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Abstract

Based on the extreme value conditions of a multiple variables function, a new class of
Wirtinger-type double integral inequality is established in this paper. The proposed
inequality generalizes and refines the classical Wirtinger-based integral inequality and
has less conservatism in comparison with Jensen’s double integral inequality and
other double integral inequalities in the literature. Thus, the stability criteria for
delayed control systems derived by the proposed refined Wirtinger-type integral
inequality are less conservative than existing results in the literature.
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1 Introduction

During the past several decades, the Wirtinger inequality received considerable attention
due to its extensive applications. For details, see [1-5] and the references therein. Recently,
a Wirtinger-based integral inequality was presented by Seuret and Gouaisbaut in [1], and
it was applied to analyze the stability for delayed systems. The Wirtinger-based inequal-
ity can deliver more accurate lower bounds for some single integral form of the quadratic
terms which emerge in the derivative of Lyapunov—Krasovskii functional (LKF) (for ex-
ample, f: ol ()Ryw(s)ds (R; = RT > 0)) than other integral inequalities, such as the well-
known Jensen inequality [6], Park’s inequality [7] and Moon’s inequality [8]. Accordingly,
it is natural that the stability criterion derived by the Wirtinger-based integral inequality
has less conservatism than those by the aforementioned inequalities.

On the other hand, based on Lyapunov stability theory, Sun et al. [9] firstly introduced
the LKF containing the triple integral terms to discuss the stability problem. It was proved
that this triple integral-based LKF can effectively reduce the conservatism of the stability
criteria. Subsequently many researchers adopted this triple integral type LKF to analyze
the stability for various delayed systems. As we know, when one chooses such LKF, such
as V = f: ds [ dr [T T (u)Ryw(u) du (R, = R} > 0), then some double integral terms, like
f: ds f; T (u)Ryw(u) du (Ry = RI > 0) will emerge in the derivative of the chosen V. How-
ever, the previous Wirtinger-based integral inequality [1] cannot be applied in finding the
lower bounds of such double integral terms since it merely evaluates the quadratic terms
in the form of a single integral. It should be pointed out that, for such double integral
terms, no other integral inequalities can handle them except Jensen’s double integral in-
equality [9, 10] at present. Nevertheless, Jensen’s double integral inequality is considerably
conservative. This motivates our interest in reinvestigating this problem further.
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In this paper, inspired by the method utilized in [2], we develop a new class of Wirtinger-
type double integral inequality, as an extension of the Wirtinger-based integral inequality.
In addition, Jensen’s double integral inequality can be regarded as a specialization of the
newly derived Wirtinger-type double integral inequality.

The following notations are used throughout the paper. The superscript “T” denotes the
transpose of a matrix. " stands for the set of real vectors with dimension #. R > 0 denotes
a symmetric positive definite matrix and R < 0 denotes a symmetric negative definite ma-
trix. In a symmetric matrix, the symbol “*” is used to denote the term that is induced by
symmetry. The symbol ® stands for the Kronecker product. In addition, matrices whose
dimensions are not explicitly stated are assumed to be compatible for algebraic opera-

tions.

2 Main results
In this section, we are to derive the Wirtinger-type double integral inequality and its corol-

lary.

Theorem (Wirtinger-type double integral inequality) If for a given symmetric matrix
R > 0, two scalars a, b satisfy a < b and we have a vector-valued function w(t) : [a,b] — R"

such that the following integrations are well defined, then the following inequalities hold.:

2 b s
b _Zﬂ) /a ds/a ol (u)Rw(u) du > 36T <|:i ;ij| ®R) &, (1)
(b-ay /b ds/b ol (u)Rw(u) du > 3nT 3 -8 QR |n (2)
2, s - x 24 ’
where

£ [ fab ds [ w(u)du :|

f: ds [ dr [ o(u)du

7I=|: fabdsfsbw(u)du :|

f: dsfsb drfrba)(u) du

Proof Firstly, we are to prove inequality (1).
For a vector-valued function w(f) : [a,b] — N" satisfying the condition of the theorem,

we define a function z(x) as follows:

A 2 b s
z(u) = w(u) - by /a ds /a w(r)dr — p(u)v,

where p(u) is a scalar function and the constant vector v is to be determined.
Based on z(u) defined above, we construct a generalized energy function J(v) with re-

spect to v denoted by

b s
/(V)é/ ds/ 2T (u)Rz(u) du.
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Then

f ds f ¢ (WRe() d / ds / T (WRw(u du+( / ds / u)du)
([ i) ([ )
[ i) ([ )
- z( [ s [ o) du> v
[ o) [ e o

That is,

- [t [ ot ([ as [ s
[ i) o[ )
- 2< / s /  pow) du) v
S 7 s

From Eq. (3), J(v) has a minimum due to the fact that /(v) can be taken as a quadratic
function concerning vector v with the coefficient of the quadratic term greater than zero,
ie., fab ds [ p*(u) du > 0.

In view of the extreme value conditions of multiple variable function, we conclude that
when VJ(v) = 0, the function J(v) arrives at its minimum, where V denotes the nabla op-
erator.

Namely,

2R[/;b ds/;pZ(u)duV
- </ab ds/:p(u)a)(u)du—ﬁ/ﬂb ds/:p(u)du/ab dS/asw(u)du)] -0.

Solving the above equality, we can find a unique stationary point v*:

= </ab ds/:pz(u)du)_1 [/ab ds[ﬂ.sp(u)w(u)du
—ﬁ/j ds/jp(u)du(/ab ds‘/ﬂsw(u)du>].



Zhang and Wang Journal of Inequalities and Applications (2018) 2018:109 Page 4 of 7

Then
[ a2 o ]
<Rot -2 [ as [ orarp | a
[l
ooy o el
. / ds / Pu) du(v) Ry

In fact we have

o oo o el
- / s [ pwo” )
ol 4 e[ [
L / " s f P du(v) R
Thus
7 = / " s / " (1) Reo(a) s
e+ )
. / " ds / o) du(v*) " Ry

2a+b
3

and integration by parts:

/jds/jp(u)duzo,
/j ds/;spz(u)du: (b;6a)4,
/;b ds/:p(u)w(u)du
= %(b—a)[/ﬂb ds/ﬂsa)(u)du— bfa/ﬂb ds/: dr/arw(u)du:|.

b s T
5 ds | w(r) dri|

Setting p(u) = u — , one can obtain the following equalities by basic integral calculus
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Additionally,

b s
/ ds/ p2(u)du(v
b s
(b a)4 (/ ds/ p(u)w(u)du) R(/a ds‘/u p(u)w(u)du).
Summarizing up and utilizing the above equalities yield
b s
/ ds/ 27 (u)Rz(u) du
b s r 2 b s T b s
:/a ds/; w (u)Rw(u)du—m(/ﬂ ds/a w(u)du) R(/a ds‘/; a)(u)du)
b s
—/ ds/ p2(u)du(v) Ry

Since R=RT >0, f: ds f; zT (u)Rz(u) du > 0, and we conclude that inequality (1) holds.
Setting p(u) = u — “+32b instead of p(u) = u — 2“3+b for inequality (2) and following a sim-
ilar idea to inequality (1), we can prove inequality (2). This completes the proof of the
theorem. O

Remark 1 For the sake of convenience to utilize the theorem in analyzing stability for
delayed systems, inequality (1) and (2) can be equivalently rewritten as inequalities (1)
and (2'), respectively:

2 b s
(b—za) / ds/ o’ (w)Ro(u) du

> (/ab ds/;w(u)du> (/ ds/ du) +8QIRQ, (1)
(b _2“)2 / " is f ba)T(u)Ra)(u) du
> (/ab ds/sb o(u) du) TR(/:) ds/sha)(u) du) + 892TR§22, 2)

/ds/ u)du — —a/ ds/ dr/ w(u) du,
QZ:/(; ds/ a)(u)du—— ds/ dr/ (#) du.

Remark 2 Park et al. [4] also derived another Wirtinger-based double integral inequality;
see [4, Corollary 1]. For comparison, we excerpt it as follows with sign change:

b b
(b _261)2/; ds/s ol (u)Ro(u) du
b b T b b
> </ ds/ w(u)du) R</ ds/ (1) du) +2£22TR522. (4)

where
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Observe that 892T R > 2§22T RS2, > 0, one easily finds that the proposed Wirtinger-type
double integral inequality can deliver a tighter lower bound of the term fab ds |, b o’ (u) x
Rw(u) du than the one in [4]. The reason lies in different derivation approaches: the former
by extreme value conditions of multiple variables function; the latter mainly by the Schur

complement.

Remark 3 Apparently, by setting ©; = 0, 2, = 0 in Remark 1, the proposed Wirtinger-
type double integral inequality reduces to Jensen’s double integral inequality [10]. Thus
the theorem covers Jensen’s double integral inequality and has less conservatism than the
latter owing to the fact that 8Q7 RQ; > 0, 8QIRQ, > 0.

When o(-) is replaced by x(-) in the theorem, we obtain the following corollary as a
specialization of the theorem.

Corollary For a given matrix R = RT > 0 and a differentiable signal x in [a,b] — R"
(a < b), the following inequalities hold:

b— 2 prb s —

( 2“) / ds / T ()Ri(u) du > 307 ([i 22]@13)@1, (5)

b— 2 b b _

( 2“) / ds / T ()Ric(u) du > 307 ([i Zﬂ@)ze) s, (6)
where

o = |: fabx(s)ds— (b - a)x(a) j|’

f: ds fas x(r) dr — &= ’2“)2 x(a)

o, | ©-ax®) - [Jas)ds
2 %x(b) - fab dsfsbx(r) dr |

Similarly, inequalities (5) and (6) can be expressed as inequalities (5') and (6'), respec-
tively,

b s
(b-ay / ds f &7 () Riv(ue) dus
b

2
T b
> (/ x(s)ds — (b - a)x(a)) R</ x(s)ds — (b - a)x(a)) + 8’?1TR’Y1, (5"
b b
® _261)2 ; ds/s #T (u)Ri(u) du
b T b o
> </ x(s)ds — (b — a)x(b)) R(/ x(s)ds — (b — a)x(b)) + STZTRTz, (6")

where

b b s
Y = (h;a)x(a)+/a x(s)ds—%/ﬂ ds/ﬂ x(r)dr,

_ b b b
S LA / Xs)ds - —— / ds / x(r) dr.
2 p b-al, s
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3 Conclusions

In this paper, a refined Wirtinger-type double integral inequality is derived on the basis
of the Wirtinger-based integral inequality and the extreme value conditions of multiple
variables function. The proposed inequality extends the celebrated Wirtinger-based inte-
gral inequality from a single integral to a double one. In addition, the proposed inequality
refines Jensen’s double integral inequality and is less conservative compared with other
double integral inequalities.

Acknowledgements
The paper is supported by the Beijing Natural Science Foundation (under grant 1162004).

Competing interests
The authors declare that there is no conflict of interests regarding the publication of this paper.

Authors’ contributions
LZ gave the proofs of the theorem and the corollary and drafted the manuscript. SW modified and polished this paper in
language. All authors read and approved the final manuscript.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 28 November 2017 Accepted: 26 April 2018 Published online: 09 May 2018

References

1. Seuret, A, Gouaisbaut, F.: Wirtinger-based integral inequality: application to time-delay systems. Automatica 49,
2860-2866 (2013)

2. Seuret, A, Gouaisbaut, F., Fridman, E.: Stability of discrete-time systems with time-varying delays via a novel
summation inequality. IEEE Trans. Autom. Control 60, 2740-2745 (2015)

3. Lee, CF, Yeh, C.C, Hong, CH. Agarwal, RP: Lyapunov and Wirtinger inequalities. Appl. Math. Lett. 17, 847-853 (2004)

4. Park, M.J, Kwon, O.M,, Park, J.H, et al.: Stability of time-delay systems via Wirtinger-based double integral inequality.
Automatica 55, 204-208 (2015)

5. Liu, Z, Yu, J, Xu, D.: Vector Wirtinger-type inequality and the stability analysis of delayed neural network. Commun.
Nonlinear Sci. Numer. Simul. 18, 1246-1257 (2013)

6. Gu, K: An integral inequality in the stability problem of time-delay systems. In: Proceedings of the 39th IEEE
Conference on Decision Control, pp. 2805-2810 (2000)

7. Park, P: A delay-dependent stability criterion for systems with uncertain time-invariant delays. IEEE Trans. Autom.
Control 44, 876-877 (1999)

8. Moon, YS,, Park, P, Kwon, W.H.: Delay-dependent robust stabilization of uncertain state delayed systems. Int. J.
Control 74, 1447-1455 (2001)

9. Sun, J, Liu, GP, Chen, J.: Delay-dependent stability and stabilization of neutral time-delay systems. Int. J. Robust
Nonlinear Control 19, 1364-1375 (2009)

10. Kwon, O.M,, Park, M.J,, Park, J.H,, et al.: Analysis on robust Hy, performance and stability for linear systems with interval

time-varying state delays via some new augmented Lyapunov-Krasovskii functional. Appl. Math. Comput. 224,
108-122 (2013)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Reﬁned Wirtinger-type integral inequality
	Abstract
	Keywords

	Introduction
	Main results
	Conclusions
	Acknowledgements
	Competing interests
	Authors' contributions
	Publisher's Note
	References


