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Abs血act：An ada ve iterative fee~ack control approach was proposed for a class of single-input，single-out~ llno ． 

tain nonlinear systems with completely unknown control gain．Unlike the ordinary iterative learning control which required sa【I 

preconditions of stability on the learning gain，the zcla~ive iterative feedback control achieved the convergence through all un- 

known feedback gain in a Nussbaum-type functiol1．It was proved that the repetitive tracking elTOr sequence was asymptotic tO 

the interval[一 ， ]for arbiWary tie．scribed >0when iterations go to infinity．Simulation is carded out to show the validity 

ofthe proposed melhod． 
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基于未知控制增益的非线性系统自适应迭代反馈控制 

陈华东，蒋 平 

(同济大学 信息与控制工程系，上海 2ooo92) 

摘要：针对一类单输入单输出不确定非线性重复跟踪系统，提出一种基于完全未知控制增益的自适应迭代反 

馈控制．与普通迭代学习控制需要学习增益稳定性前提条件不同，所提自适应迭代反馈控制律通过不断修改 Nuss- 

barrel形式的反馈增益达到收敛．证明当迭代次数 i一 时，重复跟踪误差可一致收敛到任意小界 ．仿真显示了所 

提控制方法的有效性 ． 

关键词 ：自适应迭代反馈控制；未知控制增益 ；重复跟踪 

1 Introduction 

Iterative learning controls are designed based on the 

discrete Lyapunov method and the control output is up· 

dated in all afflne fashion such as P type or D type learn· 

ing(see[1，2])．They require some preconditions of 

stability on the learning gains．For example，given a 

linear dynamical system 

『露(t)=Ax(t)+Bu(t)∈R ，x(O)= 0∈R ， 

【y(t)=C,x(t)∈ R ， (t)∈R ， 

(1) 

the ordinary iterative learning control requires the pre— 

condition of ll I—CBL ll<1 for the stability on the 

learning gain，where L is the learning gain and ll·ll 

denotes a function norm．[3]proposes all a(Iap畦Ve itera— 

tive learning controller for a class of single—input，single— 

output linear time·invariant system that does not require 

the above precondition，but needs to know the sign of 

the first Markov parameter i．e．the sign of CB． 

Nussbaum-type gain was originally proposed by[4]， 

and has been adopted in the a(Ia Ve control of first-or- 

der nonlinear systems and nonlinearly perturl~ high·or- 

der linear systems(see[5～10])．[11]propo~ all 

asymptotic regulating control scheme for a class of time· 

varying uncertain nonlinear systems with both ~dditive 

nonlinear uncertainties and unkllOWll multiplicative terms 

witl1 Nussbaum-type gain in a(Ia ve feedback contro1． 

This paper propo~ a new approach— a(Ia Ve itera- 

tive feedback control—— for a class of single-input，sin— 

gle·output unknowll nonlinear systems．W ithout any pre— 

conditions of stability on the feedback gain，the a(Ia Ve 
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iterative feedback control obtains the convergence 

through fill unknown feedback gain in a Nussbaum-type 

function．Through rigorous proof，this paper shows the 

repetitive Wacking error sequence is asymptotic to the in— 

terval[一 ， ]for arbitrary prescribed >0 when iter- 

ations go to infinity． 

2 Problem formulation 

In this paper，we consider the single-input，single- 

output uncertain nonlinear system 

r戈i(t)= ．( f(t)，t)+b( f(t)，t)u (t)∈R ， 

{xi(0)= 0∈R ， 
L yl(t)= Cxi(￡)∈ R，ui(t)∈ R， 

(2) 

where i denotes the iteration sequence，xi(t)∈ is 

the physically measurable state vector，ui(t)∈ Ris the 

control input，and yl(t)∈ R is the system output． 

Given a finite initial state (0)and a fmite time in— 

terval[0，Tf]，the control objective is to design an item— 

tive feedback co ntrol such that，as i ∞ ，the system 

output yi(t)ofthe nonlinear uncertain system(2)wacks 

the desired trajectory Yd(t)∈R which satisfies fol— 

lowing dynamical system over[0，Tf] 

r戈d(t)= ．( d(t)，t)+b( d(t)，t)Ud(t)∈R ， 

{ d(0)= 0∈R ， 
Lyd(t)=Cxd(t)∈ R，ud(t)∈R， 

(3) 

i．e．as i oo，the repe titive Wacking error sequence 

ef(t)=Ya(t)一Yi(t)一0．As part ofthe repeatab~i一 

哆，the initial state xi(0)= d(0)= 0 is available for 

all trials． 

For notational convenience ，we define 

(t)：= (t)，t)，6j(t)：=b(xf(t)，t)， 

fd(t)：= d(t)，t)，bd(t)：=b( d(t)，t)． 

For this system we make the following assumptions： 

A1)Cf,(t)， (t)，Cbi(t)，Cbd(t)and Ud(t)are 

unknown but have both upper bound and lower bound． 

A2)0<0IIli ≤I Cbf(t)I≤ 诅I，where 1．I de— 

notes the absolute value， IIlin and nlax are positive co n— 

stants，and the sign of Cbf(t)is unkllown but un— 

changed during the trials． 

3 Design of control law 

1h~ughout this paper，we choose a Nussbaum-type 

function 

( )：=cos(詈 )exp( )， (4) 

where ∈ R． 

Define 

『y。，if ( )≥0， 

y： l ，if ( )<0， 
where ， ∈ R and ， >0，then for every s0∈ 

R，the Nussbaum-type function (·)has the proper- 
ties[4] 

⋯lim sup÷j二 ( =+∞， (5) 

⋯lim inf÷j二 ( =一， (6) 
where s≥ s0 an d s≠ 0． 

The propo sed control law is given below 

uf(t)= (也(t))ei(t)， (7) 

矗 ct ={ ’e ￡ 。·a el ￡ 。一 ’ ：耋 ：))。． ， 
(8) 

ki(0)=也一l( )， (9) 

where i denotes the iterative sequence，ui(t)is the con— 

trol input，and (t)is the parameter of the Nussbaum- 

type function, 

Theorem Under the control laws(7)～(9)，if 

(0)=Xd(0)，then ki(t)and ei(t)ale bounded and 

ef(t)is asymptotic to the interval[一 ， ]for arbitrary 

prescribed > 0 when iterations go to infinity。i．e． 

I ef(t)I≤ as i一 ∞． 

Proof Define the function 

『告 ，if卢>0， v(f1)
： ： { ' 

o， if ≤ o， 

then 

(I ef(t)I一 )= 

f 1(I e (￡)I一 ) ，if I e (￡)> ， ∈[。， ]． 
【o， if i ef(t)I≤ ， 

If ef(t)> ，then 

(I ei(￡)I一 )=(ei(￡)一 f(￡)= 

(ef(t)一 )[C( (t)一 (t))+Cbd(t)ud(t)一 

Cbf(t) ( (t))ef(t)]． 

Similarly if ef(t)<一 ，then 
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(I e (￡)I一 )= 

(e (t)+ )[C(fd(t)一 (f))+Cbd(t)ud(t)一 

Cb (t) (k (t))ef(t)]． 

Suppose I ei(t)I≤ as i ∞does not hold，i．e． 

I ei(t)I> ．Then from(8)and(9)we know k (t) 

is瑚=Iba艋 i．e．ki(t) ∞as i ∞．From AI)we 

know C(fd(t)一 (t))+Cbd'(t) d(t)is bounded，so 

we can obtain—c I e (t)I≤ C(fd(t)一 (t))+ 

Cbd(f)ttd(f)≤c l e (f)1 when l e (f)l> ，where 

c is a finite positive constant． 

From(8)we know 

f。 (t)·(。 (t)一 )，if e (t)> ， 

矗f(f)={0， if l e (t)l≤ ， 
【ei(t)·(e (t)+ )，if ei(t)<一 ． 

If Cb (t)>0，i．e．0< llli ≤ Cb (t)≤ 一 ，de— 

fine 

then—Cbi(t) (k (t))≤一Ov(k (t))． 

So when ei(t)> ， 

(I e (f)I一 )≤ 

(e (t)一 )[c I e (t)I—Ov(k (t))e (t)]： 

(c一 (ki(f)))矗 (f)． (10) 

Similarly when ei(t)<一 ， 

(I ef(f)I一 )≤ (c一 (岛(f)))矗 (f)． 

(11) 

Integrating(10)and(11)separately，for f—th item— 

tion，／n．th interval[t o，tinf]in which I e (t)I> ， 

0≤ tino< tinf≤ ，we obtain 

0≤ V(ef(t))= 

f(c—Ov(kf(t)))|i} (f)dt= 

J． ： (c一 (|il (t)))d|il (t)，t∈[t／nO,tinf]． 
Supposing there are im intervals in which l ei(t)l> 

in every f—th iteration，and from (8)and(9)，we can 

obtain 

0≤∑∑ ( ( ))+∑ (e ( ))+ (e (f))= 

萎
j=I J
f 
kj (O )

’

(c一 ( ))d +』： ：(c一 ( ))d = 

l‘ (c一 ( ))dk= 
l
(o】 

c(ki(f)一后l(。))一
．．．

k~t

⋯

Or( )d ， (12) 

here t∈ [f加，tinf]and I e (t)I> ． 

When k (t)>0，divided by k (t)in(11)，we ob— 

tain 

。≤c(1一 )一 1 f ki(
。

t)

) 
(啪  l3) 

From the previous assumption we know the monotone 

function】iIi(t)is unbounded as i ∞。Then when 

k (t) ∞，(13)contradicts one oF the other of prop— 

erties(5)and(6)．So kf(t)is bounded as i一 ∞and 

the previous assumption does not hold．And丘DⅡl(8) 

and(9)we know ei(t)is bounded and I ei(t)I≤ 

as i ∞ ． 

Ⅱ i(t)<O,i．e．一 。na ≤ Cbi(t)≤一 ．m<0， 

then0< 。lli ≤一Cb (t)≤ 。 x，similarly we know the 

theorem bo lds． 

4 Example 

Define (t)=[ l(t)， (t)IT and consider the two 

order single·input，single—output nonlinear systems l： 

拿l(t)=一sin( l(t))+0．5cos( (t))， 

拿2(t)=0．5cos( l(t))+(2．5+0．15sin( l(t))一 

0．1cos( (t))) ， 

y(t)=3 l(t)+2 (t)， 

and 2： 

拿l(t)=一sin( l(t))+0．5cos( (t))， 

拿2(t)=0．5cos( l(t))一(2．5+0．15sin( l(t))一 

0．1cos( (t))) ， 

Y(t)=3 l(t)+2 (t)． 

Th e parameters are ullkllown to the controller．Th e 

only difference between l and 2 is that 6(t)z．=一 

b(t)x，，i．e．(Cb(t)) 
。

= 一 (Cb(t)) ， ． Obviously 

ZI and 2 both satisfy the assumptions A1)and A2)． 

By way ofillustration，the control tasks ofZl and 2 are 

both to track the desired trajectory yd=8t 一5t ，t∈ 

[0，1 J． 

The continuous feedback strategies(7)～(9)guaran— 

tee the tracking erl'ors of l and 2，which bo th co n— 

verge asymptotically to an arbitrary pmscribed small 

boun d when the iterative sequence i ∞ ． 

Figures 1—-3 depict the iterative trackings of the sys— 
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tern 1 and 2 with the initial data (0)= [0，0]T， 

kl(O)=0 and =0．1．From Figs．1—3 we can see 

that the e iterative feedback control can obtain the 

ell-Or convergence without knowing the sign of Cbi(t)． 

And from Fig．3 we can see with the increase of the iter— 

ation sequence i，the feedback gain (ki(t))is bounded 

and its sign is changed tO be the saine as the sign of 

c6 (t)． 

3 

2．5 

2 

1．5 

l 

0．5 

O 

⋯ 一 ：— —  

F ．2 8th tracking errol"e(t) 

／＼ 
lterative sequencef 

：⋯ ⋯  ：— —  

． 3 Feedback ( (t))for 1st to 8tll track吨 

5 Conel~ ions 

Based Oil tbe idea of~ ptive feedback con~ 1．this 

paper ，0Ses that an~0_ptive iterative feedback con~ l 

obtains the eIT0 cxmvergence nl∞ an llnknown feed— 

back gain in a Nmsbaum-tyl~ function in repetitive 

tracking extol 1． 

Without any preconditions about feedback gain and 

through rigorous proof we have concluded that the Ha— 

known feedback gain is bounded．This as a resdt粤lar- 

a】【I the validity of the~ ptive iterative feedback con一 

缸O1． 

[1] HEINZINGER G，FI~IWlCK D，PADEN F B，et a1．Stability of 

k Iling∞ with di曲 Da玳 andIlIla蚰 inimfial condition[J]． 

IEEE 棚 A痂 Control，1992，37(1)：llO—ll4． 

[2] s从 B s s．()n岫 P-typekIrIIiIlg∞曲Dl[J]．伍：EE 棚 ,tu一 

细触如 Comr~，l994，39(11)：2298—2302． 

[3] OWENS D H，MuNDE G． ror∞nv nce．m距 ad叩 e itera- 

fivele~ing∞nⅡIDu盯[J]．胁 JComr~，2OO0，73(10)：851—857． 

[4]， NUSSBAIJM R D．S(舡 relmrks On the conjecture in 瞄衄 

ve∞曲Dl[J]．Sy~ as＆Control 蹴 ，1983，3：243— 

246． 

【5J MAR11 lSS0N B． 釉aII(s On ad叩dve stlibiliTafi~．of丘rsl order 

Il0nliI聊 sy~ms[J]． s姗 ，＆Control ，1990，14：l一7． 

[6] RYAN E P．A m versal lldll~Ve stab~ for a class of n0IlliI1e 

sy~ms[J]． 咖 ，＆Control 蹴 ，1991，l6：209—218． 

[7] RYANEP．Universal WIt∞-~ackmgforadassofIl【mliIle sy~ms 

【JJ． ls招m，＆ControlLetters，1992，18：20l一210． 

[8] RYAN E P．A球】IlliI1e universal~I'VO m h 锄 [J]．IEEE 

u棚 A肋眦如 Comr~，l994，39(11)：753—761． 

[9] 0 tu M，RYANEP． l ve∞曲Dl of a class ofIl0nliI 

pt蚍IIIbed linear sy~ms of relative degree two[J]． 捌_删蜉＆Con— 

trol 抛 ，l993，2l：59—64． 

[1O] }I 压ANN A，RYAN E P．Umversal -tracking for Il0nlin呻  

pefnlIbed sy~ms_mthe presence ofnoise[J]．̂ m嗍 ∞，1994， 

3o(2)：337—346． 

【l1] YEⅪld锄g． t0dc regulation of血 V Iln I啪- 

linear sy~ms with Ul~ Wll锄l嘶I dj cIi0ns【J J． l̂l| ∞， 

l999．35(5)：929—935． 

作者简介： 

陈华东 (1976一 )，男，现为同济大学信息与控制工程系博士 

研究生，研究领域机器人控制与智能控制，E-trail：hd一曲朗@s0|nI． 

coin； 

蒋 平 (1963一)，男，1992年西安交通大学信息与控制工程 

系博士毕业，获工学博士学位，现为同济大学信息与控制工程系教 

授，博士生导师，主要研究领域机器人控制 与智能控制，E-r~il： 

P．ji~g@gca1．ac．Ill(． 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com

