
Kybernetika

Pham Huu Anh Ngoc; Thai Bao Tran; Nguyen Dinh Huy
New criteria for exponential stability of linear neutral differential systems with
distributed delays

Kybernetika, Vol. 57 (2021), No. 5, 776–784

Persistent URL: http://dml.cz/dmlcz/149303

Terms of use:
© Institute of Information Theory and Automation AS CR, 2021

Institute of Mathematics of the Czech Academy of Sciences provides access to digitized documents
strictly for personal use. Each copy of any part of this document must contain these Terms of use.

This document has been digitized, optimized for electronic delivery and stamped
with digital signature within the project DML-CZ: The Czech Digital Mathematics
Library http://dml.cz

http://dml.cz/dmlcz/149303
http://dml.cz


KYBERNET IKA — VOLUME 5 7 ( 2 0 2 1 ) , NUMBER 5 , PAGES 7 7 6 – 7 8 4

NEW CRITERIA FOR EXPONENTIAL STABILITY
OF LINEAR NEUTRAL DIFFERENTIAL SYSTEMS
WITH DISTRIBUTED DELAYS

Pham Huu Anh Ngoc, Thai Bao Tran and Nguyen Dinh Huy

We present new explicit criteria for exponential stability of general linear neutral time-
varying differential systems. Particularly, our results give extensions of the well-known stability
criteria reported in [3, 11] to linear neutral time-varying differential systems with distributed
delays.
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1. INTRODUCTION

Neutral delay differential equations have many applications in physics, biology and other
real world problems. They appear in modelling of the networks containing lossless
transmission lines as in high-speed computers where the lossless transmission lines are
used to interconnect switching circuits [5], in the study of vibrating mass attached to
an elastic bar, in the theory of automatic control and in neuromechanical systems in
which inertia plays an important role and etc. (see e. g. [8, 10]). Problems of stability
of delay differential equations of neutral type have been studied intensively during the
past decades, see e. g. [1, 4, 6, 15] and the references therein. A traditional approach to
stability of neutral differential equations is the Lyapunov method, see e. g. [2, 6, 8, 10].
Most existing results in the literature are given in terms of matrix inequalities and not
straight forward to use.

In this paper, we investigate the exponential stability of the following linear neutral
differential system with distributed delays

d

dt
(x(t)−D(t)x(t− r)) = A(t)x(t) +B(t)x(t− τ) +

0∫
−h

C(t, θ)x(t+ θ) dθ, t ≥ σ (1)

where A(·), B(·), D(·) : R→ Rn×n and C(·, ·) : R×[−h, 0]→ Rn×n, are given continuous
functions and r, τ, h > 0, are delays.
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Generally, it is not easy to tackle the exponential stability of (1). A criterion for
the exponential stability of linear neutral differential systems with C(t, s) = 0, and D
constant but A and B time varying has been found in [14]. The stability condition of
[14] is given in terms of the existence of symmetric and positive definite solutions of a
continuous Riccati algebraic matrix equation coupled with a discrete Lyapunov equation.
As far as we know, there are not many explicit criteria for the exponential stability of
(1). Actually, some explicit stability criteria for linear neutral time-invariant differential
systems with discrete delays of the form

d

dt
(x(t)−Dx(t− r)) = Ax(t) +Bx(t− τ), (2)

(A,B,D ∈ Rn×n are constant matrices) have been found in [3, 9, 11]. Particularly, it is
well-known that (2) is exponentially stable if

‖D‖ < 1, µ(A) +
‖AD‖+ ‖B‖

1− ‖D‖
< 0, (3)

where µ(A) is a matrix measure of A, see e. g. [3, 9, 11]. But so far, to the best of
our knowledge, it is still an open question that what is an extension of (3) to the linear
neutral time-varying differential system (1).

Very recently, by a novel approach based on the theory of positive systems, we gave
some spectral criteria for the exponential stability of (1), see [13]. In contrast to [13],
we present in this paper a simple approach that does not involve positive systems.
It is simply based on a comparison principle and a proof by reductio ad absurdum.
Consequently, new explicit scalar criteria for the exponential stability of (1) are derived.
Our stability criteria are given explicitly in terms of the matrix measure and norms of
the system matrices. In particular, they give answers to the open question mentioned
above. Finally, the advantage of the present paper over [13] is the fact that the approach
is much simpler than that of [13] and importantly, the stability criteria are given directly
in terms of scalar inequalities of norms of the system matrices while the stability criteria
of [13] are given in terms of vector-valued inequalities involving upper bounds of the
system matrices. The present stability criteria are also much easier in use compared to
those of [13].

2. PRELIMINARIES

For given integers, l, q ≥ 1,Rl denotes the l-dimensional vector space over R and Rl×q
stands for the set of all l × q-matrices with entries in R. For 1 ≤ p ≤ ∞, the p-

norm on Rn is defined by ‖x‖p = (|x1|p + |x2|p + ...+ |xn|p)
1
p , 1 ≤ p < ∞; ‖x‖∞ =

maxi=1,2,...,n |xi|. Throughout the paper, a norm of P ∈ Rl×q is understood as its
operator norm associated with a given pair of vector norms on Rl and Rq, that is
‖P‖ = max{‖Py‖ : ‖y‖ = 1}. It is well-known that

‖A‖1 = max
1≤j≤q

l∑
i=1

|aij |; ‖A‖2 =
√

max
1≤j≤q

λj(ATA); ‖A‖∞ = max
1≤i≤l

q∑
j=1

|aij |.
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Suppose ‖M‖ is the norm of M ∈ Rn×n induced by a vector norm ‖ · ‖ defined on Rn.
The matrix measure of A is defined by

µ(A) = lim
h→0+

‖In + hA‖ − 1

h
,

where In is the identity matrix, see e. g. [5]. Particularly, one has

µ∞(A) = max
16i6n

aii +
n∑

j=1,j 6=i

|aij |

 ;

µ1(A) = max
16j6n

ajj +

n∑
i=1,i6=j

|aij |

 ;

µ2(A) = max

{
λ : det

(
λIn −

A+AT

2

)
= 0

}
,

see e. g. [5]. Let

D+f(t) := lim sup
h→0+

f(t+ h)− f(t)

h
,

be the upper Dini derivative of f .

3. EXPLICIT CRITERIA FOR EXPONENTIAL STABILITY

Consider the linear neutral time-varying differential system with distributed delay (1),
where A(·), B(·), D(·) : R→ Rn×n and C(·, ·) : R×[−h, 0]→ Rn×n, are given continuous
functions and r, τ, h > 0, are time delays.
Let d = max{r, τ, h}. Denote by C := C([−d, 0],Rn), the Banach space of all continuous
functions on [−d, 0] with values in Rn, endowed with the norm ‖ϕ‖ := max

θ∈[−d,0]
‖ϕ(θ)‖.

Let σ ∈ R and ϕ ∈ C be given. An initial condition to (1) is defined by

x(θ + σ) = ϕ(θ), θ ∈ [−d, 0]. (4)

Definition 3.1. (Hale and Lunel [8]) A continuous function x(·) : [−d+σ,∞)→ Rn, is
said to be a solution of (1) through (σ, ϕ) if the function x(t)−D(t)x(t−r) is continuously
differentiable on (σ,∞) with a right-hand derivative at σ and x(·) satisfies (1) and (4).

It is well-known that for fixed σ ∈ R and given ϕ ∈ C, there exists a unique solution
of (1) through (σ, ϕ), denoted by x(·;σ, ϕ), see, e. g. [8], Theorem 1.1, p. 256.

Definition 3.2. (Hale and Lunel [8]) The system (1) is said to be exponentially stable
if there exist M,β > 0 such that

‖x(t;σ, ϕ)‖ ≤Me−β(t−σ)‖ϕ‖, ∀t ≥ σ, ∀ϕ ∈ C.

We are now in the position to prove the main result of this note.
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Theorem 3.3. Assume that there exists k ∈ [0, 1) such that

‖D(t)‖ ≤ k, t ∈ R. (5)

Then (1) is exponentially stable if

sup
t∈R
{‖A(t)D(t)‖+ ‖B(t)‖+

∫ 0

−h
‖C(t, θ)‖dθ} < (k − 1) sup

t∈R
µ(A(t)). (6)

P r o o f . It follows from 0 ≤ k < 1 and (6) that

1− keβr > 0, (7)

and

sup
t∈R

µ(A(t)) +
eβ(r+τ+h)

1− keβr
sup
t∈R
{‖A(t)D(t)‖+ ‖B(t)‖+

∫ 0

−h
‖C(t, θ)‖dθ} < −β. (8)

for some β > 0 sufficiently small. Let q :=
min{eβr, eβτ , eβh}

1− keβr
. Obviously, one has

1 + kqeβr < q. Then (5) yields

1 + q‖D(t)‖eβr < q, ∀t ∈ R, (9)

and (8) implies that

µ(A(t)) + q
(
‖A(t)D(t)‖eβr + ‖B(t)‖eβτ +

∫ 0

−h
e−βθ‖C(t, θ)‖dθ

)
< −β, ∀t ∈ R. (10)

In what follows, we will show that (1) is exponentially stable if (9) and (10) hold.
Let x(t) := x(t;σ, ϕ), t ∈ [σ−d,+∞) be the unique solution of (1) through (σ, ϕ). Set

y(t) := x(t)−D(t)x(t−r), t ∈ [σ,∞). Then x(·) and y(·) satisfy the following equations:

dy(t)

dt
= A(t)y(t) +A(t)D(t)x(t− r) +B(t)x(t− τ) +

0∫
−h

C(t, θ)x(t+ θ) dθ, t ≥ σ (11)

x(t) = y(t) +D(t)x(t− r), t ≥ σ. (12)

Let C1 := {ϕ ∈ C : ‖ϕ‖ ≤ 1}. Fix K > 2 and let us define u(t) := Ke−β(t−σ)q, t ∈ R and
v(t) := Ke−β(t−σ), t ∈ R. It follows from (9) that q > 1. Note that ‖D(t)‖ < 1,∀t ∈ R.
For any σ ∈ R and for any ϕ ∈ C1, we have

‖x(θ + σ)‖ = ‖ϕ(θ)‖ ≤ 1 < Ke−βθq = u(θ + σ), θ ∈ [−d, 0],

and
‖y(σ)‖ = ‖x(σ)−D(σ)x(σ − r)‖ ≤ ‖x(σ)‖+ ‖D(σ)‖‖x(σ − r)‖

≤ ‖ϕ(0)‖+ ‖ϕ(−r)‖ ≤ 2 < K = v(σ).
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It is to show that for any ϕ ∈ C1 : ‖x(t)‖ = ‖x(t;σ, ϕ)‖ ≤ u(t), ∀t ≥ σ, and ‖y(t)‖ =
‖x(t) −D(t)x(t − r)‖ ≤ v(t), ∀t ≥ σ. Assume on the contrary that there exists t0 > σ
such that either ‖x(t0)‖ > u(t0) or ‖y(t0)‖ > v(t0). Set t∗ := inf{t ∈ (σ,+∞) : ‖x(t)‖ >
u(t) or ‖y(t)‖ > v(t)}. By continuity, t∗ > σ and one of the following statement holds:

(C1) ‖x(t)‖ ≤ u(t), t ∈ [σ, t∗] and ‖y(t)‖ ≤ v(t),∀t ∈ [σ, t∗),
‖y(t∗)‖ = v(t∗),

∃ tn ∈ (t∗, t∗ + 1
n ), n ∈ N : ‖y(tn)‖ > v(tn).

(13)

(C2) ‖y(t)‖ ≤ v(t), t ∈ [σ, t∗] and ‖x(t)‖ ≤ u(t),∀t ∈ [σ, t∗),
‖x(t∗)‖ = u(t∗),

∃t′n ∈ (t∗, t∗ + 1
n ), n ∈ N : ‖x(t′n)‖ > u(t′n).

(14)

Suppose (C1) holds. Taking (11) into account, we get the following estimate

D+‖y(t∗)‖ := lim sup
h→0+

1

h

(
‖y(t∗ + h)‖ − ‖y(t∗)‖

)
=

lim sup
h→0+

1

h

[
‖y(t∗) + h

dy

dt
(t∗)‖ − ‖y(t∗)‖

]
6 lim sup

h→0+

1

h

[
‖In + hA(t∗)‖ − 1‖

]
‖y(t∗)‖+

‖A(t∗)D(t∗)‖‖x(t∗ − r)‖+ ‖B(t∗)‖‖x(t∗ − τ)‖+

0∫
−h

‖C(t∗, θ)‖‖x(t∗ + θ)‖ dθ

= µ(A(t∗))‖y(t∗)‖+‖A(t∗)D(t∗)‖‖x(t∗−r)‖+‖B(t∗)‖‖x(t∗−τ)‖+
0∫
−h

‖C(t∗, θ)‖‖x(t∗+θ)‖dθ.

Invoking (C1) and (10), we have

D+‖y(t∗)‖ ≤ µ(A(t∗))v(t∗)+‖A(t∗)D(t∗)‖u(t∗−r)+‖B(t∗)‖u(t∗−τ)+

0∫
−h

‖C(t∗, θ)‖u(t∗+θ) dθ

= Ke−β(t∗−σ)
[
µ(A(t∗)) + q

(
‖A(t∗)D(t∗)‖eβr + ‖B(t∗)‖eβτ +

∫ 0

−h
e−βθ‖C(t∗, θ)‖ dθ

)]
(10)
< −βKe−β(t∗−σ) =

dv

dt
(t∗).

On the other hand, (13) yields,

D+‖y(t∗)‖ ≥ lim sup
n→∞

‖y(tn)‖ − ‖y(t∗)‖
tn − t∗

≥ lim sup
n→∞

v(tn)− v(t∗)

tn − t∗
=

dv

dt
(t∗). (15)
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This is a contradiction. Assume that (C2) holds. Then (9) and (12) yield,

‖x(t∗)‖ ≤ ‖y(t∗)‖+ ‖D(t∗)‖‖x(t∗ − r)‖ ≤ Ke−β(t∗−σ) +Ke−β(t∗−σ)eβr‖D(t∗)‖q

= Ke−β(t∗−σ)
(

1 + q‖D(t∗)‖eβr
)
< Ke−β(t∗−σ)q = u(t∗),

which conflicts with (14). Therefore,

‖x(t)‖ ≤ u(t), t ≥ σ; ‖y(t)‖ ≤ v(t), t ≥ σ.

In particular, we get

‖x(t;σ, ϕ)‖ ≤ Ke−β(t−σ)q, t ≥ σ, ϕ ∈ C1.

Since (1) is linear, it follows that for any ϕ ∈ C, ϕ 6= 0,

‖x(t;σ,
ϕ

‖ϕ‖
)‖ =

1

‖ϕ‖
‖x(t;σ, ϕ)‖ ≤ Ke−β(t−σ)q, t ≥ σ.

Hence,
‖x(t;σ, ϕ)‖ ≤Me−β(t−σ)‖ϕ‖, t ≥ σ, ϕ ∈ C,

where M := Kq. So (1) is exponentially stable. This completes the proof. �

As mentioned in the proof of Theorem 3.3, (1) is exponentially stable if (9) – (10)
hold for some β > 0, q > 0. This leads to the following result.

Theorem 3.4. Assume that there exist β, q > 0 such that

µ(A(t)) + q
(
‖A(t)D(t)‖eβr + ‖B(t)‖eβτ +

∫ 0

−h
e−βθ‖C(t, θ)‖dθ

)
< −β, t ∈ R, (16)

and
1 + q‖D(t)‖eβr < q, t ∈ R. (17)

Then (1) is exponentially stable.

Remark 3.5. Let (1) be considered on the half-line R+. Then (1) is exponentially stable
on R+ provided that (16) – (17) holds for any t ∈ R+. That is,

‖x(t;σ, ϕ)‖ ≤Me−β(t−σ)‖ϕ‖, t ≥ σ ≥ 0, ϕ ∈ C.

Remark 3.6. Consider a linear neutral differential system with time-varying delays of
the form

d

dt
(x(t)−D(t)x(t−r(t))) = A(t)x(t)+B(t)x(t−τ(t))+

0∫
−h(t)

C(t, θ)x(t+θ) dθ, t ≥ σ (18)

where A(·), B(·), D(·) : R→ Rn×n and C(·, ·) : R× [−h, 0]→ Rn×n and r(t), τ(t), h(t) :
R→ R+ are continuous functions satisfying 0 ≤ r(t) ≤ r, 0 ≤ τ(t) ≤ τ, 0 ≤ h(t) ≤ h, t ∈
R, for some r, τ, h > 0.
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Assume that for fixed σ ∈ R and given ϕ ∈ C, (18) always has a unique solution
satisfying the initial condition (4). For example, if D(t) is bounded on R and 0 < r1 ≤
r(t) ≤ r, t ∈ R, see Theorem 1.1, page 256 of [8] for a general context.

It is worth noticing that the proof of Theorem 3.3 also works for (18). Thus, Theorems
3.3 – 3.4 are still valid for (18).

The following corollary, which is immediate from Theorem 3.3, generalizes (3) to
linear neutral time-invariant differential systems with distributed delays.

Corollary 3.7. Suppose A,B,D ∈ Rn×n and C(·) : [−h, 0] → Rn×n is a continuous
function. Then the linear neutral time-invariant differential system

d

dt
(x(t)−Dx(t− r)) = Ax(t) +Bx(t− τ) +

0∫
−h

C(θ)x(t+ θ) dθ, (19)

is exponentially stable for any r > 0, τ > 0, h > 0 if ‖D‖ < 1 and

µ(A) +
(
‖AD‖+ ‖B‖+

∫ 0

−h
‖C(θ)‖ dθ

) 1

1− ‖D‖
< 0. (20)

To end this note, we give an example to illustrate Theorem 3.3.

Example 3.8. Consider a linear neutral time-varying differential system with delays of
the form (1) on R+, where

A(t) =

(
−2− et sin t

cos t −2− et
)

; D(t) =
1

20e

(
sin t cos t
sin 2t cos 2t

)
;

C(t, θ) =
eθ

60

(
sin 5t cos 5t
sin 6t cos 6t

)
; B(t) =

1

40e2

(
sin 3t cos 3t
sin 4t cos 4t

)
,

for t ∈ R+, θ ∈ [−3, 0] and r = 1, τ = 2, h = 3.
Let R2 be endowed with ‖ · ‖∞ and the norm on R2×2 is the induced norm. It is easy

to check that

µ∞(A(t)) ≤ −1− et, ‖D(t)‖∞ ≤
1

10e
, t ∈ R+

‖A(t)D(t)‖∞ ≤
3 + et

10e
, ‖B(t)‖∞ ≤

1

20e2
, t ∈ R+

‖C(t, θ)‖∞ ≤
eθ

30
, t ∈ R+, θ ∈ [−3, 0].

Let β = 1, q =
3

2
. It is easy to verify that (16) and (17) hold for any t ∈ R+ Thus,

taking Remark 3.5 into account, the system under consideration is exponentially stable
by Theorem 3.4.

To support the theoretical analysis which proved that the system is exponentially
stable, we undertook a simulation to observe graphs of numerical solutions of the system.
Using the Matlab command ddensd, the numerical solution x(t, ϕ) of the system can be
calculated for a given ϕ. The graph of ||x(t, ϕ)|| with ϕ(s) :=

(
sin s
cos s

)
, s ∈ [−3; 0] and

that of ζ = e−2t are given in Figure 1.
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Fig. 1. Numerical solution of a neutral system satisfying the

delay-dependent stability criterion (Theorem 3.4).
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