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Abstract

This paper studies the problem of delay-dependent robust H, control for singular
systems with multiple delays. Based on a Lyapunov—Krasovskii functional approach, an
improved delay-dependent bounded real lemma (BRL) for singular time-delay systems
is established without using any of the model transformations and bounding techniques
on the cross product terms. Then, by applying the obtained BRL, a delay-dependent
condition for the existence of a robust state feedback controller, which guarantees that
the closed-loop system is regular, impulse free, robustly stable and satisfies a prescribed
H, performance index, is proposed in terms of a nonlinear matrix inequality. The
explicit expression for the Hy, controller is designed by using linear matrix inequalities
and the cone complementarity iterative linearization algorithm. Numerical examples are
also given to illustrate the effectiveness of the proposed method.
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34K20.
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1. Introduction

The study of delay systems has received a lot of attention in recent years since time
delays are often encountered in various engineering systems and are frequently the
source of instability and poor performance. Many results on stability analysis and
control of linear and nonlinear time-delay systems have been reported in the literature;
see, for example, [1, 5, 7, 10, 11, 16, 17], and references therein. Singular time-
delay systems, which are also referred to as implicit time-delay systems, descriptor
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time-delay systems or generalized differential-difference equations, often appear in
engineering systems, including aircraft attitude control, flexible arm control of robots,
large-scale electric network control, large-scale chemical engineering systems and
lossless transmission lines. Since singular time-delay systems are matrix delay
differential equations coupled with matrix difference equations, the study of such
systems is much more complicated than that for standard state-space time-delay
systems or singular systems. For results on stability of singular time-delay systems,
readers are referred to [3, 4, 12, 18, 24, 26, 27, 29].

On the other hand, the problem of Hy, control has been the subject of extensive
research during the past few decades. The main objective of Hy, control is to
design a controller to stabilize the system, and to guarantee that the Lj;-induced
norm from the disturbance input to the controlled output of the closed loop satisfies
a prescribed Hy, performance level. Recently, Hy, control for singular time-delay
systems has attracted increasing attention in the research community. The existing
results can be classified into two types: delay-independent ones [8, 9, 19, 23] and
delay-dependent ones [6, 22, 25, 28]. Generally speaking, delay-dependent conditions
are less conservative than the delay-independent ones, especially when the delay is
small. Moreover, in engineering practice, information on the delay range is generally
available. So recent effort has focused more on delay-dependent control.

It is now known that the conservativeness of the existing delay-dependent
conditions stems from two causes: one is the model transformation used and the
other is the inequality bounding technique employed for some cross product terms. In
view of this, an equivalent model transformation, the descriptor system transformation
method, was adopted in [6, 25], and another bounded real lemma (BRL) was obtained
in [28] without resorting to any model transformations. However, conservativeness
still remains as a result of the inequality bounding technique employed in [13, 14].
In the derivation of the BRL in [22], neither bounding techniques nor model
transformations were involved, while only a single delay was considered. This
motivates us to study further towards less conservative results on robust Hy, control
for singular systems with multiple delays.

In this paper, we shall consider the robust Hy, control problem for singular systems
with multiple delays. For simplicity, we discuss only the case of two delays, which
are constant but unknown. First, we will establish, based on the Lyapunov—Krasovskii
functional approach, a new delay-dependent BRL in terms of linear matrix inequalities
(LMIs). It is noted that this BRL is obtained without using any model transformations
and bounding techniques, and can be theoretically proved to be less conservative than
that in [28]. Then we propose, by applying the obtained BRL, a delay-dependent
condition for the existence of a robust state feedback controller, which guarantees
that the closed-loop system is regular, impulse free, robustly stable and satisfies a
prescribed Ho, performance index, in terms of a nonlinear matrix inequality. It
is shown that the design for the robust Hy, controller can be converted to a cone
complementarity problem subject to LMIs and consequently can be solved by using
an iterative linearization algorithm.
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2. Problem statement and preliminaries

Let us begin by introducing some notation for later use. We denote by R the set
of real numbers, R" the n-dimensional Euclidean space over the reals, and R"*™
the set of all n x m real matrices. For a real symmetric matrix X, the notation
X >0 (X > 0) means that the matrix X is positive semidefinite (positive definite).
Cy.r :=C([—1, 0], R") denotes the Banach space of continuous vector functions
mapping the interval [—z, 0] into R"; x; := x(t 4+ 0), 6 € [—7, 0], t > 0 denotes the
function family defined on [—t, O] which is generated by the n-dimensional real
vector-valued continuous function x(¢), ¢t € [—t, +00). Obviously, x; € C,, .. The
following norms will be used: || - || refers to the Euclidean vector norm or spectral
matrix norm; ||@ ||, :=sup_, ;<o ll¢(#)| stands for the norm of a function ¢ € Cy; ..
The superscript T represents the transpose. The symbol % will be used in some matrix
expressions to induce a symmetric structure, for example,

X Y| | X Y
« Z| YT z|”
Consider the following uncertain singular system with two delays:

2

Ex(t) =) Ajax(t — 1) + Biau(t) + Boaw(t),
i=0

2(t) = Gax(t) + Dau(t),

x(t)=¢@) te[-1,0]

2.1)

where x(¢) € R" is the state, u(t) € R? is the control input, w(t) € R" is the
disturbance input and w(z) € L,[0, o0), z(t) € R® is the controlled output to be
attenuated. 79 =0 and 7; >0, i =1, 2, are unknown constant delays and satisfy
T =max{ry, 1o} < 1,. We take for simplicity two delays, but all the results are
easily generalized to the case of any finite number of delays 71, ..., 7. ¢(¢t) € Cy ¢
is a compatible vector-valued initial function. The matrix E € R™*" is singular
and we assume that 0 <rank £ = p <n. The system matrices with norm-bounded
uncertainties are assumed to be of the following forms:

Aoan Aia Aca Bia Baa| _|Ao A1 Ay B B
Ga * * Da * | |G x x D «x

M,
FTF <1, FeR™

+|:M1:|F[N0 N1 N> N3 N4]

where A; i=0,1,2), B; (i=1,2),G, D, M; i=1,2), N; i =0,1,2,3,4) are
known real constant matrices with appropriate dimensions, F is an uncertain real
constant matrix and x are matrices which are not specified.
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REMARK 1. Based on consideration of the robust Hy, controller design for (2.1), to
ensure the zero initial function ¢ () =0, t € [—7, 0] is a compatible initial function,
we limit the initial value of w(¢) as w(0) = 0. Generally speaking, the instantaneous
value of disturbance will not influence the system, so the above-mentioned limit
remains general.

Without loss of generality, we assume that

E— [’6’ 8} 2.2)

and denote
x1(2) Al Ap
1) = , A= 2.3
*() [m(t)} ‘ [AB A,-4] -3)
with x; (t) € RP, Aj; € RP*P,i =0, 1, 2.
The purpose of this paper is to design a state feedback controller

u(t) = Kx(t) 2.4)

such that for any constant time delay 7; : 0 < 7; < 712 i =1, 2,

(1) the closed-loop system constructed by (2.1) and (2.4),

2
Ex(t) = Agax(t) + Z Aiax(t — 1) + Boaw(t),

i=1
2(t) = Grax (1), (2.5)
x(1)=¢() tel[-r,0],

with

Aka = Ak + MiFNg,  Gia = G + Mo F Ny,
Ar=Ao+ B1K, Ny=No+ N3K, Gy=G+ DK,

is regular, impulse free and robustly internally stable (that is, the closed-loop
system is robustly stable when w(¢) = 0);
(i1) the Hy, performance index

J(w) = foo(zT(t)z(t) —y*w (w®)dr <0 (2.6)
0

of the closed-loop system (2.5) is guaranteed for all nonzero disturbance
w(t) € L2[0, oo) and a prescribed y > 0 under zero initial condition.

In this case, System (2.1) is said to be robustly stabilizable with Hy, performance y
and (2.4) is said to be a robust H, controller for (2.1).
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REMARK 2. Concerning the definition that the singular time-delay system is regular,
impulse free and asymptotically stable, see [4, 18, 27, 29]. It is well known that if Ag4
in (2.3) is nonsingular, then System (2.1) is regular and impulse free.

Define the difference operator D:

2

D(xy) =x2(t) + Y Agy) Aiaxa(t — 7). 2.7)
i=1

To get the main results of this paper, the following preliminary lemmas are needed.

LEMMA 2.1 ([4]). If there exist matrices Pz, Q13 >0, Q23 > 0 with appropriate
dimensions that satisfy

P3Aos + AL, Pl + Y72, 053 PiAy P3Ay
* —013 0 <0, (2.8)
* * —023

then Aoy is nonsingular and the difference operator D is stable forall t; > 0,i =1, 2
(that is, the equation D (x2;) = 0 is asymptotically stable).

LEMMA 2.2 ([4]). Consider the unforced singular time-delay system

2

Ex(t) = Z Aix(t — 1)) (2.9)

i=0

with E, A;, i =0, 1, 2, given in (2.2) and (2.3). If the operator D is stable and there
exist positive numbers «, B, y and a continuous functional V : C, ; — R such that

BlxiOI? < Vx) <yllxll?, V() < —allx@®)]?,

and the function V(t) =V (x;) is absolutely continuous for x; satisfying (2.9),
then (2.9) is asymptotically stable.

LEMMA 2.3. Given matrices A1 <0, A1, A13, Ay <0 and Azz <0 with appro-
priate dimensions, then
Al A A
* Axpn 0 [<O
* *  Asz |

if and only if there exists a matrix N11 > 0 such that

Ain+Nu Ap -0 and —Nii Az -0
k A22 L k A33

PROOF. See Appendix A. O
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3. Delay-dependent bounded real lemma

First of all, consider the unforced nominal system of (2.1):

2
Ex(t)= ) Aix(t — 1) + Bow(r),

i=0
(1) = Gx(1), @D

x()=¢@ te[-7,0]

In the following theorem, based on the Lyapunov—Krasovskii functional approach, we
present a new delay-dependent bounded real lemma for (3.1), which will play a key
role in solving the aforementioned robust H, control problem.

THEOREM 3.1. Suppose, for some prescribed y > 0, that there exist matrices

_|Pt P | Qi1 Qi | Zit Zi
P_|: i|, P >0, Ql_[* Qi3]>0, Z’_|:>x< Zi3]>0,

(3.2)
i=[Yn 0], W;=[Wa 0], Hi=[Ha 0], i=12  (33)

with appropriate dimensions and Py € RP*P, Q;1 € RP*P, Z;1 € RP*P, Y;; € R"*P,
Wi1 € R"*P, Hj1 € R"*P, i =1, 2, satisfying the following LMI:

(011 +GTG O O3 O —wYu —wYa wmAlZI wmAlZ)]
* ©®n 0 —Hl -—7,Wy 0 wmAlTZ) Al Z,
* * O3 —H) 0 —tuWa tAYZy v,AYZ,
* * * —y21 -1, H1n —t,H thzTZl rmBzTZz <0
* * * * —TmZ11 0 0 0
* * * * * — T 221 0 0
* * * * * * —tmZ1 0
* * * * * * * —TnZo
) (34

where

2
O =PAo+ AP+ (Yi+ Y +0i), On=PA -YI+W],

i=1

2
@13:PA2—Y2+W2T, @14:PBQ+ZHiT,
i=1

On=-W—W -0, On=-W—W) - 0.
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Then the System (3.1) is regular, impulse free, internally stable and satisfies (2.6) for
all nonzero w(t) € L,[0, 00) and time delay t; satisfying 0 < t; <ty i =1, 2.

PROOF. Substituting (2.2), (2.3), (3.2) and (3.3) into (3.4) gives (2.8), which, by

Lemma 2.1, implies that Ag4 is nonsingular. Therefore, System (3.1) is regular and

impulse free. In addition, we also conclude that the operator D in (2.7) is stable.
Construct the Lyapunov—Krasovskii functional for (3.1) as:

V(x,) =xT(1)PEx (1)
2 t 0 t
+ Z(/ xT () Qix(s) ds + / / (@) Zi%1 (@) da dﬁ).
i=1 t—1; —1; JI+B
Differentiating V (x;) along with the solution of (3.1) yields:
Volan +2h 0z — y*w’ 0w )

. 2
=2x"(1)P [’”é”} +> (xT(r) Qix(t) —x™ (1 — 1) Qix(t — 1)
i=1

t
+uil ()ET Z; Ex (1) —/ (@) Zix1 (@) da>
t—1;
+xTGTGx(t) — y?wT (Hw(r). (3.5)

By the Newton—Leibniz formula x1 () — x;(t — 7;) = ftt—r,» Xi1(@)da,i=1,2,

27 (1) P |:3.Cl(t):|

0
2
=2 ()P [Z ([glﬂ x1 () + [ﬁ’ﬂ xo(f — Ti))
=0 i i
2 t
-2 [A“} | w@da+ Bzw(t):|
= LAis] i,
T 2 Al A
=2TOP | Y (|4 | SO+ 4 |22 =) ) + Boaw(®
i=0 ! !

2 A t
+ Z |:2xT(t) (Yil — P [Al;i|) / ).61(01) da
i=1 ! =T

t t
+2xT(t — )Wy / %1(e) do + 2w’ (1) H;y / x1(a) da
1—T; —T1;

1 i

t
2T @OYi +xTt — )W + wT<r)H,-1)/ %1 () da]
-1
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2
=2xT (1) (P [ﬁg;] x1(t) + P [g(ﬂ a6+ Y,-1x1(t)) +2xT (1) PByw(z)

0 i=1

2
+ Zl [sz(t) <P [ﬁij x1(t—1)+ P [ﬁﬂ xo(t — 1) — Yix1(t — fi))

+2xT(t — ) Wix1 (1) — 2xT (1 — ) Wix (t — ) + 2w’ (0) Hix (1)
— 2wl (O Hpxi(t — 1) = 2(xT (O Y1 +xT (¢ — ) Wiy + w” (1) Hi1)

1
X / x1(a) da]
1—1

2
=2xT(1) <PA0 + Z Y,-)x(t) +2xT (1) PByw (1)
i=1
2
+ Z|:2xT(t)(PA,- — Y+ WhHxt — ) —2xT(t — ) Wix(t — 1)
i=1

t
+ 2" H wt) —2xT (¢t — v)H w(t) — 2xT (1) Y3 f %1 () da
1—71;

t t
—2xT(t — 1) Wiy / %1(@) do — 2wt (1) Hj; f x1(@) doc:|. (3.6)
—1; t—1;

1

Here and subsequently we define ®(C, M) = CMCT whenever the product exists.
More generally we shall also use ®(C, M, &) = CMET. Combining (3.6) and (3.5),
we get

Vxo)lan + 27 (0z) — y*w! w(@)

1 ! 1 4
=— / n’ (¢, )Qun(t, ) da + — / n’ (¢, @)Qn(t, a) da, (3.7)
71 -1 2 t—1

where

n, ) =[xT@0) xTt—1) xTt—1n) w@® @],

(@11 +GTG+ N1t O+ N2 O3+ N3 Ou+Ny  —1Yy ]|
* ®2 + N2 N3 —Hl + Ny —1iWypy
Q= * * ©33+ N33 —HJ + N34 0
* * * —)/21 + Ny —11Hypg
i * * * * —11Z11 |
2
+ Dy, 1i Zy),
i=1
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C =

AT
Af

ATl
By

0

Q) =

with N;; > 0,i =1, 2, 3, 4.
If Q) < 0 and 27 < 0, which is equivalent, by using Lemma 2.3, to

*

*

*

*

*

[0 +GTG O,

(OF%)
ES

*

—Ni1

* ¥ ¥

O3 O
0 -—HI
©®33 —H)
S |

* *

* k
C=[A0 A

—Ni2 —Ni3 —Niy —10)2
—Ny» —Ny3 —Ny 0
* —N33 —N3y —1o,Wy
* * —Nyy —T12Hy
* * * —1p7)

Y —nYy |
-1t Wi 0

0 -1 Wa
—T1H)1 —T2Hy
—11Z11 0

* 1222 |

2
+ Y O(C, T Zi),
i=1

Ay By 0 0],

then integrating from 0 to oo on both sides of (3.7) yields

that is,

J(w) = V(x)li=0 = V(xr)lr=o0 -

(3.8)

f V(x)lan dt + f " ®z(t) — y*w” (Hw(n) dr <0,
0 0

Noticing that V (x;)|;=0 =0 and V (x;)|t=c0 > 0, we obtain J(w) <0, for all w(z)
€ L]0, oo], w(t) #0.
Now, applying the Schur complement equivalence to (3.4) leads to

with

2
O+ D(C3, M) + ) P(Ca, tnZi) <0

*

*

*

On+G'G Op

O13
(QFY) 0
¥ 033
* *

i=1

T
—H

T
—H]
—J/2I
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T
49
Al AT
C4= lr . M= [Tm 1 1] :
A] 0 TnZy),
B}

Therefore, for any t; satisfying 0 < 7; < 1,,, i = 1, 2, we have

2 2
O+ B(C3, M) + ) D(Ca, Zi) <O+ D(C3, M)+ ) P(Ca, tnZi) <0
i=l1 i=1

—1
‘Elz 0
Moy — 1
2 [ 0 1222—11]

where

which, by Schur complement again, is equivalent to 2] < 0 and 25 < 0.
We now consider the internal stability of (3.1). In the case of w(t) =0, we have

. 1 4 1 4
V)lan = - /t ¢t ) A2 (t, @) da + - /, ¢TIt ) At (t, @) da,
—T] -1

where
) T
tto)y=[xT@) xTt—m) xTt-n) iHw@] ,
O11+Nii O+ Nz O13+Ni3z —11Yn 5
_ * ©2 + N2 N2z —uWn .
A= * * ®33 + N33 0 + £ (Cs, 1; Zy),
* * * —-11Zn B
Ay
T —Ni1 =Nz —Niz —nly
A * —Nyy —Np3 0
Cs=| ;| M= CNew —W
A2 * * 33 T2 W21
0 * % * —‘62221

with N;; >0, i =1,2,3. By Lemma 2.2, the internal stability of (3.1) is achieved
from the stability of the operator £ and A < 0, A2 < 0, which is equivalent, by using
Lemma 2.3 again, to

O Op Op —1u¥ —nl
*x Oxpn 0 —1TWh 0 2
* * 33 0 -1 W | + Z O Cq, 1:Zi) <0 3.9
* * ¥ —11Z1 0 i=1
* * * * —1 77
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where Cs =[ A9 A1 Ax 0 0 ]7. Itis easy to see that (3.9) follows from (3.8)
immediately. This completes the proof. O
In the case of single delay, System (3.1) becomes
Ex(t) = Aox(t) + A1x(t — 1) + Bow(t),
z(t) = Gx (1), (3.10)
x®)=¢@) tel-1,0]
By Theorem 3.1, the delay-dependent BRL for (3.10) is obtained as follows.

COROLLARY 3.2. For some prescribed y > 0, if there exist matrices

Pt P |z 2 .
P_[O P3], P >0, 0>0, z_[* Za]>o, y=[r 0],

W=[w, 0], H=[H 0] (3.11)

with P € RP*P, Z1 € RP*P, Y| € R"*P, W) € R"*P, H| € R"*P, satisfying

[F PA—Y+W!' PB+H" —1,Y1 1,A[Z]
x —-W-wl—-9 —HT  —,W, ©,ATZ
* * —yzl —1, Hj thQTZ <0, (3.12)
* * * —TtnZy 0

| * * * * —tmZ |

where F = PAgy + AgPT +Y 4+ YT + Q0+ GG, then for any delay T satisfying
0 <t < 1y, System (3.10) is regular, impulse free, internally stable, and satisfies (2.6)
for all nonzero w(t) € L,[0, c0).

REMARK 3. From Corollary 3.2, it is easy to get the internal stability result for (3.10),
which was recently provided in [29, Theorem 1] and is omitted here. It is worth
noticing that only the stability problem was considered in [29], while in this paper,
H, performance index and controller design is discussed as well. Furthermore, only
the case of single delay was considered in [29]. From the proof of Theorem 3.1 in
this paper and that in [29], it can be seen that, to avoid using the bounding technique,
V(x,) is written in the integral form finally. However, it cannot be extended from the
case of single delay to that of multiple delays directly. As shown by (3.7) and (3.8)
in this paper, Lemma 2.3 is important in solving this problem successfully. So the
main contribution of this paper is the improved BRL and the design of the robust H,
controller for singular systems with multiple delays. The stability result in [29] is only
a by-product of Theorem 3.1.

REMARK 4. Compared with existing results, it is worth noting that there are mainly
three advantages of our result. Firstly, the BRL in Theorem 3.1 (Corollary 3.2)
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is obtained without using any model transformations and bounding techniques on
the related cross product terms [6, 25, 28], which leads to some conservatism in
some sense. Secondly, the LMI (3.12) involves fewer variables. For example,
for System (3.10) with x(z) € R", x1(t) € R”, w(t) € R", r < n, the number of the
variables to be determined in (3.12) is no more than 2n% + 2np + p?/2 +n + p/2,
while the number of variables in [6] is 5n> 4 Snp 4 11p?/2 4+ 2n 4 3p/2 and in [25]
is 12n> — 2np + p? 4 4n + p. Thirdly, unlike in [6], no decomposition of the system
matrices is needed in this paper and thus the analysis procedure is relatively simple
and reliable. Furthermore, it is easy to see that, following the method usually used to
deal with the norm-bounded parametric uncertainties, Theorem 3.1 in our paper can
be extended to deal with the delay-dependent robust H, control problem for singular
time-delay systems with norm-bounded parametric uncertainties, while with the BRL
in [6] it is difficult to solve the aforementioned problem.

REMARK 5. In [22], another BRL was also obtained without resorting to any
bounding techniques and model transformations. It can be seen that the method of
introducing slack matrices in Theorem 3.1 is different from that in [22]. So in some
cases, the number of the variables in the LMI (3.12) is less than that in [22] (see
Example 1 below).

REMARK 6. When E = I, System (3.10) becomes a standard state-space system with
single delay. It is easy to see that Corollary 3.2, with H =0 in (3.12), coincides
with [21, Theorem 1] with constant delay and without uncertainties. So Corollary 3.2
can be viewed as an extension of the BRL for a standard state-space time-delay system
to the case of a singular time-delay system.

For (3.10), the delay-dependent BRL in [28] is obtained as follows.

LEMMA 3.3 ([28]). For some prescribed y > 0, if there exist matrices P, Q, Z and Y
of (3.11) and X > 0 such that the LMIs

F4+twX PA\—-Y PB 1,AlZ

* - 0 AT Z
Q . <o, (3.13)
* * -yl B, Z
* * * —TnZ
X N
[ ]zo (3.14)
* Zl

hold, then for any time delay t satisfying 0 < © < t,,, System (3.10) is regular, impulse
free, internally stable, and satisfies (2.6) for all nonzero w(t) € L3[0, 00).

In the following theorem, we are in a position to show the relationship between
Corollary 3.2 and Lemma 3.3.
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THEOREM 3.4. For given y > 0, there exist matrices P, Q, Z, Y of (3.11) and
W =0, H = 0 satisfying (3.12) if and only if there exist matrices P, Q, Z ,Y of (3.11)
and X > 0 such that (3.13) and (3.14) hold.

REMARK 7. The proof of Theorem 3.4 is similar to [20, Theorem 2] and is omitted.
We can see from Theorem 3.4 that, since the number of the variables in Corollary 3.2
(W =0, H =0) is fewer than that in Lemma 3.3, redundant variables are introduced
when inequality (3.14) is employed to derive the upper bounds of some cross product
terms. When W and H are matrices to be determined, the BRL in Corollary 3.2 is
improved compared with Lemma 3.3, which implies that the introduction of W and H
reduces the conservatism of the BRL and W, H are not redundant matrices. The
detailed example in Section 5 will illustrate the above results as well.

4. State feedback robust H, control

In this section, based on Theorem 3.1, we are in a position to present the result on
delay-dependent robust H, control for System (2.1). The following lemma is needed.

LEMMA 4.1 ([15]). Given matrices 2, I and E of appropriate dimensions with 2
symmetrical, then @ + TF & 4+ (' FE)T < 0forall F satisfying FFT < I, if and only
if there exists a scalar € > 0 such that @ + eI'TT + ¢ 1872 < 0.

THEOREM 4.2. Suppose, for some prescribed y > 0, that there exist matrices P,
0i,7Z;,Yi,W;, H;, i=1,2, of (3.2) and (3.3), L and a scalar € >0 with P
nonsingular, such that

E:=[AB] <0 holds where

2
En Ki Ky Bo+ Y H' —1,Yu —tuYa

i=1

* L1 0 —HIT —Tu W11 0

* * ,Cz —H2T 0 —7, Wo1
* * % —)/21 —‘L’mHll —‘L’mH21
* * * * Ess 0

A= * * * * * H66 )

* * * * *

* * * * * *

* * * * * *

* * * * * *

* * * * * *

* * * * * *
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[ E Eis 0 PGT+L™DT M M7
wmPAl 1, PAT 0 0 PN 0
twPAY 1, PAT 0 0 PNI 0
'cmBzT rmBzT 0 0 N4T 0

0 0 0 0 0 0
0 0 0 0 0 0
B= , @D
—TtmZ1 0 €T, M 0 0 0
* —TnZy €T, M 0 0 0
* * —el 0 0 0
* * * -1+ 6M2M2T 0 0
* * * * —el 0
| x * * * * —el |

forM=PNl +L"NI Ki=A;PT -y, + W], Li=-W;, — W] — 0, (i=1,2)
and

2
Ei1=AoPT + PAT + BIL+ LTB + > (Y + ¥/ + Qi) + eM M,
i=1
Ei7=EBis=tm(PA} + L"B]) + er,, M1 M,

Ess=—1, [P 0] Z7' [P 0], Ees=—wa[P1 0]Z; '[P O] .

N

Then System (2.1) is robustly stabilizable with Hs, performance y and the gain matrix
of the Hy, controller (2.4) is given by

K=LPT. (4.2)

PROOF. Pre-multiplying by
p=diag{P~ ", P~ P P P 20 2 L1 1 T

and post-multiplying by p’ on both sides of (4.1), and noticing that K = LP~ T,
Ar=Ap+ B1K, Gr=G + D_K,_ Nk_={\70-i:N3K, we get from the Schur
complement that there exist P, Q;, Z;, Y;, Wi, H;,i =1, 2, and € satisfying

Y +ed(Cr, 1) +e '@, 1) <0, 4.3)
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where
(Yo Yi2 T3 Y —wmYu  —wYa wAlZi w,AlZ, Gl
* Yy O —I-_IIT — T Wi 0 thszl rmA]TZQ 0
* * Y33 —I-_IZT 0 — T Wai thgzl thZTZz 0
* * * —y21 —tuHl1  —tmHo thzTZ] thQTZz 0
T=| x* * * * AT 0 0 0 o |,
* * * * * — 71 0 0 0
* * * * * * —tnZ 0 0
* * * * * * * —tnZ> 0
| * * * * * * * * —1 |

_ N7 N
[ PM; 0] NI 0
o0 NI 0
0 0 .
0 0 Ny O
Cr = 0 0|, Cg=|20 01,
0 0 0 0
wmZi1M; O
~ 0 0
twmZoM; O
0 M 0 0
0 0

2
Ti1 ZPAk'f‘A/{PT'f‘Z(?i +Y" 4+ 0i), Yi=PA -V + W,
i=1

2
Yi3=PAy— T+ W), T14=PBz+ZH,~T, T =-Wi — W/ -0,

i=1

L B B
Ty =—W, - W] - 0a, P:P—l;:|:1 .2] Pi=P >0

0 P
and, fori =1, 2,
A —1 -T ~ -1, Z'l 2'2
Q,‘:P Q,‘P >0, ZiZZl. =|:>; Zi’3i|>0’
V=P 'y, P T=P[y, 0 PO — [Py, P, 0]:=[V; O
;= f =P[Y; ]PZT pI =[PY; P 0]:=[Yn 0],
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Wi=P "W, P~ T =[PW; Py 0]:=[Wi 0],

P 0}:[&1151 0]:=[dn 0].

I‘_I,‘ = HiP_T = [H,' 0] |:PT AT
2 3

Note that Axa = Ax + M1 F N, Gia = Gr+ MaFNg, and from Lemma 4.1

and (4.3), we have that the above P, Q;, Z;, Y;, W;, H;,i = 1, 2, such that

T ="+ 0(Cr. M3, Cs) + @(Cr, M3, C5) " <0 WithMF[g 2]

holds for all uncertainties F satisfying FT F < I, where Y is the matrix obtained by
replacing Ay, A1, Az, By and Gy in Y by Aga, A1a, A2a, Baa and G, respectively.
By Theorem 3.1, one gets that the closed-loop system (2.5) is regular, impulse free,
robustly internally stable and satisfies (2.6) for all nonzero w(t) € L3[0, co) and t;
satisfying 0 < 1; < 1y, i = 1, 2. This completes the proof. O

REMARK 8. Itis clear that the nonlinear terms Es5 and Zgg in (4.1) lead to a nonlinear

matrix inequality. However, we can follow a similar line as in [28] to convert

solving (4.1) to solving a sequence of convex optimization problems subject to LMIs.
First, introducing new matrices

U; = [U“ Uﬂ} >0, Vi>0, T;>0, S;>0, (4.4)
x  Upz

with U; € R"*", U;1 € RP*P, Vi € RP*P T;; € RP*P, S;1 € RP*P [ =1, 2, we can

see that if there are matrices P, Q;, Z;, Y;, W;, H;, i =1, 2, of (3.2) and (3.3),

Ui, Vi, T;1, Si1,i =1, 2,0f (4.4), L and € > 0 such that

E <0, 4.5)
Uqw V1 .
[* S[:|ZO’ i=1,2 (4.6)

and
UiZi=1,, PVi=I, TuSai=1, i=1,2,

then (4.1) holds for the above P, Q;, Z;, Yi, Wi, H;, i =1, 2, L and €, where Z is
the matrix obtained by replacing Es5 and Egg of E in (4.1) by —1,,, 711 and —1,,, 131,
respectively. Thus the Hy, control problem can be considered as a complementary
problem subject to LMIs:

minimize {tr(U1Z1 + UxZy) + tr(P1 V1 + T11S11 + T21521)}
subject to LMIs: (3.2), (3.3), (4.4)—(4.6) and, fori =1, 2,

U 1, P, T Ip
[* Zi]ZO, |:>k \% >0, * S = 0.
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TABLE 1. Comparison of maximum 7, allowed for Example 1.

y 4 20 40

6] 0.8563 1.0883 1.1208
Lemma33 03721 0.5500 0.5641
[22] 09079 1.1151 1.1348

Corollary 3.2 0.9079 1.1151 1.1348

TABLE 2. Comparison of minimum y allowed for Example 1.

Tm 0.1 1 1.12

[6] 2.2451 8.1293 39.0732
Lemma 3.3 3.0276 - -

[22] 3.0045 5.2026 22.8635

Corollary 3.2 3.0045 5.2026 22.8635

The above nonconvex optimization problem can be solved by using the linearization
iterative algorithm proposed in [2, 13, 25, 28].

5. Numerical examples

EXAMPLE 1. Consider the unforced singular time-delay system in [6] of form (3.10)

and
05 0 “1 1 1
AO:[O —1}’ Al:[ 0 0.5]’ 322[0.5]’

E=|:(1) 8} G=[o5 1].

When w(¢) = 0, applying the stability conditions in [29] and [6], we can obtain that
the system is internally stable for r < 1.1547 in both cases. When w(t) # 0, the
comparison results on maximum t,, allowed for different values of y and minimum y
allowed for different values of t,, are listed in Tables 1 and 2. It can be seen that
the result in Theorem 3.1 is less conservative than those in [6] and Lemma 3.3. And
though the computational result by Corollary 3.2 is identical to that by [22], the LMI
in Corollary 3.2 involves fewer variables in this example since the number of variables
is 14 in Corollary 3.2 and 17 in [22], respectively.
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X
——x

Magnitude

2 | | | | | |
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
time [s]

FIGURE 1. State response of x| and x; of the closed-loop system when w(¢) = 0.

EXAMPLE 2. Consider the singular time-delay system in [6] of form (2.1) with single

delay and
00 -1 0 -0.5
AO:[O 0i|, z‘\1=|:1 _1i|, Bl=|:1i|,
1 1 0
BZZH, D=0.1, E:|:O 0}, G=[1 02].

When 1, = 1.2, the authors of [6] obtained a near minimum value of y =21 and
the corresponding controller gain matrix was K = [175.62 — 430 680]. In [25], the
minimum y allowed was 4 after 51 iterations and the corresponding controller gain
matrix was K =[1401 —25036]. And in [22], the minimum y = 15.0268 was
calculated and K =[0.0651 — 1.3454] . However, by Theorem 4.2, for the same
T, = 1.2, the minimum y allowed is 3.4349 after ten iterations, and in the case
of y =21 and y =4, the corresponding gain matrix is K = [272.225 — 809.4105]
and K =[238.6 — 3249.5], respectively. It was also shown that in [25], when
y =21, the maximum 7, allowed was 1.8 after 22 iterations and the corresponding
gain matrix was K =[1097 —13461]. Now, for the same y =21, using
Theorem 4.2, the maximum 7, allowed is 6.0168 after ten iterations. And when
T, = 1.8, y =21, the corresponding controller gain matrix computed by Theorem 4.2
is K =[—46.7047 — 994.0828].
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100

-100 - i

—200 - 1

=300 - 1

—400 b

_ 1 1 1 1 1 1 1 1 1
5000 1 2 3 4 5 6 7 8 9 10

time [s]

FIGURE 2. Response of 2N ()z(t) — yzu:T (t)w(t) of the closed-loop system when w(t) = e 031,

The simulation results of the state of the closed loop when w(¢) = 0 are shown in
Figure 1, from which we can see that the closed loop is internally stable. And the
simulation results of z7 (1)z(r) — y2w’ (Hw(r) are given in Figure 2, which shows
that the designed H, controller satisfied the performance index (2.6). Here t,, = 1.2,
y =21,¢@)=[2.966 117, € [—1.2, 0] and K = [272.225 — 809.4105].

EXAMPLE 3. Consider the uncertain singular time-delay system of form (2.1) with
00 -1 0 -1 =05
Ao=[0 0i|, A1=|: 1 _1i|, A2=|: 0 _1:|,

Blz[_?'5:|, Bzzm, D=0.1, E:[(l) 8},

G=[1 02]. M1:|:0.(())5 0%5] My=[0.1 0.1],

1 0 0 0.1
N0=N1=N2=[0 1] N3=[0'1}, N4=[0]-

When 1, =1, y =21, by Theorem 4.2, the corresponding controller gain matrix
computed is K = [—580.6 — 1166.6] after ten iterations.
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6. Conclusions

We have presented in this paper an improved delay-dependent BRL for singular
systems with multiple delays, which is established without using any of the model
transformations and bounding techniques on the cross product terms. Based on this
BRL, we have solved the robust Hy, control problem in terms of a nonlinear matrix
inequality. To get the H, controller, both a linear matrix inequalities technique and the
cone complementarity method have been employed. Three numerical examples have
been proposed to illustrate the effectiveness and less conservativeness of the proposed
method.

Appendix A. Proof of Lemma 2.3

We begin with a proof of sufficiency. Suppose that there exists a matrix Ny; such

that
A+ N A —Ni1 Az
[ i A22]<0 and [ i A33}<0. (A1)

According to the Schur complement, we can deduce that
AL+ Nii— ApAy AL, <0 and - Ny — AizAG) AT <0,
which implies that
A — ApAy Al — AzAG AT, <0 (A2)
By the Schur complement again, (A2) is equivalent to
Al A A
x* A»n 0 | <O. (A3)

* *  Asj

This completes the proof of sufficiency.
Turning to necessity, if (A3) holds, which is equivalent to (A2), then it is clear that
there exists a scalar € > 0 which is sufficiently small, such that

A — AnAy AT, — AAG AT el <o
Let Ny = —A13A5; AT, + € > 0. Then

Al + Nii — ApAy AL = Al — ApAL Al — AsA AT + €l <0,
—Ni1 — Ai3Ay ATy = A3AG ATy — el — A3A ATy = —el <0,

which by the Schur complement, is equivalent to (Al). This completes the proof of
necessity.
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