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Abstract: This paper proposes a new stability condition for a class of time delay systems. Firstly,
a generalized double integral inequality is obtained. Then, a less conservative stability criterion
is proposed by using the double integral inequality and choosing some new Lyapunov-Krasovskii
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1. Introduction

A time delay widely exists in many fields such as chemistry, biology, industry, and so on. Since a
time delay arising in a system may cause instability, the stability analysis of time-delay systems has
been wildly studied in the past few decades [1,2]. The main purpose is paid to determine the admissible
delay, for which the systems remain stable.

It is well known that the LKF method has been widely used to obtain stability conditions for
time-delay systems [3,4]. The main purpose of the LKF method is to estimate the integral term
arising in the time derivative of double integral term in the LKF. Therefore, to get less conservative
stability criteria, many integral inequality methods are derived. Those inequality methods include
Jensen inequality [5, 6], Wirtinger inequality [7-9], double integral inequlity [10-12], various

improved integral inequalities [13-26]. The Jensen inequality expressed as
V() = fa ’ yI(ORy(dt > ﬁQgRQO = Vensen» where a < b,R = RT > 0,Qy = y(b) — y(a). The
Wirtinger-based inequality expressed as Vg, (y) = Viyeen + bf—anTRQl = Vgouretr», Where
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Q = yib) + yla) - ﬁ fa b y(t)dt. The further improved inequality expressed
aSVab()") 2 VSeurel + bSTanRQZ’ Vab(y) 2 VSeuret + bSTanRQZ + ;jTaQ_Z;RQS’
Vs ) = Vsourer + bSTaQ; RQ, + b7TaQ3TRQ3 + %QZRQ; in [13—15], respectively, where Q,, Q3, Q, are
defined in Lemma 4 [15]. However, these results only estimate the integral term arising in the time
derivative of double integral term in the LKF. This paper presents a generalized double integral
inequality which includes those in [10—12] as special cases. A new stability criterion is proposed by
choosing a new LKF and using the generalized double integral inequality. Both the generalized
integral inequality and the new LKF include fourth integrals, which may yield less conservative
results. Two examples are introduced to show the effectiveness of the proposed criterion. The
contributions of our paper are as follows:

e The integral — fa b fu b xT (s)Px(s)dsdu is estimated as— fa ’ fu b i1 ($)Px(s)dsdu < ¢Tw(, where w and
{ are defined in Lemma 3. The above inequality includes those in [10—12] as special cases.

e Both the new double integral inequality and the new LKF include fourth integrals, which may
obtain more general results.
Notation: See Table 1.

Table 1. Nomenclature.

S — the set of n X n symmetric positive definite matrices
R™ — m-dimensional Euclidean space

AT — The transpose of the A matrix

Sym(P) — P+ PT, For any square matrix P

0 — A zero matrix with appropriate dimensions

2. Preliminary

Consider the time delay systems as

y(t) = Ay(t) + By(t — h) + Cf y(s)ds (2.1
t—h

) = ¢@0), te[-h,0] (2.2)

where y(f) € R" is the state vector, 4 > 0 is constant time-delay and the initial condition ¢(¢) is a
continuous function.

Lemma 1. [15] For a matrix P € S, and any continuously differentiable function x : [a,b] — R",
then we can obtain

b 4
1
f &' ($)Px(s)ds > —— E 2i + DQ] PQ; (2.3)
a b-am

where

Qo = x(b) — x(a)
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2 b
Q; = x(b) + x(a) — —a f x(t)dt

6 b 12 b b
QZ:x(b)—x(a)+mL x(t)dt—(b_a)zj; f; x(t)dtdu
12 (7 60 (" 120 (" (7
Qs = x(b) + x(@) = — f XOdt + 5= f f x(Oddu = 5= f f f x(t)drdvdu

b
Q, —x(b)—x(a)+£f x(t)dt _(b180)2f f x(t)dtdu + b8f0)3f f f x(t)dtdvdu
_ ( [91?83)4 f f f f x(t)dtdBdvdu

Lemma 2. [27] For a positive define matrix P € S}, a integrable function {x(s)|s € [a, b]}, and any
auxiliary functions {fi(s)li € [0,nl,s € [a, b, fo(s) = 1} satisfying [ [" fi(s)f(s)dsdu = O,
(0 <i,j<n,i# j)with f(s) #0,i =1,2,--- ,n. Let ; € R»*i = 0,1,--- ,n and a vector { € R,
such that fa b fu b fi(s)x(s)dsdu = A;.. Then for any matrices M; € R*"(i = 0,1,--- ,n), the following
inequality holds

b b n b b n
_ f f X! (s)Px(s)dsdu < T {Z f f F2(s)dsduM P~ M" +Sym(z Mi/l,-)}{ (2.4)
a Ju i=0 Ya Ju i=0

Proof. Define M = | Mj M! --- M! ]T,f(s):[fo(s)éT AT Sl ]T-

It is easy to obtain that

2T (s)Mx(s) < ET(s)MP™'ME(s) + xT (5)Px(s) (2.5)

Integrating the inequality (2.5) from [a, b] X [u, b] yields

n b b
_2§T2Mif f fi($)x(s)dsdu
i=0 a Ju
n b b
<7 {Z f f fA(s)dsduM P~ M"
+QZZf f fi() fi(s)dsduM; P~ MT}{

i=0 j=i+1

+ f f xT(s)Px(s)dsdu
—g{ f f fA(s)dsduM;P~ MT}§
f f X7 (s)Px(s)dsdu
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This completes the proof.
Lemma 3. For a differential function x : [a,b] — R", a matrix P € R, a vector { € R*, and any
matrices M; € R¥"(i = 1,2,3,4), then the following inequality holds:

b b
- f f i (s)Pi(s)dsdu < T wl (2.7)
where
—a)’ 1 1 1
Gl (MIP“MlT+§M2P‘1MzT +§M3P—‘M§+ZM4P—‘MZ)
+ (b - a)Sym(Ml/ll + MyA, + M3/l3 + M4/14)
1 b
/llg“:x(b)——f x(s)ds
b—a ],
2 b 6 b b
/lzg”:x(b)+m£ x(s)ds—(b_a)zﬁ f’; x(s)dsddu
3¢ x(b)——f x(s)ds+(b )2ffx(s)dsdu
(b a)3f f f x(8)dsdvdu
4 b
Ayl x(b)+—f x(s)ds— )Qf f x(s)dsdu
360
+(b—a)3f ffx(s)dsdvdu
840
_—(b—a)“ fa fu fv fﬂ x(s8)dsdBdvdu
Proof.  The result can be easily obtained by choosing n = 3, fi(s) = b%a(s— 2”3*“),

fls) = 5% [(s _ s}t 30f ] fi(s) = =4+ 30322 — 60 (34) +35(224) in (2.4). So the details
of proof is omitted.

Remark 1. The inequality (25) of Lemma 5.1 in [10] is a special case of Lemma 3 by setting
M, = —ﬁ/llTR, M, = ——/lTR M3 = 0, and M, = 0. The inequality (4) of Lemma 2.3 in [11] is a
special case of Lemma 3 by setting My = == ATR, M, = == AIR, M3 = —;~ IR, and M, = 0. In
addition, the inequality (12) of Lemma 5 in [12] is a spec1al case of Lemma 3 by set ting
My = —ZAR, My = —= 'R, M3 = —;%- AR, and M, = ;= A} R.
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3. Results
Based on Lemma 1 and Lemma 3, a new stability condition can be obtained.

Theorem 1. System (1) is asymptotically stable if there exist matrices P € Si”, Ri,Ry,R; € S, and
any matrices My, M», M3, M, € R%" such that

h2
¥ =Sym(I1] PI1,) + 61 R,8, — 05 R16 + h*6, RySo + 755 R360 — 13 RyI13 — 31T} R, 11, — STIL R, 115

h? 1 1 1
- T Rolls = T Rally + = (MlelMlT + SR MY+ MsRS MY + 2 MART M CRY
+ hSym(Mll_Ig + MoIlg + M1,y + M4H11) <0
where ,
m=[o of of of o],
2 3
M=ol 67 —6] hoT—o7 6T —o7 25757 |,
I3 = 61 — 6,
Iy, =6, +6,— %53,
H5 =0;—0,+ %63 - ]11—%54,
Ilg =0, + 6, — %(53 + 2054 1;120(55,
H7 — 51 _ 62 + 2_}?53 18054 + 84055 _ 168056,
Mg = 8, - 16,
Iy =0, + %53 - %64,
Mo = 61 — 203 + 564 — %65,
Iy =6 + 363 — 96, + 3965 — 2265,
0g = Ao1 + Bo, + C63,
51’ = [ Onx(i—l)n I, On><(7—i)n ]’ i = 1’ 2, tee ’6-
Proof. Introduce a LKF as
V() =" (PL(t) + f Y ()R1y(s)ds +h f f 3 ($)R2y(s)dsdu
3.2)

f f f (s)R3y(s)dsdvdu

where

(o= y'® [ ds v o Vo]
vi(t) = ftt_h f;l Yy (s)dsdu,

vy (1) = ftt_h futl L; I ($)dsduydu,

o= [, [0 Y (s)dsdusdurduy
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Then, the time derivative of V(y,) along the trajectories of system (1) as follows

. . 2
V(y) =2L"0)PL@) + yT (OR (1) — ¥ (t — WRy(t — h) + B*YT (OR.9(1) + EyT(t)Rzy‘(r)

—h f V()R (8)ds — f f ' ($)Rs3(s)d sdu
t—=h t—=h Ju

3.3)
h2 (
=n" (1) {S ym(IT{ PI1y) + 6] Q60 — 67 Q67 +61 R161 — 83 R16, + h*6] Rado + 355 R360} n(t)
! ! !
—h f VT ()R (5)ds f f VT (9)R3(s)d sdu
t—h t—h Ju
where
T
n0 =y ye-h [ y(ds v vie) v |
By Lemma 1, we have
!
—h f V()R y(s)ds
"o (3.4)
<" (#) (11§ RyI5 — 31T R, — STIE Ry 115 — 7IT{ RyIle — 911 Rl ) (1)
By Lemma 3, we have
f f V' ($)Rsy(s)d sdu
(3.5)

<n (r)[ Z ~MR; MT+hSym(ZMH,+7) (o)

i=1

Thus, according to (3.2)-(3.5), we have V(y,) < n” (1)¥n(t). Thus, if (3.1)holds, then, for a sufficient
small scalar & > 0, V(y;) < —¢ ||y(t)||2 holds, which ensures system (1) is asymptotically stable. The
proof is completed.

Remark 2. Both the double integral inequality and the new LKF include fourth integrals, which may
yield novel stability results. Furthermore, in order to fully consider relevant information of the double
integral inequality in Lemma 3, the f f fu 12 fu [3 y!(s)dsdusdu,du, is added as a state vector.

75

4. Numerical examples

In this section, we demonstrate the advantages of our proposed criterion by two numerical examples.

Example 1. Consider system(1) with:

02 0 00 -1 0
A= B= [ 0 0F -1 -1
Table 2 lists the allowable upper bounds of 4 by different methods. Table 2 shows that the maximum
delay bounds of % obtained by our method are much larger than those in [4,6,7,9,11].

Example 2. Consider system(1) with:
0 1 0.0 0.1 00
A_l—lO() -1 ]’B_[O.l O.2]’C_[0 O]
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Table 2. Maximal bound % for Example 1.

methods Maximal & NoDv
[7] 1.877 16
[9] 1.9504 59
[4] 2.0395 75
[6] 2.0395 27
[11] 2.0402 45
Theorem 1 2.0412 64

Table 3 lists the allowable upper bounds of /4 by different methods. Table 3 shows that the maximum
delay bounds of 4 obtained by our method are much larger than those in [4,7,9-11,14]. For & = 0.750,
y(0) = (0.001, —0.001)7, the state trajectories of the system(1) is given in Figure 1.

Remark 3. According to Example 1 and Example 2, although our method can reduce the conservatism
of the system effectively, it increases the computational burden.

Table 3. Maximal bound % for Example 2.

methods Maximal A NoDv
[7] 0.126 16
[9] 0.126 59
[4] 0.577 75
[10] 0.577 96
[11] 0.675 45
[14] 0.728 45
Theorem 1 0.750 64

y,(®
Y,

()

-0.01

L L L L L L L L L
0 50 100 150 200 250 300 350 400 450 500
t

Figure 1. the state trajectories of the system(1) of example 2.
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5. Conclusion

This paper focus on a new stability condition for a class of time delay systems. By using two
generalized integral inequalities and a new augmented LKF, a new stability criterion is obtained. Both
the double integral inequality and the new LKF include fourth integrals, which may yield more general
results. Two numerical examples are proposed to show the effectiveness of the proposed criterion.
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