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Abstract

In this paper, we investigate a robust control method for
some nonlinear control problems with an input delay. By
letting input nonlinearity in the sector bounds as a new
diagonal structured uncertainty, we transform the control
problems with input nonlinearity into the robust control
problems of linear systems with only structured uncertainty.
Applying this idea, we obtain linear matrix
inequality(LMI) conditions for delay-dependent robust
stabilization of structured uncertain systems with input
delay and input sector nonlinearity. In addition to LMIs for
the fixed input nonlinearity, we also propose an iterative
LMI optimization algorithm to find robust input sector
bounds such that the given uncertain system is stable for
any input nonlinearity in these sector bounds.
Keywords : Robust control, Structured uncertainty, Input
sector nonlinearity, Input delay, Linear matrix inequalities

1. Introduction

Input delay is a source of instability, which is frequently
encountered in real physical systems since measurement
delay and computational delay can be represented by input
delay. Currently, robust control problems of state delayed
systems have been extensivly studied[1] and results on
these can be classified as delay-independent and delay-
depenent ones. With regard to input delay, Li et. al.[2]
recently provided delay-dependent LMI conditions for
robust stability of input delayed systems with norm-
bounded unstructured uncertainty.

On the other hand, control problems with input
nonlinearity in the sector bounds have been investigated
because solutions to these are useful not only in the control
problems with input nonlinearity included in the given
sector bounds but also in those problems with saturation
inputs operating in the restricted zones. In the classical
nonlinear control problems, input sector nonlinerity was
treated by circle criterion[3, 4], which requires graphical
Nyquist plots or solutions of quadratic matrix equations.
Recently, Gu et al.[5] provided robust H_ control

conditions for systems with input sector nonlinearity by
Riccati equation approach. Based on the idea[6] that norm-
bounded nonlinear uncertainty can be represented by an
equivalent linear unstructured uncertainty, Gu et al.
regarded sector nonlinearity as norm-bounded unstructured
uncertainty and solved the corresponding robust control

oo

problems.

In this paper, we treat robust control problems of
uncertain systems with input delay and input sector
nonlinearity simultaneously. We extend the idea of Gu et.
al. to more general structured uncertain systems and use a
LMI approach. LMI techniques are attractive tools since a
very efficient computational framework[7] exists for
solving the control problems formulated as LMIs. While
Gu et. al. dealt with only homogeneous sector nonlinearity
and assumes no uncertainty in the input matrix, we
consider not only elementwise sector nonlinearity but also
structured uncertainty in all system matrices. For this
purpose, we transform elementwise sector nonlinearity into
the diagonal structured uncertainty and treat new
composite structured uncertainty composed of the original
structured uncertainty, the transformed uncertainty
accounting for input nonlinearity in the sector bounds, and
unstructured uncertainty resulting from the product of
these. From this, we obtain finally structured uncertain
systems without input nonlinearity and solve the
corresponding robust control problems by applying a LMI
optimization method for input delayed systems.

2. Main results
In this section, input nonlinearity is given by the
following elementwise sector bounds shown in Figure 1.
diagle, - €,]<Nw)<1I (1)
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Figure 1. Elementwise input sector nonlinearity



In (1), N()=diag[N,u) - N,@,)] and

O<g <1, i=1-,m.

From the elementwise sector bounds &, < N,(u;)<1,

+1
we obtain (2) by subtracting &7 .
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If we define A, = N(u) —diag[lzgl 1+2£m ] A X
satisfies (3).

NA, < diag{(l —:02 ( —im)z ] “
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Let A, =A, {diag[l _281 : _28'" :|} , then

A . |1-¢ 1-¢,
A2=A2{dlag|: 21 5 ]} 4

where AJA, <I. From the definition of Az, we obtain

5).
N(u)=Az+diag{1ﬁ 1+sm}= Az[diag{l_‘gl 1_8,”D
o N0

+diag{1+2£' 1+2£'":l:A2A_+A+

By the relation (5), we can represent input nonlinearity in
(1) as diagonal structured uncertainty.

Now, we consider the following structured uncertain
system with input delay and input sector nonlinearity.

x(1) = (A+ Ad(1))x(t) + (B + AB())N, (u)u(t) ©)
+(B, +AB, ()N, (w)u(t —(1))
x(t)=¢(@), Vte[-7,0], T>0 @)
where diage, - g, |<N,@<I, diafg, - &,]<N,@<I,
and 7(¢) is a time-varying delay satisfying
0<t(t)<7,051()<u<l, ®)
x(t)e R" is the state, u(f)e R™ is the control input, ¢()
is the initial condition, 4, B, B, are known real

constant matrices of appropriate dimensions and the
uncertainties AA(-), AB(-), AB,(-) are assumed to be of
the form

M) =D,A,(OE,, AB(t) = DA, (DE,, AB, (1) =D,A,(DE, (9)
where D,, D,, D,, E

constant

E,, E, are known real
A,(Ded,, A,@)eA,,
A,(t)e A, are unknown real time-varying matrices such
that A, ()" A, (VST A, (D)"A, ST, A, A, ()T
A, is the set of structured uncertain matrices given in (10).

s
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matrices  and

A(I)E R("\*""H.f}*"'ﬁf})><(’i+"'rk+.fi+"'+f/) .
A, ={A@) =blockdiads, ()1, - 8,0, A - Am] (10)
8.(eR for 1<i<k and A;e R for 1< j<I

For structured uncertainty given by (10), we use the

following scaling matrices in order to reduce
conservativeness.

_{T:blockdi;{g o Tl e Al ]e RUTE ket th ) (11)
. TeR™, >0 forl<i<k andd,e R, d, >0 for1<j<s

The objective of this paper is to design a robust state
feedback controller u=Kx(¢#) and find the maximum
bound 7 of the time-delay for the structured uncertain
system (6) such that the closed-loop system with
u = Kx(t) is asymptotically stable for any time delay 7(¢)
satisfying 0<t(t)<7, 0<7t(f)<u<l, V=0 and for
any input nonlinearity in the given sector bounds.
From (6), we let

Ny(u)=A,A, +Ay, and N (u)=A,A, +A, (12)

where AL A, <I, AN A,<I and A, , A,,, A, ,
A, are given as follows.

1- 1-
A, = diag[ 28“ ; o ]
. . (13)
. [1+e +e,,
Ab+=dlag|: zbl zb :|,O<£b,.S1
1- 1-
A, = diag[ 28‘“ 28 dn ]
. . (14)
+ +
Ay = diag|: 28‘“ ;d”’ ], 0<eg, <1

With u = Kx(¢), the uncertain system (6) are rewritten as
(15) by using the relation (5).
x(t) =(4+D,A,(DE,)x(1)
+(B+ DA (E) DA, + A, HKx(0)
+(B, +DyA,(DE A A, + Ay, Kx(E—T(0))
=(A+D,A,()E,)x(t)+{BA,, + D,A,(HE,A,, (15)
+BA, A, + DA (DEA A, FKX(E)
+{B,Ay, +D,A,(E, AN, + B A LA,
+ D A ()E A o Ay KXt —7(1))

We assume 7}, and define E, and E,, as follows.

T Is is2m [Im Omx(v—m)]:szm
E = , E, = ’ (16)
[, Osx(m_s)] s<m I, s<m
Note that E'E =1, EEl =1, and
r <l :szm |
EE, = in (16).
I, :s<m
Let
A,, =EA,(1)E,A,,E,,, (17)
then
EsTAbaE; = ESTEsAb (t)EbAszmE; =A,(DEA,,,

ALA,, SELNLE] A, (OE!EA,(DE,AE,

m™~m

where p, =4/A,..(E, E,) . Define



A b3 A
Ay = s A=Ay (18)
Py
where A};A,, <I.Similarly as these, for A,(¢)e R*, let
Ay =EA (OEME, (19)
then, we have
A,
Ay = —, Ay =piAgs (20)
Pa

where Al A, <1 and p, =A,. (EJE,). Note that

although s in (17) and s in (19) need not be same, we
use the same symbol for simplicity.

From (13), (14), (18), and (20), (15) are reduced to the
linear delayed system with only affine structured
uncertainty and an input delay.

x(t) = (4+D,A (DE )x(1) +{BA,, + DA, (DE,A,,

+BAuA, + pyDyE]AGE, A, JKx(t)

+{B,A,, +D,A,(DE,A,, +B,A LA,

+ PaD EJA E, Ay JKx(t —T(1)

=(4A+D,A,(HE )x(1)
EBAb++[Db B prbEsT]-
A, 0O 0 || E,A,, Kx(t)
x{0 A, O A,
| 0 0 Ab3__Er:Ab—

&
Qu
>
9
g
+
=B
[N
(=
U

pDE]

K

A, 0 0 JE,A,,]

+ Kx(t—7(t
o A, o A, =7y
_0 0 AM__E;A‘,:
IH (21)5 ;l’max(EZEb)! max(E;Ed)I B

A, A,,A, €A, are the original structured uncertainty,
A,,,A,, is the transformed diagonal uncertainty from
input nonlinearity, and A,;,A,; is the unstructured

uncertainty resulting from the product of the original
uncertainty and the transformed uncertainty accounting for
input nonlinearity.

For the structured uncertain system (21) with an input-
delay, we obtain Theorem 1 by Lyapunov-Krasovskii
approach[8].

Theorem 1. Given scalars 7 >0, u >0, positive &,,’s
and g, s, the structured uncertain system (6) with input
delay and input sector nonlineraity satisfying
diagle, g, |SN,w)<1I and
€im ]S N,(u) <1 is robustly stabilizable for
0<7(®)<7 and
0<7(t)<u <1 if there exist symmetric positive definite
matrices X, P, P, B, O, 1), T, Ty, by, Ty,
Ty, tyy, Ty, Ty, tyg, Ts, Ty, Ty, tg, Ty, Ty,
t,; and a matrix Y satisfying the following LMIs:

diagle,,

any time-delay 17(¢) satisfying

—Hu I, I I, Iy I I, Hlsﬂ
n, m, o 0 0 0 0 0
n, o I, 0 0 0 0 0
n, o o 1Im, O 0 0 0 <0(22)
s o 0 0 Iy, 0 0 0
mn, o 0 0 0 Ig O 0
n, o 0 0 0 0 I, O
kl'Ing 0 0 0 0 0 0 Tl |
0o 7Y
|:YT X:|20, X-B-P-P =20 (23)
where

I, =X4" + AX +Y"(BA,, + B,A,,)" +(BA,, +B,A,,)Y
+D,T,DI +7B,A,,ON, . B} + D,T, D] + BT,,B”
+pit,D,D] +D,T, DI + B,T,B} + p’t,,D,D}
+7D,T, D) +7B,T, B} +7p’tD,D}

M, =XE], M, =[y"ALE] YA Y'ALE,]

m, =" AL B YA YALE,],

H15=ldeAd+QAZ+E; deAmQAZ— deAdeQAC{—EmJ’

m, =[x’ w=e? |,

M, =[eY"Al B" #¥'ATE] TY'A, YAl E, |

M, =Y A.B] T'NLE] &N, T'AE,]

I, =-T,, Il =—diag[T21 T, tzsl]:

I, =—diag[T31 T, t33]],

T41 0 0 EdAd+ EdAd+
M =-74[ 0 T, 0 || A, |9 AL )
0 0 tul] [E\A. | [EWAy

M, =~wiag|(% -D,7,07) T,].
1_177 =—fdiai}§ _Dsz 1D1)T -B ]f:zBT _p13t63DbDbT ) 7;)1 722 t63[ ] ’
My =—7(1— )

Xdiai(]% -D,T,,D; —B,T;,B; —pthDdD; ) Ty Ty 1yl ]
In the above LMls, FE is given in (16),

Py = A (EL E,) 5 Py zvﬂ'max(EdTEd) | VAP Vi
A,_, A, are given by (13) and (14). T}, Iy are
structured matrices in X, corresponding to A (¢), T,
Ti, are structured matrices in X, correspondingto A, (¢),
and T, T,, T, are structured matrices in X,
corresponding to A,(¢). T,’s for i=2,3,4,6,7 are
diagonal matrices and ¢;’s for i=2,3,4,6,7 are scalars.
Moreover, a stabilizing controller is given by
u(t) =YX "'x(t).
Proof. To begin with, we consider the following input
delayed system without input sector nonlinearity.

x(t) = (4+D,A,(DE,)x(t) +(B+D,A, (DE, u(r) (24)

+(B, + DA, (OE, Ju(t —1(1))



With u(f) = Kx(¢),
xX(t = 17(8)) = x(1) j”() (£ +6)do
(A+D,A,(t+6)E,)x(t+6) (25)
+(B+D,A, (t+0)E,)Kx(t +0) do
+(B, +D,A,(t+0)E,)Kx(t—7(t+0)+0)
for ¢>7 . Using (25) in (24), we find that x(t) satisfies
. |:(A+D0Aa(t)Ea)+(B+DbAb(l)Eb)K:|
x(@) = x(2)
+(B, +D,A,(HE)K
—(B, +D,A,(1)E,)K (26)
(A+D, A, (t+0)E, )x(t+0)
<[, +(B+D,A,(t+0)E,)Kx(t+0) |d6.
+(B, +D,A,(t+0)E ))Kx(t—1(t +6)+0)
Consider the following uncertain time-delay system

E(r) = [(A +D,A,(DE,)+(B+ DbAb(t)Eb)K]é(t)

=x-["

+(B, + DA, (DE, K
~ (B, +D,A,(DE)K 27
(A+D,A,(t+60)E )E(t+0)
x fw) +(B+D,A, (t +6)E,)KE(t +6) de.
+(B, +D,A,(t+0)E )KE(t—T(t+0)+0)
EO=y(), Vie[-2T,0] (28)
where y(-) is the initial condition and 7(f) is a time

delay of the system (6), (7). As noted in [9], the global
uniform asymptotic stability of (27), (28) will ensure the
global uniform asymptotic stability of (6), (7) since any
solution of (6), (7) with u(¢) = Kx(¢) is also a solution of
(27), (28).

Let us take the following Lyapunov functional candidate
for the system of (27)

Vg.n=E"(0PEDO+W(E,0) (29)

where P >0 and W(,?) is given by (30).
AT(P-D,T,DT)"' 4+ E'T,'E, |
weE.n=[ | & )| +K'B'(P,-D,I,DI)'BK [(s)dsd
+K"EIT]'E,K
+ (L ,0? J‘l’fr(HGHG é r (?)|:KTB: (P3 _DdT7D; )71 BdK—

o E(s)dsd6
1—u +KTE'TE, K

(30)
In  (30), P,-D,T,D, >0,
P,-D,T,D} >0 and T,, T,, T, are structured matrices
corresponding to A (), A (), A, @)

P,-D,I,D] >0,

in X,
respectively. The time-derivative of &' (f)PE(t) along the
solution of (27), (28) is given by (31)
&' (PEN +ET (HPE()

_ ér(t){[(A +D,A,(DE,)+(B+DyA, (t)E;,)K} p
+(B, + DA, (DE K 31

P (A+D,A,(DE,)+(B+D,A,()E,)K

+(B, +D,A,(DE K

+1,6.0)+n,(E,0)+1,(8.1)

]}f ®

where
m&.n=-25"(P(B, +D,A,(VE,)K 9
<[ 4+ D,8,6+0)E, )6 +0) ke 42
n,&.0)=-25"()P(B, + D,A,(DE,)K
0
x Lm [(B+D,A,(t+6)E,)KE(t+6) 16
UE () :_25T(t)P(Bd +D,A,(OE K
%[ (B, + D, (+O)E, KE(t~t(t+6) +6)b

(33)

(34)

The time-derivative of W(&,f) along the solution of (27),
(28) is given by (35)
A"(P,-D,T,DI)' A+ E'T,'E,
+K"B" (P, -D,T,D] )" BK
+K"E[T]'E,K E(t)
1 \|kK"BI(P,-D,I,DIY"'B,K
(_J{ +K"EIT'E K }

w&n=7" ()

l—u

‘j_o;‘fr(”e)[f”(”l —D,1,D!)" A+ EIT;'E, E(t +0)do
0 K'B"(P,-D,T,D] )" BK

- §T(I+9)[ P (t +6)d6
-[—T +KTEZ-T61E1,K

+KTEIT'E,K
xE(t—T(t+6)+0)

_Jo gT(r—r(t+e)+e)[

-7

K'By (P, -D,T;D;)" BdK:I
0

For any nxn symmetric matrices P, >0,P, >0, P, S(? ?
applying Lemma 1 and Lemma 2 in Appendix to n,, 7,,
7N, and using the relations
P'-P-P,-P,>0, Q—-KP'K" >0, (36)
the time-derivative of V(€,r) along the solution of (27),
(28) is obtained from (31) and (35).
V(E ) <ET(){[(A+BK +B,K)" P
+ P(A+ BK + B,K)
+P(D,T,D, +D,T,D, +D,T,D; )P
+EI'T"E, +K"E/T,"E,K +K"E!T,'E K
. T_P[Bd OB; +B,QE (T, ~ E,QE) " E,0B]
+D,T,D]
+7[4" (B, -D,I,DIY" A+ E!T,'E,
+K"B"(P,-D,T,D;)"'BK +K"E/T,'E,K

ER
-u

+(#JKTE§ T E, K1)

P

(37)
where T7;, T, are structured matrices in X,
corresponding to A, (¢f), A,(t) respectively and 75, T,



are structured matrices in X, corresponding to A,(?).
Letting X = P™', (36) and (37) are equivalent to (38) by
using Schur complements and setting KX =Y .
le ZI2 Z13 Z14
z% I, 00| ’ |:QT Y}ZO’
X, 0 X, 0 Yy X
er4 0 0 Z,
X-B-P-P =0 (38)
where
T, =X4"+AX+Y"(B+B,))" +(B+B,)Y
+D,T,D! +D,T,D] + D,T,D} +TB,0B} +TD,T,D}
Z,= [XEaT YTEbT YTEdT]a Z; ZTBdQE;
s, =lxa” #XE" wY'B #Y'E! B! wY'E']
2y = —diag[Tl T, Ts]: Ly =—7(1, _EdQEdT)

1=

(P, -D, (1-p)
Iy X(B-D, .

xXTeD, ) . XL

xXT,D;)

In (38), 7,, I, are structured matrices in X,

(R-D,

X, =—7dia
“ xT,D])

5

corresponding to A_(¢), T,, T, are structured matrices
in X, corresponding to A,(¢t), and T, 7,, T, are
structured matrices in X, corresponding to A,(?).
Moreover, a stabilizing controller is given by
u(t)=YX"x(@1).

Now, we consider the structured uncertain system (6)
with input delay and input sector nonlinearity. Since (6)
can be represented by (21) and (21) is in the form of (24),
we apply the above results in (38) to (21). By replacing B,
D,, E,, B,, D,, E, with BA,,,

b s s +T b—T m b—T’ dfxay s
b, B p,0,E") [Eany 0 Ea)]. BA

[Dd B, pdDdEsT]’ [(EdAd+)T (A, ) (E;Adf)r]r’ we
obtain the conditions of the theorem by using scaling
matrices 7;, 75 corresponding to the structured
T, sl 1 i=2,6
corresponding to the structured uncertainty
diag[A, A,, A,] and diag[l, T, 1,1]i=3,47
corresponding to the structured uncertainty
diag[A . An A d3] respectively. In the scaling matrices,

uncertainty A,, diag [Tn

a

T, ’s are given by diagonal matrices and ¢, ’s are given
by scalars. a

For fixed ¢,’s and ¢€,’s, an upper bound of T
satisfying 0<7<7, 0<7({)<pu <l can be found by
solving the following quasi-convex optimization problem
based on Theorem 1 via LMI optimizations.

Maximize T
subject to X >0, A >0, P, >0, P >0, O0>0,
,>0, T,,>0, T,,>0, t,>0, 7,,>0, T, >0,

ty>0, 7,,>0, 7,,>0, t,>0, T,>0, T,>0,
T, >0, t;>0, T,,>0, T,>0, t,,>0, Y, (22)
and (23)

In the case of homogeneous nonlinearity, we can obtain
similar conditions as the above by letting ¢,, =€, =€ in
Theorem 1. In addition to this fact, we can see that if there
is not input sector nonlinearity, the LMI conditions of
Theorem 1 are reduced to those given in [2] with
€,=€,;=1, =0 and scaling constants instead of
structured scaling matrices in (22), (23). That is, in the case
of a constant input delay and norm-bounded unstructured
uncertainty without input sector nonlineraity, Theorem 1 is
the same as Theorem 3.1 in [2]. Hence, Theorem 1 is an
extension of Theorem 3.1 in [2] with input sector
nonlinearity and structured uncertainty added. Moreover,
Theorem 1 can be easily extended to the case of multiple
input delays.

In Theorem 1, we show LMI conditions for robust state
feedback control of uncertain systems with input
nonlinearity satisfying diag [81 £, ]S Nw)<I for
positive g;’s. Modifying these conditions with some
variables fixed, we can also find robust input sector bounds
€, ’s such that the given uncertain system is stable for any
input nonlinearity in these sector bounds by solving the
following successive LMI optimization problems.

Algorithm 1
STEP 1. Given scalars 7 >0 and pu>0, for some

values ¢,’s and ¢€,’s, which are chosen as
€, =&, =1 initially or found in Step 2, solve the LMI

problems of Theorme 1 for the corresponding LMI
variables such that the feasible LMIs are maximally
negative or positive.

STEP2. Given Y and Q>0 in Step 1, minimize

Zsbi +28dj subject to the following modified LMI

i=1 j=1
conditions for the LMI variables with &,,’s and ¢€,’s
added.

L, L, I I 0 L Ty Ty 7BALO ]
I L, 0 0 0 0 0 0 0
I 0 I, O 0 0 0 0 0
I 0 0 T, 0 0 0 0 0
EdA(H
0 0 0 0 I 0 0 0 7| A, |0
T <0
E, A,
I 0 0 0 0 r, 0 0 0
el 0 0 0 0 0 T, 0 0
Iy 0 0 0 0 0 0 Ty 0
AT T
TON,B] 0 0 0 O " A Al g 0 0 -70
X E, XE,,
(39)
0O Y
v x =20, X-B-P-PF =0 (40)

where



I, =X4" +AX +Y"(BA,, + B,A,,)" +(BA,, + B,A,,)Y
+D,T,D! +D,T, D] +BT,,B" + p;t,,D,D;
+D,T,D} +B,T,,B! + p}t,,D,D} +7D,T,, D}
+7B,T,B! +Tplt,,D,D!

T, =XE] T, =l ALE YA, Y'ALE,],

n,=lr'aLE] YN YIALE,]

n,=lpu’ =]

T, =[Y"AT B" 7Y'ATET YAl #'ALE ]

Ty =[r'A.B] #'ALE] TN, FYALE,]

T, =-T,, Ty =—diag[l,, T,, tnl],

T, =—diagly, T, 1,1],

T, 0 0
y=-t 0 7, 0 |.Ty=-Tdagl®-p,1,0]) 7],
0 0 ¢,

L, :_fdiai(Pz -DT,D; -BT,B —pytaD,D;) Ty Ty, t631]’
Iy =—7(1-p)

Xdiaé(}:é ~D,T,,D; =B, T,B; —ptD,0;) T T, 173[]

STEP 3. TIterate Step 1 and Step 2 until no significant

m 1
change occurs in the criterion Zsbi +28dj . In the
i=1 Jj=1
case of homogeneous nonlinearity, this algorithm can
be also applied to obtain robust input sector bound &

m m
with criterion € instead of ngi + 28 4 in STEP 2.

i=1 =1
Note that the smaller ¢, ’s and €, ’s are obtained, the

broader input sector bounds are found to guarantee
stability of the closed-loop system with a state feedback
controller.

3. Conclusion

In this paper, we have dealt with a robust control method
for some nonlinear control problems with an input delay.
By letting input nonlinearity in the sector bounds as a new
diagonal structured uncertainty, we transformed the control
problems with input nonlinearity into the robust control
problems of linear systems with only structured uncertainty.
Applying this idea, we obtained linear matrix
inequality(LMI) conditions for delay-dependent robust
stabilization of structured uncertain systems with input
delay and input sector nonlinearity. In addition to LMIs for
the fixed input nonlinearity, we also propose an iterative
LMI optimization algorithm to find robust input sector
bounds such that the given uncertain system is stable for
any input nonlinearity in these sector bounds.
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Appendix
Lemma 1[9]. For any z,ye R" and for any symmetric
positive definite matrix X € R™ , (A.1) holds.
-2z"y< X "z " Xy (A.1)

Lemma 2[10]. Let 4, D, E, A(¢) be real matrices of
appropriate dimension and A(f) be an element of A,

such that A(f)" A(t) <1 . Then the following three matrix

inequalities hold.
(a) For any block-structured matrix 7€ X, in (4.6), (A.2)

holds.
DAME+E"A()' D" <DTD" +E'T'E  (A2)
(b) For any matrix P=P" >0 and block-structured
matrix Te X, suchthat T -EPE’ >0, (A.3)holds.
(A+ DA(t)E)P(A+ DA(HE)" (A3)
< APA" + APE" (T — EPE")"'EPA" + DTD"
(c) For any matrix P=P" >0 and block-structured
matrix T e X, suchthat P—DTD" >0, (A.4) holds.
(A+ DA(H)E)" P7' (A + DA(t)E)

T T\-1 T -1 (A'4)
<A"(P-DTD"Y'A+E'T'E



