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ARTICLE INFO ABSTRACT

Keywords: This paper investigated the finite-time stability (FTS) and nearly fixed-time stability (nFxTS) of
Impulsive differential equation nonlinear impulsive systems with destabilizing impulses. The concept of nFxTS is different from
Stability analysis FxTS, as the former may be just asymptotically stable but the latter must be FTS. A Lyapunov
Average dwell time inequality with linear terms has been used to derive sufficient conditions based on the dwell time
Neural networks (DT) and average dwell time (ADT) properties of impulsive sequences to ensure FTS/FxTS of the
Synchronization system. Theorems are constructed based on the initial state of the system, which belongs to either

6-neighbourhood(nbh) or outside §-nbh of the origin. When the system starts within §—nbh of the
origin then FTS can be achieved by the system following conditions on DT and ADT of impulsive
sequences. The same is true for nFxTS of the system when it starts outside 6-nbh of the origin.
We investigated the condition on DT for which nFxTS is not possible, but FTS is possible only
if 6 > 0 is bounded. The main results of this paper are applied to the synchronization problem
of impulsive neural networks with destablizing impulses. Finally, a numerical example of an
impulsive neural network is given to illustrate the validity of the proposed theoretical results.

1. Introduction

Impulsive differential equations [1] are a suitable mathematical framework for the modeling and analysis of
dynamical processes. Such systems are made up of three parts: a continuous-time differential equation that models the
system’s motion between impulsive points or resetting events; a difference equation that models the way the system
reacts to sudden changes at impulsive points; and a criterion for the occurrence of the resetting events. Over the past
few decades, investigation of the dynamical properties of impulsive systems has received much attention because of
their rich applications in neural networks, network control systems, epidemiology, ecology, etc. See [2, 3, 4, 5, 6] and
the references cited therein.

Impulsive effects on systems can be classified as either stabilizing or destabilizing. The study of the dynamical
properties of systems with stabilizing and destabilizing impulses is called the "impulse control problem" (ICP) and
"impulse perturbation problem" (IPP), respectively. If the systems’ dynamics are controlled at discrete time points, it
is known as ICP. The main idea behind the working mechanism of ICP is that the control protocol on a plant activates
only at discrete moments. Thus, it has the advantage of saving control costs compared to the continuous control
protocol. For instance, in impulsive synchronization of communication security systems [7, 8], impulsive control
actions allow the synchronization signals to communicate with the terminal system only at discrete impulse instances,
effectively reducing the dependence on transmitted signals and increasing robustness against disturbances. Because of
the benefits mentioned above, ICP has been studied in a variety of real-world problems, including neural networks [9],
population control [10], secure communication [11], and infectious disease models [12]. When the system demonstrates
a complex quality of dynamical behavior such as bifurcation, stability, periodic solution, or almost periodic solution,
the corresponding dynamics can be preserved when the system experiences sudden perturbation. Such a phenomenon
is known as IPP. This type of problem has been investigated in many fields, such as neural networks [13], complex
control systems [14], biological models [15], and financial market models [7].

Over the past few decades, many researchers have investigated the (Lyapunov) asymptotic or exponential stability
of impulsive systems with stabilizing and destabilizing impulses, see [16, 17, 13, 18, 19] and the references cited
therein. One of the typical properties of asymptotic stability is that the solution converges to an equilibrium state as
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time approaches infinity. Many physical and aeronautical problems, on the other hand, require the system’s state to
be converged in a finite time. For example, in the missile interception defense systems, the intercepting missiles have
to track the coming ones at the right location in a finite time; see [20]. Furthermore, many coupled oscillator models
in physics [21] must be stable in a finite time at a fixed location. The concept of FTS serves as a particular case of
asymptotic stability in which there exists a finite time (a settling-time function involving an initial condition) for which
the solution converges to an equilibrium state. Recently, many interesting results on FTS have been reported for different
types of systems; see [20, 22, 23, 24] and the references cited therein. For instance, in [20], a Lyapunov based theory
for the FTS of continuous autonomous systems has been developed, which is a basic technique to analyze the FTS of
nonlinear systems. Many FTS results for different systems, such as the non-autonomous system [25], switched system
[26, 27], delay system [22], impulsive system [28, 29, 30, 31, 32, 33], stochastic system [34], and hybrid system [35]
have been investigated. Later, in [33], FTS conditions for a nonlinear impulsive system with state-dependent impulses
were derived. To the best of the authors’ knowledge, only a few FTS results of nonlinear impulsive systems with
time-scheduled impulses have been studied in [28, 29, 30, 31, 32]. One of the main issues in the study of FTS of
impulsive systems is investigating the effects of stabilizing and destabilizing impulses on settling-time functions and
constructing suitable impulsive sequences. In [28], authors considered their effects and established Lyapunov-based
FTS theorems that include estimation of the settling-time functions. They developed a technique to design suitable
impulsive sequences such that the FTS system attains the desired estimation of settling time. Motivated by [28], the
authors extended the existing results to more general Lyapunov-based FTS theorems in [29, 30, 32], and estimated the
corresponding settling-time functions. However, in the mentioned works, there are two drawbacks: the first is that there
must be an upper or lower bound on the impulsive interval, and the second is that impulsive strength depends on the
continuous dynamics of the system. To unify the upper and lower bounds, the concept of ADT has been proposed in
[36]. This concept can be used to deal with stabilizing and destabilizing impulses in a more effective way when studying
their effects on the dynamics of impulsive systems. In [31], ADT property has been applied to obtain a unified FTS
criteria for a discontinuous impulsive differential equation under the framework of differential inclusion.

A settling-time function in FTS results is dependent on an initial value, which greatly limits its applications in real
practice. Therefore, a new definition of FXTS in which the settling-time function does not depend on an initial value
was originally proposed in [37]. Later, FxTS of uncertain linear systems has been investigated in [38]. A novel concept
of implicit Lyapunov function approach was proposed in [39] to study FTS/FxTS of nonlinear systems. Several authors
have also expanded upon the FxTS results for fractional order impulsive differential equations, see [40, 41] and the
references cited therein. The Lyapunov-based necessary and sufficient conditions for autonomous dynamical systems
to be FxTS have been investigated in [42]. In [43], the authors proposed a new Lyapunov inequality with time-varying
coefficient terms and derived sufficient conditions for FxTS of nonlinear impulsive systems. They applied the two-stage
comparison principle method with the ADT property in derivation. In the previous results of FxXTS/FTS, the authors

1

considered & = n@=-D0-2) in the discrete part of system (1), see [43, 28, 29, 30, 31, 32] and the references cited
there. This implies that the impulse depends on the values of g; and ¢g,. We can say that the dynamics of continuous
part of system (1) are affecting the dynamics of discrete one. However, to the best of our knowledge, a few results
[44, 45, 46, 47] on FxTS of impulsive systems have been published that deal with the impulsive gain independent of
the system’s continuous sub-part. For the first time, in [44], FXTS of impulsive dynamical systems with stabilizing
impulses has been investigated, in which impulsive strength is independent of the continuous-time behaviors of the
system. Unfortunately, the authors claimed that FXTS of the same system can not be possible for destabilizing impulses.
In [45], the authors considered destabilizing impulses with the systems and investigated FxTS results. Thus, one of the
main contributions in this paper is that we have extended the FxTS results of [44] for destabilizing impulses.

Motivated by the above-mentioned discussions, this paper deals with FTS/nFxTS of nonlinear impulsive systems
with destabilzing impulses. The fixed-time stability to a ball is known as nFxTS [48]. The notion of nFxTS is
conceptually different from FxTS as defined in [37]. The first one may be just asymptotically stable, but the second one
must be FTS. The definitions of nFxTS and FxTS are given below. The main results of this paper have been classified
into two cases depending on the initial state of the system: (i) the first case when the initial state belongs to 6-nbh
of the origin, and (ii) the second case when the initial state belongs to the outside region of §-nbh of the origin. For
both cases, the results of FTS/nFxTS for nonlinear impulsive systems with impulse perturbation have been derived
separately with DT and ADT properties of impulsive sequences based on the Lyapunov inequality with linear terms.
The following results have been obtained for DT and ADT cases:
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e For DT case (below & and m5 are some parameters characterising discrete and continuous-time dynamics of the
system, respectively, their precise definition is given later.)
— If the system starts from 6-nbh of the origin, for any 6 > 0, and DT satisfies 7,,,,
achieves FTS. On the other hand, if DT satisfies 0 < 7,
achieve FTS.
— If the system starts from outside of 6-nbh of the origin, for any 6 > 0, and DT satisfies 7,

> 1:1—5 then the system
3

min < % then 6 > 0 must have an upper bound to

min

> ¢ then
my

the system achieves nFxTS. On the other hand, if DT satisfies 0 < 7,,,;,, < ln[;—'f then 6 > 0 must have lower
3
bound for the system to converge into the ball of the origin. Due to having the restriction on § > 0, the

system will not be nFxTS according to the definition.

e For ADT case

— If the system starts from 6-nbh of the origin, for any 6 > 0, and ADT satisfies 7, > ¢ then the system

m3
achieves FTS.

— If the system starts from outside 6-nbh of the origin, for any 6 > 0, and ADT satisfies 7, > 1:[_5 then the
3
system achieves nFxTS.

The obtained results in this paper have been applied to the FTS/nFxTS synchronization of impulsive neural networks
with destabilizing impulses. A sufficient condition has been derived to guarantee FTS/nFxTS synchronization between
drive-response systems. Finally, the efficiency of the obtained results is numerically verified. The remaining parts of
the paper are organized as follows.

The problem of this paper, with some essential preliminaries, is formulated in Section 2. The FTS/FxTS results
with DT and ADT properties are derived in Section 3. Section 4 contains an application of the main results of this
paper to the FTS/nFxTS synchronization of impulsive neural networks. Section 5 includes a numerical example to
demonstrate the obtained results. Section 6 contains the conclusions of this paper.

2. Preliminaries and Problem Formulation

Let R, R, ,and R" denote a set of real numbers, a set of positive real numbers, and a n-dimensional vector space
with ||.]|, respectively. Let N denotes a set of natural numbers without zero. PC([#(, +o0), R") is a class of piecewise
continuous functions having at most a finite number of jumps defined in [#,, 00). Let K denotes a set of continuous and
strictly increasing function w : R, — R, which satisfies w(0) = 0. Moreover, K, is a subset of X which contains

unbounded functions, i.e., lim w(s) = +co.
S—+00

Consider a nonlinear impulsive system as

xX(t) = f(t,x(0), t £ 1y,
Ax(®) = I1(r, x(1;)), k €N, e

where x(1) € PC([ty, +00), R") is the state of system (1), # > ¢, > 0. The function f : R, X R" — R" is quasi-
bounded [49] in ¢ and locally Lipschitz continuous with respect to x(z). I : R, X R" — R" is a continuous function
of both arguments. Also, f(#,0) = 0 and I(¢,0) = O for any r € R,. The set of impulsive sequences is denoted by
S={t, : k€eN},where0 =1, <1} <ty <..<1t <. and klggo t = co. Ax(ty) = x(t]) — x(t;)), where

x(t:) = lin}r x(t) = x(t;) and x(t) = tlirtll x() # x(t), i.e., the state x(¢) is right-hand continuous but left-hand

t—t =1,
k

discontinuous at the impulsive instant #;. On the basis of the solution existence theorem in [50], the solution of system

(1) is defined as x(t) = x(¢, t, x() with initial value x(#() = x for ¢ € [t,, ;). After hitting the line of discontinuity at
the impulsive instant #; € .S, the solution will be x(¢,) = x(t)) + 1, x(1))) and x(¢) = x(t,t,x(t;)) for t € [t,1,).
By repeating the same process, one can obtain the solution of system (1) for any initial value x, € R". We assume that
the solution exists globally under some appropriate conditions.

In order to formulate our main results, we need the following definitions.

Page 3 of 22



Definition 2.1. The origin of system (1) is said to be locally FTS for the set of impulsive sequences .S if for any
{t k} e S

(i) the origin of system (1) is Lyapunov stable, and

(ii) there exists an open neighborhood U C R”" of the origin such that any solution x(t,t,, x() starting from
(tg, xo) € R, X U converges to zero in finite-time, i.e., there exists T'0-*0-{'c} € R such that ||x(t, #,, xo)|| = 0
for all t > t, + T'oX0:{tk} where T(t, xg, {t,}) = inf {T'00:lk} > 0 1 ||x(t, 10, x0)|| = OV 1 > 1, + To¥o:llk}}
is the settling-time function for system (1). If U = R" then the origin of system (1) is global FTS.

Definition 2.2. The origin of system (1) is said to be nFxTS for the set of impulsive sequences S, if for any {#;} € S
the origin of system (1) is Lyapunov stable, and for any § > 0,7, € R, there exists To% ) € R 4 such that
l|lx(t, g, xo)|| < & for all t >t + T'0%{} and x, € U.

Definition 2.3. In the particular case of Definition 2.2, if there exists T?0-{} € R 4 for any 7, € R+ such that
llx(t, 19, x0)|| = O for all > t, + T"0!} and x, € U, then system (1) is called FxTS.

In Definitions 2.1, 2.2, and 2.3, if we restrict the settling-time to be independent of ¢, > 0, then the FTS, nFxTS,
and FxTS are called uniform. In this paper, we consider uniform stability notion; otherwise, 7, > 0.

From the definitions of nFxTS and FxTS, it is clear that both are conceptually different. The former one may be just
asymptotically stable at the origin with supg, o 770%{} < co, but a FXTS system must be FTS at the origin.

Definition 2.4. [51] The upper Dini derivative of W : R, X R" — R, is defined as

Wt +h,x+hf({t,x) - W(t,x)
h

DtW(t,x) = hm{)h sup forall 7 € [ty,1;41),

where derivative is taken along the solution of system (1).

As we know that the dynamical behaviors of impulsive systems are subject to the class of impulsive sequences.
Therefore, the FTS, nFxTS, and FxTS of system (1) also depend on the properties of impulsive sequence belonging to
the set .S. The following definition restricts the impulsive sequences contained in the set S

Definition 2.5. For any impulsive sequence {7}, satisfying ¢, ,; —#, > 7, > O for all k € N U {0} denote
Tmin = Milgenyioy Tk for & € N If for a sequence {7} € S there exist positive numbers Ny > 1 and 7, > 0
such that

N T -1,
S(tO’T) < NO + 5 (2)
T

a

where Ng(ty,T) is the number of impulsive points in [#y, T), then 7, is called ADT of the impulsive sequence. If
N, = 1 then 7, is called the DT of the impulsive sequence.

Remark 1. According to Definition 2.5, the solution of system (1) has jump kind of discontinuities at the impulsive
instants which are separated by intervals of time of length 7; for k € N. For the case N, = 1 in inequality (2),
Ty = Tpin < T, Yk € N'U {0}, that is, the consecutive impulsive points of sequences satisfying inequality (2) for this
case will be separated by at least 7, for all K € N. Since system (1) will be experiencing only destabilizing impulses,
the performance of the solution depends on how often or seldom the impulses occur. A small value of average (dwell
time) implies often occurrence of impulses that affects the system’s performance adversely. Therefore, one of our
primary focus in this paper is to find the restrictions on 7,,;, and 7, so that the system (1) be the FTS, nFxTS, and FxTS
uniformly for the class of impulsive sequences belonging to the set .S

3. FTS/nFxTS theorems of nonlinear impulsive systems with DT and ADT properties

In this section, we will be interested in deriving a sufficient condition for uniform FTS of system (1) for the class
of impulsive sequences from the set .S possessing the DT property under two variants of restriction on 7,,;,.

Theorem 3.1. For any impulsive sequence of set S with DT, if there exist two K, functions w,, w,, and a locally
Lipschitz Lyapunov function W . R, X R" — R such that
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(A1) o(IxI) < Wt x(0) < wy(IXID VY (1, x) € R, X R,
(Ay) whent # 1,
D*W (t,x) < —mW(t,x) — myW2(t,x) — m;W(t, x), 3)
where gy > 1,0 < g, < 1, andm; > 0 fori =1,2,3,
(A3) whent =1,
W (11 x(1) < EW (1. x(1),
where & > 1,
then the origin of system (1) is locally FTS with W (t,, xo) < 6 provided that

Casel Ift,,;, > 1:[—5, then there exists a maximal number of impulsive points Ny, for any 6 > 0, after which the solution
3

of system (1) converges to zero, i.e.,
”x(t7 t()7x())|| =0f0rt > tNl’ (4)

and the settling-time function is estimated as

2= oH3 Tmin — 1-q
Tmin ln <1 + ﬂ3(§ 2 e I)W 2(0)>

”z(eFSTmin -1)

T(ty, xg, {1, }) <

b}

In(£92~ 1 eH3min)

=1 _ustmi 1—¢g-
,43(572 eH3%min _1)s1 =92
|—11’l <1+ ;42(6”3Tmi”—l) ‘|

and the number of impulsive points N| = T o)
n erd

= (1= gm, > 0 fori =2,3; W(1) = W(t, x(t)).

, where [.] is a ceiling function and

/42(6”37’7‘“’—1)
”3(1_5q2—1e#3fmm)
impulsive points N, after which the solution of system (1) converges to zero, i.e., equality (4) holds fort >ty ,
and the settling-time function is estimated as

. In <1 B H3(1_§qz—1eﬂafmm)wl—n(o)>

min Ho(eH3Tmin —1)

1—
Case2 If0 < 1, < 1’:_5 and 6 < M for M = < ) qz, then there exists a maximal finite number of
3

T(tg, xo, {t;}) <
(s X { k}) ln(é:qz—leﬂsfmin)

_ed2 =1 M3 Tminys1—a2
I 1-BUmEE e
" G 3Tmin 1) “

The number of impulsive points N, = o P
n eH3Tmin

Proof. For any impulsive sequence of the set .S and W (0) close to the origin, i.e., W (0) < 6 for any 6 > 0, the
dominating term in inequality (A,) will be —m, W %(t, x). Thus, we have

DTW(t) < —myW(t) — myW (1), fort # t,,
and
W) < ajW(t;) fort =t.
Using the transformation U (f) = W 1~%(t), one can get the following impulsive linear differential equation as

DU < —(1 — g)(my + m3U (1)), t # 1,
Uy < E2U @), (5)
U(0) < §1-2.
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Solution of system (5) for ¢ € [0, ¢;) is

(1 = e

t
U(r) < e 'U(0) — py / Mg = MU (0) —
0 H3

Fort = tl’
1 — e #311
Ut <&mUa) <&t [ v - M]
H3

Solution of system (5) propogates further for ¢t € [¢,1,) as

Hy(1 = es(h0)
H3

U@ Se_”3(t_t1)U(t1) _

— e M3t — e3(1=0)
Se—y3(t—t])[§l—q2 <e_“3’1U(O)— Hy(1 —e™#3 1)) B Uy (1 — 3t )]'

H3 H3

Fort =t,, we get

U(ty) < glma Us;) < gl-n [51—42 <e"‘3’2 U(0) —

H3 H3

By using mathematical induction, for ¢ = #;, we obtain
k
Uty < &R0 () < g0y (0) - 22 3 [ 0mmertiin (1 - iy hesi)),
H3 5z
j=1

To simplify inequality (6), we use
M3 k=it Dtnin < oM3ti—jrt | — o=M3%min < | — eM3Uk—j~tk—j+1) and e™H3'k < @ H3KTmin

to obtain

k
U(t)) < e k#smmin | K1=0) 1y (0) — %(1 — e™H3Tmin)) Z(gj(l—Qz)eﬂs(k—j+1>fm,~n) )
3 i=1
J

The inequality for ¢t € [7,,1;,1), k € NU {0}, is as follows

)
H3

U <e M=y, - < eIy (1)).

By using U(r) = W 1~%(t), the inequalities (6) and (8) can be written in the form of W () as

3([

o
W) <e o t")W(tk), t € [ty tyy1) k €NU {0},

Fort=1t;, k > 1, we have
1

—ku3Tmin k 1=
(5112—18143%1'")16—1] 2
=1

W) <e "2 gk [Wl—qz(()) — &(elﬂrmin -1
H3

J

ppetsti=i2)(1 — e—ﬂ3t1)> py(1 — ers(1=12))

6)

)

®

©))

(10)

In order to show W (¢, ) is converging as k increases, we have to simplify the right-hand side of inequality (10).

CasellIfr,,;, > 1::1—5 then inequality (10) can be written as
3

1

M 42_1e/437min k — 1 W
Wy <e ta & | wimeo) - L - 1) ) k21,
\ , U3 1 eH3Tmin — |
first factor ~ g ~

second factor

11
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a2 —1 oH3Tmin k—l
qz—l H3Tpin \k—j — (727 ef3Tmin)F—1
where Z (2" eH3Tmin) £92-T g3 %min |

depends on two factors for k > 1: the first factor decreases exponentially as k increases, and the second factor contains
a fixed term W1~%2(0) and an expression dependent on k. There exists k such that the second factor of inequality (11)
becomes negative, implying that W (¢,) eventually converges to zero. For the continuous-time behavior of system (1),
substitute inequality (10) in (9) then we get

. It can be observed from inequality (11) that the convergence of W (¢,)

1
—k
H3Tmin I-qp — (t tk)

W(t) < e 1-gp gk I/I/1 42(0) (e."‘37m1n — l) Z(§q2_18”37m1n)k ]] e 1 'p)
H3 i=

—kuztmin (t )
<e o W (0)e il
<SW0), 1 € [ty, 141, k €NU{0}. (12)

From assumption (A;) and inequality (12), we can obtain the following: ||x(?)|| < a)l_l(W(O)) for all t € [¢y, );
hence, the solution of system (1) is Lyapunov stable. Now, we will proceed to derive settling-time function for system
(1) to be FTS. From inequality (12), we can obtain that for any 6 > 0, sy > 0, u3 > 0,& > 1,0 < g, < 1, there exists k
such that whenever

q -1 H3Tmin k —
sl < &(6”37'-%'” — ])((’8 27 efstmin) !
- M3 §Q2_1eﬂ3rmin — 1

, (13)
holds, this implies W (¢) = 0 for ¢ > t,. Where k is estimated as

In (1 + m(ng—leusfmm_l)gl—qz)

po(eH37min —1)

In(&92~ 1 eH3%min))

For integer value of k, obtain N| = . Thus, after having N number of impulsive jumps,

]n(é:«'JZ leﬂ3 Tmin )

w312~ 1 M3 Tmin _ 1)51 a
|'1 1+ Ho (eH3Tmin 1) —|
we have

W) =0, fort > T(ty, xg, {t;}) = N,

where T'(t, x¢, {t, }) is estimated as

a2 =1 o133 Tmin _ I-q

Mz(el‘}Tmm -1)

T(ty, xq, {1 <
(to, X0 {1i}) In(E92~1 H3Tmin)

Case2If0<7,,;, < 1}2—5, then inequality (10) can be written as
3

1
—ku3tmin 1- ‘h_lel"fsrmin k m
W(t,) <e @ ék [Wl ©2(0) — (emfmm -1 ¢ 1 ) ]
\ /,[3 1 —_ 5‘12_ eH3Tmin
first factor ~ g
second factor

s k>1, (14)

/

1-— QZ_I H3Tmin k1124,
Wl (0) — @(eﬂafmm -1 (=" e ) ] " (15)
H3

<A
1-— 542_1eﬂ31—min

—ku3Tmin
_(£D 1 oH3Tmin Yk = . . .
where z (ED 1 H3Tmin k=] = % and e "2 &k < A for some k € N. As in Case 1, inequality (14)
— eM3Tmin

shows that the convergence of sequence W (t;) in Case 2 also depends on two factors. Contrary to inequality (11), the
first factor in the right-hand side of inequality (14) increases as k increases, but there exists a finite value of k € N such
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that the second factor becomes negative, then the first factor will have an upper bound A. Therefore, sequence W (t;)
must converge eventually to zero.
For the continuous-time behavior of system (1), substituting inequality (15) in (9) then we get

(16)

1
I-¢p — #—3(I—T )

W (@) < A[W'm0(0) - 22 (etsmmn — 1)
H3 -

J
<AW(0), t € [t 1;,1). k €N U {0}. (17)

k
(g‘h‘leﬂfrmin )k_j
=1

From assumption (A;) and inequality (17), the solution of system (1) is Lyapunov stable. We will proceed to derive
the settling-time function for system (1) to be FTS under Case 2. Returning to inequality (15), there exists k such that
whenever

1 - (qu_IeMSTmin)k

- H .
51 D < —Z(eM3%min — | s 18
< (e ) L ger-Torsmn (18)

holds, this implies W () = 0 for ¢ > ¢,. It can be observed that the right-hand side of inequality (18) is bounded, i.e.,
1

po(eH3Tmin—1)
”3(1_5]2—1 eM3Tmin’)

T
there exists M > O suchthat 6 < M = < ) " for which k is estimated as

In <1 _ M3(1_§q219M37min)5142>

Ho(eH37min —1)

k>
1n(§qz—1eﬂsfmm)

For integer value k, obtain N, = . The settling-time function T'(t, x, {#; }) is estimated

In(£92~ L eH37min )

I I M3(1_542_|e#37min)51—42
n - o (eH3Tmin 1) “

as
_ M3(1_542*1eﬂ37min)W1*42(0)
Tinin In <1 ﬂz(e"3Tmi”—1)
T(ty, xg, {1, }) <
( 0-0 { k}) ln(éfh_lel‘fi'[min)
Hence, the proof is completed. O

Remark 2. Tt is worth to note that in Theorem 3.1, the domain for initial value of system (1) depends on the restrictions
of r,;,. Specifically, system (1) can start from a 6—nbh for any 6 > 0 and achieve FTS when 7, Ing

min* min >

islarge,i.e., T,
ms3

min

whereas 6 > 0 must be bounded when 7,,, is small, i.e., 0 < 7,,;, < g

The results in Theorem 3.1 are derived for the solution of system (1) that starts within a 6—nbh of the origin, where
6 > 0 can be any value or there exists an upper bound of 6 such that system (1) achieves FTS. Now, we proceed to
obtain the results for nFxTS when the solution of system (1) starts from outside of 6—nbh. In such a case, we are
looking for a finite-time for which the solution converges within 6—nbh of the origin uniformly with respect to initial
value.

Theorem 3.2. Assume that Assumptions (A), (A,), and (A3) of Theorem 3.1 are true. Then, for any impulsive sequence
of set S with DT, the origin of system (1) is nFxTS with W (ty, xy) > 0, provided that

Case 1l If 7,,,

> 1’2—‘? then for any 6 > O there exists M| € N such that the solution of system (1) converges eventually
3

uniformly into a 6—nbh of the origin after having M impulsive jumps, i.e.,

Ix(2, 1o, x) Il < & fort >ty
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@ vy . The settling-time function for system (1) to be nFxTS is estimated
eV3Tmin

1—-q1 V3Tmi 1—¢q
v3(& 1eY3%min _1)s 1
In (1+ oy (I=e ¥ i)
where M| =

as

vi(d —eV37min)

1-41 oV3Tmin —1)§1—41
Tm,.nm(lmfe ) )

k]

T(ty, 6, {1} <
(19,6, {tx ) In(&! =91 Y3 %min))

where v; = (q; — 1)m; fori =1,2,3.

vy (1—e™¥3%min)

V3(1_§1 —41 V3 Tmin)

_ _ T-q
Case2 If 0 < 7,,;, < 1:1—5 and 6 > M for M = < > ql, then there exists M, € N such that the solution
3

of system (1) converges into a ball of radius bigger than M in a fixed time after having M, number of impulsive
Jjumps. The settling-time function is estimated as

1—&1791 ¢¥3%min)§1=41
Tmin ln 1 - V3( 5 e—v T, )
Vl(l_e 3%min’)

ln(fl_ql eV3Tmin )

T(t()769 {tk}) S

’

m(gl—fn e3%min)

| | V3(1_51—41g"3fmin)51—‘11
n - Vl(l—e_VSTmin)
and M, = .
Proof. When the initial value of differential inequality (3) be far from the origin, i.e., W(0) > 6 for any 6 > 0 then
—m; Wi (¢t) will be a dominating term in inequality (3). Thus, we get
D*W () < —m W (t) — myW (1), fort # t,,
and
W) <EW @), fort =1, (19)

where inequality (19) is true for any impulsive sequence of set .S. Suppose U (t) = —W !1=91(¢) then we obtain

DYU®) < (q; — D(m3U(t) —my), t # 1,
Uty <E-U@), k> 1, (20)
U(@) > -6,

In the similar way as in Theorem 3.1, the solution of system (20) can be estimated for t € [#;,#;,) as
1%
U(t) < 30U 1) + =[1 — e3070] < 3010y (1)), (1)
V3

For t = t;, we have

k
U(t,) < gk(l—ql)evm U(0) + n Z |:§j(l_ql)e"}(tk_tk—jﬂ)[] _ eV3(tk—j+l_tk—j)]], (22)
3 j=1

Transforming inequality (22) in terms of W (t,) by using U(t,) = =W =% (z,) for k > 1, we get

Wl <

k -1
gk(l—ql)e‘@’k wl-a ) + n 2[§j(l—ql)ev3(’k—lk_j+1)(evg(fk_jﬂ—fk_j) _ 1)]] )
V3 :
J=1
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Using the simplification (7) of Theorem 3.1, we obtain

wal@,) <

k -1
ék(l_ql)e‘/SkTmin Wl_ql (O) + %(l — e_V3Tmin) Z(gl_ql eVSTmin)j] . (23)
3 j=1

In order to show the uniform convergence of W (¢;), for k > 1, we have to simplify inequality (23) for two cases.

Casel If7,,;, > 1:1_(:’ then inequality (23) can be written as
3

1—=q1 ,VaTyin\k _ -1
\% 1e"3 % min 1
qu—l(tk) < [gk(l_QI)eV3kTminW1_QI 0) + _1(1 — e—V3Tmm)(§ - ) ]
V3 é —91 eV3Tmin — |
(&1 ¢v3Tmin )k 1

k _ ) .
where ijl(gjl 91 @V3Tmin)) = Ry

. For any 6 > 0, there exists M| € N such that whenever

V38141
Vl (1 —e™V3 Tmin)

(gl—ql ev3rm[,,)k+1 -1

k
< 2(51—41 e¥3Tmin)) = (24)
=0

1+
51_41 eV3Tmin — |

holds, this implies
W) <o, Vk > M,. (25)

Inequality (25) shows that sequence W (¢;) is converging eventually uniformly into §—nbh of the origin. For the
continuous-time behavior of W (t), we have the following from inequality (21)

WOl < e TOW a1, t € [ty 1)) (26)
Substituting inequality (23) in (26), we obtain

1=q1 LV3Tpin\k _ -1
W= (1) <310 | k(=40 ov3ktmin pr1=01 () + ﬁ(l - e—‘/3fmm)(5 teBtmn)” — 1 (27)
- V3 gl_ql eV3Tmin — |

Se_v3(t_tk)§k(q'_1)€_V3kr’”i” qu—l(o). (28)

Using the lower bound of z,,,, inequality (28) can be estimated as follows:
W@ W), t €[t;,t,,1). k € NU {0} (29)

From inequality (29) and assumption (A;), the solution of system (1) is Lyapunov stable. It is concluded from
inequalities (25) and (29) that the solution of system (1) is converging eventually uniformly into the domain of
radius 6 > O containing the origin in finite-time. Hence, from Definition 2.2, system (1) is nFxTS. The number
of impulsive jumps after which the solution of system (1) eventually enters into a 6—nbh of the origin can be
estimated from inequality (24) as follows:

In <1 + V(€191 V3 7min —1)51 41 >

vi(1—e™"3%min)

k>

11’1(5 1 —4q1 eV3Tmin )

1—-q1 V3tmi 1—q
v3(& 1eY3%min _1)s 1
In <1+ oy (1=~ V3 Tmin) “

For integer value, obtain M| = YTy . The settling-time function for nFxTS of system
n eV3Tmin

(1) is estimated as

1=41 ¢V3%min —1)§1—41
Tppin 1N <1 + e e ) )

vi(1—e™v3Tmin)

T(ty,6,{t.}) <
(0, A k}) > ln(gl_qle"37'"i")
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< Iné

m3

Case2 If 0 < 7,,, the inequality (23) can be written as

_(el=q pv3Tpinyk 11
Y vy L= €5

w1,y < | =90 pvsktmin pr 1=41 () +
(k) - 5 ( ) V3 1 - 51_‘11ev37min

>

1—(&E1791 ¢¥3Tmin )k

k 1— N
Wherezjzl(g a1 eV3Tmin)l = e Ty

. For sufficiently big § > M there exists M, € N such that whenever

v 1 = (E1=91 V3 Tmin)k
61_(]1 < _1(1 — e_V3Tmin) (g € ) s (30)
V3 1 - 51_41 eV3Tmin

vi(1—e™3%miny ) 1-01
V3(1_§1—41 e¥3Tmin)
eventually uniformly into §—neighborhood of the origin. For the continuous-time behavior of W (¢), similar to
Case 1, we have

_ =
holds then W(¢;) < ¢ for all k > M,, where M = < ) "' This implies W (t;) is converging

1 — (&0 evstmin)k ]!

1 - 51_41 eV3Tmin

W) < e300 | g1=a0) gvakamin yyr 141 () + ﬁ(l — @™ V3Tmin)
V3

From inequality (30), we obtain
W= (1) < eVt gk@i=1) g=vskTuin ra1=1 (),
this implies
W) <QW(0), Vit E [t 1), k ENU{0}. (31)

For a suitably defined Q dependent on M,, from inequality (31) and assumption (A ), it follows that the solution
of system (1) is Lyapunov stable. The finite-time convergence of W (¢,) and inequality (31) conclude that the
solution of system (1) is converging to a ball of radius bigger than M. Using a similar approach as in Case 1, we
can estimate the number of impulsive jumps as

1 | V3(1_§1*41e‘/37min)51*41
n - vl(l—e_vfi'[min)

ln(f I-q eV3Tmin )

k>

)

. 1V3(1_51—q1eV3fmm>51—41
" n - vi(1—e~"3%min) “

for integer value, obtain M, = . The settling-time function for fixed time

ln(flﬂn e"3%min)

convergence of the solution to a ball of the radius bigger than M is estimated as

s 1nfi1- \/3(1—51“11 e¥3Tmin)§1=41
min vy (1—e™V37min)

ln(gl_ql eV3Tmin )

T(ty,6,{1;}) <

O

Remark 3. In the second case of Theorem 3.2, when the initial solution of system (1) starts from outside of a sufficiently
big vicinity of the origin then the forward solution with a finite number of impulsive jumps converges uniformly to a

ball of system (1) in a fixed time, provided that DT is chosen to be sufficiently small, i.e., 0 < 7,

< 1:1_5 This property
3
is a weak version of nFxTS property.

Remark 4. The results obtained for any 6 > 0 in Case 1 of Theorem 3.1 and Theorem 3.2 show FTS and nFxTS
of system (1) having impulses with DT property. In particular, for 6 = 1, the combined results of Theorem 3.1 and
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Theorem 3.2 obtained in Case 1 will give us the result for FXTS of system (1). This implies that if W (¢, x,) > 1, then
from inequality (24), one can obtain the fixed-time

v3(§1—f11 e¥3%min —1)
Tmin In <1 + V1(1—€7V3Tm'.") >

In(& 1—q; eV3Tmin)

Tl = N
such that the solution of system (1) will converge into the neighborhood of the origin with radius one, i.e., W (t) < 1
for t > T). Further, from inequality (13), one can obtain the fixed-time

1z (£927 L3 Tmin 1)
Tmin In <1 + iy (eH3Tmin —1)

5=

)

1n(§qz—l eH3Tmin)
such that W (t) = O for all t > T + T5. That is the fixed-settling time for FXTS of system (1), which is estimated as
T(to, {tk}) = T] + Tz.

The FTS/nFxTS results obtained in Theorems 3.1 and 3.2 are based on the class of impulsive sequences with DT
property, i.e., the impulsive sequences defined in Definition 2.5 for Ny = 1. In order to obtain the results based on
ADT property as defined in Definition 2.5, we will use the result of the theorem given in [1] for a nonlinear impulsive
system. This theorem is stated as follows:

Theorem 3.3. [1] Assume that the sequence {t,} is given, and m(t) € PC([0, +0), R) is right-continuous at t, for
k=1,2,... such that

D*m(t) < p(Hym(@) + q(@0), t # t; > 1y,
m(t;) < dkm(t;) + by, t =14,

where p,q € C([0,+),R), d; > 0and b, € R are constants. Then,

t t
m(t) <mitg) [] dexp( / p(s)dsi+ Y, < IT 4 exp / p(s)ds))bk
Tp Tk

to<tp<t 10<I<t N\ 1o<t;<t
t t
+ / IT dxex / p(e)do)q(s)ds, t > 1.
N

To s<t <t

Theorem 3.4. Assume that Assumptions (A,), (A,), and (A3) of Theorem 3.1 are satisfied and W (t, x() < 6 for any
6 > 0. The origin of system (1) is FTS for any impulsive sequence of set S with ADT property satisfying

1
¢ > e (32)
ms
The settling-time function for system (1) to be FTS is estimated as
In |1 4 mem2Mow 720
my
T(tg, xp, {1 }) <
(1- (12)("”3 - 1;1—5)
Proof. For any impulsive sequence of the set S with ADT property, if we replace p(t) = —(1 — g)ms, q(t) =

—(1 — g)my, by = 0, and d;, = £'7% in Theorem 3.3 then the solution of impulsive system (5) can be estimated
as

t
U(t) < UO)M(t,0) — (1 — g,)m, / M(t,s)ds, t >0, 33)
0
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where U (1) = W1=%(t) as in Theorem 3.1, and

M(t,s) = H él—qze—(1—42)m3(t—s) — e—(l—qz)m3(t—s)§(1—q2)NS(s,t)‘ (34)

s<t<t

Substituting (34) in inequality (33) and using Definition 2.5, we get

t
U@ < U(O)g(l—612)Ns(0,f)e—(1—q2)m3f —-(1- 42)’"2/ e—(l—612)1"3(?—8)5(1—QZ)NS(SJ)dS (35)
0
1 (1—42)(N0+L) ! 1
< emUmamst ()¢ o) — (1= gy)m, / ell=amss g, (36)
0

Using the transformation U (f) = W 1~%(¢) in inequality (36), we get
1

_ * ! -0
W(t)se‘m3’[W1‘“2(0)5“ "2)(N°+fa)—(1—q2)mz/ eu_qzwds] ’ (37)
0

< W(O)§N0e_(m3_%)t.
From inequality (32), we obtain
W () < ENow (0), 1> 0. (38)

From Assumption (A;) and inequality (38), the solution of system (1) is Lyapunov stable. In order to demonstrate
FTS of system (1), the right-hand side of inequality (37) must be negative after a finite-time. Hence, W (#) = 0 for all
t > T(ty, xq, {1, }), where the settling-time function T'(¢,, x,, {7, }) is estimated by the following inequality.

Wl—qz(())g(l_@)(NO‘*#)

I\

t
(1- ‘12)’”2/ ell=mmssgs,
0

wl-a (0)5(1—42)1\’0 5(1 —1]2)é

IA

t
1- ‘12)’"2/ ell=mmssgs,
0

- _ln¢
W 1-a2(0)g(1-92)No S%[e(l a)(ms a )i _ 1]' (39)
3

From inequality (39), we get the upper bound on the settling-time function for system (1) to be FTS:

In |1+ "135““12W0W1“’2<0)]

my

T(tg, xp, {1,}) <
OxO k (1_q2)(m3_1“_§)

Ta
O
Theorem 3.5. Assume that the assumptions of Theorem 3.4 hold except W (1, x() > 6 for any 6 > 0. If inequality (32)

is true then the origin of system (1) is nFxTS for any impulsive sequence of set S with ADT property. The settling-time
function for system (1) to be nFxTS is estimated as

141 £a1-DNg (mrﬁ)]
Ta

my

In [1 +
T(t()9 5v {tk}) <

(@, — D(ms — 25)

Ta

Proof. Similar to Theorem 3.4, if we replace p(t) = (¢ — )ms, q(t) = —(¢; — )my, b, = 0, and d;, = El-aqn
Theorem 3.3 then the solution of impulsive system (20) can be estimated as

t
U@ <UO)M1,0) - (q; - l)ml/ M(1,s)ds, t >0, (40)
0
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where U (f) = —W 191(¢) as in Theorem 3.2, and

M@, s) = @1 =Dms(1=s) H é:l—q] — e(q]—1)m3(t—s)§(1—q|)Ns(t,s). @1

s<t<t

Substituting (41) in inequality (40), we obtain
Dt (=40 (No+ 1) " g 1
U@ < U(O)e(ql_ )m3fé ) — (g — l)ml/ é( —qNs(t.5) o1 =Dm3(t=3) 4 ¢ (42)
0

Using the transformation U (¢) = —W1=91(t) in inequality (42), we get

1 t —1
Wl < [winea-mig =05 g / FUmaINS (09 olar=Dms =9 g (43)
0
< qu—l(O)e—(m—1)msf§(ql_l)(N0+#)
< ga=DNoyai=(Q), 1 > 0. (44)

From inequality (44) and Assumption (A ), the solution of system (1) will be Lyapunov stable. In order to show nFxTS,
the following inequality should be true:

t
sl-a S(ql—l)ml/ £U=0)N5(09) lar=Dms(1=5) g 45)
0

Using inequality (45) in (43), we get
W(Z) S 6, t Z T(t()’ 57 {tk})’

where settling-time function T'(t, 6, {f; }) is estimated from inequality (45) as follows:
Iné t Iné
5170 < (g - 1)m1§(1‘ql>N°e(q'_1)("'3_;)t / D=5y
0

sima < METN L e (m-E)
_ g ’

Ta

51—Q1§(41—1)N0 (m3 - ln_.f)

In
e(ql—l)(M3—;)I 2 1 + Ta ) (46)
m

I\

ms

From inequality (46), the upper bound on the settling-time function can be obtained:

sl—a1 5(41*1)1\/0 <m3_]"_5)

Ta

In |1+

my

T(ty,0,{1,}) <
° ¢ (‘11_1)(’"3_1:_5)

O

Remark 5. In a similar manner to Remark 4, by setting 6 = 1, we can combine the results obtained with ADT property
in Theorem 3.5 and Theorem 3.4 to obtain the FXTS of system (1). The fixed-settling time for system (1) to be FxTS
is estimated as

(1=g)N, 5(‘)1—1)1‘/0 _In¢
In [1 pme 20 0] In [1 + —<m3 fu )
my m
Ty, (1)) = +
(1=g)(my=25) (g = D)(my - 2)

Ta Ta
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1

Remark 6. In the previous results [43, 28, 29, 30, 31, 32] on FxTS/FTS, the authors considered & = 5@ -D1-a)
in the discrete part of system (1). This implies that the impulse depends on the values of g; and g,. Intuitively, the
dynamics of continuous part of system (1) are affecting the dynamics of discrete one. In our case, as generalized
version of the existing results, the continuous and discrete-time subsystems of system (1) are evolving independent of
each other. In another work [44], the authors claimed that FXTS of system (1) is not possible in the case of destabilizing
impulses. However, in this paper, a condition on ADT as 7, > 1’2—5 is derived such that system (1) can achieve FxTS for
destabilizing impulses. It is worth noting that inequality (32) is d%pendent on mz which is a coefficient of the third term
of Lyapunov inequality (A,). Contrary to our case, the Lyapunov inequality used in [44] consists of only two terms
—mWi(t, x) and —m, W %(t, x). Therefore, the results obtained in this paper relax the conservativeness of previous
results.

4. Application to FTS/nFxTS Synchronization of Impulsive Neural Networks

In this section, we will proceed to apply the theoretical results obtained in the previous sections to the synchro-
nization problem of impulsive neural networks.
Consider a Hopfield neural network with impulsive perturbation as a drive system, which is described as follows:

{xia) = —ax(O)+ X wi f(O) + Iy t # 1, 47)

x;(ty) = cfxi(t;), i=1,2,...n
where x;(7) € R is the state of the ith neuron; a; > 0is the rate of neuron’s self inhibition; f;(.) is a nonlinear activation
function; w; ; denotes the connection strength from the jth neuron to the ith neuron; I; € R denotes an external stimulus

to the neuron; & > 1 is the impusive gain.
The corresponding response system is described as follows:

(48)

yit) = —ay(0)+ Z;l:l w[jfj(yj(t)) + 1 +u(0), t # 1
it = &yt

where y;(t) € R is the state and u;(¥) € R, i = 1,2, ..., n, denotes controller.
The synchronization error is defined as e;(t) = y;(t) — x;(¢), i = 1,2, ..., n. From the drive-response systems (47)
and (48), one can obtain

{éi(t) = —aye, (1) + T/, w0y, (f;0;0) = £,0,)) + ui(0), 1 # 1, )

ei(tk) = Eei(t,:),
let e(r) = (e,(1), ey(1), . e, (1)) .

Assumption 4.1. Activation functions satisfy Lipschitz continuity condition, i.e., there exists l; > 0 such that for any
x,yER

1,00 = £l < Lly=xl, j = 1,2,.m. (50)
Lemma 4.1. [52] If ky, ko, ...k, >0, n; > 1and 0 < ny < 1, we have

n n m N n m

D= (Zk) WA an'”l<2ki> (51)

i=1 i=1 i=1 i=1

In order to achieve FTS/nFxTS synchronization between drive-response systems (47) and (48), we design the
controller as

u;(t) = —my,e;(t) — my;sign(e;(1))|e; ()| — my;sign(e; (1)) |e;()|™M, (52)

where ; > 1, 0 < #, < 1 and my;, my;, m3; > 0 are control gains fori = 1,2, ..., n.
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. w;i |+ w;i;|l; . .
Theorem 4.2. If Assumption 4.1 and my; > Z;’zl bttt a;, i = 1,2,..,n, are true then drive-response

2
systems (47) and (48) can achieve FTS/nFxTS synchronization with the same settling-time functions as given in
mo mt

Theorems 3.1, 3.2, 3.4 and 3.5 for DT and ADT cases, where parameters are m; = min;{my;} -n 2 -2°2 , m, =
min; {my; } - 2 7 , my =2 -min;{m; — 27:1 M o), E=&, q = l+1 s Gy = %
Proof. Consider the following Lyapunov function:
W) = L et = 1 T e (53)
2 25

For t # t;, differentiate Lyapunov function along the trajectory of system (49) then we get

W(e() = ) e(né ()

i=1

=Y e [ — e () + Y wy (f;0,0) = £;00)) + (1) (54)
i=1 j=1

From Assumption 4.1, we have
|fj(yj‘(t)) - fj(xj([))l < ljlyj(t) - xj(t)l = lj|ej(t)|,

then we drive

n

N ei) Y wi (£;0,0) = £;(x;1))
j=1

i=1
< 2 le, ()] 2 |, - 11e; ()]

|1+| il

< Z 2 — L e, (0)) (55
i=1 j=
From controller (52), we get
D ei0ut) = = Y my(e (07 = Y mayle; )™ = N myle(n]*. (56)
i=1 i=1 i=1 i=1

Using inequality (55) and equation (56) in (54), we obtain

|w;: |l; + |w;;|l

W) <Y, [Z — - ml,] (e, ()% = Y myle;™F! = 3 myle, (0|
i=1 i=1

i=1 Lj=1

leos 11 +1wji11; . -
Ifmy; > 3| —=5—— —a;, i =1,2,....n, then we can obtain

W(e®) < = Y viei () = Y, myle (I = Y myle,(t)m!,
i=1 i=1 i=1

lw; | +|w;; |1
wherey; =my; = Y1 — L1 4 q, > 0.

j=1 2
W(e() < —min{y;} Y (e)* — min{my;} Y’ (le;()*) Ea —mm{mg,}z‘, e ) T (57)
i=1 i=1
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Since 0 < WZTH < land % > 1, we can apply Lemma 4.1 and obtain the following inequalities:

r,2+1 q1+l

Y s <2|e|2> T (58)

n

Y (le@P) = (Zle |2> © and 2 e ) 2

i=1

Using inequality (58) in (57), we get

n n2+l n1+l
W(e(t))S—miin{yi}Z(Qi(t))z_miin{mzl <Z|e(¢)|2> z —min{my;} - n = <2|e(1‘)|2> >
m+1 - ,,1+ nl+1
=—2m1n{y,}W(e(t))—mln{mzl} )i (W(e(t))) =R —m1n{m3,} n12 277 (We@) T

From Theorem 4.2, we get the following for ¢ # 1,
W (e(t)) < —my (W (@) = my (W (€)™ = myW (e(t).
For t = t;, we have

o
W =5 X (o) =W e,

i=1

Assumptions (A;), (A,) and (A3) of Theorem 3.1 are satisfied. Hence, FTS/nFxTS synchronization between drive-
response systems (47) and (48) can achieve with the settling time functions given in Theorems 3.1, 3.2, 3.4 and 3.5 for
DT and ADT cases. O

5. Numerical Simulations
In this section, we will verify the obtained results with the help of a numerical example.

Example 1. Numerical values for the parameters of drive-response systems (47) and (48) are given as follows:
ap = 02, a = 11, wi = 2, Wiy = —01, Wy = —5, Wyy = 45, Il = Sin(t), 12 = COS(t), é_ =13

and i = 1,2. The activation functions f;(a) = f,(a) = 0.5(|]a + 1| — |a — 1|) with Lipschitz constants /; = [, = 1. We
proceed to show FTS/nFxTS stability of (49) to demonstrate synchronization between systems (47) and (48). For this,
the parameters of the controller (52), for i = 1,2, are chosen as my; = 6, myy =8, my = my, =1, mzy; = mzp =
1, and ; = 1.5, n, = 0.5. Sufficient condition

[wy;11; + |wj |1

N =67
my, Z > +a; =678 >0,
Jj=1
2
[, |1 + |wjs |l
- —— 4+ 2, =2.05>0,
mi; j;l ) ®

is satisfied. Hence, according to Theorem 4.2, FTS/nFxTS synchronization of drive-response systems (47) and (48)
can be achieved. The parameters’ values to estimate the settling-time functions are: m; = 1.4142, m, = 1.6818, m; =

4.10, £=1.69, q, = 1.25, “‘(f) =0.1280, and ¢, = 0.75.

Impulsive sequence is taken from [53] that can be discribed as

0, if mod (k, Ny) #0
e =ty = { (& No (59)

No@T,—0)+06, if mod (k,Ny) =0

where Ny € N and I', are positive numbers known as elasticity number and ADT, respectively; 6 is a positive

number such that § < I',. Choose a Lyapunov functional as W(e(?)) = % 2,2: l(ei(t))2 which satisfies Assumptions
(Ay), (Ay), and (A3), of Theorem 3.1.
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Figure 1: (a) Trajectories of system (49) with controller (52) for two different set of initial values. (b) The same trajectories
as in (a) without controller (52).

5.1. For DT cases

For N = 1 in the impulsive sequence (59), we have 7,

=0 <1, —t,_,. Calculate y1, = 0.4204, 3 = 1.0250.

min

The results obtained in Theorem 3.1 can be validated as follows:

Case 1:

Case 2:

Choose 8 = 0.2, 7, = 0.431 then 7,,,;,, = 0.2 > ln(é) . In order to simulate the results for any 6 > 0, we have

min
taken two random values: 6 = 1.8 and 6 = 0.8 correspondlngly we obtain N; = 9 and N; = 8. That is, if
system (49) starts from a larger domain of its origin then the trajectory experiences more number of impulsive
jumps before achieving FTS synchronization. For two different initial conditions e;(0) = 1,e,(0) = 1.5 and
e;(0) = 0.5,e,(0) = 0.6, the settling-time functions are estimated as 7' < 1.7759 and T < 1.2897. From
Fig. (1a), it can be seen that the error system (49), for two different initial conditions, is stabilized in a finite
settling-time which is less than the theoretical upper bounds of settling-time functions. On the other hand, in
Fig. (1b), the same trajectories of system (49) are destabilized without controller (52) which demonstrate the
effectiveness of controller (52) under the influence of impulsive perturbation. Hence, the Case 1 of Theorem 3.1
is verified.

Iné

Since —= = 0.1280 so we consider an impulsive sequence with 7, = 0.111 and 7,,;,, = 6 = 0.02 such
3

that 7,,;, < 1:;—5 For this case, the error system (49) is not finite-time stable because settling-time function
3

does not exist for any 5 > 0. According to Theorem 3.1, there exists an upper bound of § < 4.3047 x 107>
such that system (49) converges to its origin in a finite-time where the settling-time function is estimated
as T < 0.1220 and the maximal number of impulsive points N, = 6. This can be seen in the Fig.
(3a) for an initial value e(0) = [0.001,0.002]. In Fig. (3a), there is only one impulsive point occurs at
t; = 0.02 because the system (49) converged to its origin before the second impulsive point #, = 0.131 >
0.1220 (upper bound of settling-time function). The similar scenario occured in the Fig. (1a). Hence, Case 2 of
Theorem 3.1 is verified.

Next, we will proceed to verify the nFxTS results obtained in Theorem 3.2 when system (49) starts from outside
of 6—nbh of the origin. By a simple calculation, we obtain v; = 0.3535 and v; = 1.0250.

Case 1:

Case 2:

Choose 6 = 3.5 and consider the same impulsive sequence as in the Case 1 of Theorem 3.1. For an initial
value e(0) = [5.5,8], we get M| = 9 and an upper bound of settling-time function 7" < 1.7052. In Fig. (3b),
the trajectory of system (49) converge into the region of 6 = 3.5 in fixed-time. Hence, nFxTS synchronization
between drive-response systems (47) and (48) is achieved.

Using similar arguments as in the Case 2 of Theorem 3.1, if 7,,;, = 0.02 < 1:1_5 then nFxTS is not possible
3

because the settling-time function does not exist for every 6 > 0. There exists a lower bound of § > 4.9625 x 10*
such that if the system (49) starts from outside of 6—nbh then the solution convereges to a ball of radius greater
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Figure 2: (a) Nearly Fixed-time convergence of system (49) to a §-nbh of the origin.(b) FTS of system (49) with ADT
condition.
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Figure 3: (a) Finite-time convergence of system (49). (b) nFxTS of system (49) with DT condition.

than 4.9625 x 10% in a fixed-time. For an initial value e(0) = [500, 300], the fixed-time convergence of system
(49) can be seen in Fig. 2a, where the settling-time is estimated by 7" < 1.0824.

5.2. For ADT cases

In this subsection, we proceed to verify the results obtained in Theorem 3.4 and 3.5. In order to verify Theorem
3.4, choose 6 = 9.8 and initial condition e(0) = [1.3,2.5], i.e., w(e(0)) < 9.8. Consider an impulsive sequence
7, = 0.341 > 0.1280, 6 = 0.05, N, = 2 then the drive-response system (47) and (48) is FTS with the settling-time
estimated by T < 2.4355. FTS synchronization of the drive-response system (47) and (48) with ADT condition is
shown in Fig. 2b.

In order to verify Theorem 3.5, keep all parameters’ values same as in Theorem 3.4 except the initial condition
e(0) = [3.5,4.5] such that w(e(0)) > 9.8. Then the system (49) will be nFxTS with the settling-time 7" < 1.3216 that
can be seen in Fig.4.
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Figure 5: (a)FxTS of system (49) with controller (52) and & = 2.8. (b) System (49) with controller (52) without linear term
and £ =2.8.

Remark 7. It is worth noting that if 6 = 1, then the nFxTS results presented in this paper are equivalent to the FxTS
results obtained in [44, 45, 46, 47] for impulsive systems. Therefore, the existing results can be considered a specific
case of this paper. Furthermore, the controller proposed in [44, 46, 47] only includes two terms (without a linear term),
which does not enable impulsive systems to achieve FxTS under destabilizing impulses. In contrast, the controller
designed in this paper fills this gap. To demonstrate this advantage numerically, let us consider 7, = 0.341, § = 0.05,
Ny =2,&=2.8,and 6 = 1. As shown in Figs. 5a and 5b, it can be observed that the controller without a linear term
is not effective in achieving FXTS when the impulsive perturbation is & = 2.8.

6. Conclusions

This paper deals with FTS/nFxTS of nonlinear impulsive systems with destabilizing impulses. The concept of
nFxTS is more general than FxTS because the former may be just asymptotically stable, but the latter must be FTS.
A Lyapunov inequality with a linear term is used to derive the main results of this paper, separately for DT and ADT
cases of impulsive sequence. For the DT case, when starting from within 6-nbh of the origin, FTS can be achieved
for any 6 > 0, satisfying 7,,;, > l;—é However, if DT satisfies 0 < 7,,;, < 1’2—5, then 6 > 0 must be bounded in order
for the system to be FTS. This means that the frequent occurrence of destabi;izing impulse moments in the impulsive
sequence restricts the neighbourhood of the origin to which the system’s initial state belongs. When the system begins
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—5. According to the definition, nFxTS is not

possible if 0 < 7,,;, < , because 6 > 0 is constrained by a nonzero lower bound. In ADT case, if 7, > ln[;—g,
3

the system achieves FTS startlng from within 6-nbh of the origin. Similarly, nFxTS can be achieved when the initial
state starts from outside 6-nbh of the origin. The proposed theoretical results have been applied to the FTS/nFxTS
synchronization of impulsive neural networks with destabilizing impulses by desiging a continuous controller based
on the Lyapunov inequality. Finally, a numerical example of an impulsive neural network is provided to illustrate the
validity of the obtained results. Extending the proposed theoretical results of this paper to a nonlinear impulsive system
with time-delays would be our future research.

from outside 6-nbh of the origin nFxTS is possible, satisfying 7,,;,

References

[1] Vangipuram Lakshmikantham, Pavel S Simeonov, et al. Theory of impulsive differential equations, volume 6. World scientific, 1989.

[2] Petro Feketa, Vladimir Klinshov, and Leonhard Liicken. A survey on the modeling of hybrid behaviors: How to account for impulsive jumps
properly. Communications in Nonlinear Science and Numerical Simulation, 103:105955, 2021.

[3] Tkachenko V.I. Dvornyk, A.V. Almost periodic solutions of the lotka—volterra systems with diffusion and nonfixed times of pulsed action.
Journal of Mathematical Sciences, 243(18):358-380, 2019.

[4] Ruiqing Shi, Xiaowu Jiang, and Lansun Chen. The effect of impulsive vaccination on an sir epidemic model. Applied Mathematics and
Computation, 212(2):305-311, 2009.

[5] Rakesh Kumar, Umesh Kumar, Subir Das, Jianlong Qiu, and Jianquan Lu. Effects of heterogeneous impulses on synchronization of complex-
valued neural networks with mixed time-varying delays. Information Sciences, 551:228-244, 2021.

[6] Xueyan Yang, Dongxue Peng, Xiaoxiao Lv, and Xiaodi Li. Recent progress in impulsive control systems. Mathematics and Computers in
Simulation, 155:244-268, 2019.

[7]1 Tao Yang. Impulsive control theory, volume 272. Springer Science & Business Media, 2001.

[8] Huaguang Zhang, Tiedong Ma, Guang-Bin Huang, and Zhiliang Wang. Robust global exponential synchronization of uncertain chaotic delayed
neural networks via dual-stage impulsive control. IEEE Transactions on Systems, Man, and Cybernetics, Part B (Cybernetics), 40(3):831-844,
20009.

[9] Ruihong Xiu, Wei Zhang, and Zichuan Zhou. Synchronization issue of coupled neural networks based on flexible impulse control. Neural
Networks, 2022.

[10] Ivanka M Stamova and Ivanka Stamova. Stability analysis of impulsive functional differential equations. de Gruyter, 2009.

[11] Xinsong Yang, Zhichun Yang, and Xiaobing Nie. Exponential synchronization of discontinuous chaotic systems via delayed impulsive control
and its application to secure communication. Communications in Nonlinear Science and Numerical Simulation, 19(5):1529-1543, 2014.

[12] Rachelle Miron. Impulsive differential equations with applications to infectious diseases. PhD thesis, Université d’Ottawa/University of
Ottawa, 2014.

[13] Rakesh Kumar, Shreemoyee Sarkar, Subir Das, and Jinde Cao. Projective synchronization of delayed neural networks with mismatched
parameters and impulsive effects. IEEE Transactions on Neural Networks and Learning Systems, 31(4):1211-1221, 2019.

[14] Wanli Zhang, Chuandong Li, Shiju Yang, and Xinsong Yang. Exponential synchronisation of complex networks with delays and perturbations
via impulsive and adaptive control. IET Control Theory & Applications, 13(3):395-402, 2019.

[15] Pilwon Hur, Brett A Duiser, Srinivasa M Salapaka, and Elizabeth T Hsiao-Wecksler. Measuring robustness of the postural control system to
a mild impulsive perturbation. IEEE Transactions on Neural Systems and Rehabilitation Engineering, 18(4):461-467, 2010.

[16] Payam Naghshtabrizi, Joao P Hespanha, and Andrew R Teel. Exponential stability of impulsive systems with application to uncertain sampled-
data systems. Systems & Control Letters, 57(5):378-385, 2008.

[17] Xiaodi Li and Shiji Song. Impulsive control for existence, uniqueness, and global stability of periodic solutions of recurrent neural networks
with discrete and continuously distributed delays. IEEE Transactions on neural networks and learning systems, 24(6):868-877, 2013.

[18] Rakesh Kumar and Subir Das. Exponential stability of inertial bam neural network with time-varying impulses and mixed time-varying delays
via matrix measure approach. Communications in Nonlinear Science and Numerical Simulation, 81:105016, 2020.

[19] Rakesh Kumar, Subir Das, and Yang Cao. Effects of infinite occurrence of hybrid impulses with quasi-synchronization of parameter
mismatched neural networks. Neural Networks, 122:106—-116, 2020.

[20] Sanjay P Bhat and Dennis S Bernstein. Finite-time stability of continuous autonomous systems. SIAM Journal on Control and optimization,
38(3):751-766, 2000.

[21] Hirokazu Fujisaka and Tomoji Yamada. Stability theory of synchronized motion in coupled-oscillator systems. Progress of theoretical physics,
69(1):32-47, 1983.

[22] Emmanuel Moulay, Michel Dambrine, Nima Yeganefar, and Wilfrid Perruquetti. Finite-time stability and stabilization of time-delay systems.
Systems & Control Letters, 57(7):561-566, 2008.

[23] Emmanuel Moulay and Wilfrid Perruquetti. Finite time stability and stabilization of a class of continuous systems. Journal of Mathematical
analysis and applications, 323(2):1430-1443, 2006.

[24] Emmanuel Moulay and Wilfrid Perruquetti. Finite time stability of differential inclusions. IMA Journal of Mathematical Control and
Information, 22(4):465-475, 2005.

[25] Emmanuel Moulay and Wilfrid Perruquetti. Finite time stability of nonlinear systems. In 42nd IEEE International Conference on Decision
and Control (IEEE Cat. No. 03CH37475), volume 4, pages 3641-3646. IEEE, 2003.

[26] Yury Orlov. Finite time stability and robust control synthesis of uncertain switched systems. SIAM Journal on Control and Optimization,
43(4):1253-1271, 2004.

Page 21 of 22



[27]
[28]

[29]
(30]

(32]
(33]

[34]
[35]

[36]
[37]
(38]
(39]
[40]
[41]
(42]
[43]
[44]
[45]
[46]
(47]
(48]
[49]

[50]
[51]

[52]
(53]

Junfeng Zhang and Denis Efimov. Fixed-time and finite-time stability of switched time-delay systems. International Journal of Control, pages
1-13, 2021.

Xiaodi Li, Daniel WC Ho, and Jinde Cao. Finite-time stability and settling-time estimation of nonlinear impulsive systems. Aufomatica,
99:361-368, 2019.

Qiang Xi. Some further results for finite-time stability of impulsive nonlinear systems. Mathematical Methods in the Applied Sciences, 2021.
Jie Wu, Xiaodi Li, and Xiang Xie. Finite-time stability for time-varying nonlinear impulsive systems. Mathematical Methods in the Applied
Sciences, 2021.

Zengyun Wang, Jinde Cao, Zuowei Cai, and Mahmoud Abdel-Aty. A novel lyapunov theorem on finite/fixed-time stability of discontinuous
impulsive systems. Chaos: An Interdisciplinary Journal of Nonlinear Science, 30(1):013139, 2020.

Qiang Xi, Zhanlue Liang, and Xiaodi Li. Uniform finite-time stability of nonlinear impulsive time-varying systems. Applied Mathematical
Modelling, 91:913-922, 2021.

Sergey G Nersesov and Wassim M Haddad. Finite-time stabilization of nonlinear impulsive dynamical systems. Nonlinear Analysis: Hybrid
Systems, 2(3):832-845, 2008.

Weisheng Chen and LC Jiao. Finite-time stability theorem of stochastic nonlinear systems. Automatica, 46(12):2105-2108, 2010.

Xianqing Huang, Wei Lin, and Bo Yang. Global finite-time stabilization of a class of uncertain nonlinear systems. Automatica, 41(5):881-888,
2005.

Joao P Hespanha, Daniel Liberzon, and Andrew R Teel. Lyapunov conditions for input-to-state stability of impulsive systems. Automatica,
44(11):2735-2744, 2008.

Vincent Andrieu, Laurent Praly, and Alessandro Astolfi. Homogeneous approximation, recursive observer design, and output feedback. SIAM
Journal on Control and Optimization, 47(4):1814-1850, 2008.

Andrey Polyakov. Nonlinear feedback design for fixed-time stabilization of linear control systems. IEEE Transactions on Automatic Control,
57(8):2106-2110, 2012.

Andrey Polyakov, Denis Efimov, and Wilfrid Perruquetti. Finite-time and fixed-time stabilization: Implicit lyapunov function approach.
Automatica, 51:332-340, 2015.

Udhayakumar Kandasamy, Fathalla A. Rihan, Rakkiyappan Rajan, and Mahmoud M. El-Khouly. New fixed-time stability theorems for delayed
fractional-order systems and applications. IEEE Access, 10:63230-63244, 2022.

Udhayakumar Kandasamy, Fathalla A. Rihan, K. Janani, and Rakkiyappan Rajan. Novel finite and fixed-time stability theorems for fractional-
order impulsive discontinuous systems and their application to multi-agent systems. Results in Control and Optimization, 9:100173, 2022.
Francisco Lopez-Ramirez, Denis Efimov, Andrey Polyakov, and Wilfrid Perruquetti. Conditions for fixed-time stability and stabilization of
continuous autonomous systems. Systems & Control Letters, 129:26-35, 2019.

Zengyun Wang, Jinde Cao, Zuowei Cai, and Changfeng Xue. A novel fixed-time stability of nonlinear impulsive systems: a two-stage
comparison principle method. International Journal of Systems Science, pages 1-15, 2021.

Hongfei Li, Chuandong Li, Tingwen Huang, and Deqiang Ouyang. Fixed-time stability and stabilization of impulsive dynamical systems.
Journal of the Franklin Institute, 354(18):8626-8644, 2017.

Md Arzoo Jamal, Rakesh Kumar, Santwana Mukhopadhyay, and Subir Das. Fixed-time stability of dynamical systems with impulsive effects.
Journal of the Franklin Institute, 359(7):3164-3182, 2022.

Xinsong Yang, James Lam, Daniel W. C. Ho, and Zhiguo Feng. Fixed-time synchronization of complex networks with impulsive effects via
nonchattering control. IEEE Transactions on Automatic Control, 62(11):5511-5521, 2017.

Hongfei Li, Chuandong Li, Tingwen Huang, and Wanli Zhang. Fixed-time stabilization of impulsive cohen—grossberg bam neural networks.
Neural Networks, 98:203-211, 2018.

Denis Efimov and Alexander Aleksandrov. On estimation of rates of convergence in lyapunov-razumikhin approach. Automatica, 116:108928,
2020.

Xinzhi Liu and George Ballinger. Existence and continuability of solutions for differential equations with delays and state-dependent impulses.
Nonlinear Analysis: Theory, Methods & Applications, 51(4):633-647, 2002.

Tao Yang. Impulsive control theory, volume 272. Springer Science & Business Media, 2001.

Shiguo Peng, Feiqi Deng, and Yun Zhang. A unified razumikhin-type criterion on input-to-state stability of time-varying impulsive delayed
systems. Systems & Control Letters, 116:20-26, 2018.

Godfrey Harold Hardy, John Edensor Littlewood, George Pdlya, Gyorgy Polya, et al. Inequalities. Cambridge university press, 1952.
Jianquan Lu, Daniel WC Ho, and Jinde Cao. A unified synchronization criterion for impulsive dynamical networks. Automatica, 46(7):1215—
1221, 2010.

Page 22 of 22



