlinear system (5.34),
if there exists a feedback control law ¢(z) that minimizes the performance functional
(5.36) with Re(z) = I, Lo(z) = 0, and Ly(x) > 0, x € R", then there exists a lo-
cally Lipschitz continuous, regular, and positive-definite function V'(z), x € R™, such
that (5.47) and (5.48) are satisfied. Necessary and sufficient conditions such that the
aforementioned statement holds, modulo (5.48) holding, are given in Theorem 3.7.6

of [13].

Theorem 5.4.2. Consider the discontinuous nonlinear dynamical system G given
by (5.34) and (5.35). The feedback control law u = ¢(x) is optimal with respect to a
performance functional (5.36) with Ry(z) = I, Lo(x) =0, and Li(z) > 0, x € R™, if
and only if the nonlinear system § is strongly dissipative with respect to the supply
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rate s(u,y) = yTy + 2uTy and has a locally Lipschitz continuous, regular, positive-

definite, and radially unbounded storage function V'(z), x € R™.

Proof. If the control law ¢(x) is optimal with respect to a performance functional
(5.36) with Ry(x) = I, Lao(x) = 0, and Li(x) > 0, z € R™, then, by assumption,
there exists a locally Lipschitz continuous, regular, and positive-definite function V' (z)
such that (5.47) and (5.48) are satisfied. Hence, it follows from Lemma 5.4.1 that the

solution z(t), t > 0, to (5.34) satisfies

Vi(x(tz)) < /t 2 {[u() +yO [u®) +y(O)] — u" (Ou(t) dt + V(z(tr)), 0=t <o,

which implies that G is strongly dissipative with respect to the supply rate s(u,y) =

yly + 2uly.

Conversely, if G is strongly dissipative with respect to the supply rate s(u,y) =
yTy 4+ 2uTy and has a locally Lipschitz continuous, regular, and positive-definite
storage function, then, with h(z) = —¢(z), J(z) =0, Q@ = I,,, R=10, and S = [,
it follows from Theorem 4.3.1 that there exists a function ¢ : R®™ — RP such that

¢(x) = —3LcV 7 (x) and, for almost all z € R™,
0=min£;V(z) — 1LV (2) LV " (z) + (T (z)l().

Now, the result follows from Theorem 5.4.1 with L;(x) = (% (z)l(x). O

Example 5.4.1. Consider the controlled discontinuous dynamical system G rep-
resenting a mass sliding on a horizontal surface subject to a Coulomb frictional
force given in Example 4.2.1. Let V(z) = 2 and note that £,V (z) = {—|z|} and

LeV (z) = {2z} for almost all z € R. Next, it follows that
LiV(z) = —|z[ — La(z)z — 202,
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where f £ f(z) — 1G(z)Ry (z) L] (z) — 3G (z) Ry (2) LV T (x) with Ry(z) = 1. Let
L(z,u) = Li(x) + La(x)u+u?. Now, Ly(x) = 2z satisfies max £V (x) < 0 for almost

all z € R, x # 0, so that the inverse optimal control law is given by
1
() = —5[290 +2z] = -2z, ae. x€R. (5.52)

In this case, the performance functional J(zo, u(:)) = [~ L(z, u)dt, with

Li(z) =42 + |z|, ae. z€R, (5.53)
is minimized in the sense that

J(wo, ¢(z())) = min J(wo,u()), w0 €R.

Furthermore, using the feedback control law (5.52) it follows that

LiV(z)=—|z] - 42°, ae wER.

Note that max LV (z) < 0. Now, let R L{zeR:4V(@) =0¢ LV (z)} and
note that £V (z) = 0 if and only if # = 0. Hence, since M = {0} is the largest
strongly positively invariant set contained in R, it follows from Theorem 2.2.2 that

dist(¢(t), M) — 0 as t — oo for all Filippov solutions 9(+) of (4.12). Now, since V (z)

is radially unbounded, the feedback control law (5.52) is globally strongly stabilizing.

Next, note that with Ly(x) = 0 it follows from the above analysis that the optimal

control law ¢(z) = —x minimizes the cost functional

I (0, u(-)) = /Oww(t) 4l (d)] + w2()]dt. (5.54)

Now, it follows from Theorem 6.2 that the discontinuous nonlinear dynamical system
G is strongly dissipative with respect to the supply rate s(u,y) = y? + 2uy, where

y = —¢(x) = x. To show this, consider the storage function Vi(z) = V(x) = 2.
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Next, with J(z) =0, Q@ =1, R =10, S = 1, and € = 0, the extended Kalman—

Yakubovich-Popov conditions given in Theorem 4.3.1 become

0 = min £;Vi(z) — h2(z) + £ (2)l(z), (5.55)
0= %ﬁGVS(a:) — h(x) + (Y (2)W(2), (5.56)
0= -WHz)W(x), (5.57)
(T (x)6(z) > [max L Vi(z) — min £, V()] (5.58)

Now, with h(z) = —¢(z) = x, W(z) = 0, and L,(z) = (" (x){(z), conditions
(5.55)—(5.57) are satisfied. Furthermore, (5.58) is equivalent to (5.48) which is sat-
isfied since ¢(x) = —x is optimal. Hence, it follows from Theorem 4.3.1 that G is

strongly dissipative with respect to the supply rate s(u,y) = y* + 2uy. A

Example 5.4.2. Consider the discontinuous nonlinear dynamical system G given
in Example 5.3.1. Note that with Ry(x) = 1 and Ls(x) = 0 it follows from the analysis
given in Example 5.3.1 that the optimal control law ¢(z) = —3 sign(z) minimizes

the cost functional

J(wo,u(")) = /0 m[% + isignQ(xQ(t)) + (1)t

Now, it follows from Theorem 5.4.2 that the discontinuous nonlinear dynamical sys-
tem G is strongly dissipative with respect to the supply rate s(u,y) = 3> + 2uy,
where y = —¢(z) = §sign(zs). To show this, consider the storage function Vi(z) =
V(z) = |x1]| + |x2|. Next, with J(z) =0, @ =1, R =0, and S = 1, the extended

Kalman—Yakubovich-Popov conditions given in Theorem 4.3.1 become

0 = min £;Vi(z) — T (2)h(z) + (T (z)(z), (5.59)
0= %zgv;(x) ~ (@) + ()W), (5.60)
0= -Wa)W(z), (5.61)
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(T(2)(x) > [max L;Vi(z) — min £;Vi(x)], ae x€R2 (5.62)

Next, it was shown in Example 5.3.1 that max £,V(x) = 0, min £;V,(x) = —3,
and LoVi(z) = {sign(z2)}. Now, with h(z) = —¢(z) = Lsign(zs), W(z) = 0,
and Ly(x) = (¥ (z)¢(x), conditions (5.59)—(5.61) are satisfied. Furthermore, (5.62) is
equivalent to (5.48) which is satisfied since ¢(z) = —3 sign(z) is optimal. Hence, it

follows from Theorem 4.3.1 that G is strongly dissipative with respect to the supply

rate s(u,y) = y? + 2uy. A

Next, we present disk margins for the nonlinear-nonquadratic optimal regulator
given by Theorem 5.4.1. First, we consider the case in which Ry(z), z € R", is a

constant diagonal matrix.

Theorem 5.4.3. Consider the discontinuous nonlinear dynamical system G given
by (5.34) and (5.35) where ¢(x) is a strongly stabilizing feedback control law given
by (5.44) and where V(z), x € R", satisfies (5.47) and (5.48) with § € R such
that 0 < 0 < 1. If Ry(x) = diag[ry, ..., ], where r; > 0,4 = 1,...,m, then the

discontinuous nonlinear system G has a strong structured disk margin ( If,

11
T+ 1)
in addition, Ry(x) = I, then the discontinuous nonlinear system G has a strong disk

margin (13, 7)-

Proof. Note that for all u(t) € U and almost all t1,t3 > 0, t; < t, it follows from

Lemma 5.4.1 that the solution z(t), t > 0, to (5.34) satisfies

V(z(ty)) — V(x(tl))g/t 2 {[u(t) + ()] Ro[u(t) + y(t)] — Q2UT(t)R2u(t)} dt.

Hence, with the storage function Vi(z) = 1V (z), G is strongly dissipative with respect

to the supply rate s(u,y) = ut Roy + %uTRﬂH- syT Roy. Now, the result is a direct
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consequence of Corollary 4.4.1 and Definitions 5.2.4 and 5.2.3 with a = ﬁ and

_ 1
/B —_— m. D
Next, we consider the case in which Ry(z), x € R™, is not a diagonal constant

matrix. For the following result define

A JAN

€ss SUp Omax(R2()), 7 = ess inf omin(Ra(x)), (5.63)

rER? - zeR

gl
where Ry(z) is such that 4 < oo and v > 0.

Theorem 5.4.4. Consider the discontinuous nonlinear dynamical system G given
by (5.34) and (5.35) where ¢(x) is a strongly stabilizing feedback control law given
by (5.44) and suppose V' (z), x € R, satisfies (5.47) and (5.48) with 6 € R such that

0 < 6 < 1. Then the discontinuous nonlinear system ¢ has a strong disk margin
JAN _
(T35 To9)» Where = /7/7.

Proof. Note that for almost all u(t) € U and t1,ty > 0, t; < tg, it follows from

Lemma 5.4.1 that the solution z(t), t > 0, to (5.34) satisfies

Veelta) = Via(t) < [ (1) + o] Relole)lu(t) + 0]
~u T( Rala(0)ult)

which implies that

V(z(t2)) = V(z(t)) < /2 {’V[U(t) +y (O] [u(t) + y(?)]
—y6%uT (t)u(t) }dt.

Hence, with the storage function Vi(z) = iV(:E) G is strongly dissipative with

- —I LoP0% Ty yTy. Now, the result is a

respect to the supply rate s(u,y) = uly +
direct consequence of Corollary 4.4.1 and Definition 5.2.3 with o = ﬁ and 3 = ﬁ
[
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Next, using Theorem 2.2.2 we provide an alternative result that guarantees sector

and gain margins for the case in which Ry(x), z € R, is diagonal.

Theorem 5.4.5. Consider the discontinuous nonlinear dynamical system G given
by (5.34) and (5.35) where ¢(x) is a strongly stabilizing feedback control law given
by (5.44) and suppose V (z), x € R", satisfies (5.47) and (5.48) with 6 € R such that
0 < 6 < 1. Furthermore, let Ro(z) = diag|ri(z),...,rm(z)], where r; : R* — R,
ri(z) >0,i=1,...,m. If G is strongly zero-state observable, then the discontinuous

nonlinear system G has a strong sector (and, hence, gain) margin (113, )

Proof. Let A(—y) = o(—y), where o : R™ — R™ is a static nonlinearity such that

a(0) =0, o(v) = [o1(v1), ..., om(vn)]T, and av? < o;(vy)v; < B2, for all v; # 0, @ =
1,...,m, where o = 1+9 and § = LG; or, equivalently, (o;(v;) —awv;)(o;(v;) — Bv;) < 0,
for all v; 20, i =1,...,m. In this case, the closed-loop discontinuous system (5.34)

and (5.35) with u = o(—y) is given by

(t) = f(z(t)) + G(x(t))o(Pp(x(t))), x(0)==x9, a.e. t>0. (5.64)
Next, consider the locally Lipschitz continuous and regular Lyapunov function can-
didate V' (z), € R". Now, it follows from (5.47), (5.48), and (5.51) that

d
dt

IN

—V(z) < maxLsiq,V(x)

< max [LfV(x) + LaoV ()]

= max LV (z) + LV (x)o(¢(z))

IA

min £,V (2) + LaV(2)o(6(2)) + Li(x) = gl La(@) Ry (2) L3 (2)
+(1-6?) [0(¢(rv)) t ot B @)L ()] Rala)

x |o(6(2)) + srtary Ra (@) L3 (@)

= min £;V (@) + Li(2) + LV ()o(6(x)) + (1 = 62)0™ (6(2)) Ra(2)r(6(2))
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+La(z)o(¢(x))
= ¢ (v)Ry(2)g(x) — 20" (2) Ra(2)a ((2)) + (1 — 6%)a " (6(x)) Ra(z)0 (6())
= > (@) (3oi(—y) +vi) (Zoi(—y:) + v:)

=1

= aﬂz —vi) + ayi) (oi(=y:) + Byi)

0, a.e. x€R"

IN

which implies that the closed-loop discontinuous system (5.64) is strongly Lyapunov

stable.

Next, let R = {z € R" : V() = 0 € L6,V (2)} and note that SV (z) = 0
if and only if y = 0. Now, since G is strongly zero-state observable it follows that
M= {r € R": x =0} is the largest weakly positively invariant set contained in R.
Hence, it follows from Theorem 2.2.2 that x(t) - M = {0} as t — oco. Thus, the
closed-loop discontinuous system (5.64) is globally strongly asymptotically stable for

all o(+) such that av? < o;(v;)v; < fv?, v; # 0,4 =1,...,m, which implies that the

79

discontinuous nonlinear system G given by (5.34) and (5.35) has strong sector (and,

hence, gain) margin («, ). O

Note that in the case where Ry(x), x € R™, is diagonal, Theorem 5.4.5 guarantees
larger strong gain and sector margins to the strong gain and sector margin guarantees
provided by Theorem 5.4.4. However, Theorem 5.4.5 does not provide strong disk

margin guarantees.
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Chapter 6

On Almost Consensus of Multiagent Systems
with Inaccurate Sensor Measurements

6.1. Introduction

In this chapter, we consider a multiagent consensus problem in which agents pos-
sess sensors with limited accuracy. Specifically, we develop consensus control proto-
cols for continuous- and discrete-time network systems that guarantee that the agents
reach an almost consensus state and converge to a set centered at the centroid of the
agents’ initial locations. This set is shown to be time-varying, in the sense that only

the differences between agent positions are, in the limit, small.

For discrete-time network systems, we also use difference inclusions and set-valued
analysis to describe the inaccurate sensor measurement problem formulation. Set-
valued analysis has been previously used for consensus control. In [49], the author uses
set-valued Lyapunov functions to study convergence of multiagent dynamical systems.
The approach involves constructing set-valued Lyapunov functions from convex sets
that depend on the agent states. In [2,46,49], the authors address stability of each
equilibrium point in the sense that the system solutions approach an equilibrium
from a neighborhood of equilibria. Reference [46] considers barycentric coordinate

maps, whereas [49] and [2] consider difference equations and difference inclusions,
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respectively.

Necessary and sufficient conditions for semistability for multiagent consensus prob-
lems using set-valued Lyapunov analysis are presented in [28]. More recently, the
authors in [76] consider an asynchronous rendezvous problem using set-valued con-
sensus theory. Specifically, a design strategy for multiagent consensus is developed by
requiring two consecutive way-points to be included within a minimum convex region

covering the two associated anticipated-way-point sets.

The proposed set-valued consensus protocol builds on the framework of [49], [28],
and [29] to develop almost consensus protocols for multiagent systems with uncertain
interagent measurements. Specifically, the proposed protocol algorithm modifies the
set-valued consensus update maps of the agents by assuming that the locations of
all agents, including the agents calculating the update map, are within a ball of
radius r. However, since the update sets of our design protocol do not satisfy a
strict convexity assumption, our results go beyond the results of [49] by employing a

set-valued invariance principle.

6.2. Consensus Control Problem with Uncertain Interagent
Location Measurements

In this chapter, we consider a multiagent network in which N agents reach an
almost consensus state and we use the terminology agent state and agent location
interchangeably. Each agent i € {1,..., N} has a sensor with accuracy r, that is,
each agent ¢ can detect the location of the other agents with an accuracy of up to a
ball of radius r centered at the actual location of the other agents. Specifically, the

approximate location of agent ¢ as measured by agent j is given by the set

X={peR":|p-wzl;<r}, i=1..N
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The network consensus problem considered in this chapter involves the design of
a dynamic protocol that guarantees almost system state equipartition, that is, the
difference between any two agent states decreases to below a certain threshold that is
dependent on the sensor accuracy r. Specifically, each agent ¢ uses an update proto-
col resulting in a closed loop system similar to (2.12) or (2.13). However, since only
approximate information of the location of the other agents is available at any given
instant of time, the update protocol is constructed using approximate location infor-
mation only. In particular, for a discrete-time network system the update protocol
for a connected graph has the form
zi(k+1) € Fi(x(k)) = x;(k) + ¢ Z (Xj(k) — x4(k)), :(0) =y, k€Zy,(6.1)
JENin (2)
where, i = 1,...,N, z = [2T,... 2%]", and AX; — x; denotes the set of all vectors
z € R" such that z = y — x; with y € &;. Note that for the protocol given by (2.13)
every agent has information of the exact location of the other agents, whereas for the
protocol given by (6.1) only approximate location information of the other agents is

available.

To further elucidate the protocol architecture given by (6.1), consider a connected
network consisting of three agents. In this case, the update protocol for Agent 1 is

given by

x1(k+1) € Fi(z(k)) = z1(k) + e(X1(k) — 21(k) + Xa(k) — x1(k) + As(k) — 21(k)),

21(0) = 210, k € Zy,

where the sets Xy — x1 and X3 — x; are depicted in Figure 6.1.

92



Agent 2

Agent 3

Agent 1

Figure 6.1. Visualization of sets X — x1 and X3 — x1 used in agent’s 1 update map.

6.3. Continuous-Time Consensus with a Connected Graph

Topology

In this section, we consider the continuous-time consensus problem over an undi-

rected network with a connected graph topology. We assume that only approximate

information of the location of neighboring agents is available at any given instant of

time with ith agent uncertainty satisfying ||d;(¢)||ls < r, ¢t >0, fori =1,...,N. In

particular, we consider the update protocol for agent ¢ given by

Bi(t) = Y (%) = z(t), 2(0) =m0, t>0, i=1,.. N,
JEN(D)
where
2i(t) = zi(t) £ (;(t) — d;(t)) — (2i(t) — di(t)).
In this case, it follows from (6.2) that
wi(t) = Y (a() — @) + Y (dilt) = d;(t),  i(0) = @0, ¢ >0,

JEN(3) JEN(3)
i=1,...,N,
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or, equivalently, in compact form
(t) = —Lx(t) + Ld(t), x(0)==xz9, t>0, (6.3)

where £ 2 [, @£ € R™V*nN £ c RN*N denotes the graph Laplacian, ® denotes Kro-
necker product, x £ [x1, ... xk,. .. 2% .. 2T, d = [dh, ... dY, .. dY . dY]T

and $Z and d{ denote the jth component of x; and d;, respectively.

Although our results can be directly extended to the case of (6.3), for simplicity
of exposition, we will focus on individual agent states evolving in R (i.e., n =1). In

this case, (6.3) becomes
&(t) = —Lx(t) + Ld(t), x(0)=mzo, ¢>0. (6.4)

For the statement of the next result let ey = [1,...,1]" denote the ones vector

1

Ne%m. Furthermore, recall that the Laplacian of an undi-

of order N and 7 £
rected connected graph is a symmetric positive semidefinite matrix with a single
zero eigenvalue [48]; specifically, the eigenvalues of the graph Laplacian are given by
0= Amin(£) = N (L) < Xa(L) < A3(L) < -+ < AN(L) & Apax(£). Hence, the Schur
decomposition of —£ is given by —£ = Py P, where Ps = [p1,...,pn_1, \/LﬁeN],
withp; e RN, i=1,...,N —1,
y A Yo Ov-1)x1
O1x(n-1) 0 ’

and ¥, € RV-Dx(N=1) s Hurwitz.

Theorem 6.3.1. Consider an undirected network of N agents with a connected

. . — AN (L)VNr
graph topology given by (6.4). Then, lim sup,_, . ||z(t) — en@(t)|]2 < %

Proof. First, define 6(t) £ z(t) — ex7(t) and note that

% <%e%x(t)) - %e%(—ﬁx(t) 1 Ld(t)) = O,
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where we used the fact that Ley = Oy and £ = LT, Hence, T(t) = veyz(t) =

1

~ene(0), t > 0, which shows that the centroid of the network does not change over

time in the presence of time-varying interagent measurement uncertainties. Next,

differentiating §(¢) with respect to time yields

§(t) = i(t) — eni(t)
= —Lx(t) + Ld(t)
= —L[6(t) + enT(t)] + Ld(t)

= —L6(t) + Ld(t), 6(0)=0d, t>0. (6.5)

Introducing the transformation ¢(t) £ PYd(t), it follows from (6.5) that

q(t) = PIo(t)
= —PgLPcPi6(t) + Py LPsPyd(t)

= —PSLPxq(t) + PELPd(t), q(0)=qo, t>0,
where d(t) = P¥d(t), and hence,

i(t) = 015}31) W ) —dn] . a0 =a. t20. (66)

Now, it follows from (6.6) that

G1(t) = Soqu(t) — Sodi(t),  qu(0) = quo, ¢ >0, (6.7)

d2(t) = 0, q2(0) = qa0, (6.8)

where

(1) & [ Iiv—yxv-1) Ov—nyxa | a(t),  di(t) & [ Iiv—iyxv—1) Ov—1yx1 ] d(2),

and ¢» € R. Furthermore, note that gs9 = 0 since exd(t) = ey z(t) — yeyeneyz(t)
= 0.
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Next, consider the Lyapunov function candidate V : RN=1 — R given by V(¢) =

qL Sq1, where S = ST > 0, S € RV=UX(N=1) "gatisfies
0=3054+S% +Q, (6.9)

with @ = QT > 0 and Q € RWV-Ux(N=1 " Now, note that the derivative of V(q;)
along the trajectories of (6.7) is given by

V(1) = —aF ()Qai(t) — 241 (1) %o (1)

< in (@01 (8)13 + 20ma(550)0mas ([ Iov-1yxiv-1) Oyt )
X POl 2101 (1)

< (@ ()3 + 20 (S50)VNr s (1)

= — @l Pain( @01 (Dll2 — 20mas(SZ)VNF| . 120, (6.10)

where we used the fact that opax ([ Iiv—yx(v=1) Ov—1)x1 ]) =1, omx(Py) =1,
and ||d(t)|s < VNr, t > 0.

Next, it follows from (6.10) that V(qy()) < 0 for [|qy(t)]y > 22es(SZ0yr 2
and t > 0, and hence, ¢(t), t > 0, is decreasing for ||¢i(¢)|l2 > 5. Moreover, since

G2(t) = 0, t > 0, and ¢2(0) = 0, ¢2(t) = 0 for all t > 0. Hence, it follows from the

|

as t — oo. Now, setting @ = —X it follows from (6.9) that S = $I(y_1, and hence,

definition of ¢(¢) and (6.10) that

=la@®)2 <8

2

ol = || o)

lgs (D)2 = [l(t) — enTlls < 5, ¢ > 0, where

B 2amax(%Eo)\/Nr _ v (L)VNr
O da(=20) ML)

3 (6.11)

which completes the proof. O

Next, we apply Theorem 6.3.1 to an all-to-all connected graph network. Note that

in this case, L = NIy — Ex, where Ey £ eNe]TV denotes the ones matriz of order
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N x N. Since rank Ey = 1, Ex has only one nonzero eigenvalue equal to N with

corresponding eigenvector ey. Next, note that

det[/\IN - ,C] = det[)\IN - (NIN - EN)] = det[(A - N)IN + EN]
Hence, the eigenvalues of L are the eigenvalues of —Fy shifted by N, that is,
spec(—Exn) = {0,N,...,N}. Now, with \o(L) = --- = Ay(L) = N, it follows
from Theorem 6.3.1 that lim sup, . [|2(t) — enZ||2 < vV Nr.

Alternatively, we can arrive at the same result directly by considering the update

protocol for the ith agent given by

i(t) = % Z = (@i(t) — di()] = T(t) — @i(t) — d(t) + di (1),
z;(0) =2y, t>0, i=1,..., N, (6.12)
where Z(t) £ & Z] (zi(t) =7 and d(t) = & Z;\;l d;(t). First, note that it can be

shown that lim sup,_, ||zi(t) — z;(t)|]2 < 2r for every 4,j = 1,..., N. To see this,

for i, =1,..., N, it follows from (6.12) that

& (3 - 0m8)

= (rit) — (1)) () — (0)
= (1) — 5 (0))"[F — i) — A+ le) — @ — 75(0) — At) + s (1))
= ) — s 3 + () — 5 (0)) (@ l6) — (1)

< ~llilt) = 21 + 2rllt) — 0l

Z’Z<0) — Z’J(O) = Tj0 — Zjo, t 2 0,
where the last inequality follows from the fact that
[di(t) = d;(®)ll2 < N di(B)]l2 + l|d; ()]l < 2r, £ =0.

Hence, ||z;(t)—z;(t)||2 is a decreasing function of time as long as ||z;(t) —x;(t)||2 > 2r,
t > 0. Now, it follows that ||z;(t) — z;(t)[s < 2r ast — oo foralli,j=1,...,N.
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Next, since T(t) = T, it follows that ||z;(t) —T|s < rast — oo foralli=1,... N.

Furthermore, since
N
() — enll3 = Y ll=i(t) — |3 < Nv?
i=1

as t — oo, it follows that lim sup, ., ||z(t) — enZ||s < VN7, which is identical to the

result obtained by applying Theorem 6.3.1.

6.4. Discrete-Time Consensus with a Connected
Graph Topology

In this section, we consider the discrete-time consensus problem over an undi-
rected network with a connected graph topology. Once again, we assume that only
approximate information of the location of neighboring agents is available at any
given instant of time with ith agent uncertainty satisfying ||d;(k)||. < r, k € Z, for
1=1,...,N. In particular, we consider the update protocol for agent 7 given by
zi(k+1)=ax;(k) +¢ Z (zj(k) — zi(k)), 2:(0) =24, k€Zy, i=1,...,N,(6.13)

FEN(9)
where
23(k) = 2 (k) 2 (a5 (k) — d;(R) — (za(k) — (k)
and € > 0. In this case, it follows from (6.13) that
milk+1) =mi(k)+e Y (k) —ai(k) +e Y (di(k) —d;(k), :(0) =z,

JEN(3) JEN(7)
keZ,, i=1,...,N,

or, equivalently, in compact form
w(k+1) = Pa(k) + eLd(k), z(0) =z, keZy, (6.14)

where £L £ [, @ L € RN P &2 [ @ P e RN £ e RN denotes

the graph Laplacian, P £ Iy — e£ € RM*N denotes the Perron matrix, = =
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(21, .. an, 2 2] dEd, . dy, e, dY L dY ] and o) and d] denote

the jth component of x; and d;, respectively.

Although our results can be directly extended to the case of (6.14), for simplicity
of exposition, we will focus on individual agent states evolving in R (i.e., n = 1). In

this case, (6.14) becomes
z(k+1) = Pz(k) +eLd(k), x(0)=mx, k€EZ,. (6.15)

For the statement of the next result define A, ., = maxX;e(1,.. N} deg(i).

Theorem 6.4.1. Consider an undirected network of N agents with a connected

graph topology given by (6.15) and let ¢ € (O, ﬁﬁ) Then,

. _ EAmax(L)V Nr
lim sup ||z(k) — enT(k)]|2 < ( )1 -
k—o00 1—p (P — yevey)

Proof. First, define §(k) £ z(k)—enZ(k) and note that T(k+1) = ~eyz(k+1) =
~en(z(k) + e(—=Lx(k) + Ld(k)) = T(k), where we used the fact that Ley = Oy and

L = L". Hence, T(k) = ~eya(k) = Le z(0), k € Z,, which shows that the centroid
of the network does not change over time in the presence of time-varying interagent

measurement uncertainties. Next, evaluating §(k + 1), k € Z,., yields

S(k+1)=z(k+1)—enz(k+1)
= Pa(k) + eLa(k) ~ yenel [Pr(k) +<Ld(k)
=P {x(k) - %eNe]Tva:(k)} + {I - %ewe%} eLd(k)
1

= |:P - NeNe%] (5(1{7> + €£d(k’), 5(0) = 50, ke Z+. (616)

Now, considering a Lyapunov function candidate V : R¥=1 — R given by V (§) =

|10]|2 and recalling that p(M) = || M]||s for an arbitrary symmetric matrix M, it follows
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from (6.16) that

V((k + 1)) = [lo(k + 1)l

IN

+ [[eLd(F)]l2

2

[P~ Sevebistn

IN

p (73 - %eNe%) 16(k)|2 + eAmax(L)VNT

5)\max(£)\/Nr
[0(K)|2

Hence, it follows from (6.17) that V(0(k + 1)) < V(6(k)) for p(P — veney) +

. <p(7> - %eNeﬁ) + ) V(S(k), keZ. (6.17)

€Amax ([') \/N’V’

HGI < 1 and k € Z,. Now, recalling that all the eigenvalues of the Per-

ron matrix of an undirected connected graph with ¢ € <0, ﬁ) are located in the
unit circle and only one eigenvalue has an absolute value of 1 [55], it follows that

p(P — +eyel) < 1. Hence, it follows from (6.17) that

N
€Amax (L) V/Nr

(k)2 <
|| ( )“2— l—p(P—%eNe%)

as k — oo, which completes the proof. O

Remark 6.4.1. Note that

det [MN - (7» - %EN)] — det [MN - ([N —eL- %ENH
— det [()\ Iy (—5£ - %ENH (6.18)

Now, since En has only one nonzero eigenvalue equal to N with the corresponding
eigenvector ey and £ has only one zero eigenvalue with the corresponding eigenvector
ey, it follows that spec(—eL—+Ey) = {—1, —eAs(L), ..., —eAn(L)}. Thus, it follows
from (6.18) that spec(P — +En) = {0,(1 — eXo(L)),..., (1 — eAn(L£))}. Hence,
p (P~ hexel) = max{|(1 — Xa(L))], (1 - eAn(L)]}

Next, we apply Theorem 6.4.1 to an all-to-all connected graph network. Note that
in this case, £L = NIy — Ey. Next, recall that \y(L) = --- = Ay(L£) = N, and hence,
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for € € (0, %), it follows from Theorem 6.4.1 and Remark 6.4.1 that

| B (L) VT =NVNr
1 k) — enx@(k)|2 < = = VAT
im sup ||z (k) — enZ(k)||2 < 1—p(P—Leyel) 1-(1—eN) VAT

k—o00

Alternatively, we can arrive at the same result directly by considering the update

protocol for the ith agent given by

vk +1) € o% S 500) + (1= a)ai(h) = BuglaT(h) + (1 — )l
2;(0) = x50, k€Zy, i=1,...,N, (6.19)

where o € (0,1] and T(k) £ SN, (k) = Z. First, note that it can be shown that

lim sup;,_, .,
|zi(k) — z;(k)||2 < 2r for every 4,j = 1,...,N. To see this, for i,j7 = 1,..., N, it

follows from (6.19) that

zi(k+1) —xj(k + 1) € Bar(aTaye(k)) — Bar(aZaye(k)) + (1 — &) (zi(k) — z;(k)),

k€Zy, (6.20)
which implies
|zi(k+1) —zj(k+1)||2 < (1 — o)||zi(k) — z;(k)|]2 + 2ra. (6.21)

Hence, since ||z;(k + 1) — zj(k 4+ 1)||2 < ||zi(k) — x;(k)||2 for ||zi(k) — z;(k)||2 > 2,
it follows that ||z;(k) — x;(k)||2 < 2r as k — oo for all 4,j = 1,..., N. Now, using
identical arguments as in Section 6.3, it follows that lim sup,_, .. ||z(k) —enZ(k)|]2 <

v/Nr, which is identical to the result obtained by using Theorem 6.4.1.

6.5. A Set-Valued Analysis Approach to Discrete-Time
Consensus

In this section, we present a set-valued approach for the discrete-time consensus

protocol considered in Section 6.4. However, before presenting the main results of
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this section we require some additional notation and definitions. Specifically, consider

the difference inclusion
rv(k+1) € F(z(k)), z(0)=mz, k€Z,, (6.22)

where, for every k € Z, x(k) € R*, F : R® — 2%" is a set-valued map that assigns sets
to points, and 28" denotes the collection of all subsets of R”. The set-valued map F
has a nonempty value at x if F(x) # &. It is assumed that F has nonempty values for
ever z € R". Hence, maximal solutions to (6.22) are complete, and consequently, by
a solution of (6.22) with initial condition z(0) = zy we mean a function z : Z, — R

that satisfies (6.22).

The set-valued map F : R* — 28" is outer semicontinuous at x if, for every
sequence {x; }3°, such that lim; ., x; = x, every convergent sequence {y; }3°, with y; €
F(x;) satisfies lim; o y; € F(x). F is continuous at z if F is outer semicontinuous
at x and, for every y € F(x) and every convergent sequence {z;}°,, there exists
y; € F(z;) such that lim; oo y; = y. F(x) is locally bounded at x if there exists a
neighborhood N of z such that F(N) = U,eaF(2) is bounded. If F has compact
values and is locally bounded at x, then F is upper semicontinuous at x, that is, for
every € > 0, there exists 6 > 0 such that, for all z € R™ satisfying ||z — x| < J,

F(z) € F(z) + B.(0), where B.(0) denotes the closure of B.(0).

Given the function v : Z, — R the positive limit set of ~y is the set Q(7y)
of points y € R™ for which there exists an increasing divergent sequence {k,}>°,
satisfying lim,, . v(kn,) = y. We denote the positive limit set of a solution ¢(-) of
(6.22) by Q(%). The positive limit set of a bounded solution of (6.22) is nonempty,

compact, and weakly forward invariant with respect to (6.22) [62].

The following theorem gives a general set-valued invariance principle using the

set-valued analysis tools developed in [28].
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Theorem 6.5.1. Consider the difference inclusion given by (6.22). Assume that
F : R* — 28" is outer semicontinuous and locally bounded with nonempty values for
all z € R™. Let V : R” — 2R" be a continuous set-valued map and let M C R" be a

closed set such that the following statements hold.

i) V(F(x)) C V(x) for every x € R™.

it) Mt V(y) = V(x) for some y € F(x), then € M.

Then every bounded solution x : Z, — R"™ of (6.22) converges to M, that is,
limy,_, o dist(z(k), M) = 0.

Proof. It follows from i) that V(¢(k + 1)) C V(¢ (k)) for every solution v (k),
k € Z,, of (6.22). Thus, the sequence of closed sets {V (¢)(k)}32, is nonincreasing,
and hence, limy_,, V(¥(k)) = N2,V (¥ (k)) £ V [62]. Next, note that since 1(k),
k € Z,, is bounded, Q(¢) is nonempty. Now, for all z € Q(v), it follows from
the definition of 2(¢)) and the continuity of V' that V(z) = V. Moreover, the outer
semicontinuity of F ensures that 2(¢) is weakly positively (and negatively) invariant.
Specifically, for every z € Q(1), there exists y € F(z) such that y € Q(¢)). Thus,
for every = € Q(v), there exists y € F(x) such that V(z) = V(y) = V, and hence,
Q(¢) € M. Finally, since dist(¢(k),w(¢))) — 0 as k — 0, it follows that ¢ (k) — M

as k — oo. O

Next, we illustrate Theorem 6.5.1 by applying it to the network system given by
(6.19). The conclusions of the proposition below are weaker than the results obtained
directly in Section 6.4. However, the approach can prove beneficial for nonlinear
network architectures where direct computation relying on a linear structure is not
possible as well as for partial graph connectivity structures with directed information

flow.
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Proposition 6.5.1. Consider a network of N agents with an all-to-all graph
connectivity given by (6.19) and let z(-) be a bounded solution of (6.19). Then,

lim sup;,_, ||z:(k) — x;(k)||2 < 4r for every i,j =1,..., N.

Proof. Let the set-valued map V : R" — 28" be given by

V(fE) = B6l(m)<xave) X X BéN(:p)<xave>:

where, for i € {1,..., N},

; — ;— > 2r
5, — Hxl xave”?a Hxl xave||2 el y
Z(x) { 2T7 ||=Tz - xave||2 S 27‘,

and “x” denotes Cartesian product. Note that V' is continuous and has closed and
bounded values. Next, it can be shown using a similar argument as in Section 6.4

that
@ik + 1) = Tave(k + 1) € Bor(aave(k)) = Bar(Tave(k)) + (1 — a)zi(k), k€ Zy,
which implies
[zi(k 4+ 1) = Zave(k + D2 < (1 = @)[|2i(k) = zave(F)||2 + 2ra.

Hence, the function 6;(-) decreases for ||z; — Zayell2 > 2r and remains constant for
| i — Zayell2 < 21,3 € {1,..., N}, and hence, Conditions ) and i) of Theorem 6.5.1
are satisfied. Now, it follows from Theorem 6.5.1 that every bounded solution z;(-),
i€ {l,...,N}, converges to Ba,(Zave). Hence, ||z;(k) — z;(k)||2 < 4r as k — oo for

alli,j=1,...,N. 0
6.6. Illustrative Numerical Examples

In this section, we present several numerical examples to demonstrate the efficacy

of the proposed framework. Specifically, we consider a random network of 10 agents
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9 10

Figure 6.2. Initial network configuration of 10 agents with sensor accuracy of radius r = 1.

with different network topologies and agent dynamics given by (6.4). Furthermore, we

assume that the ¢th agent uncertainty is modeled as a standard white noise process.

Figures 6.2, 6.3, 6.4, and 6.5 show the initial, intermediate, and final network
configurations, as well as ||z(t) — eyT||2 versus time, of the network of agents when
agents have sensor accuracy of radius 1, A\y(L) = 1.5568, and Ay (L) = 7.5704. The

circle indicates the location of the initial centroid of the agents. Note that

Av(L)VN
lim sup [|z(t) — exs < 22XEVNT 5 az7s.
t—o00 )\2(£)

Alternatively, Figures 6.6, 6.7, 6.8, and 6.9 show the initial, intermediate, and final
network configurations, as well as ||z(t) — enZ||2 versus time, of the network of agents
when agents have sensor accuracy of radius 1, Ao(£) = 0.1172, and Ay (L) = 4.3721.

Once again, the circle indicates the location of the initial centroid of the agents. Note
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0 1 2 3 4 5 6 7 8 9 10

Figure 6.3. Network configuration of 10 agents with sensor accuracy of radius r = 1 at
t = 3.5 sec.

that

N
lim sup |[2(t) — enZ]ls < Av(£)VNr

= 117.9675.
t—00 )\Q(E)

Finally, Figures 6.10, 6.11, and 6.12 show the initial, intermediate, and final con-
figurations, respectively, of the network of 10 agents when agents have sensor accuracy
of radius 0.5 and the network is all-to-all connected. The simulation shows that the
agents reach a consensus set with diameter less than 2r = 1. The circle indicates a

set with diameter 1 centered at the initial centroid of the agents.
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Figure 6.4. Network configuration of 10 agents with sensor accuracy of radius r = 1 at
t =17.5 sec.

12

lIx-e,x,, Il

Time (s)
Figure 6.5. Plot of ||z(t) — enT||2 versus time.
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0 1 2 3 4 5 6 7 8 9 10

Figure 6.6. Initial network configuration of 10 agents with sensor accuracy of radius r = 1.

10

0 1 2 3 4 5 6 7 8 9 10

Figure 6.7. Network configuration of 10 agents with sensor accuracy of radius r = 1 at
t = 3.5 sec.
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Figure 6.8. Network configuration of 10 agents with sensor accuracy of radius r = 1 at
t =17.5 sec.

12

lIx()-e, %, I,

Time (s)

Figure 6.9. Plot of ||z(t) — enT||2 versus time.
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0 2 4 6 8 10

Figure 6.10. Initial network configuration of 10 agents with sensor accuracy of radius
r = 0.5.

10

0 2 4 6 8 10

Figure 6.11. Network configuration of 10 agents with sensor accuracy of radius r = 0.5
at t = 3.5 sec.
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0 2 4 6 8 10

Figure 6.12. Network configuration of 10 agents with sensor accuracy of radius r = 0.5
at t = 7.5 sec.
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Chapter 7

Adaptive Estimation using Multiagent Network
Identifiers with Undirected and Directed
Graph Topologies

7.1. Introduction

In this chapter, we consider the problem of adaptive estimation of a linear system
with unknown plant and input matrices. In particular, we propose a novel distributed
observer architecture that adaptively identifies the dynamic system matrices using a
group of N agents. Each agent generates its own adaptive identifier which is based
on the identifier architecture presented in [53]. Furthermore, it is shown that if the
adaptive identifiers have the same structure, but do not share information (i.e., are not
connected), then there is no guarantee that the N adaptive identifiers will have their
estimates converge to the same value without a persistency of excitation condition
being imposed. Alternatively, when the update laws for the parameter identifiers
are modified to include interagent information exchange, then consensus of both the
state and parameter estimates are guaranteed, and thus, emulating a persistency of

excitation condition.

The proposed adaptive identifier architecture includes additional terms in both the
state and parameter equations, which effectively penalize the mismatch between all

estimates and take the form of nonnegative damping terms that serve to enhance the
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convergence properties of the state and parameter errors. The adaptive estimation
architecture builds on the work of [71] on adaptive consensus control of multiagent
systems with the key difference being that the mismatch between the state and param-
eter estimates is also penalized, and thus, accounting for interagent communication

constraints.

For nonadaptive estimators, a linear estimator scheme that considers a penalized
mismatch of the parameter estimates was proposed in [19,70]. Alternatively, within
the context of distributed Kalman filtering for sensor networks, agreement of the state
and parameter estimates, as a measure that is independent of the network topology
and wherein the deviations of the parameter estimates are measured from their mean,
was considered in [54]. Distributed adaptive control for convergence using consensus

learning of sensory information for networked robots is addressed in [65, 66].

The added benefit of the proposed network architecture of the adaptive identi-
fiers, which penalize the mismatch between both state and parameter estimates, is
the abstract form that the collective error dynamics take. In particular, the proposed
framework allows one to decouple the graph connectivity (i.e., the graph Laplacian)
from the stability analysis of the parameter errors by simply replacing a nonnega-
tive damping-like matrix representing the connectivity of the graph topology with
another matrix representing a more general interagent connectivity. Finally, we note
that the proposed adaptive estimation multiagent network identifier framework was
first explored in [21] for the very restrictive case of all-to-all graph connectivity. In
this chapter, we extend the results of [21] to develop adaptive multiagent network

identifiers with undirected and directed graph topologies.
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7.2. Adaptive Estimation Problem

In this section, we present a brief exposition of the standard centralized adaptive
estimation for plant parameter estimation in dynamical systems involving full state

information. Specifically, we consider dynamical systems of the form
#(t) = Axz(t) + Bu(t), x(0)=mz¢, t>0, (7.1)

where z(t) € R", t > 0, is the state vector and u(t) € R™, t > 0, is the control input.
Here, we assume that the plant and input matrices A and B are unknown, and the
state x(t) and control input signal u(t) are bounded for all ¢ > 0. To identify the

matrices A and B online, we consider the adaptive observer given by ([43])

x(t)

A®)z(t) + Bt)u(t) + Am(2(t) — x(t))
Ani(t) + (A(t) — Aw)z(t) + B)u(t), #(0) =29 #z0, t>0, (7.2)

where z(t) € R™, t > 0, is the observer state, A(t) e R™™ t > 0, is the adaptive
estimate of A, and B(t) e R™™ t > 0, is the adaptive estimate of B. The matrix
An € R™™ is a design matrix that is Hurwitz and defines the observer poles.

To establish online estimates for the system matrices A and B, define the state
and parameter errors, respectively, by e(t) = &(t) — z(t), t > 0, fl(t) £ fl(t) — A,
t >0, and B(t) 2 B(t) — B, t > 0. Then, the system error dynamics and parameter

update dynamics are given by

é(t) = Ame(t) + At)x(t) + B(t)u(t), e(0)=ey, t>0, (7.3)
A(t) = =T Pe(t)z™ (), A(0) = Ay # A, (7.4)
B(t) = —TyPe(t)u™(t), B(0) = By # B, (7.5)

where I', € R™™ and I',, € R™*™ are positive-definite gain matrices and P € R"*"

is a positive-definite solution of the Lyapunov equation
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0=ALP+ PA, +R, (7.6)

where R € R™"™ is a given positive-definite matrix. Since A,, is Hurwitz, it follows
from converse Lyapunov theory [31] that there exists a unique positive-definite matrix
P e R™" satistying (7.6) for a given positive definite matrix R € R™*". The adaptive
update laws for A(t), ¢t > 0, and B(t), t > 0, given by (7.4) and (7.5), respectively, can
be derived using standard Lyapunov analysis by considering the Lyapunov function

candidate

V(e,A,B) = e "Pe+tr ATT;'A+tr B'T','B. (7.7)

Note that V/(0,0,0) = 0 and V(e, A, B) > 0 for all (e, A, B) # (0,0,0). Now,

differentiating (7.7) along the trajectories of (7.3)—(7.5) yields

V(e(t), A(t), B(t))
= T (1) Pe(t) + €T (£)Pé(t) + 2tr AT(TTVA(E) + 2t BN (T B(t)
=T (1) (AL P+ PA, e(t) + 2tr AT (t) Pe(t)z" (t)

2tr BT Pe(t)u (1) + 2tr ATOTVA(®) + 26 BYOT B, (7.8)
Using the update laws (7.4) and (7.5) in (7.8), it follows that
V(e(t), A(t), B(t)) = —e (t)Re(t) <0, >0, (7.9)

which guarantees that the error signal e(t), t > 0, and parameter errors A(t), t > 0,
and B(t), t > 0, are Lyapunov stable, and hence, are bounded for all ¢ > 0. Since
e(t), t >0, A(t), t > 0, B(t), t > 0, z(t), t > 0, and u(t), t > 0, are bounded
for all + > 0, it follows that é(t), ¢t > 0, is bounded, and hence, V (e(t), A(t), B(t))
is bounded for all ¢ > 0. Now, it follows from Barbalat’s lemma [31, p. 221] that
V(e(t),A(t), B(t)) — 0 as t — oo, and hence, e(t) converges to zero asymptotically.
Convergence of the adaptive estimates to their true values can be shown when a

persistency of excitation condition is imposed [43,53].
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The system error dynamics (7.3) and parameter dynamics (7.4) and (7.5) can be

written in operator form as

é_(t) e(t) e(0) €o
Ay | = uw) | AW | [ A©) | = | 4|, t20 (7.0
B(t) B(t) B(0) By
where Aw | Oz)) (Qul)
A(x(t),ut)) £ | —T.P()xT () 0 0
—TyP()u™(t) 0 0

The structure given in (7.10) involving the skew-adjoint, state-dependent operator
2((,-) is characteristic of adaptive systems [50]. The same structure is observed in
the case of distributed adaptive consensus identifiers presented in Section 7.3, in which
the operator form involves the same structure as above with additional terms arising
due to consensus enforcement. As we see in Section 7.3, this form can be related to

the Laplacian of the graph topology of the network.

7.3. Adaptive Distributed Observers

In this section, we consider a distributed adaptive observer problem for (7.1).

Specifically, we consider N noninteracting agents given by

~

Ti(t) = Andi(t) + (Ai(t) — Aw)z(t) + Bi(t)u(t), &:(0) = & # 2(0),

t>0, (7.11)
Ai(t) = —TwPei()z™ (1),  Ai(0) = Ay, (7.12)
B;(t) = —TwiPe;()u™(t), B;(0) = By, (7.13)

where, for i = 1,..., N, @&(t) € R", t > 0, A;(t) € R ¢t >0, B;(t) € R™™, ¢ >0,
ei(t) £ 2;(t) — x(t), t >0, and I'y; € R™" and T',; € R™*™ are positive-definite gain

matrices. Here, we can easily replace Ay, in (7.11) with A, where A,;,i=1,..., N,
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are Hurwitz design matrices. In this case, the results in the remainder of the chapter

hold with minor extensions.

To quantify a measure of disagreement between the state estimates and parameter

estimates that is independent of the network topology, we use the deviation of these

estimates from the mean defined by

N
N 1 N
Sie(t) & &(t) — ~ ij@
=1 7j=1
1 1
2 j s
Gia(t) = N Z = At N 2 j
: ]:
N XN
A D _
oin(t) = Bi(t N 2 = - N Z
for i =1,..., N. In this case, the pairwise disagreement is defined as
T45(t) = Ti(t) — 2;(t) = ey (t) = ei(t) — ¢;(1)

fori,j=1,...,N,1#j.

(7.14)

(7.15)

(7.16)

(7.17)
(7.18)

(7.19)

Note that the distributed adaptive observers (7.11)—(7.13) can be placed in the

form of (7.10). To see this, define

et Ai(t)

€2 (t ~ AQ (t
E(t) = : cR™N A(t) £ :

en(?) An(t)

with A(t) and B(t) defined analogously, and define A,

Fal Oan
r.2 : . :

Opnxn --- Tan

Fbl Oan

I, &
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Then,

E(t) = AnE(t) + A)z(t) + B(t)u(t), FE0)=E,, t>0, (7.20)
Alt) = —TPE@®)2T(1), A(0) = A, (7.21)
B(t) = —D,PE®)(t), B(0) = By, (7.22)

or, equivalently,

E(t) E(t) E(0) E,
At) | =Ax(t),ut) | A®) |, AO) | =] Ay |, t>0, (723
B(t) B(¢) B(0) By
where ) Aw | Q) (Ju)
A(x(t),ut)) £ | —T.P()zT(t) 0 0
~TyP()u’(t) | 0 0

Equation (7.23) is the multiagent identifier version of (7.10) and shows that the
distributed adaptive observers (7.11)—(7.13) have identical stability and convergence
properties as (7.2), (7.4), and (7.5).

In particular, consider the distributed Lyapunov function candidates for each
agent given by

Vi(ei,Ai,Bi) = €iTP€i +tI'A;TF;7‘1Az+tI'BZTFgZ1BZ, 1= 1,...,N. (724)

Now, the stability of the collective dynamics of (7.11)—(7.13) can be established using
the Lyapunov function candidate
~ ~ N ~ ~
V(E,AB)=> Vi(e:, Ai, By). (7.25)
i=1

Specifically, differentiating (7.25) along the trajectories of (7.11)—(7.13) yields
Vi(ei(t), Ay(t), Bi(t)) = —el (t)Re;(t), t>0, i=1,...,N,
and hence,
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el (t)Rei(t) = —ET(H)RE(t) <0, t>0,

Mz

V(E(t),At),B(t)

=1
where R £ Iy ® R. Now, similar arguments as in Section 7.2 can be used to show

that E(t) converges to zero asymptotically.

7.4. Adaptive Consensus of Distributed Observers over
Networks with Undirected Graph Topologies

In this section, we consider a multiagent system in which N agents are utilized
to adaptively estimate the plant parameters A and B over a connected undirected
network. Each agent provides its own estimate Ai(t), t > 0, and Bz-(t), t >0,
1 = 1,..., N, and strives to arrive at common estimates, that is, reach consensus
on the parameter adaptive estimates. The update laws for the parameter identifiers
given by (7.11) are modified to include interagent communication with a penalty on
the mismatch between the parameter estimates A;(t), t > 0, and B;(t), t > 0. Even
though the individual adaptive estimates require a condition of persistency of excita-
tion to ensure parameter convergence, the proposed adaptive consensus modification
guarantees that all the parameter estimates agree with each other, which emulates a

persistency of excitation condition.

Theorem 7.4.1. Consider the dynamical system (7.1) with A and B unknown.
Assume that & defines a connected undirected graph of N agents implementing the
distributed adaptive observers given by

2i(t) = Andi(t) + (Ai(t) = An)a(t) + By(hu(t) = P71 Y (&:(t) — 25(1)),

JEN (@)

Az(t> = —FmPel(t)xT(t) — Fai Z (Az<t) - Aj(t)), Az<0) = AiO; (727)



Bi(t) = —TyiPe;(t)u"(t) = Ty > (Bi(t) — Bj(t)), Bi(0) = Bio, (7.28)

where i = 1,..., N and P satisfies (7.6). Then, the solution (E(t), A(t), B(t)) of the
parameter error system is Lyapunov stable for all (Ey, Ay, By) € R™N xRV *m 5 RN xm
and t > 0, and limy_,o0 £;5(t) = 0, limy_oe Aij(t) = 0, limy_se By (t) = 0, i,j =

1,...,N, and limy_,. €;(t) =0, :=1,...,N.

Proof. Given (7.26)—(7.28) the state and parameter error dynamics are given by

éi(t) = Ames(t) + A;(t)x(t) + Bi(t)u(t) — P Z eij(t), ei(0) = emp,

FEN(9)
t>0, (7.29)
Ai(t) = —TuPei(D)2"(t) ~To 3 Ay(t),  A,(0) = Ay, (7.30)
FEN(9)
Bi(t) = —TwPei(t)u"(t) = Twi Y By(t), Bi(0) = By, (7.31)
JEN (D)
for i =1,..., N. Next, consider the distributed Lyapunov function candidates given

by (7.24) and note that the derivatives of Vj(e;, 4;, B;), i = 1,...,N, along the

trajectories of (7.29)—(7.31) are given by

= e/ (t) [AnP + PAy ] ei(t) = 2e] (t) D eyj(t) + 2] (t) PA;(t)x(t)

JEN(3)
12T (1) PB(H)ult) + ztr[AT( )r;}fxi(t)] + ztr[éf(t)rgéi(t)}
— —el (O Rei(t) = 2T (1) D e(t) + 2tx| AT () [Pes(t)a™ (1) + T A1)
JEN(i)
+2 tr[BiT(t) [Pe;(t)u™ (t) + rg;éi@)]]

= —el () Re;(t) — 2eX (1) Z ei;(t) — 2tr| AT (t) Z Ay(t)

JEN(3) JEN(3)

—2tr| Bf(t) Y By(t)] . (7.32)
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Now, using (7.32), it follows from (7.25) that the derivative of V(E, A, B) along

error trajectories of (7.29)—(7.31) is given by

==Y el (ORe(t) =2) ef(t) Y (eilt) — (1))
i=1 i=1 JEN ()
—2tr | Y CAT() Y (Ait) — A ] 2tr[ZBT > (Bi(t) - By(t))
=1 jeN(') JEN (@)
=-> e ()R Z > lles®)lz - Z > 1Al
i=1 i=1 jeN (i) i=1 jeN(4)
=2 > B0l
i=1 jeN (i)
<0, t>0, (7.33)
where in (7.33) we used the identities
23t 3 () — et = Y0 D lleitt) — sl (731
=1 FEN(3) =1 jeN(3)
2trZAT S A - A =S S 6lAd) - AOIAE - 4@,
JEN (i) i=1 jeN (i)
(7.35)
2trZBT S B -Bm) =SS wlBi) - BB - B0
JEN() =1 jeN(i)
(7.36)

(Note that (7.34)—(7.36) hold due to the fact that & is an undirected graph, and
hence, j € N (i) if and only if ¢ € N(j).) Hence, (7.33) implies that the so-
lution (E(t),A(t),B(t)) of the parameter error system is Lyapunov stable for all
(Eo, Ag, By) € R™ x R™NX7 5 RMN*m and ¢ > 0.
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Next, note that (7.33) implies

V(E(0),A(0),B(0)) > V(E(t),A(t),B(t)) + Auin(R /Zue (7)||2dr

+ N
n / SY Jley(n)2dr + / S S () s

i=1 jeN(i) i=1 jeN(i)

tN
+/Z |Byy(r)12dr,

0 i=1 jen()
and hence, E(-) € Ly N L4 or, equivalently, €;(-) € L3N Ly, @ = 1,..., N, with
Ai(1) € Lo, Bi(-) € Lo, €55(-) € La, Aij(-) € Ly, and Bij(-) € Ly, 4, = 1,...,N.
Furthermore, since A;(-) and B;(-) are bounded, it follows that A;;(-) € L., and
BZ]() € Lo, i, =1,...,N. Now, since x(t), t > 0, and u(t) > 0, are bounded, it
follows from (7.29) that é;(-) € L, and hence, by Barbalat’s lemma [31, p. 221] (since
ei() € L2N Lo and é;(+) € L) it follows that lim; o [Je;(t)]]2 =0, =1,..., N.

Next, since e;(-) € L3N Ly and é,(-) € Lo, it follows that e;;(-) € L2 N L and
éij(-) € L, and hence, lim;_, ||e;;(t)]|2 = limyoo [|Z4(t)||2 = 0, 4,5 = 1,...,N.
Finally, it follows that fl”() and Bw() are bounded, since z(t), t > 0, and u(t),
t > 0, are bounded, and thus, by Barbalat’s lemma [31, p. 221], lim_,o || A;; (¢)||p = 0

and lim;_, ||Blj(t)||p = 0. U

The proposed adaptive consensus distributed observers given in Theorem 7.4.1
guarantee state and parameter estimate consensus as well as convergence of the pair-
wise difference of the adaptive estimates. This follows as a direct consequence of the

L5 boundnedness of the pairwise disagreement of the parameter estimates.

Next, to examine the dynamic agreement of the parameter and state estimates,
we consider the error system (7.29)—(7.31) in a compact form. Specifically, define

J £ L ® I, so that (7.20)(7.22) become

E(t) = AnE(t) + A@)z(t) + B(t)u(t) — PTUIE(t), E(0)=FE,, t>0, (7.37)
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A(t) = —T.PE®)2™(t) — TJA®H), A(0) = Ay, (7.38)

B(t) = —TLPE(H)u"(t) — T JB(t), B(0) = By. (7.39)

Equivalently, (7.37)—(7.39) can be rewritten in operator form as

E(t) E(t) E(0 By
AW | = (it(m),u(t)) - éj) A |, | Aoy | = | A |, t>0,(7.40)
B(t) B(t) B(0) By
where
Pt 0 0 J 00
G| 0 I, 0|, J&]0J O
0 0 Iy 0017
Note that (7.40) has a similar structure to (7.23), differing only in the additional term

J which enforces consensus.

To assess the convergence properties of the deviation of (7.14)—(7.16) from the

mean, let

Sult) = eit) = 5 Do est) = 1+ et

J#i
with analogous expressions for d;,(t) and 0;,(t). The convergence of the deviation
from the mean of e;(t), A;(t), and B;(t),t >0,i=1,...,N, can now be established
using the fact that the pairwise disagreement of the state and parameter errors con-
verge to zero, and hence, lim; ., d;c(t) = 0, lim;_, d;a(f) = 0, and limy_,, 931, (t) = 0,
1 =1,...,N. This implies that the individual deviations of the adaptive state and
parameter estimates from their mean (static average) converge to zero. This is sum-

marized in the following proposition.

Proposition 7.4.1. Consider the dynamical system (7.1) with A and B un-
known. Assume that & defines a connected undirected graph of N agents implement-
ing the distributed adaptive consensus observers (7.26)—(7.28), and let the deviations

of the state and parameter estimates of the observers from their mean (static average)
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be given by

Bie(t) = %Z 0= Do) = St = 1 Dl
j=1 j=1 i i

Siat) = Ault) — 1 DAy = —%Z&@:%Zﬁm—}VZAm
j=1 j=1 JF#i jFi

nlt) = Blt) = DBy = Bit) -+ Yo By =+ Y Bylt) = 3 Bylt)

j=
Then, lim; oo [[0ic(t)|]2 = 0, limyoo [|0ia(t)|l2 = 0, and limy oo [0 (2)|]2 = 0, for

i=1,...,N.

Proof. The proof is a direct consequence of Theorem 7.4.1 by noting the pairwise
convergence limy o 2;;(t) = 0, lim; /L-j(t) = 0, and lim;_, B,-j(t) = 0, and the

fact that N < oo. O

Alternatively, one can also consider the deviations from the mean of the estimates

of the neighboring agents. Specifically, defining

1 A
Vie(t) = TN Z €ij (t)a %a t = Z
deg(i e deg v
1 .
Yin(t) = Toalh) > By, (7.41)

g(z) JEN(3)

we can relate these expressions to the graph Laplacian of &. In particular, let

Yie(t) V1a(t) Yib(t)

Qet 2a t 2 t
w=| P o= 7:() = |

Ine(t) Na(t) Ynb(t)

and note that, since > ;) Eij(t), de/\/ Ay (t), and 37w By;(t) correspond to
the ith block-row of JE(t), JA(t), and JB(t), respectively, it follows that y.(t) =
(A1 ® I,) JE(t), 7a(t) = (A1 @ 1,) JA(t), and v,(t) = (A~' ® I,) IB(t). Now, it
follows from Proposition 7.4.1 that

lim [JE®)|lr = lim | JA®)||p = Jim [ JB()[|r = 0.
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It is important to note, however, that lim,_, [|A(t)|lr = 0 and lim,_,o ||B(t)||p = 0
cannot be established unless one imposes the additional condition of persistency of
excitation. This demonstrates the benefit of information sharing (i.e., graph connec-
tivity), wherein the absence of J removes the convergence results on consensus unless

a persistency of excitation condition is imposed.
7.5. Extensions to Networks with Directed Graph Topologies

In this section, we extend the results of Section 7.4 to adaptive consensus of

distributed observers over networks with directed graph topologies.

Theorem 7.5.1. Consider the dynamical system (7.1) with A and B unknown.
Assume that & defines a weakly connected and balanced directed graph of N agents

implementing the distributed adaptive observers given by

A

(1) = Andi(t) + (Ai(t) = An)a(t) + Bi(t)u(t) = P71 Y (@:(t) = 25(2),

Ai(t) = —TwsPe; ()™ (t) — T > (Ailt) = A1), Ay(0) = Ay, (7.43)
JEN (%)

Bi(t) = ~TniPei()u™ () = Twi S (Bi(t) = By(1)),  Bi(0) = B, (7.44)
JEN ()

where i = 1,..., N and P satisfies (7.6). Then, the solution (E(t), A(t), B(t)) of the
parameter error system is Lyapunov stable for all ( Ey, Ao, IE%O) € RV x RMVXn RN xm

and t Z 0, and hmt_,oo Li'm(t) = 0, hmt_mo Aw<t) = 0, hmt_mo Bm(t) = 0, Z,] =

1,...,N,and limy_, €;(t) =0,i=1,..., N.

Proof. Given (7.42)—(7.44) the state and parameter error dynamics satisfy

éi(t) = Ames(t) + Ai(t)a(t) + Bi(tyu(t) — P71 > ey(t),  e(0) = eq,
JENTn(0)
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t>0, (7.45)

Ailt) = —TuPe()a™(1) ~Ta S Ay(t), A(0) = Ay, (7.46)
JEN (4)
JENn(2)

for7=1,...,N. Next, consider the distributed Lyapunov function candidates given

by (7.24) and note that the derivatives of Vj(e;, A;, B;), i = 1,...,N, along the

trajectories of (7.45)—(7.47) are given by

Viles(t), Ai(t), Bi(t)) = —ef (t)Rey(t) = 2¢] (1) Y ey(t)

JENi (1)

—2tr|AT(t) Y Ay(t)| —2tr|BI(t) > By(t)| (7.48)
JENn(3) JEN(2)

Since & is balanced, deg;, (1) = deg, (), i = 1,..., N, and hence, it follows that

Yo > Ml —e®lz=)" > (ef(eilt) = 26f (t)e;(t) + €] (t)es(t))

i=1 €N (3) i=1 jEN(3)
N
= Z(degm(l) + degout(’L))e;F(t)el(t)
=1
N
=23 Y el (e(h)
i=1 jEN(?)
N N
=2} deg(i)ef (Meit) =23 D el (t)es(t)
=1 i=1 ]e-/\/in(l)
N
=2) ef(t) > et)=2> > el ()e(t)
i=1 FEN () i=1 jENn (1)
= 226 D (eilt) = ei(1)). (7.49)
JEMH( )

Next, note that since & is balanced, the following identities hold

2trZAT > (Ailt) = A1)

JEN (1)
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=>_ D> ulB) = BB - Bt (7.51)

:—Ze?(t)Rei() Z ||ei; (¢ ||2 Z Z ||AU ||F

i=1 i=1 jEN(3) i=1 jeNin(3)

<0, t>0, (7.52)

which shows that the solution (E(t), A(t),B(t)) of the parameter error system is Lya-

punov stable for all (Ey, Ay, By) € R™Y x R™*" x R"™N>™ and ¢ > (0. The remainder
of the proof now follows using identical arguments as in the proof of Theorem 7.4.1

and, hence, is omitted. O

It is important to note that an identical result to Proposition 7.4.1 also holds for

the distributed adaptive observers given by (7.42)—(7.44) with a weakly connected and
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balanced directed graph communication topology. This is immediate from Theorem
7.5.1 using the fact that the pairwise disagreement of the state and parameter errors

converge to zero.

7.6. Illustrative Numerical Example

In this section, we present a numerical example to demonstrate the utility and effi-
cacy of the proposed adaptive estimation algorithm using multiagent identifiers with
interagent communication. Specifically, we consider an aircraft dynamical system
representing the controlled longitudinal motion of a Boeing 747 airplane linearized at

an altitude of 40 kft and a velocity of 774 ft/sec given by ([10])

—0.003  0.039 0  —0.332 0.01
. —0.065 —0.319 7.74 0 —0.18
=1 002 —0101 —0420 o |TOF|_116]u®), 2(0)=0,
0 0 1 0 0
£>0, (7.53)

where z(t) = [z1(t), 72(t), 23(t), 24(t)]T, t > 0, is the system state vector with z;(t),
t > 0, representing the z-body-axis component of the velocity of the aircraft center
of mass with respect to the reference axes (in ft/sec), x5(t), ¢ > 0, representing the
z-body-axis component of the velocity of the aircraft center of mass with respect to
the reference axes (in ft/sec), x3(t), t > 0, representing the y-body-axis component of
the angular velocity of the aircraft (pitch rate) with respect to the reference axes (in
crad/sec), x4(t), t > 0, representing the pitch Euler angle of the aircraft body axes
with respect to the reference axes (in crad), and u(t), ¢t > 0, representing the elevator

input (in crad). Figure 7.1 shows the system response to a doublet input.

For our first simulation, we assume that the system matrices A and B character-
izing (7.53) are unknown and consider the system (7.53) with four agent identifiers

defined by a connected undirected graph topology implementing the distributed adap-

128



0 5 10 15 20 25 30 35 40 45 50

t (sec)

Figure 7.1. System response and doublet input for Boeing 747.

tive observers given by (7.26)—(7.28). Furthermore, we set Ay, = —1014, T'yy = Ty =
Iy, Uo = I'yg = 21y, T3 = I'yg = 414, and I'yy = I'yy = 814. Figures 7.2 and 7.3
show the system response for e;(t), t > 0, &;;(t), t > 0, A (t), t > 0, and By;(t),
t >0,i=1,...,4, which, by Theorem 7.4.1, guarantees that lim; . e;(t) = 0,

limy oo 245(¢) = 0, limy o A;5(t) = 0, and lim;_,o B;j(t) =0, i,5 = 1,...,4, without

imposing a persistency of excitation condition on the input u(t), t > 0.

Next, we consider a network of agent identifiers with a strongly connected and
balanced directed graph topology shown in Figure 7.4. The parameters used for our
simulation are identical to the ones used for the undirected graph topology case.
Figures 7.5 and 7.6 show the system response for e;(t), t > 0, ;;(t), t > 0, flij(t),
t > 0, and Bz-j(t), t > 0,7 =1,...,4, which, by Theorem 7.5.1, guarantees that

A

iy a0 €;(t) = 0, imy 00 24;(t) = 0, limy 00 A;;(£) = 0, and limy_,o By;(t) = 0.

Finally, to assess the efficacy of the proposed approach we compare our adaptive
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Figure 7.2. State error |le;(t)||2 and ||Z;;(t)||2 versus time for the proposed distributed
adaptive observers given by (7.26)—(7.28).
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Figure 7.3. Estimate differences ||A;;(t)||r and || B;j(t)|r versus time for the proposed
distributed adaptive observers given by (7.26)—(7.28).
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Figure 7.4. Interagent communication graph topology.

— =1
o 150 o
—~ -- =3
N T | KA i=4 f
e
L
— o5 i |
3
2R J
0 5 10 45 50
t (sec)
:
08 —ij=12]]
XN - =
— 05 !!—23 i
el Nt ij=34
+ 041 H
— i
- 03[ E ]
< 2
i 0.2r N i
= f
01} ¢ . i
<X AT W ST
pLev > L FEeb M e T - AT, S .
0 5 10 15 20 25 30 35 40 45 50
t (sec)

Figure 7.5. State error |le;(t)||2 and ||Z;;(t)||2 versus time for the proposed distributed
adaptive observers given by (7.42)-(7.44).
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distributed adaptive observers given by (7.42)—(7.44).

estimation multiagent network framework with the standard centralized estimator
(7.2)—(7.5). Here, we set Iy = I'y, = 1. Figure 7.7 shows the system response for e(t),
t > 0. It can be seen from this figure that the distributed adaptive estimator (Figures

7.2 and 7.5) significantly outperforms the centralized adaptive estimator.
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Figure 7.7. State error |e(t)||2 versus time for the centralized adaptive observer given by
(7.2)—(7.5).
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Chapter 8

Conclusion and Ongoing Research

8.1. Conclusion

In this dissertation, we extended the notion of dissipativity theory for continuous
dynamical systems with continuously differentiable flows to discontinuous dynamical
systems whose solutions are characterized by Filippov set-valued maps. Furthermore,
extended Kalman—Yakubovich—Popov conditions in terms of the discontinuous system
dynamics for characterizing dissipativity via generalized Clarke gradients of locally
Lipschitz continuous storage functions were developed. These results are then used to
develop feedback interconnection stability results for discontinuous systems thereby
providing a generalization of the small gain and positivity theorems to systems with

discontinuous vector fields.

In addition, sufficient conditions for gain, sector, and disk margin guarantees for
discontinuous nonlinear systems controlled by nonlinear optimal and inverse opti-
mal regulators that minimize a nonlinear-nonquadratic performance criterion were
derived. Using these results, connections between dissipativity and optimality of dis-
continuous nonlinear systems were established. These results provide a generalization
of the meaningful inverse optimal nonlinear regulator stability margins as well as the

classical linear-quadratic optimal regulator gain and phase margins to discontinuous
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nonlinear regulators.

Many systems that possess smooth control Lyapunov functions do not necessarily
admit a continuous stabilizing feedback controller, even though a stabilizing con-
tinuous feedback controller guarantees the existence of a smooth control Lyapunov
function. However, the existence of a control Lyapunov function allows for the design
of a stabilizing feedback controller that admits Filippov and Krasovskii closed-loop
system solutions. In this dissertation, we developed a constructive universal feedback
control law for discontinuous dynamical systems based on the existence of a nons-
mooth control Lyapunov function defined in the sense of generalized Clarke gradients
and set-valued Lie derivatives thereby addressing the problem of discontinuous sta-
bilization for dynamical systems with Lebesgue measurable and locally essentially
bounded vector fields characterized by differential inclusions involving Filippov set-
valued maps and admitting Filippov solutions. In the case where the system vector
field is locally Lipschitz continuous and our control Lyapunov function is assumed
to be continuously differentiable, our results specialize to the control Lyapunov func-
tion of Artstein [3] and our constructive universal controller specializes to Sontag’s

universal feedback control law [68].

By extending the classical results on dissipativity, optimality and control of sys-
tems with continuously differentiable flows to systems with discontinuous vector fields,
the results developed in this dissertation provide the tools that can be used to address
difficult problems in switched and non-smooth systems such as dynamical networks

with switching topologies and spacecraft docking applications.

Furthermore, in this dissertation, we considered a multiagent consensus problem in
which agents possess sensors with limited accuracy. In numerous large-scale network
system as well as robotics applications, agents can detect the location of the neighbor-

ing agents only approximately due to low sensor quality or detrimental environmental
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conditions. In such settings, it is desirable that the agents reach consensus approxi-
mately. We developed consensus control protocols for continuous- and discrete-time
network systems that guarantee that the agents reach an almost consensus state and
converge to a set centered at the centroid of the agents’ initial locations thereby ad-
dressing the problem of consensus when agents have limited sensor accuracy. This
set is shown to be time-varying, in the sense that only the differences between agent
positions are, in the limit, small. In addition, we presented a formulation of the prob-
lem using set-valued maps and a set-valued invariance principle. This approach can
be used to study different problems in multiagent systems such as area coverage and

pursuit evasion under limited sensor accuracy.

Finally, we considered an adaptive estimation problem using a class of multiagent
systems serving as adaptive identifiers using an undirected and directed communi-
cation graph topology. Specifically, the proposed adaptive architecture includes a
modification to the standard adaptive law for distributed adaptive observers which
penalizes the pairwise disagreement of the parameter adaptive estimates. This ar-
chitecture ensures that both the state and parameter estimates reach consensus. We
showed that there is no guarantee that the N adaptive identifiers which have the
same structure but do not share information will have their estimates converge to the
same value without a persistency of excitation condition being imposed. However, the
update laws for the parameter identifiers developed in this dissertation by including
interagent information exchange guarantee consensus of both the state and parameter

estimates, and thus, emulate a persistency of excitation condition.

8.2. Recommendations for Future Research

One of the challenges encountered in numerous engineering applications, e.g., non-

smooth impact systems, systems with shocks, switched and networked systems, is the
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discontinuous nature of the underlying dynamics. In future research, we propose to
use the framework for stability, dissipativity, and optimal control of discontinuous
dynamical systems developed in this dissertation to develop control design protocols
for dynamical networks with switching topologies involving state-dependent commu-
nication links for addressing information link failures and communication dropouts,
which can be modeled as discontinuous dynamics. Specifically, we propose to analyze

general consensus protocols for multiagent systems of the form given by
$Z(t) = Ul(t), iL',L(O) = T;0, t20, ’l:l,,N,

w;(t) = Z Gij(xi(t), z;(t)),

JENin (1)
where ¢;;(+,-), 4,7 = 1,..., N, are Lebesgue measurable and locally essentially bounded;

e.g., ¢ij(z;,x;) =sign(x; —x;), 4,5 =1,...,N.

Furthermore, we propose to investigate the application of the newly developed
theory to asteroid landing problems since the low-gravity environment exhibited by
asteroids poses several challenges due to the discontinuous nature of the impact dy-
namics during landing. In addition, spacecraft docking applications can also be stud-
ied using the newly developed framework due to the discontinuous nature of the

underlying dynamics.

Another challenge in robotics applications is dealing with inaccurate sensor data.
Specifically, for a group of mobile robots the measurement of the exact location of
the other robots relative to a particular robot is often inaccurate due to sensor un-
certainty or detrimental environmental conditions. In future research, we propose to
use the set-valued framework developed in this dissertation to develop control design
protocols for static and dynamic networks with partial directed uncertain interagent
communication. Furthermore, we propose to study pursuit evasion problems when

agent locations are uncertain using a set-valued analysis framework.
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Finally, we propose to investigate border patrolling and area coverage under sensor
uncertainties using the techniques developed in this dissertation. To elucidate this
problem, let N agents belong to a bounded, convex environment ¢ C R™ [17]. The
position of ith agent is denoted z; € Q). Furthermore, let {V3, ..., Vx} be the Voronoi
partition of @ [17], for which the agent positions are the generator points. Specifically,

fori,7=1,..., N,

Vi {peQ:lp—ailla < p — wjll2, Vi # i}

Then, for each agent i € {1,..., N}, the coverage problem under uncertain sensor
measurements consists of calculating its own Voronoi partition in a distributed sense
using only local information. This takes into account sensory function which can be
thought of as a weighting of importance over (), and knowing the location of agent j

up to an accuracy of a ball of radius r centered at the actual location of agent j.
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