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一 簇非线性H 状态反馈可靠控制器 

伏玉笋 田作华 施颂椒 

(上拇交通大学自动化研究所·上海．20蚴 ) 

摘要：研究了非线性H 状态反馈可靠控制器的参数化问题．用耗散理论，基于} J&0 不等式，构造出 

了一簇控制器，使得当有执行机构失效时，闹环系统仍渐近稳定且 增盘有限 奉文的结果为非线性 H 状态反馈 

可靠控制的综合提供了更探的视角． 

美键词：非线性系统；H 理论；可靠控制； 咖-J删 不等式 

1 ln由．c Illcd衄  

Influent ars，co~iderable attention has paid 

tothedesign 曲kmsof~eliable1．蛳 ∞酬  鼬锄os 

achieving v罩 0us他nabdity g0als， and s0me design 

埘 tI础 have b∞n given by several mmlofs(see【1—3J 

andⅡle references thereto)．In Pa a】lⅡ．Veilette et 

alt J 删 a~ oaokgyfortIle design of reliablelin· 

caro0n州  t锄 s by of algelxaicRicc~i e_ 

qua 邵 Dacll linear H ·c0n州 theory，s h 

that血e resulting design~t~ vide guarar~eddⅨ lo0p 

stability and H perfon~ net only whirl all~atrol 

∞mpc味m仨 aIe 0pc枷 ng，but dIs0 in 血e case of s0rne 

admissible control∞加pc 毗 o~tages． 

The above l讧 forlille盯 systems have been ex · 

edto n0nIinear sce【ns byY锄g et a114,5]
，

Liu et aI[6] 

and bym黜 oftIleI-lamilt~ -Jacobi。qua 0n珥】pmach 

in 加linear H o0n廿0l山eory． 

R 印ItIy．in desi a c0n州 s)咖 there aIe 

0￡berdesignobjectivesin additionto吐lem ying con· 

R。0州 dm ：200D—m 一28； 棚 d№ ：200D一1o一24 

strain~ ofimemal stability and disnlrb孤。e aI舡 Il；山m ． 

One way of s0恤  IIm  c~nplex㈣ I ob· 

le嗌  to se缸chaverthe set of o0n血。11艘swhich 30lves 

ttle l1IId盯Iying H ·o0酬  Db for a。0n咖 er 

w 鼬 缸 the addi 0Ilal design 懈 ．1h∞ 一 

fixe，an 哟 m 曲lcln is the paI赳∞咖iz of 

con仲 llefs which solve血e nc岫lirIear H -e~atml prob· 

lem．P 缸∞ rijr| D。。血瞄 of c0咖 lI盯s s0lvil唱 

locally血eH ·o0酬  吐lkm wefe give~in【7—9J． 

The pI珥)0se of吐le pIes即t Iper to extendthetech· 

I1i dEM 。pedjn【9J to give afamily of reliable咖 · 

lilleⅡ H state-f-eed~ k l ． 1be mⅡg 

d0sed·lO叩 埘加liIIear system is他 曲k in吐le nse血砒 

血叮 provide guarmteed l0cal internal s蜘蝴i哼and H 

pc bI哪 lce n0t only w}-en all actuators aIe 髓砒 

but dIs0 s0rne of ac∞啦 !3口pc矗∞∞ I啦 ． 

2 l~ blm 如哐】mukni0n and pH-J．田畸nari鹤 

O d盯 a埘加liIIear s)咖 dt瓤 ik by equations of 

廿Ie form 
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ft：，( )+ ( ) +∑g2j( ) ， 

{ ：[ ( ) 。 ．．． ] ， (1) 
【 ： 

， 

where isthe state definedin aboundedneighborhood 

of0∈ ， ∈皿 ，isthe disturbance，H=【 

2⋯ H ] ∈瑕 denotesthe controlinput， ∈ 

isthe output幻 beI￡ ，m日 themeasuI~l outputY 

eonsid~ed in this paper is assumed to be equal to the 

sta ．，( )，gl( )，g2jf( )(，=1，⋯，m)柚d h( ) 

alllmown smoothmappings咖 删 intlleneigbt* 

hood withf(0)=0m日h(0)=0．Tobem0Ie(x)lll- 

pact．we denote 

g2(x)=[g21( ) gzz( ) ⋯ g2m( )]． 

Letnc {1，2，⋯，m J COrl~ to a seleet~ subset 

to acma 】Is susceptible to outages．Then．the probl=n 

~nsidemdinthis paperis asfollows． 

Reliable control(RC)problem：Given sysl~an(1) 

m日 apositive cc帕s眦  ，findacontroller，suchthatfor 

n咖 0I】诅ges correspondingto any C n，n result- 

ing closed-loop system is locally asyTnF岫b：ally stable 

m日has alocal如-gajnlessthan 0f equalto ． 

For C n ，introducethe dccomposiflo~ 

g2( )=g ( )+g∞( )， 

Ⅵ 

如( )=[以(1)肋“) (2)g ( )⋯ (m)g ( )] 

with毋defined asfollows： 

=  

When affllla{ol"outages~onesponding to C n occur， 

the resIlldng systam cm be described by 

’

㈤ 【
％=[ ( ) u ]T_ ⋯ 

Thef0】】0wi卫gi．~ tyis曲 us砌 will bel】sed．m 

s。qud： 

缸，( )曾2 ( ) ≤ gm( )g∞( ) ，for c n． 

Definition1【11] Supl~ that，(0)=0 and (0) 

= 0．The pair{f，h J is saidto be locally detectable if 

nwfe exists a n~ghborUooa U ofthe point = 0 such 

mat，if (f)is∞y jn唰 cI】rve oft =f( )with 

(0)∈U，then̂ ( (I))=0is definedfor allt≥0 

柚d (̂ (f))=0fl啊allf≥0i叩pl_蜗 limx(f)=0． 

3 Main reb3tllts 

llleormn 1 Suppose that tf，hj is locally de- 

teexable．Ifnle Hamailton-Jacobi inequality 

日l( )= 

( ( ) 1 i／ , 1g
l( )gi( ) 一 

(g2( ) ( ) 一2g2n( )g∞( ) )) + 

h( ) ( )≤0 (3) 

lass positive de丘nice smooth solution ( )>0 with 

( (0))=0)，where 

m *( )=毒g1( ) ( ) ， 

H ( )=一{g2( ) ( ) ． 

Then，the controller 

H= ( ) (4) 

solves RC problem ． 

Proof Alongtlle e~tory of system (2)，wc have 

一  

df 一 

( )，( )+ ( )朗( ) + 

( )g2( )Ⅱ一 ( )g ( ) ≤ 

，+ gt∞+ g2u+ +uk ≤ 

，+ 肌∞+ g2H+ 1 g2增加T rT +Hk = 

V．f+ m+ “ 1 
2
T~
r
／T ll 一H 一 1脚 葫T 

．  

Ⅱ∞=0and“= ．( )，fromthe conditionin Theo- 

m  1 and ≤ uT．H*
，
we have 

≤一 m ( ) ( )一 

(̂ ) ( )一 ( ) “ ( )≤0． 

Observethat龃y e~ory涮 ng ( )=0for allt 

≥ 0ism~ew,mily a ec幻r)r of 

= ，( )+g ( )／／, ( )， 

suchthat (f)isIx~nded and̂ ( (f))=0for allf≥ 

0．Since{f，h}aIe locally de ，lim (f)=0． 

Thus，nle clc~~-loop systems(2)and(4) locally 

asympt~ y stable by1．,aSalle’invati~mce ptm~~ ． 

( thea岵 hand． have 

+ 一 = 
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+hTh+ II It ≤ 

il g啪 T rT +II II + h- II II ： 

v,f+ 1 g1gT1 r r l"
一 { g2万g嫡T r T +̂ ̂+ 

II u 1
⋯TVt-"II 一II抽一上g II ． 

av  
+II≈II 一7 II II ≤0． (5) 

(*( ))一 ( (0))+J。(II％II ，7 II II )d￡≤0一 

， II 7 I1
0 

d￡ ． 
J 0 J 

r{：，(})+g1( ) 。( )+g2(})[ ．(})+c( )]， 

{ ：d( )+6( )(*一车)， 

hoods of the 0Iigin．口( )，6( )and c( )aIe all 

show how d( )，6( )and c( )should be chosento 

『 ： ( )+＆(* )[∞一 。(*)]， 

l=：[̂( ) U．T] =[̂(*) (H (*)+c(口)) ] ， 

％=[ 矿] ， 

『，(*)+gl(*)删。(*)+g2( ) 。( )+g2( )c( )] 

l，(})+gl( ) ．( )+g2( )u．( )+善2(})c( )l， 
L 口( )+6(叩)( 一 ) J 

]_ 

Theoreln2 Consider system(8)．Supv~ thatthe 

conditioninTheorem 1 is satisfied．Ifthe Hamilu~ Ja- 

cobiinequality 

(扎)： ( )+c( ) c( )+ 

1 I[ ( ) (* ) 哆+ 

吉 ∥ ； 
has a posidve de丘皿j船smoo~solution W(* )with - 

spect to( 一 ， )(that is， (*i)：0 for％ = 

[* * 0] and W(* )>0 els日 bere)such that 

(扎)is nega ，e-de丘皿i船 l}I respect to( 一搴， 

)( (％)：0fbf ：[ O] and (％)< 

0~IscwlIm~)． 

Then，the of。o蛐 (7)solve the RC 

dI1cm． 

Proof Suppose thatthere ale acluator outages c口Ie- 

spax~ to口c n．Thenthemsult~ng dosed-k~p sys- 

m  c∞ be descfibod by 

h 

⋯  ’ 

， 【
≈：[( ) u ]T’ ⋯ 

％=[ 矿] ． 

(％)= 

r，(*)+g1(*)删．( )+g蟹(*)u． ( )+g舒(*) ( )] 

l，(})+g1(}) ．(})+g2( ) ( )+g2( )c( )l， 
L 口(叩)+6(叩)(*一车) J 

g c扎，=[g ’]． 
(％)= 

r ( )(u- (*)+ ( ))] 

叫 卜 【 。0 j≤ 
『g∞(*)蛐( ) 0 0] 

(％)+吉 J 0 0 ol嚷+ 
H ( )+ ( )]T[u． ( )+ ( )]． 

O  9  
≤ 

T ‘ 

1●●，●●●JJ  
O  O  O 
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( (扎)+ ( )[叫一 ( )])+ 

II c( )Il 一y II — ( ) ≤ 

( )+ ( )[ — ( )]+ 

II c( )II 一y I J — ( )I J + 

吉 『 2n‘ n‘ 。o：] 互+ 
L 0 0 OJ 

{[n ( )+ ( )] [ ( )+ ( )]： 
( )+ ( )[ — *( )]一 

y2 Il — 。( )JI 一 

专 + 1 II ( )+ ( )II ． 

system (1O)， 

(扎)+ ＆(扎)[ — ( )]一 

⋯ ( ) + 

{II u ( )+ ( )II z—II ( )0 +严JI 一 )l J z； 

(％)一y II — -( )一 gt(扎) 

I J ( )lI +严II — ( )II 2+~II ( )+ ( )II ． 

≤ 

Hi( )+ gl∞+Vxg2u+{ g∞gTn + 
1 T
“ 一̂ 一 II II +I J Il 一211 nII ： 

Hl( )一I1。I1 一y IJ JI 一y JI叫一 ( )ll + 

II ( )II z+{ ． 

￡，(扎)= ( )+ ( )>0． 

Along the tra~ctories of the dosed-loop system (10)， 

≤ 

H1( )+H2(x )一II％l1 + l1叫IJ 一 

y 一 ·( )一刍 T T‘II 2一 (11) 
Se蚰 =0inthe above equality yidds 

dU
≤ ( )+H2(％)一 II 一 

y IJ *( )+ T T‘ 2 (12) 

whichis negative-smnldafinile ncar = 0by hypothe- 

sis．This proves that the equilibrium = 0 of the 

dosed-loop system is stable．Toprove asymptotic stabil- 

ity，observeth越anytraje~ry satisfyingU(扎)=0for 

all ≥ 0is necessarily a ∞幻fy of 

= ，( )+g ( )(Ⅱ。 ( )+ ( ))， 

such血 ( )is bounded and h( (f))=0fbf allf≥ 

0．In addition，the negative-definiteness ofH2(扎)with 

respect to( 一 ， )mX~lies that ( )= (f)and 

( )=0 for all f≥ 0．Since{f，hj is locally de- 

tectabl~，limx( )=0，andthusl_衄 ( )=0 all f≥ 

0．Together with (t)=0for棚 ≥0，we can COil- 

clude asymptotic stability byLaSallc’sinvm'iance pfind- 

pl~． 

FI圳kmn0Ie，sinceHI( )≤0 andH2( )≤0byhy- 

potheais，(11)implies that 

+ II 一y I1 ≤o． (13) 

For any given T>0，integration of(13)的m 0 to T 

yields 

￡，( ( ))一 ( (0))+I (11名ll 一严lJ叫I1 )df≤0． 

Therefore d ≤ y2 If ii 2df holds． 

Thcor~n 2 has stlggg~cd aframeworkto solvetheRC 

problem．Momprcc~ y，it has pIo、柏。d agcn~rd solu 

fion to theprobkaninqI】e ，inthe s即seth越 theflee 

system paIam曲ers d( )，b( )and c( )aIe not sped- 

fled，except that the condition in Theorem 2 should be 

sa~ficd．Thesep pI a degn~ offreedom 

to adlicve additional desired con~ l pe~onmncc． 

A~ ush a gcn~rd sokuion has been giw by Thco- 

2，thefunction (扎)thusfound has2n+ indc． 

pendent variables and actually involves the flee system 

《 咖 s．The following theonan，which is the main 

zcsultof Ibis lp ，shows how the conditi~ in Th~o 

2 can bemetby rcduc~ themanl~ ofindc 删  
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variables by nwhJll~i咖 Ⅱ additional cascade c∞。 

clifton ollthe free systm  pal"dlll~~rS． 

'llleorem 3 Suppo~ the eo,aditioain11∞ n2 is 

satisfied．When 

A=，( )+gI( ) ( )+g2( )Ⅱ ( )， 

l既 

f【 】=【 +A 】+【 1‘0 ’】，， 
【 =c(寸)， 

(14) 

beⅡy口Ⅸ，atlInlyllliiil~1．r system丽血a(0)=0，c(0)= 

0 Wldch saIi蚯es the f0】laWing。0IIdid0n： 

1he H鲫l丑 ∞-Ja∞ ine 珀蛄ty 

H3( ， )= 

[口 Q ]【 ( )+A6( ) 】+ 

寿 (g1( )g1( 
2 g加( )g拍( ) )Q +c(可) c( )≤0 

(15) 

bas al~ tive definite Ioo血solution Q( ， )： X 

一职such衄 玛is ncj蛐vedef~ite嘲 r( ， )= 

(0，0)mdits ：ssi衄m曲ixis n0ns gll at( ， ) 

= (0，0)． 

Then，岫 缸由 of o0II删 l懿 (7)so|re me Rc 

pmble~． 

Proof We claimfl-．at"(‰)=口( 一}， )satisfies 

Ⅱ1e o0nd ol1inTheorem 2．Clearly ( )=口( 一 

}， )is definitem  to( 一}， )．It 

mai]lls to pIove吐Iat jlf2(‰)is础罾 vc definite、时【h 

re印ectto( 一 ， )．To吐Iis即d，s吐 

e= 一}，Ⅱ(e，}， )=[ (‰)] ： ． 

口m  a siq Ik calcIl1a妇  Ⅱlat 

Ⅱc。， ，。，=。，【 】 
： 。一 。

= 。， 

f型譬 1 ：o． L a
e J

f：0， ：0 

Thus，simil~ly to theⅢ哥Ⅱncnts jn[12]，Ⅱ(e，}， ) 

can be∞ as 

Ⅱ(e，}，7)=[e 矿】Ⅱ0(e，}，7)[eT 矿r， 

for s0me o。l JlIl0l】s manix／／0(e， ，寸)．Moreover，it 

is easytow 吐Iat 

『 f!!吐 篓 f!! ] 

o，o =I I L a a矿 J 
=0．_：o 

Sincethel撕 m xis珊 a血re definite the。on- 

did0nin1t ∞ 3， ( )is ncg vc dc血 th 

ct协(*一}， )．1 ，bym 2itis c∞一 

eluded that the f-~ily of c吼ⅡDllcrs(7)sc e the RC 

． 

The o0t1di in Th0叫 n 3 is of OoIlcq删 ，I锄h 

than∞m删 伽 ， 粤 m。e．It．m !hal cascade 

(14)bas a l~ally解yl珥lto吐cauy stable m'riI皿 

( ， )=(0，0)md has 一乎血≤ ．斯 口( )， 

6( )and c( )删is ngthe o0】fIdid0nin1b衄锄 3， 

f-a~ily(7)solve nleRC pI ．In 0llH ，．It 

Ol1~I1 3 provided afamily of controllers s0MngtheRC 

problem ．1h鼯e o0l幢r0ll豇s aIe 0b血ned by i1吨 coI埘。 

jⅡ置Ⅱle‘cecal co岫t ’“ = “．( )，witb舡 

asymptotically stable free sys啪 血at s缸i蚯簋 the cas。 

cadc condition． 

4 Cl越 ch腰i锄  

_Ihe paperis。0ncm 耐 w-血 吐le reliable controller 

i~ oll pmblem ．A p1o劬 lre for de~iEnlng a 

n ly of reliable mmIine缸H -s缸te fe。dback cc岫J畹 

is es删 ．．Il礴 e controllers are曲tainod byin蛔口m。 

I咖 the‘ Ⅱal c。曲Dl蛔’with 嘲，m m％ 

stable free system 吐lat s{Ids丘es one a&lifi~ al c刮 柚 e 

c0ndi ol1．The Ie J IIg c10sed-l0叩 mIi∞ar sy咖 is 

Ididbk in the sen8e血at they印)vidc gI|Ⅻ l嘲 l 

’m把md锄出ni【y趾ldtt d m面ccl on1y all 

nlators aIe叩 豇 伽Ial but also w s0me of ac加撒 s 

口叩廿i肋鹋 outages．The restd~s of吐I-坫 pap盯 0vide a 

dE印  insightintothe sym}lesis ofthe reliable D[1n】 

H statefeed ad【 
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更 正 

本刊2001年第 18卷第 1期第 147页，右栏第一行即“目前，我们所开展的‘无模型控制器’的研究就是企 

图用”移至左栏第二行，即： 

控制理论的研究应该与计算机技术结合起来． 

目前，我们所开展的。无模型控制器”的研究就是企图用 

一 种新的思维方式来进行的．我们企图冲破现代控制理论的 

思维框架 ，⋯⋯ 

特此更正并致歉意 

论．bh啪 滤波到非线性控制，无穷维系统，随机系统，适应 

控制，系统辨识等，出现大量的新结果，许多新刊物，新著作， 

使高技术中出现的众多问题得以解决，但一个客观事实是： 
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