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Abstract：Tbis focu~ 皿 a class oflinear syst~ s．We are c0nc豇D耐 withthe de of di．~ipelive 

static state ed and由I嘶 c 0u feedback vommllcrs suchthatthe d0scd-l0op sysL蛐 is qtu~lralically stable and slriclly 

(Q，s， )·dis 叫 ．Sufflcic~condifi~ furthe existenceofthe adr撕c血 ve∞Ⅱ咖 eB are曲协in。dby u l1g alin- 

e暂mamxinatu~ity(U )印pfoach．FI bc 眦 t we provide a 0ced雌 of c。咖  such c．onUDllel~franthe solaces 

0f眦 s． 虹shownthat岫 solvability of c~ssipolivc canlrollerdesign 0bI锄 is hnplied bythe 商岫 ofLMIs．Tncmare 

鼬 of恤 papermfythe exisl~ i~$tllt3 oRH cont~l and pa ve c删 forlinearlimv-dday system 
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线性时滞系统的耗散控制 
李志虎 邵惠鹤 王景成 

(上海交通大学自动化系-上海．2吣 01 

摘要：研究了一类线性时滞系统的二次耗散控制问题．基于线性矩阵不等式(咖 )方法导出了耗散控制器存 

在的充分条件．通过线性矩阵不等式的可行解构造出耗散态状态反馈和动态输出反馈控制律，相应的闭环系统是 

二次稳定和严格(o，s，R)耗散的．本文的主要贡献是统一了线性耐滞系统现有的H 控制和无源控制结果． 

关蕾词：耗散控制 ；时滞系统；线性矩阵不等式 

1 Introduction 

Sincethenotionofadissipative cal system was 

introducedbyW'dlcmst ，ithas phyed a very kn~ ant 

m|e|n s 栅 ，drcl1it，础 k and control engiI1eeIing 

and theory．Dissj】Ⅻ is a嚣勋口aliza of the 

Issiv in妇 n n．叶 oIks and omer dyIla】删 sys— 

teTns which d~sipate energy-n so【ne abs嗽 t sense．Ap— 

p】i ons of dissipafivcncss in山e stability analysis of 

linear s)啦∞ with certain iioBlincarfeedback were first 

discussed in【1，2 J．Subsequently，dissip撕w was 

crucially used in Ⅱ stability analysis of nolllincar sys— 

tems[3· 
．
Thetll∞ of dissipative s咖 s generalizes 

basictoolsindndingthepassivitytheorem，boundedteal 

lemma，Kalman-Yalmbovichlcamm andthe circle cdtc· 

rion． 

InⅡle past dcc~dc．analysis and synthesis ofHm and 

the pas ( rea1)control of 6me-dehy sys一 
腓 ha、 Iece砌 remarkIbIe aUention[ 吕。

． In H 

control，the smal1．gaintheorem is usedto ensur~robust 

P．e~ ved date：~000—07—25；R ~ ：2001—06一 

stability by fe d血 that the loop-gain should be less 

m-皿 0ne at anyfrequencies b，ignoringthe phaseinfor- 

il1．on．On dle 0tII hand．phaseinfonualionis widely 

used in the aIlaIy ofp~ive control systems based on 

posi~ivity theory． In the ~ sitivity theorem ．Ⅵ a 

(s~ct)positive real system过COIL~ to apositive rc· 

al plant in a negative-feedback configuration， the 

(strict)positive real systemhasits phaseless岫 90~so 

thatthe clor~l-loep sysmalis stable．Buttheloop·gain 

is not used in ⅫⅫm ng the stability．Clearly，both 

the sma~-gain andf~sitivirythlK)r~i1s dcalwith gain and 

pb鹧c pe )r[0躺 se 响删 y andmIlsmayleadtotoll· 

scrvative~sults in a 衄s．An early at was 

reportedin 【9 J to nll1e zc a controllerthat achiev 

desired n and phasemainsbyllsh statefeedback． 

Dis螂 provides an appropl~tefimnewo~[10_for 

aless c0㈣ dye robust controllerdesign，especiaUyjIl 

n applicationswhere both gain and phase pcdbIm 

arc considered This paperis c。nc既【-edwiththe probl- 
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em of quadratic dissipative ~nlrol for linear systems 

with delays．Namely，we designlinear static statefeed． 

back andlinear dyn~nic outputfeedback con lawsto 

simultaneously achieve quadratic stability 姐d slaict 

quadratic dissipafiw aess． 

Inthis paper，we shall use d1efollowing notation 

(“，口)r：I 口dt，“， ∈醍 ，T≥0． J 
o 

2 Problem formulation and preliminaries 

Consider file 1meat mnc-~Aay system dcscdb~d by 

s ∞e-space equations oftI1eform 

ft(f)= ( )+ x(t—d)+B1 (f)， 

{ (I)=c1 (f)+c ( 一d)+Dll (f)， (1) 

l (t)= (t)， ∈[一d，0]， 

where (f)∈皿 isthe state， (})∈ istheoutput， 

(f)∈ is tI1e cx。g龃l input which belongs to 

[O，∞)，d>0is adelay constant， (t)istheinitial 

state vector，衄dA，Aa，B1，C1，ClaandD1iⅢ己constant 

nmniccs with appropriate dimet~sions． 

The quadratic energy supply fimction E[“]associated 

with system (1)is defined by 

E(w，：，T)=< ， )r+2< ，Sw) +< ，Rw) ， 

(2) 

whereQ．s andR al reallmtficesofappropriatedinlen— 

sionswithQ andR symmetric． 

Definition 1 The system (1)is smd to be saictly 

(Q，s，R)-dissipative，if for any T≥ 0 and s0ITIe 

scala~口 >0，under zeroinitial state，thefollowing oo11- 

ditionis sal lied 

E( ，：，T)≥。< ，")r． (3) 

Remark1 The above perfonm~ of stria(Q，s，R) 
一 dissipativityinclud~ 1-L madpassavity as印eci c罄es． 

a)When Q=一，，s：0，andR：7 ，，strict(Q， 

s，R)-dissipativity(3)reduce~to∞ H pcmⅫⅧ ce 

requirement[5· 
．  

b)When Q=0，s：，，andR=0，(3)corresponds 
to a strict passi'4e problem【 

． 

W ithouttheloss of generality．wemakethefollowing 

sum  oI1． 

Assump~on1 Q一=一Q≥0． 

Remark 2 It can be observed that Assumption 1 

holdsforboth d1e casesinR~nark1． 

Definition 2 Let d Lyap~mov funaional for sys一 

咖 (1)be 

￡( ， )=xTPz+I (r) (r)dr，(4) 
where0< P∈ 皿 and0< V∈皿⋯ ．Ifflaere exists 

a scala~E > 0 suchthatthe derivative oftheLyapunov 

functional(4)with respectivetotimet( =0)sa~fies 

L(x，t)≤一￡ ll 2， (5) 

lhea thetime-delay system(1)is said to be quadratical— 

ly stable． 

Tlle0舢 1 GivenmaaicesQ．s andRwithQ and 

R symmetric，consider system (1)subjectto As吼Ⅱ“P- 

fion 1．Ifmefc existnmuiccsP >0 and V >0 suchthat 

d following LMI holds 

J= 
1 

PA+A P十V PAa l—c s c 0 
i 

A — —c 
1 

研 crs rc ( +D}s+s 1)明Q 
Q：cl Q c1d Q Dll —J 

< O 

(6) 

then the time-delay system (1)is quadratically stable 

and strictly(Q，s，R) dissipative． 

Proof Fwsfly，it is noticed that tI1e condition(6) 

implies 

[ ㈤ 【 A — J‘。· ( ) 
Taking d1c d v ve of the 印Ⅱnov functional(4) 

along tI1e solution ofEquation(1)yields 

上( ， )： Px+ 既 + 一 ，(8) 

where d： ( 一d)．Assuminglhat =0，we have 

L(x，t)=[ ]J1[ ：] ≤ 

一  

， (9) 

where E=一 一̂(J1)>0， 一(·)denotes tI1e maxi- 

mu／ll eigenvalue of square malrix．From Definition 2， 

the tim~delay system(1)quadIali∞lly stable． 

Secondly，if(6)holds，there0d吐s s。memffide~ly 

small scalar口 ) 0 suchtI1at 

J+diag{0，0，al，0}<0． (10) 

Hence itfollowslhat 

，Q=+2： 鼬 + R ≥L(x，t)+口 ．(11) 

In~graang(11)from 0 to T，under z廿D initial exmdi- 

tionwe o[~aillthat 

E( ，：， )≥ ( ， )r+L(x( )T)≥ 
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a(加，")r， (12) 

f0r all”∈ 如lO， ]and all ≥0．Therefore，by us- 

iⅡg Definition 1，when the condition(6)satisfies，the 

time-delay system (1)is quadratically stable and strictly 

(Q，S，R)一dis e．．Itlis completesthe proof． 

Let us rev w thefollowing keylernmato getfl】船  

Jesuits． 

LⅫ a1112] Given a symmetricmatrixD and two 

malzices三 and r with appropriate dimensions。then 

there exists amatrixK sa~sNng 

n +三 +， Kr三 <0， 

if and onlyif 

艇 l<0， <0， 

where三l andrl denotethe orthogonal complements of 

andr n：sp~ vely． 

3 Dissipative control of tilne-delay sys- 

telTlS 

Consider the following linear time-delay system 

f ( )= (I)+  ̂(I—d)+Blw(t)+B2u(t)， 

l z(f)=c1 (f)+cI (f—d)+D1I加(I)+DuⅡ(I)， 

l (I)=c2~(t)+％ (I—d)+Dm"( )， 
L (I)： (I)，f∈[一d，0]， 

(13) 

w}Ierc (t)∈Ⅱ isthe stal~．，“(I)∈盟 isthetoll— 

trol，"(I)∈ istheexogenousiaputwhich belongsto 

L2[O，∞)， (f)∈Ⅱ isthemeasured output，z(t)∈ 

isthe controlled output，andA，山 ，Bi，B2，CI，C ad， 

Dl1，Dl2，C2，C2 andD21 arc knownmatrices with 印 一 

priam．ate dim~ ons． 

1 Dissip~ive control via statefeedback． 

The dissip撕 control problem we add s here is 

stated asfollows：Desigal a statefeedback coiatroller 

Ⅱ(I)=K,x(t)，K ∈醍⋯ ， (14) 

such that the~sulting closed-loop system of(13)is 

quadratically stable and strictly(Q，S，R)一dissipative． 

Theorem2 Givenmalriees Q，S andRwithQ and 

R symmetric，comide~the system(13)subject to As— 

sm plion J．Thenthere exists a statefeedback controller 

(14)for system(13)suchthattheclosed-loop systemis 

quad】[a ly stable and strictly(Q，S，R)一dissipative if 

there existma~ces置 >0， >0 and Iv,satisfyingthe 

fouowing咖 ： 

=  

Il A l2 13 

一 11, 一x,C,T~S x
,C~q 

1 

一 SrCIdx
, 一(1~+oIlS+SrD11)oT,1q 

1 1 

己 口：Caex, 口 Dll 一， 

(0 

(15) 

where 

11=AX,+x,a +B2Iv,+咖 j+ ， 

l2=B1一(x,c,T+ 1 "上，TI2)S， 

n=(置c}+啦 T2)Q：． 
Fl1m煳 n∞e，a suitable c~ntmller g血 is give~by = 

． 

Proof By appl~g Theorem 1 and Schur c~nple— 
merits[”】to t}Ie closed-loop system of(13)w曲 Ⅱ= 

， 旺】I∞曲 straighfforwant matrix manipulations t}Ie 

theorem is establisl~1． 

2)I)k~ ative c~trol via outputfe Iback． 
Inthis subsection．wewill providem LMI approach 

tothe出跏y(Q，S，R)一dissipative cx~tml via output 

feedback． 

Lett}Ie system(13)bethefoll~ agdynamic output 

feedback controller 

‘

tf)) ’ 【Ⅱ(I)=c ()+D (f)， 、一 
} (f)∈璇 (0≤nK≤n)，andAx，Bx，Cx缸ld 

are aF 口pri如 matricesto be detenffm~．Tl1e 
case nK = 0 represe~ static gail1 output feedback．By 

jn仃。由lcjng吐le augraented s忸te vecDo临 =[ ]T， 

cm d曲jn nlef0Ⅱ 1gd∞。d 1o叩 system 

d 【= )= ( )+ (I一)+ "( )， 

： 五+台2 2， d=五 +台2 2d， 

百=台I+台2j：西21， 

= e1+西l2 2， d=Cld+b12 2d， 

= Dll+DI2j：西2l， 

= 【 五=【 ， 

BI= 

DT2= 

- = 

(18) 

O ，  一一 

r● ● L  

2  
一一 亡  

2  ' B̂ 

．  

， O  

o  o  

● ● ● ●

【 r____【  

一一 一一 
如 凹 
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Let’s define aLyaptmovfuncdonalfor(17) 
r_ 

￡( ， ，f)= +l。 (r) (r)dr，(19) 

wllere0<芦∈吼(n 、) (一 )and0<V∈ ．Us． 

ing 1，the ck~sed-loop system(17)is quadrati- 

tally stable and st~aly(Q，S，R)·dissip~ve if there 

exist mamoes > 0 and V > 0 sudlthat 

n+ cTKH+ KvGF<0， (20) 

where 

A ： 

Hv ： 

1 

N+ArP~~ d 融1一cTs cTQ： 
』 

A 一 —c c ： 

自T —SrCl—s c1d～(R+D s+s D11)D Q： 
1 1 1 

Q：e1 Q：c1d Q：D1l 一 

越 

eTd 

西 

0 

， V =diag；V，0 

台2 

0 

一 STb12 

Q：西12 

[-l~,nce，by Lemma 1 the in~mlity(20)is solvable for 

s0r【IeKif and onlyif 

G1(F nF )G <0， (21) 

A日1<0， (22) 

讲 lere G
— andn  a【cthe啦 。nal cgn~lements ofG 

虮d H，respeclively．We can choose[ 畦 田] 

and[ 嵋 ]T arc 0nhog0fIal cgn~lements 

0f[Bj —D s DT12v一]舡ld[C2 C2d D21]咒- 

spectively，then 

G上 ： 

h 0 

0 0 

0 

0 

0 ， 

(23) 

To simplify(21)and(22)，wel~ition 肌d芦 aS 

=  = ( c 
wt1盯e0< X ∈ 盟⋯ ，0< Y∈ 加 ，M ∈ 魏⋯  ，Jv 

∈ 砬 ，and meaIls v虮t．Inequalities(21) 

and(22)aIe simplifl~ to the following咖 s(25)and 

(26)by stmght~ ~arama~ixmanipulafiom． 

『 +埘 们 Q BI-脚 s Ad X 
l Q：CIX —J Q：D11 Q：c1d 0 

研J口T—SrCl 巩Q 一e —s c1d 0 

I cT1 一 一c 一 0 
l o o 0 一 一1 

0l<0 

r + y+ IrAd l—cTs c1Tv一] 

臼； 
y-

y

Sr 

- V 

， 

L Q Cl Q c1d Q D11 一，J 

0 = R +D s+SrDl1' 

0l= 

V1 0 

0 

0 

0 1 

0 0 

晚 = 

皿I∞Ⅲ n 3 Givenma~ esQ，s盟dRwithQmd 

R~mmlNl'ic，consider the system (13)~bjeet to As一 

鲫蛳 1．Let[ 畦 田] 肌d【订 嵋 嵋] 

aIe o苴山0j；o删 cc np】既呦妊of[B； 一D s D Q ] 

andlC2 C2d D21 J，respectively．1h％ me∞ 幽  

m outputfeedback controller(16)for system(13)sl】d1 

that the dosed-loop system is quadratically stable and 

strictly(Q，s，R)·dissipative if me∞exist m ces X 

>0 and Y>0 satisfyingthe咖 s(25)and(26)，I 

spectively，and 

[ 0， (27) 
for s0rne V > 0． 

Proof There exists amatrixP>0 satlsf~g(24)if 

and only if．删， X ～ y ≥ 0b0lds．"INs 。qu蚯- 

tyis~uivalent to(27)．The rest ofthe proofis m — 

d0n酣 previously．"INs completesthe proof． 

Remark3 Let V = 部 ．Note that given a p0sid 

scalard，(25)～(27)arcIineⅡwim~pecttoma舡ices 

X and Y．Thus。the existing LMI D0l[I3]cI皿be applied 

tofind aleasible donifit exists． 

Remark 4 Note that Thea n 3 does∞t l：mes~t 

the cc pII of the 。口mmⅡeTs itself，but the exis· 

tense conditions ofcontrollersis dI，dll∞d．Thea脚 I址a- 

1●●●●● ●●● J  

ll 

T 
G 

1●●●●● ●●●，●J 
O  O  O  

O  O ， O  

O  O  O  

—P O  O O  

．． ． ． ． ．． ． ． ． ． ． ． ． ．． ． 。。 ． 。

L  

= 

= 

一 
日 

1●●●●●●●●●●●●●j  
O  O  O  O  

O  O  
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tion of a di,ssipalive output feedback controUer can be 

camed out by the procedure proposed in【12J．Indeed， 

mingthat the conditions(25)一(27)are satisfied 

fbr soll~ matrices > 0 and lr>0(not necessarily 

unique)，a suitable controllermay befound asfoUows： 

a)Compute two fuU-cohm~ rank Im埘ces M ∈ 

皿 andN∈ 皿 suchthat 

埘Ⅳ = 1一 r． (28) 

b)FindtheⅡ soltuic~P>0ofthelinear equa~oll 

【 Y 芦 c凹 
Notethat(29)isalways solvablewhen Y>0∞d-盯has 

ful1．∞hlr∞ 础 [⋯
．  

c)GiventhemaUixP，controllerl~rameters Ax， ， 

andDKcanbe confuted as y solulic~ofLMI(20)． 

Becamethe orderofthe controllerdepends Onthe di· 

m on of芦，fl,omthe Lemma7．5in[14]we can es． 

tablifllthe following corol~ ． 

Corollary1 There exists a reduced-order controUer 

(nK(n)that 5olves the quadratic dissipative output 

feedback conta'olprobl~aforthe sysmn(13)if，in ad— 

ditionto(25)～(27)． and Y also satisfy the rallk 

constraint： 

rank(1一XY)≤nK． (30) 

Remark5 Inthe aboveTk 肼n 3，when0：一I， 

s=0，andR=P1，恤oIl soll~slightmoditi~ion， 

the LMI-based H∞ control result of delayed systems in 

j5]∞n be deduced．wh即Q=0，s：I，and =0， 

i．e．inthe caseof strictpasfiveeontro1．Ⅱds result COII1一 

plements the passive control result of state feedback 

based on aRiccafi。q ~pmach given byYu et al 

in[8]． 

4 (：0nchlsi0n 

In tbis Iper，we have proposed血e dissipative COn‘ 

troller d商  method fbr a class of state delayed sys‘ 

terns．A dissipadve st曲0 feedback or 0ulput feedback 

∞ 胁 Uer 0洲 be Ootak,l~ by using L／VIIToolbox be— 

callse sufficient cOIldi On forthe ad翻 nce of controller 

isLM1form in 日m  of related variable~．The dissipa- 

rive feedback c∞nOl laws gual'~ltee not only the 

quedradc stability ofthedosed—l唧 system but alsothe 

strict dissipadw勋罄s．O哪design results have less c0Ⅱ一 

ser~afiveness asit allows a b船 trade-off between gain 

and phase pedl0tman∞s．The pI l0sed controller design 

method canbe easilya吐创1dedto血eproblem ofdissipa— 

dVe feedback controller design methyl for linear time- 

v~yingtime-ae~ systems． 
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