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1. Introduction

The research of systems of delay differential equations (DDEs) with multiple constant
and time-varying delays is always a challenging field of study. This is due to the fact that
the system of DDEs can be frequently found in many fields such as mechanics, artificial
neural networks power systems, medicine, physics, biology, population ecology, engi-
neering, and so forth. For example, the books of Burton [1], Hale and Verduyn Lunel [2],
Kiri and Ueda [3], Kolmanovskii and Myshkis [4], Kuang [5], Lakshmikantham et al. [6],
and Smith [7] are very important reference books for various fundamental and qualitative
results of stability and periodic solutions of functional differential equations of the first and
second order. These books also include numerous methods, techniques, their theoretical
and real applications in science, engineering, and technology. Indeed, a large number of ap-
plications in the theory of artificial neural networks, numerous models for some population
dynamics, and ecology problems, etc., can be represented by DDEs with multiple delays,
(see, in particular, Berezansky et al. [8], Gil [9], Smith [7], and the bibliography therein).
Accordingly, the study of qualitative properties of solutions of scalar DDEs and systems
of DDEs with multiple time-varying delays has an important significance in sciences and
engineering, and it deserves the attention of researchers.

In recent years, numerous interesting and fruitful results on the qualitative analyses
for various differential equations of first and second order both with and without delay
have been obtained by applying a linear matrix inequality (LMI) approach, the second
Lyapunov method, the LKM, fixed point method, and so on. In particular, some related
works on the subject can be summarized briefly as the following.

Berezansky et al. [8] considered a non-autonomous system of first order with time-
varying delays. Via the M-matrix method, easily verifiable sufficient stability conditions
for the system and its linear version are obtained in [8].
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In Berezansky et al. [10], uniform exponential stability of linear systems of first order
with time varying coefficients is studied. In [10], a new explicit result is derived with
the proof based on the Bohl-Perron theorem. The resulting criterion has advantages over
some previous ones.

In Gil [9], the author presents exponential stability results for a nonlinear system
of differential equations of first order. Here, the author obtains sharp bounds for the so-
lutions of the system and thus exponential stability can be determined without the use
of Lyapunov functions.

Gozen and Tung [11] investigate an exponential stabilization problem for a class of linear
systems of first order with two variable delays. Via a suitable Lyapunov-Krasovskii func-
tional, Leibniz-Newton’s formula and linear matrix inequalities, the authors derive some
new sufficient conditions for the exponential stability of the zero solution of the system.

Liu [12] studies a class of systems of non-autonomous differential equations of first
order with multiple delays. In [12], under proper conditions, several criteria of global
stability of a positive equilibrium are obtained.

In Matsunaga [13], for a linear delay differential system of the first order with two
coefficients and one delay, some necessary and sufficient conditions on the asymptotic
stability of a zero solution, which are composed of delay-dependent and delay-independent
stability criteria, are established and the range of the delay is explicitly given.

In Ngoc [14], general nonlinear time-varying differential systems of a first order with
two variable delays are considered. Several explicit criteria for exponential stability are
given. A discussion of the obtained results and two illustrative examples are presented.

In Petrusel et al. [15], existence, stability, and localization results for a general system
of operator equations in complete metric spaces are presented. The approach is based on
the application of some fixed point theorems for orbital contractions in a complete metric
space.

In Rebenda and Smarda [16], asymptotic properties of a real two-dimensional differen-
tial system with unbounded non-constant delays are investigated. The sufficient conditions
for the stability and asymptotic stability of solutions are given. Asymptotic properties
of solutions are also studied by means of a Lyapunov-Krasovskii functional.

Shu [17] considers the linear delay system:

X(t) = Ax(t) + Bx(t —r).

The author gives sufficient conditions for the asymptotic stability of the zero solution
of this system by deriving a pair of one dimensional delay differential equations from the sys-
tem and comparing the Lyapunov exponents of the corresponding fundamental solution.

Slyn’ko and Tung [18] discusses the instability of set differential equations by using
some geometric inequalities.

In Tung [19-21] and Tung and Tung [22-25], stability, boundedness, and some other
properties of solutions of various non-linear differential systems of second order without
or with delay are investigated by the second Lyapunov method and integration techniques.

In Tung¢ and Golmankhaneh [26], the stability of fractal differentials in the sense of Lya-
punov is defined. Sufficient conditions for the stability, uniform boundedness, and conver-
gence of solutions for the suggested fractal differential equations are presented and proven.

Yskak [27] considers a class of linear systems of differential equations of first order with
distributed delay and periodic coefficients. The author established sufficient conditions
for the asymptotic stability of solutions to this system, obtain estimates of solutions, and
study robust stability. On the basis of the obtained results, the author proves an analogue
of the Krein’s theorem on stability of solutions to the linear system of differential equations
with distributed delay.

In Zhang and Jiang [28], by constructing a suitable Lyapunov functional and using
some analytical techniques, the authors obtain sufficient conditions for the global expo-
nential stability of zero solution to a class of differential systems of first order with delay.
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The results show a relation between the delay time and the coefficients of the equations.
In [28], two examples also are given to illustrate the validity of the results.

In Zhang and Wu [29], the authors develop a new technique to study the stability
of the delay differential system of first order. In this way, the construction of suitable
functionals for a given system with finite delay is easier. The conditions obtained are
less restrictive. The main results are three theorems on the stability of the zero solution
of the system with finite delay. We also refer readers to the papers of Petrusel and Rus [30],
Kien et al. [31], Chadli et al. [32] and the bibliographies of the mentioned sources.

However, to the best of our knowledge, the LKM is the most effective method to
investigate various properties of systems of delay DDEs with multiple time-varying delays
provided that construct or define a suitable LKF. In fact, from this point of view, construct-
ing, defining, or finding a suitable LKF for a problem under study is a difficult task and
an unsolved problem in the literature until this time.

In 2020, Ren and Tian [33] considered the following system of linear DDEs with
time-varying delay,

x(t) = Ax(t) + Bx(t — h(t)), 1)
x(t) = ¢(t), t € [—hy,0],

where x(t) € R" is the system state, A, B € R"*", and h(t) € C'(R*, (0,0)) is the time-
varying delay and satisfies the following conditions:

0<h <h(t) <hy hoyy =hy —hy,0 < h'(t) < hg <1

Ren and Tian [33] defined a LKF for the system of DDEs (1). Then, based upon the de-
fined LKF, Ren and Tian [33] proved a theorem, ([33], Theorem 1), on the asymptotically
stability of the system of DDEs (1).

The motivation of the results of this paper has been inspired from the paper of Ren and
Tian ([33], Theorem 1) and those in the bibliography of this paper. In this paper, we take
into consideration a perturbed nonlinear system of DDEs with three multiple time-varying
delays as given below:

x2(t) = A(t)x(t) + BF(x(t — by (t))) + CG(x(t — ho(t))) + P(t, x(t), x(t — h3(t))), ()

where x € R",t € RT = [0,00), I (t) € C}(RT,(0,00)), k =1, 2,and h3(t) € C(R™, (0, 0))
are the time-varying delays, A(t) € C(RT,R"*"), B, C € R"*", F, G € C(R",R"),
F(0) = G(0) =0and P € C(RT x R" x R",R"). We assume that the given time-varying
delays h1(t) and hy(t) satisfy the following conditions:

0.< hy < hy(t) < hy,0 < by < hy(t) < hy,

0< h/l(f) <hs;<1,0< h’z(i’) <hg <1,
h = max{hy, hy}, hy = max{hs, he}. 3)

We now outline the aim of this paper by the following items, respectively:
(1) We study the uniformly asymptotic stability of zero solution and the integrability

of the norm of solutions of the following unperturbed nonlinear system of DDEs via
Theorem 3 and Theorem 4, respectively:

x(t) = A(t)x(t) + BF(x(t — h1(t))) + CG(x(t — ha(t))). 4)

To investigate these problems, we define a very different LKF from that in Ren and
Tian [16];

(2) We investigate the boundedness of solutions of the perturbed system of nonlinear
DDEs (2), see Theorem 5’
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(3) In particular cases, two new examples with graphs of their solutions are provided to
show applications of Theorems 3-5.

The rest of this paper is organized as follows. Some basic information related to
a general functional differential system and a necessary auxiliary theorem, Burton ([1],
Theorem 4.2.9), are given in Section 2. A reference theorem of this paper, Ren and Tian
([33], Theorem 1), concerning asymptotic stability of the system of linear DDEs (1) is given
in Section 3. Two new results and an example concerning uniformly asymptotic stability
and integrability for the unperturbed system (4) are presented in Section 4, while a result
and an example for the boundedness of solutions of the perturbed system of DDEs (2) are
given in Section 5. Finally, some discussions, contributions, and a conclusion are given
in Sections 6 and 7, respectively.

2. Background and Motivation
Consider the system of DDEs:

dx

& H(t

7 (t, xt), (5)
where H € C(R x Cy,R"), H(t,0) = 0 and takes bounded sets into bounded sets. For some
T > 0, Cp = Co([—7,0], R") denotes the space of continuous functions ¢ : [—7,0] — R".
Forany a > 0, Vtp > 0 and x € Co([to — T, to + a], R"), we have x; = x(t +60) for —7 <
0 <O0andt > .

n
Let x € R". The norm ||| is defined by ||x|| = ¥ |x;|. Next, let A € R"*". For this
i=1

n
case, the matrix norm, ||A||, is defined by ||A| = max <Z }aij|).
i=1

1<j<n
In this article, without loss of generality, sometimes instead of x(t), we will simply
write x.
For any ¢ € Cy, let:

1#llc, = sup l@@)] = l¢(O)ll 0
fe[—r,0]

and
Cy={¢:¢€Cyand H(PHCO < H < oo}.

We suppose that the function H satisfies the conditions of the uniqueness of solutions
of the system of DDEs (5). We note that the system of DDEs (2) is a particular case
of the system of DDEs (5).

Let x(t) = x(t, tp, ¢) be a solution of the system of DDEs (5) such that x(f) = ¢(t) on
[to — T, to], where ¢ € C([to — T,tp],R") is an initial function.

Let,

Vl(tr(P) : ]R+ X CH — R+,R+ = [0,00),

be a continuous functional in ¢ and ¢ with V;(¢,0) = 0. Further, let %Vl(t,x) denote
the derivative of Vj(t, x) on the right through any solution x(t) of the system of DDEs (5).

Theorem 1 (Burton ([1], Theorem 4.2.9). Assume that:

(A1) The function Vi (t, x) satisfies the locally Lipschitz in x, i.e., for every compact S C R" and
¥ > to, there exists a Ks € R with K5 > 0 such that:

Vi(t,x) = Vit )| < Kysllx = yll o

forall t € [ty, ] and x,y € Co([to — T, 0], S);
(A2) Let Z(t, ¢) be a functional such that it satisfies the one-side locally Lipschitz in t:

Z(ty,¢) —Z(t,¢) <K(tp—1),0 <t <tp) <oo,K>0,KeR,
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whenever ¢ € Cpy, where Z : RT x Cy — R is continuous;
(A3) There are four strictly increasing functions w, wy, wy, w3 : RT™ — RT with value 0 at 0 such
that:

w([[p)[) + 2(t,¢) < Vi(t,¢) < wi([[90)])) + Z(t, ),
Z(t,¢) < wa(ll¢llc)

and

TVt x() < ~ws(x()])

whenever t € R and x € Cy. Then, the solution x(t) = 0 of the system of DDEs (5) is
uniformly asymptotically stable.

3. Asymptotic Stability
Firstly, we state the main result of Ren and Tian ([33], Theorem 1).

Theorem 2 (Ren and Tian [33], Theorem 1). For given scalars hy and hy , the system (1) with
time-varying delays satisfying the condition 0 < hy < hy(t) < hy is asymptotically stable if there
exist matrices P € S, Q1, Qa, Qs,

Qs €S, Ny, Np € R13nx4n oyi0h that the LMI:

@(a)—rT%(a)r—He(rT[(l If‘,)TNlT}) “ | g
&N

aN{ + (1 —a)NJ -Q

() =

holds for « = {0,1}, where:

CD(&() :He(ZlTPZZ) + e{Qlel — 8§Q1€2 + €§Q2€2 — EZQ2€4 + h%SgQgﬁo
+ h}yel Qaeg — 23 Q3%5 — 35] Q3% — 5EL Q355 — 75, Q3%
T
Yy =lel mel ahpel + (1 —a)hpel el hiel)],

> T

Zy=|ef f ~of ] el —mnel L] 1] |
Y3 =e1 — &,
Xy =€ + &y — 2e5,
Y5 =€ — &y + 6e5 — 12¢g,
26 =€1 — & — 1285 + 6088 — 120811,
Yy =&y —¢3,
Yig =€y + &3 — 2¢q,
Y9 =€y — €3 + 6gg — 12¢9,
Y10 =€ + &3 — 12¢¢ + 60gg — 120¢e12,
Y1 =3 — &y,
Yo =e3 + &4 — 2¢7,
213 —€3 — &4 + 687 — 12810,
Y14 =€3 + &4 — 127 4+ 60e19 — 120¢g13,

eg =Aé€q + Bes,

T
FZ{Z; Zg Z9T Z1T0 ZlTl Zsz Z1T3 2{4] ’
Q =diag(Qu, 3Q4, 5Q4, 7Q4),
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and
€ € Rnxl?m

is defined as:
& = (O (it In 13ty | for i =1,2,...,13.

4. Uniformly Asymptotic Stability and Integrability

We now deal with the non-perturbed system of DDEs (4). Here, we first extend
and optimize the asymptotic stability result of Ren and Tian ([33], Theorem 1) under very
weaker conditions. Next, we give an integrability result for the solutions of the unperturbed
non-linear system of DDEs (4). The technique of the proofs is based upon the LKM.

The first main result of this paper is given by Theorem 3.

Theorem 3. We assume that the following conditions (C1) and (C2) hold:
(C1) There exist positive constants ag, fo, and go such that:

n
ai(t)+ Y, |aji(t)] < —aq forallt € R,
j=Tii
F(0) =0, ||[F(u) — F(v)|| < follu —v|| forall u, v € R"
and
G(0) =0,[IG(v) = G(w)]| < gollv — w||| forall v, w € R";

(C2) There exist constants ay, fo, go and hy from (C1) and (2), respectively, and dq such that:

ao(1 = ho) — fol|BIl — olICl| = do.

Then zero solution of the unperturbed system of DDEs (4) is uniformly asymptotically stable.

Proof. We define a new LKF Wy := Wy (¢, x¢) by:

t
Wit xp) = ||x(t \|+ZA / 1x(s) |1 ds, ©)
t=h;(t)

where A; > 0, A; € R such that these arbitrary constants will be chosen in the proof later.
The LKF (6) can be expanded as the following:

t t
Wit x) = (O] 4ot [+ [ x)lds+2a [ x(s)]ds

t—hq(t) t=ha(t)
t t

=[x ()] + o + [xn(t) [+ A1 / [x1(s)[ds + ... + M1 / |xn(s) |ds

t—hy (t) t=hy (t)
t t

+ Ay / |x1(s)|ds + ... + Az / |24 (s)]ds.
t—hy(t) t=hy(t)

From (6), it follows that the LKF Wy (¢, x;) satisfies:
Wi(t,0) = 0,7 lx|| < Wi(t, xt), 71 € (0,1),11 €R.

Let,
722171 €R
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and

Hence, it is clear that:
Tillx[| +Z(t x) < Wit xe) < yallx|| + Z(¢, x).

As for the next step, by some elementary calculations, we derive:

t
(Wit xe) = Wit yd)| <[ lx(®)]] = ly(D)]l | + Z)\ / [Ix(s) I = [ly(s)l ds
t=h;(t)

<x() - ||+2A [ 1x() = y(s) s

E—hi(t)

<[[x(t) ||+Z)th sup [|lx(s) = y(s))ll

t—hi(t)<s<t

<[lx(t) =y(t)[| + Atha  sup  |[x(s) —y(s))||

t—hy(£)<s<t

+A2hy  sup  |x(s) —y(s))|l-
t—ly () <s<t

From this point of view, we have:

|Wy (8, x¢) — Wi(tye)| <(14 Avhy + Azhy)

xmaX{ sup [|x(s) —y(s)ll, sup IX(S)—y(S)II}

t=hy(t)<s<t t—hy(t)<s<t

—DlmaX{ sup  [[x(s) —y(s)ll, sup IIX(S)—y(S)II},

b=y (£)<s<t b=l (£)<s<t

where:
Dy =1+ /\1]’12 + A2h4.

Thus, we can conclude that:

W (6 x1) = W (e, )| < Dy max{ 114(5) = y(5)l gy 0,00 1905 = Y5y -

The last inequality shows that the LKF Wy (¢, x¢) satisfies the locally Lipschitz condition.
Hence, the satisfaction of the condition (A1) of Burton ([1], Theorem 4. 2.9) was shown.
For the next step, from the definition of Z(t, x), it follows that:

t—hy (1) <s<t t—ha(H)<s<t

) t
=) A / [x(s)llds < Aahi(t)  sup  |[x(s)]| +Agha(t)  sup  [lx(s)]
hi(

<Ay sup  [[x(s)|| +A2hy  sup  ||x(s)]]-
t—hy(t)<s<t t—hy (t)<s<t

Thus, we get:

Z(t,x) < Mha||x(5) | jr—py 1), + A2hall X ()N =y 2,1
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As for the next step, using some simple calculations, we find:

2 Iy 51
Z(tx) =2t x) =Y A [ x@lds= YA [ xs)llds
) =)
) ty ) f
“Y A [ xElds =Y A [ (xe))s
EU i) L)
,  hhi(t) ,  hhih)
XA [ IsE)lds- YA [ s
=) S
2 P ()
=N ||mf2A/ J(s) s
=1 hi(t1)
2 B
<YM [ N s
i=1 f
<(AM1+A2) sup lx(s)[(t2 — 1) = M(t2 — tv),
t<s<tp

where:
M = ()\1 +)\2) sup HX(S)H,O <t <t < oo
t1<s<tp
Thus, the satisfaction of the condition (A2) of Burton ([1], Theorem 4. 2.9) was proven.
As for the next step, we calculate the time derivative of the LKF Wy (¢, x¢) in (6) along
the system of DDEs (4). Then, we can obtain that:

WLt x0) = L2 (0(t+ )+ Aalx(0)] = (e = ()] x (1= W1 (1)
i=1
Al (0)] = Aallx(t — ()| % (1= Ha(e). @)

We now consider the first term of the equality (7). Via the condition (C1) and some
elementary calculations, we have that:

n n nooon
Z (t+0 <Z“11|x1 |+2 2 ‘“]z“xl
i=1 i=1 i=1j=1,j#i
non
+ 3 2 i [Fi(x(t = ha(1)))]
i=1j=1

1Y Jey 6t ma(1)]

i=1j=1
=fQMW%i!%W)MM
i=1 j:l,j#i

B E(x(t = ()] + ICIIG(x(t = ha(6)]
< —agl[x(8)[| + I BI| [IF (x(t = - ()] + ICI] (G (x(t = ha(8))]I- ®)
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From this point of view, combining (7) and (8) and using the conditions of (3), it
follows that:

%Wl(f/xt) < —agl[x()[| + [[BIl |F(x(t = ha ()| + ICI| |G (x(t — h2(2)))]]

+ A lx(B)]] = Agflxc(t = Ry (8))]| x (1 =K' (t))
+ Aol x(B)]] = Al (t = ha(8))[| x (1 —H2(t))

< —aglx(®)[| + Bl [[F(x(t = ha ()| + [[C]| [|G(x(t — ha(£)))]]
+ Mlx()]] = Ag[|x(t = k1 ()| x (1 —hs)
+ Ag|[x(B)[| — Aalx(t — ha(t)) || x (1 — he)

< —aollx()| + Bl [[F(x(t = h1 ()] + [|C]l [|G(x(t — ha(2)))]]
+ Mlx(B)]] = A1 (1 = ho)[|x(t — h1(2))]]
+ Azl (E)]] = A2(1 = ho) [|x(t — ha(2))]]

< —aol|x(E)|| + follBI| lx(t — h1(£))[| + golIC|| [[x(t — ha())|
+ M lx(B)]] = A1 (1 = ho) [|x(t — h1(t))]]
+ Aalx(8)]] = A2 (1 — ho) [|x(t — ha(2))]]-

Since A1 and A; are arbitrary positive constants, let A; = J;“l‘—,lj(‘)l and A, = %OJEOH . Then,

keeping in the mind the condition (C2), we conclude that:

d Soll Bl goll€||
Ewl(t/xt) S 0 " T ho | x(8) |
1
="1- [ao(1 —ho) — foll Bl — golIClI]l|x() ]
0
< —Kollx(t)], )

where:
Ko = 6o(1—ho) "

Hence, from (9), it is seen that the derivative %Wl (t, x¢) is negative definite. Thus,
the condition (A3) of Burton ([1], Theorem 4. 2.9) was satisfied. Hence, all the conditions
of (A1)-(A3) of Burton ([1], Theorem 4. 2.9) were satisfied. The whole discussion proves
that the zero solution of the nonlinear unperturbed system of DDEs (4) with two mul-
tiple time-varying delays is uniformly asymptotically stable. This completes the proof
of Theorem 3. [

Theorem 4. Let the conditions (C1) and (C2) of Theorem 3 hold. Then the norm of solutions
of the unperturbed system of DDEs (4) with two multiple time-varying delays are integrable
in the sense of Lebesgue on RT = [0, 00).

Proof. The proof of this theorem depends upon the LKF Wi (¢, x¢). Via the conditions (C1)
and (C2), as before we obtain the inequality:

S (6 31) < —Kollx (D) 10

Since £ Wi (t, x;) is negative definite, the LKF W (t, x;) is decreasing. Keeping in mind
this fact and integrating the inequality (10), we obtain:

t
KO/ 1x(s) | ds < Wi (to, d(to)) — Wi (£ x¢) < Wa(to, d(to)) = Ky > 0

fo
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for all t > tg. This inequality clearly implies:

/||x(s)||ds < K5 TWy (t, ¢ (to)) = Ky 'Ky < oo.

to

O

Thus, the norm of the solutions of the unperturbed system of DDEs (4) with multiple
two time-varying delays is integrable in the sense of Lebesgue on R™ = [0, c0). Hence,
the proof of Theorem 4 is completed.

In a particular case of the unperturbed system of DDEs (4) with two multiple time-
varying delays, we now give an example, Example 1, to show that the conditions of (C1)
and (C2) of Theorem 3 and Theorem 4 can hold.

Example 1. Consider the following system of non-linear DDEs with two multiple time-varying

delays:
t t
()= 7 )(3)
x2 =+ —25 — =1 X2
) sinxy (t — 1|sint|
23 sinx (t — z[sint|
. 1.
71 sinxq (t— 5|sinf|
+ ( ) . 2P, a1
L2 sinx (t — 7[sint|
where hy (t) = §|sint| and hy(t) = 1|sint| are two multiple time-varying delays, and t > 1.

From this point of view, we compare both the system of DDEs (11) and DDEs (4) with
two multiple time-varying delays. Hence, we derive that:

_25_ _t_ _t
A= (TEoE L E
+1 —25— +1

3 2 2 1
B_<2 3>’C_<1 2)'
sinxy(t— Llsint
F(x(tma))):f.r(x(t§|sint|)):< 12 ils l; )

sinxy (¢ — g[sint|

F(0) = 0,x = (x1, %),

inxi(t— 1lsin
G(x(t—hz(t))):G(x(t_;|sint)):( s 1Et Us t% )

sinx (t — [sint|

G(0) = 0,x = (x1,x2)".
Let,

1 1 1
u=x(t— Z|sint|),u1 =xq(t— Z|sint|),u2 = x(t— Z|sint|),

1 1 1
v=y(t— 1|sint|,vl =y (t— 1|sir1t|),v2 =1(t— 1|sint|)



Axioms 2021, 10, 138 11 of 20

and
1, . 1,. 1, .
v=x(t— z|sint|),v1 = x1(t — Z|sint|), vy = xp(t — =|sint|),
2 2 2
1, . 1,. 1, .
w =y(t — zsint|,w; = y1(t — 5[sint]), wy = ya(t — = [sint]).
2 2 2
In view of the matrix A(t), it is clear that:
an(t) + lan (t) = —25— ——+ 1 = 25 < 24 = 4
u A t+1 " t4+1 -
t t
an(t) + |a12(t)| = -25— 1 + il —25 < =24 = —a,.
Then,
2
aii(t) + Z |[lji(t)| < =24 = —qgpforallt € R,
j=1j#
Next, by some simple calculations, we obtain:
Bl =5,|[C]| =3,
and

sinuq — sinvq
sinuy — sin vy
=|sinuy — sinvy| + [sinuy — sinvy|

cos[ T (==
2 2

<|uy —v1| + |ug — va|
=|lu—o|,fo=1.

hi(t) :£11|sint|,

|H@—F@nﬂ

=2

1 1

=hs <1.

1 1
0<Hy(t)=-—|sint| = X cost < -

IG(v) — G(w)| = H( sin vy — sinw,

sin vy — sin wp

)| < 1o-al s0=1,

hy(t) = 1|sir1t|,

N

1 1
0= h3 S §|Slnt| S E :h4,

1d, . 1 sint
|sin ——— xcost <

== = he < 1.
| 2 Jsint| 6

N —

<K =
0=hat) =54

Assume that: - )
ho = max{h5,h6} = max{4, 2} = i

Considering the statement of condition (C2) and the above calculations, we have:

1
110(1 —ho) —foHBH —goHC” = 24(1 - 2) —5-3=4>4= 50.
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for Iy (t) = %[sint|, ha(t) = L|sint|, t > 1, and different initial values.

x1(t)

From this point of view, it follows that all the conditions of Theorems 3 and 4,
i.e., the conditions (C1) and (C2) hold. For this reason, the zero solution of the system
of DDE:s (11) with two multiple time-varying delays is uniformly asymptotic stable as well
as the norm of solutions of the same system are integrable.
Here, Example 1 was solved using MATLAB software. Indeed, the given example was
solved using the 4th order Runge-Kutta method in MATLAB. The graphs of Figures 1 and 2
show the behaviors of paths of the solutions x1(t), x2(t) of Example 1, respectively,
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Figure 1. This figure shows that the solution x; (¢) of the system of DDEs (11) with two multiple

time-varying delays is uniformly asymptotically stable and the norm of this solution is integrable

for hq(t) = %\sint|, hy(t) = %|sint\, t > 1, and different initial values.
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Figure 2. This figure shows that the solution x;(t) of the system of DDEs (11) with two multiple

time-varying delays is uniformly asymptotically stable and the norm of this solution is integrable

for hy (t) = %|sin t, ha(t) = %\sin t|, t > 1, and different initial values.
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We now present our third main result of this paper related to the boundedness
of solutions of the perturbed nonlinear system of DDEs (2) with three multiple time-varying
delays.

5. Boundedness of Solutions

For the boundedness of solutions of the perturbed system of DDEs (2) with three multi-
ple time-varying delays, in addition to the conditions (C1) and (C2), we need the following
condition:

(C3) There exist positive constants a, fo, o, ho, dp from (C1) and (C2), L and a continuous
function py € C(R,R) such that:

1P(t (), x(t = (1)) ]| < [po(t)] [lx(t)]|| for all t € RT, x, x(t —hs(t)) € R",

where:

[ 1po(s)lds < L.
0

Theorem 5. Let conditions (C1)—(C3) hold. Then the solutions of the perturbed system of DDEs
(2) with three multiple time-varying delays are bounded as t — +oo.

Proof. As in the previous theorems, the proof of this theorem also depends upon the LKF
W (t, x¢). From the conditions (C1)—(C3), we can derive:

< —Kollx(B)[] + 1Pt x(#), x (£ = B3 (1)) |

<
< [po()] Ix(8)]]
< [po(t)[Wi(t, x). (12)

O

Integrating the inequality (12) and using the condition (C3), we obtain that:

Wit x0) < Wa(0,9(0)) exp( [ [po(s)lds).
0

< W(0,9(0) exp( [ [po(s)]ds)
0

< Wi(0,¢(0)) exp(L).

Let,
M = W1(0,¢(0)) exp(L) > 0. (13)

Using (13) and the definition of the LKF W (¢, x;), we have:

2
[x(B)]] < [Jx(E) |+ Y A / |x(s)[|ds = Wy (t, x;) < M,
=L

ie.,
|x(t)|| < Mforall t >ty > 0.

By calculating the limit of this inequality as ¢t — oo, it is derived that:

lim ||[x()] € lim M= M.
t—+o0 t—+o00



Axioms 2021, 10, 138

14 of 20

Then, we can conclude that the solutions of the perturbed system of nonlinear DDEs
(2) with three multiple time-varying delays are bounded as t — +oc0. Thus, Theorem 5 is
proven.

In a particular case of the perturbed system of DDEs (2) with three multiple time-
varying delays, we now give Example 2, to show that the conditions of (C1)—(C3) of Theo-
rem 5 can be provided.

Here, Example 2 was solved using MATLAB software. Indeed, the given example was
solved using the 4th order Runge-Kutta method in MATLAB. The graphs of Figures 3 and 4
show the behaviors of paths of the solutions xq(t), x2(#) of Examples 2, respectively,
for iy (t) = g[sint|, ha(t) = L|sint|, t > 1, and different initial values.

1 T T T T T T T

—_—x1(1)=1
08 ———x1(1)=05
—_— x1(1)=-1
06 ]

0.4 4

0.2 i

x1(t)
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0.2 g

-04 §

06 g

-0.8 4

R Il Il Il Il Il Il Il Il Il
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
time(s)
Figure 3. This figure shows that the solution x1 (¢) of the perturbed nonlinear system of DDEs (14)
with three time-varying delays is bounded for hy(t) = §|sint|, hy(t) = %[sint|, h3(t) = &[sint],
t > 1, and different initial values.

x2(1)=1
x2(1)
x2(1)=-

0.8

I
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I
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0.4 i

0.2 i
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1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
time(s)

Figure 4. This figure shows that the solution x; (¢) of the perturbed nonlinear system of DDEs (14)
with three time-varying delays is bounded for h(t) = %[sint|, hy(t) = L[sint|, hs(t) = %|sint\,
t > 1, and different initial values.
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Example 2. Consider the following nonlinear system of DDEs with three multiple time-varying

delays:
t t
()= i )(3)
xz m —25— m x2

3 2 ) sinxy (t — 3 |sint|
23 sinx, (t — §[sint|
71 ) sinx (t — 3|sint|
L2 sinx, (t — %[sint|

x1 exp(t)
T+exp(2t)+x2(t—L[sint]) )/ (14)

xp exp(t)
1+exp(2t)+x3(t—L|sint|)

where hy (t) = §[sint|, ho(t) = Y|sint|, and hs(t) = L|sint| are three multiple time-varying
delays, and t > 1

If nonlinear system of DDEs (14) and the perturbed system of DDEs (2) with three
multiple time-varying delays are compared, then the condition (C1) and (C2) are satisfied,
since they were shown in Example 1. As for the condition (C3), it is clear that:

X exp(t
1+exp(2t)+x3(t—L[sint])

x1 exp(t)
P(t, x(t), x(t — (1)) =P<t,x<t>,x<t—%|smt|>> = ( ”“P@””%({;%'ﬁ““ )

From this point of view, we derive that:

x1 exp(t
Lig; T-+exp(2t)+x3(t t)
||P(t,X(t),x(t— 8|smt\))|| = H ( exp( xzeii)(t |sm ) ) ||
T+exp(2t)+x3(t—L[sint|)
|x1] exp(t) 12| exp(t)
1+ exp(2t) + x3(t — —|smt|) 1+ exp(2t) + x2(t — L[sint|)
< |x1|exp(t) | |x2|exp(t)
~ 1+exp(2t)  1+exp(2t)

_exp(t)
< Th ey 11 12ll = P8 2],
where:
_explt)
[po(t)| = 5 exp(21)’ xll = |2 + |xal-
Hence, we obtain:
exp(s) ., _ 7 _
/\PO )|ds = 1+exp(25)ds =L

The obtained results shows that the conditions of (C1)—(C3) of Theorem 5 can hold.
Thus, all the solutions of the nonlinear system of DDEs (14) with three multiple time-
varying delays are bounded as t — oo.

In Figures 3 and 4, the system of DDEs (14) was solved by MATLAB software and
the trajectories of the solutions were drawn for when h(t) = %|sint|, ha(t) = }|sint|,
h3(t) = L|sint|, t > 1, and different initial values.
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6. Discussion and Contribution

We first compare the conditions Theorems 3 with those of the main result of Ren

and Tian ([33], Theorem 1). We also explain the contributions of the next two results,
Theorems 4 and 5, of this paper to the relevant literature by the following items, respec-
tively.

(1

()

The nonlinear perturbed system of DDEs (2) extend and improve the linear system
of DDEs (1) (see Tian and Ren [33], Theorem 1) from a linear system of the DDEs with
a time-varying delay to the a class of non-linear systems of DDEs with three multiple
time-varying delays. Next, in the main result of Tian and Ren ([33], Theorem 1), see
the above Theorem 2, the satisfaction of the following LMl is very difficult:

— &)NT
¥(a) = cp(a)—rTﬂfe(a)r—He(rT{(l )TNl}) * ] -0

aN,

aNT + (1 —a)NJ -Q

since the matrix ¥ («) has numerous terms. This fact can be seen clearly, when we look at
([33], Theorem 1) and the above Theorem 2. Hence, it is clear that this condition can lead
conservatism, computational complexity, and difficulty in application fields. However,
here, we have very simple conditions, (C1) and (C2) for our stronger result of uniformly
asymptotically stability, Theorem 3, instead of asymptotically stability result in ([33],
Theorem 1). For sake of brevity, there is no need for more information

To prove Theorem 1, the following LKF V' (x;),

t t—hy
Vi) =" OPg(0) + [ A (6)Qux)ds+ [ xT(5)Qax(s)ds
t—hy t—hy
£t =iy t
h / / #T(5)Qs(s)dsdu + o / / i7(5)Qui(s)dsdu (15
t—hy U t—hy U
with
¢ t—hy T
n(t) = [xT(t) [ xT(s)ds [ x f fx s)dsdu f ffx drdsdu]
t=hy t=hy t—hy U T

is defined by Ren and Tian ([33], Theorem 1). Instead of the LKF (15), we defined
the following LKF:

t

Wi (t, x1) B + EA / s)||ds. (16)
t=hi(t)

In spite of the non-linear unperturbed system of DDEs (2) having three multiple

time-varying delays, the LKF (16) is very simple and more convenient and effective.

For the particular case of our theorem, Theorem 3, to get the main result of Ren and

Tian ([33], Theorem 1) under very less conservative and optimal conditions, we need
the following LKEF:

Wolt, ) i= (0| +A [ [x(s)llds (17)
t—h(t)

which is a particular case of the LKF (16).
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(3) In Ren and Tian ([33], Theorem 1), differentiating the LKF (15) and using the system
of DDEs (1), it was derived that:

V(xt) =27 ()Pij(t) + x" (£)Qx(t) — xT (t — hy)Qux(t — hy)
+xT(t = 1) Qox(t — hy) — xT(t — hp) Qox(t — hp) + H3xT (£) Q3% ()

t t—hy
I (DQuk(t) — [ ¥ ($)Qa(s)ds —hna [ 7 (5)Qu(s)ds
t—hy t—hy

=T (H){He(ZTP%,) + el Qi1 — e Qren + €1 Qoen
— el Qoeq + Hiel Qaeo + M,el Queo }E(1)}

t t—hy
[ 3T(5)Qsx(s)ds —hnx [ £7(s)Qu(s)ds (18)
t*]’ll t7h2
with .
() = [xT(t) xT(t = y) xT(t = (1)) xT(t = h2) @[ (t) @3(t) @i(t)]",
Lt .t 0 T
p1(t) = |f’ﬂ J xT(s)dsm i xT(s)dsm / xT(s)ds] ,
t—hy t—h(t) t—hy
Lob b t—hy t—ly - h(t) t—h(t) T
P2(t) = |:h%tfhl ufx ()dsdu ( e, hf(t J S)dsdut s ’ o f { xT } ,
bt t—hy t—hy t—hy
@3(t) = h% [ [ [xT(s)dsdudv —1— f [ [ xT(s)dsdudov
Ti—puo (h ( (t u v
T
h(t) t—
/ / / s)dsdodu | . (19)
h2 - thy
However, let hy(t) = h(t). It is interesting that calculating the time derivative

of the LKF given by (17) and using the system of DDEs (1), we obtain:

Vot 30) = LA00-+0) + Mlle)] = (e~ Bl x (1= (). @)

The equality (20) has a very simple form than those given by (18) and (19). Indeed,
the inequality (20) leads very to less conservative conditions for the negative defi-
niteness of the time derivative %Wo(t, x¢) than those given by Ren and Tian ([33],
Theorem 1) for the negative definiteness of % V(x¢). Here, we would not like to give
the details of the discussions for the sake of brevity. The less restrictive conditions
of Theorem 3 can be followed with a comparison made between the conditions of Ren
and Tian ([33], Theorem 1) and our Theorem 3.

(4) To prove Theorem 2, which is given above, firstly, three lemmas, Lemmas 1-3, are
given by Ren and Tian [33]. Then, based upon the integral and matrix inequalities
therein, a new delay-dependent stability criterion via Theorem 2 is proven in terms
of a linear matrix inequality, see Ren and Tian [33], Theorem 1.

In this paper, we define a more suitable LKF (6) and depend upon Burton [1], (Theo-
rem 4. 2.9), to prove Theorems 3-5. From this point of view, Ren and Tian ([33], Theo-
rem 1) investigated the asymptotic stability of the linear system of DDEs (1). Here,
we investigate the uniformly asymptotically stability of the zero solution and integra-
bility of the norm of solutions of an unperturbed system of DDEs (4) as well as the
boundedness of solutions of the perturbed system of DDEs (2). The result of Theorem
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3, the uniformly asymptotically stability includes and implies the asymptotic stability
of the linear system of DDEs (1), i.e., but the converse is not true.

As a brief summary, here, we extend and improve the result of Ren and Tian ([33],
Theorem 1), and obtain this result under very less conservative conditions and make
it more optimal than before. Next, we also obtain two new results on the qualitative
properties of the nonlinear unperturbed system of DDEs (4) and as well as the nonlin-
ear perturbed system of DDEs (2), (see Theorems 4 and 5). The applicability of our
results can be done easily because of the form of the new less restrictive conditions
of Theorems 3-5.

(5) In this particular case, two nonlinear Examples 1 and 2 with two and three time-
varying delays, respectively, are given. These examples satisfy the conditions of Theo-
rems 3-5 and they were solved depending upon the 4th order Runge-Kutta method.
The trajectories of these examples are plotted by MATLAB software. The stability,
integrability, and boundedness of the solutions can be followed clearly.

(6) An advantage of the new and optimal LKF (6) used in the proof of Theorem 5 is to
eliminate using Gronwall’s inequality for the boundedness of solutions at infinity.
A comparison of Theorems 3-5 and those in the literature also shows that the condi-
tions of Theorems 3-5 are more general, simple, and convenient for applications.

7. Conclusions

In this paper, the unperturbed system of DDEs (4) with two multiple time-varying
delays and the perturbed system of DDEs (2) with three multiple time-varying delays are
taken into consideration. To the best of the authors’ knowledge, the qualitative properties
of the systems of DDEs (2) and (4) with multiple time-varying delays were not investigated
in the relevant literature until this time and the results of this article are new, original, and
have scientific novelty.

Indeed, this paper is comprised of three new results, Theorems 3-5, and two new
examples, Examples 1 and 2. Theorems 3-5 are related to the uniformly asymptotically
stability of zero solution and the integrability of solutions of the non-perturbed system
of DDEs (4) as well as the boundedness of solutions of the perturbed system of the DDEs
(2), respectively. The technique used to prove Theorems 3-5 depends upon a new LKF and
the LKF method. In fact, the real advantage of the new LKF is that it can pioneer to more
optimal, general, and less conservative new qualitative results and also eliminate the use
of Gronwall’s inequality for the boundedness of solutions.

The established sufficient conditions of Theorems 3-5 are more general, simple, less
conservative, and more convenient to apply than those available from the literature.

The results of this paper also improve and extend the result of Ren and Tian ([33],
Theorem 1) and add two new results on the qualitative properties of solutions and con-
tributes to the topic and relevant literature. The given examples illustrate the particular
applications of the new results of this paper.
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