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Lyapunov-based sufficient conditions for stability of hybrid systems with memory

Jun Liu and Andrew R. Teel

Abstract—Hybrid systems with memory are dynamical systems
exhibiting both hybrid and delay phenomena. In this note, we
study the asymptotic stability of hybrid systems with memory us-
ing generalized concepts of solutions. These generalized solutions,
motivated by studying robustness and well-posedness of such
systems, are defined on hybrid time domains and parameterized
by both continuous and discrete time. We establish Lyapunov-
based sufficient conditions for asymptotic stability using both
Lyapunov-Razumikhin functions and Lyapunov-Krasovskii func-
tionals. Examples are provided to illustrate these conditions.

Index Terms—Hybrid systems, time delay, functional inclu-
sions, generalized solutions, stability.

I. INTRODUCTION

While delay phenomena and hybrid dynamics are ubiquitous
in both nature and engineering applications, the interplay be-
tween these two is particularly pronounced in control systems,
where the use of hybrid control algorithms has increasingly
gained popularity and delays are often inevitable, e.g., in
situations where the control loop is closed over a network.

Hybrid systems with memory refer to dynamical systems
exhibiting both hybrid and delay phenomena. Such systems
have attracted considerable attention and asymptotic stability
for hybrid systems with delays has been addressed in the
past in various settings (see, e.g., [1]-[7]). All these results,
however, have been established using the classical notion
of solutions, which are typically considered to be piecewise
continuous and parameterized by the continuous time alone.
Meanwhile, generalized solutions of hybrid inclusions, defined
on hybrid time domains and parameterized by both continuous
and discrete times, have been proposed and proven effective
for the robust stability analysis of hybrid systems without
memory [8]—[10].

Recent work in [11]], [[12]] proposed a framework that allows
to study hybrid systems with delays through generalized
solutions. One of the major different ideas in [11], [12]
is to consider a phase space equipped with the graphical
convergence topology, instead of using the conventional choice
of phase space of piecewise continuous functions equipped
with uniform convergence topology. The latter is not well-
suited to handle discontinuities caused by jumps in hybrid
systems, especially when structural properties of the solutions
are concerned. By using tools from functional differential
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inclusions, basic existence and well-posedness results have
been established [[13]. As a consequence of well-posedness,
it is also proved in [13]] that KL pre-asymptotic stability is
robust for well-posed hybrid systems with memory.

The main contribution of this note is to provide Lyapunov-
based sufficient conditions for studying asymptotic stabil-
ity of hybrid systems with memory using generalized so-
lutions. We prove two sets of such conditions, one us-
ing Lyapunov-Razumikhin functions and the other using
Lyapunov-Krasovskii functionals. These results extend to the
hybrid setting the classical stability results for functional
differential equations [14] and more recent results on delay
difference equations or inclusions (e.g., [15]-[17]). They also
extend some preliminary results on this topic found in [12]].

II. PRELIMINARIES

Notation: R™ denotes the n-dimensional Euclidean space
with its norm denoted by |-|; Z denotes the set of all integers;
RZO = [0,00), RSO = (—O0,0}, ZZQ = {O, 1, 2, }, and
Z<o ={0, —1, =2, --- }. A continuous function o : R>g —
R is said to belong to class K if it is strictly increasing and
satisfies a(0) = 0. A class K function is said to belong to class
Koo if it further satisfies limgs oo a(s) = co. A continuous
function 3 : R>0 x R>o — R>¢ is said to belong to class KL
if, for each fixed s, the function r — 3(r, s) belongs to class
KC and, for each fixed r, the function s — ((r, s) is decreasing
with respect to s and satisfies 3(r,s) — 0 as s — oo.

A. Hybrid systems with memory

We start with the definition of hybrid time domains and
hybrid arcs [9]], [[18] for hybrid systems and generalize them
in order to define hybrid systems with memory. The following
definitions first appeared in [11], [[12].

Definition 1. Consider a subset £ C R x Z with F =
E20 U Ego, where Ezo = (R20 X Zzo) N E and ESO =
(R<o X Z<o) N E. The set E is called a compact hybrid
time domain with memory if E>¢ = U;-]:_Ol([tj,tj+1],j) and
Eo= Uszl([sk, Sk—1], —k + 1) for some finite sequence of
times sg < - < 851 <59 =0=tyg <t < --- <ty
It is called a hybrid time domain with memory if, for all
(T, J) S EZO and all (S, K) € RZO X ZZO’ (EZO N ([O,T} X
{07 Loy J}>)U<ES00([_57 O}X{_K7 -K+1, -, 0}))
is a compact hybrid time domain with memory. The set E<g
is called a hybrid memory domain.

Definition 2. A hybrid arc with memory consists of a hybrid
time domain with memory, denoted by dom z, and a function
z : domz — R”™ such that z(-,j) is locally absolutely
continuous on I/ = {t: (¢,7) € dom z} for each j € Z such
that I7 has nonempty interior. In particular, a hybrid arc 2 with
memory is called a hybrid memory arc if domz C R< X Z<y.



We shall simply use the term hybrid arc if we do not have
to distinguish between the above two hybrid arcs. We write
dom>o(z) := domz N (R>¢ X Zx¢) and dom <o(x) :=
domz N (R<g X Z<p).

We shall use M to denote the collection of all hybrid mem-
ory arcs. Moreover, given A € [0, 00), we denote by M* the
collection of hybrid memory arcs ¢ satisfying the following
two conditions: (1) s+k > —A—1 for all (s, k) € dom ¢; and
(2) there exists (s, k') € dom ¢ such that ' + k' < —A. The
constant A roughly captures the size of memory for a hybrid
system. The above two conditions ensure that the memory
size is at least A and at most A 4+ 1. We allow this variability
in order to capture certain graphical convergence properties
of solutions related to the well-posedness and robustness of
hybrid systems with memory (see [13] for more details).

Given a hybrid arc x, we define an operator A[A_’ g
dom >o(x) — M2 by Aﬁﬂx(s,k) = z(t + s,j + k), for
all (s, k) € dom (Af =), where (,j) € dom >o(z) and

dom (.A[%’]]CL') = {(8, k) S RSO X ZSO :

(t+s,j+k)edomz, s+k> _Ainf}’

Ajpr = inf {5 > A 3(t+s,j+k) € domz s.t. s+k = —6}.

It follows that if .A[AO‘ gL € MA | then A[%j]x € MA for any
(t,7) € dom >o(z).

Definition 3. A hybrid system with memory of size A is
defined by a 4-tuple Hj‘vt =(C,F,D,G):
o aset C C M2, called the flow set;
e a set-valued functional F : M2 = R", called the flow
map;
e aset D C M2, called the jump set,
o a set-valued functional G : M2 = R™, called the Jjump
map.

Given a hybrid memory arc ¢ € M* and g € R", we define
¢4 be a hybrid memory arc in M* satisfying ¢ (0,0) = g
and ¢ (s,k — 1) = ¢(s,k) for all (s,k) € domp. Fur-
thermore, we define G*(D) := {p,: g € G(p), ¢ € D}.
Intuitively, <p;r is the hybrid memory arc following ¢ after
taking a jump of value g; G (D) is the set of hybrid memory
arcs that can be obtained by applying the functional G on the
jump set D.

Definition 4. A hybrid arc is a solution to the hybrid system
Hxy if the initial data Af € CUD and:

(S1) for all j € Zs>o and almost all ¢ such that (¢,j) €

domzo(x),

A jr €€, it j) € FAR ), (1)

(S2) for all (t,j) € domsq(z) such that (¢,7 + 1) €
dom 20(.’1?),

AGje €D, x(t,j+1) € GAR o). @)

The solution z is called nontrivial if dom >o(x) has at least
two points. It is called complete if dom >¢(z) is unbounded.

It is called maximal if there does not exist another solution
y to ’Hf\‘,l such that domz is a proper subset of domy and
x(t,7) = y(t,j) for all (t,5) € domx. The set of all maximal
solutions to "Hﬁl starting from some initial data ¢ € M* is
denoted by Sy (¢).

We refer the readers to [[11[]-[[13]] for existence of gener-
alized solutions and well-posedness for hybrid systems with
memory. The main results of this paper are on KL pre-
asymptotic stability with respect to a closed set in R™ for
hybrid systems with memory. The definition for CL pre-
asymptotic stability is given below.

Definition 5. Let YW C R"™ be a closed set. The set W is said
to be KL pre-asymptotically stable for ’Hﬁt if there exists a
KCL function £ such that any solution z to 'Hﬁ,l satisfies

l(t, )l < BUAR gallw, t+3),  V(t,j) € dom (),

where |z|),, = infyew |y — 2| for z € R™ and |¢|w :=
SUP (s by o lo(s, k)| for ¢ € M2,
sHk>—A—

III. LYAPUNOV CONDITIONS FOR ASYMPTOTIC STABILITY

In this section, we present the main results on Lyapunov-
based sufficient conditions for the asymptotic stability of hy-
brid systems with memory. We provide two sets of conditions,
one in terms of Lyapunov-Razumikhin functions and the other
using Lyapunov—Krasovskii functionals.

A. Sufficient conditions by Lyapunov-Razumikhin functions

Razumikhin theorems [[19] have been a very useful tool
for the stability analysis of delay or functional differential
equations (see, e.g., [14, Theorem 4.2, Chapter 5]). Typical
stability criteria in a Razumikhin-type theorem involve a
positive definite Lyapunov function whose derivative along
solutions is negative definite only if the current value of the
Lyapunov function exceeds certain thresholds relative to the
past values of the Lyapunov function over a delay period.

The following result, which extends a preliminary result
found in [12]], gives a general Razumikhin-type theorem for
hybrid systems with memory.

Theorem 1. Let 1%, = (C, F, D, G) be a hybrid system with
finite memory (i.e., A < o) and let YW C R™ be a closed
set. If there exists a continuously differentiable function V :
R™ — R>g, K functions o; (i = 1,2), a positive definite
and continuous function a3 : R>¢9 — R>p, and continuous
functions p : R>g — R>p and p: R>¢ — R with p(r) > r
and p(r) < r for all r > 0 such that the following hold:

() a1(¢(0,0)y) < V(#(0,0)) < as((p(0,0)]yy) for all
peCUDUGT(D);

VV(¢(0,0)) - f < —a3(V((0,0))) for all ¢ € C such
that p(V (0(0,0))) > V() and all f € F(p);

(i) V(g) < p(V(p)) for all ¢ € D and all g € G(yp),
where V() := max .rmyewne V(0(s,k)), then W is KL pre-
stk>—A—1

(ii)

asymptotically stable for ’H,ﬁ,t.

Proof: Let x be a solution to ’Hﬁt. We first show
that V(A[%j]x) is non-increasing for (¢,j) € domuz. If



) € domz and (t,j + 1) € domz, we have
+1)) < p(V (AA ) < V(A[A j&), which implies

%) < (.A[tJ]x) f (t+ s,j) € doma for all
[[O h] for some small A > 0, we consider two cases: (a)
(t,7)) = V(AR ;@) and (0) V(a(t,7)) < V(AR ).
If (a) holds, we clalm that V(z(t + s,75)) < V(z(¢,)))
for all s € [0, h]. This claim would imply V(A[t sg)T) <

(.»4A x) for all s € [0,h]. We prove this by showing
that, for any fixed ¢ > 0, V(z(t + s,7)) < V(x(t,j)) + ¢
for all s € [0,h]. Suppose this is not the case. Then
let 5 :=inf{s € [0,h]: V(x(t+s,j)) > V(x(t,j)) +e} It
follows that V(z(t + 5,7)) = V(z(t,7)) + € and V(z(t +
$,7)) < V(x(t,j)) + € for all s € [0,5). Using continuity of
V(z(t+s,j)) with respect to s € [0, h], there exists s € [0, 3]
such that V' (z(t 4 s,7)) > V(x(t,5)) + § for all s € [s,3].

both (t, ]
V(x(t,j
V(AR
S €
Vi(z

Let
= min uU) —uyt .
7 w€lV (x(t,5))+5,V(x(t,5))+el {p(u) }
Then n > 0. At s = 5, we have
p(V(x(t+ E,j))) p(V(z(t, 7)) +¢)

(
xz(t, 7)) +e+n.

V(
It follows from the continuity of p(V (z(t+s, 7))) with respect
to s that there exists some small § > 0 such that 5—4 € [s, 5)
and

P(V((t+5,5)) 2 V(w(t,j) ++ 2
> V(.A[%Jrsﬁj]x), Vs € [5—6,3].

Condition (ii) of the theorem implies that

dVi(z(t+s,j))
dt
for almost all s € [5 — 4, 5]. It follows that V(x(t + 5,7)) <
V(z(t+5—146,7)) < V(x(t,j)) + e, which contradicts the
definition of 5. If (b) holds, it follows from the continuity
of x(t + s,7) on [0,h] that, if h is sufficiently small, then
V(A[L;‘Jr&j]a:) < V(A[ﬁ]]x) for all s € [0, h]. We have proved
that V(A[%’j]x) is non-increasing for (¢,j) € domz.
Now consider any solution z to 'Hj‘\,[. It follows from
condition (i) that

V(x(t,§)) < V(Af j7) <

< —ag(V(x(t +5,5)) <0,

V(A[o %) < 0‘2(HA[0 azlw),
3)
for all (¢,7) € dom >¢(x).

Fix any 7 > 0 and consider any solution z to Hﬁ,l with
A% gzlw < n. It follows from (3) that V (z(t, j)) < aa(n)
for all (¢,7) € dom >¢(z). We further show that for all € > 0,
there exists some 7" > 0 such that V(z(t,5)) < e for all
(t,j) € domzx with ¢ + j > T. Without loss of generality,
assume € < az(n). Define

:= min min  ag(e), s —
v {se[s az(n)] 3( ) s€le, 0¢2(77)]{ ( )}}
and
a:= min{ mln {p( ) — s}, mln {5 —p(s )}}
s€le,az( s€[e,a2(n)]

Let N be the smallest integer such that e+ Na > ao(n). Both
~ and a are positive, because € > 0, p(s) > s, and p(s) < s
for all s > 0.

We claim that there exists 77 such that V(z(t,j)) < e+
(N — 1)a for all (¢,j) € domz with ¢t + j > T;. We prove
this in two steps.

(A) First, we show that V(x(t,7)) < e+ (N — 1)a holds for
some (t,7) € domz and ¢t + j > 0.

(B) Second, we show that once V(z(t,5)) < e+ (N —1)a
for some (¢,7) € domz and ¢t + j > 0, this holds for all
(t,j) € domz beyond this instant.

Suppose (A) is not true, then we have V(z(t, 7)) > e+ (N —

1)a holds for all (¢,j) € domz and ¢+ j > 0. It follows that

for all (t,j) € domz with ¢ + j > 0, we have

p(V(x(t, ) 2 V(a(t,j)+a > e+Na > az(n) = V(A 52).

If I7:={t: (t,j) € domz} has non-empty interior, we have
from condition (ii) that

dV(xz(t, .

TECI) < oy <~ @

If both (¢,7) € domz and (t,5 + 1) € domx, we have from
condition (iii) that

V(x(t,j+1) =V (x(t, ) < p(V(Afg o) =V (x(t, 5)) < —.

&)

Combining and gives V(z(t,7)) < V(x(0,0)) —

~(t + j), which holds for all (¢,5) € domx with ¢t 4+ j > 0.

This would lead to a contradiction if ¢+ 5 is sufficiently large.

Suppose (B) is not true. Then there exists (¢, j') € domzx
such that

'+ =inf{s+k>t+j: V(z(s,k)) >e+ (N —1)a}.

We consider two cases.

If V(z(¢',5") > e+ (N —1)a, it must be that (¢',5' —1) €
domz and V(x(t',j' — 1)) < e+ (N — 1)a. This would lead
to a contradiction that

V((t', 1) < p(V(AR joay2)) < e+ (N = Da,

which holds in either case of V(A[t, -1t x) > e+ (N—-1)a
or V(.A[t,)j,fl]x) < e+ (N —1)a. Indeed, if the former holds,
then p(V(Af ;7)) S V(AR _y2) —a <e+(N—1)a
if the latter holds, then p(V(.A[A J-1%) < V(A[f, ) <
e+ (N —1a.

If V(z(t,7)) = € + (N — 1)a, it must hold that (¢’ +

,j') € domz for all s € [0,h] for some small & > 0. Since
p(V((t, 7)) 2 V(a(t', ) > V(a(t', /) +a = e+ Na >
V(A%,J.,]x), it follows from condition (ii) that %ﬁl’j/)) <
—Oég%V(J?(t/,j/))) < 0, which contradicts the definition of
(¥, 7).

Combining (A) and (B) above leads to V(A[t 4l z) < e+
(N—1a, forallt+j>Ty +A+1.

Repeating the same argument above, we can inductively
show that, for 1 < k < N, there exists 7} such that
V(A[%}j]x) <e+ (N—-k)a,forall t+j > T+ A+ 1
Taking k = N and T'=Tx + A + 1, we have established

V(x(t,j)) < V(AR o) <e, 6)



for all ¢ + j > T. Note that the choice of T" only depends on
¢ and 7). Thus, combining () and (6), we have proved that W
is KL pre-asymptotically stable for HJA\A. The existence of a
KL estimate follows from standard arguments (see, e.g., [20}
Appendix C.6]. ]

Remark 1. Theorem [I| extends to the hybrid setting the
classical stability results for functional differential equations
[14, Theorem 4.2, Chapter 5] and more recent results on
delay difference equations or inclusions (e.g., [15]-[17]]). More
specifically, the proof techniques for the evolution of solutions
by the flow map resemble that for classical stability results
for functional differential equations. The key differences here
include condition (iii), which is different from and more
general than the conditions proposed for functional difference
equations or inclusions (e.g., [15]-[17]), and arguments to deal
with the hybrid nature of the system, which allows the system
to have multiple consecutive jumps.

The following result, which first appeared in [[12f, estab-
lishes Halanay-type inequalities [21]] for hybrid systems. It
can be proved as an immediate corollary of Theorem

Corollary 1. [12] Let H3, = (C,F,D,G) be a hybrid system

with memory and let W C R™ be a closed set. If there exists

a continuously differentiable function V : R" — R>, K

functions «; (¢ = 1,2), and positive constants p > ¢ and

p < 1 such that the following hold:

M a1(9(0,0),y) < V((0,0)) < az(¢(0,0)],y) for all
peCUDUGH (D),

(i) VV(9(0,0))- f < —uV(0(0,0)) + ¢V (p) forall p € C
and f € F(p);

(i) V(g) < pV(p) forall p € D and g € G(),

where V() = max_a_1<stk<o V(p(s,k)), then W is KL

pre-asymptotically stable for H/%/(-

We use the following example (modified from Example 3.12
of [9]) to illustrate how the results established in Theorem
and Corollary [T] can be applied.

Example 1 (Sampled-data systems with delayed measure-
ments). Consider a linear sampled-data system

2= Az+ Bu

=0 , z€R" weR™, € [0,4], (7

T=1

2t =2

ut=K2 3y,

=0
where Z is the delayed measurement affected by some fixed
sampling delay » > 0 and 6 > O is the fixed sampling

period. The system corresponds to a hybrid system Hﬁ/[ =
(C,F,D,G) with

zeR™ weR™, r1e{d}, 8)

A, (0,0) + Bip,(0,0)
F() = 0 ,
1
©2(0,0)

G(@) == |Uikezeo: (—rk)cdomy} K= (=1, k)| ,
0

C:= {'L/) = (2, u,7) € M2 7(0,0) € [0’6]}a

D= {¢ = (p2,0u,7) €MD : 7(0,0) = 6},

where ¢ = (¢, 7) € M? and ¢ = (., u).

Let W := {0} x {0} x [0,4]. Since ¢ = (¢,7), ¢ =
(@2, ¢u), and 7 € [0,0], we have, by the definitions of ||,
and | - [lw (see Definition [5, that [¢(0,0)],, = |¢(0,0)| and
[llw = ligll for all ¢ = (p,7) € CUD C M-, where
ol =sup (syeame  |@(t, 5)-

—ali<i4j<o

Let z = (z,u,7) € R"™™H 2 = (2,u), and o = 7.

Consider a Lyapunov function candidate of the form V' (z) :=

e "2 Vi(x) (¢ > 0) with Vi (x) := W(exp(Af(d — z2))z1)

and W(z1) := z] Pzq, where Ay := 0 g and P is

a positive definite symmetric matrix such that H” PH — P

is negative definite with H := exp(AsJ)A,, where A, =
I 0

K 0
variable x; at sampling times and just before jumps in the

delay-free case [9]]. By this assumption, we know that there
exists p < 1 such that W(Hz) < pW (z1).

It can be easily verified that there exist positive constants c;
and ¢y such that ¢; [1(0,0)3, < V(1(0,0)) < ¢3 [15(0,0)3, .
In other words, condition (i) of Corollary [I] is verified. We
now verify condition (ii). It can be shown that VV (4(0, 0)) -
F(p) = —oV(1(0,0)), for all p € C. This is because
VVi(4(0,0)) - F(¢p) = 0. To check condition (iii), one can
verify that, for all ) € D and g € G(v),

. Note that the matrix H captures the evolution of the

V(g) < pe”V(¥(0,0)) + Mre?V(¢h) < pV (1)),

where p := pe?%+Mre?% and M is some positive constant. In
other words, if both r and ¢ are sufficiently small, then p < 1
and W is KL pre-asymptotically stable for ”H/%,l. Fig. |1| shows

some time-domain numerical simulations of H%, satisfying
the above conditions with A = E _13} , B :T:g} , K =

[4 —2], 5 =0.2, and r = 0.01.

80,

zZ

60+
40+

201

/

= /\"
220k

L L L L L L L
0.5 1 1.5 2 2.5 3 3.5 4
t (ordinary time)

=)

Fig. 1: Simulation results for Example



B. Sufficient conditions by Lyapunov—Krasovskii functionals

As in functional differential equations, Lyapunov function-
als can be used to formulate sufficient conditions for analyzing
stability of hybrid systems with memory. Given a functional
VM2 = R>o, we define the upper right-hand derivative
of V at ¢ € M* along the solutions of ’Hj‘w as follows:

) V(A[A,Lo]x) — V(A[AQO]CC)
lim sup .

h—0+ h

DtV(p):= sup

€S
x H%A(w)

The following result provides a set of such conditions, which
resemble that for hybrid systems without memory.

Theorem 2. Let ”H,J%A be a hybrid system in M% and let W C
R™ be a closed set. Suppose that F satisfies the following
local boundedness assumption: for each b > 0, there exists
some [ > 0 such that |f| < [ for all f € F(p) and all
© € M2 NC with |¢llw < b. If there exists a functional
Vi M2 — Rsg, Ko functions a; (i = 1,2), and a positive
definite and continuous function a3 : R>g — R>( such that
the following hold:

() a1(l¢(0,0)yy) < V(p) < az(llellw) for all p € CU

DUGH(D);

(i) DTV (p) < —as3(]¢(0,0)],,) for all ¢ € C;

(i) V(gf) = V(p) < - (|<p(0,0)|w) for all ¢ € D and
g€ G(v),

then W is KL pre-asymptotically stable for H 4.

Proof: Let & € Sya (p) for some ¢ € M. Pick any
(t,7) € dom>o(z) and (s, k) € dom >¢(z) such that (s, k) <
(t,7). Here (s, k) = (t,7) means s < ¢ and k < j. Let s =:
tr <tpypr <-o- <t =1 satisfy

J
domZO(x)ﬂ([Sat] a"' a]} U tzatz+l
i=k

For each ¢ € {0, - -
A[gﬂ,’I S C and
D+V(.A[9’l]$) < _a3(|$(9,i)|w)>

from condition (ii). Integrating this gives

tit1
V(A 42) — V(Ap.q0) < - / as(2(0,8)],,)d0
t

,7} and almost all 6 € [t;,¢;41], we have

i

©)
for all i € {k,---,j}. Moreover, for each i € {0,---,j}, we
have Ay, ;—1jz € D and
V(Ap,qg7) — V(Ap,i-yz) < —as(|z(ts,i — 1)), (10)
for all i € {k,---,;j}. Combining (9) and gives
V(Apjz) = V(Aps k)
J tit1 J
=30 [ anle@ilwids = Y aallatisi = D).
i=k 7t i=k+1

Since avg is positive definite, the above inequality shows that
V(Afs,;%) is non-increasing. Furthermore, letting (s, k) =
(0,0), together with condition (i), implies that

ar1(|z(t, 7)) < V(Ap,or) < V(Ap,or)

< ax([z(0,0)ly) < as(llellw). (D

Pick any ¢ > 0 and 7 > 0. Let § = a; ' o a;(¢). Then it
follows from that, if ||¢|[yw < 6, then |z(t, j)l,,, < € for
all (¢,7) € domz.

Fixed any 7 > 0 and consider any solution z to H%,
with |l¢|lw < n. It follows from the above inequality that
V(x(t,7)) < as(n) for all (¢,7) € dom x. Furthermore, from
the boundedness assumption on F, there exists a constant
L such that, for all j and almost all ¢ such that (¢,j) €
dom >¢(x), we have |&(t, )| < L. We further show that for all
g > 0, there exists some 7" > 0 such that, for all (¢, j) € domz
witht +35 > T,

Vix(t,j)) <e

Suppose that = to H, with [|Ajg oz][yw < 7 is such that
A, j1zllw > 6 for all (t,j) € dom >o(z) witht+j < T. We
can pick up a sequence of pairs (¢x, ji) € dom >o(x) such that
| (tg, ]k)\w > 6. It follows that either there exists an interval
[tk ti+ x| such that [tk7tk—|— |x{jr} € dom >¢(z) or there
exists ¢, € [tg,t, + 2] such that both (), jx) € dom >¢(z)
and (t%,jk + ) € dom >0(z) hold. In the first case, we have
(s, jk)|yy = 5 forall s € [ty,t; + = |. Consequently, from
condition (ii), we have

(12)

1)
(‘A[thrz Jk]x) (A[tka]k]x ) < a3(§> (13)
I
2

In the latter case, we have |x(t},jx)l,,, >
from condition (iii) that

and it follows

)
V(A[t;c7jk+1]‘r) — V(A[t;w]k]x) S —Q3 (5) . (14)
By taking a large L, if necessary, we can assume that 57 < 1.
Let ky be the smallest integer such that
o\ 6
012(?’]) — 013( )2L(k0 — 1) < 0.
Pick some T >  ko(A + 2). Unless we have

sup{t+j: (t,j) €dom>o(x)} < T, we can pick the
sequence of pairs (tg,jx) € domsg(x) to satisfy that
(tr + 55 dk) = (trer, Jer) and (t, 5k + 1) = (tkgr, Jes)
for all k& < ko — 1. Since V(A jjz) is non-increasing, it
follows from combining and that

o\ o
V(A[tkoyjko]x) < V(Ap,07) — 043(5) ﬁ(k’o -1)

< aua() — s () o (ko —

which is a contradiction. In view of (TT) and (12)), the rest of
the proof is similar to that for Theorem

-1) <0,

Remark 2. A special version of Lyapunov—Krasovskii the-
orem for hybrid systems with delays was proved in [22|
Proposition 1] in the context of reset control systems, where
the reset map acts only on the controller state and the emphasis
on the delay is in continuous time. Moreover, a dwell-time
condition was assumed there. Theorem [2] covers the general
case of hybrid systems with delays, where the delay can be in
both continuous and discrete time.

We use a simple example to illustrate the above theorem.



Example 2 (Time-delay systems with jumps). Consider a
hybrid system H%, = (C, F,D,G) with

F($) = [aw(ov )+ bo(-r, k(r»,]

G() = {pw(g, 0)»}

C:={¢=(p,7) € M*: 7(0,0) € [0,0]},
f{w 7)€ M?: 7(0,0) =6},

where a, b, and p are scalar constants and k(s) =
max {k: (s, k) € dome}.

Let W := {0} x [0,4]. Since ) = (p,7) and 7 € [0,4],
we have, by the definitions of |-|,,, and || - ||, (see Definition
B). that [1(0,0)],, = (0, 0)] and [l =[] for all & =
(¢, 7) € CUD C MA, where ||¢|| = sup (i) gtomp lo(t, 5)]-

It is easy to see that the generalized hybrl(ir system for-
mulation above corresponds to the delay differential equation
#(t) = ax(t) + bx(t — r) subject to the reset map x+ = px
every d unit of time, where 2T denotes the state after applying
the reset map at .

With ¢ = (p,7) € M2, let

V()= |90(0,0)|2e_”(070)+u/

-T

0

lo(s, k(s))|* ds,

where ¢ and p > 0 are constants to be determined. It is easy
to see that condition (i) in Theorem. is satisfied with a1 (s) =
~1919 and ap(s) = s2(el71® +rp). If 1 € C, it follows that

D+V<w) < 2(0,0)e=77 0 (ay(0,0) + bp(—r, k(—1)))
_ 0_@2 (07 O)e—UT(0,0)

+ 19%(0,0) — p?(—r, k(—r)). (15)
If ¢» € D, it follows that
VigH) = V() < (p—e°) [p(0,0)]? (16)

for g € G(¢). Consider two cases:

(I) a < 0 and p > 1: This corresponds to the case when the
flow dynamics are stable, whereas the jump dynamics are not.
Fix some o < 0. The inequality (I5) would imply condition
(i) if 2ae=7% —ge™ 704 p < 0 and —(2ae 70 —ge 70+ p)p >
b%e=29% hold simultaneously. Moreover, the inequality (15)
would imply condition (iii) if p < e~7%. It is easy to check
that, if |b| < a, we can choose ¢ > 0 sufficiently large such
that the above three inequalities always hold. Therefore, by
Theorem [2| W is KL pre-asymptotically stable for ’Hf/l if §
is sufficiently large.

D a > 0 and p < 1: This corresponds to the case when the
flow dynamics are unstable, whereas the jump dynamics are
stable. Suppose ¢ > 0. Similarly, the inequality (I5) would
imply condition (ii) if 2a — o + ¢ < 0 and —(2a — 0 +
@) > b% hold simultaneously. With z = 2b, we can choose
o > 2(a+|b|) such that the above inequality holds. Moreover,
the inequality would imply condition (iii) if p < e~7°.
This can be done by choosing § sufficiently small according
to a chosen value of o. Therefore, by Theorem @ Wis KL
pre-asymptotically stable for ’Hﬁ,l if 0 is sufficiently small.

IV. CONCLUSIONS

In this note, we have investigated asymptotic stability of
hybrid systems with memory via generalized solutions. While
the motivation for considering generalized solutions lies in
the needs to address robustness of asymptotic stability and
well-posedness for such systems, the focus of this note is on
asymptotic stability analysis using Lyapunov-based methods.
We have established two sets of Lyapunov-based sufficient
conditions for the asymptotic stability of hybrid systems
with memory, one based on Lyapunov—Razumikhin techniques
and the other Lyapunov—Krasovskii functionals. We have
demonstrated the effectiveness of these techniques using two
examples.
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