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Input-to-State Stability of Time-Delay Systems with
Delay-Dependent Impulses

Xinzhi Liu and Kexue Zhang

Abstract—This paper studies input-to-state stability (ISS) of
general nonlinear time-delay systems subject to delay-dependent
impulse effects. Sufficient conditions for ISS are constructed by
using the method of Lyapunov functionals. It is shown that,
when the continuous dynamics are ISS but the discrete dynamics
governing the delay-dependent impulses are not, the impulsive
system as a whole is ISS provided the destabilizing impulses do
not occur too frequently. On the contrary, when the discrete
dynamics are ISS but the continuous dynamics are not, the
delayed impulses must occur frequently enough to overcome the
destabilizing effects of the continuous dynamics so that the ISS
can be achieved for the impulsive system. Particularly, when the
discrete dynamics are ISS and the continuous dynamics are also
ISS or just stable for the zero input, the impulsive system is
ISS for arbitrary impulse time sequences. Compared with the
existing results on impulsive time-delay systems, the obtained
ISS criteria are more general in the sense that these results
are applicable to systems with delay dependent impulses while
the existing ones are not. Moreover, when consider time-delay
systems with delay-free impulses, our result for systems with
unstable continuous dynamics and stabilizing impulses is less
conservative than the existing ones, as a weaker condition on the
upper bound of impulsive intervals is obtained. To demonstrate
the theoretical results, we provide two examples with numerical
simulations, in which distributed delays and discrete delays in
the impulses are considered respectively.

Index Terms—Impulsive systems, time-delay systems, input-to-
state stability, delay-dependent impulses.

I. INTRODUCTION

MPULSIVE system is a dynamical system (modeled by

impulsive differential equations) that combines continuous-
time evolution and abrupt state changes or resets at a sequence
of times. Due to their wide applications in consensus of multi-
agent systems [1], synchronization of dynamical networks and
applications to secure communication [2], infection disease
control [3], spacecraft maneuvers [4], etc., extensive studies
have been done on stability analysis and control problems of
impulsive systems (see, e.g., [S]-[8]). Since time-delay is
unavoidable in sampling, processing, and transmission of the
impulse information in the system, recent years have witnessed
a rapid progress in stability analysis and control of dynamical
systems with delay-dependent impulses (see, e.g., [9]-[12]).

The notion of input-to-state stability (ISS), introduced in
[13], has been proved very useful in stability analysis and
control of dynamical systems. This notion characterize the
effects of external inputs to the stability of control systems.
The ISS properties have been investigated for various types of
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control systems (see, e.g., [14]-[22]). In terms of dynamical
systems with impulse effects, the ISS notion is extended to
impulsive systems (without time-delay) in [23], and then to
impulsive systems with time-delay in the continuous time
dynamics in [24]. More recently, the work of [25] generalizes
the ISS notion to impulsive time-delay systems with switch-
ings, and sufficient conditions for ISS are obtained using the
method of Lyapunov functionals. In [12], the effect of delayed
impulses on the ISS property of nonlinear delay-free systems
is studied by the Lyapunov method. Up to now, numerous
researchers have investigated the ISS properties of impulsive
systems with time-delay (see, e.g., [12], [23]-[30]). However,
to our best knowledge, time-delay in only considered in either
the continuous dynamics of impulsive systems or just the
impulses in the existing literature, and very few ISS results has
been reported for systems with time-delay effects in both the
continuous dynamics and the impulses. Due to the ubiquity
of time-delay, examples of such systems can be easily found
in impulsive stabilization of neural networks [10], impulsive
consensus of networked multi-agent systems [31], impulsive
master-slave synchronization [32], etc.

Motivated by the above discussion, we focus on nonlin-
ear time-delay systems with delay-dependent impulses. The
objective of this paper is to construct ISS criteria for such
systems using the method of Lyapunov functionals. Compared
with the existing results, especially the representative results
in [12], [23]-[26], the main contribution is that our ISS results
are constructed for nonlinear systems with time-delay effects
in both the continuous dynamics and the impulses, while
the results in [23]-[26] cannot be applied to systems with
delay-dependent impulses and the ISS results in [12], [23] is
not applicable to impulsive systems with time-delay in the
continuous evolution. Furthermore, our ISS result for systems
with unstable continuous dynamics and ISS impulses is less
conservative than the ones in [25], [26] in the sense that our
result can be applied to systems with a larger class of impulse
time sequences.

The rest of the paper is organized as follows. Section
Il gives the basic notation and definitions, and formulate
a general nonlinear impulsive systems with time-delay and
external input. Sufficient conditions for ISS of the impulsive
time-delay systems are constructed in Section III by using the
method of Lyapunov functionals. Two numerical examples are
provided in Section IV to demonstrate the main results. The
paper is concluded by Section IV, where some future research
directions are pointed out.



II. PRELIMINARIES

Let N denote the set of positive integers, R the set of
real numbers, Rt the set of nonnegative reals, and R™ the
n-dimensional real space equipped with the Euclidean norm
denoted by ||-||. For a,b € R with b > a, denote PC(]a, b], R™)
the set of piecewise right continuous functions ¢ : [a,b] —
R™, and PC([a, c0), R™) the set of functions ¢ : [a,00) — R™
satisfying ¢|(q.5) € PC([a, b], R™) for all b > a, where @], )
is a restriction of ¢ on interval [a,b]. Given r > 0, the linear
space PC([—r,0],R™) is equipped with a norm defined by
lellr = supse(—rq l(s)l| for ¢ € PC([-r,0],R"). For
simplicity, we use PC to represent PC([—r,0],R™). Given
x € PC(|-r,00),R™) and for each t € RT, we define
x¢ € PC as z4(s) = x(t + s) for s € [—r,0].

Consider the following nonlinear time-delay impulsive sys-
tem:

i(t) = f(t, 24, w(t)),
Az(t) = Ig(t,xe— ,w(t™)),

)

where z(t) € R™ is the system state; w € PC([tg, 00), R™)
is the input function; ¢ € PC is the initial function; f, I :
RT x PC x R™ — R™ satisfy f(¢,0,0) = I(¢,0,0) = 0
for all k € N; {t1,0,t3,...} is a strictly increasing sequence
such that ¢, — oo as t — oo; Ax(t) := z(t1) — x(t~) where
z(tt) = limy_ 4+ z(s) and z(¢t7) = lim,_,;— x(s) (similarly,
w(t™) = lim,_,,— w(s)); z,— is defined as z,— (s) = z(t + )
if s € [-r,0) and x4-(s) = z(t7) if s = 0. Given w €
PC([tg,00), R™), define g(t,¢) = f(t, ¢, w(t)) and assume
g satisfies all the necessary conditions in [33] so that, for any
initial condition ¢ € PC, system (1) has a unique solution
x(t,to, ) that exists in a maximal interval [to — 7, to + ),
where 0 < 8 < .

Before giving the formal ISS definition for system (1),
we introduce the following function classes. A continuous
function o : RT — R is said to be of class K and we
write @ € K, if « is strictly increasing and «(0) = 0. If
« also unbounded, we say that « is of class K, and we write
o € Koo. A function 3 : RT x Rt — R is said to be of class
KL and we write 8 € KL, if 3(-,t) € K for each ¢ € Rt and
B(s,t) decreases to 0 as t — oo for each s € R*. Now we
are in the position to state the ISS definition for system (1).

t#t, keN

t=tr, keEN (D)

Definition 1. System (1) is said to be uniformly input-to-
state  stable (ISS) over a certain class ¢ of admissible
impulse time sequences, if there exist functions 5 € KL and
v € Koo, independent of the choice of the sequences in !,
such that, for each initial condition ¢ € PC and input function
w € PC([tg, 0), R™), the corresponding solution to (1) exists
globally and satisfies

()] < ﬂ(llsollmtto)ﬂ( sup IIw(S)I), for all £ > to.

s€Eto,t]

To study the ISS properties of system (1), we next intro-
duce two function classes related to the Lyapunov functional
candidates. A function v : RT x R” — R* is said to be of
class v and we write v € vy, if, for each z € PC(RT,R"),
the composite function ¢ — v(t, z(t)) is also in PC(RT,R")

and can be discontinuous at some ¢’ € R only when ¢ is a
discontinuity point of x. A functional v : RT x PC — R" is
said to be of class v and we write v € vy, if, for each function
x € PC([—r,00),R™), the composite function ¢ — v(t, x)
is continuous in ¢ for all ¢ > 0. To analyze the continuous
dynamics of system (1), we introduce the upper right-hand
derivative of the Lyapunov functional candidate V' (¢, ;) with
respect to system (1):

1
D+V(t, ¢) = lim Sup — [V(t + hv xt—i—ll(t? (rb)) - V(tv ¢)]a
h—0t h
where z(t, ¢) is a solution to (1) satisfying x; = ¢. , that is,
x(s) := z(t,¢)(s) is a solution to the initial value problem:
i(s) = f(s, x5, w(s))

Lsg =¥
h is a small enough positive number such that no impulse time

lies in the interval (¢,t + h).

for s € [t,t+h) and so = ¢, where

III. SUFFICIENT CONDITIONS FOR ISS

In this section, we establish several ISS results for system
(1) over the following three types of impulse time sequences,
respectively: (i) £ine(9), the class of impulse time sequences
satisfying infren{ty — tx—1} > 0; (ii) fsup(d), the class of
impulse time sequences satisfying sup,en{ts—te—1} < 9; (iii)
£.11, the set containing all the possible impulse time sequences.
We first introduce two results for ISS of system (1) with stable
continuous dynamics and unstable discrete dynamics.

Theorem 1. Assume that there exist Vi € vy, Vo € 1,
Sfunctions aq,ag,a3,x € Ko and constants > 0, p1 > 1
and py > 0, such that, for all t € RT, z € R™, y € R™ and
¢ € PC,

i aullle]) < Vilt,o) < az(fal) and 0 < Vi(t,¢) <
as(l|oll);
DV (t, ¢) < —uV(t, ¢) + x([w(?)
Vl (t7 ¢(0)) + ‘/Z(tv d))’
Vl(t7¢(0) + Ik(tv(bv y)) <
P2 SupsE[—r,O]{Vl (t_ + s, (b(S))} + X(Hy
Inp < pd where p := p1 + pae!”.

(ii)

), where V (t, )

(iii) pVi(t™, ¢(0)) +

)s

(iv)
Then system (1) is uniformly ISS over £y ().

Proof. Condition (iv) implies that there exists a small enough
constant A > 0 so that In p < (1 — \)d. Then we can choose a
large enough constant ¢ > 0 such that cpe™"° + p/u < ¢ and
—p+1/c+ X < 0. Let z be a solution of (1), and set v4(¢) :=
Vi(t, z(t)), va(t) := Va(t, x¢), and v(t) := vy (t) + v2(t). By
mathematical induction, we shall prove that

v()N ) <a(|lpll,) + ek (1)

+ Y AT ()],

to<tp <t

where a(llglly) = ax(lp(O)) + as(lply) and x(t) =
X(SUPgeity, [lw(s)|]). For convenience, denote the RHS of (2)
as u(t).

For k > 1, condition (ii) on [tg,t,,1) implies eftv(t) —
eFtey(ty) < fttk e!*x(Jlw(s)||)ds, which gives

2)

o(t) < =Ryt + %X(t), 3)



for t € [tg,try1) and k € Z*. For ¢ € [to,t1), multiplying
both sides of (3) with e*(*~%) and using condition (i) and the
fact that 1/u < ¢, we conclude that v(t)e**—t) < a(||¢||) +
ce*Mt=10) y(t) which shows that (2) holds for ¢ € [to, ;).

Now suppose that (2) holds for ¢ € [to, t,,) where m > 1.
We shall prove (2) is true on [t;,, tm+1). To do this, we firstly
conduct the following estimation:

po(ty,)ertm o)
<pe 5N ltm=tm 1) o (o]
+ epe-in—tn) ¢ E}ex(t,,ﬁto)g(t;)
o

Yo AT

to<tp<tm-1

+ pe (=)t 1)

<u(t). “)

For the first inequality of (4), we used (3) and then (2). For the
second inequality of (4), we used the facts that t,,, —t,,,_1 > 6,
pe~ (=23 < 1 and cpe " 4 p/p < c. Next, we will show
that (2) is true for t = t,,. We start with making the claim
that for s € [—r, 0], we have

pv(t,, + s)e’\(t”‘+s_t0) < e(“_/\)ru(t,_n). 5)

Without loss of generality, suppose ¢, + s > to for all s €
[—r,0], then, for a given s € [—r,0], there exists an integer j
(0 < j <m—1) such that t,, + s € [tj,t;41) and

pu(t, + 5)eNtm ot

Spe—(u—)\)(tm-‘rs—tj)u(tj) + BGA(tm-‘rs—to)X(t;l + s)

1
<=M pe= (=Nt =ty (1) 4 ge/\(tmﬂ—to)x(t; +s)
Se(“_A)Tu(t;), (6)

which implies (5) is true for all s € [—r,0]. Combining this
with condition (iii) and the fact that p; > 1, we conclude that

U(tm)ek(tm_tO)

<lproi(ty) +p2 sup {wvi(ty, +s)} + x([lw(t,)])

—r<s<0
+ ua(t )N
<[prv(t;,) + p2 Sgp@{v(t?n + )} + x(Jw(t;,)I)]

% e)\(tmftg)

§p1v(t;)e>\(tm—to)+p2e>\r sup {U(t;—ks)e)‘(tm"_s_to)}
—r<s<0

+ X)) En =)
p1 + p2et” _ _
<P (i) + () e

=u(tm), )

which implies (2) holds for ¢ = ¢,,. We now show that (2)
is true on (t,,tmn+1) by contradiction. Suppose that there
exists a t € (ty,tmy1) such that v(t)ert=%) > (t), and
then define t* = inf{t € (ty,tmi1) | v()erE0) > w(t)}.
Combining (7) and the continuities of v(¢) and w(t) on
(tm,tm+1), we conclude that v(t*)ert" —t0) = 4 (¢*), which,
by the definition of w(t), implies v(t*) > cx(t*). In view of

this, condition (ii) and the fact that —p + % + A <0, it follows
that

D+[v(t*)e’\(t*_t°)]
<[=pv(t) + x(lw(t)]]) + Ao (t)]er )

<(—p+ % + Mot ) < g, (8)
which means v(t)e*(*=%) is strictly decreasing at ¢ = ¢*. This
contradicts how ¢* is defined. Hence, (2) holds on (¢,,, ty+1)-
By induction, we conclude that (2) is true for all ¢ > t.
The ISS estimation can be conducted from (2) by standard
arguments. The details are the same as that in [25] and thus
omitted. Boundedness of the solution to (1) follows from this
estimate, which then implies the solution’s global existence
(see [33)). O

Remark 1. Compared with Theorem 3.1 in [25] for system
(1), the main difference is that the time-delay is considered in
the impulses in our result. To be more specific, at the impulse
time t = ty, state x(t, ) depends on x,— which characterizes
the states at some history moments. T]izerefore, in condition
(iii) of Theorem 1, the impulse effects on V1, are described by
a delay-independent part and a delay-dependent part which
are associated with parameters p1 and po, respectively. It
is worth noting that p1 > 1 implies the delay-independent
impulse part destabilizes the system. On the other hand,
if the state jumps are independent of the time-delay (e.g.,
Az(ty) = In(te, x(ty ), w(ty))), then Vi depends only on
state x(t, ) (that is, Vi is independent of the delayed states,
which implies ps = 0) and Theorem 1 reduces to Theorem 3.1
in [25] for system (1).

The second result is concerned with system (1) in the case
when the impulses are potentially destabilizing but the delay-
independent impulse parts are stabilizing (i.e., p1 < 1).

Theorem 2. Assume that there exist Vi € vy, Vo € vy,
Sfunctions a1,a0,a3,x € Ko and constants p > 0, 1 >
p1 > 0 and py > 0, such that, for all t € RT, x € R",
y € R™ and ¢ € PC, conditions (i), (ii) and (iii) of
Theorem 1 are satisfied, and there exists a positive constant
K such that Va(t, ¢) < ksupgei_rqiVi(t + s,6(s))}. If we
further assume that condition (iv) of Theorem 1 holds with
p:=p1+[p2+ (1 —p1)kle’ and pr + p2 + (1 — p1)k > 1,
then system (1) is uniformly ISS over i (9).

Proof. The proof is essentially identical to that of Theorem 1.
The main difference is to replaced the following estimate of

v(ty) in (7):

U(tm)

<prvi(ty,) +p2 sup {vi(ty, + )} + x([lw(t,)l)

—r<s<0
+ (p1+ 1 = p1)va(t,,)

<p1v(t,,) + [p2 + (1 —p1)s] sup {v(t,, +s)}

—r<s<0

+x(wt)I)-



We next introduce an ISS result for system (1) for the case
when the impulses are stabilizing but the continuous dynamics
can be unstable.

Theorem 3. Assume that there exist Vi € vy, Vo € vy,
Sfunctions a1, a0,a3,x € Ko and constants p > 0, K > 0,
1> p1 >0 and ps > 0, such that, for all t € R*, z € R™,
and ¢ € PC,
(i) ar(llz]]) < Vit,z) < as([lz]]) and 0 < Va(t, ¢)
az([loll-);

IN

(i) DTV(t,0) < pV(t,d) + x(lw(t)ll), where V(t,¢) =
Wi (t7 ¢(O)) + V2(t7 ¢)’

(111) Vl(t7¢(0) + Ik(ta(rbvw(ti))) < plvl( ’ ( )) +
p)QHS)upse[fr,O]{Vl(ti"_&¢(s))}+X(Supse —pop lw(@+
)|

(iv) Va(t,¢) < ksupei_r g {Vi(t +s,0(s))}

V) Infp1 4+ p2 + (1 — p1)K] < —ud.

Then system (1) is uniformly ISS over g, ().

Proof. We conclude from condition (v) that there exists a
small enough constant A > 0 so that In(p; + [p2 + (1 —
p1)k]e?) < —(u+X)o. Denote p := p1+[p2+ (1 p1)x]e
then we have pe*t2% < 1, which implies pe”® < 1. This
further implies that there exists a large enough constant ¢ > 0
such that cpetd + e/ < c. Let M := e(*+2) and we shall
show that

()1 <Ma((ell) + ce k(1)
MY AT,

to<tp <t

9

where « and Y are the same as in the proof of Theorem 1,
and X(t),) := X(Supse_rq) lw(ty + s)[). For convenience,
let u(t) represent the RHS of (9). Similar to the estimate of
(3), we conclude from condition (ii) that

erd
v(t) < e TTu(ty) + —x(8), (10)
1
for t € [t,tr+1) and k > 1. Then, on [tg,t1), we have
v(t)eMt*t")
ehd
ge(w/\)(t—to)v(to) + 7ek(t—to)>—<(t)
1
<Ma(||gll) + ce* Ty (8), (11)

which means (9) holds on [tg,t1). Here, we used (10) in the
first inequality of (11) and the fact that eHd /i < ¢ in the
second inequality. Now suppose (9) is true for ¢t € [to, )
with m > 1. We shall prove that (9) holds on [t,,, m+1) To
do this, we start with proving that (9) is true for t = ¢,,

V()0

<{pro(t;,) + [p2 + (1 = p1)K] sup ]{vl(t?n +3)}
s€[—r,0
+ X (1) pe )
<pru(ty,) + et y(t)

+[p2 + (1= p1)kle™ sup {v(t;, + s)eMtnmts—to)}
s€[—r,0]

<pu(ty,) +emTx(t,)

<u(tm)- (12)

Here, we used conditions (iii) and (iv) in the first inequality
of (12), and (9) with the fact that u(t,, + s) < u(t;,) for
all s € [-r,0] in the estimate of the third inequality. For
t € (tym, tm+1), we conclude from (10) and the third inequality
of (12) that

U(t)e)‘(t_t())

Spe(ﬂ‘*‘)‘)(t_tm)u(t;l) +e(;rf‘)\)(t—tm)e)\(tm—tO)X(Hw(

tm)l)

né
+ Sttt (13)
u
In view of (9), we then get from (13) that
U(t)e)‘(tft")
p,é
<pet N Malg) + (epe + <)X Ix(0)
I
+ eI N ARl (t))
to<tr<tm
+ NI DA ) g ([l (,)))
<u(t), (14)

i.e., (9) hold on (ty,, t;m+1). By the method of induction, we
conclude that (9) is true for all ¢t > t4. The ISS estimate from
(9) is similar to that in the proof of Theorem 1, and global
existence of the solution to (1) follows from this estimate. [

Remark 2. Theorem 3 provides sufficient conditions for ISS
of system (1) with delay-dependent impulses. However, ISS
analysis of this type of systems cannot be conducted based
on the existing results in [24]-[26] due to the existence of
time-delay in the impulses. Furthermore, for system (1) with
delay-free impulses, our result with ps = 0 is less conservative
in the sense that the upper bound of § is required to be smaller

tlhan %hﬂ(m), while Theorem 1 in [26] requires § <

i ()

Remark 3. Compared with Condition (iii) of Theorem 1,
Condition (iii) of Theorem 3 is a weaker requirement on
the Lyapunov function at each impulse moment. Therefore,
the conclusion of Theorem 3 still holds if we replace this
condition with condition (iii) of Theorem 1, that is, replace
X(Supge(—y,op lw(E™ +3)[]) with x([[w(t™)|)) in the condition.
However, Theorem 3 is more applicable to systems in the
form of (1) with impulses only depending on states at history
moments rather than the states at the impulse times. This issue
will be demonstrated with Example 2. Though the discussion
in this remark is also applicable to Theorem 1, condition (iii)
of Theorem 3 is not necessary for Theorem 1 (see Example 1
for illustration).

Remark 4. Specify the class K, functions in condition (i)
of the above theorem: ay(t) = witP, as(t) = wot?, and
as(t) = wstP with positive constants wiy, we, ws, and p,
then condition (iv) of Theorem 3 holds with k = 72. If
we further assume that there is no external input to system
(1) (ie, w(t) = 0), then Theorem 3 serves as an global
exponential stability result for system (1) with zero input and
can be applied to study the delay-dependent impulsive control
problems of time-delay systems (see Example 2 in Section 1V



for demonstrations). Our requirement on the upper bound of
0 in condition (v) of Theorem 3 is less conservative than the
one of § < %Lln( ) in Theorem 3.1 of [10].

Pl+/1Jz+K

The last ISS result is for system (1) with both stable
continuous and discrete dynamics, which shows that system
(1) is ISS for arbitrary impulse sequences.

Theorem 4. Assume that there exist Vi € vy, Vo € vy,
Sfunctions a1, a9, a3, x € Ko and constants > 0, k > 0,
1 > p1 > 0 and ps > 0, such that, for all t € RT,
x €R™ y € R™ and ¢ € PC, conditions (i), (ii) and (iii) of
Theorem 1 and condition (iv) of Theorem 3 are satisfied and
p1+ p2+ (1 — p1)k < 1. Then system (1) is uniformly 1SS
over Ly.

Proof. First, we consider the scenario of u > 0. Since p; +
p2 < 1, there exists a small enough constant A > 0 such that
p1+ [p2 + (1 — p1)kle* < 1 and A < p. Then we can pick
a large enough constant ¢ > 0 such that —p + 1/c+ A < 0.
By mathematical induction, we will prove (2) holds for all
t > to. Similar to the proof of Theorem 1, we can show that
(2) is true on [tg, t1). Then, suppose (2) holds on [tg, t,,,) with
m > 1. We will show (2) is true for ¢ € [ty, tm+1). When
t = t,,, we can revise the estimate in (7) as what we did in
(12) with x(t,,) replaced with x(||w(¢;,)||). Identical to the
discussion in the proof of Theorem 1, we can show (7) is true
for t € (tm, tm+1) by contradiction. The rest of the proof are
essentially the same as that of Theorem 1 and thus omitted.

If © = 0, then condition (ii) of Theorem 3 is true, i.e.,
DtV (t,¢) < eV (t,$) + x([lw(t)]|) for any € > 0. We can
conclude from Theorem 3 that system (1) is uniformly ISS
over gp(8) with

In[p1 + p2 + (1 — p1)K]
—&

0 <

Let ¢ — 0 in the above inequality and we can see that system
(1) is uniformly ISS over £. O

Remark 5. In the above theorems, Lyapunov candidate V
comprises a function Vi and a functional V5. Since Vs is
indifferent to the impulses, it is necessary to incorporate the
function V into the Lyapunov candidate to capture the impulse
effects on it. Condition (iii) of Theorem 1 (or Theorem 3)
characterizes the effects of the state jumps on V1. If p1 < 1,
then condition (iv) in Theorem 3 is necessary to quantify
the growth or decay of the Lyapunov candidate V at each
impulse moment. Condition (ii) of Theorem 1 (or Theorem 3)
describes the unstable (or stable) continuous-time dynamics.
Condition (iv) of Theorem 1 (or condition (v) of Theorem
3) balances the continuous-time dynamics and the impulse
effects to guarantee the convergence of V in the ISS sense,
and then the convergence of the state x can be derived by
using the positive definite and decrescent properties of Vi
and Vs in condition (i). It is worth mentioning that system
(1) is in the general form of nonlinear impulsive time-delay
systems and it has been studied in [24]-[27] for the ISS
properties. However, the results in [24]-[26] are generally
applicable to systems with delay-independent impulses (e.g.,
Ax(ty) = I(tg, x(t, ), w(ty)) for k € N). The reason is that

the condition V1 (t,¢(0) + I (t, ¢, w(t™))) < prVa(t—, ¢(0))
in [24]-[26] actually is only verifiable for non-delayed im-
pulses. The Lyapunov-Krasovskii-type result obtained in [27]
requires an explicit relationship between V (ti,) and V (t,)
which is difficult to quantify. Because the impulses can only
affect the function part Vi not the functional part V. We
overcome this difficulty by analyzing the impulse effects on
the function part and requiring certain comparison between
V1 and V5 when it is necessary, so that the impulse effects on
the whole Lyapunov candidate can be obtained.

IV. EXAMPLES

In this section, we present two examples with numerical
simulations. To demonstrate the advantage of Theorem 1
over the existing results for time-delay systems with delay-
independent impulse effects, the first example is slighted
adopted from [24], [25] with distributed time-delay considered
in the impulses.

Example 1. Consider the following time-delay system with
distributed-delay dependent impulses:

x(t) = —sat(x(t)) + asat(z(t — 7)) + bsat(w(t)), t # tg,
(152)

1

t
= fsat(/ x(s)ds) + isat(w(t_)), t =tg, (15b)
t—T1

Ax(t) 1

where a = 0.2, b = 0.1, 7 = 1, and sat(z) is the saturation
function defined as sat(z) = 3(|z + 1| — |z — 1).

To study the ISS property of system (15), we choose
Lyapunov functional V' (¢, ¢) = Vi (t, $(0)) + Va(t, ¢) with

a?, |z < 1,
Vl(tvx) = { 62(\1\—1)’ ‘.73| > 1,

0
Va(t, 4) = |af / sat?(6(s))

where ¢ > 0. Clearly, condition (i) of Theorem 1 holds.
Similar to the discussion in ]zixample 4.1 of [25], we have
DV (t,¢) < —pV(t, ¢) + Uw?(t) with g = min{2 — (e +
2)|a| — 21b], ﬁ} Therefore, condition (i) of Theorem 1
is satisfied. Next, we verify condition (iii) of Theorem 1 at
each impulse time. To to this, we consider the following two
scenarios:

If |z(ty) < 1, then Vi(t,x(ty)) = 2%(tx) <
302ty ) + sat?( ft z(s)ds) + tssat?(w(t; ). Further-
more, if |z(t;)| < 1 then 22(ty) = Vilty,z(ty)); if
lz(t;)] > 1, then 2%(t;) < e2IeEII=D = Vi(t,, 2(t;)).
Thus, z2(t;,) < Vi(t;,z(t;)), and similarly, we can obtain

22 (t; +s) < Vilty + s m(t + s)) for any s € [—7,0],

e+ 1+ )ds

which then implies sat( ft z(s)ds) < ( ::_T z(s)ds)?
¢ -
T t: T ( )ds < T SUPge 77,0]{‘/1(tk + S,{E(tk + 8)) .

Based on the above discussion we can have Vi (¢, z(tx))
BVi(ty,x(ty)) + 5 supser - {Vilty + s,2(ty + 5))}
%sat%w(t,?)).

}
<
+
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Fig. 1. Simulation results for system (15) with exponentially decaying input
w(t) = 5e~* and periodic input w(t) = 2sin(147t).

If |x(tx)| > 1, then

Viltg, z(tg)) = e2(lz(te)|=1)

< 62(\w(t;)|+%\sat(.ff:_r x(s)ds)|+F[sat(w(t,)-1)
< e2l=(t)]-1

{ e )12 = Vi (17 w(t7)), Ja(tp)] > 1,
dele(tr)? = 26Vt a(tr)), < lalto) < 1.

where we used the fact that e?*~2 < 2z for z € (3, 1].

In either of the scenario, we have shown that condition (iii)
holds with p; = 2e and py = ?—g. According to Theorem 1,
if 6 > In(p1 + p2e"7)/u, then system (15) is uniformly ISS
over fine(9). For illustration, choosing € = 5, we can compute
= 0.4 and then In(p; + p2e”™)/p = 2.06, which gives the
condition: § > 2.06. Simulation results for system (15) with

the given parameters and § = 2.1 are shown in Fig. 1.

The second example studies the effects of disturbance
inputs on impulsive synchronization of time-delay systems.
Applications of the analysis conducted in this example can
be extended to impulsive synchronization and stabilization of
complex dynamical networks with time-delay (see, e.g., [10],
[32]).

Example 2. Consider the following two time-delay systems:

x(t) = Ax(t) + g(x(t — r)), (16)
and
y(t) = Ay(t) + g(y(t — 7)) + Bw(?), E# b g7
Ay(t) =Cly(t —d) —z(t — d)] + Dw(t™), t=rtg,

where x,y € R™, A,C € R"*" and B,D € R"*™; r and d
represent the delays in the continuous and discrete dynamics,
respectively; w(t) is the disturbance input; f satisfies Lipschitz
condition, that is, there exists a positive constant L such that
llg(z) — g(y)|| < L||x — y|| for any x,y € R™ Without loss
of generality, we assume that t,, —ti,_1 = 6 for all k € N.

Denote the error state e(t) := y(t) — x(t), the dynamics of
which can be described by the following impulsive time-delay
system:

{ é(t) = Ay(t) + gle(t — 7)) + Bw(t), t# tg,

(L as)

Ae(t) = Ce(t —d) + Dw(t™),
where g(e(t — 7)) = g(y(t —r)) — g(x(t — r)). The objective
of this example is to study the synchronization between
systems (16) and (17) in the sense that lim; ,oe(t) =
0, and the impact of the disturbance input w(t) on this
system synchronization, i.e., ISS properties of error system
(18). To do so, consider a Lyapunov functional candidate
Vit er) = Vi(t,e(t)) + Va(t, e;) with Vi(t,e(t)) = T (t)e(t)
and Va(t,e;) = €L f;r eT'(s)e(s)ds, then both conditions
(i) and (iv) of Theorem 3 are satisfied with the functions
a1, e, ag specified in Remark 4 and p = 2, w; = wy =1,
ws = k = erL. For simplicity, we denote v(t) = V (¢, e),
v1(t) = Vi(t,e(t)), and va(t) = Va(t,e;). Similar to the
estimation in the proof of Theorem 4.1 from [10], we have

0(t) <po(t) + Xe, ([[w @), ¢ 7 tr,
vi(te) <proi(ty) +p2 sup {vi(t, +s)}

se[—T,0

+ Xeo( sup ]Ilw(t; +3)), keN,
0

se|—T,

where 11 = Aoz (A+AT)+Le+e Y 4er, p1 = (1+E) |1+
CII2. and ps = (1 + € V)[ead]|ClI (| Al + L) + ¢[|C]%)2 with
€1 >0, e > 1, and £ > 0; ¢ denotes the number of impulses
on the interval (tx —d, t); Xe, and x., are Koo class functions
which depend on €5 and e, respectively. It can be seen that
conditions (ii) and (iii) of Theorem 3 are satisfied. Minimizing
p1+p2+(1—p1)k with € > 0, we have ming~o{p1+p2+(1—
p1)i} = [V1 = &[|I+C| +exd|| ClI([|All + L) +C[|C]]*] + 5.
If

In{[vI=&[I+C| +d|C|(IAll + L) + CICIP]* + x}
< —[Mmaz(A+ AT) + L(e + 716 (19)

holds, then there exists positive constants €; close to 0 and
€a > 1 close to 1 such that condition (v) of Theorem 3 is
satisfied. Therefore, the conclusion of Theorem 3 implies that
error system (18) is uniformly ISS, provided (19) holds. As
—18/7 9 0

a numerical example, we take A = 1 -1 1],
0 —100/7 0
27/7 0
g(x) = sat(x1) | 0 |, B = |1/7|,C = —02I, D =
0 1/7
2/7
0 [, and » = 2d = 0.02. It can be verified that (19)

0
is satisfied with ¢ = 1, L = 27/7, § = 0.01, and ¢ = 0.
According to Theorem 3, system (18) is uniformly ISS. With
the given parameters, system (16) is a delayed Chua’s circuit
which exhibits chaotic behaviors as shown in [25]. Simulation
results for error system (18) are shown in Fig. 2. Synchroniza-
tion between systems (16) and (17) is demonstrated in Fig.
2(a) with w(t) = 0, and the ISS properties of error system
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Fig. 2. Simulation results for Example 2 with (a) zero input w(t) = 0;
(b) exponentially decaying input w(t) = e~7%; (c) periodic input w(t) =
cos(—167t).

(18) are illustrated in Fig. 2(b) and 2(c) with an exponentially
decaying input and a periodic input, respectively.

Remark 6. The derivation of p1 and ps is based on the
relationship between states e(t, ) and e(t, — d) which is
obtained by integrating both sides of (18) from ti,—d to t,, (see
[10] for more details). Therefore, the external input over the
time interval [ty, —d, ty,) is brought into the estimation of V1 at
the impulse time ty, as discussed in Remark 3. On the one hand,
the delay-dependent impulses synchronize the systems in the
sense of ISS. This positive effects of the delayed state e(ty, —d)
in the impulses is captured through parameter pi. On the
other hand, the existence of time-delay in the impulses leads
to smaller upper bound for § (ie., 6 < 71n[p1+pi+(17p1)~]
with positive ps), which is a drawback of the delayed states
quantified by parameter ps. Actually, the positive effect of the
delay-dependent impulses is balanced with this disadvantage
in condition (v) of Theorem 3 so that the synchronization can
be achieved.

V. CONCLUSIONS

The method of Lyapunov functionals has been used to
investigate ISS property of time-delay systems with delay-
dependent impulses. Sufficient conditions have been con-
structed for systems with ISS continuous dynamics and desta-
bilizing discrete dynamics, unstable continuous dynamics and

ISS discrete dynamics, and stable continuous dynamics with
zero control input and ISS discrete dynamics, respectively.

Extension of our results to hybrid systems with both switch-
ing and impulse effects can be conducted by using the method
of multiple Lyapunov-Krasovskii functionals along the line
of [25], [26], which is a topic for future research. Another
topic is to investigate integral-input-to-state stability (iISS)
of nonlinear systems with delay-dependent impulses. Weaker
conditions on the Lyapunov functional candidates are expected
since iISS is a relaxed form of ISS as discussed in [24]-[26].
Improvements of the current results is also a direction of the
future work. For example, less conservative results on dwell
time J might be available by following the line of [20], and
the results could be applicable to systems with a larger class
of impulse sequences by using the average impulsive interval
approach as discussed in [27], [28].
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