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ABSTRACT

The problem of variable structure guaranteed cost control for a class of
uncertain networked systems with state delay and communication delay
has been considered in this paper. Based on LMI approach, anew dliding
surface that can compensate delay has been designed. Then a variable
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structure guaranteed cost control controller is designed to make the system
state stable. Finally, a numerical example is given to demonstrate the

application and effectiveness of the proposed method.
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INTRODUCTION

Feed back control systemsin which the control
loopsare closed through areal timenetwork arecalled
networked control systems(NCSs)*3. Thedefining fea
tureof theNCSisthat informationisexchangedusnga
network. Many attractiveadvantages (for examplehigh
system testability and resource utilization, aswell aslow
requirement to weigh, space, power and wiring)of in-
troducing acommunication network into acontrol sys-
tems motivate the research on NCSs. NCSsis how
widely usedin process control, remote control, tele-
manipulation, robotsetc.

Recently agreat number of sudiesreportsonanay-
sisand modeling of NCSshave been conduced using
continuousand discrete model§29. By choosinganew
Lyapunov functiona, anew robust H_, stabilization cri-
terionfor networked control systlemswithtime-varying
network-induced delay and data packet dropoutisgiven

in™.Based onthe LM I approach, asufficient condition
isobtai ned using theinformation of both thelower and
upper bounds of the time-varying network-induced
delay. Based on Lyapunov stability theory combined
with LMI techniques, Yan givesanew del ay dependent
stability criteriafor the system in terms of LMI ap-
proach’®. And they analyze the delay-dependent as-
ymptotic stability and obtain maximum alowabledd ay
bound of NCSswith uncertaintiesand multipletime-
delays. Based on anew time-delay model proposed
recently which containsmultiple successive ddlay com-
ponentsin the state®. By constructing adiding mani-
fold that can compensates del ay, Fang obtain anovel
method for the stabilization of aclass of networked
control system with communication® Thenavariable
structure control isdesigned by LM approach.

The purposeof thispaper hasbeentodesignaguar-
anteed variablestructure controller to makethe uncer-
tain networked control systemswith state delay and
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network-induced del ay stable. Based on the Lyapunov
stability theorem, adiding manifold that can compen-
sate del ay has been designed by using LM approach.
Finally, anumerical exampleisgiventodemonstrate
the effectiveness of the proposed method.

PROBLEM FORMULATION

Inthispaper, aclassof red MIMONCSswithmany
independent sensors and actuators are considered.
Throughout thispaper, supposethat dl thesystem’s states
areavailablefor astatefeedback control. Thesensor is
clock-driven; thecontroller and actuator areevent-driven.
In the presence of the control network, datatransfers
between the controller and theremote systems. There-
forethere exist thecommunication delay between the
sensor and the controller and computational delay inthe
controller. Now we consider the following nomina
MIMO networked systemswith constant statetimede-
lay and networkedinduced timedelay®:

X(t) = AX(t) + A;x(t—d) + Bu(t—7)
X(t) = ¢(t) ~h<t<0 @

where x(t) e R"isthestatevector, u(t) e R™thecon-

trol input, d,z constantsrepresenting the state delay
and the network-induced delay of the system,
h=max{d,z} . ¢(t) isreal-vauedinitia functionon

[-h, 0]. A A, and B areknownreal constant matri-

ceswith appropriate dimensions.

In practicethe NCSsareadwaysinevitably present
someuncertaintiesbecauseitisvery difficult to obtain
anexact mathematicd modedueto environmenta noise,
al kindsof uncertainties, etc. Therefore, without | oss of
generality, we consider the following closed-loops
MIMO NCSswith structure uncertainties statetime
delay and network-induced del ay:

X(t) = (4+AAD)X(1) + (A, + AA (D) x(t —d)
+Bu(t-1)
X(t) = 4(t) -h<t<0

where AA(t) and 4A, (t) unknown matrices repre-

senting time-varying parameter uncertainties assumed
tobeof theform

@

[4A(t), 4A;()] = DF(1)[E, E,]
whereD, E and E, areknown real constant meatricesof
appropristedimensions. F (t) isunknowntime-varying
matrix function stisfying

FTOF@®) <I
The systems(2) can berewrite as

X(t) = AX(t) + Ajx(t—-d)+Bu(t—7z)+ f(t) @
where

f (t) = AAL)X(t) + AA, (D) x(t—d)

= DF (t)Ex(t) + DF (t)E x(t—d)
and
II£.C) 1<l DE [l x(8) [l + 1| DE [[ll x(t —d) |l

MAIN RESULTS

Thedesign of guar anteed cost variablestructure
controller

Now choosing thedliding mode surfacesuch as
S(t) =Cx(t)+ | CBu(s)ds+I" @

whereC isproper dimension constant matrix, satisfying
that cBisnonsingular, 1 isdiding mode compensator
that satisfies

I' =—C(A-BK)x(t) - CA,x(t—d)

where K isaundetermined constant matrix.
Withthenomina systemofy3  jywe have

$(t) = Cx(t) + CBu(t) —CBu(t —7) +I"
= CAX(t) + CA,X(t —d) +CBu(t - 7)
+ CBu(t) — CBu(t — 7) — CAX(t)

+ CBKX(t) - CA,x(t—d)

= CBu(t) + CBKXx(t)
If §(t) = 0ywe can obtain the equivalent controller
U, () = ~Kx(t) ©
Theoreml1

For the uncertain network control systemswith
delay (3), thestatewill hit thediding mode surface (4)
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infinitetimeif we choosethefollowing controller
U(t) = Ug (t) +uy (t) ()
where
Uy (t) =—(CB)*(Ks(t) + (I DE [l x®) |

+ || DE [l x(t—d) [l C [ +¢) sgn(s(t)))
Proof Selecting theLyapunov functiona suchas

% =35 Os)
With the controller (6) and Egs.(3-4), weobtainthat

Vi(r)=s"(1s(r)

=57 (N[ CAx(1) + CA;x(t —d) + CBu(t — 1)
+CF (1) + CBu(t) — CBu(t —t) + 1]

=57 (H[CAx(t) + CA,x(t—d)+CBu(t-1)
+Cf (1) + CBu(t) — CBu(t — ) — CAx(r)
+ CBKx(t) — CA,x(t —d)]

=" (N[Cf (1) + CBu, (1) + CBu, (f) + CBKx(1)]

=s" (NICF (1) = Ks(r) (|| DE || x() ||| C |
+|| DE, ||| x(t =) ||| C || +&) sgnls(1))]

<K | s |~ ()]

=0

From the aboveinequality, we know that the hitting
conditionissatisfied.
Thestability of theslidingmode
Lemma1®
TheLMI
Y(X) W(X)
>0
* R
isequivaentto
R(X) > 0yY(X) -W(X) R (XW' (x) > 0¥
Where Y(x) = YT (x) ¥ R(X) = R" (x) and W(x) de-
pendon x.
Lemma?2“
For given scalar ¢ > 0and matrices D,E,F
WIthETE < | Jthe inequality
DEF+E'F'D' <sDD" +¢'E'E
isdwayssatisfied.
Substituting Eq.(5) into (2), thediding-mode equation

BioTechnologqy —

isobtained

X(t) = AX(t) + A,x(t—d) + Bx(t - 7) )
where

A= A+DF(t)E

A, = A, + DF(t)E,

B=-BK

Sdlecting the guaranteed cost functional

J= j: X (£)Qx(t)dt ®
where Q e R™"isapositive-definite matrix undeter-
mined.

Theorem2

The diding-mode equation (7) is stable if there ex-
istsmx n matrix M ¥ nxn positive-definite matrix

X,R,T,Q andconstants &, > 0, ¢, > 0 suchthat the
followinglinear matrix inequdity holds

s AX -BM EX 0 |

* -R 0 0 EX

* ox T 0 0 |<O

* * * _gll 0 (9)
_* * * * —82|_

where

Y=AX+XA" +R+T +Q+¢DD" +¢,DD’
astablediding-modesurfaceisgiven by

s(f) = Cx(f) + j CBu(s)ds +T

Andwiththecontroller ythe sliding mode equation(7)
Is stable, the guaranteed cost functional satisfying
J < J' where

J =" (0)Px(0) + J._Z X7 (9)Rx(s) + J.i x7 ()Ix(s)ds

Proof Choosealyapunov functional candidatefor the
diding modeequation (7) asfollows:

V(1) = x" (t)Px(r) + [ X" (s)Rx(s)ds

+ J.:-.-— x7 ()Tx(s)ds

Whereare positive-definite matrices of systems(7) is
givenby

Hn Tudian Jounual
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V(r) = 2x7 () P[Ax(t) + A,x(t —d) + Bx(t — )]
+x" ()Rx(t) —x" (t—d)Rx(t — d)
+x" (OTx(t)—x" (t—7)Tx(t —7)
=2x" () PAx(t) + 2x7 (1) PA,x(t —d)
+2x" (1)PBx(t —7) + x" (£)Rx(1)
—x"(t—d)Rx(r —d) + x" (1) Ix(r)
—xT(t—1)Tx(t—7)
=2xT(t)P(A+ DF(t)E)x(t)
+2x7(t)P(4, + DF(1)E,)x(t—d)
—2x7 (1)PBKx(t — 1)+ x" (f)Rx(t)
—x"(t—=d)Rx(t —d) + x" () Tx(¢)
—xT(t—1)Tx(t—7)+x" (H)Ox(t)— x! (1)Ox(1)
=x" (1) (PA+A"P+R+T+0)x(1)
+xT () PA,x(t —d)+x" (t—d) 4] Px(r)
—2x7 (1)PBKx(t —1)—x" (t —d)Rx(t —d)
—x"(t—1)Tx(t— 1)+ 2x" (1)PDF (1) Ex(t)
+2x" (1)PDF(1)E,,x(t —d) —x" (1)Ox(t)
Withthelemma2, wecanobtain

V(t)<x"(1((PA+ A"P+R+T +O0)x(1)
+xT(t)PA,x(t —d) +x" (t —d) A Px(1)
—2x"(t)PBKx(t —7)— x" (t —d)Rx(t —d)
—x"(t—1)Ix(t —7) +x7 (t)e,PDD" Px(r)
+ ixr (1)ET Ex(t)+x" (t)e,PDD” Px(1)

&

|

+—x"(t—d)EJE x(t—d)—x" (1)Ox(t)

&,
< EOE - (NOx(r)
where
E=[x(r) x(t—d) x(t-1)
8 P4, —PBK
. 1
= * —RJr—JEanr 0 <0
&,
* -T

(10)

w,=PA+A"P+R+T+Q+&PDD'P

|
+—E"E+&,PDD'P
&
Pre- and Post-multiplying theinequality (10) by { P,
P1, P1} using somechangesof variablesX=P*M=KX,
weknow that theinequdlity(10)isequivdent to

v, 4,X —BM
¥ _XRX + iXEj? EX 0 |<0
g, (1)
k * ~-XTX
where

w, = AX + X4" + XRX + XTX + XOX

+&DD" + o g,DD’
61

By Lemmal and changes of variables R=XRX,
7 = xrx . 0= xox theinequality(11) isequivalent toin-
equaity(9).
Fromtheinequdity (10) or (9), wecanobtainthet - _
then thedliding-modeequation (7) isstable.
Withtheinequdity (10), wehave

V(1) < ETOE — " (N0x(r) < —x" ()Ox(1)
therefore

¢ B o i
L V(f)dt <— [D xT(H)Ox(¢)dr

If t > o0, then x(¢) - o0 and V(20)=w
Theaboveinequalityis

V(90) -V (0) < —j: X (1)Ox(¢)dt
l1.e.

j: XL (DOx(t)dt V(0)=J

where

J" = <% (0)Px(0) + j“d X (s)Rx(s) + J-ixr(s)fr(s)ds

NUMERICAL EXAMPLE

Consider the network control systemsintheform of
(3), where
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6 0 1 05 0
B=| |.4,= :
0 -38 1 0 —03
01 0 02 0 1 0
E= LE, = |.D= ,
0 0.1 0 01 0 1

{sim 0
F(r)=

A=

0 cost
d=0.1 7=0.2.
Solving thelinear matrix inequality (9), wecan obtain
thet

}, and select C=[1 0]

. [0.8053 02144] [ 25991 -0.8815
102144 09726 |-0.8815 0.7561
P_T1_3192 —0_29091R_ 2.6488 —0.9094
_]_f0.2909 1.0923 | | -0.9094 1.0317 |
- 25241 -0.8226

1208226 2.4682
Theinitid conditionsaregiven by
¢(r)=[1 —1]

Thegainmatrix K of thestabilizing controller ueq(t) and
the guaranteed cost functiona are obtained

K =[-0.4789 2.2648] :
J" = x"(0)Px(0) + fﬂd x (s)Rx(s) + f” X7 (s)Tx(s)ds

Thesmulationresultsare showninthefollowing two
figs

Intheabovefigures, onecan seethat thesystemis
well stabilized with respect to theadmissible uncertain-
ties.

CONCLUSION

In thispaper, we have presented anew approach
to stabilizethe uncertain network control systemswith
delay. Based onthe Lyapunov stability theory, and with
thelinear matrix inequality approach, asliding mode
surfaceisdesigned. Thenintermsof linear matrix in-
equality, asufficient conditionisexpressedto design
the guaranteed cost variable structure controller. An
exampleisprovided to demonstrate the effectiveness
of the proposed approach.
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