Automatica 44 (2008) 2735-2744

journal homepage: www.elsevier.com/locate/automatica

Contents lists available at ScienceDirect

automatica

Automatica

Lyapunov conditions for input-to-state stability of impulsive systems”

Jodo P. Hespanha®*, Daniel Liberzon®, Andrew R. Teel?

2 University of California, Santa Barbara, CA 93106-9560, USA
b University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 26 January 2007
Received in revised form

20 December 2007

Accepted 23 March 2008
Available online 2 October 2008

Keywords:

Impulsive systems
Input-to-state stability
Nonlinear systems

This paper introduces appropriate concepts of input-to-state stability (ISS) and integral-ISS for impulsive
systems, i.e., dynamical systems that evolve according to ordinary differential equations most of the time,
but occasionally exhibit discontinuities (or impulses). We provide a set of Lyapunov-based sufficient
conditions for establishing these ISS properties. When the continuous dynamics are ISS, but the discrete
dynamics that govern the impulses are not, the impulses should not occur too frequently, which is
formalized in terms of an average dwell-time (ADT) condition. Conversely, when the impulse dynamics
are ISS, but the continuous dynamics are not, there must not be overly long intervals between impulses,
which is formalized in terms of a novel reverse ADT condition. We also investigate the cases where (i) both
the continuous and discrete dynamics are ISS, and (ii) one of these is ISS and the other only marginally
stable for the zero input, while sharing a common Lyapunov function. In the former case, we obtain a
stronger notion of ISS, for which a necessary and sufficient Lyapunov characterization is available. The use
of the tools developed herein is illustrated through examples from a Micro-Electro-Mechanical System

(MEMS) oscillator and a problem of remote estimation over a communication network.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Impulsive systems combine continuous evolution (typically
modeled by ordinary differential equations) with instantaneous
state jumps or resets (also referred to as impulses). Stability
properties of such systems have been extensively investigated
in the literature; see, e.g., Bainov and Simeonov (1989), Haddad,
Chellaboina, and Nersesov (2006) and Tao (2001).

When investigating stability of a system, it is important to
characterize the effects of external inputs. The concepts of input-
to-state stability (ISS) and integral-input-to-state stability (ilISS),
introduced by Sontag (1989, 1998), have proved useful in this
regard. Originally introduced for continuous-time systems, they
were subsequently also studied for discrete-time systems (Jiang
& Wang, 2001) and switched systems (Mancilla-Aguilar & Garcia,
2001). However, the possibility of impulses has been excluded in
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these works. ISS notions for hybrid systems appeared in Cai and
Teel (2005). While Cai and Teel (2005) allows for the existence of
impulses, in Cai and Teel (2005) signals are defined on hybrid time
domains, as opposed to the usual time defined on the real line. This
leads to a distinct notion of ISS, and some systems that are ISS in
the framework of this paper are not ISS in the framework of Cai and
Teel (2005). This issue is further discussed in Section 5.

In this paper, we study input-to-state stability properties
of impulsive systems, with external signals affecting both the
continuous dynamics and the state impulse map. These systems
are formally defined in Section 2, where we also define the notions
of ISS and iISS for such systems.

We provide a set of Lyapunov-based sufficient conditions for
establishing ISS and iISS with respect to suitable classes of impulse
time sequences (see Sections 3 and 4 for ISS, and Section 7
for iISS). It is shown that when the continuous dynamics are
ISS but the impulses are destabilizing, the impulsive system is
ISS if the impulse times do not occur too frequently, which is
formalized in terms of an average dwell-time (ADT) condition
from Hespanha and Morse (1999). Conversely, when the impulses
are stabilizing but the continuous dynamics are destabilizing,
the impulsive system is ISS if the impulse times satisfy a novel
“reverse” ADT condition, which prevents overly long intervals
between impulse times.

Section 5 considers impulsive systems for which both the
continuous dynamics and the impulses are stabilizing, and share a
common ISS-Lyapunov function. Such systems are ISS, regardless
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of how often or how seldom impulses occur. We further show that
such systems exhibit a stronger form of ISS, for which we provide
necessary and sufficient conditions in terms of the existence of
appropriate Lyapunov functions.

We also investigate impulsive systems for which the continuous
dynamics are ISS and the impulse dynamics are marginally stable
for a zero input. We show that such systems remain ISS for
arbitrarily small ADT. We also consider the dual case, which
consists of systems with ISS impulse dynamics and continuous
dynamics that are marginally stable for a zero input. These systems
remain ISS for arbitrarily large reverse ADT. Lyapunov-based
conditions that cover both cases are provided in Section 6.

The motivation to study the class of systems considered
in this paper comes from multiple sources. Impulsive systems
with external inputs arise naturally in control systems with
communication constraints, as explicitly discussed in Hespanha,
Ortega, and Vasudevan (2002), Liberzon and Hespanha (2005),
Nesic and Teel (2004) and Xu and Hespanha (2004). A special case
of one of our results (Corollary 3) was already used in Liberzon and
Hespanha (2005) to analyze stability of such a system. The results
presented here can be used to construct deterministic versions of
the results that appeared in Xu and Hespanha (2004) for stochastic
disturbances. Impulsive systems with inputs also describe the
evolution of multiple Lyapunov functions for switched systems
with inputs (even if the latter exhibit no state jumps), which in turn
arise in the analysis of switching control algorithms for uncertain
systems (Hespanha, 2004; Liberzon, 2003).

We illustrate the use of the results presented in this paper
through two examples included in Section 8. The first example
studies the effect of the collision of air molecules with a MEMS
oscillator. These collisions can be the main source of noise in
mass-sensing applications. The second example studies the effect
of a TOD protocol in the state estimation of multiple decoupled
systems that share the same communication medium to transmit
measurements to a remote location where the state estimates are
being built.

2. Basic definitions

We consider the general impulsive system with inputs

x(t) = f(x(©), w(t)),
x(t) =g (), w (1)),

where {t1, t;, t3, ...} is a strictly increasing sequence of impulse
times in (tp, co) for some initial time to; the state x(t) € R" is
absolutely continuous between impulses; w(t) € R™ is a locally
bounded, Lebesgue-measurable input; and f and g are functions
from R" x R™ to R", with f locally Lipschitz. The set of impulse
times is assumed to be either finite or infinite and unbounded.
In particular, we exclude the possibility of the t, having a finite
accumulation point, often referred to as chattering. All signals in
this paper (including the state x and the input w) are assumed to
be right-continuous, and to have left limits at all times.! In view
of this, we denote by (-)~ the left-limit operator, i.e., x (t) =
lims »; x(s). Given a sequence {t;} and a pair of times s, t satisfying
t > s > tg, we will let N(t, s) denote the number of impulse times
t, in the semi-open interval (s, t].

To introduce appropriate notions of ISS, we recall the following
standard definitions: a function « : [0, c0) — [0, 00) is of class
X, and we write « € X, when « is continuous, strictly increasing,
and @ (0) = 0. If « is also unbounded, then we say it is of class K

l’;éfk,kE{],Z,...} 1)
t=t,ke{l,2,..}

1 Right-continuity of w is being assumed just for simplicity of notation and it is
not necessary for the results to hold.

and write @ € K. A function 8 : [0, co) x [0, 00) — [0, 00) is
of class X £, and we write 8 € KL, when B(-, t) is of class X for
each fixed t > 0, and B(r, t) decreases to 0 as t — oo for each
fixedr > 0.

Suppose that a sequence {t;} is given. We say that the impulsive
system (1) is input-to-state stable (ISS) if there exist functions
B € KL and y € Koo, such that for every initial condition and
every input w, the corresponding solution to (1) exists globally and
satisfies

X(O)] < BUx(t)], t = to) + ¥ (Iwlgg.er) VE=to (2)

where || - ||; denotes the supremum norm on an interval J.

Since the above definition applies to a fixed sequence {t;} of
impulse times, the ISS property depends on the choice of the
sequence. However, it is often of interest to characterize ISS over
classes of sequences {t;}. To this end, we say that the impulsive
system (1) is uniformly ISS over a given class 4 of admissible
sequences of impulse times if the ISS property expressed by (2)
holds for every sequence in 4, with functions § and y that are
independent of the choice of the sequence.

The above ISS properties characterize robustness to inputs in
the L, sense. Another possibility is to consider “integral” variants,
in the spirit of Sontag (1998). We say that the impulsive system (1)
is integral-input-to-state stable (iISS) if there exist functions 8 €
KLand o, y € K, such that for every initial condition and every
input w, we have

t

a(jx()]) = B(x(to)], t — to) +/ y (lw(s)[)ds

to

+ > y(w @ Ytz (3)

ti€lto,t]

The notion of uniform iISS over a given class 4 of impulse time
sequences is defined in the same way as for ISS.

3. Sufficient conditions for ISS

We say that a function V : R" — R is a candidate exponential
ISS-Lyapunov function for (1) with rate coefficients c,d € R if
V is locally Lipschitz, positive definite, radially unbounded, and
satisfies

VVEX) - f(x,w) < —cV(x) + x(w]) Vxae,Vw (4a)
Vg w) <e V@ + x(lw) Vx,w (4b)

for some function? x € K. In (4a) and in equations that follow,
“Yxa.e”. should be interpreted as “for every x € R" except,
possibly, on a set of zero Lebesgue-measure in R"”. For generality,
we are assuming that V is locally Lipschitz but not necessarily
differentiable everywhere. However, from Rademacher’s Theorem
we know that the former is sufficient to guarantee that the gradient
VV(x) of V(x) is well defined, except on a set of measure zero.
For this reason we qualify the x quantifier in (4a) with “almost
everywhere”.

We do not require the rate coefficients c, d to be non-negative
and therefore V will not necessarily decrease, even when w =
0. The next result says that when these coefficients satisfy
appropriate constraints, one can still use V to show that the
impulsive system is ISS.

2 Taking the same function y in (4a)and (4b) is no loss of generality, because we
can always consider the maximum of two functions; however, it is also easy to treat
the case of two different functions, which would lead to slightly more complicated
notation but less conservative estimates for the gain function y in (2).



J.P. Hespanha et al. / Automatica 44 (2008) 2735-2744 2737

Theorem 1 (Uniform ISS). Let V be a candidate exponential ISS-
Lyapunov function for (1) with rate coefficients c, d € Rwithd # 0.3
For arbitrary constants u, > > 0, let $[u, A] denote the class of
impulse time sequences {t;} satisfying

—dN(t,s) —(c—A)(t—s)<u Vt>=s>tp. (5)

Then the system (1) is uniformly ISS over 8[u, A]. O

After proving Theorem 1, we will provide additional insight into
the somewhat mysterious condition (5). When none of the rate
coefficients ¢ and d is positive, this condition cannot hold for any
impulse time sequence because the left-hand side will necessarily
grow to oo ast — s — oo. All other combinations of signs for ¢
and d lead to interesting results. Section 4 explores the case when
one coefficient is strictly positive and the other strictly negative,
in which case we have uniform ISS for impulse sequences that
satisfy appropriate “dwell-time” conditions. Section 5 addresses
the case when both coefficients are strictly positive. In this case,
(5) always holds and the system actually exhibits a form of uniform
ISS that is stronger than the one that appears in Theorem 1. Finally,
Section 6 addresses the marginal cases when one coefficient is
strictly positive and the other one is zero.

Proof of Theorem 1. Pick constants ¢ > —1, of the same sign as
d,and § > 0, both sufficiently close to 0 so thatd > d = 115

c>CcC: jf A —m > 0. Adding (t — s) to both sides of (5)
and then dividing both sides by 1 + &, we conclude that

—dN(t,s) —C(t—s) <L —A(t —s) Vt>s>to, (6)
where it := /(14 €). We can then rewrite (4a) as
VV(x) - fx,w) < —cV(x) — (c = OV + x(w)

and conclude from Lemma 1 in the Appendix that between any
two consecutive impulses t;_1, t; the function t — V(x(t)) is
absolutely continuous and

V(x() < =TV (1) — (c — DV () + x (w(©®))),
Vt € (t_1, ty) a.e. This means that

(€ = V) = x(Iw®)]) = V(x(©) < —CVX(D) (7)

Vit € (t_1, tx) a.e. Similarly, from (4b) we conclude that at every
impulse time t;,

@ —e YWV () = x(lw (&)
= V() < eV (@) (8)

Let a := (min{c — ¢,e"¢ — e™9}))~! > 0. Because of the right-

continuity of x and w, there exists a sequence of times t; =: f, <
t; <t; <t <ty <--- suchthat we have

Vx(©) > ax(Iwlig.) YVt €Il biyr), i=0,1,... (9a)
V) <ax(lwlig.a) Ytelbt),i=1,2,.... (9b)

This sequence of times breaks the interval [ty, c0) into a
disjoint union of subintervals. Either this sequence is infinite
and all subintervals are finite, or the sequence is finite, and the
last subinterval is infinite. We now analyze these subintervals
separately.

Suppose that {; > t, so that the subinterval [to, f;) is non-
empty; otherwise, skip forward to the line below (14). Using (7)
and (9a), we conclude that between any two consecutive impulses

3 The cased = 0 is closely related to the results in Section 6.

(to, 1], we have that V(x(t)) <

tk—1,tk € —cVx()OVE €

(ty—1, ty) a.e. Therefore,
V() < e “Oh1V (x(f_1)). (10)

Moreover, in view of (8) and (9a),

V() < e VK (t). (11)
Combining (10) and (11), we conclude that

Vx(t) < e e Dy (x(g_y)). (12)

Noting that (10) is also true for k = 1, we can iterate (12) over the
N(t, tp) impulses on (tp, t] to obtain the bound

V(x(t) < e NEO—E 0y (x(1y)) (13)

Yt e (to, t1] (cf. Lakshmikagtham and Leela (1969, Theorem
1.10.2)). Here we assumed that t; < oo, otherwise the bound holds
on (tp, 00). Combining this with (6), we conclude that

V() < &0V (x(t) Vi € (fo, Bl (14)

Next we show that for t > f;, it is possible to construct an
upper bound for V (x(t)) that only depends on ||w||s, tl- On every
subinterval of the form [f;, {;) we already have (9b) If t; is not an
impulse time, then the same bound holds for t = f. If §; is an
impulse time, then (4b) gives

V@) < ae™x(lwllg z) + x (w™ (@)D

In either case, we have

Vx®) < (e +1) x(Ulwllg) V€ lh bl i1, (15)
where again the bound holds V t > {; if f; = co. Now consider any
subinterval of the form [t;, t,-pq), i > 1. Repeating the argument
usedAto establish (14), with t; in place of tg, and using (15) with
t = t;, we obtain

V() < ey (x(f))
< e (ael + 1) x(Iwlgy i) VE € G figal, i > 1. (16)

Combining this with (14)and (15) and noting that & > 0, we finally
obtain the following global bound:

V() < max{e” M0V (x(ty)),
Dy (wlle)} Ve = to. (17)

The ISS estimate (2) follows from this by standard arguments.
Namely, since V is positive definite and radially unbounded, it
satisfies a1(|x]) < V() < oy(|x]) for some oy, € Koo
Therefore, (17) implies (2) with B(r,t) = a;1(e’1‘)\‘a2(r)) and
y(r) = aj'(e"(ae!¥ + 1)x(r)). Global existence of solutions
also follows from the so-established boundedness of the state.
Uniformity is also clear, since the functions 8 and y do not depend
on the particular choice of the impulse time sequence. H

e (ael +

4. ISS with (reverse) ADT

Suppose that an impulsive system has a candidate exponential
ISS-Lyapunov function with rate coefficients ¢ and d, as in (4).
When d < 0, we must necessarily have ¢ > A > 0 for (5) to hold.
In this case, (4a) says that the continuous dynamics x = f(x, w)
are ISS with respect to w. Indeed, the existence of an ISS-Lyapunov
function V satisfying VV(x) - f(x, w) < —a(V(x)) + x (lw|) with
o, X € K is equivalent to ISS (Sontag & Wang, 1995), and taking
« to be linear is no loss of generality (Praly & Wang, 1996).
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Since d < 0, the impulses can potentially destroy ISS, and
we must require that they do not happen too frequently. Not
surprisingly, in this case the condition (5) enforces an upper bound
on the number of impulses times: for c = A it only holds when
the number of impulse times is no larger than Ny := 1 /|d| and for
¢ > X it can be re-written as

t—s
N(t,s) < T+NO Vt>s>t (18)
T

for appropriately defined constants t*, Ny > 0. This corresponds
to the concept of average dwell-time (ADT) for switched systems
introduced in Hespanha and Morse (1999). The special case Ng = 1,
reduces to a dwell-time condition in which consecutive impulses
must be separated by at least 7* units of time.

Conversely, when ¢ < 0 we must have d > 0 for (5) to hold.
In this case, the condition (4b) says that the discrete dynamics
x(k + 1) = g (x(k), w(k)) are ISS with respect to w. Indeed, the
existence of an ISS-Lyapunov function V satisfying V(g(x, w)) <
—a (VX)) + x(lw|) with @, x € K is equivalent to discrete-
time ISS (Jiang & Wang, 2001), and taking « to be linear is no loss
of generality. Since ¢ < 0, the continuous flow can potentially
destroy ISS, so we must require flows to be persistently interrupted
by impulses. In this case, the condition (5) enforces a lower bound
on the number of impulse times and it can be re-written as

t—s
N(t,s) > —— — Ny Vt>s=>t, (19)
t*

for appropriate t*, Ny > 0. This is a reverse ADT condition that
demands, on average, at least one impulse per interval of length
T*. We remark that the existence of a function V satisfying (4a)
with ¢ < 0 amounts to forward completeness of the continuous
dynamics (Angeli & Sontag, 1999, Corollary 2.11); of course, we
need the same function V to also capture ISS of the discrete
dynamics as in (4b).

Let 8,g[7*, No] denote the class of ADT impulse time sequences
which satisfy (18), and let 8, _,g[7*, No] denote the class of reverse
ADT impulse time sequences which satisfy (19). The following
result follows from the above observations:

Corollary 1 (ADT ISS). Let V be a candidate exponential ISS-
Lyapunov function for (1) with rate coefficients c, d € R.

(a) Whend < Oand c > 0, (1) is uniformly ISS over 8,,[t*, No] for
all t* > |d|/c and Ng > 0.

(b) Whend > Oand c < 0, (1) is uniformly ISS over 8, _ayg[T™*, No|
forallt* < d/|cland Ny > 0. O

Proof of Corollary 1. To prove (a), pick some 7* > |d|/c, Ny > 0
and take an arbitrary impulse time sequence in ,,¢[7*, Nol. In
view of (18), we have that N(t,s) < (c — A)(t —s)/|d| + NoVt >
s > tg, for A :=c — |d|/t* > 0, from which we conclude that (5)
holds with p := |d|Np. Uniform ISS then follows from Theorem 1.

To prove (b), pick some t* < d/|c| and take an arbitrary
impulse time sequence in 4, _,[7*, No]. In view of (19), we have
that N(t,s) > —(c — AM)(t — s)/d — NoVt > s > tg, for
A= c+d/t* > 0, from which we conclude that (5) holds with
i = d Ny. Uniform ISS then follows from Theorem 1. W

4 This follows from the implication (b) = (c) in Theorem 2, which will be stated
in Section 5.

5. ISS for arbitrary impulse time sequences

When the rate coefficients of a candidate exponential ISS-
Lyapunov function are both positive, Theorem 1 gives us uniform
ISS for arbitrary impulse time sequences, because (5) poses no
constraints on the impulse time sequences, as long as we choose
A < c. However, the system actually exhibits a stronger form of
uniform ISS.

To state this property we need the following notion: a function
B : [0, 00) x [0, 00) x [0, 00) — [0, 00) is of class K LL, and we
write 8 € KX LL, when B(-, s, -) and B(-, -, s) are of class K £ for
each fixed s > 0. We say that the impulsive system (1) is strongly
uniformly ISS if there exist functions § € XKLL and y € K such
that for every initial condition, every input w, and every sequence
of impulse times® the solution to (1) exists globally and satisfies

X(0)] < B(Ix(to)|, N(t, to), t —to) + ¥ (Iwllg.1) (20)

Vt > t,. We emphasize that this property is stronger than
uniform ISS over the set §,;, containing all monotone sequences
of impulse times that are finite or unbounded. For example, the
one-dimensional impulsive system

{k(t) =—xO)+w), t#t.ke(l,2,..}

t=t,ke{l,2,..) (21)

x(t) = =x" (1),
is uniformly ISS over 4, but not strongly uniformly ISS. This is
because (20) would imply that if we were given a finite time
interval [tp, T], a particular initial condition x(to), and the zero
input w(t) = 0Vt € [to, T], then we could make |x(T)| arbitrarily
small, by increasing the number of impulses N(T, ty) on (to, T].
However, with the zero input to (21), the norm of x(T) will be
exactly the same, regardless of how many impulses take place in
(to, T].

Remark 1. In the framework of Cai and Teel (2005), the sys-
tem (21) would not be ISS, because it accepts a solution for which
the time sequence t; is infinite but bounded, and such a solution
would not converge to zero. It turns out that strong uniform ISS is
essentially the same as ISS in the framework of Cai and Teel (2005),
as noted in the proof of Theorem 2. O

As mentioned above, when the rate coefficients of a candidate
exponential ISS-Lyapunov function are both positive, Theorem 1
gives us uniform ISS over 4, but the system is actually strongly
uniformly ISS. Moreover, the existence of such a candidate
exponential ISS-Lyapunov function is also a necessary condition
for strong uniform ISS. The following result provides a complete
characterization of this type of stability.

Theorem 2 (Strong Uniform ISS). Assume that the impulse map g in
(1) is continuous. The following three statements are equivalent:

(a) (1) is strongly uniformly ISS.
(b) There exist a locally Lipschitz, positive definite, radially un-
bounded function U : R" — Rand «, x € KXo that satisfy®

VUR) -f(x,w) < —a(Ux)) + x(w|) Vxae,Yw (22a)
Ugx,w)) < (id—a) UX) + x(w]) Vx w. (22b)

(c) There exists a candidate exponential ISS-Lyapunov function V for
(1) with positive rate coefficients. O

5 Recall that the sequence of impulse times is always strictly increasing and
either finite or infinite and unbounded.

6 Taking the same functions & and y in (22a)and (22b) is no loss of generality,
because we could always consider the minimum of the two «’a and the maximum
of the two x’s.
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From Theorem 2, we conclude that if the impulsive system is
strongly uniformly ISS [statement (a)], then both the continuous
and discrete dynamics must be ISS [as implied by statement (b)].
However, the converse is not true. In fact, one can even construct
impulsive systems for which the continuous and discrete dynamics
are both exponentially stable in isolation (without inputs), but the
combined impulsive system exhibits unbounded solutions. Such an
impulsive system is essentially given in Cai, Teel, and Goebel (2007,
Example 3.1). This does not contradict Theorem 2 because the
statement (b) also asks for the continuous and discrete dynamics
to “share” the same ISS-Lyapunov function, which is shown in
Theorem 2 to be a necessary condition for strong uniform ISS.

Proof of Theorem 2. (a) = (b) The proof of this implication
relies heavily on results from Cai and Teel (2005), from which
we borrow the notation and terminology used to define and
characterize properties of hybrid systems. We start by constructing
the following hybrid system:

z=f(z,u),

with trivial flow and jump sets C = D := R", and with the
same functions f and g as in the definition of the impulsive
system (1). Such a hybrid system satisfies Cai and Teel (2005,
Standing Assumption 1). We first show that the hybrid system (23)
is forward complete, and ISS in the sense of Cai and Teel (2005),
and then use Cai and Teel (2005, Theorem 2) to conclude that it
must have an ISS-Lyapunov function, in the sense of Cai and Teel
(2005). This ISS-Lyapunov function will turn out to satisfy (22a)
and (22b). The key technical difficulty in this argument arises from
the fact that some solutions to the hybrid system (23) do not have
direct correspondence to solutions to the impulsive system (1).
In particular, one must make sure that ISS of (1) guarantees that
even those solutions to the hybrid system (23), for which there
are multiple jumps at the same time instant or for which the set
of jump times has a finite accumulation point are well behaved.
To overcome this difficulty, we use a contradiction argument to
show that for a solution to the hybrid system (23) to misbehave, the
impulsive system (1) would have to have a (somewhat different,
but close) solution that also misbehaves. Due to space limitations,
details of this proof are omitted; they can be found in Hespanha,
Liberzon, and Teel (2007).

(b) = (c) To prove this implication, we explicitly construct
a candidate exponential ISS-Lyapunov function V from a non-
exponential one U. Let V(x) = «(U(x)), where k € Ko is
chosen to be continuously differentiable with «’ nonnegative and
nondecreasing, and

zeC, z" =gz u), zeD, (23)

k' (S)a(s) > 2k(s) Vs>0. (24)

Such a function is constructed in Praly and Wang (1996, pp. 22-23).
From (24) and (22a), we conclude that

VV ) - f(x,w) = " (UX)VUE) - f(x, w)
< =" UE)aUE) + " U)X ((wl)
<=V — ' UE)aUX)/2+ k" UE) x(w)) (25)
Vxa.e.,Vw. Whena(U(x)) < 2x(Jwl|), we have
K UE)x(wl) <« oo™ @x(lwh) x(lw)) = x(lw])
and when ¢ (U (x)) > 2x (Jw]),
—k' (UE)aU)/2+ k' UE)x(lw]) < 0.
In either case, we conclude from (25) that

VVEX) - f(x,w) < —V(x) + x(w|]) Vxae.,Vw. (26)

On the other hand, using (24), the Mean Value Theorem, and the
fact that «’ is nondecreasing, we conclude that
2k(s) < k' (S)a(s)/2 + k(s) < k(s+ a(s)/2)

=ko(id+a/2)(s) Vs=>D0.
Specializing this inequality for’ s := (id—a /2)(r),r > 0,and using
the fact that (id — «/2)(r) < (id + o /2)"'(r) V1 > 0, we further
obtain

2k 0 (id —a/2)(r) <k(r) Vr>0. (27)
From the definition of V and (22b), we conclude that
V(gx, w)) <« ((id —a)(UX) + x(lw)) (28)

Vx, w. When a(U(x)) < 2x(|lw|), we have

K ((id =) (UX) + x(wh]) =« (UX) + x(wD])
< (@ '@x(w) + x(wh) = x(w)
and when ¢ (U(x)) > 2x (Jw]),

« ((id =) (U) + x (Jwl))
<ko(id—a/2)(UX) =V(x)/2

by virtue of (27). In either case, we conclude from (28) that

Vgt w) = V60 + E(lwl) Vi w. (29)

This finishes the proof, since (26) and (29) show that V is a
candidate exponential ISS-Lyapunov function V with positive rate
coefficients.

(c) = (a) Since ¢ and d are both positive, we can pick some
A > 0 sufficiently small, so that (5) holds for every sequence of
impulse times. We now proceed as in the proof of Theorem 1 to
conclude that

V(x(t)) < e INEO—EE0)y (x(£))
+e (ae +1) x(lwllig.e) V= to.

This expression is obtained in the same way as (17), except that
now we combined the bounds (13) and (16) instead of (14) and
(16). Since both d and c are positive, the ISS estimate (20) follows
by standard arguments. M

Remark 2 (Neutral Dynamics). It should be clear from the proof
of Theorem 2 [implication (b) = (c)] that if (22b) is replaced by
U(g(x, w)) < UX)Vx, w, i.e., if the impulses are “neutral” rather
than “helpful” for ISS, then there exists a candidate exponential
ISS-Lyapunov function V with rate coefficients c = 1,d = 0
for which the x term is absent from (4b).# In this case, it is
straightforward to prove that (1) is uniformly ISS over 4§, but it
may not be strongly uniformly ISS. The example in (21) illustrates
this situation.

One can also show that when (22b) holds but the continuous
dynamics are “neutral”, - i.e., (22a) isreplaced by VV (x) -f (x, w) <
0Vxa.e., Vw - the impulsive system (1) is uniformly ISS, but only
over restricted classes of impulse sequences, for which the number
of impulses N(t, tp) in the interval (tp, t] is bounded from below by
an expression of the form N(t, ty) > n(t — to)Vt > ty, for some
function n € K.

More interesting situations arise when “neutrality” only holds
for the zero input. This case is treated more thoroughly in the next
section. O

7 The function id — «/2 must be nonnegative, otherwise we would have a
contradiction between (22b) and positive definiteness of U.

8 To check that this is so, note that we can always take c = 1asin(26). Moreover,
when U(g(x, w)) < U(x)Vx, w, the Eq. (28) holds with @ = x = 0, and therefore
the right-hand side of (28) is simply « (U(x)) = V (x), which corresponds to d = 0.



2740 J.P. Hespanha et al. / Automatica 44 (2008) 27 35-2744

6. ISS for arbitrary ADT

We have just seen in Section 5 that when the continuous and the
discrete dynamics are both ISS and share an ISS-Lyapunov function,
we have a strong notion of uniform ISS for the impulsive system.
When only one of these dynamics is ISS and the other is unstable,
the results in Section 4 tell us that some form of ADT is needed
for ISS. We now consider the “marginal” case in which one of the
dynamics is ISS and the other one is only marginally stable for the
zero input.

Consider the impulsive system (1) and assume that x = f (x, w)
is continuous-time ISS, but x(k + 1) = g (x(k), w(k)) is only
marginally stable for the zero input w(k) = O0Vk. This type of
systems occurs, e.g., in Liberzon and Hespanha (2005, Section 4)
in the context of control with limited information, or in the MEMS
device that we discuss in Section 8.1. For such systems, one should
not expect uniform ISS over &, because the discrete dynamics lack
ISS, but (4b) will typically still hold for some d < 0 and part (a)
of Corollary 1 thus provides an ISS result in terms of a minimum
ADT t* > |d|/c. However, for these systems one can often draw
stronger conclusions because d can be made arbitrarily close to
zero. Motivated by this observation, we say that the impulsive
system (1) is ISS for arbitrarily small ADT when it is uniformly ISS
over every class $a5[T*, No] of ADT impulse time sequences that
satisfy (18) with t* > 0, Ny < oo.

Alternatively, we consider an impulsive system for which x(k +
1) = g (x(k), w(k)) is discrete-time ISS, but x = f(x, w) is only
marginally stable for the zero input w(t) = 0Vt. This type of
systems occurs, e.g., in the context of networked control systems,
such as the one described in Section 8.2 or in Xu and Hespanha
(2004).° For such systems, (4a) will typically hold for some ¢ <
0 and part (b) of Corollary 1 provides an ISS result in terms of
a maximum reverse a.d.t t* = d/(—c), A > 0. However,
also here one can draw stronger conclusions because typically ¢
can be made arbitrarily close to zero. Motivated by this, we say
that the impulsive system (1) is ISS for arbitrarily large reverse
ADT when it is uniformly ISS over every class 4§, _ayg[T*, No| of
reverse ADT impulse time sequences that satisfy (19) with t* > 0,
NO < Q.

It turns out that for both cases discussed above, we need a
little more than marginal stability for the sub-system that is not
ISS, and therefore we introduce the following terminology: we
say that V : R" — R is non-expansive for the impulse map g
when V is positive definite, radially unbounded, and for every
d < 0 there exists a function x € K, for which (4b) holds. This
terminology is motivated by the observation that such a function
must necessarily satisfy V(g(x, 0)) < V(x)V x. Its existence thus
guarantees marginal stability of the discrete dynamics x(k + 1) =
g (x(k), 0) with zero input, but it actually provides more than that.
However, it is not sufficient for ISS of x(k + 1) = g (x(k), w(k)),
with respect to a nonzero input w (k).

Alternatively, we say that a locally Lipschitz function V is non-
expansive for the vector field f when V is positive definite, radially
unbounded, and for every ¢ < O there exists a function x €
Koo, for which (4a) holds. Such a function also satisfies VV (x) -
f(x,0) < 0Vxa.e. and it therefore guarantees marginal stability
of the continuous dynamics x = f(x, 0) for the zero input, but it is
not enough to guarantee ISS of X = f (x, w) with respect to w.

The following result follows from Corollary 1:

9 The analysis in Xu and Hespanha (2004) deals with stochastic disturbances w
and considers more general vector fields. A deterministic version of the framework
in Xu and Hespanha (2004) with marginally stable processes leads to the class of
systems considered here.

Corollary 2 (ISS for Arbitrary ADT). Let V be a candidate exponential
ISS-Lyapunov function for (1) with rate coefficients c, d € R.

(a) When ¢ > 0and V is non-expansive for the impulse map g, (1) is
uniformly ISS for arbitrarily small ADT.

(b) When d > 0 and V is non-expansive for the vector field f, (1) is
uniformly ISS for arbitrarily large reverse ADT. O

The remainder of this section is devoted to the question of
whether or not a given function V is non-expansive.

6.1. Non-expansiveness for impulse maps

To state the following result, we say that a function h : R" x
R™ — R" has class-X growth in w uniformly over x if

[h(x, w)| < y(lw]) Vx, w

for some function y € X, which we call the growth estimate for
h. The following result (proved in the Appendix) provides simple
conditions that can be used to establish that a candidate Lyapunov
function is non-expansive for a given impulse map.

Theorem 3 (Non-Expansiveness for Impulse Maps). Consider a
locally Lipschitz, positive definite, radially unbounded function V :
R"™ — R and an impulse map g for which V(g(x,0)) < V(X)Vx
and g(x, w) — g(x, 0) has class- KX growth in w uniformly over x.
The function V is non-expansive for the impulse map g if either of the
following conditions holds:

C1. Vis a positive-coefficient linear combination of functions that are
non-expansive for the impulse map g.

C2. V(x)/|VV (x)| is radially unbounded a.e.

C3. V is a positive-coefficient linear combination of homogeneous
functions'® with (possibly different) degrees larger than or equal
toone. O

Remark 3. Theorem 3 describes a very broad class of positive
definite functions V that are non-expansive. Indeed, C2 simply
requires that the gradient of V be dominated by V itself, and C3 says
that, e.g., any polynomial function falls in this class. One may then
wonder if in practice one will ever encounter ISS impulsive systems
with candidate exponential ISS-Lyapunov functions that do not
exhibit the non-expansiveness property. The answer is affirmative
and a simple one-dimensional example is given by

x = —sat(x), t#t,k=1,2,...
XxX=x" +sat(w™), t=t,k=1,2,...,

where sat(-) denotes the saturation function limited at =1 and
with unit slope on [—1, 1]. This system is uniformly ISS over the
class of ADT impulse time sequences that satisfy (18) for any 7* >
1 because

x| <1

x| > 1 (30)

2
V(x) = {equ—l)
is a candidate exponential ISS-Lyapunov function with rate
coefficients c = 2 and d = —2. However, it is not ISS for arbitrarily
small ADT since x can explode with bounded inputs, provided that
the impulse times are closely spaced. As expected, the function (30)
does not satisfy any of the conditions in Theorem 3. O

The next corollary covers a useful class of systems, which
includes the case of asymptotically stable linear continuous
dynamics and marginally stable linear discrete dynamics.

10 We recall that a function V : R" — Riis homogeneous of degree p if V(ix) =
MPV(X)VA >0, x € R".
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Corollary 3 (GES vs. ISS for Arbitrarily Small ADT). Impulsive systems
of the following form are always ISS for arbitrarily small ADT:

k=i +Hw), t#tk=12...
Xx=x +gx,w), t=t,k=1,2,...

wherex = f(x) is globally exponentially stable, f; is globally Lipschitz,
f2(0) = 0, and g(x, w) has class-KX growth in w uniformly over x.
O

Proof of Corollary 3 (Khalil, 2002, Theorem 4.14). guarantees the
existence of a locally Lipschitz function V satisfying a;|x|> <
V(X) < aylx?, VV(X) - fi(x) < —as|x|*, and [VV(x)| < aqlx| e,
where q; > 0,i = 1, 2, 3, 4. This implies that

VVX) - (fi(x) +H(w)) < —as|x|* + aslx| [fo(w)],

from which (4a) follows by square completion, for an appropriately
chosen rate coefficient ¢ > 0. On the other hand, since g(x, w) has
class-X growth in w uniformly over x, we must have g(x,0) =
0V x, from which we conclude that V(x + g (x, 0)) = V(x) and that
x+gkx, w) — (x+g(k,0)) = g(x, w) has class-X growth. This
allows us to use condition C2 in Theorem 3 to conclude that V is
non-expansive for the impulse map x+ g (x, w) and the result then
follows from Corollary2. =

6.2. Non-expansiveness for vector fields

The following result (proved in the Appendix), provides simple
conditions for establishing that a candidate Lyapunov function is
non-expansive for a given vector field.

Theorem 4 (Non-Expansiveness for Vector Fields). Consider a locally
Lipschitz, positive definite, radially unbounded function V : R™ — R
and a vector field f for which VV (x) - f(x,0) < 0Vxand f (x, w) —
f(x, 0) has class- K growth in w uniformly over x. The function V is
non-expansive for the vector field f, if either of the following conditions
holds:

C4. V is a positive-coefficient linear combination of functions that are
non-expansive for the vector field f.

C5. V(x)/|VV (x)| is radially unbounded a.e.

C6. V is a positive-coefficient linear combination of homogeneous
functions with (possibly different) degrees larger than or equal to
one. O

The next corollary covers a useful class of systems, which
includes the case of asymptotically stable linear discrete dynamics
and marginally stable linear continuous dynamics.

Corollary 4 (GES vs. ISS for Arbitrary Large Rev. ADT). Impulsive
systems of the following form are always ISS for arbitrarily large
reverse ADT:

x = fx, w),
x=g1(x")+g W),

t#t,k=1,2,...
t=t,k=1,2,...

where x(k + 1) = gi(x(k)) is globally exponentially stable, g, is
globally Lipschitz, g,(0) = 0, and f (x, w) has class-X growth in w
uniformly over x. O

Proof of Corollary 4. Under the assumptions of the theorem, it is
not difficult to verify that, for some sufficiently large integer k > 0,
there exists a; > 1 such that the function V (x) := Zf:o (i, x)| is
globally Lipschitz and satisfies

[X] < V() < aqlx], (31)
V(gi(x) —V(x) < —Ix]/2, (32)

where ¢ (k, xo) denotes the solution to x(k + 1) = g;(x(k)) at
time k starting at x(0) = xq. Since f(x, w) has class-X growth

in w uniformly over x, we have that f(x,0) = 0 and therefore
VV(x) - f(x,0) = 0and f(x, w) — f(x, 0) has class-X growth in
w uniformly over x. We can then use C5 in Theorem 4 to conclude
that V is non-expansive for the vector field f. Condition C5 holds
because of (31) and the fact that, since V is globally Lipschitz,
there exists a constant a, > 0 for which |[VV(x)| < a, a.e. We
now use Theorem 3 to show that V satisfies (4b) for some rate
coefficient d > 0. To this end, we consider the auxiliary impulsive
map g(X, w) = X+ Z(w)VYx € R",w € R™. Since g,(0) = 0,
we have that V(g(x,0)) = V(X)Vxand g, w) — g(x,0) =
g>(w) has class-KX growth in w uniformly over x. Since we already
established that condition C2 holds, we conclude that V is non-
expansive for the impulse map g and therefore, for everyd < 0, we
can find an appropriate ¥ € Kq, 50 that V (8(x, w)) < e~V (%) +
x (Jw])V X, w. In particular, for x = g{(x) and using (31) and (32),
we obtain

V@) +8w) < eV @)+ x(w)
e (V) = IxI/2) + X (lwl)
e™l(1=1/Qan)Veo + X (wD),

from which (4b) follows for some d > 0, provided that we choose

d < 0 sufficiently close to zero so that e‘a(l —1/(2ay)) < 1.The
result then follows from Corollary 2. =

IATA

IA

7. Sufficient conditions for integral-ISS

We now provide iISS counterparts to Theorem 1, and the
sufficient condition in Theorem 2. The first result establishes
iISS for suitably constrained impulse time sequences under the
hypotheses of Theorem 1, and the second one establishes iISS for
arbitrary impulse time sequences under hypotheses weaker than
(22a) and (22b).

Theorem 5 (Uniform ilSS). Let all hypotheses of Theorem 1 hold and
define the class of impulse time sequences $[w, A], w, A > 0 also as
in Theorem 1. Then the system (1) is uniformly iISS over $[u, A]. O
Proof of Theorem 5. From (4a) and (4b) we see that V(x(t)) is
bounded from above by the (nonnegative) solution v(t) of the
impulsive system

v =—cv+ x(w),
v=e"" + x(lw ),

t#t,k=1,2,...
t=t,k=1,2,...

with the initial condition v(ty) = V(x(t)). Let z(t) be the
(nonnegative and non-decreasing) solution to

z = x(Jwl), t#t,k=1,2,...
z=z +x(w]), t=t,k=1,2,...

with the initial condition z(t;) = 0. Define y(t) = v(t) — z(t).
Then y satisfies y(tg) = V(x(tp)) and

{j/=—cv=—cy—cz, t#ty

d t = t.

y=el —z =Yy —(1-e bz,

Arguing as in the proof of Theorem 1, with y and z playing the roles

of V and w, respectively, we can show that this impulsive system
is ISS with respect to z with linear gain:

y() = B(y(to), t — to) + yz(t) (33)

for some function 8 € KX and constant y > 0. Collecting the
above facts, we obtain

Vx(t) < v() =y() +2z(t) < ﬂ(y(to), t—to) +(y + Dz
ﬁ(V(X(to)),t—to)+f (¥ + Dx (lw(s)Dds
fo

+ > (r+ Dx(w @)

trelto,t]

from which the iISS estimate (3) follows. =
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Theorem 6 (Uniform iISS for Arbitrary Sequences). Suppose that
there exists a positive definite, radially unbounded, locally Lipschitz
function V : R" — R, a positive definite function «, and a class K
function y, satisfying

VVEX) - f(x,w) < —a(V(x)) + x(w]) Vxae,YVw
Vg w)) =V + x(lw) Vx w.

Then the system (1) is uniformly iISS over 8. O

(34a)
(34b)

Note that this theorem does not require « to be radially
unbounded. This, and the relaxation of (22b) to (34b), are the key
differences with respect to the necessary and sufficient conditions
for strong uniform ISS in Theorem 2.

Proof of Theorem 6. This is a relatively straightforward extension
of the proof of the corresponding result for continuous systems
given in Angeli, Sontag, and Wang (2000). From (34a) and (34b)
we see that V(x(t)) is bounded from above by the (nonnegative)
solution v(t) of the impulsive system

v =—a)+ x(w), t£t,k=1,2,...
vty =v () +x(w @), t=t,k=1,2,...
with the initial condition v(tp) = V (x(to)). Define z and y exactly as

in the proof of Theorem 5. Then y is continuous everywhere, non-
increasing, and we have

y=-a@) =—aly+2), ylto) = V(x(to)).

Repeating the argument used to prove Angeli et al. (2000, Lemma
IV.2) we then conclude'! that y satisfies (33) with 8 € X.£ and
y = 1, and iISS follows as before. ®

8. Examples

8.1. MEMS oscillator

The displacement y of Micro-Electro-Mechanical System
(MEMS) oscillators can be modeled by the following two-
dimensional system:

my + by + kiy + ksy® = v, (35)

where b is a damping coefficient, k1 and k3 linear and cubic stiffness
terms for the restitution force, and v a driving force. Fig. 1 shows a
schematic of such a device and typical parameters values.

For experiments in air, Brownian motion due to collisions with
air molecules is the main noise source in mass-sensing applications
(Mehta, Cherian, Hedden, & Thundat, 2001; Zhang & Turner, 2004).
The transfer of kinetic energy between an air molecule and the
oscillator due to a collision at time t; can be modeled by a state-
impulse of the following form:

yt) =y (t), ¥t =y (&) +n (&), (36)
where n~(t;) denotes the change in velocity due to a collision at
time t;. Defining

V(y,y) =y* +0.1yy + 36.5y* + 18.25 ksy*/m, (37)

we have that (4a) holds with ¢ = 1073 and x(Jv|) =
v%/2. Moreover, in view of condition C3 in Theorem 3, the
function (37) is non-expansive for the impulse map (36). We thus
conclude from Corollary 2 that the impulsive system (35) and
(36) is ISS for arbitrarily small ADT. This means that the system
remains ISS no matter how frequently the collisions occur. The
candidate Lyapunov function (37) was found numerically, using
the SOSTOOLS MATLAB toolbox (Prajna, Papachristodoulou, Seiler,
& Parrilo, 2004).

11 That lemma is stated for continuous z, but continuity of z is not actually needed
in the proof in Angeli et al. (2000).

2 |v

/n;i,‘+by+k1y+k3y3—'u

Fig. 1. MEMS device in Example 8.1. The following parameter values are consistent
with the folded spring device in Zhang et al. (2002): m = 277,b = 0.678,k; = 7.61,
and k3 = .0441 (in units of « Newtons, u meters, u seconds, and Volts).

8.2. Networked control system

Consider n one-dimensional linear systems of the form
yi=xi+uw, i€{l,2,...,n} (38)

where the v; denote input disturbances and the u; denote
measurement/quantization noise. To build a remote estimate of all
the x;, one is allowed to send one measurement at each time instant
{t1, t2, .. .}. Between the regeption of measurements the estimate
x; of x; evolves according to x; = a; X, t & {t1, t, ...} and, denoting
by i, the index of the measurement y;, that is sent at time t;, we
have

Xi(t) = {

X = aix; + by,

Vi () 1=y

& (6) i ik

The dynamics of the resulting estimation error e; := X; — X; can be
described by the following impulsive system:

éi=ae—bjv, t#t, k=1,2,... (39a)
_ M;(tk) i:ik t=t. k=1.2 39b
' {e,-uk) i # i, “ B .

We consider a TOD-like protocol (Nesic & Teel, 2004; Walsh,
Beldiman, & Bushnell, 2001) to decide which measurement to
send: i is the index corresponding to the largest absolute value
of theerror X, —y; =e — u;,ie.,

le;, — il = lef —p| Yie{l,2,....n}. (40)
Defining

n
Vi)=Y lel’ (41)

i=1
it can be shown (see Hespanha et al. (2007)) that for every constant
d € (0, log(n/n — 1)) one can find a function ¥ € K, such that

V(e(t) <e V(e () + x(In™ (®)D), (42)

where e and u are n-vectors obtained by stacking together all the
e; and p;, respectively.

We consider three possible cases: (i) When some of the systems
(38) are unstable - i.e., some a; > 0 - the function V in
(41) is a candidate exponential ISS-Lyapunov function with rate
coefficients

n
0<d<log T ¢ < —maxa; <0.
1

n p—
We then conclude from Corollary 1 that the error system (39) is
uniformly ISS over the class of reverse ADT impulse time sequences
8r—avglT*, Nol, for all Ng > 0 and

n

N 1
5 < lo (43)

maxg n—1
1

In the context of this example, this means that measurements

must be transmitted at a minimum “average” rate consistent with

(43). (ii) When all the systems (38) are stable, but not necessarily

asymptotically —i.e., all ; < 0 — we conclude from Condition C6 in
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Theorem 4 that the function V is non-expansive for the vector field
(39a). In this case, the error system (39) is ISS for arbitrarily large
reverse ADT because of Corollary 2. For this example, this means
that measurements can be transmitted at any positive “average”
rate. (iii) When all the systems (38) are asymptotically stable -
i.e,, all a; < O - the function V in (41) is a candidate exponential
ISS-Lyapunov function with positive rate coefficients. We now
conclude from Theorem 2, that the error system (39) is strongly
uniformly ISS. This means that there are no constraints posed on
the frequency of measurements.

9. Conclusions

We introduced the concepts of ISS and integral-ISS for impul-
sive systems, and provided Lyapunov-based sufficient conditions
for establishing these properties.

When both the continuous and discrete dynamics are stabiliz-
ing, the Lyapunov-based conditions proved to be necessary and
sufficient for strong uniform ISS, but it is unclear whether the
conditions derived are also tight for the other cases. Investigat-
ing this issue is a topic for future research. Another topic is the
development of numerically efficient procedures for constructing
ISS-Lyapunov functions for impulsive systems, perhaps relying on
semi-definite programming.

Appendix

Lemma 1. Consider two continuous functions f : R" x R™ — R",
o : R" xR™ — R, and a locally Lipschitz function V : R" — R, with
the property that

VVE) -f(x, w) < alx,w) YxeR'\ 2, weR" (A1)

for some zero Lebesgue-measure set 2 C R" that contains all
points at which x + V(x) is not differentiable. For every absolutely
continuous solution x [to,t1)) — R"tox = f(x,w), with
w(t) € R™ locally bounded and Lebesgue-measurable; we have that
t — V(x(t)) is absolutely continuous and

Vx(t)) < a(x(t), w(t)),

for some zero Lebesgue-measure set T C [to, t1) that contains all
points at which t — V (x(t)) is not differentiable. O

Vt e [to, f]) \ T (A2)

This result is proved in Teel and Praly (2000, Section 2). We
emphasize that (A.2) holds even when x(t), t € [to, t1) lies entirely
in a subset of £2 for which (A.1) does not hold because the gradient
VV (x) does not exist.

Proof of Theorem 3. C1. We prove this result for a linear combina-
tionV = a1Vi+ayVs, a1, @y > 0oftwo functions V;, V5 : R" — R
both non-expansive for the impulse map g and the general result
follows by induction on the number of functions. Since both V; and
V, are non-expansive, for any given d < 0 there exist functions
X1, X2 € Koo for which

Vig(x, w)) < e Vi) + xi(lwl) Vx,w, i€ (1,2}

and therefore V satisfies (4b) with x = a1 x1 + a2 x2 € Keo-
C2. For an arbitrary d < 0, consider the auxiliary function

V(2) }

s
kq(s) := min { —, |d| essinf ~————
2 lz|=s/2, VV(2)#0 |VV (2)|

(A3)
By construction, k4 is positive for s # 0, monotone nondecreasing,
and radially unbounded. The latter property is due to the
hypothesis that V(z)/|VV(z)| is radially unbounded. The above
construction does not guarantee that k; € K, because it may
not be continuous or strictly increasing. However, for simplicity we

assume that kg € Ko, because if this is not the case, we can always
replace it by a smaller function in K.

Pick arbitrary x € R", w € R™ for which v := g(x, w) — g(x, 0)
is “small” in the sense that

v = [g(x, w) — g(x,0)] < ka(lg(x, 0)]) (A4)

and define z(7) = g(x,0) + T vVt € [0, 1]. Because of (A.4) and
the fact that k4(s) < s/2Vs > 0, we have that

lz(t)| = Ig(x, 0)] — |v]
> |g(x,0)| — ka(lg(x, 0)]) = |g(x, 0)|/2

VYt € [0, 1]. On the other hand, since V is locally Lipschitz,
from Rademacher’s Theorem we conclude that V is differentiable
almost everywhere and again using (A.4), we obtain VV(z) - v <
|VV(2)|kq(lg(x, 0)|)VZ a.e. If we further restrict our attention to
points for which |z| > %2 from the definition of 4 we conclude
that

(A5)

1z| > |g(x,0)|/2= VV(Z) - v <|d|V(z) VZae. (A.6)

Since g—i = vVt € [0, 1] and z(7) satisfies (A.5), we can use (A.6)
and Lemma 1, to conclude that W < |d|V(z(t)) VT a.e., which
leads to

V(g w))

V(z(1)) < eV (z(0))

=e W (gx 0) <e V), (A7)

where we used the fact that V(g (x, 0)) < V(x).
Suppose now that we pick x € R", w € R™, for which v =
g(x, w) — g(x, 0) is “large” in the sense that it satisfies

2. 0)] < k' (Iv]) = k5 ' (Ig(x, w) — g(x, 0)])
instead of (A.4). We now have
Vg w)) =V +gk 0) <a(vl+Igk,0)])

< ao (id+ kg H(Jv]) < x(Jw), (A8)

where « is a class-K, function with the property that V(x) <
a(|x])Vx e R", x = oto(id—i—l{d_l)oy,and y is the growth estimate
of g(x, w) —g(x, 0). The existence of @ € K is guaranteed by the
fact that V is positive definite and radially unbounded. Combining
(A.7) with (A.8), we conclude that (4b) holds for every x and w, from
which C2 follows.

C3. In view of C1, it suffices to show that a homogeneous
function V of degree p > 1 is non-expansive. Suppose that we
pick an arbitrary x € R" for which VV (x) exists, and is nonzero
and define x := x/|x|. It is well known that if V is homogeneous
of degree p > 1, then its gradient VV is homogeneous of degree
p — 1 >0, from which we conclude that

V(x) IxPV(x)  |x]V(X)

VYL xP1IVVE] VYR

so V(x)/|VV(x)] = oo as |x| — oo, because |VV (x)| for |x] = 1
must remain bounded. We thus conclude that V satisfies C2, which
finishes the proof. ®

Proof of Theorem 4. C4. Similar to the proof of C1 above.
C5. For an arbitrary ¢ < 0, consider the auxiliary function

. V(z)
essinf .
lz1zs, VV(@)#0 |VV (2)]

Kc(S) == —c

As argued in the proof of Theorem 3 for the function «, defined in

(A.3), we can assume without loss of generality that k. € Koo
We start by picking arbitrary x € R", w € R™ for which VV (x)

exists and z = f(x, w) — f(x, 0) is “small” in the sense that it



2744 J.P. Hespanha et al. / Automatica 44 (2008) 27 35-2744

satisfies
lz| = [f(x, w) — f(x, 0)] < Kc(|x])- (A9)

Using the fact that VV (%) - f(x, 0) < 0, (A.9) and the definition of

K¢, we conclude that

V@) - flx,w) =VV() -f(x,0) + VV(x) - 2
SVVE) -z < [VV@)|kc(Ix]) < —c V(). (A.10)

Suppose that we now pick x € R", w € R™ for which VV (x) exists
and z := f(x, w) — f(x, 0) is “large” in the sense that it satisfies

X < k7' (z) = k(U (¢, w) = f(x, 0)]) (A11)

instead of (A.9). Since V is locally Lipschitz, there exists a function
oy € Ko and a constant k > 0 such that |[VV(x)| < k +
ar(|x])Vx a.e. (cf. Clarke (1990)). Because of this, the fact that
VV () - f(x,0) < 0,and (A.11), we now have

VVE) - f(x, w) = VV(X) - f(x,0) + VV(X) - z
VV(x) -z < klz| + aa(|x])|z]

IA

< klz| 4+ a2 0k (|2])]z] < x(Jw)) (A12)
with x (s) == ky(s) 4+ (az 0 lcg1 oy)(S)y(s) Vs > 0, where y is the
growth estimate of f (x, w) —f (x, 0). Combining (A.10) with (A.12),
we conclude that (4a) holds for almost all x and w, from which C5
follows.

C6. As in the proof of Theorem 3, one can show that C6 follows
fromC4andC5. =
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