
第 l8卷第6期 

2(JO1年 l2月 

控制理论与应用 

C0NⅡ吼 1HE0RY Am  AH Ⅱ T【c 

V0I 18No 6 

Dec．2∞ 1 

Robust Conl~ol for Nonlinear Systems wim  Bounded Perturbation 

JIAO Xiaohong 

( p叠mn瞰l AIll口m ∞，Y~hau Univ~ ty。 曲l1日Ⅱ ∞．O66OO4．P．R(m ) 

O Hllashu 

(1~atuto s 晴m sci∞晖，CNnese A( 血 of scions‘B ，100~0，P．R．aal~) 

SI--IEN Tielong 

(D印鲫Ⅱ删 ofM∞b岫i Fmgineel~ng，scph u小咖  Tok-~，，0p劬) 

A 嘣 ："Illis p叩盯diso,s~s出e rotmst scf Ⅱ via statefee(~tck衄 uncert~a systems．The岫∞r岫  

is clesctibedby卿 botmded pc咖曲面锄如椭 onthe s眦 variables．The岫 result showsthatII． 蛐Ⅺckeot~-otlaw c丑Ⅱ 

be曲 坷 o。∞ 叫雌 Itp vedeflaile Lyal~xw-likefulactic~，if me eomid~ systm is 0f r~lst 血 m pba。e and 

its nominal system hu bⅡ degree 

1畸 w岫 ：noalinear ：ms；r~lst~abilizafiotl；uncertainty：state feedback 

lloelmllnat eodle：A 

具有有界摄动的非线性系统鲁棒控制 
焦晓红 秦化淑 

(燕山大学 自动化系-秦皇岛，066OO4) (中国科学院系统科学研究所，北京，100~ ) 

申铁龙 

(上智大学机械工程系·日本东京) 

擅耍：针对不确定性由增益有界的摄动函数表示的非线性系统，讨论了状态反馈鲁棒镇定问题．结果表明，如 

果所讨论的系坑具有鲁棒最小相位特性，且其标称系统相对阶为1，劓反馈控制律可以通过构造精足本文引理条件 

的正定函数得到． 

美■词：非线性系统 ；鲁棒稳定；不确定性；状态反馈 

1 lnlroduetion 

As the diffemat~ geomeny was inlaxld．ced to the 

colxtrol山eoryI the ess~dal s七rucnⅡc of noQlJ／w,~ s3，s— 

ⅡB ∞ elucidallxl using the differential geomeuical 

too1．Inthe past decade，alot of approae~ based On 

the system sⅡuc咖 e have been pror~ to design non- 

linear colxtrol 曲∞ in a gelleral sense．F example， 

ithas been flaown that a de~ ed Lyapm~v fllnction for 

rolmst m bility c眦 be comlmeted by aⅡ e way，if 

the syr,t~ hasthe 触 stmc嘶 ．The case ofpara- 

metlic tmcea-tainty w罄 considea'ed in l1j，and moll~ 

broader cla oftmcea-tainty。which is de． bed by gain 

bounded mlknown flll~ on oil the state vmlables，has 

been addressedby[2】and[3]．RolJ~t stabilization and 

robust￡2 d商  problem have been iavestigated in the 

fiteramre．A cc∞tn0n characteristic ofthese印 0a舾  

isthat the l'Obuslll~~ ofthe systera is目lararIt。ed by a 

fixed Lyapunovfunction ofnoll~ ll syste~a． 

In this paper，we eomider the l'OtRISt Stabili~ on 

problem fornonlinear systemswith gainboundeditmcer- 

tainty．The uacettaintyis des~ibedby a 咖 Ibedfunc— 

tion in the state space rr10 lcl of the systems．W e will 

show that afeedback colxtroller嚆Ⅱbe obtained by COIl- 

st~ ti．g a positive d~flilite Lyapunov-like ful~ on， 

which engIⅡ the iiobllst convergence ofthe system at 

the equilibrium，if the consideml system is of robust 

t~,llrralm-phase andthen~ inal syr．t~ hasllelafive de- 

gree one．It shouldbenomtthatthighthis paper only 

*rmmtnti~ _岫 ：哪 删 by 崃 吨  啊  (1999—2001 )betv．~．theNationl~l№ sd 1(G199蝴 )d  

坤m Society妇 Promotm of Science 
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discusses the case of—  ve de ∞ one，the proposed 

m酬Il0d can be aI∞ extendedt0the casewherethe嘲 a_ 

five山 ∞ is l than 0ne． 

2 Problem present 

0∞妇 thenonlinear system m 也eⅧ垃口 

f = )(1+ ( ))+g( )(1+△g( )) ， 

ty= (̂ )， 

(1) 

hefe ∈蕊“， ∈ ，y∈ ，，( )，g( )and 

(̂ )(，(0)=0，̂(O)=O) known smooth map- 

p Ⅱgs． ( )and ( ) scal~r 6叽s 

whichdescribetheunnm~led eImr． 

As乩Ⅱ that the system s~ sfies 血e following as- 

sl~ ptlon$． 

A1 of ( )is bound~，i．e．themis a 

lmownf1．1nc~ofl ( )suchthat 

I ( )I≤I ( )I，V ． 

A2 △g( )is uniformly bounded，i．e_
．

them is a 

sufficient smalllmsitlve defini~functionm( )suchthat 

I△ ( )l≤ 1一m( )，V ． 

A3 Themodel of system(1)hastheIP~IVe e~gree 

r= 1。i．e． 

( )≠0，V ∈ ． 

Under由e嚣瑚堆 coition，G = 8p81]{gl( )， 

g2(x)，⋯gm( )}isinvolutivedistribution andthe v∞一 

tot field )， 2( )，⋯， ( ) g( )[ ( ) 

。D删ple ．Itis possibletofind a saaitablefunction=： 

( )(=∈ )such that system(1)is transformed 

into thefollow~ form． 

f = (=。y)O + (=，y))， 

【 =Ⅱ(=，y)(1+ ( ，y))+6(z，y)(1+ ( ，y))u， 

(2) 

where 

=  )】' ㈤ 
and 

( ，y)= (≠ ( ，y))， 

( ，y)= [≠ (：，y)]， 

( ，y)=凸 [ ( ，y)]， 

a( ，y)= (≠ (：，y))， 

6( ，y)= (≠ ( ， ))， 

l I≤I ( ，y)I， 

l△g I≤ 1一赢(=，Y)， 

Itis dear that the o dynamics of the印s峨n c缸 be 

des~ bed as 

j=，0( )(1+ (=，o))，，0( )= (：，0)．(4) 

Furth蹦n雌 ． as飘Ⅱne吐lat the system is of rolmst 

m缸imm p}Iasef ． 

A4 Tlm  e对s略a positive d曲面 如nc 0n ( ) 

suchthatits derivative alongany仃 cc of(4)saris— 

ties审(z)1(4)<一E ( )，v ， E>0． 

The pIlrpose oflbispaperis t0 se出 ammothfeedbac~ 

control u=a( )鲫d1吐Iat 证 唧  (1；O， o)of 

吐le cl0sed—loop system (1)咖is丘es limx(t；O， o)=0 

for any△，( )，△F( )s毗i CoPiousA1 antiA2 

andanyinitial 勒 ∈ ． 

For sil喇 ty oftennlnology，、 saythe system to 

be globally robust stable if system (1)b丑s她 above 

p 如 ∞nce． 

Thefonow~ leara~ willbe usedt0 prove 0啊m面n 

result． 

L目衄 1L” Consider the nonlinear system ： 

，( )．Ifthem exist a posi~ve definite fimction (*) 

f0‘甲(f)(∞，V c 

“ 
< *

嘶 她  

( )≤一cV( )+P(t)，Vt hoMswhen E 

>0，th∞ fbr姐yinitial vall~x(0)，limx(f)：0． 

L目仰啮 2【 ] ．Il1日e exists ammoth锄dpositive real 

如曲嘣on̂ 1( )>0羁Ich that the ec ali母 

‰毗 )+ I『‰ ) + 

1 
：，o)cl ≤ 

一 E (=)，V ≠0 (5) 

holds ifandonlyifd uncertain sis'tan(1)safiafiesthe 

Ass~ tionA4 

3 Robust feedl~ c~ troller design 

3．1 Case 0f d，( )鲁O 

Because the smooth vector nmc ，(=，Y)caⅡbe 

dc∞mp0sed (；，y)= ( )+A(z，y)y，system(2) 

canbe fiescribett 

y b(z劣 1 ．㈣ 【，=8(=，)+ ，y)(+五 ) ． ⋯ 
Theor~lll1 Assm~ dl趾sysaan(1)sa ∞COil- 

ditions A2 A4．畹 a desired feedback c讲l∞ law 
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ea~mngfilelxRalst啦 of closed-loop system rJob 

allyis咖 by 

u(z，y)=b-I(：，y){c(：，y)一。 (：，y)1， (7) 

wb既e 

(：，y)=n(：，y)+[ ( )] +吉 ， 
n胛 (8) 

(：，y){f yWaM f+ye一 f’ 

L (y>0，I9>0)． 
Proof Conmtwx a positive definite fllll~dOll using 

(：)inc di血mA4 asfollows： 

v(z，y)=wG)+吉y y． (9) 

Calculatingthederivative ofValongthe closed-loop sys— 

t∞ con~tmg of(6)aad(7)yields 

(：，y)l(6】 j= 

L／
o

w(：)一i1 y+yTc(：，y)+ 

，五 (：，y)一yT~,jt(Z，y)≤ 
一 eI，+yWc(z，y)+yT~gc(Z，y)+l yr l 

(10) 

㈤ 棚 一  ： 

V( ，y)，the following inequality c髓 be吐 ned for 

rely△g( )． 

(：，y)l(6) l≤ 

≤ 

一 EV(z，y)+7e一 ，V ≥0． (11) 

cb00sing ( )= e～，蜘  have 

(：，y)l(6) l≤一cV(z，y)+ (f)，V E≥O· 

， 1b0咖 l isfollowed byI．．~mma1． 

3．2 阻 e of ( )≠0，A#( )≠0 

Theorem2 As~lJmethat system(1)satisfiesCon— 

differs A1一A4．Then a desired fee~ack con仃ol law 

Ⅱgtbeglot~Uyl~0ust stability of closed-loop sys— 

tern is givenbY 

u(z，y)=b-I(：，y){c0(z，y)一ao(z，y)}， (12) 

whe*'c 

)= ， 

。(：，y)：sT(：，y)+ 。( ，y)+ 

1 c2(：，y)+一1
2 cy， (13) 2 (：) 2、 ’7 ’ (13) 

sT(z，y)=( ) +。(：，y)， 

Cl(Z， )=sT(2L10 +st)， 

。2(：，y)=M (2 (：，0)+ )， (14) 

atrl (：)is a positive teal fImcⅡ0n~ f,jng(5)， 

M(z，Y)is the lOW v~t．or 删 0n蚓蛐 the de— 

co~ tlon ( ，y)= ( ，0)+M(：，y)Y． 

Proof The dosed-loop system consisting of(3)am1 

(12)is given by 

= 比 ，y)+比 ，y)3s+G( ， 

(15) 

Ⅵ J目 

，( 

E( 

，0( )+̂ (：，y)y1 

n(：，y)一aO(：，y)J 

，0(：)+̂ ( ，r)r1 

( ，y) J 

)=【co( )一 + )】- 
WithA m珥岖∞ A1 inmind，calculatingthe derivative 

ofV along(15)yields 

(=，Y)l( )= 

LrV(z，y)+L~V(z，y) +l~V(z，y)≤ 

LrV(：，y)+ II I，(：，y)II + 

南  )l『2+kI，(=，y)· (16) 
Fmthemlore．itis easy to show山缸： 

( )+ II~v( )ll 1 y刈 ； 

‰ + 2 II&wll 丽1 II (：，o)II + 

yTl(LfW) +8一口01+ (=)yT[(Lf
l 
) +a]a／oW+ 

，[( ) +n][( ) +aITy+ 

y M吨 '0) 丽1 y ，V 

(17) 

holdsfor all：and y．Hc~cc，bY substltutin~ (13)and 

(14)into(17)，we have 

( )+ lI y) + 

j 1 II ( )II 
一 扣 y≤ 

= = 
" ” 

： ： 
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一 ~re(z， )一{￡yT = 
一 cV(z， )． (18) 

Similarto the proof ofTheorean 1，for any△，( )and 

( )， 

(：，y)I(15)≤ 

一 eV(z，y)+yTco(z，y)+ 

五 0(：，y)+I yTa0( ，y)I≤ 

一 e ( ， )+ (￡)，Vt≥0． (19) 

Therefore。岫  of I舸 锄 2is completed． 

4 Simulation a国咀 lle 

Considex a nonlinear systmn(1)，Whel~ 

= ( l， 2) ∈噼， 

，( ，=【 。】，占c ，=[ 】， 
五( )= l+ 2， 

I )I≤l n( )l，I△g( )I≤1一m( )， 

)： 一{， 
m( )=p(1+sin2x2)(0<p≤0．5)． 

obvi0Ils】y， ( )：1，i．e-the system hasml~ve 

degree 0ne．Hence。the system c锄 betr~sfonnedinto 

the nⅨmaIform(3)bythefonow~ coordinatetrails。 

fomaatim ． 一 

where 

( ) 0l】 (2o) 

f【：，Y)=一3z+3y=fdz)+，1【 ，YjY， 

Ⅱ(：， )=：+(：+3)( 一：)，6( ， )=1， 

：，y)：母( (吲))’五 = ( ( )， 
，y)= ，0)+．ilf( )y； 一吉， 

JIf(：， )=0， 

．0)= 一i1
+ 
(：Iy)=p(1+sin2 

sir．cethe d!，n cs ofthe systemis 2：一3=(1 

+ 苛(：，0))，ch。0sing the po~five definite function 

(：)： 1： and a(：)=吉：～， get 

toW(：)+专I‰ (：)I + I (“。)I 《 
一 3 +专 + 1·{ 等：2 

Thus，theinequality 

‰ (：)+专l‰ (：)I 五1 1 ( ，o)I。=≤ 
一 等： ≤一{ =一e (：) 
holdsfor sufficiently small e(￡≤2．75)． 

“̂DI曲 g toTheonml2，thefollowingfeedbacko~'1- 

廿Dllawis consmlctedfor 盈】ri|喀gl曲d lolmst stabil- 

i印． 

“(。， )=co(z， )一ao(z，y)， 

where 

)-一 爵 ， 
a。(：， )=sT(：，y)+ 2。1( ，y) 孟 1 c2(：

， )， 

s (：，y)=4z+( +3)(y一：)， 

ct(z，y)=ff(2／cW +毋)， 

= 一 3 ， 

c2(z，Y)= (2 + )=0， 

andp，e，7，p aIepositive m【m Is． 

Fromme 加 ali伽，it c扭be seen thatwhcne．口are 

1 andp，7 smaller，也e c。n删 i 眦 is Veryl盯窖e， 

butⅡ1e n~spome 啦 is short．Tl∞ 叩啊Is嚣 ofH andy 

aTe shownin g．1 and g．2础；pecdM。ly，when p = 

0．3，￡=2，7= 100， =20越dfae啊】c豇劬 哆 

(*)= 1 
一  

1
， ( )=p(t+ 托)． 

tls 

Fig．1 The eon~ol law ofsystem 

一塞 05 1 1 5 2 
tls 

Fig 2 Outputcurvcofsystem 

5 Conclusion 

Tile robust stabilizal~ oftheIn il】瑚卜pI皿scnonlin- 

哳 研 is di l蹴 d wt姻 the瑚蛔科 is de- 
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scribed by a~ lueoedfl~ onin d1e$Ii11~space ra~de1． 

1tief曲 result shows岫 a smoolla statefee~ack c觚 

be formed for a目 ．mg globally robust stability if the 

syslem is ofrebustminimum-phase andthe nominal sys— 

tern has reli ve degree oi1~．1tie dc mellacd pro· 

p‘坶 in this paper can be∞ to the case of the 

[3] 

[4] 

[5] 

nontme~ sysl~ a wiIh the relalive degree r > I under [
6 

n 嗽 i∞I condilioi~． 
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