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Abstract

This paper is concerned with the stability analysis of Lur’e systems with sector-bounded nonlinearity and two additive
time-varying delay components. In order to accurately understand the effect of time delays on the system stability, the
extended matrix inequality for estimating the derivative of the Lyapunov-Krasovskii functionals (LKFs) is employed
to achieve the conservatism reduction of stability criteria. It reduces estimation gap of the popular reciprocally convex
combination lemma (RCCL). Combining the extended matrix inequality and two types of LKFs lead to several stabil-
ity criteria, which are less conservative than the RCCL-based criteria under the same LKFs. Finally, the advantages
of the proposed criteria are demonstrated through two examples.
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1. Introduction

For considering the trade-off between the accurate modeling ability of nonlinear systems and the easy-to-analyze
characteristic of linear systems, Lur’e systems with linear and sector-bounded nonlinear elements provide an effective
way to model the practical systems, such as neural networks, Chua’s circuits, quadruple-tank process systems [1—
6]. The stability is the basic requirement for the systems, while this requirement may not be guaranteed due to the
existence of time delays in communication channels [7-9]. Therefore, understanding the effect of delays on system
stability is an important issue and has become a hot topic in the past few decades [10]. Main attention of those
researches has been paid to the systems with single delay, which is combined all possible delays arising in the total
communication channel. While signals transmitted in many systems may experience several different channels (for
example, signals from sensors to controllers and from controllers to actuators) and successive delays with different
properties could be induced [11]. Hence, it is also an important issue to analyze the stability of the systems with
additive delay components.

The researches of the systems with additive delays were started from the continuous linear systems [11]. For the
Lur’e systems, the related researches have mainly focused on different neural networks. In [12], the neural network
with two additive delay components was proposed firstly to model different properties of delays. After that, many
results for the analysis and design of similar models were reported. By constructing a Lyapunov-Krasovskii functional
(LKF) and using a convex polyhedron method to estimate its derivative, two stability criteria were established in
[13]. Tian et al. gave improved stability criteria by combining several useful techniques [14]. In [15], two stability
criteria were developed through the free-weighting-matrix (FWM) approach and the Jensen inequality, respectively,
and the relationship between them was discussed. In [16], the reciprocally convex combination lemma and the convex
polyhedron method respectively led to two stability criteria with different computation burdens. Several techniques
for the stability analysis of neural networks were reviewed and compared with each other in [17]. The LKFs with
more general form, including triple and quadruple integral terms, were constructed to obtain stability criteria for
neural networks with additive delays in [18] and [21]. In [22], the Wirtinger-based integral inequality, together with
an augmented LKF, was applied to develop robust stability criteria for uncertain neural networks. The dynamic
delay interval based LKF was developed in [23] to greatly reduce the conservatism of the resulting stability criteria.
Very recently, the free-matrix-based integral inequalities developed in [26] and [27] were respectively extended to
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the stability/dissipativity analysis of neural networks with additive delays in [28] and the robust stability analysis of
neural networks with Markov jump parameters [5].

Since the time delays arising in the communication channels are usually time-varying, the popular investigation
framework for this type of time-delay system is to combine the LKF with the linear matrix inequality (LMI) [29, 30].
The aforementioned results are all obtained in this framework and the efforts were devoted to reduce the conservatism
of the obtained stability criteria. During the estimation of derivative of the LKFs, bounding integral terms and elimi-
nating time-varying delays are two key issues related to the conservatism of criteria [31]. Up to now, most researches,
including but not limited to the ones reviewed above, have focused on bounding the integral terms via various integral
inequalities, such as Jensen inequality [14-20], FWM-based approach [12-14, 17, 28], and Wirtinger-based inequality
[22-24]. The elimination of the time-varying delays is usually achieved through the direct enlargement [12, 18], the
convex combination technique [13—15, 17] and/or the reciprocally convex combination lemma [14, 16, 17, 22, 23, 25].
Very recently, a relaxed integral inequality was reported in our work [32], which combines the bounding of integral
terms and the elimination of time-varying delays in the denominator so as to achieve the decrease of estimation gap.
Moreover, an extended matrix inequality was developed in recent work [40], and similar results were obtained com-
pared with [32]. It is expected that the stability criterion of the systems with additive delays will also be improved by
following this idea. This motivates the current research.

This paper investigates the stability of Lur’e type nonlinear systems with two additive delay components and aims
to develop stability criteria with less conservatism. To achieve the objective, two types of LFKs are summarized and
combined with the extended matrix inequality. The comparison of the results shows the advantages of the proposed
methods.

The remainder of the paper is organized as follows. Section II gives problem formulation. In Section III, several
stability criteria are established. Two examples are studied to demonstrate the benefits of the proposed criteria in
Section I'V. Conclusions are presented in Section V.

Notations: Throughout this paper, the superscripts 7 and —1 mean the transpose and the inverse of a matrix,
respectively; R" denotes the n-dimensional Euclidean space; R is the set of all n X m real matrices; || - || refers
to the Euclidean vector norm; P > 0 (> 0) means that P is a real symmetric and positive-definite (semi-positive-
definite) matrix; diag{---} denotes a block-diagonal matrix; col{x,y} = 7, yT17; symmetric term in a symmetric
matrix is denoted by *; and Sym{X} = X + X T Matrices, if the dimensions are not explicitly stated, are assumed to be
compatible for algebraic operations.

2. Problem Formulation and Preliminaries

Consider the following Lur’e system with additive time-varying delay components:

M(O=Aox(tHA 1 x(1—d1 ()HA2x(1—dy (1) - da (D))
+Wof(Wx(5)) + Wy f(Wx(r - di (1)) )
+Wa f(Wx(t — di (1) — da(1)))

x(t)=¢(t), t € [-d,0]

where x(£)=[x1(¢) x2(t) --- x,()]" is the state vector; W, W;, and A;, i = 0, 1, 2 are constant matrices with appropriate
dimensions; d;(¢) and d,(¢) are time-varying delays satisfying

0 < di(r) < dy,1di (1)) < @)
and

0 < da(t) < da, |dr ()| < o 3)
where d; and y;, i = 1,2, are constant, let d(r) = d(t) + d»(¢) and d = d; + d,; the initial function ¢(¢) is a continuous
differentiable vector-valued function defined on the interval [-d, 0]; and f(-)=[£i(-) fo() -+ f.()]7 is the nonlinear

function and assumed to satisfy the following restriction [42]:

fi0)=0



and

o D =)

C TR s ks @
S1— 852
and
6;sﬁ36;,s¢0 (5)
K
where o7, of, 67, and & are known real constants. Let X; = diag{o-f,--~ ,oH) 2 = diag{oy,- -, 0}, A1 =
diag(s}, -+, 65}, and A, = diag{é7, -+, ;).

Remark 1. System (1) gives a general form of Lur’e systems and covers many widely studied systems (such as neural
networks, genetical regulation networks, Chua’s circuits, etc.) as special cases and it can be converted to each of
them via the choice of related matrices, W, W;, and A;, i = 0, 1,2.

This paper aims to develop new stability criteria with less conservatism to understand the effect of time delays
on the stability of system (1). Specifically, the key problem concerned for achieving this aim is to develop a new
technique to estimate the following two integral terms:

(1)
S@) = f AT ($)Rx(s)ds
a3(r)

(1)
+ f T ($)Rx(s)ds (6)
()

where R > 0 is the symmetric matrix, o;(¢),i = 1,2,3 are time-varying, a,(f) includes the time-varying delays, and
a1 () and a3(¢) satisfy a;(f) — a3(t) = ¢ with ¢ being constant.
The Wirtinger-based integral inequality to be used is given in the following lemma.

Lemma 1. [34] For symmetric matrix R > 0, scalars a and b with a < b, and vector w such that the integration
concerned is well defined, the following inequality holds

b
(b-a) f " ()Ra(s)ds > xTRy1 + 3x3 Rya (7)

where 1 = w(b) — w(a) and x> = w(b) + w(a) — ﬁ fab w(s)ds.
For comparison study, the simple form of reciprocally convex combination lemma [35] is summarized as the
following matrix inequality (named as RCMI in the subsequent sections):

Lemma 2. [36] For a real scalar a € (0, 1), symmetric matrices Ry > 0 and R, > 0, and any matrix S satisfying
[Rl S

« R ] > 0, the following matrix inequality holds
2

iRy 0 R S
RS

-
An extended matrix inequality (named as ERCMI in the following sections) shown as following:

Lemma 3. [40] For a real scalar a € (0, 1), symmetric matrices Ry > 0 and R, > 0, and any matrices S| and S », the
following matrix inequality holds

A

where T1 = Ry — SZREISg andTr) =R, —S{RIISI,

Ri+(-a)T) (1-a)Si+aS»
* Ry, + aT>

€))




Remark 2. Currently, an improved RCMI was developed in [41] and is shown below:

[éR 0 }>
1 2
0 =R

where, T3 = R—SR™'ST and Ty = R—STR™'S. Clearly, the ERCMI is of less conservatism compared with inequality
(10) and the RCMI:

R+(1-a)T5 S

% R+aTls (10)

e On one hand, the ERCMI includes the inequality (10) and the RCMI as a special case, respectively. By setting
Ry =Ry, S1=8S20rS, =S, T, =T, =0, the ERCMI can be rewritten as the inequality (10) or the popular
RCML

e On the other hand, the restriction I: ;} > 0 of the popular RCMI is relaxed in inequality (9). Therefore, extra

freedom can be provided by the ERCMI which possibly reduces the conservatism.

3. Main Results

In this section, several stability criteria are established by combining the RCMI and ERCMI with two types of
LKFs.

3.1. Stability criteria based on the first LKF

Box 1

d3(1) = di(t) + dp,  f(s5) = f(Wx(s))

t x(s) ft d; (1) X(S) ft d(1) x(s) ft ds(1) x(s,)
= —d = —d —F——d ———ds
R IOl I v O e vo ot e o

§1(0) = col{x(1), di(O)v1(D), do(D)v2(2), (d2 — dor(D)v3(1), (dr — di(D)va(D)},  &2(1) = col{x(), f(D)}
La(t) = col{x(1), x(t — di (1)), x(1 = d(1)), x(t = d3(1)), X(1=d), v1(1), v2(1), v3(1), va(2), f(0), f(t=d1(2)), f(t=d(1))}

As mentioned in [31], the integral terms are always included in the LKFs and their integration ranges (upper/lower
limits of integration) are linked to the conservatism of the obtained criterion. For system (1), many time instants can
be used as the limits of integration, such as t, t — d (), t —d\, t —do(t), t —dp, t — d(t), t — d\(t) — d», t — d>(t) — d}, and
t — d. The relationships among them are given as follows:

t>t—di(t)>t—-dy >t—dr(t)—d; >t—-d
t>t—dy()>t—-dr>t—-di(t)—dr >t—d
t>t—-dy()>t—-dt)>t—-dr(t)—dy >t—-d
t>t—di®)>t—-dt)>t—-di(t)—d, >t—-d (11)

As mentioned in [37], the LKF including integral terms with tighter integration ranges has the potential to reduce the
conservatism. Moreover, system (1) includes the state at instant r — d(¢). Then, the relationship shown in (11) is used
to construct single integral terms of the LKFs. That is, the first type of LKF is given as follows:

Va(®) = Vi(t) + Va(2) + V() + Va(1) 12)



where

Vi(t) = & (P& (1)
t—d ()

V() = f & (9Q1&2(s)ds +f & (9Qaba(s)ds

—d (1) 1=d(1)

1—d(t) t—ds(f)
o oot AT 00wds
t t—d

—ds(1)

n Waix
Va0 =2 ) [ 6= o)+ i0)-0 s
i=1

0 t
Vi(t) = f f i1 ($)Rx(s)dsdb
—d Jt+0

and P > 0, Q; > 0,i = 1,2,3,4, and R > 0 are the symmetric matrices with approximate dimension; and L; =
diag{A;1, A, -+ , A} > 0,0 = 1,2 are the symmetric diagonal matrices; and other notations are listed in Box 1.

Based on LKF (12) and Wirtinger-based inequality (7), two stability conditions of system (1) are obtained through
inequalities (8) and (9), respectively, and summarized in the following theorem.

Theorem 1. For given integers hy, hy, uy, and p, system (1) with time-varying delay satisfying (2) and (3) is asymp-
totically stable, if the one of the following conditions holds

Cl. (9)-based condition: if there exist positive-definite symmetric matrices P € R™ Q; € R¥™ ¥ i = 1,2,
Q; € R™,j = 3,4 and R € R™", positive-definite diagonal matrices L; € R™",i = 1,2, H; € R™,
and G; € R™, j = 1,2,3, and any matrices X;,Y; € R22n i = 1,2, such that the following holds for
(di (1), d»(1)) € Q, (Note that ¥,(d\ (1), da(£), di (1), d» (1)) is simplified as ¥, ):

W ild, ()=0,dx(1)=0 EITXg ETY,
. ~dR 0 |<0 (13)
* x*  —doR
[ Wilaw=0.d=a, E] X2 EJY] |
* -diR 0 |<0 (14)
[ * *  —dR |
[ Wilao=drd=0 E4X] E3 Y|
« 4R 0 |<o0 (15)
i * *  —dyR |
ilayo=diaso=as E3X] E3Y]
. R 0 |<o0 (16)
* * —dzjé

C2. (8)-based condition: if there exist positive-definite symmetric matrices P € RIS 0 e R G =1,2, 0 i €
RN, j = 3,4, and R € R™", positive-definite diagonal matrices L; € R™>",i = 1,2, H; € R™", and G; € R™",
Jj=1,2,3, and any matrices X,Y € REXI - qych that the following holds for (d,(¢), d»(t), d,(t), d»(t)) € Q:

R X

[* R] >0 (17)

RY

[ . R] >0 (18)
Yo (di (1), da(t), di (1), dr (1)) < O (19)

where the related notations are given in Box II.



Box II: notations used in Theorem 1

Q= {(dl(f), dy(0), dy (1), dy(0)]d1 () € {0, d1 ), do(1) € {0, o}, d1 (1) € {—p1. pu1}. (1) € {—,Uz,,uz}}

Q1 = {(di(0), dr(0))]di (1) € {0,dr}, da (1) € {0,da}}, @2 = {(di (1), da()|dr (1) € (=1, p1}, da(2) € {=p12, )}
W1 () (1), da(0), d (1), da(0))

Trn s Trn 2 M
E\|'[2R Xi|[E\| [E2][2R Y\ [E2] .
IZI<D+FTPF2+FTPF1+eT(dR)eS —E‘“H* Ig][Ej—diz[EjH* 7 Ei,lfdl(t)zo,dz(t)zo
4 (£, |'[R X, |[E E>|'[2R v, |[E|
T T T _1|E 2 1| 1]E2 1| E2] _ _
EI(D,+F1PF2+F2PF1+eS(dR)es d1>E4][* ) HEJ dZ[E3] © R||E| if di()=d,, dA1)=0
z ®;+F] PFy+F] PF +el (dR)e,~ 1] g‘ ]
i=1 | =4

, ifdi(t)=d,,dft)=d,

R
R x, |E E '[R 1, |[E,]

L[| Er|_ 1|E2 2 |[E2] . _ _
[* R][&] d2[E3][* 2R E3_"fd‘(’) 0.d40)=d,

\ )
2 ®;+F| PFy+F} PF +el (dR)e,~ 1] ?]
i=1 L 4

][2] dell” A
e el

3
®; = Sym{[(AiWey—e10) Li+(ero—AsWen)' Lo]We, |, @3 = Sym {Z [A1Wei—eir] H; [eHg—AzWe,»]}

i=1

2
3 [ZiW(e; — eis1) = (ivo — €i10)] Gil(eiso — ei10) — ZaW(e; — eir1)]
DOy =Sym< i=1

+H[Z 1 W(er —e3) — (e10 — e12)]" G3[(e10 — e12) — ZaW(ey — e3)]
Fy = col{er, di(t)es, da(t)eq, (dy — da(t))eg, (dy — di(1))eo}

Fy = colfe,, e1 = (1 = di(®)es, (1 = dy(0)ex = (1 = d(D)es, (1 = d(D))es — (1 = dy(t))es, (1 = dy ())es — es)

€ ~ €irl . = RO
e,-+e,-+1—26,-+5]’l_1’2’3’ R_|:0 3R:|

ei = [Ouxii-tyn Tnxn Opxio-inl, i =1,2,--,12, es = Age; + Ajex + Azes + Woerg + Wier + Waenn

Proof: The condition that P, Q;, i = 1,2,3,4, R, and L;, j = 1,2, are positive-definite matrices leads that the LKF
satisfies V,(¢) > €|lx(0)||*> with € > 0.

The derivative of V() along the solution of system (1) can be obtained as
w7
_ di (O (1)
Vi) =2 (@) P
(da = da(D)v3 (1)
(di — di(D))va(1)




x(1)
X0 = (I=di()x(r (1)
X | (1=di(D)x(t = di (1)) = (1 =d(D)x(1 — d(D))
(1=d0)x(t - d(1)) = (1=d1()x(t — d3(1))
(1-di(@)x(t - d3(1)) — x(1 — d)

= (L (O(F{ PFy + F} PF1){, (1) (20)

where F and F, are defined in Box II.
The derivative of V,(#) along the solution of system (1) can be obtained as

Va(t) = &1 (0016(1) — X7 (1 = d)Q4x(t - d)
— (1= di(0)éS (t — di())(Q1 — Q2)Ex(t — dy (1))
— (1= d)EL (t — d(1) Qa6r(t — d(1))
— (1= d(e)x" (1 = (1)) Qsx(t — d(1))
— (1= di(@®)x"(t = d3())(Q3 — Qu)x(t — d5(1))
=L@, @1

where @, is defined in Box II.
The derivative of V() along the solution of system (1) can be obtained as

V3(0) =2{ AW x(t)— )] Ly +[ ) — AW x(t)| "Ly Wk (t)
= {1 (D2La(1) (22)
where @, is defined in Box II.

The derivative of V4(#) along the solution of system (1) can be obtained as

Va(t) = di" (DR (1) — f i (9)Rx(s)ds (23)
t—d

Under the assumption on the nonlinear function, (4) and (5), the following inequalities hold:

hi(s) =2[MWx(s)— F()]" H; [f(5)= A Wx(s)] 2 0

g,(s1,52) =2[Z1W(x(s1)=x(s2)) = (f(s)—f(s2)]" G
X [(f(s1)= f(52))=EaW(x(s1)—x(52))] 2 0

where H; = diag{hy;, hoi, -+, hpi} 2 0,i = 1,2,3 and G; = diag{gi}, 82/, - , &} 2 0, j = 1,2, 3. Thus, the following
inequalities hold:

hi(2) + ho(t = dy (1)) + h3(t = d(1))

= £, (D34,(1) = 0 (24)
g1(t,1 = di(D) + g2(t — di (1), 1 = d(1)) + g3(1, 1 — d(1))
= {1 (DDaLu(1) 2 0 (25)

where @3 and @, are defined in Box II.
Based on (11), the R-dependent integral term in (23) can be divided into the following four parts:

¢ t—d3 (1)
Via(t) = f i ($)Rx(s)ds + f i ()Rx(s)ds

—d; (1) —d

] 1—d, (f) 1—d(1)

Vip(£) 1= f T ($)Rx(s)ds + f T ($)Rx(s)ds
t—d(r) 1=d3 (1)



Based on Wirtinger-based inequality, the following holds

Lo L [m@] [R 0 ][m®)
f,_m (S)Rx(s)ds_dl(t)[nz(t)] [o 3RH772(I)}

= m{i (OETRE £,(t)

where

m@ | _ x(1) = x(t — dy (1)) _
[Uz(t)] - [x(t) + x(t — di (1)) — 2‘,1(0] = E\ (1)

Similarly, it follows from Wirtinger-based inequality that

t—d (1)
f i ($Ri(s)ds > ——L (1) ETREL L, (1)

t—d(t) —d ( )
t—d(t) T ) 1 T -
\ftd_;(t) X" ($)Rx(s)ds > dz——d(t)ga (H)E3 RE3L,(1)
t—d;(1)
f T (SR#(s)ds > ————! () E§ RE4L,(1)
t—d d ( )
Thus, Va,(f) and Vi,(¢) can be rewritten as
V(t)>{(t)[ H agk 0 H ]g’(t)
e ¢ 0 d, dl(t)R ‘
T
. 7. | E» HR 0 E,
el 24 (t)[EJ [ 0) dzfldz(t)ie HEJ{Q(I)

(26)

27

Then, applying matrix inequalities (8) and (9) to estimate above two terms, respectively, leads to two conditions

of Theorem 1.

Case I: For any matrices X; and Y;,i = 1,2, using (9) to estimate Vy,(f) and V4, (t) yields

. 1
Viaa(t)+ Vap(t) > £, (I){ g, + d—‘Deb} 24(0)

where

~

|Es] | * R+d‘(’)T

~

T|Es ] | x R+207,
T =R-XR'X], T,=R-X'R'X,
T;=R-Y,R'Y], T,=R-Y'R 'Y,

By combining (20)-(28), the derivative of V,(t) is given as

V(1) < &L (0P 1(dy (1), do(1), d1 (1), da(0) (D)

'El' (R + (dl_dﬂfl(t))T i d](t))X + dl(lt)X El-
Ey|

/[ R+ ey, @ty | iy, W
E; |

(28)



where

P\ (di (1), do(t), di (1), (1))

D, D
= Z ®; + FTPF, + FTPF| + ¢! (dR)e, — — 6b
i=1

d; d
It can be easily found that ¥, (d, (¢), da(t), d (t), d»(t)) can be represented as the following form

¥1(di(1), do(1), d (1), do(1))

=T +di(OT2 + dy(OT3 + di (O[T + di ()5 + da(1)T6]

+dy ()7 + di(OTg + da(1)T]
where [;,i = 1,2,---,9 are time-independent matrix-combinations. Similar to the idea of [17] [Egs. (59)-(62)
therein], the following holds for time delays satisfying (2)

P1(di(1), da(1), di (1), da(1)) < O (29)
when it holds for (d;(t), d>(¢)) € Q4, i.e

¥1(0,0,d: (1), dx(1)) < 0
F1(0, d, di (1), da(1)) < O
¥1(dy,0,d,(1),d>(1) < 0
Y1y, da,d (1), dy(1)) < O
Similarly, it is also easy to find that (29) holds for all time-varying delays satisfying (2) and (3) when above four
inequalities hold for (~d1 (1), da(?)) € Qs
In (28), ®¢, and D¢, can be rewritten as

2R-XR7'XT Xl][El
(I)Gaz

E4H ' E],zfdl(r) 0
Tr ~

g} [I: 2R- XTR X, HEI] i =4,

|

T
~ [E} 2R- YiR ly! ?}[Ez] if do()=0
Dep, = i
E

Tr =
EiHI: 2R- YTR YHEZ] ¥ do(t)=d,

Based on Schur complement, for the case of d;(¢) = 0, dx(¥)
equivalent to inequality (13), i.e

0, the condition ¥, (d,(¢), da(?), di (t), d>(t)) < O is

(13) & ¥1(0,0,d) (1), dx(1)) < 0
Similarly, the follow relationships are true

(30)
(14) & ¥,(0,dp, d1(1), dr(1)) < 0 (31)
(15) @ ¥,(d;,0,d,(1), dr(£)) < 0 (32)
(16) & ¥i(d1, da, di (1), dr(1) < O 33)
Combining (30)-(33) yields

(13) = (16) & ¥1(di(1), do(1), di (1), do(1)) < O



which implies V,(f) < —€||x(¢)||* for a sufficient small scalar € > 0. Therefore, when (13)-(16) hold for (d,(t), d»()) €
Q,, system (1) is asymptotically stable.
Case II: When (17) and (18) hold, using RCMI (8) to estimate V,,(¢) and Vi, (f) yields

Vaa(t) + Vap(1) (34

T Tr ~
zd(r){[g] S EHE }:Hgﬁ]}@(”

x R||Eq|"| Es
Then, combining (20)-(27) and (34) leads to
Va(t) < 0 (0¥2(di (1), do(0), di (1), da(0))Lu(t)

where W,(d) (1), da (1), d1 (¢), d»(1)) is defined in Box II.
Similar to the proof of Theorem 1.C1, the following holds for all time-varying delays satisfying (2) and (3):

+

Wa(dy (1), da(t), di (1), da (1)) < O

when it holds for (d,(¢), da(f), di(¢), d»(t)) € Q. Therefore, when (17)-(19) hold, V,(f) < —el|lx(?)|[> for a sufficient
small scalar € > 0, which shows the asymptotically stable of system (1). The proof of Theorem 1 completes. |

Remark 3. In the above proof, the only difference for developing two conditions is that different matrix inequalities
are used to estimate the single integral terms (Vaq(t) and Vap(t) in (26) and (27)). Thus, the advantages of the ERCMI
(9) compared with the popular inequality (8) can be found through the comparison of the results provided by those
criteria. Furthermore, by following the same lines in [32] [proof of Theorem 2 therein], it can be proved in theoretical
that Theorem 1.C1 is less conservative than Theorem 1.C2.

3.2. Stability criteria based on the second LKF

Very recently, a dynamic delay interval method was developed in [23] to improve the stability criteria of system
(1). The main characteristic of this method is that the upper/lower bounds of double integral terms of the LKF are
extended into the time-varying delays combination, instead of their bounds used in most literature. Based on this type
of LKEF, this subsection develops enhanced stability criteria by replacing the RCMI used in [23] with the ERCMI. For
using this method, set A} = W; = 0.

Construct the following LKF candidate:

Vi(0) = Vi) + Va(t) + Va(t) + Va(2) (35)
where V;3(¢) is defined in (12), and
Vi) =€ (P& (D)

t —a(t)

() = ()55 ($)Rié2(s)ds + f “ EL (SR (5)ds
+ EN(R3&5(s5)ds
t—b(1)

n Waix

Vi) =2 Y, [ A6 s Ao i) -7 s

=10

_ !

Va(t) = f” f #1($)Z x(s)d sdo
—a(t) Jt+6

—a(t) t
+ f f i1 ($)Zax(s)d sd6
—b(t) Jt+0

and P> 0,R; >0,i=1,2,3,and Z; > 0,i = 1,2 are the symmetric matrices with approximate dimension; and other
notations are listed in Box III (Note that the notations given in Box I are not listed in Box III).



Remark 4. Worth mentioning, if the LKF V,(t) was employed, some integral terms multiplied by —(1 — a(t)) would be
produced. For possibly bounded by integral inequality method, the variable (1 — a(t)) is required to be greater than 0.
Therefore, some restrictions on a, 3, |1, and [, are needed and the detailed descriptions are expressed in Box II1.

Box III

N={a.placl0,11.8€[0, 11}, if pi+u2 <1

a(t) = ad | (H)+Pdy(1), b(t)=d—a(d,—d,())—L(d>—dx(1)), (a,ﬁ)e{ _
N (@, Blap +Buz < 1}, if pi+up>1

B B ! ( ) ~ 1—a(t) )C(S) t—d(t) X(S)
f(S)—f(Wx(S)),Vs(t)—j;_am ﬁds ve(1) = ft_dm 10— a0 ds, vi()= fbm () - d(t)d

&3(1) = col{x(1), a(®vs(1), (d(t) — a(®)ve(1), (b(1) = d(B))v1(D)},  &2(7) = col{x(2), f(1)}
&) = col {x(1), x(1 = a(1)), x(1 = d(1)), x(t = b(1)), vs(1), ve(1), v1(0), f (1), f(1=a()), f(1=d(2)), f(t=b(D))}

Based on LKF (35) and Wirtinger-based inequality (7), two stability conditions of system (1) are obtained through
matrix inequalities (8) and (9), respectively, and summarized in the following theorem.

Theorem 2. For given integers hy, hy, (1, t2, @, and B, system (1) with time-varying delays satisfying (2) and (3) is
asymptotically stable, if the one of the following conditions holds

Cl. ERCMI-based condition: if there exist positive-definite symmetric matrices P € R¥>" R; € R¥™ j =1,2,3,
and Z; € R™",i = 1,2, positive-definite diagonal matrices L; € R™",i = 1,2, H; € R™, and G; € R™",
Jj=1,2,3,4, and any matrices X; € RIXn i = 1,2, such that the following holds for (d\ (1), d»(1)) € Q (Note
that W3(d, (1), dy(1), d\ (1), da (1)) is simplified as ¥3):

Wslg,=0am=0 (1 — a()ES X,

2 (36)
* —(1 = a()pZs
’%l{d,mzo (I-a(t)ESX, (1-a()ETXT )
dy(1) = dy ) _
* ez, 0 <0 (BN
" % (a(f.)rﬁl)PZ
[P 1-a()ET X, (1-a(r)ETXT )
3{41](1):@ ( a(t)) 2 A2 ( a(t)) 34
dr(1)=0 ) _
* @22 0 <0 (38)
(@(n-1)
* % - pZ
[\I‘Sld](z)—d.,dz(t)—dg (1 —a({))E§)f{} (39)
* —(1 = a@)pZ,

C2. RCMI-based condition: if there exist positive-definite symmetric matrices P € Rimxan R QI j = 1 2 3,
and Z; € R™",i = 1,2, positive-definite diagonal matrices L; € R™",i = 1,2, H; € R™, and G; € R™",
j=1,2,3,4, and any matrices X € R¥™?", such that the following holds for (d\(t), dx(t), d1(?), da(1)) € Q:

7z X
[* Zz]>0 (40)

Wa(di(1), do(1), d1 (1), d>(1)) < O (41)



Box IV: notations used in Theorem 2

W3(d) (1), da(1), di (1), do (1))

~

- ~ £, (22, x, ||E
. _ (1-a(®) 2 2 A1 || E2 _ _
,-=1§,4,5(D‘+(D2 i (P% || - ZzHEs]’ when d,(f) = 0,dax(t) = 0

e .
- i E (1+718)2y 13X1+7,X; ||E
. _ (d—a(0) 2 B2 TpA1TTaA2 2 _ _
L2 O T a4z HEJ when di() = i, b0 =0
T B4, — U=

ATy ~
E, (1+7)22 1o X) +TﬁX2 ][EZ} when d, (1 = 0, dz(t) =d,

i=1,3,4,5 (1-a)d, +(1-B)d; 7E3 11 k (1 +Tﬁ)Zz E3
.
b, - U= |E2| |22 X5 |1Es _ _
i=1§, 45 Qi+ @2 — apa Es|l | =« 27, HE3 ’ when dy (1) = dy, dy(1) = d

Wa(dy (1), do(1), i (1), do(0) = ) Bi+Dy —
i=1,345

T T T
(4] . () [ P es es . éy éy
38]—(1—“(”>u (R —R2>[69]—<1—d(t))[em}Rz[elo}—u—bm)[e“}&[e“}

(1 - a() [Ezﬂzz XHEZ]
(I-a)d, +(1-Bydy |Es | | * 2 ||Es

T
e
@, = M (Ri +R3)
8

4
®; = Sym([(AWey—eg)" Li+(es—AWe)) Ly]We), &3 = Sym {Z [A1Wei—eii7]" Hi [em—AZWe,-]}

=1

3 _

- 3 [ZiW(e; — eis1) — (eis7 — eivs)] Gil(eisr — eivs) — ZaW(ei — eir1)]

Oy = Sym+ i=1
+[Z1W(er — e3) — (es — e10)] Gal(es — e10) — TaW(er — e3)]

T5 T5 T _ ETZE,
®s = FTBF, + FTPFs + ¢ [a(0Z, + (b(0) — a(t)Za]es — (1 — a(t) ———

ozdl +ﬁd2
F3 = colfey, a(nes, (d(r) — a(t))es, (b(1) — d(1))e7}
F4 = col {es, er — (1 —a()ez, (1 - a()ey — (1 —d(®)es, (1 -d(t))es — (1 - 15(1))64}

.= € — €y . 5 _ Zj 0 .
Ei= €i+ei+1—2€,’+4:|’l_1’2’3’ ZJ_[O 3Zj:|a.]_1’2
e = [OnX(i—l)n In><n Onx(ll—i)n], i= 1,2,- .-, 11, es = Ao€1 +A2€3 + Woeg + erlo

o (-ad o (-pup
T U-a)d+(1-pdy’ P (I-a)d+(1-P)dy’

p=U0-ad +1-pd

where the related notations are given in Box IV.

Proof: The condition that P, R;, i = 1,2,3,Z j»and L;, j = 1,2, are positive-definite matrices leads that the LKF
satisfies V,,(¢) > €l|x(?)||* with € > 0.
The derivative of V|(¢) along the solution of system (1) can be obtained as

Vi(r) = 26] (1)PEs(0) = £ (1(F3 PFy + Fj PF3)4,(1) (42)

where F3 and F4 are defined in Box IV.



The derivative of V,(f) along the solution of system (1) can be obtained as
Va(0) = & (®14,(0) (43)

where @, is defined in Box IV. (Note that a(f) = b(r)).
The derivative of V() along the solution of system (1) can be obtained as

V() =2{ AW (1) = AV Ly + [ )~ AW x(1) Ly W (1)
= £ (D024 (1) (44)

where @, is defined in Box IV.
The derivative of V4(¢) along the solution of system (1) can be obtained as [23]

Va(0) =i (0 Zy +(b(1)—a(0) Zo)5(0) ~ (1-a(t))
t t—a(t)
XU i1($)Z1 x(s)ds+ f xT(s)zzx(s)ds] (45)
t—a(t) 1=b(t)

Under the assumption on the nonlinear function, (4) and (5), the following inequalities hold:
hi(s) =2 [AWx(s)— ()] H; [f(5)-AWx(s5)] = 0
gj(s1, 52) =2 [Ty W(x(s1)=x(s2) = (f(s1)— f(s2)]" G;
X [(f(s1)=f(52))=ZoaW(x(s1)—x(52))] 2 0
where H; = diag{hy;, hy,-+- ,hy} 2 0,i = 1,2,3,4 and G; = diag{g1/,82j,"-* ,8nj} = 0,j = 1,2,3. Thus, the
following inequalities hold:
hi (1) + ha(t = a(t)) + ha(t — d(1)) + ha(t — b(2))
= {1 (D340 = 0 (46)
gi(t, 1= a(®) + g2t — a(1), 1 — d(1))
+g3(t —d(0),t — b(1)) + g4(t, 1 — d(1))
= £ ()DaLu(1) 2 0 7

where @5 and @, are defined in Box IV.
The Z;-dependent term in (45) is estimated as [23]:

ETZ,E,

f i ($)Z1i(s)ds = & () (m

—a(t)

)éfb(t) (48)

For the Z,-dependent term in (45), it follows from Wirtinger-based inequality that

t—a(r)
f X1 (5)Zyx(s)ds
I3

—b(1)

t—a(r) 1—d(1)
= f i1 (8)Zox(s)ds + f i1 (5)Zyx(s)ds
t—d(t) 1=b(1)

T=-Z 0
24, a)[g;] [M-g” i, ]gj]gbm (49)

(O—d()

Then, applying two matrix inequalities to estimate above term, respectively, leads to two conditions of Theorem 2.
Case I: By using (9), Z,-dependent integral term in (45) can be estimated as

fr—am i (nDs(alr), d(1), b)) (1)

T .
~b(r) F sz 2 (1-a)d, +(1-p)d,

(50)



where

De(a(t), d(D), b(1))
T~ b(t)—d(t) b(t)—d(t) d)—a(t)
:{EZ Zz+h(z)—a(t) T, h(t)—a(t)X1+b(t)—Z(t)X2 E,
5 dit)—at)
E; * Zr+ b(t)—Z(t) T> E;3
Ex | [Za+(1=1()Ty (1-7(0)X, +7(1)X; |[Ea
| Es * Zr+7(0)T> E;

(1) = LZDhO+U-pdx()
(I=a)di +(1-p)d;
Ti=2-X2,'X}, Th=2,-X'Z;'X,

Then, combining (44) and (42)-(50) yields

V(1) < & (OF5(a(0), b(t), alt), d(0))(1)
where

(I -a()

Fa(a(0), b0, a(0),d(1) = ) Bi+Dy- i

i=134,5
Similar to the idea of [17] [Egs. (59)-(62) therein], the following holds for time-varying delays satisfying (2):
P3(di (1), da(1), di (1), da(1)) < O (5D
when it holds for (d,(¢), d»(?)) € Q4, i.e.,

¥3(0,0,d1(1), da (1)) < 0
¥3(0,ds, dy (1), dr(1)) < 0
Y3(d1,0,d(1),da(1) < 0
¥3(dy, da, d\ (1), dy(1)) < O
And (51) holds for all time-varying delays satisfying (2) and (3) when above four inequalities hold for (d, (1), d»(1)) €

Q,.
When d;(£)=0, da (1) =0, Dg(a(t), d(1), b(1)) is given as

o[ ][0 3]
Based on Schur complement, P3(0, 0, d; (£), d(t)) < 0 is equivalent to (36), i.e.,
(36) © ¥53(0,0,d:1(1), dx(1) < 0
When d,(1)=0, d>(1) =d», De(a(t), d(t), b(t)) is obtained as
]

E; % (1+T’3)Zz E;

(1 +T(,)Zz TO(X] +TﬁX2 ][E2:| _

E ' [tXZ;'XI 0 E
E; * X Z7' X, || Es



where

o __ (-wd o U-pd
*T N-a)ydi+(1-Pyd>" *~ (-a)di+(1-P)d>

Based on Schur complement, ¥5(0, da, d\ (1), d>(1)) < O is equivalent to (37), i.e.,
(37) & ¥3(0,d>,d (1), d>(1)) < 0
Similarly, the following relationships can be found

(38) © P3(dy,0,d (1), dr(1) < 0
(39) & ¥;(di, da, di (1), dr(1)) < O

Thus,
(36) — (39) & ¥3(di (1), da(1), d\ (1), do(1)) < O

which implies V; () < —€||x(¢)||> for a sufficient small scalar € > 0. Therefore, when (36)-(39) hold for (d, (¢), d» (%)) €
Q,, system (1) is asymptotically stable.
Case I1: When (40) holds, applying RCMI (8) to estimate Z,-dependent integral term in (45) yields

Tr ~
1=b(1) fg(’)[gi} [Z: g][gi]fb(ﬂ
jr:a(t) F (O Hsds 2 (1-a)d;+(1-p)d,

Therefore, by combining (44), (42)-(48), and (52), the derivative of V,(t) is obtained as

(52)

Vi() < &y (Wa(a®), d(0), b(1), o), d(D)Ep (1)

where W4(a(?), d(t), b(t), a(f), d(t)) is defined in Box IV.
Similar to the proof of Theorem 1.C1, the following holds for all time-varying delays satisfying (2) and (3):

Wa(di (1), da(1), dy (1), da(1)) < O (53)

when it holds for (d,(¢), da (1), d1(¢), da(2)) € Q. Therefore, when (40) and (41) hold, V,,(¢) < —ellx(?)||> for a sufficient
small scalar € > 0, which shows the asymptotically stable of system (1). This completes the proof Theorem 2. |

Remark 5. In the above proof, the LKF used has included more information of time-varying delays themselves,
instead of their bounds, and two preset scalars, @ and 3, have divided the time-varying delays into several parts, both
of which will improve the results, as shown in [23]. However, it is required that 1 — a(t) > 0 during the estimation of
Z;-dependent terms in the procedure of proof. This requirement reduces the available choice range of a and (3 for the
case of uy + uy > 1 such that the feasibility of LMI-based conditions will greatly decrease, which will be shown in the
example studies section.

Remark 6. Except for the two types of LKFs utilized in this paper, some other LKF methods, such as multipe integral
approach [43] and relaxed condition LKF method [44, 45], were proposed for the stability analysis of linear time-
delay systems. Very recently, the flexible terminal method was employed to develop less conservative stability criteria
for recurrent neural networks with time-varying delay [46]. The effectiveness of the above methods were proved in
respective literature, it can be predicted that the applications of these methods to the stability analysis of Lur’e systems
with additive components are also able to give further improved results. And this work will be done in the future.



4. Case study

In this section, several examples are used to demonstrate the advantages of the proposed criteria.
Example 1. Consider the following neural network [17]:

u(t) = Au(t) + Bg(u(t)) + Cg(u(t — di(1) = dr (1)) + J (54)

with the following parameters

2 0 11 0.88 1

L et ) R
_ | 0.4 tanh(u;)
@) =1 0.8 tanh(u)

This example is used to compare the proposed criteria with the ones of literature. As discussed in [17], by using
transformation x(¢) = u(t) — u* with u* being the equilibrium point of (54), system (54) can be rewritten as (1) with
Ao = A, A1 = A2 = 0, Wo = B, W1 = 0, W2 = C, W= I, 21 = Al = diag{0.4, 08}, and 22 = A2 = diag{O, O} For three
cases: u; = 0.7 and up € {0.1,0.2,0.7}, the maximal upper bounds of d, with respect to d; € {0.8, 1.0, 1.2} calculated
by the different criteria are listed in Table 1, where ‘—’ indicates the results not reported in literature, and the number
of decision variables are also given. The results of Theorem 2 listed are chose from all values calculated by setting
two scalars (@, 8) € {(a,ﬁ)|a €{0.1,0.2,---,0.9},8€{0.1,0.2,--- ,0.9}}.

Table 1: The maximal upper bounds of d, for various d; and y; (Example 1).

Crieris G IR T G T g No-of vaables
Theorem 1 [14] 2.016 1.820 1.619 0.870 0.671 0471 — —- — 71n? + 10n
Theorem 2 [16] 1.952 1.799 1.644 1.136 0945 0720 — — —- 325.5n% +40.5n
Theorem 1 [17] 1.966 1.835 1.680 1.129 0960 0.774 — — —- 47.5n* +23.5n
Theorem 3.1 [21] 2.854 2.485 2.457 1985 1.888 1.620 — — —- 228.5n% +27.5n
Corollary 1 [28] 3.121 2911 2.715 1.837 1.636 1437 — —- — 65n% +21n

Theorem 1 [23]  18.134 16.335 14.537 8447 6.647 4.848 1.080 0.879 0.695 161>+ 14n
Theorem 1.C2 3.004 2.661 2377 1.658 1.504 1360 1.521 1.394 1.273 26n% + 14n
Theorem 1.C1 3211 2.883 2.596 1.738  1.582 1.435 1.584 1.452 1.329 34n’+ 14n
Theorem 2.C2 19.617 17.821 16.025 10.827 9.028 7.229  1.583 1.237 1.031 19> + 16n
Theorem 2.C1 19.962 18.164 16367  11.111 9.312 7.515 1.617 1.305 1.085 23n*+ 16n

The results show that the proposed criteria not only provide less conservative results but also require the less
number of decision variables in comparison with the ones developed through FWM approach [14, 17, 28], the convex
polyhedron method [16], and the LKF with triple and quadruple integral terms [21]. Moreover, the results provided by
two conditions of Theorems 1 and 2 show that the first condition provides less conservative results, which shows the
advantages of the ERCMI compared with the popular RCMI, as summarized in Remark 2. Compared with Theorem
1, Theorem 2 greatly improves the existing results for the case of y; +up < 1 (ice., yuy = 0.7, 4p € {0.1,0.2}) while the
improvement become small for the case of y; +uy > 1 (i.e., 4y = up = 0.7). The reason has been analyzed in Remark
5.

Simulation tests for three cases are carried out: Case I: External input: J = [0.1,0.6]7; Delays: d;(f) = sm( 4t) +
2, dy(t) = B2 cos(851) + 2599 and initial values: u(0) = [0.2,0.5]"; Case II: External input: J = [0.4, 0.11%;
Delays: di(f) = sin*(%1), da(t) = 9.312 0052(9030152 1); and initial values: u(0) = [0.1,0.6]"; Case III: External input:
J =10.1,0.51"; d,(v) = 0.12(3 sm( n+ 4cos(6t) +5), dr(t) = 0.1085(4 sm(lOSSZ) + 300s(1085t) + 5); and initial
values: u(0) = [0.4,0.2]7. From Table 1, the neural networks for the above cases are stable. The responses for three
cases are shown in Fig. 1. The result shows that the neural network with given conditions is stable at its equilibrium
point. Thus, the results are in accord with the results listed in table.
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Figure 1: State trajectories of the neural networks.
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Figure 2: Schematic representation of the quadruple-tank process

Example 2. Consider the qudruple-tank process shown in Fig. 2. The objective is to control the water level in the
two lower tanks using two pumps [38]. If the transport delays due to the flow of water before reaching the target tanks

are taken into account, then the linearized state-space equation can be given as [39]:
x(1) = Apx(t) + A1x(t — 71(1) + Biu(t — 72(1)) + Bou(t — 73(1))

where x(t) = col{hy, h,, hs, hy} with h;,i = 1,2,3,4 being the water level of tank i; 7(¢) is the transport delay of
water-flow from outlet of Tank 3/4 to Tank 1/2, 7,(¢) is the transport delay of water-flow from Pump 1/2 to Tank 1/2,
and 73(¢) is the transport delay of water-flow from Pump 1/2 to Tank 4/3; the state-feedback controller is designed as
u(t) = Kx(1); y1 (y2) in figure is the ratio of water diverted to Tank 1 (Tank 2) rather than to Tank 4 (Tank 3); and

Ap = diag{-0.0021, —0.0021, —-0.0424, -0.0424}

00 00424 0 0.1113y; 0
o000 0 00424 o | 0 01042y
'“loo o o "' o 0
00 0 0 0 0

0 0

B - 0 0
27 0 0.1042(1 — »)

[0.1113(1 —yy) 0

K= [—0.1609 —0.1765 —0.0795 —0.2073
~ | =0.1977 -0.1579 -0.2288 —0.0772




Due to the limited area of the hose and the capacity of the pumps, the output of the controller has a threshold
value. Thus, the state-feedback control law is rewritten as [5]

u(t) = Kg(x(1)) (55)

where

f(x(0) = coll fi(x1(1)), fo(x2(D)), - - -, falxa(D))}
Silxi(®) = 0.01(Jx; () + 1| =[x () = 1]), i = 1,2,3,4

For simplifying analysis, let 7,(f) = 72(f) = d,(¢) and 73(¢f) = d1(¢) + do(t). Then, the closed-loop system can be
represented as system (1) with Ag = Ag, A = A1, A, =0, Wy =0, W, = BIK, W, = BbK, W =1,% = A =
diag{0.02,0.02,0.02,0.02}, and X, = A, = diag{0,0,0, 0}.

Let u; = up = 10E + 5 to cover more types of time-varying delays. The maximal upper bounds of d, with respect
tod, € {1.0,1.5,2.0,2.5} calculated by Theorem 1 are listed in Table 2. The results show that the maximal upper
bounds of d, increase as the increase of y;,i = 1,2.

Table 2: The maximal upper bounds of d; for various d; calculated by Theorem 1.C1 (Example 2).
/ 4
Y1y 10 15 20 25
0.1/0.1 2.09 1.15 0.71 0.57
0.333/0.307 2.37 1.15 0.71 0.57

5. Conclusions

This paper has investigated the stability of Lur’e systems with two additive delay components. The extended
matrix inequality (named as ERCMI) has been employed to reduce the estimation gap of popular reciprocally convex
combination lemma. As a result, several stability criteria with less conservatism have been established by using
the ERCMI, together with two types of LKFs. Finally, the advantages of the extended matrix inequality and the
corresponding criteria have been demonstrated via two examples.

References

[1] P.Liu, Z. Zeng, and J. Wang, “Multistability of recurrent neural networks with nonmonotonic activation functions and mixed time delays,”
IEEE Trans. Syst., Man, Cybern., Syst., 2016, inpress.

[2] X.M. Zhang, and Q.L. Han, “Global asymptotic stability analysis for delayed neural networks using a matrix quadratic convex approach,”
Neural Networks, vol. 54, pp. 57-69, 2014

[3] X.M. Zhang, and Q.L. Han, “Global asymptotic stability for a class of generalized neural networks with interval time-varying delays,” IEEE
Trans. Neural networks, vol. 22, no. 8, pp. 1180-1192, 2011

[4] T.L. Carroll and L.M. Pecora, “Synchronizing chaotic circuits,” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl., vol. 38, no. 4, pp.
453-456, Apr. 1991.

[5] R. Samidurai, R. Manivannan, C.K. Ahn, and H.R. Karimi, “New criteria for stability of generalized neural networks including Markov jump
parameters and additive time delays,” IEEE Trans. Syst., Man, Cybern., Syst., 2016, inpress.

[6] C. Hua, C. Ge, and X. Guan, “Synchronization of chaotic Lur’e systems with time delays using sampled-data control,” IEEE Tran. Neural
Netw. Learn. Syst., vol. 26, no. 6, pp. 1214-1221, Jun. 2015

[7]1 L. Liu, S. Yin, L. Zhang, X. Yin, and H. Yan, “Improved results on asymptotic stabilization for stochastic nonlinear time-delay systems with
application to a chemical reactor system,” IEEE Trans. Syst., Man, Cybern., Syst., vol. 47, no. 1, pp. 195-204, 2017.

[8] X. Yang, C. Hua, J. Yan, and X. Guan, “An exact stability condition for bilateral teleoperation with delayed communication channel,” IEEE
Trans. Syst., Man, Cybern., Syst., vol. 46, no. 3, pp. 434-439, 2016.

[9]1 Y. Shen, and J. Wang, “Robustness of global exponential stability of nonlinear systems with random disturbances and time delays,” /IEEE
Trans. Syst., Man, Cybern., Syst., vol. 46, no. 9, pp. 1157-1166, 2016.

[10] E. Fridman, Introduction to Time-Delay Systems: Analysis and Control, Boston: Birkhauser. 2014.
[11] J. Lam, H. Gao, and C. Wang, “Stability analysis for continuous systems with two additive time-varying delay component,” Syst. Control

Lett., vol. 56, no. 1, pp. 16-24, 2007.



[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
(20]
(21]
[22]
[23]
[24]
[25]
[26]
(27]
(28]
[29]

(30]
(31]

(32]
(33]
[34]
[35]
[36]
[37]
[38]
(391
[40]
(41]
[42]
[43]

[44]

Y. Zhao, H.J. Gao, S.S. Mou, “Asymptotic stability analysis of neural networks with successive time delay components”, Neurocomputing,
vol. 71, pp. 2848-2856, 2008.

H.Y. Shao and Q.L. Han, “New delay-depent stability criteria for neural networks with two additive time varying delay”, IEEE Trans. Neural
Networks, vol. 22, no. 5, pp. 812-818, 2011.

J. Tian and S. Zhong, “Improved delay-dependent stability criteria for neural networks with two additive time-varying delay components,”
Neurocomputing, vol. 77, no. 1, pp. 114-119, Feb. 2012.

X.L. Zhu, D. Yue, and Y. Wang, “Delay-dependent stability analysis for neural networks with additive time-varying delay components,” IET
Control Theory Appl., vol. 7, no. 3, pp. 354-362, Feb. 2013.

N, Xiao and Y.M. Jia, “New approaches on stability criteria for neural networks with two additive time varying delay components”, Neuro-
computing, vol. 118, pp. 150-156, 2013.

C.K. Zhang, Y. He, L. Jiang, Q.H. Wu, and M. Wu, “Delay-dependent stability criteria for generalized neural networks with two delay
components,” IEEE Trans. Neural Netw., Learning Syst., vol. 25, no. 7, pp. 1263-1276, Jul. 2014.

S. Dharani, R. Rakkiyappan, and J.D. Cao, “New delay-dependent stability criteria for switched Hopfield neural networks of neutral type
with additive time-varying delay components,” Neurocomputing, vol. 151, pp. 827-834, 2015.

J. Tian, W. Xiong, and F. Xu, “Improved delay-partitioning method to stability analysis for neural with discrete and distributed time-varying
delays,” Applied Mathematics and Computation, vol. 233, pp. 152-164, 2014.

K. Mathiyalagan, J.H. Park, R. Sakthivel, and S.M. Anthoni, “Delay fractioning approach to robust exponential stability of fuzzy Cohen-
Grossberg neural networks,” Applied Mathematics and Computation, vol. 230, pp. 451-463, 2014.

R. Rakkiyappan, R. Sivasamy, J.H. Park, and T.H. Lee, “An improved stability criterion for generalized neural networks with additive time-
varying delays,” Neurocomputing, vol. 171, pp. 615-624, Jan. 2016.

Y.J. Liu, S.M. Liu, and H.G.Lee, “Robust delay-depent stability criteria for uncertain neural networks with two additive time-varying delay
components”, Neurocomputing, vol. 151, pp. 770-775, 2015.

H. Zhang, Q. Shan, and Z. Wang, “Stability analysis of neural networks with two delay components based on dynamic delay interval method,”
IEEE Trans. Neural Netw., Learning Syst., vol. 28, no. 2, pp. 259-267, 2015.

M.D. Ji, Y. He, M.Wu, and C.K. Zhang, “Futher results on exponential stability of neural networks with time-varying delay,” Applied
Mathematics and Computation, vol. 256, pp. 175-182, 2015.

C. Ge, C. Hua, and X. Guan, “New delay-dependent stability criteria for neural networks with time-varying delay using delay-decomposition
approach”, IEEE Trans. Neural Netw., vol. 25, no. 7, pp. 1378-1383, Jul. 2014.

H.B. Zeng, Y. He, M. Wu, and J.H. She, “Free-matrix-based integral inequality for stability analysis of systems with time-varying delay,”
IEEE Trans. Automa. Control, vol. 60, pp. 2768-2772, 2015.

H.B. Zeng, Y. He, M. Wu, and J. She, “New results on stability analysis for systems with discrete distributed delay,” Automatica, vol. 60, pp.
189-192, Oct. 2015.

G. Chen, J. Xia, and G. Zhuang, “Delay-dependent stability and dissipativity analysis of generalized neural networks with Markovian jump
parameters and two delay components”, J. Frankin Inst., vol. 353, no. 9, pp. 2137-2158, 2016.

C.K. Zhang, Y. He, L. Jiang, M. Wu, and H.B. Zeng, “Delay-variation-dependent stability of delayed discrete-time systems,” IEEE Trans.
Autom. Control, vol. 61, no. 9, pp. 2663-2669, 2016.

J.H. Kim, “Note on stability of linear systems with time-varying delay,” Automatica, vol. 47, pp. 2118-2121, 2011.

C.K. Zhang, Y. He, L. Jiang, Q.H. Wu, and M. Wu, “Stability analysis for delayed neural networks considering both conservativeness and
complexity,” IEEE Trans. Neural Netw., Learning Syst., vol. 27, no. 7, pp. 1486-1501, 2016

C.K. Zhang, Y. He, L. Jiang, M. Wu, and H.B. Zeng, “Stability analysis of systems with time-varying delay via relaxed integral inequalities,”
Systems & Control Letters, vol. 92, pp. 52-61, 2016

C.K. Zhang, Y. He, L. Jiang, and M. Wu, “An improved summation inequality to discrete-time systems with time-varying delay,” Automatica,
vol. 74, pp. 10-15, 2016.

A. Seuret and F. Gouaisbaut, “Wirtinger-based integral inequality: application to time-delay systems”, Automatica, vol. 49, no. 9, pp. 2860-
866, Sep. 2013.

P. Park, J. W. Ko, and C. Jeong, “Reciprocally convex approach to stability of systems with time-varying delays,” Automatica, vol. 47, no. 1,
pp. 235-238, Jan. 2011.

A. Seuret, F. Gouaisbaut, and E. Fridman, “Stability of systems with fast-varying delay using improved Wirtinger’s inequality,” In Proceedings
of the 52nd IEEE Conference on Decision and Control, Florence, Italy, 946-951, 2013.

C.K. Zhang, Y. He, L. Jiang, M. Wu, and Q.H. Wu, “Stability analysis of sampled-data systems considering time delays and its application to
electric power markets”, J. Franklin Inst., vol. 351, no. 9, pp. 4457-4478, Sep. 2014.

K.H. Johansson, “The quadruple-tank process: A multivariable laboratory process with an adjustable zero,” IEEE Trans. Control Syst. Tech-
nol., vol. 8, no. 3, pp. 456-465, May 2000.

F.E. Haoussi, E.H. Tissir, F. Tadeo, and A. Hmamed, “Delay-dependent stabilization of systems with time-delayed state and control: Appli-
cation to quadruple-tank process,” Int. J. Syst. Sci., vol. 42, no. 1, pp. 41-49, 2011.

C.K. Zhang, Y. He, L. Jiang, M. Wu, and Q.C. Wang, “An extended reciprocally convex matrix inequality for stability analysis of systems
with time-varying delay,” Automatica, 2017, inpress, DOIL: 10.1016/j.automatica.2017.07.056.

C.K. Zhang, Y. He, L. Jiang, Q.G. Wang, and M. Wu, “Stability analysis of discrete-time neural networks with time-varying delay via an
extended reciprocally convex matrix inequality,” IEEE Transactions on Cybernetics, vol. 47, no. 10, pp. 3040-3049, 2017.

Y. Liu, Z. Wang, and X. Liu, “Global exponential stability of generalized recurrent neural networks with discrete and distributed delays,”
Neural Networks, vol. 19, no. 5, pp. 667-675, 2006.

Z. Wang, S. Ding, and H. Zhang, “Hierarchy of stability criterion for time-delay systems based on multiple integral approach,” Applied
Mathematics and Computation, vol. 314, pp. 422-428, 2017.

T.H. Lee, and J.H. Park, “A novel Lyapunov functional for stability of time-varying delay systems via matrix-refined-function,” Automatica,
vol. 80, pp. 239-242, 2017.



[45] T.H. Lee, J.H. Park, and S. Xu, “Relaxed conditions for stability of time-varying delay systems,” Automatica, vol. 75, pp. 11-15, 2017.
[46] Z. Wang, S. Ding, Q. Shan, and H. Zhang, “Stability of recurrent neural networks with time-varying delay via flexible terminal method,”
IEEE Tran. Neural Netw. Learn. Syst., vol. 28, no. 10, pp. 2456-2463, 2017.





