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time-varying delays”
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This paper is concerned with the problem of delay-dependent robust H. control for a class of uncertain systems
with two additive time-varying delays. A new suitable Lyapunov—Krasovskii functional (LKF) with triple integral terms
is constructed and a tighter upper bound of the derivative of the LKF is derived. By applying a convex optimization
technique, new delay-dependent robust H.. stability criteria are derived in terms of linear matrix inequalities (LMI). Based
on the stability criteria, a state feedback controller is designed such that the closed-loop system is asymptotically stable.
Finally, numerical examples are given to illustrate the effectiveness of the proposed method. Comparison results show that

our results are less conservative than the existing methods.

Keywords: additive time-varying delays, Lyapunov method, H.. control, linear matrix inequality

PACS: 02.30.Hq, 02.30.Ks, 02.30.Yy, 05.45.—a

1. Introduction

Delay systems and especially their asymptotic stability
have been widely studied for several decades.!'™ Study of
the delay phenomenon is motivated by its applied aspect. In-
deed, many processes include dead-time phenomena in their
dynamics such as manufacturing system, turbojet engine,
telecommunication, economic system, and chemical engineer-
ing system.[®! It is generally regarded as a source of instabil-
ity and poor performance which often appears in many dy-
namic systems, for example, chemical systems, metallurgical
processing systems, nuclear reactors, long-transmission lines
in pneumatic, hydraulic systems, and electrical networks.!”!
Stability analysis of dynamic systems with time delay is thus
the focus of theoretical and practical importance, with many
researchers recently paying heed to delay-dependent!®! stabil-
ity criteria, generally less conservative than delay-independent
ones.”l In practice, systems almost always present uncer-
tainty, since it is very difficult to obtain an exact mathematical
model due to environmental noise, uncertain or slowly vary-
ing parameters, etc. Considerable efforts have been devoted to
stability for uncertain time-delay systems. %]

In recent years, the following basic mathematical model
has been widely studied:[!>!3]

x(t) = Ax(t) + Bx(t — d (1)),

where d(t) is a time delay in the state x(z), meeting the condi-
tion 0 < d(t) <d and d(t) < u. In Ref. [14], the author pro-
posed a new mathematical model with multiple additive time
delays, which relates to the practical situation in a networked
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control system in the following form:

i(t) = Ax(t)+Bx (t—q;dq(t)),
0<dy(t) <dg, dyg(t) < g

This model contains multiple delay components in the state.
In Refs. [15] and [16], the authors analyzed the stability of
systems with two successive delay components,

2(t) = Ax(t) + Bx(t — dy (1) — do(t)).

Two additive time-varying delay models have a strapping
application background in a remote control and control

17,181 For example, we consider a state-feedback net-

system.
worked control, where the physical plant, controller, sensor,
and actuator are placed at different places and signals are
transmitted from one device to another. Along with the de-
lays, there are two network-induced ones, one from the sen-
sor to the controller, and the other from the controller to the
actuator. Then, the closed loop system will appear with two
additive time delays in the state. Thus, in the network trans-
mission settings, the two delays are usually time-varying with
dissimilar properties. Therefore, it is of great importance to
study the stability of systems with two additive time-varying
delay components.[1%-20]

In practice, the interest in stability analysis of various de-
lay differential systems has been growing rapidly due to their
successful applications in practical fields, such as circuit the-
ory, chemical processes, population dynamics, distributed net-
works, manual control, and so on.?!l The control design for
uncertain systems with two additive time-varying delays has
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been a hard problem of control theory. Theoretically, the con-
troller could be solved by the LKF approach. H.. performance
is usually analyzed in control theory to synthesize controllers
achieving stabilization with guaranteed performance. To use
H., methods, a control designer expresses the control prob-
lem as a mathematical optimization problem and then finds the
controller that solves this optimization. H.. techniques have
the advantage over classical control techniques in that they are
readily applicable to problems involving multivariate systems
with cross-coupling between channels. Thus, the problem of
delay-dependent stability analysis and H., control for delayed
systems has received substantial observation among the con-
trol community for the past few decades.?>23]

The H.. control theory considers the worst case of exter-
nal disturbances to design an optimal controller to achieve the
desired performance. More recently, H. control theory has
also been applied to an actual building in Tokyo, Japan using
a pair of mass dampers to reduce the bending-torsion motion
due to earthquakes.* Furthermore, a liquid mono propellant
rocket motor with a pressure feeding system has been consid-
ered as a numerical design example in Ref. [25] and [26]. In
Ref. [27], the problem of controlling the yaw angles of a satel-
lite system with delays has been discussed. This satellite sys-
tem consisting of two rigid bodies joined by a flexible link is
assumed to have the state-space representations. However, He.
control synthesis for systems with two additive time-varying
delays has not been considered yet. This motivates this study.

From the above discussion, we establish a new LMI con-
dition by using the LKF with triple integral terms and apply-
ing the Lemma in Ref. [28] together with the zero function
to guarantee the asymptotic stability of the system. A suffi-
cient condition for the solvability of this problem is proposed
in terms of LMI and the expression of desired controllers is
given. Particularly, the minimal allowable length of H., per-
formance is obtained from LMI and the validity of this result
is checked numerically using the effective LMI control tool-
box in Matlab.[?! The results are also compared with existing
methods.

Notations Throughout this paper, R” and R"*" denote,
respectively, the n-dimensional Euclidean space and the set of
all n x n real matrices.

A

For a matrix B and two symmetric

. B . .
matrices A and C, C ] denote the symmetric matrix,

where the notation * represents the entries implied by sym-
metry. The AT and A~! denotes the matrix transpose and in-
verse of A, respectively. We say X > 0 means that the matrix
X is real symmetric positive definite with appropriate dimen-
sions. I denotes the identity matrix with appropriate dimen-
sions. Let ||f|]2 = /J5 | f]|2dt, f(t) € L2[0,0), || ]| refer to
the Euclidean norm of the function f(z) at time . L3[0,0) is
the space of square integrable vectors in [0, o).

2. System description and preliminaries

Consider an uncertain system with two additive time-
varying delays of the form,

()= (A+2DA®1))x(t) + (B+ AB(t))x(r — d (1)

—dy(t)) + Du(t) + B,w(t),
z(t) = Gx(t) + Hu(z), M
x(s)=¢(s), s€[-d,0],

where x(r) € R" and x(¢) is the state at time ¢ defined by
x(0) :=x(t+0), VO € [—d,0], u(t) € R™ is the control in-
put, and w(t) € R” is the disturbance input which belongs to
L;[0,00).
The initial vector ¢ € Cp, where Cy is the set of continuous
functions from [—d,0] to R". d (t) and d,(t) denote the time-
varying delays, and are assumed to satisfy

z(t) € R is the controlled output of the system.

0<d1()<g1, OSdz(l‘) SEQ,
dl( ) <.u17 d2(t) S.uQv (2)

where dy, da, Uy and U, are positive constants. We denote

dt)=d\(t)+do(t), d=d\+dr, p=p+p. 3

The matrices A, B, D, B,,, G, and H are known real constant
matrices with appropriate dimensions. AA(t) and AB(t) are
real-valued unknown matrices representing time-varying pa-
rameter uncertainties, and are assumed to be of the form

[DA(t) AB(t)| =TF(1) [Ey E2 ], )

where T and E; (j = 1,2) are known real constant matrices,
and F () is unknown time-varying matrix functions satisfying

FY()F(r) <1, Vt>0. 6)

Lemma 2.1%8] Let M, P, and Q be given matrices such
that Q > 0, then

P MT
M -0

1 <0 P+M'O'M<O.

Lemma 2.2%1 For any constant matrix Z € R"" Z =
ZT > 0, scalars hy > hy > 0, such that the following integra-
tions concerned are well defined:

—(hy—hy) /I’ZI xT(s)Zx(s)ds

t—hy t—hy
< —/ xT(s)dsZ x(s)ds,
t—hy t—hy
h2 h?) / / s)dsd6
hy +6
—hy
< / / dsdGZ/ / 5)dsdo.
o o
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—

Lemma 2.38B1 Z,, 5,, and Q are constant matrices of
appropriate dimensions and 0 < d; < d(t) < dy, then

(d(l‘) —dl)El + (d2 —d(l))Ez—l—.Q <0,
if and only if
(dz—d1)31 +Q <0, (dz—d1)32+.(2 <0,

hold.

Lemma 2.432! LetD, E, and F (t) be real matrices of ap-
propriate dimensions, and F (¢) satisfy FT(t)F(t) <I. Then,
the following inequality holds for any constant € > 0:

DF(1)E+ETF'(t)D" <eDD" + ¢~ 'ETE.

Lemma 2.5133] Let T > 0, any appropriate dimension S
and 0 < d(t) <d, then

—d EXT(S)TX(s)ds
x(1) -T T-S S
< | x(t—d()) * —2T+S+STT-S
x(t—d) * * -T
x(t)
x | x(t—d(t))
x(t—d)
holds.

3. Main results

In this section, we derive a new delay-dependent criterion
for the system (1) without uncertainties (AA(¢) = AB(t) = 0)

Iy Lip Ly Iig Iis Iig
x  Inp Insg Ing Ins Ing
x o« I3z D34 Iis I3g
* * x  Iia Iis Iag
* * * x Iss I5g

r— * * * * * 1"6,6
* * * * * *
* * * k * *
* * * * * *
* * * * * *
k * *k k * k
* * * * * *

with

6
=2 =2
Ly =PA+A"P+ Y Qu—2Z3+d Zy—d\Z

m=1

72 —_ —_
—dyZ7+ Ny +NJ + Ly + LT +dv, +av/,

Lo =N, +LY +dVy +PB+ 73— W,
Lz = NI+ LY +avi +w,

using the LKF method combining with LMI technique. Sys-
tem (1) can be written as follows:

X(t) = Ax(t) + B(t)x(t — d(t)) + Du(t) + B,w(t),
z(t) = Gx(t) + Hu(t),
x(s) = ¢(s), s€[—d,0].

(6)

Firstly, we establish a new delay-dependent stability criterion
for the system (6) with u(¢) = 0.

Theorem 3.1 For a prescribed scalar ¥ > 0 and some
given scalars dy >0,d, >0, uy >0, and up > 0, the system
described in Eq. (6) with u(r) = 0 is asymptotically stable and
satisfies ||z(z)||2 < y||w(z)||2 for all nonzero w(t) € L[0,0) if
there exist matrices Pj; > 0, Rj; >0, R, R»» >0, 9, >0
(r=1,...,6),Z; >0 (s=1,...,7) and appropriately dimen-
sioned matrices W, N;, M;, L;, S;, V; (i = 1,...,10), such that
the following LMI is satisfied:

r —-dN —d,L PB, G'
x  —di|Z) 0 0 0
* * —dr 7, 0 0 <0, @)
* * * I 0
* * * 0 —1
r —-diM —dS PB, G'
x  —di|Z) 0 0 0
* * —d»7» 0 0 <0, 8)
* * * —yI 0
* * * 0 —1
where
Ii; Lig Liyg Iipo Iinn I
Ib; Ing Ino Ino 0 0
Iz 0 I39 I3qo 0 0
Iiz Iig Iio Iio O 0
Is; Isg Iso I510 0 0
Is7 Iss Iso g0 0 0
In7 Ing Iio I70 0 0 ’
*  Igg Igo Igi0 0 0
* x  Iog I910 0 0
* * * I_i()’]() 0 0
* * * * I 0
* * * * 0 IRURD)
‘ —
Lig = —Ny+M;+Nj +Lj +dv],
Iis = —M;+NJ +LI+avy,
Iig =S —Li+N§ +L¢ +dvy,
Ly = =S +Nj +LY +avy,
Lig = P +ATPf —Pi+Ng +L§ +dVy,

Lo = Ri1— R, —Vi + Ny + LY +avy,
L0 = R, — Ry — Vi +Njo+ Liy+dVyy,
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L = diZe, @jo=diZy,

o= —(1-p)0 —2Z+W+W', Lhiz=2-W,
Da=-No+My, Iis=-M, Ig=—-Lr+5,
Ly = =S, Dg=B'P, Ly=-Vy, Dio=-V,
I3z = —Qu—273, I34=—-N3+M;, I35=—Ms;,

I3¢ = —L3+53, I37=-S5;,

Lo = —Ri+R,—Vs, Iiig=—R},+Rn—Vi,
La=—(1—m)Q+Ms+M] —Ny— Ny,

Is = —N5 — My + M5,

I = —Ng +Mg — Ly +Sa,

L7 = —Nj +Mj —5Si, Lig=—Ng+Mg,

Lo = —Ng +Mg —Va, Iiio=—Njo+Mijy—Vy,
I3s = —Qs—Ms—Mi, I3q=—Mg —Ls+Ss,
Iy = —Mj =S5, I3g=—Mg,

Lo = —Mg —Vs, I310=—Mj,—Vs,

lis = —(1— )03 —Le— L§ +Ss+Sg,

Io7 = —Lj+57—Ss, Iss=—L§+5s,

Igo = —L§ +55 — Vs, I10=—Lip+Sio— Ve,
L7 =—-Q0s—5-57, Iig=-5,

Lo = —So—V5, Iijo=—Si,—V,
o d
Iig = diZi+dryZ, +d Zg+?Z5
—4 —4
d d
+-1z¢+ =22, —P,— P,

4 4
Iio = dR}, — Vs, I3i0=dRxn— Vi,

Ly = ~Zi—Vo—Vy, I510=—Vo—Vy,
Hojgo = —Zs—Vio—Vio, i =-Zs, Doin=—7,
NT NI NT NT NI N NI NENENL T,
MT ME M MT ME T oME M omT M

T yT yT yT yT yT yT 5T
Ll Ly L3 Ly L3 Lg Ly Ly L Ly, ],

<
H
I

[
[
[

ST = [ST ST sT ST sT s sT st s3 sty ],
[V V2 V3 V4 VS V6 V7 VS V9 VIO}
[

PF000000P 00].

Proof Define the Lyapunov functional candidate as

Jiaards ]
f [—d)—d>) f,+9x( s)dsd®

Rii R -, —a,x(s)ds
] |

t
+/ X (s)0x(s)ds
[t—d (1) —d(1)] (5)@1x(s)

V(x) = xT(0)Px(t) +

!
+ xT(s)Qox(s)ds +
1—dy (1) 1—dy(t)
1

[ T()0ux(s ds+/7 (5)05x(s)ds

[f dy d2]
$)Qex(s ds+/ / $)Z1x(s)dsd0
t—d. ) di +6
-|-/ / 5)Zp%(s)dsd 6
dy +9
d1-‘rd2/ / (8)Z3%(s)dsdO
[~d,—ds] J1 +e

d1+d2/ / $)Zsx(s)dsd0
dl dz] +0

d1+d2 / // $)Zsx(s)dsdAd6
[dl d2 +ﬂ,
/ / / (5)Z6(s)dsdA 6
dy +7L
/ / / §)Z25(s)dsdAde. )
dy +l

The time derivative of V (x;) is given by

xT(s)Q3x(s)ds

V(x;)
T
. [/ ox(s)ds
< 2xT(t)P11X(t) +2 fgg ft’;;x(s)dsdel

AR ae e a)

X' (1)[Q1+ Q2+ Q3+ Q4 + Qs + Qs)x(1)
— (1= p)x" (t = d(1))Qux(t —d(1))
— (1= p)x" (1 =i (1)) Qox(t — di (1))
— (1= t)x" (1 = da (1)) Q3x(t — da (1))
—x" (1 —d)Qux(t —d)
—x"(1—d\)Osx(t —d1) —x"(t —dy) Qex(t — d>)

+d 57 (1) Z1%(1) — /[ ig xT(5)Z1x(s)ds

+dox" (1) Zox (1) — | / ig %1 (5)Zpx(s)ds

t
xT(s)Z3x(s)ds
t—d
t

+d (1) 235(1) —d

L&A Zax(1) — a|

—4

X' (5)Zsx(s)ds

d

+ LT () zs(1) / / (5)Zsx(s)dsd A
57 1o

34

+—x (1)Zex(2) / / $)Zex(s)dsdA
4 dy +9

34

+ =% (1) Z7x(¢) / / $)Z7x(s)dsdA.
4 dy +9

10)

By using Lemma 2.3, the above equation can be written
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as
4 (%)

T
< 2P 42| o KA TIY ]

f jt+9x(s)dsd9

x [Ril gj [dx(;)(i) x(t)<t+x{f)— d)}

+x7(1)[Q1 + Q2 + Q3+ Q4 + Qs + Qg (1)
—(1=w)x"(t —d(1)Qix" (1 — d(r))

— (1= p)x"(r = di (1)) Qx" (¢ — di (1))

— (1= p2)x" (t = da (1)) Q3x" (1 — (1))
—xT(t —E)Q4xT(t _3)
—x"(t—d)QsxT (t —d,)

—XT(I —HZ)QGXT(t —Ez)
2 a4
+x3V(1)[d1Z) + daZy +-d Z3+ZZS
—4
d d
+ Zo+ Lzl —di (U] 21Uy
—(d1 —d\(1))U3 21Uy — da (1) U3 22U3 — (d>

—d2 )U;ZQU4+d X ( )Z4x( )

_d/
(ol f )
- (dlx(t)— /113] x(s)dS>TZf, <d1xt —
(@~ [0

where

(s)Z3x(s)ds — d/ $)Zax(s

- [ xts0s)
_X(s ds) TZ7 (dzx(t) - /1132 x(s) ds),
1D

1 t
U :—/ ((s)ds, Uy =
G ha O O

al—dl(t)

Us = /t i(s)ds, U [ Y is)a
= x(s)ds, = x(s)ds,
’ da(t) t—dy(t) ‘T dy— dy(t) Ji-d,

and

1 r
li —_— ¢(s)ds = x(¢
d]éﬁiodl(z) /tfdl(I)X(S) $ = X(t),

L [ g as=se-a)
— r— ,
a0 b X(s)ds =x 1

lim =
di(1)—dy d
l t
lim —/ X(s)ds =x(z),
()0 do (1) Ji—dy (o) ) )

1 1=dy(t) ) _
B0 /f , x(s)ds =x(t —dy).
- —az

Based on Lemma 2.5, we have

lim =
dy (I)—)dz d2

t

—d | i'(s)Zzi(s)ds

t—d
) 1"~z zz-w w
< | x(t—d(1)) ¥ 273 4+WHWT 2w
x(t—d) * * —73
x(1)
x | x(t—d(@)) | . (12)
x(t—d)

From Leibniz—Newton’s formula, the following equations are
true for any matrices N, M, L, S, V, P with appropriate dimen-

sions:

0 = 28" ()N[x(1) —x(t — dy (1)) — di (1) U], (13)

0 = 28" (O)Mx(t —di (1)) —x(t —dy) — (d1 — d1 (1)) Ua], (14)
dy (1)) — do(1)U3), (15)

(
0 = 28T(1)S[x(r —da(t )) x(t —dy) — (dy — da(t))Us], (16)

v[ [ ds//

x(t) + Bx(r — d(t)) + Byw(t) — x(2)], (18)

(1)
(1)
0 = 28T (r)Lx(t) — x(r —
(1)
0 dsde} 17)
0 = 2{"(1)PlA

where

{Te) = {xT(t) xU(t—d(t)) xT(t —d) xT(t—di(t)) x"(t —dy) x"(t —da(t)) x"(t —d>)

T

F0) (fttigx(s)ds) (j;idz(,)x(s)ds>T (fi)gft;ex(s)ds)T]

Combining Egs. (10)—(18), we obtain

V(x) < &MO0& (1) +28T(1)[=di (1)NJU1 +2¢7 (1)
X [=(di —dy (1)) MUy + 28 (1) [—da (1) LI U3
+287(1) [~ (d2 — da (1)) S|Us + U} [—di (1) 2] U,
+ Uy [~(dy — d1 (1)) Z2)Us + U3 [ —da (1) Z3)Us
+ UL [ (dy — dy (1)) Z3]Us + 28T (1) PB,w(2), (19)

where

EN) =[70) (S x(5)ds)T (g x(s)ds) " ].

We can write V(x,) as
V() <ETOTE(), (20)
where
EM() =& (1) Ul Uf U U wT(n)],

and
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r 7d1(l)N 7(51 7d1(l))M
*  —d (I)Zz B 0
f: * * —(dl—dl(l‘))ZQ
* * *
% * *
Note that
2 ()z(t) = ET (1) PTDE(1), 1)
where

®=[G 0000000000 0],

Under the zero initial conditions for the system (1), we have

Jo = [CE @00 - P mn)ar,
0

r —dl(t)N —(dl —dl(l))M
* —dl(l‘)Zz 0
_ * * —(d] —d](l‘))Zz
I = * * *
* * *
* * *
* * *

By using Lemma 2.3, we know that equation (24) is equivalent
to Egs. (7) and (8). Now it is easy to see that [|z]|> < 7||w]|2,
for any nonzero w(r) € L,[0,00) is satisfied.

Theorem 3.2 For a prescribed scalar ¥ > 0 and some
given scalars d; > 0, dy > 0, p; > 0, and u, > 0, the system
described in Eq. (1) with u(r) = 0 is asymptotically stable and
satisfies ||z(¢)||2 < y|lw(¢)||2 for all nonzero w(t) € L,[0,0) if
there exist matrices P;; > 0, R;; > 0, Rj2, Ry >0, 9, >0
(r=1,...,6) Z; >0, (s=1,...,7), and appropriately dimen-
sioned matrices W, N;, M;, L;, S;, V; (i=1,...,10), and a scalar
€ > 0 such that the following LMI is satisfied:

r —-d,N —-d,L. PT ET PB, GT

x —d\Z, 0 0 0 0 0
* * —EZZQ 0 0 0 0
* * * —&l 0 0 0 < 0, (25)
* * * * —&l 0 0
* * * * x —7I 0
* * * * * * —1I
r -diM —-d,S PT ET PB, G'
x —d|Z) 0 0 0 0 0
* * —5222 0 0 0 0
* * * —&l 0 0 0 < 0, (26)
* * * x —&l 0 0
* * * * x —yI 0
* * * * * x =1

—dy (1)L 7(52 —dy(1))S PB,,
0 0 0
0 0 0

—d (Z‘)Z3 0 0
* —(dz—dz(l‘))Z3 0
* * 0

Jo = [TE @)~ P w0 + V) -V (),
0

< /Ow[ZT(f)Z(I) —Pwi(Ow(n) +V(x(@)]dr,  (22)

where V(x;) is given by Eq. (9). By substituting Eq. (21) into
Eq. (22), we have

L < [CEorew, (23)
0
where
h(t)L  —(dy—da(t))S PB, GT
0 0 0 0
0 0 0 0
—d>(1)Z5 0 0 0 (24)
* —(d—da(t))Zs 0 0
* * —’)/2] 0
* * 0 -1

PT =
E =

[TTPL000000T™0000]",
[E; E20000000000].

Proof Replace A and Bin I by A+AA(r) and B+ AA(t),
respectively, we obtain

'+ (PT)F(1)E+[(PT)F(1)E]" < 0. 27)

From Lemma 2.4 we know that equation (27) is equivalent to

I +¢& '(PT)(PT)" +€E"E < 0. (28)

Obviously, by using the Schur complement Lemma and
Lemma 2.3, we obtain Eqs. (25) and (26).

Remark 3.1 It should be noted that, when deriving an
upper bound of the time derivative of V(x;) in Eq. (9) it in-
cludes not only single integral terms of states but also triple
integral terms of states. In stability analysis of uncertain sys-
tems with two additive time-varying delays, this consideration
has not been utilized in previous results.!?!! Thus, more infor-
mation on states can be utilized in the criterion presented in
Theorem 3.1.

4. H. control problem

In this section, we present a delay-dependent H.. suffi-
cient condition for the system (1). Using the state feedback
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controller u(r) = Kx(z), the following theorem is derived by

extending Theorem 3.2. That is, u(r) # 0.

Theorem 4.1 For a prescribed scalar ¥ > 0 and some
given scalars d; >0, dy, >0, U >0, up >0, and a > 0,
the system described by Eq. (1) is asymptotically stable and

® —-diN —dL

* —E]Z 0

* * —3222

* b3 *

* *k *

* * k

* * %

6 —diM —d)S

* 73121 0

* * 732,2\2

* *k *

* * *

* * *

* * *

where

O O O3 O O

¥ Gy Oz Oy Oy

* ¥ B33 O34 Os5
* * * Os4 Oys
* * * ¥ Oss

@: * * * * *
k * k * k

* * * * *

k * * * *

* * % * %

* * * * *

k * k * k

with

6
011 = AX+XAT+DY+Y'™D"+ Y 0,75

m=1
+32/Z\4—E?26—3§27 +N —H/\\GT-&-Zl +ZT
+dVy +dvy,

O = NI +L5 +dVy +BX + 75— W,

O3 = Nf +LY +4dvy +W,

B4 = —Kﬁ +1\21 -HVI-FE{ +3\74T,

O15 = —M; + NI+ 11 +avd,

O16 = S —Li +NF +LE +av{,

017 = =S +NJ + LT +avy,

Pi+aXAT+aY™DT — X + N§ + LT +avy,

O19 = Rij =R, —Vi +NJ +13 +advy,

O1.10 = R, — Ry — Vi + Ny + LT, +dVyy,

®
[

S o N

S O N * ¥ ¥

O

O 6
O 6

O
Os¢
Os 6

* X X X ¥

satisfies ||z()||2 < y|lw(¢)|2 for all nonzero w(t) € L,[0,0) if
there exist matrices 1311 > 0, 1/?\11 >0, ﬁlz, §22 >0, Qr >0
(r=1,...,6), Z >0 (s=1,...,7), X >0, Y, and appropri-
ately dimensioned matrices W, ﬁ,-, 1\71,-, Zi, g‘l \7, (i=1,...,10),
and a scalar € > 0 such that the following LMI is satisfied:

XET B, XG'+Y'HT
0 0 0
0 0 0
0 0 0 <0, (29)
—&l 0 0
* —72I 0
* * —1I
XET B, XGT+YTHT
0 0 0
0 0 0
0 0 0 <0, (30
—el 0 0
* —72I 0
* * —1I
O17 O Og O O O
&7 G G99 O 0 0
B7 0 639 Osp 0 0
O47 Os8 G109 Oy 0 0
Bs7 Os3 BOs9 0Osp 0 0
Os7 Osg Bso Ok1o 0 0
017 G5 BG;9 Oy 0 0 ’
x  Bgg Bgo Ogio 0 0
* * @979 @9710 0 0
* * * @10710 0 0
* * * * O1111 0
* * * * 0 O12.12

O = d\Zs, @1,12=E7Z77

@y = —(1—w)0 —2Z3+W+WT,

63 = Z3—W, 4= —Ny + Mj, 65 = —M,,
6 = 1,45, 67 = -5, 0,5 = aB'X,
©r9 = —Vs, & 10= —Vs, B33 = —04— 73,
O34 = —N3+ M3, Os5=—Mj,

@56 = —L3+5;, O37=-53,

@39 = —Ri1 +R}, V3, ©319=—R},+Rn—V3,
Osa = —(1— )02+ My +M; —Ns—NJ,

Ops = —NS —My+ML, Oy =N +MF —1,+8,,
Ou7 = —NJ +MJ —58,, Oy3=—Ng +Mg,

Ou9 = —Ng +Mg —Vy, Oy10=—Niy+ML,— Vi,
Oss = —Q0s—Ms— M3, ©s5=—M; —Ls+Ss,
@57 = —M] —Ss5, Osg=—Mj,
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Osg = —Mj —Vs, Os19=—My—Vs,
O = —(1—p2)Q3 — Lo —L¢ + S5 +S¢.,

@7 = —L1 +5] —Se,
B9 = —ZE—FSE—VG,

Opg = L+ 5%,
Os.10 = —ZITO —i—ﬂo —Ve,

&7 = —06— 5753, @7,8:—§;;r,
&9 = —§£—‘77, @7,10=—§1To—‘77,
—4

U AN
Ogg = diZ1+drZr+d Z3+ZZ5
4

+%Zc+%27—aX—aXT7

@39 = dR}, — V3,05 10 = dR» — V4,

Oy = —Zy—Vo—Vg, ©g19=—Vo—Vy,

Ow10 = —Zs—Vio—Vih, Onn=—Zs, Ouin=—77,
]’\\,T_[NT NT NT NT NT NT NT NT NTN ]
M= [ M7 MY MY MY MY MY T A A A ],
L= [If I 1T I} IT I} ¥ I} I} I}, ],
?ﬂﬂ%a@@%ﬂgﬂﬂL
VT = [V U VR VT VT VT VT VT VT VL,
TT=[T 00000 0aT 000 0],
BL=[BY 000000 aBT 000 0],

and the feedback gain matrix is given by K =YX 1.
= P,Pz = azP, and P3 = a3P,
where P is a nonsingular matrix and ¢; > 0 (i = 2,3). Further-

Proof Now we define P;

more, we define

P=x"", Py=XPuX", Riy=XRiXx",
Ri2=XR12X", Ry =XRpX",

0,=X0.XT, (r=1,2,3,4,5,6),

Z,=XZX", (j=1,2,3,4,5,6,7),

W, =XxwxT, N;=XNXx",

M;=xXMX", Li=XLX" §;=Xx5X",
Vi=xvx", (i=1,...,10). (3D

Then pre and post multiplying LMIs (25) and (26) by
14 times
. /_/H . .
diag( X,...,X ,1,1,1,I) and its transpose, respectively, we can
obtain Egs. (29) and (30).
Remark 4.1 In order to show the lesser conservatism of
our stability criteria, we consider the following system, as a
special case of the system (1).

{ (1) = Ax(r) + B(1)x(t — d(1)),

€ [-d,0). &9

Corollary 4.1 For some given scalars d; > 0, d» > 0,
w1 >0, and up > 0, the system described in (32) is asymptoti-
cally stable if there exist matrices P;; >0, Ry > 0, Rj2, Ryp >

0,0,>0(r=1,...,6),Z;>0(s=1,...,7) and appropriately
dimensioned matrices W, N;, M;, L;, S,, V (i=1,...,10), such
that the following LMI is satisfied:

r —diN -dL

* —d]Zl 0 < 0, (33)

* * —drZp

I —dM —d»S

« —diZi 0 <0, (34)

* * —d»r 7,

where I', N, M, L, and § are the same as defined in Theorem
3.1. The proof of the above corollary is the same as that in the
proof of Theorem 3.1. Hence it is omitted.

Remark 4.2 In this paper, we contribute to the improve-
ment of the robust stability analysis of delay-dependent H..
control of uncertain systems with additive time-varying delays
which lies in the above results. First, new robust stabilization
criteria were established on the basis of a novel LKFs with
triple integral terms for additive time-varying delays. Second,
by introducing free-weighting matrices and using a convex
combination technique, sufficient conditions (robust H. con-
trol) are derived for the considered uncertain system in terms
of LMIs, which can be easily calculated by using Matlab LMI
control toolbox.

Remark 4.3 From Corollary 4.1, we can obtain the delay
bounds d; or d; when the other is known through solving the
following convex problem:

max delay bound d; when d, is known,

max delay bound d, when d; is known,
subject to LMI (33) and (34).

5. Numerical examples

In this section, some numerical examples are provided to
demonstrate that the proposed method in this paper is effective
and less conservative than the existing methods.

Example 1 Consider the uncertain system (1) with the
following matrix parameters:

~2 0.1 0 0
A_[O.l 2}’ B_[o.lo.J’

020.1 02 0.1
b= [0.3 0.5}’ By = [0.1 0.4]’

0502 05 1
G= {0.1 0.2}’ = [0.3 0.7]’
L=1, Ey=E=02I.

In order to design a delay-dependent H.. controller, taking
uy =04, u, =0.5,d; =1.5,d, = 1.5, and a = 0.2, applying
the Theorem 4.1 in Matlab LMI Toolbox, the feasible solu-
tions are

= 7.5893

23973
Pi=1 _53973

5.3963 |’
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y_ [ 165121 13559
T | -1.3559  19.5893 |°
B _ | 135793 -3.4453
M| —3.4453 153702 |
R, _ | 11963 —0.4082
27| —0.4082 08075 |’
o, — | 385027 —75327 ]
P -7.5327 441631 |
5, | 401631 —2.8035 |
27| —2.8035 41.7578 |’
Oy | 435840 —33313 ]
77| 33313 453864 |
O, — | 566262 —63939 ]
T -6.3939 69.2628 |’
O — | 304237 ~1.6606 |
> | —1.6606 31.1958 |
O — | 304257 —1.6610 |
7| —1.6610 31.1988 |’
5 _ [ 06151  —0.0723 |
"7 | —0.0723 0.7668 |’
5 _ [ 0.6159 —0.0724 ]
>7 | -0.0724 07676 |’
5. _ [ 0.0988  —0.0043 |
37| —0.0043  0.1075 |’
5. _ [ 276181 104469
7| —104469 327231 |7
5 _ [ 00813  —0.0019 ]
>~ | —0.0019 0.0851 |’
5 _[ 07133 —0.0812 ]
6~ —0.0812 08777 |
5 _ [ 07133 —0.0812 |
77| —0.0812 0.8777 |’

£=125478, y=09145.

Based on Theorem 4.1, we can obtain the desired state feed-
back controller as follows:

—1.0638

11.2439

[ 11.3004
= | —1.2667

Therefore, the concerned system is asymptotically stable.
Example 2 Consider the following system with matrix

parameters in Ref. [16]:

{ i(1) = Ax(r) +Agx(t — d (1)), (35)

x([) - ¢(t)7 re [7E70]a
with
-2 0 -1 0
A‘[ 0 0.9]’ Ad‘[l -1 ]
When p; =0.1 and y, = 0.8, by solving Example 2 using
LMI in Corollary 4.1, we obtain the delay bounds in different

cases. The admissible maximum allowable delay bound d,
and d are listed in Tables 1 and 2, respectively. This indicates
that the results obtained in this paper are significantly better
than those in Refs. [16]- [21].

Table 1. Example 2. Delay bounds d, for given d;.

Methods di=1 di=1.1 di=12 di=15
Corollary 4.1 3.751 3.651 3.551 3.251
Theorem 1211 1.416 1.316 1.216 0.916

Proposition 2[20! 0.873 - 0.673 0.373
Theorem 111! 0.872 0.772 0.672 0.372
Theorem 10181 0.596 - 0.463 0.313
Theorem 217} 0.583 - 0.519 0.421
Theorem 1116 0.519 0.486 0.453 0.378

Table 2. Delay bounds d; for given ds.

Methods dy=01 dy=02 dr=03 dry=04 dy=05
Corollary 4.1 4.652 4.552 4.452 4352 4252
Theorem 1121] - - 2.116 2.106 1.916
Theorem 2[17! 2.998 2.332 1.900 1.473 1.373

Proposition 22! - - 1.573 1.473 1.373
Theorem 11! - - 1.572 1.472 1.372
Theorem 111°] 2918 2.330 1.833 1.413 1.060
Theorem 118! 2.340 1.834 1.532 1.313 1.140

6. Conclusion

In this work, we have studied the robust H.., control of un-
certain systems with two additive time-varying delays. On the
basis of the Lyapunov method, a delay-dependent H., control
scheme is presented in terms of linear matrix inequalities. It
has been shown that a desired state feedback controller can be
constructed when the given linear matrix inequalities are fea-
sible. Some numerical examples have shown that our results
are less conservative than existing methods. We would like
to point out that it is possible to extend our main results to a
more general H., control for uncertain stochastic systems with
two additive time-varying delays. The results will be obtained
soon.
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