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Summary

In practice, there inevitably exists the offset or disturbances
induced by actuator failures. This is an ignored problem in
integrity fault-tolerant control theory. In order to satisfy the
robustness of system, the closed-loop model of uncertain
networked control system with time-varying delay and actuator
failures is established aiming at a class of controlled objective
with uncertain parameters. The attenuation performance index of
system for fault is defined. Combing with fault-tolerant control
and guaranteed cost control, a fault-tolerant guaranteed cost
controller is designed adopting Lyapunov stability analysis
method. Simulation results indicate the controller can not only
guarantee the asymptotic stability, but also ensure the robustness
and anti-disturbance performance.

Key words:
Networked control systems, Fault-tolerant, Guaranteed cost,
Ttime-varying delay, Uncertain

1. Introduction

Networked control system (NCS) is a hot research area. At
present,many workes have been done about system
modeling,stability analysis,guaranteed cost controller
design and so on. Researches on robust guaranteed cost
controller ensure the stability and robustness of networked
control system. This meets the practical needs and has the
important meaning.

Guaranteed cost control is to design a controller which
not only makes uncertain closed-loop system stable, but
also limits the bound of certain performance index. In
Ref[1], guaranteed cost control of discrete networked
control system is studied aiming at time-varying delay.
Guaranteed cost control of networked control system is
given based on discrete jump system aiming at random
delay[2]. Yue[3] proposes guaranteed cost control based
on model given in Ref[4] aiming at quadratic
performances. In Ref[5], Hoo guaranteed cost control of
networked control system adopting proportion-integral
output feedback controller aiming at quadratic cost
function. For networked control systems with time-varying
delay less than one sample period and data-packet dropout,
a compensator is introduced to compensate the effect of
data dropout[6]. And NCS is modeled as a discrete
switched system with parametrical uncertainties. Based on
this model,a cooperative design approach of controller and
the compensator are given in terms of a group of linear

Manuscript received  June 5, 2009
Manuscript revised  June 20, 2009

matrix inequality. Guaranteed cost control of networked
control system with uncertain time delay adopting output
feedback controller is studied in Ref[7].

In existing achievements,guaranteed cost control of
networked control system with faults is not taken into
account. Otherwise, most of cotrol methods are given
based on discrete networked control system with constant
network-induced time delay. However, the robustness of
continuous networked control system with uncertainty and
time-varying delay is seldom considered.

In the paper, guaranteed cost controller of uncertain
networked control system with time-varying delay and
actuator failures is designed. Firstly, networked control
system with time-varying delay and actuator failures is
modeled. Secondly, the stability of closed-loop fault
system is analyzed considering zero disturbance caused by
actuator faults. When disturbance caused by actuator faults
is not zero, performance index reflecting disturbance
degradation is defined. And guaranteed cost controller is
designed in terms of Lyapunov stability analysis method.
At last, the validity of proposed method is validated by
two examples.

2. Modeling of The Closed-loop Fault Systems

Consider the continuous-time linear plant described by
state-space equations of the form

{x(t) = Ax(t) + Bu(t)
y(t)=Cx() 1)

x(t)e R" u(t)e R"

where is the state and is the control

input. Y O R s the output of plant. 4€ R™"is the state

matrix and B € R™™ i the input matrix. CeR™ s the
output matrix. And A4, B, C are constants matrices.
In this paper, it is assumed that:
(1)Continuous plant without network and state
feedback are stability or meet certain needs of control.
(2)Controller is time-varying and continuous.
(3)Noise of system is not taken into account. And no
error exist in communication.
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(4)Suppose d(0) is time delays caused by network

from sensor to controller. d(0) denotes time delays
caused by network from controller to actuator. Above time

delays are regarded as d(t)=d (O +d, (1) .
Under above assumption, system model considering
time-varying network-induced delay is obtained:

%(t) = Ax(t)+ Bu(t - d (1)) o)

d®)=d,(O+d.®

where is time-varying delay satisfied

0<d®=<r . Here,? is upper limit of time-varying delay.

Consider actuator failure, fault model of networked control
system is formed:

k() = Ax(t)+ BLu(t-d(®) + BU-L)f,() 3

L= dlag {I],Iza'“>|m}

where is actuator failure matrix

satisfied £#0 and L €¥ . Here, ¥ indicates an aggregate
containing all possible actuator failure matrixes.

1, i-th actuator is normal .
"0 i-th is fail V=L2,-,m
I-th actuator 1s failure
“4)

It is obvious that system is normal when L=I.

L=l , there exists actuator faults and AU is the
disturbance or offset caused by actuator faults.

Consindering uncertainty of system,AA(t) and AB®
are unknown limited coefficient matrixes. That is,
AAMDAA" (1) < 47 , AB()AB' (1) < BZ. Here,z eR™ and

BeR™ are known constant matrixes. If state feedback

controller is adopted shown as #®) =KXV ap0ve model
of system shown in formula(3) is transformed as follows.

X(t) = (A+AA(t)x(t) +(B+AB(t) LKx(t—d(t)+ BU-L)f,(t) (5)

Beasd on above-mentioned model, researches are
done aiming at different disturbance:

(1 Jo =0 eans that when actuator faults happen,
output of controller is zero. The goal of the control system
is to obtain sufficiency conditions ensuring the asymptotic
stability of closed-loop fault system and determine
proportion constant matrix of controller adopting
Lyapunov stability analysis method.

) If t a(t);tO’ the offset of faults is regarded as
unknown disturbance of system. In order to decrease the
influence caused by disturbance, degradation performance

shall satisfy lr®l <l (t)". Here,0<p<l. Corresponding

performance index is defined as

“r.T 20T
) 7J‘0 ENCHUOMPA (t)fa(t)}dt. The goal of the control
system is to determine proportion constant matrix of
controller which ensures the asymptotic stability of system
whether actuator fault happens and make J <0,

3 Design of Fault-tolerant Guaranteed Cost
Controller

3.1 Stability analysis of closed-loop fault systems

Theorem 1: Considering the system shown in formula(5),
for given positive constane X and 1, if there exist positive
definite symmetric matrix X, symmetry matrix Y and
positive scalars a, B, ¢, 1, 81, 82, the following linear
matrix inequality is satisfied:

Mll M]Z
M= <0 ©)
12 22

sta+pf+1-6,>0,al -5,4° >0

Then the system is exponentially asymptotically stable.
From a group of feasible solution (X,Y), controller with

K =YX is obtained, where
M, =XA" + AX +Y'L'B" + BLY +  A* + nB*
M,=[X Y twABL tAB tXA" X

o (E)YT}

M., =diag {~¢ 1, —n1,~wx(A -1, ~7(ad - 5,AN)],
—16,1,—1p1,—1p1,—f1,-1p1}
Proof: Based on Newton-Leibniz theorem,

Y'I'B" Y'I'B'B <Y’

Q)= fd([){[A+AA(t +O)xt+O)+B(I-L)f,(t+ 6‘))} do e
HB+AB(t+0)|LKx(t—d(t+0)+0)

The closed-loop model of fault system is rewritten:

x(t) =[(A4+AA(t)) + (B + AB(1)) LK ]x(t)
+BU-L)f,()-(B+ABOILKQ® (g

Construct a Lyapunov functiona asv(x’t) =Vi(x.0) +V2(x,t)'

V,(x,t) = x" (t)Px(t)
V, (x,1) =V, (x,1) +V,, (x, 1) +V,, (x, 1)
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=if i f X () A+ A [A+AA(]x()dIdO
a'-r t+6

+% [ J'l'_dwM x (YK [BL+AB(9+d(t+O)LT
<[B+AB(9+d(t+0)]LKx(9)d9dO
+ j° [ £ -L) BT BU - L)f,(9)d5d0
Along with random trajectory of system, the

derivative of V(x,t) is \/(x,t)=\/1(x,t)+\/z(x,t)_

Vi (x,1) = X" (D) Px(t) + x" () Px(t) )
=x" (O){[(A+AA(t)+(B+ABt)LKT P
+2x" (t)PB(I - L) £, (t) - 2x" () P(B+AB(t)) LKQ, (t)

-2x" (1)P(B + AB(t))LKQ,(t)
:—2fd(t)xT (OPB+ABU)LK(A+AAL+O)X(t+6)d0
~2f[, X OPB+ABOLK(B+ABI-+O)Xt-d(L+0)+6)0

07
2, ¥ OPB+ABO)LKBU-Df,(+0d0 (10)
Lemma 1[8]: For any vectors or matrices X,Y,Z and

any positive constants a>0 s B>0 s
inequalities are satisfied:

the following

XTY+YTXSaXTX+1—YTY
a
+2Z'Y < Bz Z +;—YTY

Based on Lemma 1, fomula (10) is rewritten as:

_2fdmxT (OP(B+AB(t)LKB(I - L) f,(t+6)d6
<zxT()P(B+AB(1)LKK" (BL+AB(t)L)" Px(t)
L SO~ DBTBU - 1) £,(t+0)d0

(1D

Now consider V2 (1) =Va, (6, 1) +V,, (x,1) + V3, (x, 1)

V,, (x,t) = Iy ()( A+ AA(D)) (A+ AA(L))x(t)
a
1 [ " ¥ (400 A+ M +0)) (A+ AL +O) Xt +6)d0
o
< éxT (1)(A+AA(1))" (A+ AA(L))x(t)

Lo T
- me (t+6)(A+AA(+6)) (A+AA(t+9))x(t+9)d€(12)

V,,(x,1) =§ X' ()K" (BL+AB(t+d(t+6)L))" (BL+AB(t+d(t+6)L)Kx(t)

_[l; [ ¥ t-d+0)+ 0K (BL+ABE+O)LY
(BL+AB(t+6)L)Kx(t—d(t+6)+0)do

s/% X' ()K" (BL+AB(t+d(t+6)L))" (BL+AB(t +d(t+6)L)Kx(t)

—éfmﬂ (t-d(t+6)+ )K" (BL+AB{t+6)L)

(BL+AB(t+6)L)Kx(t—d(t+6)+6)do (13)

Vo, () =7f," (I - L)B"B(I - L) £, (t)

~[' £+ 0xT - 1)BBU - L) £,(t+0)d0
<of (U -LD)B'BI-L)f, 1)
_Lm) £l @+0UI-L)B"B(I-L)f,(t+6)do (14)
With (9)-(14), the following inequalities are obtained:
V(xt) <X @) {(4+A40)HB+ABY)LK] P

+P(A+MEHBHABOMKT(t)+2x OPBI-D;(t)
‘(oSN ORAB+ABL)LKK (BL+ABt)L) Pot)

*i X XA+ (MO +7f, (I -DB BI-Df(t)
4% ¥ (O (BL+ABt+dt+OD) (BL+ABt -+t +ODK()
(15)

According to Lemma 1[8], the following inequalities
are obtained:

PAA(t)+ AA(t)" P < PA*P + ;—1

PAB(A)LK + KTL'AB(t)" P <5 PB*P + %KKT
%KT (BL+AB(t+d(t+6)L)) (BL+AB(t+d(t+80)L)K
:%KT[LTBTBL+2LTBTAB(t+d(t+9)L)

+ L AB" (t+d(t+6)AB(t +d(t+0)L)|K

< é K'[L B BL+L B B’BL+(1+ 0, (B)I1K

(16)

and AA pe NXN peq
M)A (t) < A

Lemma 2[9]: Let 4
matrices and assume inequality is
satisfied, where 4 is a symmetric matrix. Then for any

0<é&<l we have
(A+AA)(A+AA) S%AAT A7
—&

&
Let 5(a+ﬂ+1):§1’ then
r(a+ B +1)P(B+AB(t))LKK" (BL+AB(t)L)' P

(a+pB+1)° (a+ﬁ+1)ZEZ)P
(Z+ﬂ+1—é‘l é‘l (17)

<txP( BLL'B +
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where #tA+1=6>0 ko 4 given constant satisfying
k>0 and KK" <«xI
Lemma 3[9]: Let A and AA be NXN real matrices

T 52
MOM =<4 5 satisfied,

and assume inequality
where 4 is a symmetric matrix. Then for any O<e<l ang

-4 >0 we have
(A+AA)T(A+AA)SAT(I—S;IZ)’IA+1 ol
&

0 A4=0

G:{ herwi 8 =6
where I otherwise —y. @0 =0 , the following

inequalities are satisfied:

L X (t)(A+AMD) (A+A)x(t) < A (aI-5,4°)" A +5il]
o

2
Based on above inequalities, formula (15) becomes:
V(x,t) <x" (t(A' P+ AP+(BLK)' P+ PBLK)x(t)
+x' (t){(§P22P+%I+77Pl?2P+1KKT)
n

( (a+p+1) BLI B+ (a+p+1y )P
a+f+1-9 )

+ 7K P

+z'[AT(aI—62;12)"A+§lI]

2

+§ K'[L B'BL+L B' B*BL+(1+0>_ (B)I1K}x(t)

+2x" OPBUI-L)f,)+7f.,] A)I-L)B'BU-L) £,(t) (18)

If fa (t) =0 s
considered, then

X' OPB(I-L)f,t)+7f, t)YI-L)B"B(I-L)f,(t)=0
Vix,t)<x' (t)[ljlx(t)’

the stability of system is only

So formula(18) is simplified as
where

M =A"P+ AP +(BLK)' P+ PBLK +4’P22P+%1

Y0 PACAYARVE
5

B*)P
a+f+1-0, )

T

+EKT (L'B"BL+L'B"B’BL+(1+0,(B)K

LT (A" (al -5,4*)"' 4 +i1)+nPE2P
n 6, (19)

Therefore, if M<0, V(<0 That means the
closed-loop system express by (5) is stable.

According to Shur Lemma, M<0 is equal to matrix

inequality:
M — l:Mn Mlz:l <0
S
MIZ MZZ (20)
Where
M, =A"P+ AP+ (BLK)' P+ PBLK +( PA*P+nPB’P

M,=[1 K twAPBL wAiPB A" tI
tK'L'B" K'L'B'B 7K' to_ (B)K']

M,, =diag {~{1,-n1,~tx(A—3)1,~(ad - 5, A)],
—16,1,-1B1,—11,—1p1,—1f1}
Because matrix inequalities(20) is a nonliear matrix

inequality about P and K, it can not compute using Linear
Matrix Inequality toolbox. So diag{P", LI LLLLL LI, jg
multiplied with both sides of inequality(19). Let
X =P7" Y = KX | then above matrix inequality becomes
inequality (6). From a group of feasible solution as (X,Y),

controller with K =YX is obtained.

3.2 Design of fault-tolerant guaranteed cost controller
Theorem 2:Consider the system (5), for given positive
constane k, 1, p, if there exist positive definite symmetry

matrix X, symmetry matrix Y and positive scalar a, 8, {, 1,
01, 62, the following linear matrix inequality is satisfied:

M, 0
<0
0 M,

a+pf+1-6,>0 al-6,4>0

1)
S.t.

Then the system shown in formula(5) with K=YX" is
stable and J <0 When system is normal , M is rewritten

as MO.
M XC' B(I-L)
M, =| * -1 0
* *  —(pI-t(I-L) B"B(I-L)

Proof: Considering the performance index:
3= [Ty Oy®-p £7 O £ Jdt
. r[x(t) H M+cc PBUI-I) }[X(t) } &
O LO] |U-D'BP «(pI-(I-L) BBI-L)) | f.()
—V()
{ M+CC PBI-I) } 0

ir <0, U-D'BP A(pI-(I-D)BBI-D)| W

(pI-7(I-L)' B'B(I-1)>0

According to Shur Lemma, formula(21) is equal to
matrix inequality:

M C PB(I-L)
LS | 0 <0

* % —(pI-t(I-L) B'B(I-L)) 22)

Because fomula (22) is a nonliear matrix inequality, it
can not be computed using LMI toolbox. So
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diagtP", LLLLLLLLI s myltiplied with both sides of

inequality (22), we have

PPt pC B(I-L)
* -1 0 <0
* *  ~(pl-t(I-L) B'B(I-L)

(23)

Let X=P' Y=KX  then above matrix inequality
becomes:

M XC' B(I-L)
M= - 0 <0
* % —(pl-t(I-L) B'B(I-L)

(24)

If inequality(2) has solution, closed-loop system
shown in formula (5) can guarantee the asymptotic

stability and satisfy J<0,

4 Simulations Samples and Analysis

Consider a network control system with uncertain
parameters, the closed-loop model is
X(t) = (A+AA())x(t)+(B+AB(t)) LKx(t—d(t))+ B(I - L) f,(t)

-13 05 0.2sint 0 105
A= M= B=|
where 07 -18 , 0 02cost , 0 1 ,

0.2sint 0 1 0] - - (02 O
AB= C= A=B=
0 02cost 0 1 0 02

> > .

chosen as
d,(t)=d_,(t)=0.1+0.1sint
d(t)=0.2+0.2sint

In general, initial states are randomly
%O x©] =2 ' S
. Let

=04, Impulse signal is adopted as disturbance caused by
faults. If no actuator fault happens in control system,
L,=diag{Ll} L =diag{0.l}  I,=diag{L0} respectively indicate
1-th actuator fault or 2-th actuator fault.

Suppose

network-induced time-delay. So

A. Examplel: Fault-tolerant controller

Suppose k=15 Global optimal solution of inequality(6)
is obtained as [min=-0.0505 adopting LMI toolbox.
Because of tmn<0 [MI is feasible. And a group of
feasible solutions are obtained. That is,
F=R16505 =990  1=1082793 6 =1082793

E E E b}

S :157'6753, a=1102793 S=I19132 variable matrixes of
204171 —0.6198:| ¥ |:—19.UZ30 2.4639:|

the system is {4).6198 19.0000 i —8.6400 152 .

Proportion constant of fault-tolerant guaranteed cost
—0.9287 0.0994i|

controller is {_04481 ~0.8195 |

Beasd on above parameters, response curves of states
are shown in Fig.1.

04

— tomd — normal
----- 1-th actuator fault s 1-th actuator fault
15 --= 2-th actuator fault == 2-th actuator fault
1
H g
05
-0
0
0.5 -1
o R B 0 2y 4 B
X, (t) X, (1)

Fig.1 Response curves of states

It is obvious that whether actuator fault happens, the
controller can guarantee the asymptotic stability.

B. Example2:Fault-tolerant guaranteed cost controller

Suppose k=15 £ =09 is degradation degree of
disturbance. Global optimal solution of inequality (24) is

obtained as tmin=-0.0031 adopting LMI toolbox.

Because of tmin<0, LMI is feasible which ensure J <O.
And a group of feasible solutions are obtained. That is,

£=07415  p=0797  1=24106 6 =04106

> > > 5

% :0'4999, a:0-3508,ﬁ =13213  Variable matrixes of the
_{ 0.129 —0.0188} _{4).1554 0.0175}

system s -0.0188 0.1300 0.0601 -0.1148

Proportion constant of fault-tolerant guaranteed cost
-1.2109 4).0403}

controller is {—06076 -0.9705 |

Beasd on above parameters, response curves of states
are shown in Fig.2.

— a — normal
..... {l?trﬁr;ctuator Tault - 1-th actuater fault
15} -= 2-th actuator fault = 2-th actuator fanlt

X, (1) X, (1)

Fig.2 Response curves of states
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It is obvious that whether actuator fault happens, the
controller can not only guarantee the asymptotic stability,
but also ensure the robustness and anti-disturbance
performance.

4. Conclusion

Aiming at a class of controlled plant with uncertain
parameters, the closed-loop model of uncertain networked
control system with time-varying delay is established
considering disturbance caused by actuator fault. The
degradation performance index of systems for fault is
defined. Combing with fault-tolerant control and
guaranteed cost control, a fault-tolerant guaranteed cost
controller is designed adopting Lyapunov stability analysis
method. Simulation results indicate the controller can not
only guarantee the asymptotic stability, but also ensure the
robustness and anti-disturbance performance.
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