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不匹配不确定线性时滞系统的鲁棒自适应控制 
胡剑波 楮 健 

(浙江大学工业控制技术国家重点实验室．先进控制研究所-杭州，310Q27) 

摘要：对一类同时具有匹配不确定性及结构确定不匹配不确定性的不确定时滞系统进行鲁棒自适应控制．首 

先．采用李雅谱诺夫函数方法，结台基于线性矩阵不等式的鲁棒控铜器设计方法和变结构控制方法，设计鲁棒控制 

器，保证闭环系统的二次渐近稳定．利用自适应参散估计方法 ，设计具有匹配不确定性范散界估计能力的鲁棒自适 

应控制器，保证闭环系统的一致终结有界．结台算倒，进行控制器的设计和仿真研究．验证所提出的设计方法的有 

效性 

关键词：不确定性时滞系统 ；鲁棒控制；变结构控制；自适应控制 

1 lntroduclJon 

Many researche~havedDr alot ofworks oilthetop- 

Ic of the robust contml for the matching un n es 

based Oil v~aiable stlllettlle control(VSC)[t一 ．0n岫 

other hand，for imCel'tain systems with the mismatching 

uncertainties，the property of the v~a'iable structure sys— 

tern，which is not sensitive to uncertainties，iS∞t saris— 

fled[ ’ 】such 口Iat using oraina~ va[iable controlmethod 

Call∞t solve these uncertain systems．Although linear 

maUixinequaUty(LMI)is∞ effective me~od for the 

robust control for uncertain systems with structured lⅡl— 

certainties[6]
． the obtained oontmller is very consem ． 

tire．If the uncertainties divided into two indepen- 

dentparts namedthematclaing pan andthemismatching 

part，the correspoaaing control action should be designed 

for the matching part，and the robust control method 

should be used to ovefcot't~ the affection of the mis 

matching uncertainties based Oil LMI．Meanwhile，the 

control effectiveness may be widely irapmved based otl 

the fact that the v'／irious effective contml scfa gi 

taken for various tmceaainfies with differentpiopeay． 

A robust contmll~is proposedin【7J based Oll VSC 

method and LMI approach，but the coDli~ er is very 

complexto gual~teethe existence of sliaing-moOe．On 

the other hand，variable stnleture control system need 

not have sliding-mode only if the obtained clc~ l-loop 

system is stable．Thus，it is very easy to cc~nbine the 

idea ofVSC withLMI approachinthe des ofthe1"0一 

bust control system ． 

W ith the development of variable structure control 

theory and time—delay theory．nle are many wodc．s in 

thetime—delay systems based oilVSCmethod．In[8]， 

aVSC contmlleTis prolx~ for a class oflineartime— 

delay systemswith perfectmodel， din[9]for a class 

* r-,cimtt~oll ：铷pp删 byN．aliotlal№ Scimee E。ll- 0ⅡofOaina(699341~ )锄d№ № Sci黜  ·】删 帆 ofZ~img 
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oflinear time-deLay systems with matching unccfu~ ties
． 

In our paper ，for a class ofuncertainlinear~nc-delay 

systems with the matc~ and the mismatching urIcer- 

mintie~．a “)bust c0nnDl is developed by using Lya· 

punov stability theory，and by combining VSC method 

and I．MI approach．For the mismatching uncertainties 

with known structure，the robust controller is derived 

based on LMI app roach without considering matching 

uncertainies Fo r the matching uncertainties，all addi— 

tional control term with relay-type is constructed based 

on theidea ofVSC me thod ．1he obtained~nlrollerhas 

the ability to OVelwA3[1le the action of the matching and 

the misma~ g uncertainties．To improve the effective— 

uess ofthe developed controller，the adaptive controller 

is deduced bythe estimalion forthe upper nonl~ of un— 

certainties such that obtained closed-loop system is uni— 

formly ultimately bounded．Funl~rmom，the controller 

is modified with an approximate variable sⅡl1cnlfe coil— 

Irol~ fithrn． 

2 lh-oblem formulation and assumption 

Consider the u n linear system with time—delay 

asfolIows． 

t(￡)= 

A】 (z)+Ml 】( ( ))+A2 (￡一r( ))+ 

幔 d2( (￡一r( )))+B(M+F( ，￡( —r( ))， ))， 

(I) 

where ( )∈R is the state variable，Ⅱ∈ is the 

controlinput，n≥ m≥ 1．Thefi．mcfions 81( (￡))， 

2( ( — l-( ))are uncertainties under the known 

~ ture Ml，M2，respectively The funcdon F( (￡)， 

( —r( ))， )ismatct~g uncertainty underthecoil— 

Ixolinput．Function oftime r(￡)istime-delayin system 

state，and them is a positive col,slant口 such that 1一 

(￡)≥ 1~IatilCe8 A，B，Ml，M2 a constant oues 

with proper dimensions．The following assumptions are 

introducedfor system(1)： 

Asstm~ption 1 For the structured uncertainty in 

system(1)，there a constantmatricesNt，N2 suchthat 

ll l( ( )) ≤ l1 N1 (￡) ， 

ll 2( (￡一r(￡)) ≤ ll N2 ( —r( ))ll， 

(2) 

respectively． 

Assumption 2 For the ma tching mla in 

system(1)，there a positive constants c0，cl，c2 and a 

known functionmatrix ( ( )， ( —r)， )suchthat 

ll F ( )， ( 一r( )， )一 ( ( )， ( 一r(￡))， )ff≤ 

c0+cl ll (￡)}1+c2 ll (￡一r(￡))l1． (3) 

Our aim may be described asfollows： 

Under the a~ mptiolls of 1 and 2，derive a robust 

quadratic stability con~ Her if the parmnetcl~Co， l and 

2 a known  previously；derive a robust c0n虹oUef with 

the property ofthe uniformly ultimate bo undforthe 0b— 

rained closed-loop system ifthe parameters c0，。】and 2 

are onkonwn． 

3 Robust controller for the鄙璃tf雌 with 

matching uncertainties and its known- 

norllf1．bound 

Theory 1 Fo r ancertain liner time-de lay system 

with assumption s 1 and 2 

( )=Al (￡)+A2x( —r(￡))+M1dl( (￡))+ 

M2d2( ( —r( )))+Bu． (4) 

Introduce a sd n with the positive-definedmatricesP ： 

P >0，Q=Q ，R=R >0，the positive￡1)0， 2 

) 0， 3> 0 andthe rnallixK： 

(P，Q，￡1， 2， 3，K，R)： 

P(A】+BK)+(A】+BK) P+ 

lMT1p + ￡lNTN】+ 

E

1

2

PM：MrP+ pA2A：P+ ( ) 

Q+R<0， 

￡2幔N2+￡3 一t72R<0． 

As Inethatthe setn is non-empty．thenthe 01mIiIled 

dosed-loop system under the controller = Kx( )is 

quadratic stablefor any elem ents inthe setn． 

Proof a1o0se Lyapunovfunction as follows： 

=  (￡) (￡)+ ~ g( xT(p) (p)如． 
Underthe controllerⅡ= ( ) we have 

≤ 

( ){P(A1+BK)+(Al+胀 ) Pl (￡)+ 

2x PMl 1( ( ))+2x (t)PM2 2( (f—r( )))+ 

( )一a2X ( —r( ))Rx( —r( ))+ 

2 PA2 (￡一r(f))． 

Considerthefollowing facts， 
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2x (t) 1( (t))≤ 

(t)PMl̂盯 (I)+￡1 II 8l( (I))II ≤ 

1
．  ( )删 1 (‘)+￡1 ( )研Ⅳ1 (￡)， 

2x (t)PM2 2( (t—r(t))≤ 

(‘) (‘)+ 2 ll ( 一 ))『f ≤ 

( ) ( )+ 2 ( 一 )) ( 一 (‘)) 

2x ( )PA2 ( 一r( ))≤ 

(I) 2Aj (I)+E3xr(I—r(t)) (I—r(E)) 

眦 ． 

≤ (t) 

P(Al+BK)+(A1+朋 ) P] 

+ 肼  P + L(f)+ 
1 pM

： P+当 A + J 
(1一r( )){￡2 +E3厶一o~RIx(t—r(‘))． 

BecauseP．K，￡l， 2．E3，Q，R belong协the set1"2， 

have， - 

≤一 ( )以(‘)≤一  ̂(Q)jf (‘)ll ． 

So，the obtltintxl elosed-l~p system und the controller 

u= (c)is~dratic stable for eleme~s in the 

鳅 1"2．Then1h唧 1is proved． 

Tlleory 2 For the uncert~n sys~nl(1)with∞一 

sump 。l1s1，2，andthe setn beingnon_err 呵，intm~ce 

thedementinthe setn，P，K，￡1， 2， 3，Q，R，thenthe 

如n 吨 VSC controller is applied协system(1)， 

Ⅱ = ( )一 ( )， ( 一r( ))，t)一(co+cl ll (‘)II+ 

2 ( 一r( ))『『)sgIl( ( ))． (6) 

Then，the cl~ d-loop syst叮ns(1)and(6) quadrat- 

ic stable． 

Pmof CIlc0seLyaptmovfunction． 

V= ( ) (‘)+I，、，(p) (P)dp． ‘
一 r【‘ 

Under controller(6)，wemay have 

≤一 (Q)ll ( )ll + 

2x (t)PB(F( (t)， ( 一r(t))， )一 

F0( (t)， (t—r(t))， ))一 

2(c0+cl ll (t)『l+c2 ll (t—r(f))l1)， 

xT(t)PBsgn(B ( ))≤ 

一  ̂ (Q) (t)ll +2(c0+c1『f ( ) + 

c2 ll ( 一r(‘))f『)ll P ( )『f一 

2(c0+c1 j『 ( )ll+c2『『 (t—r(t))『『)． 

( )PB~gn(B (t))： 

一  (Q)ll ( ) 

Trim，d dosed-loop systems(1)Ⅲld(6)aIe 目 

stable． 

4 Robust controllerfor硼1cel恤 鄙毽tel璐 

with the es~ fon for the b咖 d． 

nom ls of uncer虹li曲 髂 

Whenthe para~  0， l ld 2 aIe unknown，the 

gaiⅡs of relay-type啪 inthe e~atmllermay betoo big 

Ortoo smau．In the case oft00 big 响蚰鼬邮 ，the el- 

feet ofthe controller may be blow．On the O~ilCrh Id． 

themlxlsllle~ ofthe control system may be d0a℃asedin 

the casc oft00鲫[IaIll p ar口c ． ，s0腓 YSC 00n— 

trollers砌 l the estimations ofthellall-dnllN~rsforthe up— 

pernorlll~ofthe uncertainties am plq删 in[10，11]． 

By a~lyingthe resultsin[10，11]，the f0】1咖 Ie~lt 

is obt~edf0r me system(1)． 

Theory3 Fortheline~ uncertaintirae-delay system 

(1)trader assumptions 1，2，the pamm啪 。0，。l，。2 be． 

ingW出∞wn，aM the setn beingn0n．a【Ip ，in嘞 】ce 

the dement in the set n：P，K， l， 2， ，Q，R，Ⅲld 

linethe VSC~ ller， 

M = 

( )一F0( (t)， (t—r(t))，t)一 

(岛+ 『f (‘)『『+如ll ( 一r(‘))l1)s ( (1))， 

(7) 

re ，以，如瓣 the dlⅡt．帕璐 0fC0， 1， 2． 叩 吐崎 ， 

=g0(一嘶 +『fBrP~(t)『『)， 

1=g1(一 1 l+II BT (‘)II1l (‘)1I)， 

如=g2(一 +『f (‘)『『 ( —r( ))l1)， 

(8) 

where qo，ql，q2， 0， 1， aIe any positive value(> 

0)．Thenthe cl0sed—loop systems(1)，(7)∞d(8) 

uniformly 1】l血n酬 y fl1ncd0n， 

=
T +

g ( 0一co) +口 (。1一。1) + 

一 c ) + m) p) (p)dp． 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No．3 RobustA姻 veC~trol妇 aaa UneerminT'nne-l~．1ay Systems 383 

Under controller(7)，we have， 

≤ 

一  ̂ (Q)f1 (￡)ll + 

2x (￡)PB(F( (f)， ( —r( ))， )一 

( ( )， ( 一r( ))，f))一2(eo+dI ll ( ) + 

d2 ll ( 一r( ))lI) (t)PBsgn(B Px(f))+ 

2q6 (e0一co)如+ ( l—c1) +2町‘ 一c2)如≤ 

一  ̂ (Q)l} ( )lf 一2(do+dI ll ( ) + 

e2f1 (￡一r(￡))l1)ll B Px(￡)lI+ 

2(co+c1 lf ( )ll+c2 ll ( 一r( ))l1)l} (￡)ll+ 

2酊 (e0一co)如+ _l( —c1)厶+ 一c2 ． 

、pp dng the estimation 0， 1，e2 for o， 1， 2，i．e 

(8)，we have 

≤一  ̂ (Q)一290o(eo—Co)e0— 

2 1( 1一c1) I一2 2(e1一 2) o． 

c(Insm耐ngthefacts， 

f-2(eo—co)e0≤一(e0一co) +c5， 

{一2( I—cI)e1≤一( 1一c1) +c{， 

l一2(d2一c2)e2≤一(d2一c2) +c；． 

We have 

≤一̂ (Q)一 o( 0一co) 一 1( 1一 1) 一 

2(e2一c2) + oc5+ 1c}+ 2c；≤ 
一 min(̂ (Q)， ， I， )l}Y +△， 

where 

yT=(xT, o—CO,01一 1， 2一 2)， 

△= c8+ }+ 2c；． 

Based o11thefact△ > 0mad consideringthe definition 

madjudgea-aentofunifomay ultimate boundin[12，13]， 

thedosed-loop systems(1)，(7)and(8)ale unifoimly 

111血na坨Iy bouned．This theory is proved． 

5 Improved Algorithm 

The signfunctionsin controllers(7)mad(8) the 

。0Ilrccs of chattinginthe controller si~ ls．thusthe ap- 

proximate VSC algorithm[11]is used in our study
．
The 

improved controller algorithm may be described as fol— 

lows： 

Let 

BTPx(t)=[5l ⋯ 5 ]T_#>0， 

u=戤 (f)一Fo( (‘)， ( 一r(￡))， )一 

p0( 0+e1 1f￡(t)f1+ 2}1 (￡一 

r(￡))l1)oh(B (t))， (9) 

=q0(一 o‘o+P0B (t)ch(B (￡))， 

e1=ql 1 1+P0 ll (f) B ( )ch( Px(￡))， 

(10) 

e2=口2(一 2e2+Pof1 ( 一 

r(f)) B (t)ch(B (￡))， 

where 

ch(S)= 

1一exp(一 1) 

1+exp(一us1) 

1一exp(一 ) 

1+exp(一us ) 

s 

The uniformly ultimate bound ofthe closedloop sys— 

terns(1)，(9)and(10)may be proved in the similar 

一 (eo+6 Il (￡)f1+e2 ll (￡一r(f))l1)8 ( (￡)) 

一 ~o(eo+6 I1 (f)lf+如ll (￡一r( )) )c}I( (‘)) 

arc calledthe VSC adaptive t．eml fo(7)mad(9)， 

“ =戤 ( )一F0( (￡)， ( 一r(￡))，c) 

6 CalculationR'zumples 

Consider system(1)with the following matrices： 

8习2,A2= 1．5讨 
⋯  旧B=日 

叫  N2= 0．1 ， 

F( ( )， ( 一r(￡))，f)= 

一 5sint+0．2xl(f)+0．6x2(t—r)， 
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Fo( ( )， (f—r( ))，f)=0，Q=o．513，R=13， 

By solvingIMI(5)，we have， 

『0-6229 o·7996 0_37201 
P：l 0．7996 2．3286 0．6065I， ／

0．37：0 0．6065 o．77l8J 

1= 2 5133， 2= 2 4998， 2= 0．7741 

K=【一1．1950 —4．2404 —3．0914j， 

= 【0．3720 0．6065 0．7718J ． 

Furthermore，let 

q0= 0 5，q1= 0．0025，q2= 0 0025， 

= 1， 1= 2= 2， 

the robust adaptive controller should be 

u= ( )一( + ll ( )}1+岛ll x(t—r( ))l{)sgn(s)， 

0=q0(一‰ 0+ ll s l1)， 

；l=q1(一 1 1+ ( )l1)， 

；2=q2(一 202+ ( —r( ))l1)． 

Inthe case ofthe existence ofthe disauSo~mce， 

D( )=diag(0．1，0．1，0．1) ( )+[0．1—0．2 0．1] 

丁imegs 

(e) 

w Out VSC 

Fig．1 

Tim s 

(f) 

2一 w 山VSC adaptive ten'n 

Simulation results 

Fig．1(a)～(f)show the sironlafion results for the 

eonU'olierswithon tVSC andwiththe adaptiveterms，re— 

spectively．It shows that the control performa~ is ira- 

proved greatly by applyingthe adaptiveterm inthe∞n— 

trollet 

7 Conclusion 

By applyingIM Iapproach，VSC method and aaap— 

five con trol theory， a robust cona'oller，a VSC robust 

cona'oller and arobustVSC iidap~ve conla'oller are pro— 

pc for a class of linear m” time—delay systeam ． 

n1e feasible and the effectiveness of our results are 

demonstrated by a calculation exmnple and its simula- 

fion Ourmain conclusions are asfollows： 

1)The designed VSC cona'oller need not satisfy the 

matching condition of the o】[dinary VSC conla'oller by ns— 

ingVSCmethod 叽d LlVll approach．this cona'ollex c∞ 

eliminate the actions of the mismatching uncertainties 

andthema tchingon es ． 

2)By applying ad~ ve controlⅢIdthe estimationfor 

the paiametem ofthe upper nol'n~ ofthe uncertainties ， 

the effect ofthe controller shouldbe improved ． 
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tiom ． 

The stabilityissue ofDDP-P'ID is all~nportant∞pic 

forfultherinvestigatic~．Future ，D血 shouldfirstintro— 

duce~ppropriate notion of( ，B)一controllability sub 

spllcc．then applyittothe disnⅡb∞。e d~ upling prob— 

l∞ with stabilityfor system (1)． 

目 erences 

[1] s芒d锄。L J andR岫 P J．Sampled m衄 ∞{ Ⅻ li叮g vciL!z 

stabilityu multirale oc~trol[J] 皿  ．Antom~ Can． 

trol，1991．36(9)：1061—1065 

[2] s吐z．XiaoX柚d W．Maltife~bock(̂ ，B)．inva~lt sub． 

印麟 船d皿 a sampled{ Ⅻ li叮g[刀．a血黜e J of／mtoma· 

Ⅱ砸。1995。7(3)：239—246 

[3] Wonl~aW M．Ij ／Vlul~aliabloo 一A Geomell6e却． 

∞由【M】．B出 ：却 Vd蝎．1995 

[4] Gfasselli0M S Di h withd №  

∞  forhn p目jodic曲 血 syst~ [J】．血 ．J Conrail． 

1986，44(5)：1319—1347 

[5】 o础 OM删 h S．Di出皿b龃∞b蝴岫岫 bym 珊瑚 I 

f枷 妇 血Ⅲ p目jodic dism  [J] AⅡm ． 

1988．24(3)：375—385 

[6] o JW．0mlr v|fi蛐ce妇 syB· 

t黜 wi血皿 uc畸∞ 恤 曲山 1∞d。哪lpl g四灿叽 【】j 

皿 Tram 1̂】m 疵 。 。1985．3O(9)：8穗 一眈  

【7J RaoCR删 Mi1啦SK．G啊童毫li谢 hv㈣ ofM出 删 Ib却 · 

p№ 【M】． York： wil ．1971 

本文作者简夼 

孙撮末 I968年生 ．1999年毕业于青岛拇洋大学应用鼓学系 

1993年厦门大学系统科学系获硬士学位 ．1996年于北京航空航天大 

学七研获博士学位，同年进人清华大学 自动化系从事博士后研究．现 

为北京航空航天大学副教授 

(Continued page 384) 

[9] N柚d13eh SenM．Slate 鲫 ding咄 ∞  of a 

da嚣of岫∞曲_Ⅲtime dd ~'stem[J]砸ER∞ 血g D，1993． 

1411(4)： l一274 

[10]0 w．SuCY 鼬 n∞kD．A蜘 II ∞n咖  蛐  

姻F0删  onl 船 Ibc 蛐 on m  of 

t日in妇 ．̂ l血ln出 ．1998．34(Z2)：l 钉一l66l 

[I1]m 柚d 肺 ．̂ n哪 帆iI vsc 

妇  ofIbc m  ofIbcm ∞  

[J]hI如唧a吐啊1柚do蛐[0I．1999．ZS(S){l48—151 

【Z2] Wu} 哪 ．A d盥s of statef 血_出 啪 吐ol 砌  

s口啦 璐 船 呻嘴嘶 啦 i螂 由n蚵 cm 神础 【Jj n瞄 ．of 

so柳 ofh血删 船dQ岫向 gi哪 ．1996，弛(4)：4"／7— 

485 

[13] l L．Stability1l唧 [M]．Bt ：n j衄  u 

v H．1992．12— 4 

[14] M咄 JQ 柚dG∞ Leiw ．QDti 妇挝  

删卸衄dng衄i I眦 bc幔 _茁呻嘴|t血 由Ⅲ舶tc 
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