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RobustResilientGuaranteedCostControlforSingular
ImpulsiveSwitchedSystemswithTime飊varyingDelay*

时变时滞奇异脉冲切换系统的鲁棒弹性保成本控制

WANGQingzhi,ZONGGuangdeng**

王庆芝,宗广灯

(SchoolofEngineering,QufuNormalUniversity,Rizhao,Shandong,276826,China)
(曲阜师范大学工程院,山东日照暋276826)

Abstract:Thispaperfocusesontheproblemofrobustresilientguaranteedcostcontrolfora
classofsingularimpulsiveswitchedsystemswithtime飊varyingdelay.Basedonthemultiple
Lyapunovfunctionaltechnique,somesufficientcriteria,ensuringtheregularity,causality,and
asymptoticstability,areobtainedinitiallyforthenominalandunforcedsystems.Thentheresil灢
ientcontrollerisdesignedsuchthatthecorrespondingclosed飊loopsystem,foralladmissibleun灢
certainties,isregular,causalandasymptoticallystable,andthecostfunctiondoesnotexceeda
costupperbound.Further,aminimizationapproachofthelargestsingularvalueofmatricesand
aconvexoptimizationmethodareintroducedtoseektheoptimalrobustresilientguaranteed
costcontroller.Alltheconditionsarecastintotheformoflinearmatrixinequalities(LMIs)

throughingeniousprocessing.Finally,twoexamplesarepresentedtoillustratethelessconser灢
vativenessandtheeffectivenessoftheproposedresults.
Keywords:singularswitchedsystems,impulsiveswitchedsystems,resilientguaranteedcost
control,multipleLyapunovtechnique,linearmatrixinequalities(LMIs)
摘要:针对一类具有时变时滞的奇异脉冲切换系统,研究鲁棒弹性保成本控制问题.首先,基于多 Lyapunov泛函

技术,建立标称自由系统具有正则性、因果性及渐近稳定性的充分条件.然后,给出一个弹性保性能控制器的设

计方案,该方案能保证对所有容许的不确定性,闭环系统是正则的、因果的和渐近稳定的,且成本函数不超过某

个上界.并进一步运用矩阵最大奇异值的最小化方法和凸优化方法,求解最优鲁棒弹性保成本控制器.所有的充

分条件均巧妙地表示为线性矩阵不等式形式.最后,运用两个仿真实例验证本研究方法较少的保守性和有效性.
关键词:奇异切换系统暋脉冲切换系统暋弹性保成本控

制暋多Lyapunov技术暋线性矩阵不等式
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0暋Introduction

暋暋Switchedsystemshaveattractedconsiderable
attentioninrecentdecades[1飊7]whichincludeaseries
ofcontinuous飊timeordiscrete飊timesubsystemsand
aswitchingrulethatorchestratestheswitchingbe灢
tweensubsystems.Theycanbefoundinvarious
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real飊world systems such astransportation sys灢
tems[8飊9],electricpowersystems[10],communication
networks[11飊12],andchemicalprocesses[13].However,

singularphenomenaoftenexistinpracticalproces灢
sesmodeledbyswitchingsystemssuchasrobotics,

economics,chemistryandpowersystems.Wecall
thiskindofsystemsassingularswitchedsystems.
Thepastdecadeshavewitnessedconsiderablere灢
search on analysis and synthesis of singular
switchedsystems[14飊15].Inaddition,impulsesoften
takeplaceinvariousapplicationsmodeledbyswitc灢
hingsystems,whichmakesitmoreintricatetoana灢
lyzethepropertyofimpulsiveswitchedsystems.
Recently,some theoreticalresults on impulsive
switchedsystemsarereportedinliteratures,respec灢
tively[16飊21].
暋 暋Inactuallyphysicalprocesses,duetosome
physicalrestrictionsuchasresistanceerrors,A/Dor
D/Aconversion,finitewordlengthindigitalsys灢
temsandroundingofferrorsinnumericalcomputa灢
tion,itisimpossibletoimplementcontrollerpre灢
cisely,anditisimportanttotakethecontrollergain
perturbationsinto account during the designing
processofthecontroller.Ontheotherhand,therel灢
ativelysmallfluctuationofcontrollerparameters
mayleadtotheperformancedegradationorevenin灢
stability.Thetwoaspectsaboveinspireustodesign
acontrollerthatshouldbeabletotoleratesomelev灢
elsofcontrollerparameterperturbations.Thiskind
ofcontrollersareusuallycalledas“resilientcontrol灢
lers暠.Therefore,itisextremelyimperativetodesign
aresilientcontroller,andatthesametime,some
techniquesandapproachessolvingthisproblemhave
beenproposed.In [22],theproblemofnon飊fragile
hybridguaranteedcostcontrolisaddressedfora
classofuncertainswitchedlinearsystems.Anob灢
server飊basedresilientcontrollerisdesignedin[23]

forsingulartime飊delaysystems.Uptonow,justlit灢
tleattentionhasbeenpaidtodesignaresilientguar灢
anteed cost controller for singular impulsive
switchedsystemswithtime飊varyingdelay,which
stimulatestheauthors暞researchinterests.
暋 暋 Here,we mainlystudytherobustresilient
guaranteedcostcontrolproblemforaclassofsingu灢
larimpulsiveswitchedsystemswithtime飊varying

delay.Theoutstandingcontributionslieinseveral
aspects:Firstly,weconsidertheuncertainty,im灢
pulse,singularityandtimedelayinswitchedsys灢
temsatthesametime,whichthrowoutthegreater
challengefortheauthors;Secondly,forthesingular
impulsiveswitchedsystemswithtime飊varyingde灢
lay,thederivedconclusionscanapplytovarioussys灢
temssuchassingularswitchedsystems,impulsive
switchedsystems,andsingularimpulsivesystems,

whichfullydemonstratesthelessconservativeness
andthebroaderapplicability;Thirdly,uncertainties
existnotonlyinthesystemstructurebutalsointhe
resilientcontroller,whichmakeitmoredifficultto
simplifyandsolveinequalities;Fourthly,weintro灢
duceaminimizationapproachofthelargestsingular
valueofmatricesandaconvexoptimizationmethod
inthispapertoseektheoptimalrobustresilient
guaranteedcostcontroller;Finally,alltheconditions
arecastintolinearmatrixinequalities(LMIs),and
twoexamplesareprovidedtoillustratetheeffec灢
tivenessoftheproposedresults.
暋暋Notations暋Throughoutthispaper,Tdenotes
thetranspose.Rnrepresentsthen飊dimensionalEu灢
clideanspace.Z+isapositiveintegerset,Cstands
forcomplexdomain.MatrixP >0(P 曒0)means
thatPispositivedefinite(positivesemi飊definite),

andIisidentity matrix withappropriatedimen灢
sions.*standsforthesymmetricpartinablock
symmetricmatrix.

1暋Problemformulationandpreliminaries

暋暋Considerthefollowingsingularimpulsive
switchedsystemwithtime飊varyingdelay
暋暋毑(1):E晍x(t)=(A氁(t)+殼A氁(t))x(t)+ (A氂氁(t)+
殼A氂氁(t))x(t-氂(t))+B氁(t)u氁(t)(t),t曎tk,

暋暋殼x(t)=(C氁(t)+殼C氁(t))x(t),t=tk,

暋暋x(t)=毤(t),t暿 [-氂m,0],

wherex(t)暿Rnisthestate,氁(t):[0,+ ¥)曻M=
{1,2,…,m},m 暿Z+isapiecewiseconstantswitc灢
hingsignaltobedesignedwhichusuallydependson
timetorstatex(t),and氁(t)=iimpliesthatthei飊th
subsystemisactivated.u氁(t)(t)暿Rqisthecontrol
input.氂(t)isthetime飊varyingdelaysatisfying0<
氂(t)曑氂mand0曑晍氂(t)曑毺<1.毤(t)isadifferentia灢
bleinitialfunction.Ai,A氂i,Bi,Ci,i 暿 M,are

553广西科学暋2016年8月暋第23卷第4期



knownrealconstantmatricesofappropriatedimen灢
sions.E 暿 Rn暳n isasingular matrix with0 <
rank(E)=r <n.殼Ai,殼A氂i,殼Ci,i暿 M areun灢
knownrealnorm飊bounded matricesrepresenting
time飊varyingparameteruncertaintiesandsatisfying
暋暋殼Ai=N1iF1i(t)D1i,FT

1i(t)F1i(t)曑I, (1)

暋暋殼A氂i=N2iF2i(t)D2i,FT
2i(t)F2i(t)曑I, (2)

暋暋殼Ci=N5iF5i(t)D5i,FT
5i(t)F5i(t)曑I, (3)

whereN1i,N2i,N5i,D1i,D2i,D5iareknownconstant
matricesofappropriatedimensions.F1i(t),F2i(t),

F5i(t)areunknownmatrixfunctions,andtkisanim灢
pulsiveswitchingpointsatisfying0=t0 <t1 <t2 <
… <tk < …,k 暿 {0,1,2,…}.x(tk)=x(t-

k )=
lim
h曻0+

x(tk-h),x(t+
k )=lim

h曻0+
x(tk+h),殼x(tk)=

x(t+
k )-x(t-

k )=x(t+
k )-x(tk).

暋暋Associatedwithsystem毑(1),thecostfunction
isgivenby

暋暋J=曇
+曓

0
xT(t)Sx(t)+uT

氁(t)(t)Ru氁(t)(t)dt, (4)

whereSandRarepositivedefiniteweightedmatri灢
ces.
暋暋Forsystem毑(1),aresilientcontroller
暋暋u氁(t)(t)=(K氁(t)+殼K氁(t))x(t), (5)

isconsidered,whereKi,i暿Misacontrollergainto
bedesigned,and殼Ki,i暿 Mrepresentsaadditive
controllergainvariation whichhasthefollowing
form
暋暋殼Ki=N3iF3i(t)D3i,FT

3i(t)F3i(t)曑I,i暿M,
(6)

whereN3iandD3iareknownrealconstantmatrices,

andF3i(t)describestheuncertaintyofthecontroller
gain.
暋暋Definition1[15]暋Considerthepair(E,A氁(t)).
暋暋1.Foragiveni暿M ,thepair(E,Ai)issaidto
beregularifdet(sE-Ai)曎0,s暿C.
暋暋2.Foragiveni暿M ,thepair(E,Ai)issaidto
becausalifitisregularanddeg(det(sE -Ai))=
rank(E).
暋暋3.Thepair(E,A氁(t))issaidtoberegularand
causalifeverypair(E,Ai)isregularandcausal,

i暿M.
暋暋Definition2[15]暋Thesystem毑(1)with殼Ai=0,

殼A氂i=0,ui(t)=0,i暿 Missaidtoberegularand
causalifthepair(E,A氁(t))isregularandcausal.
暋暋Remark1暋Theexistenceanduniquenessofthe

solutionsofsystems毑(1) with殼Ai =0,殼A氂i =0,

ui(t)=0foreachi暿M,canbeensuredbyregulari灢
tyandcausality.
暋暋Definition3暋Forsystem毑(1),ifthereexista
switchingsignal氁(t),astatefeedbackcontroller
u氁(t)(t)intheformof(5),andapositivescalarJ*

suchthatforalladmissibleuncertainties,thecorre灢
spondingclosed飊loopsystemisregular,causal,as灢
ymptoticallystable,andthevalueofthecostfunc灢
tion(4)satisfiesJ 曑J* ,thenJ* issaidtobea
guaranteedcostandthecontroller(5)issaidtobea
robustresilientguaranteedcostcontroller.IfJ*

minis
theminimalupperboundoftheguaranteedcost,

thenJ*
minisknownasanoptimalguaranteedcostand

thecorrespondingcontrolleru*
氁(t)(t)iscalledanopti灢

malrobustresilientguaranteedcostcontroller.
暋暋Themainobjectofthispaperistoconstructa
switchingsignal,designarobustresilientguaran灢
teedcostcontrollerandgiveanupperboundofthe
costfunctionforsystems毑(1) .
暋暋Lemma1[24]暋LetY =YT,H,EandFbereal
matricesofappropriatedimensionswithFTF 曑I.
Thefollowingstatementsareequivalent
暋暋a.Y+HFE+ETFTHT <0,

暋暋b.thereexistsascalar毢> 0,satisfyingY +
毢HHT +毢-1ETE <0.
暋暋Lemma2[25]暋FormatrixQ曒0,ifthereisaze灢
roelementqionthemaindiagonallineofQ,then
thecolumnandrowwhichqiliesonarebothzero.

2暋Mainresults

2.1暋Stabilityanalysis
暋暋Inthissection,weinitiallyestablishstability
conditionsforthefollowingsystem毑(2).
暋暋毑(2):E晍x(t)=A氁(t)x(t)+A氂氁(t)x(t-氂(t)),

t曎tk,

暋暋殼x(t)=C氁(t)x(t),t=tk,

暋暋x(t)=毤(t),t暿 [-氂m,0].
暋暋Theorem1暋Considersystem毑(2) .If,forany
i暿M,thereexistconstants毬ij 曒0(j暿M),matri灢
cesQi >0,Xi 曒0,Zi >0,Pi,Yisuchthat
暋暋PiE=ETPT

i 曒0, (7)

暋暋殻1=
殻11 氂mAT

iZiA氂i-Yi+PiA氂i

* 氂mAT
氂iZiA氂i-(1-毺)Q

é

ë

ê
ê

ù

û

ú
ú

i
<0,

(8)
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暋暋 (I+Cj)TPiE(I+Cj)-PjE 曑0,i曎j,j暿M,
(9)

暋暋
Xi Yi

* (1-毺)ETZi

é

ë

ê
ê

ù

û

ú
úE
曒0, (10)

where殻11=PiAi+AT
iPT

i +Qi+氂mXi+Yi+YT
i +

氂mAT
iZiAi+毑

m

j=1
毬ij(Pj-Pi)E,

thenthesystem毑(2)isregular,causalandasymptot灢
icallystableunderastate飊dependentswitchingsig灢
nal
暋暋氁(t)=argmin{xT(t)PiEx(t),i暿M}. (11)

暋 暋Proof暋 Withoutlossofgenerality,letE =
Ir 0
*

é

ë

ê
ê

ù

û

ú
ú0
.Definethefollowing multipleLyapunov

functional
暋暋V氁(t)(t)=xT(t)P氁(t)Ex(t)+

曇
t

t-氂(t)
xT(s)Q氁(s)x(s)ds+

曇
0

-氂(t)曇
t

t+毬

晍xT(毩)ETZ氁(毩)E晍x(毩)d毩d毬,

anddesigntheswitchingsignal(11).
暋暋Whent暿 (tk,tk+1],supposethatthei飊thsub灢
systemisactivated.Thenoneobtains

暋暋Vi(t)=xT(t)PiEx(t)+曇
t

t-氂(t)
xT(s)Q氁(s)x(s)·

ds+曇
0

-氂(t)曇
t

t+毬

晍xT(毩)ETZ氁(毩)E晍x(毩)d毩d毬. (12)

From (11)andthecondition毬ij 曒0,weget

暋暋 毑
m

j=1
毬ij(Pj-Pi)E 曒0. (13)

暋暋Inthefollowing,wefirstlyprovethatsystem
毑(2)isregularandcausal.
暋暋CorrespondingtotheblocksofmatrixE,one
denotes

暋暋Xi=
Xi1 Xi2

* Xi

é

ë

ê
ê

ù

û

ú
ú

3

,Yi=
Yi1 Yi2

Yi3 Yi

é

ë

ê
ê

ù

û

ú
ú

4

,

Zi=
Zi11 Zi12

* Zi

é

ë

ê
ê

ù

û

ú
ú

13

, (14)

暋暋Pi=
Pi1 Pi2

Pi3 Pi

é

ë

ê
ê

ù

û

ú
ú

4

,Ai=
Ai1 Ai2

Ai3 Ai

é

ë

ê
ê

ù

û

ú
ú

4
.

Substituting(14)into(10),weobtain

暋暋

Xi1 Xi2 Yi1 Yi2

* Xi3 Yi3 Yi4

* * (1-毺)Zi11 0
* * *

é

ë

ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú0

曒0,

whichimpliesfromLemma2that

暋暋Yi=
Yi1 0
Yi3

é

ë

ê
ê

ù

û

ú
ú0
. (15)

From (7),thereholds

暋暋Pi=
Pi1 Pi2

0 Pi

é

ë

ê
ê

ù

û

ú
ú

4
. (16)

From (8),wehave
暋暋PiAi+AT

iPT
i +Qi+氂mXi+Yi+YT

i +

氂mAT
iZiAi+毑

m

j=1
毬ij(Pj-Pi)E <0. (17)

Bearing(13)andQi >0,Xi 曑0,Zi >0,氂m >0in
mind,onegetsfrom (17)

暋暋PiAi+AT
iPT

i +Yi+YT
i <0. (18)

Substituting(15),(16),Ai=
Ai1 Ai2

Ai3 Ai

é

ë

ê
ê

ù

û

ú
ú

4
into(18)

impliesPi4Ai4+AT
i4PT

i4 <0.Hence,Ai4isinvertible.
Thisshowsthatsystem毑(2)isregularandcausal[4].
暋暋Subsequently,wewillfocusonourattentionto
asymptoticalstabilityanalysis.
暋 暋 Due to the factx(t)- x(t - 氂(t))=

曇
t

t-氂(t)
晍x(毩)d毩,onecanrewrite毑(2)as

暋 暋毑曚(2):E晍x(t) = (Ai + A氂i)x(t) -

A氂i曇
t

t-氂(t)
晍x(毩)d毩,t曎tk,

暋暋殼x(t)=C氁(t)x(t),t=tk,

暋暋x(t)=毤(t),t暿 [-氂m,0].
CalculatingthederivativeofVi(t)informof(12)a灢
longwiththesolutionofsystem毑曚(2) ,onehas
暋 暋晍Vi(t)= 2xT(t)Pi[(Ai + A氂i)x(t)- A氂i

曇
t

t-氂(t)
晍x(毩)d毩]+xT(t)Qix(t)- (1-氂

·
(t))xT(t-

氂(t))Qix(t - 氂(t)) + 氂(t)晍xT(t)ETZiE晍x(t) -

曇
t

t-氂(t)
晍xT(毩)ETZiE晍x(毩)d毩 - ( - 晍氂(t))

曇
t

t-氂(t)
晍xT(毩)ETZiE晍x(毩)d毩. (19)

From (10),itiseasytoderive

暋暋
Xi Yi

* (1-晍氂(t))ETZi

é

ë

ê
ê

ù

û

ú
úE
曒0,

whichimplies

暋暋-2xT(t)PiA氂i曇
t

t-氂(t)
晍x(毩)d毩曑

曇
t

t-氂(t)

x(t)
晍x(毩
æ

è
ç

ö

ø
÷

)

T Xi Yi-PiA氂i

* (1-氂
·
(t))ETZi

æ

è

ç
ç

ö

ø

÷
÷

E

x(t)
晍x(毩
æ

è
ç

ö

ø
÷

)d毩 =

氂(t)xT(t)Xix(t)+2xT(t)(Yi-PiA氂i)·

曇
t

t-氂(t)
晍x(毩)d毩+曇

t

t-氂(t)
晍xT(毩)ETZiE晍xT(毩)d毩-
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氂
·
(t)曇

t

t-氂(t)
晍xT(毩)ETZiE晍x(毩)d毩. (20)

Substituting(20)into(19)gives

暋暋晍Vi(t)曑
x(t)

x(t-氂(t
æ

è
ç

ö

ø
÷

))

T

殻12 氂mAT
iZiA氂i-Yi+PiA氂i

* 氂mAT
氂iZiA氂i-(1-毺)Q

æ

è
çç

ö

ø
÷÷

i

x(t)

x(t-氂(t
æ

è
ç

ö

ø
÷

))
, (21)

where殻12=PiAi+AT
iPT

i +Qi+氂mXi+Yi+YT
i +

氂mAT
iZiAi .From (8)and (13),weconcludethat

晍Vi(t)<0.
暋暋Inordertoensuretheasymptoticstabilityof
system毑(2) ,weshallverifythatV氁(t)(t)donotin灢
creasealongwiththeswitchinginstants.Itissup灢
posedthatsystem毑(2)switchestoi飊thsubsystem
fromj飊thsubsystematt=tk .Thatistosay,氁(t)=
j,t暿 (tk-1,tk],and氁(t)=i,t暿 (tk,tk+1].Substitu灢
tingt=tkinto殼x(t)=C氁(t)x(t),wehavex(t+

k )-
x(tk)=Cjx(tk),thatis,x(t+

k )= (I+Cj)x(tk).
Thisequation,togetherwith(12),yields
暋暋Vi(t+

k )=xT(t+
k )PiEx(t+

k )+

曇
t+k

t+k-氂(t+k )
xT(s)Q氁(s)x(s)ds+曇

0

-氂(t+k )曇
t+k

t+k+毬

晍xT(毩)·

ETZ氁(毩)E晍x(毩)d毩d毬=xT(tk)(I+Cj)TPiE(I+

Cj)x(tk)+曇
tk

tk-氂(tk)
xT(s)Q氁(s)x(s)ds+

曇
0

-氂(tk)曇
tk

tk+毬

晍xT(毩)ETZ氁(毩)E晍x(毩)d毩d毬,

暋暋Vj(tk)=xT(tk)PjEx(tk)+

曇
tk

tk-氂(tk)
xT(s)Q氁(s)x(s)ds+

曇
0

-氂(tk)曇
tk

tk+毬

晍xT(毩)ETZ氁(毩)E晍x(毩)d毩d毬,

暋暋Vi(t+
k )-Vj(tk)=xT(tk)[(I+Cj)TPiE(I+

Cj)-PjE]x(tk).
By(9),thereclearlyholdsVi(t+

k )-Vj(tk)曑 0.
Hence,weconcludethatsystem毑(2)isasymptotical灢
lystable.Thiscompletestheproof.
暋暋Remark2暋Forthenominalandunforcedform
ofthesingularimpulsiveswitched system with
time飊varyingdelay,thistheoremdesignsthestate飊
dependentswitchingsignal,underwhichthegiven
systemisregular,causal,andasymptoticallystable
basedonthe multiple Lyapunovfunctionaltech灢
nique.Further,itshouldbeobservedthatthisresult

canalsoapplytovarioussystemssuchassingular
switchedsystems,impulsiveswitchedsystemsand
singularimpulsivesystems.Forimpulsiveswitched
systemsandsingularimpulsivesystems,thefollow灢
ingcorollariesstatetherelatedconclusions,which
canfullydemonstratetheuniversalityandpractica灢
bilityofthetheorem.
暋暋Corollary1暋Considerthefollowingimpulsive
switchedsystemwithtimedelay
暋暋毑曞(2):晍x(t)=A氁(t)x(t)+A氂氁(t)x(t-h),t曎tk,

暋暋殼x(t)=C氁(t)x(t),t=tk,

暋暋x(t)=毤(t),t暿 [-h,0].
If,foranyi暿M ,thereexistconstants毬ij 曒0(j暿
M),matricesQi >0,Pi >0suchthat

暋暋
PiAi+AT

iPi+Qi+ 毑
m

j=1
毬ij(Pj-Pi) PiA氂i

* -Q

é

ë

ê
êê

ù

û

ú
úú

i

<0, (22)

暋暋 (I+Cj)TPi(I+Cj)-Pj 曑0,i曎j,j暿M,

thenthesystem毑曞(2)isregular,causalandasymp灢
toticallystableunderastate飊dependentswitching
signal氁(t)=argmin{xT(t)Pix(t),i暿M}.
暋暋Remark3暋Theorem2inpaper[18]requires
thattheenergyfunctiondecreasesonthe whole
spaceRn,thatis,everysubsystemisstableonthe
wholespaceRn ,whilethiscorollaryjustrequires
thattheenergyfunctiondecreasesonthecorre灢
spondingarea毟i ,whichcanstandoutthemeritof
theresultproposedinthepaper.
暋暋Corollary2暋Considerthefollowingsingular
time飊varyingdelaysystem
暋暋毑熓(2):E晍x(t)=Ax(t)+A氂x(t-氂(t)),

暋暋x(t)=毤(t),t暿 [-氂m,0].
IfthereexistmatricesQ>0,X 曒0,Z>0,PandY
suchthat
暋暋PE=ETPT 曒0,

暋暋
殻 氂mATZA氂-Y+PA氂

* 氂mAT
氂ZA氂-(1-毺)

é

ë

ê
ê

ù

û

ú
úQ
<0,

暋暋
X Y
* (1-毺)ET

é

ë

ê
ê

ù

û

ú
úZE
曒0,

with殻=PA+ATPT+Q+氂mX+Y+YT+氂mATZA,

thensystems毑熓(2)isregular,causalandasymptoti灢
callystable.
暋暋Remark4暋Lemma2inliterature[23]studies
theconstanttimedelaywhilethiscorollarypresents
thecorrespondingresultsforthetime飊varyingde灢
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lay.
暋暋Corollary3暋Considersystem毑(2) .If,forany
i暿M ,thereexistconstants毬ij 曑0(j暿M),matri灢
cesQi>0,Xi曒0,Zi>0,Pi,Yisatisfying(7),(8),
(9),(10),thensystem毑(2)isregular,causalandas灢
ymptoticallystableunderaswitchingsignal
暋暋氁(t)=argmax xT(t)PiEx(t),i暿{ }M .(23)

暋暋Remark5暋When毬ij 曑0,thiscorollarydesigns
anewstate飊dependentswitchingsignal(23),which
differsfrom Theorem1.Inaword,thiscorollary,

togetherwithTheorem1,showstwodifferentca灢
ses.
2.2暋Performanceanalysis
暋暋BasedonTheorem1,wearenowintheposition
toprovidethesufficientconditionsontheexistence
ofarobustresilientguaranteedcostcontrollerfor
system毑(1) .
暋暋Theroem2暋Considersystem毑(1)withthecost
function(4).If,fori暿 M ,thereexistscalars毬ij 曒
0(j暿 M),matricesQi >0,Xi 曒0,Zi >0,Pi,Yi

satisfying(7),(10)and
暋暋殻2 =

殻21 氂m (Aki+殼Aki)TZi(A氂i+殼A氂i)-Yi+Pi(A氂i+殼A氂i)

* 氂m (A氂i+殼A氂i)TZi(A氂i+殼A氂i)-(1-毺)Q
é

ë
êê

ù

û
úú

i

<0, (24)

暋暋 (I+Cj+殼Cj)TPiE(I+Cj+殼Cj)-PjE 曑
0,i曎j,j暿M, (25)

where
暋暋殻21=Pi(Aki+殼Aki)+(Aki+殼Aki)TPT

i +
Qi+氂mXi +Yi +YT

i +氂m(Aki +殼Aki)TZi(Aki +
殼Aki)+S+(Ki+殼Ki)TR(Ki+殼Ki)+

毑
m

j=1
毬ij(Pj-Pi)E,

暋暋Aki=Ai+BiKi,殼Aki=殼Ai+Bi殼Ki,

andastate飊dependentswitchingsignal(11),then
controller(5)isarobustresilientguaranteedcost
controllerforsystem毑(1)withtheperformanceup灢
perbound

暋暋J* =毤T(0)P氁(0)E毤(0)+曇
0

-氂(0)毤
T(s)Q氁(s)毤(s)·

ds+曇
0

-氂(0)曇
0

毬

晍毤T(毩)ETZ氁(毩)E毤
·
(毩)d毩d毬.

暋暋Proof暋Whent暿 (tk,tk+1],assumethatthei飊
thsubsystemisactivated.Applyingthecontroller
(5)tosystems毑(1)resultsinthefollowingclosed飊
loopsystem

暋 暋毑(3):E晍x(t)= (Aki + 殼Aki)x(t)+ (A氂i +
殼A氂i)x(t-氂(t)),t曎tk,

暋暋殼x(t)=(Cj+殼Cj)x(t),t=tk,

暋暋x(t)=毤(t),t暿 [-氂m,0].
BasedonTheorem1andR >0,S>0,itiseasyto
obtainthattheclosed飊loopsystem毑(3)isalsoregu灢
lar,causalandasymptoticallystablebyreplacing
Ai,A氂i,CjwithAki+殼Aki,A氂i+殼A氂i,Cj+殼Cj .
Inthenext,weshallprovethatthereexistsaposi灢
tivescalarJ* suchthatthevalueofthecostfunc灢
tion(4)satisfiesJ 曑J* .Similartotheproofof
Theorem1,whent暿 (tk,tk+1],onehas
暋暋晍Vi(t)曑
x(t)

x(t-氂(t
æ

è
ç

ö

ø
÷

))

T 殻22 殻23

* 殻
æ

è
ç

ö

ø
÷

24

x(t)

x(t-氂(t
æ

è
ç

ö

ø
÷

))
,

where
暋暋殻22=Pi(Aki+殼Aki)+(Aki+殼Aki)TPT

i +
Qi+氂mXi +Yi +YT

i +氂m(Aki +殼Aki)TZi(Aki +

殼Aki)+毑
m

j=1
毬ij(Pj-Pi)E,

暋暋殻23=氂m (Aki+殼Aki)TZi(A氂i+殼A氂i)-Yi+
Pi(A氂i+殼A氂i),

暋暋殻24=氂m (A氂i+殼A氂i)TZi(A氂i+殼A氂i)-(1-

毺)Qi.
From (24),wederive
暋 暋晍Vi(t)<-xT(t)[S + (Ki+殼Ki)TR(Ki +
殼Ki)]x(t), (26)

whichgivesriseto

暋 暋J =曇
+曓

0
xT(t)Sx(t)+ uT

氁(t)(t)Ru氁(t)(t)dt =

lim
氀曻曓

毑
氀

k=0
ttk+1

t+k
xT(t)[S + (K氁(t) + 殼K氁(t))TR(K氁(t) +

殼K氁(t))]x(t)dt <-lim
氀曻¥

毑
氀

k=0

tk+1
t+k

V
·

氁(t)(t)dt=-lim
氀曻¥

[-

V氁(0)(0)+毑
氀

k=0
(V氁(tk)(tk)-V氁(t+k )(t+

k ))+

V氁(t氀+1)(t氀+1)]曑V氁(0)(0)=J* .
Therefore,byDefinition3,controller(5)isarobust
resilientguaranteedcostcontrollerforsystem毑(1)

withtheperformanceupperboundJ* .Theproofis
completed.
暋暋Remark6暋BasedontheTheorem1,thistheo灢
remfurtheranalyzestheperformanceofthesingular
impulsiveswitchedsystemwithtime飊varyingdelay.
Itisnecessarytopointoutthatthecontrollerde灢
signedinTheorem2isnotonlyaguaranteedcost
controllerbutalsoaresilientcontroller.Inaddition,
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thereexistuncertaintiesinthesystem structure,

which,togetherwithuncertaintiesinresilientcon灢
troller,makeitmoredifficulttosimplifyinequali灢
ties.Thecorrespondingprocesswillbestatedinde灢
tail.
暋暋Remark7暋Thepaper[23]designsarobustre灢
silientguaranteedcostcontrollerfortheuncertain
singulartime飊delaysystem,butthemainresultsin
[23]failto work whenimpulsivephenomenaor
switchingbehaviorsoccur.Onthecontrast,this
theoremisfeasibleforthecasethatimpulsivephe灢
nomenaandswitchingbehaviorstakeplaceatthe
sametime.Obviously,Theorem1inliterature[23]

isthespecialcaseofthistheorem,whichshowsthat
thisconclusionhasthebroaderapplicationandless
conservativeness.
暋暋Remark8暋Itshouldbeobservedthatthepaper
[18]ignoresuncertaintiesofimpulses.Here,itis
moremeaningfultoaddtheuncertainterm殼C氁(t)to
thesystem matrix,whichtosomeextentcanreflect
some uncertainties ofimpulsive phenomena.Be灢
sides,comparedwiththepaper[18],themorecom灢
plexsystemsareconsideredandthemoreinforma灢
tioninLyapunovfunctionalareaddedinthistheo灢
rem.
暋暋Corollary4暋Considersystem毑(1)withthecost
function(4).If,fori暿 M ,thereexistscalars毬ij 曑
0(j暿 M),matricesQi >0,Xi 曒0,Zi >0,Pi,Yi

satisfying(7),(10),(24),(25),andastate飊depend灢
entswitchingsignalsatisfying(23),thencontroller
(5)isarobustresilientguaranteedcostcontroller
forsystem毑(1) withtheperformanceupperbound
J*intheformof(26).
2.3暋Therobustresilientguaranteedcostcontroller
design
暋 暋In Theorem 2,uncertainterms殼Ai,殼A氂i,

殼Ki,殼Cjexistinconditions,whichmakesitimpos灢
sibletosolveinequalities.Therefore,howtoremove
uncertaintermsisthekeytoovercomethisprob灢
lem.Here,bytheLMIstechnique,thefeasiblecon灢
ditionssolvingarobustresilientguaranteedcost
controller for systems 毑(1) are presented in
Theorem3.
暋暋Theorem3暋Considersystem毑(1)withthecost
function(4).If,foranyi暿M ,thefollowingcondi灢

tionshold
暋暋a.thereexistscalars毬ij 曒0(j暿M),毸i>0,毢i>
0,氀j >0,matricesQi >0,Xi 曒0,Zi >0,Pi,Yi,Gi

satisfying(7),(10)and

暋暋殻3=
毇11 毇12

* 毇
é

ë

ê
ê

ù

û

ú
ú

22
<0, (27)

暋暋殻3=
-I Gi(I+Cj) GiN5j

* -PjE+氀jDT
5jD5j 0

* * -氀j

é

ë

ê
ê
êê

ù

û

ú
ú
úúI
曑0,

i曎j,j暿M, (28)

where

暋暋毇11=

殻31 殻32 殻33 I 毸iPiBi

* 殻34 氂mAT
氂i 0 0

* * -氂mZ-1
i 0 0

* * * -S-1 0
* * * * -R-

é

ë

ê
ê
ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú
ú
ú1

,

暋暋殻31=PiAi +AT
iPT

i +Qi +氂mXi +Yi +YT
i +

毑
m

j=1
毬ij(Pj-Pi)E+毢i(DT

1iD1i+2DT
3iD3i),

暋暋殻32=PiA氂i-Yi,

暋暋殻33=氂m(AT
i +毸iPiBiBT

i ),

暋暋殻34=毢iDT
2iD2i-(1-毺)Qi,

暋暋毇12=

PiN1i PiBiN3i PiN2i 0 2毸iPiBi

0 0 0 0 0
氂mNN1i 氂mBiN3i 氂mN2i 0 0

0 0 0 0 0
0 0 0 N3i

é

ë

ê
ê
ê
ê
ê
ê
êê

ù

û

ú
ú
ú
ú
ú
ú
úú0

,

暋暋毇22=

-毢iI 0 0 0 0
* -毢iI 0 0 0
* * -毢iI 0 0
* * * -毢iI 0
* * * * -

é

ë

ê
ê
ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú
ú
úI

,

暋暋PiE=GT
iGi ,

暋暋b.thereexistsastate飊dependentswitchingsig灢
nalsatisfying(11),thencontroller(5)isarobust
resilientguaranteedcostcontrollerforsystem毑(1).
Here,thecontrollergainis
暋暋Ki=毸iBT

iPT
i , (29)

andtheperformanceupperboundJ*canbegivenin
theformof(26).
暋暋Proof暋Using (27),(29),andSchurcomple灢
mentlemma,weobtainthat殻3 <0isequivalentto

暋暋
殼11 殼12

* 殼
é

ë

ê
ê

ù

û

ú
ú

22
<0, (30)
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where
暋暋殼11=

殻35 PiA氂i-Yi 氂mAT
ki I KT

i

* 殻34 氂mAT
氂i 0 0

* * -氂mZ-1
i 0 0

* * * -S-1 0
* * * * -R-

é

ë

ê
ê
ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú
ú
ú1

,

暋暋殻35=PiAki+AT
kiPT

i +Qi+氂mXi+Yi+YT
i +

毑
m

j=1
毬ij(Pj-Pi)E+毢i(DT

1iD1i+2DT
3iD3i),

暋暋Aki=Ai+BiKi,

暋暋殼12=
PiN1i PiBiN3i PiN2i 0

0 0 0 0
氂mN1i 氂mBiN3i 氂mN2i 0

0 0 0 0
0 0 0 N3

é

ë

ê
ê
ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú
ú
ú

i

,

暋暋殼22=
-毢iI 0 0 0
* -毢iI 0 0
* * -毢iI 0
* * * -毢i

é

ë

ê
ê
ê
ê
êê

ù

û

ú
ú
ú
ú
úúI

.

From (30),wecanderive
暋暋 H1+毰iDDT +毢-1

i NTN <0, (31)

where
暋暋 H1=

殻36 PiA氂i-Yi 氂mAT
ki I KT

i

* -(1-毺)Qi 氂mAT
氂i 0 0

* * -氂mZ-1
i 0 0

* * * -S-1 0
* * * * -R-

é

ë

ê
ê
ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú
ú
ú1

,

暋暋殻36=PiAki+AT
kiPT

i +Qi+氂mXi+Yi+YT
i +

毑
m

j=1
毬ij(Pj-Pi)E,

暋暋DT =

D1i 0 0 0 0
D3i 0 0 0 0
0 D2i 0 0 0
D3i

é

ë

ê
ê
ê
ê
êê

ù

û

ú
ú
ú
ú
úú0 0 0 0

,

暋暋NT =

PiN1i PiBiN3i PiN2i 0
0 0 0 0

氂mN1i 氂mBiN3i 氂mN2i 0
0 0 0 0
0 0 0 N3

é

ë

ê
ê
ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú
ú
ú

i

.

Define

暋暋F(t)=

FT
1i(t) 0 0 0
* FT

3i(t) 0 0
* * FT

2i(t) 0
* * * FT

3i(t

é

ë

ê
ê
ê
ê
êê

ù

û

ú
ú
ú
ú
úú)

.

Aftersome manipulations,by Lemma1,weget
from (1),(2),(6)

殻37 殻38 氂m (Aki+殼Aki)T I (Ki+殼Ki)T

* -(1-毺)Qi 氂m (A氂i+殼A氂i)T 0 0

* * -氂mZ-1i 0 0

* * * -S-1 0

* * * * -R-

é

ë

ê
ê
ê
ê
êê

ù

û

ú
ú
ú
ú
úú1

<0, (32)

where殻37=Pi(Aki+殼Aki)+(Aki+殼Aki)TPT
i +

Qi+氂mXi+Yi+YT
i +毑

m

j=1
毬ij(Pj-Pi)E,殻38=

Pi(A氂i +殼A氂i)-Yi.Obviously,wecanseethat
(32)isequivalentto (24).From (28),bySchur
complementlemma,onehas

暋 暋
-I Gi(I+Cj)

* -Pj

é

ë

ê
ê

ù

û

ú
úE
+ 氀j

0
DT

5

é

ë

ê
ê

ù

û

ú
ú

j
0 D5[ ]j +

氀-1
j

GiN5jé

ë

ê
ê

ù

û

ú
ú0

NT
5jGT

i[ ]0 曑0. (33)

ByLemma1,(3)and(33),weget

暋暋
-I Gi(I+Cj+殼Cj)

* -Pj

é

ë

ê
ê

ù

û

ú
úE
曑0. (34)

UtilizingSchurcomplementlemmaagainandrepla灢
cingGT

iGiwithPiE,wecanseethatinequality(34)

isequivalentto(25).Thiscompletestheproof.
暋暋Remark9暋Itiseasytoseethatvarioustech灢
niquesareutilizedtosimplifyinequalitiesofTheo灢
rem2.Eventually,uncertaintermsaresuccessfully
removedfromconditions.Meanwhile,allthecondi灢
tionsarecastintoLMIsforthegivenscalars毬ij,毸i,

whichcanbesolvedbytheLMIstoolbox.
暋暋Remark10暋 Westatebrieflythesolvingse灢
quenceofinequalitiesofTheorem3.
暋暋Step1暋CalculatethePi,Qi,Xi,Zi,Yiby(7),
(10)and(27).
暋暋Step2暋Decomposethepositivesemi飊definite
matrixPiEintotheproductofGT

i andGi .
暋暋Step3暋Verifythecondition (28),andsolve
thecontrollergainby(29).
暋暋Corollary5暋Considersystem毑(1)withthecost
function(4).If,foranyi暿M ,thefollowingcondi灢
tionshold
暋暋a.thereexistscalars毬ij 曑0(j暿M),毸i>0,毢i>
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0,氀j >0,matricesQi >0,Xi 曒0,Zi >0,Pi,Yi,Gi

satisfying(7),(10),(27),(28),

暋暋b.thereexistsastate飊dependentswitchingsig灢
nalsatisfying(23),thencontroller(5)isarobust
resilientguaranteedcostcontrollerforsystem毑(1) .
Here,thecontrollergainis(29),andaperformance
upperboundJ* canbegivenintheformof(26).
2.4暋Theoptimalrobustresilientguaranteedcost
controllerdesign
暋暋Theorem3factuallypresentsasetofparameter
representationsofguaranteedcostcontrollers.From
theexpressionofJ* ,theupperboundoftheper灢
formancenotonlydependsontheselectionofguar灢
anteedcostcontrollersbutalso matricesQi,Zi .
Therefore,itisimperativetooptimizethevaluesof
matricesinordertoachievetheminimalguaranteed
costofthecorrespondingclosed飊loopsystem.
暋暋Theorem4暋Forsystem毑(1)with殼C氁(t)=0,and
thecostfunction (4),ifthefollowingoptimization
problem毟opt

暋暋 min毬ij,毸i,毢i,Pi,Qi,Zi,Xi,YiC1毩i+C2毬i+C3毭i 暋s.t.
暋暋(a)(7),(9),(10),(27),

暋暋(b)毬ij 曒0(j暿M),

暋暋(c)毸i >0,毢i >0, (35)

暋暋(d) -毩iI PiE
* -毩i

é

ë

ê
ê

ù

û

ú
úI
<0, (36)

暋暋(e) -毬iI Qi

* -毬i

é

ë

ê
ê

ù

û

ú
úI
<0, (37)

暋暋(f) -毭iI ETZiE
* -毭i

é

ë

ê
ê

ù

û

ú
úI
<0, (38)

hasasolution(焺毬ij,焿毸i,焺毢i,煄Pi,煄Qi,煄Zi,煋Xi,煄Yi),thenun灢
derswitchingsignal(11),thereexistsanoptimal
resilientguaranteedcostcontrolcontrolleru*

氁(t)(t)=
(煋K氁(t)+殼K氁(t))x(t)forsystem毑(1).Here,thecon灢
trollergainis煋Ki =焿毸iBT

i煄PT
i ,andtheminimalcost

upperboundisJ*
min = mini暿MC1毩i +C2毬i +C3毭i,

where 煋Ki = 焿毸iBT
i煄PT

i ,C1 = 毤T(0)毤(0),C2 =

曇
0

-氂(0)毤
T(s)毤(s)ds,C3=曇

0

-氂(0)曇
0

毬
毤
·

T(毩)毤
·
(毩)d毩d毬.

暋暋Proof暋If(焺毬ij,焿毸i,焺毢i,煄Pi,煄Qi,煄Zi,煋Xi,煄Yi)isasolu灢
tionoftheoptimizationproblem毟opt ,thenitisalso
afeasiblesolutionundertheconstraintconditions
(a),(b),and (c).From Theorem 3,u*

氁(t)(t)=
(煋K氁(t)+殼K氁(t))x(t)isarobustresilientguaranteed
costcontroller.Observethat

暋暋(36)炡氁max(PiE)<毩i,毤T(0)PiE毤(0)曑
氁max(PiE)C1,

暋暋(37)炡氁max(Qi)<毬i,曇
0

-氂(t)毤
T(s)Q氁(s)毤(s)ds 曑

氁max(Qi)C2,

暋暋(38)炡氁max(ETZiE)<毭i,

曇
0

-氂(0)曇
0

毬
毤
·

T(毩)ETZ氁(毩)E毤
·
(毩)d毩d毬曑氁max(ETZiE)C3.

Therefore,theminimizationofC1毩i+C2毬i+C3毭iim灢
pliestheminimizationoftheguaranteedcostJ* .
Theoptimalsolutionofproblem毟optcanbederived
from theconvexityoftheobjectivefunctionand
constraintconditions.Thiscompletestheproof.
暋暋Remark11暋Inordertoobtaintheoptimalro灢
bustresilientguaranteedcostcontroller,aminimiza灢
tionapproachofthelargestsingularvalueofmatri灢
cesandaconvexoptimization methodareintro灢
duced,whichplayanimportantroleintheproof.In
addition,Theorem3providesafeasiblesolutionof
solvingarobustresilientguaranteedcostcontroller
whilethistheoremfurthergivesaoptimalrobust
resilientguaranteedcostcontroller.Tosomeextent,

this theorem improves the conclusion of
Theorem3.

3暋Numericalexamples

暋暋Example1暋Considertheimpulsiveswitched
systems毑曞(2)withparametersgivenbelow

暋暋A1=
-1 0
0 -1.

é

ë
ê
ê

ù

û
ú
ú2
,C1=

1 0
0 -0.
é

ë
ê
ê

ù

û
ú
ú1
,

A氂1=
0 0é

ë
ê
ê

ù

û
ú
ú0 0
,A2=

-2 0
0 -

é

ë
ê
ê

ù

û
ú
ú1
,

C2=
-0.1 0é

ë
ê
ê

ù

û
ú
ú0 1
,A氂2=

0 0é

ë
ê
ê

ù

û
ú
ú0 0
.

Forthegivensystem,thelinearmatrixinequalities
havenotafeasiblesolutionbyTheorem2in[18].
Therefore,weareunabletojudgethestabilityofthe
abovesystemandTheorem2in[18]failstowork.
However,Corollary1inthispapercanbeworked
welltocheckthestabilityofthegivensystem.
Choosing毬12=-0.2,毬21=-0.1,wecanseethatthe
nonlinearmatrixinequality(22)becomesthelinear
matrixinequalitywhichcanbesolvedbyLMIstool灢
boxasfollowing

暋暋P1=
192.1580 -120.9833
-120.9833 76.

é

ë
ê
ê

ù

û
ú
ú4228
,
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暋暋P2=
4.6268 -7.4789
-7.4789 12.

é

ë
ê
ê

ù

û
ú
ú0992
.

暋 暋 Undertheswitchingsignal氁(t)=arg min
{xT(t)Pix(t),i暿 {1,2}},thegivensystemisas灢
ymptoticallystablefromFig.1,whichcanverifythe
feasibilityofCorollary1.Inconclusion,boththe
theoreticalanalysisinRemark3andsimulationre灢
sultcanshowthefactthatCorollary1hasthewider
applicationandthelessconservativenessthanthe
resultin[18].

暋暋Fig.1暋Thestatetrajectoryx(t)ofthegivensystem

暋暋Example2暋Considertheuncertainimpulsive
switchedsingulartime飊varyingdelaysystem毑(1)

withparametersgivenbelow

暋暋A1=
-0.7 0.1 0.1
-0.01 -1 0.02
0.1 0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú1 1

,

暋暋A2=
-1 0.1 2
0.2 -1.2 -0.1
0 -0.1 -

é

ë

ê
ê
êê

ù

û

ú
ú
úú1

,

暋暋A氂1=
-0.3 0 0
0 -0.1 0
0 0 -0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú1

,

暋暋A氂2=
-0.1 0 0
0 -0.2 0
0 0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú1 0

,

暋暋B1=
-1 1 0
0 0.1 0
0 0 0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú2

,

暋暋B2=
-2 0.1 0
0 0.1 0
0 0 0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú1

,

暋暋C1=C2=
-0.9 -0.8 0
-0.6 -0.9 0

0 0 -

é

ë

ê
ê
êê

ù

û

ú
ú
úú1

,

暋暋E=
1 0 0
0 1 0
é

ë

ê
ê
êê

ù

û

ú
ú
úú0 0 0

,

暋暋S=R=I,

暋暋N1i=N2i=N3i=D1i=D2i=D3i=0.1I,N5i=
D5i=0,i=1,2,

暋暋F1i=F2i=F3i=F5i=0.1sin(t)I,i=1,2,

氂(t)=0.1sint.
Choose氂m=1,毺=0.1,毸1=毸2=0.01,andgivethein灢
itialfunction毤(t)=[1暋t暋0]T .
ByTheorem3,wecanobtain

暋暋P1=
8.6770 0.1519 -0.9043
0.1519 8.9089 0.3313

0 0 -13.

é

ë

ê
ê
êê

ù

û

ú
ú
úú7769

,

暋暋P2=
7.1749 0.0622 14.5406
0.0622 7.9172 -0.5976

0 0 12.

é

ë

ê
ê
êê

ù

û

ú
ú
úú4873

,

a robust resilient guaranteed cost controller
u氁(t)(t)=(K氁(t)+殼K氁(t))x(t)with

暋暋K1=
-0.0868 -0.0015 0
0.0869 0.0104 0
-0.0018 0.0007 -0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú0276

,

暋暋K2=
-0.1435 -0.0012 0
0.0072 0.0080 0
0.0145 -0.0006 0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú0125

,

andaperformanceupperboundJ* =8.6770.Thea灢
boveresultsderivedfrom Theorem3justpresenta
feasiblesolution.Inthefollowing,weaimatseeking
theoptimalcontrollerandtheoptimalperformance
upperboundofsystems毑(1)byTheorem4.Bysol灢
vingoptimizationproblem毟opt,onegets

暋暋煄P1opt=
0.9498 0.0129 -0.3601
0.0129 0.8243 -0.3620

0 0 -3.

é

ë

ê
ê
êê

ù

û

ú
ú
úú7143

,

暋暋煄P2opt=
0.7835 0 0.1360

0 0.7832 4.3182
0 0 34.

é

ë

ê
ê
êê

ù

û

ú
ú
úú2693
.

Theswitchingsignalisdesignedby

暋暋氁(t)=
1 x(t)暿 寛毟1,

2 x(t)暿 寛毟2\寛毟1
{ ,

(39)

where寛毟1={x(t)暿Rn旤xT(t)(煄P2opt-煄P1opt)x(t)曒

0,x(t)曎 0},寛毟2 = {x(t)暿 Rn 旤xT(t)(煄P1opt -
煄P2opt)x(t)曒0,x(t)曎0}.
Theoptimalrobustresilientguaranteedcostcon灢
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trollerisdesignedasu*
氁(t)(t)=(煋K氁(t)+殼K氁(t))x(t)

with

暋暋煋K1=
-0.0095 -0.0001 0
0.0095 0.0010 0
-0.0007 -0.0007 -0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú0074

,

暋暋煋K2=
-0.0157 0 0
0.0008 0.0008 0
0.0001 0.0043 0.

é

ë

ê
ê
êê

ù

û

ú
ú
úú0343

,

andtheoptimalperformanceupperboundJ*
min =

0灡7835.
暋暋FromFig.2,undertheswitchingsignal(39),

theclosed飊loopsystem isasymptoticallystable,

whichcanillustratethecorrectnessofTheorem4.

暋暋Fig.2暋Thestatetrajectoryx(t)oftheclosed飊loopsys灢
tem

4暋Conclusions

暋暋Inthispaper,wehaveinvestigatedtheproblem
oftherobustresilientguaranteedcostcontrolfor
theuncertainimpulsiveswitchedsingularsystem
withtime飊varyingdelay.Arobustresilientguaran灢
teedcostcontrollerandastate飊dependentswitching
signalhavebeenestablished,whichguaranteethat
theclosed飊loopsystemisregular,causal,asymptoti灢
callystable,andsatisfiesacostupperbound.Fur灢
ther,aminimizationapproachandaconvexoptimi灢
zationmethodhavebeenpresentedtoseektheopti灢
malrobustresilientguaranteedcostcontroller.For
thesakeofthecomputation,alltheconditionshave
beencastintoLMIs,whichcanbeeasilysolvedby
theLMIstoolbox.Finally,twoexampleshavebeen
providedtoshowtheeffectivenessofthemaincon灢
clusions.
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