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ABSTRACT This paper proposes a novel generalized integral inequality based on free matrices and applies
it to stability analysis of time-varying delay systems. The proposed integral inequality estimates the upper
bound of the augmented quadratic term of the state and its derivative term by utilizing not only the single
integral term but also the higher-order multiple integral terms. The proposed integral inequality includes
several well-known integral inequalities as special cases. For the stability analysis of time-varying delay
systems, a new Lyapunov-Krasovskii functional is constructed by including the double integral term with
the augmented vector of the state and its derivative to utilize the proposed integral inequality when estimating
the derivative of the Lyapunov-Krasovskii functional. Furthermore, to fully exploit the information on the
time-varying delay, this paper divides the interval of the double integral term into two parts. Two numerical
examples show that the results of the proposed method outperform those of the existing methods.

INDEX TERMS Stability analysis, time-varying delays, Lyapunov-Krasovskii functional, free matrices,

generalized integral inequality.

I. INTRODUCTION

Time delays are inevitable phenomenon in the practical sys-
tems and they result in performance degradation and system
instability. In recent decades, stability analysis of time delay
systems has attracted considerable attention in many areas,
such as communication systems, biological systems, network
control systems or cyber-physical systems [1]-[5]. The main
purpose of stability analysis of time delay systems is to obtain
maximum delay bound that ensures the asymptotic stabil-
ity for the concerned systems, and the Lyapunov-Krasovskii
functional (LKF) method is an efficient way for such anal-
ysis. The LKF method consists of two essential aspects to
improve conservatism: the construction of a proper LKF and
the estimation of the LKF derivation.

From the aspect of the LKF construction, researches on
employing more state information in the LKFs have been
carried out by using the augmented vectors [6]-[8]. However,
the usage of the augmented vectors is only limited to the
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quadratic forms of the single integral terms and constant
terms in the LKFs, and the double integral terms have been
only treated with a single state derivative term. Recently,
the LKF which uses state and its derivative term in a double
integral is proposed by using a new free-matrix-based inte-
gral inequality in [9]. The usage of additional energy from
the state term and the cross-term of state and its derivative
effectively improve conservatism. However, a crucial disad-
vantage of the new free-matrix-based integral inequality is
that the higher-order multiple integral term cannot be applied,
and this is one of the motivations for working on this paper.
On the other hand, from the aspect of the estimation of
the LKF derivation, many integral inequalities have been
proposed to provide a tighter upper bound: Jensen inequal-
ity [10], Wirtinger inequality [11], Bessel-Legendre inequal-
ity [12], free-matrix-based integral inequalities [13], and
auxiliary function-based integral inequalities [14]. These
integral inequalities have efficiently reduced the conser-
vatism of constant delay systems, and Bessel-Legendre
inequality ensures the tightest bound among them. However,
there have been challenges for applying these inequalities to
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time-varying delay (TVD) systems due to the reciprocal con-
vexity. To overcome these challenges, several papers related
to handling the reciprocal convexity conditions have been
proposed [15]-[17]. In the last several years, some papers
have concentrated on developing several integral inequalities
based on the Bessel-Legendre integral inequality by convert-
ing the reciprocal convexity into the convexity [18]-[20].
Especially in [20], a generalized free-matrix-based integral
inequality is proposed and a less conservative stability criteria
for TVD systems is derived by providing the convexity con-
ditions. However, this inequality does not take full advantage
of the free matrices, so further improvement can be done by
extending the use of the free matrices.

Motivated by the above discussions, this paper proposes a
novel generalized integral inequality based on free matrices
(GIIBFM), and derives a stability analysis for TVD systems.
The proposed GIIBFM estimates the upper bound of the
augmented quadratic term of the state and its derivative term
by utilizing not only the single integral term but also the
higher-order multiple integral terms. The proposed GIIBFM
includes several famous existing integral inequalities as spe-
cial cases such as the generalized free-matrix-based inte-
gral inequality [20] and the new free-matrix-based integral
inequality [9]. For the stability analysis of TVD systems,
a new LKF is constructed by including the double integral
term with the augmented vector of the state and its deriva-
tive to utilize the proposed GIIBFM when estimating the
derivative of the LKF. Furthermore, to exploit the additional
information on the TVD, this paper divides the interval of the
double integral term into two parts. Finally, two numerical
examples shows that the results of the proposed method
outperform those of the existing methods.

Notation: The superscripts ‘—1’ represents the inverse
matrix; ‘7T’ represents the transpose of matrix; N stands
for non-negative integers; R" denotes the n-dimensional
Euclidean space; R™*" stands for the set of all n x m real
matrices; 0%, 1S m X n zero matrix; 0, iS n X n zero matrix;
I, is n x n identity matrix; Sym{X} = X +XT:Y > 0 means
that Y is a symmetric and positive definite matrix; ‘x” stands
for symmetric terms in a symmetric matrix; The binomial
coefficients is represented as (Z) = #i,])!'

Il. PROBLEM FORMULATION
A. TIME-VARYING DELAY SYSTEM

Consider the continuous-time linear system with TVD h(#):

X(1) = Ax(t) + Agx(t — h(t)),
x(t) = (1),

where x(t) € R" is the state vector, A, A; € R"™ " are the
constant matrices, and the initial condition ¢(¢) which is a
continuous and differentiable function in ¢ € [—h, 0]. The
interval TVD h(t) satisfying

t>0,

t € [—h, 0], M

0<h(t)<h, pi<h) <u, 2

for constant 7, 11, and wo.
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B. INTEGRAL INEQUALITIES
The following inequality is recently introduced to derive the
stability criteria for TVD systems.

Lemma 2.1 [20]: Let N € N, () € R™, and x be a
continuous and differentiable function: [a, ] — R". For
symmetric matrix R € R"*” and any matrix ¥ € RN +Dmxm,
the following inequality holds:

b
— / 1T (s)Rx(s)ds
= (b—a¢"OY R Yo +sym{c 0y Thov),
where
'y = [nn(0) ay(l) -+ an(N)],
~ . 1 1
R = diag{R, §R’ R n 1R},
xT @) xT (@), N =0,
1 1
— T T T ... T T
v = (B xT (@) ——6g - —Of 1T,
N >1,
(k)— [In _In]T’ NZO,
R T A O A A ) A LI VS )
on Cm+ D((=DF™ — 1), m <k,
Nk 0, m >k,
k . .
PN T LAY REA YA AY
Pr() = (=1) §[( D (1)( l. )](b_a),
b b b—a . .
-, =]
Or = / Pk(s)x(s)ds, / piS)pj(s)ds= 4 2i + 1
a a 0, i#]J.

Lemma 2.2 (Generalized integral inequality based on free
matrices, GIIBFM): Let ¢(t) € R™ , N € N, x(s) € R”
be a continuous and differentiable function in [a, b]. For
the positive definite matrix R € R>'*?", any free-matrix
Yij € R"" (i = 0,1,2,--- ,Nforj = landi =
0,1,2,--- ,N — 1 forj = 2), Yn2 = Opmpxn, n(s) =
[)'cT(s) xT(s)]T, and h = b—a, the following integral inequal-
ity holds:

b
- f n” (s)Rn(s)ds < ¢T (O (R, WZ (1), 3)
where
N h ,
_ —1
Qn (R, h)—g{—ZkJrl [Yer  Yea] R [Yia  Yeo]

+ Sym{Yk,le,l + Yk,sz,zl }
My 1¢(t) = mh()in,  Miag(t) = Oy,

and the definitions of parameters, ¢y, my(k), and O, are
same as in Lemma 2.1.
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Proof 1: Before deriving this proof, the two structured
matrices and the integral characteristic of pi(s) are defined
such that

Yn 1 Yn2 PN (s)
Ynoi1 Yn-i2 :
Y = . ) . P(s) = : ,
: : p1(s)
Yo,1 Yo, po(s)

where pi(s) is defined in Lemma 2.1. Then, Since R > 0,
the following integral inequality is satisfied:

bTPs)cn)]” [YR-'YT P(s)Z (1)
Of/a [ n(s) ] [ yr RH 1) }"
b
= f n’ (s)Rn(s)
b
+;T(z)< / PT(s)YR_lYTP(s)ds>§(t)

b
+2:7(r) / PT(s)Yn(s)ds

b
= / n’ (s)Rn(s)

+¢ (I)Z{/ pis)ds[Ye1  Yio R [Ye Yk,Z]T

b b
+sym{ v [ piriisvia m(s)x(s)ds]};(t).

This concludes the proof. g

Remark 1: Lemma 2.2 includes the existing integral
inequalities. The new free-matrix-based integral inequality
in [9] can be easily derived from Lemma 2.2 with N = 1.
In addition, Lemma 2.2 with Y;» = Opuxn (for j = 0,
1,2,---,N) leads to Lemma 2.1, so we can conclude that
Lemma 2.2 includes Lemma 2.1 as a special case.

Remark 2: A pair of free matrices Yx4+1,1 and Y2 in
Lemma 2.2 are related to the k-th order multiple integral
term, so the structured matrix Y is constructed with Yy 2 =
Oynxn. Compare to the integral inequalities which are based
on Bessel-Legendre polynomial such as [19] and Lemma 2.1,
Lemma 2.2 uses not only nﬁ(k);N but also ®; by intro-
ducing the augmented vector of x(¢) and x(¢) to fully utilize
information of free matrices. When increasing the order N
in Lemma 2.2, we can use the higher-order multiple integral
terms, so the upper bound becomes tighter.

Ill. MAIN RESULT

In this section, we provide a developed stability analysis for
TVD system (1). Before deriving main result, some notations
are defined as follows:

€k = [Onxn(k—l) I,

()= |:xT(t) xI(t — (o)) xT(t —h) Tt —h(t)) xT(t—h)

t 1 t—h(t)
— xT(s)ds= / xT(s)ds
h(®) Jinar) h— h(t) Jei
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Onxno—t)]» for k =1,2,3,---9,

1 0 t -
— x* (s)dsdr
h2(t) / () / t4r

—h(r) pt—h(@) T
(h h(t))2/ f X (s)dsdri| ,

m =[x ¥~ ho) <~k _h()xT(s)ds
t

t—h(t) T
ds — dsd
/H'z X s)ds h(f)/z h(t)/ (s)dsdr

1 t—h(t) pt—h(t)
- xT(s)dsdr]
h— h(t) t—h r ’

t
it =[m) 5T~ hoy [ 5T ar

/s_)'cT(r)dr /S )'CT(r)dr]T,
t—h t—h(t)
me) =[{T6 o]

In the following Theorem 3.1, a stability analysis for TVD
systems (1) is derived using Lemma 2.2 with N = 2.

Theorem 3.1: For a TVD h(¢t) satisfying condition (2),
the system (1) is asymptotically stable if there exist posi-
tive definite matrices P € R Q, e R0 R, ¢
R¥>21(k = 1,2) and any matrices ¥;, ¥; € R ¢
{(0, 1), (0,2), (1, 1), (1, 2), (2, 1)}) satisfying the following
LMIs fori =1, 2:

WO, 1) < 0. Wik, w) < 0. RiG) >0, (@)
where
w0, () = [F(O’j'(t)) _hf,ﬁj
B )
with

Yi=[Yo1 Yoo | Yi1 Yi2 | Y21 Oouxn],
Ya=[Yo1 Yoo | Yia  Yia | Yau Oouxn],
Ri(h(0) = (1 = h(t)R1 + h()Ra,

o [Re 0 0]

Ry =10 3R 02n |,
_02n 02n SR 1

B [ RZ 02)1 02n ]

Ry =102 3Ry 0|,
[ 020 02, SRy |

ey = Ae1 +Ager,
(A1) = [TT1; Ta(k(o)]”,
T (1)) = [Ty (a(t) a2 ()23 (h(t)) Thaa(h(t)]”

T )T T T T T T T
l_[3 = [60 el 62 O9n><n é‘l —63 el - ]
T ,T ;T T
H4 = [64 €2 62 61 - 82 62 - 63 OQan]

T T T
Ils = [e5 e3 62 € —6’3 09nxn e3 _ez] )

Me(A(1)) = [Oonxn Oonxn (1 — h(t))e]
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ey —el — (1 —hayell”,

7(h(1)) = [T71(h(1)) TIp(h()]”
Mg (h(1)) = [Tlg1(h(r)) Tga(h(t)) Tg3(h()]T,

My = [ef) el 1"

My = [el e eI,
Mi2(h(t) = [h(t)eg (h—h(t)ed h(t)ef (h—h(t))ed],
M1 (h(t) = [ef (1 —h(t)e] el
Moo (h(t)) = [e] — (1 — h(t)ed (1 —h(t)el — el ],
Mo3(h(t)) = e] — (1 — h(t)ef — h(t)ef,
Mas(h(t)) = (1 — h(t))ed — e + h(t)ed,
M71(h(1) = [e] —ej h(t)eg h(t)ey h(t)(e] — eg)].
M72(h(0)) = [h(t)(eg — e3) h(t)(eg — €3)],
Mg (1)) = [e3 —ef (h = h(D)e7],
Mg (h(1)) = [(h — h(t))es (h — h(t))(el — D),

Ms3(h(1)) = [(h—h(t))(eh — eb) (h—h()(el — eb)l,

D((), i) = Sym{ 113 (i )PTL (1))

+ 1§ (h(1)Q1 7 (h(1))
+ 1 (1) 0TI (1)}
+ 5 Q13 + (1 — ()TTL(Q2
— QI — 10,115
+ N (W(1)Ry + (h — h(1)R2) o
+Sym{Y0,1Mo,1 + YooMoo + Y1,1M1 1
+ Y1 oMo+ Yo 1Mo
+ Yo,1Mo,1 + Yo oMo + Y1,1M1 3
+ Y1,21\711,2 + 172,11‘712,1 }

Q(R1(h(1), ) = h[Yo,1 Yo ] Ry (h) [Yo.1 Yo.]"

h ~ .
+3 [V V2] Ry G [y o]

h ~ .
+ 5 [Y21 Ognen] RY ) [Ya1 Oonxn]”

—i—Sym{Yo,lMo,] + Yoo2Mo + Y1,1M1 3
+ YoM 2+ Y2 1M2 ) ]

Q(Ry, h) = h[Yo Yo,z]REI [Yo.1 Yo,z]T
+ g [1_/1,1 1_/1,2] Rz_l [1_’1,1 1_/1,2]T
+ g [1_/2,1 O9n><n] Rz_l [1_/2,1 09n><n]T
—i—Sym{Yo,lMo,l + Yo 2Mop + Y1 1M

+Y1,21\711,2 + 1_/2,11\712,1},

Mo e —e

Mo h(t)ee

My | = e1 + ey — 2eq
My h(t)(—eg + 2esg)
M>, el — ey + 6eg — 12eg

VOLUME 8, 2020

Mo, e —e3

Moz (h — h(1))e;

1‘2111 =| e+te—2e
M (h — h(t))(—e7 + 2e9)
M3 ey —e3 + 6e7 — 12e9

Proof 2: To evaluate the stability criterion of system with
TVD (1), the LKF candidates are constructed as

3
V@) =) Vi),

i=1
Vi(t) = nl ()P (1),

t
Va(t) = / nl (¢, H01nat, s)ds
t—h(t)
t—h(t)
+/ ~ nd(t, 90am(t, s)ds,
—h
t ! t
Vs(t) = / / 0L ()R ns(s)dsdr
t—h(t) Jr

t—h(t) pt
+ / ) / 13 ($)Ran3(s)dsdr. (5)
t r

—h
The time-derivative of each LKF in (5), Vi(t) where i €
{1, 2, 3}, can be computed as follows

Vi) = Sym{ 1 Gho)PTL (1) }.

Va(t) = T3 Q1 T +(1 = (eI @2 — QT4 —T15 0o M5
+Sym|{ 1§ (h(1))Q1 17 (h(1)
+ 1§ (1) Qs (1)},

V3(t) = h(t)IT§ R, Tlg + (h — h(t))[1§ Ry Ty

t
- f 3 (IR ((1))n3(s)ds
t

—h(?)

t—h(t)
- / . 3 ($)Ran3(s)ds. (©6)
l‘_

By applying Lemma 2.2 with N = 2, we can obtain

t
— / N3 ()R (h(t))n3(s)ds
t

—h(t)
< TR (h(1)), k(1)L (1), (7
t—h(r)
- f ; 13 ($)Ran3(s)ds
-
< TRy, b — WD) (). ®)

Combining (6), (7), (8) yields:
V(t) = Vi(t) 4+ Va(t) + V3(1)
< ;%){F(h(r), h(t))

+h(0) [Yo1 YorlRy ' (h)[ Yo Yo]"

i N
+ % [Y1.1 Y12] Rl_l(h(f)) (Y11 YI’Z]T

h N
+ % [Y2.1 O0nsen ] Ry (1)) [ V2,1 09nxn]T
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TABLE 1. The maximum admissible h for various .

" 0.1 0.2 0.8 NDVs

[13] 4788 4.060 2615 65n2 + 11n
[21] 4.831 4.141 2713  142n2 4 18n
[19] 4908 4.199 2735 6512+ 8n
[16] 4910 4216 2789 54.5n2 4+ 6.5n
[18] (N=1) 4.800 3.990 2.330 34n2 + 5n
[18] (N =2) 4930 4.220 2.660 62.5n2 + 6.5n
[20] (N=1) 4.837 4.145 2727 77n2 + 9n
[20] (N =2) 4921 4218 2792 11512 + 10n

Theorem 3.1 (N=1),[9] 4.838 4.154 2736 94.5n2 + 10.5n
Theorem 3.1 (N=2) 4930 4235 2.807 154.5n2 + 11.5n

+ (h — k(1)) [YO,l 170,2] Rz_l [1_’0,1 1_/0,2]T

h—h@) - - .
+ —3 ©) [Y1,1 Y1,2] REI [Y1,1 Y1,2]T
h—h(t) - _
+ T() [Y2,1 09nxn] Rz_l [Y2,1 09n><n]T }C(t)-

©))

By using schur complement, it can be concluded that (9)
and the LMIs in (4) are essentially equivalent for the condi-
tion (2). Therefore, if V(t) < 0 which is equivalent to the
LMI in (4) is satisfied, then the system (1) is asymptotically
stable. This concludes the proof. g

Remark 3: Through the usage of the augmented vector
with x(s) and x(s) in the LKF, free matrices provide more free-
dom in deriving the stability criterion. In addition, the interval
of the double integral LKF in (5) [t — A, t] is divided into
[t —ht— h(t)] and [t — h(?), t] to fully exploit the infor-
mation on TVD and to provide a less conservative stability
criterion. It can be verified by numerical examples in the
section I'V. When the order of the proposed integral inequality
N is increased, the higher-order multiple integral terms can
be added to the LKF augmented vectors, n; and n,, for
constructing a less conservative stability condition.

IV. NUMERICAL EXAMPLE
In this section, the performance of the proposed method is
compared with the existing methods through two numerical
examples.

Examples 4.1: Consider TVD system (1) with

-2 0 -1 0
Az[o —0.9]’ Ad:[—1 —1]
and w1 = —pp = p. This system is a commonly-used exam-
ple for verifying conservatism of many methods. In Table 1,
it is shown that the highest maximum admissible upper bound
is obtained by Theorem 3.1. Among the results of existing
methods, the authors of this paper thought that the result of the
paper [20] with N = 1 was incorrect, so it was re-simulated
and corrected from [4.841, 4.154, 3.159, 2.729] to
[4.837, 4,145, 3.152, 2.727]. According to the corrected
results, Theorem 3.1 provides a less conservative stability
criterion for all cases w than other existing methods. Fur-
thermore, with the same order of the integral inequality N,
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TABLE 2. The maximum admissible h for various .

m 0.1 02 038 NDVs

21] 7.167 4517 1.838 142n% +18n
[16] 7230 4.556 1940 54.5n2+6.5n
[20] (N =2) 7309 4.670 2.072  115n2+10n

Theorem 3.1 (N=2) 7.524 4855 2127 154.5n2+11.5n

Theorem 3.1 shows better results compared with other gen-
eralized methods such as [18] and [20], and it is also clearly
shown that Theorem 3.1 enhances a feasible region of delays
by increasing the order N.

Examples 4.2: Consider TVD system (1) with

0 10 0 0
AZ[—l.o —2.0}’ Ad:[—l.o 1.0]’

and w1 = —u2 = w. From the Table 2, it should be noted
that the maximum admissible upper bound of Theorem 3.1
is superior than other existing methods. In addition, it can
be clearly verified that Theorem 3.1 shows the dramatic
improvement in performance for the same order of the
integral inequality N.

V. CONCLUSION

This paper developed a novel GIIBFM to derive an improved
stability analysis for TVD system. The upper bound of the
augmented quadratic term of the state and its derivative term
was estimated by the proposed GIIBFM by utilizing the
higher-order multiple integral terms as well as the single
integral term. In addition, the proposed GIIBFM included
some famous integral inequalities as special cases, and made
it possible to find a tighter bound than other existing gener-
alized integral inequalities with the same order. Particularly,
increasing the order of the integral inequality guaranteed a
tighter upper bound and enabled the use of the higher-order
multiple integral terms in deriving the stability criteria. The
LKF was constructed with the augmented vectors, and we
further reduced conservatism by dividing the interval of the
double integral term of the LKF into two parts. The stability
criteria was derived by utilizing the proposed GIIBFM at
derivative of double integral LKF, and it was clearly verified
that the results of the proposed method outperform those of
the existing methods.
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