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Robust Reliable Control for Uncertain
Neutral Systems with Time-varying
Delays and 1QC Performance

Long-Yeu Chung!, Chang-Hua Lien®, Ker-Wei Yu? and Yuan-Shuo Hsu?

ABSTRACT

A robust reliable control with integral quadratic constraint (IQC) performance for a class of uncertain neutral
systems with state and input time-varying delaysis considered in this paper. Two classes of failure situations for
sensor or actuator arestudied. Inthefirst class, adday-dependent criterion for time-de ay system without perturbations
isproposed to design thereliable control with 1QC performance. Next, acriterion for uncertain time-delay systems
with parameter uncertaintiesis obtained via simple derivations. The linear matrix inequality (LMI) approach is
used to design arobust reliable state feedback control with 1QC performance. In the second class, areiable control
with |QC performanceis also provided from the previous method. A numerical exampleisgiven toillustrate the
effectiveness of the procedure.
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1. INTRODUCTION

In practica systems, the failures of sensor and actuator will destroy the stability and system performance.
Hence reliable controls have been introduced to tolerate some failures for sensors/actuators and maintains
the system stability and performance. Many approaches had been proposed to design reliable controls for
the outages of sensorsand actuators[1]-[5]. In[6]-[10], thereliable control of time-delay systems has been
studied. In [1], the Hamilton-Jacobi equation approach is used to design a reliable control for nonlinear
systems. In [3], an algebraic Riccati equation approach is presented to guarantee the closed-loop stability
and H_ performancein some admissible component failures. In[5], an LMI approach is provided to guarantee
the H_ performance for nonlinear system in some admissible component outages. On the other hand, the
system models contain always some uncertain elements and nonlinearities; these uncertainties and
nonlinearities may be due to unknown additive noise, environmental influence, poor plant knowledge, and
limitations of actuatorsor sensors. Hence arobust reliable control technology isto be developed to stabilize
the uncertain linear or nonlinear systems with sensor and actuator failures [1], [5]-[10]. In Ref. 6, matrix
and linear matrix inequalities have been proposed to design reliable controls with 1QC performance for
uncertain systems with input delay. In [7], reliable control problem for uncertain nonlinear systems with
multiple time delays has been solved by proposing some matrix and linear matrix inequalities. In[9], [10],
reliable controls for uncertain time-delay systems have been designed via a modified Riccati equation
approach. In[11], areliable control for uncertain fuzzy dynamic systems with time-varying delays has been
designed via the LMI approach.

Over the past few decades, the H_ control problem for uncertain systems with disturbance inputs has
been an active topic in control system theory and application [1], [4], [5], [9], [12], [13]. The H_ control is
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proposed to reduce the effect of the disturbance input on the regulated output to within a prescribed level.
There are many approachesto dealing the H_ control problem. Riccati equation approach was proposed to
designH_ control for time-delay system[12]. The Riccati equation and Hamilton-Jacobi equation approaches
have difficulties in finding feasible solutions and minimizing the H_-norm bound (y). In [4], the LMI
approach has been used to design areliable H_ control for agiven H_-norm bound y. Reliable control with
|QC performanceisageneralization of theH_ control problem[6], [8]. In[6], areliable control for uncertain
systems with input delay has been considered. In [8], arobust reliable control for uncertain systems with
input and state delays has been considered. In this paper, the LMI approach will be used to design reliable
control with IQC performance for uncertain neutral systems with both state and input time-varying delays.
The useful nonnegative inequalities and the Leibniz-Newton formula will be used to improve the
conservativeness and find delay-dependent stabilization results. Two types of faulty are considered in this
paper. A numerical example is given to show the main results of this paper.

2. RELIABLE CONTROL FOR UNPERTURBED NEUTRAL SYSTEMS WITH 1QC
PERFORMANCE

Consider the following neutral system with state and input time-varying delays:

X(t) = AX() + Ax(t = h(t))+ AX(t—z)+Bu' (t-7(t))

+B wWt)+ f(x(t),x(t—ht)),xt-7)), t>0, (1a)
2(t) = C,x(t)+ C,x(t - h(t))+ C,x(t — )+ D,u" (t —»(t))+ D,wt), t >0, (1b)
x(t)=g¢(t), te[-H,0] (1)

where x ¢ 3", X isstate at time t defined by x, (6) = x(t+6), VO <[-H,0],y" < ®™ isthe control input

of actuator or sensor fault, we ;' is the disturbance input, z < 9;9 is the regulated output. A € R™",
=012 B, eR™™, B, eR™, C eR¥,i=0,1,2, D, e R¥™,and D, € R*™' are somegiven constant

matrices. Thetime-varying delays satisfy 0< h(t)<h, 0<5(t)<7, i, 7 , ad t arenonnegative constants

with H =max{h,77,7}. The initial vector ¢ is a differentiable function on [-H, 0]. At first, the fault of
control input for actuator (or sensor) is described as follows:

u' (t) = Rut), (22)
where R is the actuator fault matrix with
R=diag[r,,r,,---,r ], O<r, <r <F,F >1,i=12--,m, (2b)

rpand 1, i=12,--, m,aresomegivenconstants. r, = 0 meansthat ith actuator or sensor completely fails,
r. = 1 meansthat ith actuator or sensor is normal.

Define
j At
Ro =dlag[l’10,l’20,--~,l’m0], lio = 2 (ZC)
. ru —I
Rizdlag[rlllrzr‘“:rml]a rilzT- (2d)

Hence the matrix R can be rewritten as
R=R +R-AJ, (2e)
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where
A =diag[jy, oo+, ] —1< J; <1,
The function f (x(t), x(t — h(t)), x(t - )) satisfies the following condition:

£7(x(t) x(t = h(t)), x(t - 2)) £ (x(t). x(t = h(t)), x(t - 7))
<xXT(O)CTTX(t)+ X" (t - h(t))A"Ax(t - h(t))+ X" (t — 7)o" x(t — 7). (2f)

whereI’, A, and 6 are some given matrices.

Definition 2.1. [8] Consider the system (1), with (2) and u(t)=—Kx(t); let the following conditions be
satisfied:

(i) With w(t) = 0, the closed-loop system (1), with (2) and u(t) = —Kx(t) is globally asymptotically

stable.
(if) With the zero initial condition (i.e. ¢ = 0), the signals w(t) and z(t) are bounded by

o) el [ne ne[ofeee vwerpome o

where IT is a given matrix, with I, > 0 and 7, < 0. In this condition, the system (1) with (2) is said to
satisfy the 1QC performance defined by 11 and the control law u(t) = —Kx(t) issaid to be areliable control
with IQC performance.

Remark 2.1. If wechooseIl, =1, 11 ,=0, I, =—*- |, the condition (3) can be written as

I”z(t)”zdt <) -I”W(t)”zdt |

Thisyields a standard H_ control problem. The parameter y > 0 is the H_-norm bound for the reliable
H_ state feedback control u(t) = —Kx(t) (see Ref. 5). Hence the reliable control with |QC performance can
be seen as a generalized reliable H_ control.

Thefollowing two lemmaswill beused to design areliable state feedback control with |QC performance.

Lemma2.1.[6], [8] Let U, V, W, X be real matrices of appropriate dimensions with X satisfying X = X.
Then

X+ UVW+WVUT<Q, fordl VIV<I,
if and only if there exists a scalar € > 0 such that

X+e-UUT+6WW=X+s"(s:U)e-U) +&- (W) (W)<0.

2

S
Lemma 2.2. (Schur Complement of [15]). For agiven symmetric matrix S={ *l S, ,Wwith g, =g,

S, =S, the following conditions are equivalent:
(i) S<0o

(i) S, <0, S, -S,S,S), <O0.
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Now, the reliable state feedback control u(t) = —Kx(t) will be designed from the following result.

Theorem 2.1. For aconstant p > 0, let there exist two constantse > 0, ¢ > 0, some nxn positive-definite
symmetric matrices p, Q, i=12,--,5, R, Eﬁ S, §ﬁ some 5nx5n positive-definite symmetric
matrices R,, R,, S, S, adsomematrices R,, R, S+ §, € ®°™", K e ®™", such that following
LMI conditions are satisfied:

Fﬂ Ez}o {Ru 52}0 Fu 52}0 {Sl 52}0 a
* Rl LY Ry LT Syl | * S,
Eu>ﬁ11’§11>§11’62>ﬁ2’62>522’64>§2’64>§§2’ (4b)

Q(Ab’ Al’ AZ’ Bu’BW’CO’Cl’CZ’ DU’DW):

Q, Q, 0 Q, 0 Q, Q, Qp Qy Q. O, 0 Q3 0 0
* 0 0 0 0 Q. 0 Q, 0 Q, O 0 Q. O
* + 0. 0 0 0O 0 0 0 0 O o o0 o0
* « * 0 0 Q. 0 Q, 0 Q, 0 Q, O 0 0
* « x « 0. 0 0 O O O O 0 0 0 0
ox o x x % 00 0p Qp Q 0 O 0 0 0 0
x o+« x x ¥ Q. Q. 0 Qp 0 0 0 0 Q
* ok ko kx k% e 0 Qg Qp 0 0 0 0
R S
T Y S S
T T T
T
N
A, 000 0O0O0OGO 0 O
0 000000O0O0OO
0 000000O0O0OO
0 000000O0O0OO
0 000000O0O0OO
/0 000000O0O0O0 0|<0
0 000000O0O0OO
0 000000O0O0O0O| ° (4c)
0 000000O0O0OO
0 000000O0O0OO
0 000000000 O
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where
A= RoA + ARL + RoA, + AIR] + 8,4, + ALS] + §,4, +AL8 +7-§, +h R,
A=[l -1 00 0A=[01 -1 0 0
A,=l 00 -1 0.A,=[o 0 01 —I]

lez BW+§C(-)I—H12, Q]_g:g'l ! QllO zﬁc(-)rl 111 =0 B Rl QllS_ PFT

{O

=p-PA", Q,=PCTl,,, Q,,=PC/, Q,, =PA", Qy=-Q,

Q4G=—p-RTRIBJ , Qs =—K'RID/TL,,, Q. =—K'RID], Q,,=-K",

Q. =-Q, Q,=h-Q+7-Q+Q-20-P,Q,=p-AP,Qy=p-B,,

Qp=pecl,Qyu=0-p-BR,Q, =-Q, Q,=PC]II,,

Q,,=PC}, Q. =P8, Qp=I1,,+ DI, +I1,D,, Qy, =D,

Q=0 HT D,R, Q= Hlll Qo =0-DR,

Qo= Qs = Qs = Qe =61, Q) =Q,,=—0- | .

Then, the system (1) with (2) is asymptotically stabilizable via the reliable control
u(t) = —Kx(t) = —KP *x(t) with 1QC performance.

Proof. Define the Lyapunov function as

V(x)=x (OPx(t)+ [ X (9Qx(g)ds+ ] (s—(t-h)} (s)Q,x(s)ds
+ j :7,7 X" (S)Q,x(s)ds+ I :7,7 (s—(t-7))x" (s)Q,x(s)ds+ j ; X" ()QsX(S)ds, (5)

where p-p150, Q=P'QP*>0, i=12,--,5. The time derivative of V(x) in (5), along the
trajectories of the system (1), with (2) and u(t) = —Kx(t), is given by

V(x)=[Ax(®) + Ax(t - h(t)+ Ax(t—7)+ Bu' (t-7(t)+ Bw()+ f [ Px(t)
X" (t)P[AX(t) + Ax(t—h(t)+ Ax(t—z)+ Bu' (t—n(t))+ Bw(t)+ f ]
X QX X (t—R)Rx(t—h) +h X Q1) [ % (s)Q.x(s

+ X (OQX() — X (t—7)Qux(t—77) +77 - X" (t)Qux(t j X" (s)Q,x(s)d

+X (D)QX() - X (t—7)Qx(t—7), (6)
where f is the abbreviation of f(x(t), x(t - h(t), x(t — z))). By the Leibniz-Newton formulas, we have
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: X(s)ds = x(t (t—ﬁ), (7a)
: x(s)ds = x(t)- x(t-7), (7b)
t x s)ds = x(t)— x(t — 7). (7¢)

t—

Define

XT=[x@) x(-ht) X(-R) x@-n@) xC-7)]-
From (44), we have

_[ :h(t)L:((S)}T { R;ﬂ EZ }{x( )}ds h(t)- XTR,X + 2X TR, [x(t) - x(t - h(t))]+ I :h(t)xT (SR,X(s)ds>0, (8a)

t-h

. { } = (A - h(t))- xTF}ux+2xTF}12[x(t—h(t))—x(t—ﬁ)]+jtlh(t)>'<T(s)R22 x(s)ds>0, (8h)

1ol |2 S0 0 20860 el 1 stonszo, o

LsHl }{ } ~(t) X§,X + 2X T8, [x(t - (t) - x(t-7)]+ [ K (S)5,x(s)ds> 0,

(8d)
where P=diaglP* P* P* P P P
{Ru Rlz_zlf,_ﬁu EZ_FA’>O F}u I%jz}:lslzﬁu E;z:lls>o
* Rel | * Ry LT Ry * Ry,
{Su Slz_:F‘,_gn §Z_|5>0 éu %}:ﬁlzéh 52}3>0
FoSe] LY Sy LS S,
From condition (2f), we have
X (O Tx()+ X" (t - h(t)) AT Ax(t - h(t))+ X" (t - 7)o" ex(t — ) £ f >0. 9)

From the system (1) with (28) and u(t)= —Kx(t), we have

- 2t)] [, T, [ ()
ORI ]
<[AX(E) + AX(t—h(t))+ AX(t —7)— B,RKXt —7(t))+ Bwt)+ f ] Px(t)
+ X (t)P[AX() + Ax(t —hit))+ Ax(t - f)— B RKx(t —n(t))+B, t)+ f]

X (OQX) X [t R)Rx(t—h) +h X (01~ [ % (s)Q.x(s



Robust Reliable Control for Uncertain Neutral Systems with Time-varying Delays and IQC Performance 73

+ X (H)QX() — X" (t—7)Qux(t —7) +77 - X (£)QX(t Iinx (s)Q,x(s)d

+X (D)QX(t) - X (t— 7 )Qx(t—7)

+[Cyx(t)+ Cx(t — h(t))+ Cx(t — ) - D,RKxX(t — (t))+ D Wt )] T1,,
[Cx(t)+ Cx(t - h(t))+ C,x(t — z)— D,RKx(t — 77(t))+ D, Wt )]

+2W (t)ITL,[Cox(t)+ Cx(t — hit))+ C,x(t — 7)— D,RKX(t — 7(t )+ D, w(t)]

+ W () w(t)

+h(t): XTR, X + 2X Ry [X(t) - x(t = h(t))]+ | tt—h(t) K" (s)R,,x(s)ds

+(A = h(t)) XTR,X + 2X TR, [x(t ~ h(t)) - x(t =h )]+ | :ﬁ“(‘) X" (S)R,X(s)ds

+ U(t)' XTSuX + ZXTSQ [X(t)_ X(t - 77(0)]"' J.i X (S)SZZ)'((S)dS

+7 = n(t))- XS, X + 2XT S, [x(t - n(t)) - x(t - )H X' ()S,.x(s)ds
—2p-X" (t)PX(t)

+p-X (t)P-[AXE) + AX(t —h(t))+ Ax(t —7)— B,RKX{t —7(t))+ B, wt)+ f]
+ - [AX(®) + AX(t=h(t))+ AX(t—7) - BRKXt - 7(t) + Bw(t)+ f] P-x(t)
+ et (XT(OrTTX()+ X7 (t - h(t))AT Ax(t - h( N+ X (=)o ox(t—7)— £ )
~275z- [ (HQu ~ R IX(s)ds— [ (6, ~ R s

[ KX S )x(es— [ () - 8. (sl
- h(t)' X' (ﬁu - Ru)x - 77(t)' X' (éu - Su)x d

where

2" =[@) x"(-h) xC-h) x"C-n) KC-7) K@) X (E-c)

_le Z12 O z14 O Z16 Z17 Z18 P

* ¥ 0 0 0 %, 0 %, O
*x + .0 0 0 0 O 0 A, O
x + x 0 0 %, 0 %, O 0 0
Y=|* * * * .0 0 0 0 [+/0 0
* ok x x k&3 3 3. p-P 0 0
ook ko x S, %, 0 | |0 O

* * * * * * * 288 0

* * * * * * * * _871 |

o O O O O

o O O O O

(10a)

© O O O O
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+ o |m)c, ¢, 0 -DRK 0 0 C, D, O
0 | (10b)

Ay =R,A, +ATRD + RLA, +ATRY + S,A, + ALSL + S,A, +ALS] +7-S, +h Ry,
A=[l =1 0 0 0,A=[0 1 -1 0 0],

A,=[l 0 0 -1 0,A,=[0 0 0 I —1],
T,=AP+PA+Q+Q+c "I, X, =PA, X,=—PBRK, 2, =p AP,
2,=PA, 2. =PB, +CIl,, Z,,=¢"-AA, Z,s=p AP, Z,=C/T],,,
Y=-Q,2s=—p -K'RBIP, 2,=-K'R'D/TL,, 2, =-Q,,
Y=h-Q+7-Q+Q -2p-P,2,=p-PA,Z,=p-PB,,2 =—Q+e&"00,
T ,=CI,, Xg =I1,,+ D I, +T1,D, .

Premultiplying and postmultiplying the matrix X in (10b) by

digP* P* P* Pt PP Pt Pl | >0

with p — p-1, we can obtain the following matrix with (3¢), K —kp, Q =PQP,i=1--,5,

2y i12 0 i14 0 216 iﬂ 218 -

* ¥, 0 0 0 X, 0 X, O

* x Y. 0 0O 0 0 O© 0 A, 0 0 0 O]

s+ + 0 0 Y., 0 ¥, 0 0 0000
Y= * * *x *x F..0 0 0 o [+|o0 o000 oO

Xk xS Y Y oo 0 0000

L A D YR S SN |0 00 0 O]

* * * * * * * SSS 0

_* * * * * * * * _8'|_
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A,

M|

M|

16:P'PAI’ Eﬂ

%=pP PN, Zy=PC/I,, $3=-Q, E46:_/0'|2TRTBJ’

PC,
PC/
0

~K'R'D]

0
0
PC,

T =—K'R'DI,,, g =-Q;,

L

h-Q+7-

Il o0 -1 0.A,=[0 0 0 |

A=[1 -1 00 0,A=[01 -1 0 0

1],

£,=PA +AP+Q+Q,+&¢*-PI'TP,3I,=AP. %,

Ay = ﬁlZKl +E_T2 + R12A1 + ATl R1T2 + §12K2 +Z2§1T2 + Slez +

AP, %,=B,+PCIl,, I, =¢"PA'AP,

i +Q—2p-P, Zg=p-AP,Zy=p-B,,

~B,RK,

$,=-Q+&1 PP, T,=PCl,, T =11, + D], +TILD, .

Define the matrix

M

™M M|
IN]

* *

*

0
0
T

>

=

4

* O O O

*

*0[1\4|OOOO

*

*

a1

M
2 5 8 5

«» Mo Mo

* *

*

-

i

L MMM o

N

*EﬁlngOOONl

*

*

o b

]

8

*

™

)
* M OO0 n OO OO

(m)'lc,P cP 0o -D,RK 0 0 G D, 0

(11)
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BR]1[oT 0] [BRT
0 0 0 0
0 0 0 0
. _ al al
A, 000 O 0 -K -K 0
0 000 04 0 AJ 0 + 0 AT 0
+/o 00 o0 of |AAR 0 0 PBR
0O 0000 0 0 0 o |, (12)
- - 0 0 0 0
' DR || 0] | o] | DR |

where
i:14 :_BuROK ' i:46 =—p KTRJBJ’ i:48 :_KTR(IDuTHn’ i:410 :_KTR(IDJ '
By Lemmas 2.1-2.2, we get that Q < 0in (4c) isequivalent to $ <0 in(12). By Lemma2.2, S <0 is

equivalentto " < 0 in(11). Condition ¥ < o isalso equivalentto ¥ < 0 in (10b). From (8), (9), (10a), and
> <0 with w(t)=0, there exists aconstant 1 >0 satisfying

V(X(t)jw(t):o +2' (O, 2(t)< -2 ||X(t)||2-

With T1,, > 0, we obtain the following condition:

VI, <O

Hence, the closed system (1)-(2) with u(t) = —Kx(t)=—KP *x(t)and w(t)=0 is asymptotically stable
[16], [17].

Integrating the function in (10a) from O to « and from X < 0, we have

i 43 e

0

With the zero initial condition (x, = 0), we have

V(x,)=0, limV(x(t))>0,

't

and

I T

By the Definition 2.1, the system (1)-(2) satisfies IQC performance.

O —38
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If the constaints of time-varying delays are given by:
0<h(t)<h, 0<#n(t)<7 . hit)<h, <1, 7#(t) <7, <1, (13)

where h, 77, h,, and n_ are some given constants. Then Theorem 2.1 can be rewritten as the following
result:

Corollary 2.1. For aconstant p >0, let there exist two constants ¢ >0, o >0, SOme nxn positive-
definite symmetric matrices 5, Q, i=12,7, R,, R,, S,. S, SOMe 5nx5n positive-definite

— ~

symmetric matrices R, R,, S, §,. ad somematrices R,, R, S, §, € ®°™, K e ™", such that
LMI conditions (4d)-(4b) and the following condition are satisfied:

Q(A.A,A,B,,B,.C,,C,,C,,D,,D, )=

éll 912 O 14 O Qlﬁ Ql7 QlB ng QllO Qlll O QllS O O
* Q, 0 0 0 Q 0 Q, 0 Q, O 0 0 Q,, O
* *x Q. 0 0O 0 0O 0 0 O 0 0 0 0 0
* 2« x 0. 0 Q. 0 Q, 0 Q, 0 Q, O 0 0
* x x x 0O 0 0 O 0 O 0 0 0 0 0
* * * * * QGG QG7 QGB QGQ O QGll O O O O
* * * * * * 0., Q. 0 Q. 0 0 0 0 Q.
* * * * * * Qg 0 Qg Qg 0 0 0 0
* * * * * * * * % 0 0 0 0 0 0
* * * * * * * * * QlOlO QlOll 0 0 0 0
* * * * * * * * * * Qllll 0 0 0 0
* * * * * * * * * * * 91212 0 0 0
* * * * * * * * * * * * 91313 0 0
* * * * * * * * * * * * * Ql414 0
A, 00 00O0O0OGO OO0 O]

0 000O0O0O0O0OOGO0O

0 000O0O0O0O0OOGO0O

0 000O0O0O0OOO 0O

0 000O0O0O0OOO 0O
+/0 00 00O0O0OOO 0[<0

0 000O0O0O0OOO 0O

0 0000000O0GOGO O (14)

0 0000O0O0O0OOO0O

0 0000O0O0O0OOO0O

|0 0000O0O0O0O0OO
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where

f}n = ﬁAJ + Ab§+61+63+66 +67’ ézz = _(1_hD)'66’ Q, :_(1_770)'67’
other matrices € , i, j =1, 2,---,15, and A, aredefined in Theorem 2.1. Then, the system (1) with (2) and
(13) isasymptotically stabilizable viathe reliable control u(t) = —Kx(t) = _Kﬁflx(t) with 1QC performance.

Proof. Define the Lyapunov functional as follows:

Ve)=V0)+ [ X (Qux(eds+ [ X (s)x(s)ds

where V(x, ) isdefined in (5), Q =P QP * >0, i =6, 7. This proof is same as Theorem 2.1.

3. RELIABLE CONTROL FOR UNCERTAIN NEUTRAL SYSTEMS WITH 1QC
PERFORMANCE

Consider the following uncertain neutral system with state and input time-varying delays.

X(t)= AX(E)+ AMX(E=h(t)+ At)x( - 7)+ B, (" (t - n(t)+ B, (wlt)

+ f(x(t), x(t—h(t)), %t 7)), t >0, (153)

x(t)=g(t), t e[~ H,0], (15b)

2(t) = C, (t)x(t)+ C,(t)x(t ~ h(t))+ C,(t)(t - )+ D, (thu' (t - (t))+ D,, (). t> 0, (15¢)
where

At)= A +AA(), Alt)=A+ () Az(t)=Az+AAz(t) Bu(t) B, +AB,(t),
B,(t)= B, + AB,(t),
D,(t)=D, +AD,(t),
A, A, A, B, B, Cy, C,C,, D, D,, aresome given constant matrices, AA|(t), AA(t), AA/t),
AB,(t), AB,(t), AC,(t), AC,(t), AC,(t), AD,(t), AD,(t), are some time-varying functions satisfying

{A'Ab(t) AA(t) AA) AB,(t) AB,(t)

M
{ X]F(t)-[NO N, N, N; N,] (15d)

M,, M,, N;, i=0,1 2,3, 4, are some given constant matrices, F(t) is real time-varying function with
appropriate dimensions and bounded as follows:

Ft)'-Fit)<l,Vvt>0.

With the result of Theorem 2.1 and by comparing system (1) and system (15), a result to design the
robust reliable control u(t)=—Kx(t) with IQC performance for system (15) is presented.
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Theorem 3.1. For aconstant p >0, let there exist some constants ¢ >0, >0, x>0, SOme nxn
positive-definite symmetricmatrices p, Q,, i =1 2,--+,5, R,, Ezz, S, §22 , SOMe5n x 5n positive-definite

— ~

symmetric matrices R, R,, S, §,. ad somematrices R,, R, S, §, € ®°™, K e ™", such that
that (4a)-(4b) and following LMI conditions are satisfied:

Q(A,A.A,B,B,.C,.C.C,D,.D,) A

A, <0, (16a)
where Q(A,A,A,,B,,B,,C,.C,,C,,D,,D,) is defined in (4c) and
M, PN,
0 PN/
0 0
0 -K'RN]
0 0
u-p-M, 0
0 PN,
A= ,U'HIzMz NI
0 0
#M, 0 (16b)
0 o-R'N]
0 0
0 0
0 0
L O O .
—u-l 0
Az{ /8 —y-l] (16c)

Then, the system (15) with (2) is asymptotically stabilizable by the reliable control
u(t) = —Kx(t) = —-KP x(t) with 1QC performance.

Proof: From the systems (1) and (15) with Theorem 2.1, a sufficient condition to design the reliable
control with 1QC performance for the system (15) is given by

Q(A(t). A(t), A(t), By (t) B,(t) Co(t). C(t).C, (1), D, (£), D, 1))
= Q('Ab' A.A,B,,B,, G, C.,C,, Dy, Dw) + ElF(t)E-IZ— + EZFT(t)EI '

where
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= =[M] 0000 p-M] 0 MIII, 0 M 0 0 0 0 0,
5;=[N05 NP 0 -N,RK 0 0 NP N, 00 o-N,R, 0 0 O o].
By Lemmas 2.1 and 2.2, condition (16) is equivalent to

Q(A(t) At). A (1) B,(t). B, () Cy(t).C,(t).C,(t). D, (t). D, (t)) < O.
The proof is completed.

Corollary 3.1. For aconstant p >0, let there exist some constants ¢ >0, >0, x>0, SOme nxn
positive-definite symmetric matrices 5, Q, i=12+,7, R,, R,, S,. S, SOMe5nx5n positive-

definite symmetric matrices R ,, ﬁu, S, §ﬂ, and some matrices R,, R,, S, §2 e R™, K e R™",
such that LMI conditions (4a)-(4b) and the following condition are satisfied:

Q(A)’A’AZ’Bu’BW’CO'Cl’CZ'Du’ DW) Al

<0

* AZ '
where (A, A, A, B,.B,,C,.C,,C,,D,,D,,) isdefined in (14), A, and A, are defined in (16b)-(16c). Then,
the system (15) with (2) and (13) is asymptotically stabilizable via the reliable control
u(t) = —Kx(t) = —-KP x(t) with 1QC performance.

In many practical systems, the actuator or sensor is working either in normal or completely faulty
conditions[8], [10]. When the actuator or sensor has some failures, the possible fault matrices Rin (2a) can
be rewritten as

R :diag[r]j,rz,-~-,rmi Jri=0orr;=1,j=12--,m,i=12--,N, (17)
where r;, j=1,2,--,m, i=12,--, N, are some given constants, but r; =0, for al j=1,2,---, m and
somei =1, 2,---, N (no input) are not allowed.

With the results of Theorems 2.1-2.2, the robust reliable control u(t)=—Kx(t) with IQC performance
for system (15) with (17) is provided in the following result.

Theorem 3.2. For aconstant p > 0, let there exist two constants e > 0, u > 0, some nxn positive-definite
symmetric matrices p, (ji, i=12--,5, R,, @2, §2, 522, some 5nx5n positive-definite symmetric
matrices R, R, S, S, ad somematrices R,, R, . S, §, e ®°™, K ¢ ®™", such that that (4a)-
(4b) and following LMI conditions are satisfied:

E'2('6\)"63"6‘2’Bu’BW'(:O’C:l’C:Z’Du’DW’R) Kli <O

. A, |0i=012N, (18a)

where A, is defined in (16¢), R, =1, and
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(18b)

Q 66 Q 67 Q 68 Q 69

*

Q78 0 Q710

Q

0
0

0
0

0
Qi N
Qi

QlOlO

£21313

000O0OO0OOOO

le

0O 00 0O0OOOOO
0O 00 0O0OOOOO
0O 00 0O0OOOOO

0O 00 0O0OOOOO
O 00 0O0OOOOO
0O 00 0O0OOOOO
0O 00 0O0OO0OOOO

+1 0 00 O0O0O0O0O0OTO O
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ﬁ =PI, ﬁ212 =PA", Q713 =Po", 521111 = 51212 = 51313 =—¢-1,
Q,,=-B,RK, Qs =—p-K'R'B], Qs =-K'R'DTI,, Q5o =-K'R'D] ,
other matrices Q;, i, j =1,2,---,15, and A,, are defined in Theorem 2.1. Then, the system (15) with (2a),

(2f), (17) isasymptotically stabilizable by thereliable control u(t) = —Kx(t) = _Kﬁflx(t) with1QC performance.

Proof: Under the vertex conditionsin (17), we have the following convex combination for the matrix
Rin (2a):

RzzN:ai ‘R, Via, =1
i=0 i=0

From the conditions (18), we have

F)(A},A&,A&,BU,BW,C .C,.C,,D,,D,,R) Z{l}

*

>

2

ial { A) Al AZ’ u’ W’*CO’C].’CZ’DU’DW’R) [[\\lj|<0.

From the spirit of Theorems 2.1 and 3.1, thiswill imply that the asymptotic stabilization for the reliable
control of the system with IQC performance under normal and failure situations has been achieved.

Corollary 3.2: For a constant p > O, let there exist two constants & > 0, u > 0, some nxn positive-
definite symmetric matrlces P, Q, ,i=142-,7, R,, |:zﬁ SB Sﬁ some 5nx5n positive-definite

symmetric matrices R, , Ru, S, sﬂ, and some matrices R,, R,» S, 3l e R, K e jy™", such that
LMI conditions (4a)-(4b) and the following condition are satisfied:

(AbAlAZ’ u? W’CO’Cl’CZ’Du’DW’R) Kl <O

. A, ,1=0,1,2,---,N, (19
where O(A,, A, A,,B,,B,.C,.C,,D,,D,,R) is defined by
(A) Al AZ’ u’BW’CO’Cl’Du’DW’R)=

Qll 912 0 Ql4 0 QlG Ql7 QlB ng QllO Qlll ~0 0
* QZZ 0 0 0 QZG 0 QZB 0 QZlO 0 QZlZ 0
* + 0. 0 0 O 0 0 0 © 0 0 0
* o+ x 0. 0 Q, 0 Q, 0 O, 0 0 0
* x o« x 0. 0 0 O 0 O 0 0 0
* * * * * QGG QG7 QGB QGQ 0 0 0 0
* * * * * * Q77 Q78 0 Q710 0 0 713
* * * * * * * o8 O leo 0 0 O
* * * * * * * * Qgg 0 0 0 O
* * * * * * * * * 91010 0 0 O
* * * * * * * * * * ﬁ]_]_]_]_ 0 O
* * * * * * * * * * * 51212 O
£ % x % k% %% " " x 8
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A, 0000 O0 O O O]
0 000000O0O0O
0 000000O0O0O
0 000000O0O0O
+/0 00000000
0 000000O0O0O
O 00000O0O0O0 O]
0 000000O0O0O
0 00000O0 O O

511=§'Ag +Ab§+61+63+66+67’ EZ22=_(:|-_hD)'66’ 544=_(1_’7D)'67’

other notations are defined in Theorem 3.1, Kl and A, are defined in (18b) and (16c), respectively. Then,
the system (15) with (2a), (2f), (13), (17) is asymptotically stabilizable via the reliable control

u(t) = —Kx(t) = —-KP x(t) with 1QC performance.

4. NUMERICAL EXAMPLE
Consider the uncertain neutral system (15) with the following parameters:

11 0 0 ~03 02 03 01
A - -1 0 -05 0O A= 0 02 03 03
o o0 1 1|, ]01 -02 02 02,
05 0 05 -0.1 02 01 02 03
01 01 01 01 2 1 04 03
0 005 -01 0.1 11 05 -05
A=a- B, = B, =
01 -01 01 0.1, 2 2|, 1 -05|,
01 01 01 01 11 05 03
C_00.200.8 D_O.80 D_0.40
°“lo 0 o0 05/'©%=C=0."T 1 o7/" " | 0 o5/
0.1
M. = 0 0.1
“ o2, M=l [, N;=[02 04 03 02], N,=[01 01 02 01],

0
N,=4-[01 02 01 02], N;=[0.1 02], N,=[0.2 0.1], r=A=6=0,

r>0,7=0125,7,=0, h, =0, h = 2.

(20)
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The obtained results with o = = 0.1 in this paper are formulated in the following.

(a) Consider the failure conditionin (2), 0.6<r, <1, 0.9<r, <11, and the IQC performance bound

1 0 01 02

{Hﬂ Hu} 0 1 02 01

I, I,| |01 02 -2 01]. (21)
02 01 01 -2

R - 08 0 R = 02 O
1o 1"t |0 o01f
By using Corollary 3.1 with p = 0.22, the system (15) with (2) and (20) is asymptotically stabilizable by
the robust reliable control

From (2c¢)-(2d), we have

u(t) = —KP x(t) = —{

with 1QC performance bound in (21).

0.2084 -0.7022 0.3597 0.1186 «
0.2418 0.6306 0.7472 0.7154

(t)

00
(b) Consider the fault matrix RFL J in (17) (the input u,(t) may completely fail in the future).

From Corollary 3.2 with p = 0.27, the system (15) with (17) and (20) is asymptotically stabilizable by the
robust reliable control

®)

u(t) = —KP x(t) = - X
0.4247 -0.6866 2.3032 0.7418

with 1QC performance bound in (21).

Even when in the specia condition oo = § = 0, the LMI conditions in our past results in Ref. 8 have no
feasible solution for the above two cases. The resultsin Ref. 8 cannot beused for any t >0, T, A, 0, a, p # 0.

0 0 0 0 }

5. CONCLUSION

In this paper, arobust reliable control with |QC performance for a class of uncertain neutral systems with
state and input time-varying delays has been considered. The asymptotic stabilization has been guaranteed
by our proposed reliable control via the LMI approach. A numerical example has been given to show the
use of our results.
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