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Abs嘣 ：A new stlffieie~∞lld m州 虹 Itle c0删直 。fD-typeiterativelea豳 g control a1】 【i吐如 is i出d 

andItle cllmcal ex-peame~  tOItle control of both~lbowfkd0n andwristflexi~ withfu∞dm mⅢnmBad口 stlmula- 

妇 (FNs)is l曲byⅫ s ofD-typeite1~Jl／Cl∞商IIg c0衄01method．The re~lts of clJ／lil~studieshave demonslraledthat 

D-type i啪  l嘲 IIg control al窖口 is~ able妇 jⅡ驴mri刀g Itle 删 面c r髓p。nse ch瓠甜畹i s柚 d曲 H血 g Itle limb 

m Ft~lhemlcce，the sfinldated r~ie4atdoes n0t have any bad ysi． 0垂cmIe d衄BbecauseItle叫 d cal~／ilnllla- 

d∞ 一∞％ m ． 

1 words：iteralive l朗皿血g ec~alrtl；c0 r聆；lhnb inoliq~t c呲 d；FNS；l~emedlcal lgi增e畦ng 

Doemment code：A 

D型迭代学习控制及其在 FN$肢体运动控制系统中的应用 
吴怀宇 周兆英 熊沈蜀 

(清华大学精密仪器系·北京．10DD吕4) 

摘要：给出了离散系统 型迭代学习控制算法收敛的一种充分条件，并加以证明．采用D型迭代学习控制算 

法，对基于功能性神经肌肉电刺激的曲腕和曲肘运动进行了临床实验研究，结果表明，D型迭代学习算法改善了 

FNS肢体运动控制的跟踪性能，曲肘和曲腕运动轨迹平滑、稳定，并且刺激控制脉冲变化平埋，受试者无任何不良 

生理反应． 
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1 Inlroduedon 

The iterati~e learning control method is receiving in— 

cre g attentionIts∞ alternativefor eonuoniag unc~- 

rain dynamic systemsin a simplemalmel"，whichis pro— 

pc by Uchiyama and elaborated as a懈 folmal 

theory byArimoto[~，3]and sonl~other resealr／m~I4’6]
． 

Tileideais based 011the use of reoeatedIxials oftracking 

apre~signed trajectory．During each tria1．the cum~nt 

trajectory di l臣黜 between the real~jeetory and the 

圯矗 eIIcetrajectory脚B recorded aridtobe exploited by a 

suitable algori~arain the nexttrial，withtile aim ofpro· 

grer,sively re曲ciIlgtile~jectory ．Itis afamrsive 

onli~ control technique that reties On less calcul~ oll 

and ZeClturesless aprioriknowledge aboutthe system dy_ 

mmics becausethe algorittlm isindepe．1~lcnt of血e pl~ctt 

dyrm fics．To a great extent，the convergence ofthe al· 

gori~ara applied is tile key tO obtain desired~ectory- 

R|塌iv。dd瞳e：19辨 一10—26；R。恻 d瞳e：2000—09一凹  

ng pcdbIrn肌∞．Many resc cbcrsl 一 ]aIe devoted 

to西vem0regeneral oon、7a窘en。e conditionsfor av e 

of typical algori~ s for a give~ system．One of tllc 

Ⅲ日in oNe,dyeisto relax O1"di na 吐le n c60ns of 

血e∞m 孳eIIcc conditions forthei~ afivek锄 'mg c。n— 

tml algori~ s． 

In ttgs paper，another锄ffici既 l删  0n forⅡ 

convergence of typc iterafive le~-aing cc algo— 

ri~rais disl ss。d andthen血e e~ vergence proof ofⅡ 

algori~rais giV∞．In c0m Ⅱ 砌 the e~ tioml 

nle酬 ，Ⅱle clinic exDeIinlef出 for elbow flexion and 

wrist flexion motion wi血 flll~ On neuromuscular S~-IIU- 

la妇 l(FNS)have been c01lduc d byⅡ 矾s ofⅡ pro· 

posed typc i~ dve l朗miIlg control al目wimm．The 

proposedmen谢 is to be al~lieable forthe岫  

motion control based on flllll~on n Ⅱ0ⅡmsaJlaf stimula- 

tion． 
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2 Problem stategmemt 

ccmsid~ a near di目口 system 

f (I)(n+1)：A( ) (‘)(n)+B(n)Ⅱ(‘ (n)， 

【y(I’(n)：c( ) ( ( )． 

(1) 

Ⅱle D-type iterafive leaming control law is defined 

as[2，7， 

Ⅱ( + (n)：u(I’(n)+r(n)(e( ’(n+1)一e( )(n))． 

(2) 

Let ( )(0≤n≤N)bethe desiredoutputtraj~- 

tory and E >0atoler~c~bound．Underthe condition 

that the moaiccs (̂n)，B( )，c(n)a not fully 

known． we wish to find a suitable contml func~on 

u( )( )(0≤n≤N)．suchthatthe correspondingout- 

puttrajectory y(‘)( )ofthe linear discrete system(1) 

$alJsfi~ 

层(y ‘ ( ))=lI ( )一y(‘’(n)ll≤E ，0≤ ≤N． 

N0n 凹 ckn ： 

l1 denotes the Euclidean nolTn： 

n∈ {0，1，⋯，N}； 

is theiterationordinal number； 

e(‘’(n)= (n)一y(‘ (n)∈ isthe output cT- 

IDr vectorinthe k-thit~ on； 

y(i)(n)∈ is o~pot v咖 inthe -ll1 i~'a- 

~ozl； 

(n)∈ is the desimblcoutput v咖 ； 

( )( )∈ 璃 is the state vec的r in the k-ll1 i~'a- 

fion； 

( )(n)∈珉 isthe desirable 诅略vcct~； 

u( ’( )∈珊 isthe cootml ve咖 inthe k-thi~'a- 

fion； 

( )∈瑕ris de 讪de coWa'ol vcct{~； 

( )(0)∈珉，istheinitial state v~tofinthe bll1it。 

e~alJon； 

y(‘)(0)∈ istheinitial outpm v。曲叩inthe k-th 

iteration； 

y( (0)∈ isthe desirableinitial output veet~3~； 

r(n)∈珊 istheitefafivelearniIlg gainma ； 

A(n)∈珉 Pisthe syste~maniccs； 

B( )∈ isthe ccmtmlmal／'ic~I 

C( )∈ is the outputmau-iccs； 

pis the order ofthe system； 

risthe d n朗1si0nof cOr voctor； 

gisthe m衄 on of 0I vo~of． 

Theorem Supposethatthe discrete system(1)sat- 

isfiesthefollowingtwo conditions： 

i)ll，一B(n)r( )c(n+1)II≤JD≤1，0≤ 

≤ Ⅳ； 

ii) (‘’(0)= 。，y( (0)= (0)， =0，1,2，⋯． 

Then，for a given desired outtxtttrajectory (n)(0≤ 

≤N)，theiterative controllawoftXlllatiOll(2)~lal'- 

anteesthat，for each n∈ {0，1，⋯，Ⅳ；， 

y‘ (n)一 (n)a8 一 ∞． 

Proof (‘’(0)andu( )(n)(0≤n≤N)bethe 

s咖 “ 叫  and con~-ol input respectively，for a 

giv即 s啪 in eqlladm (1)．whose solutionc柚be de- 

scribed by 

( )( )=中(n，o) (‘’(0)+ 
--1 

∑中(n，s+1)B(s)u‘‘’( )，(3) 
t=0 

0≤ n ≤ N + 1， 

whcfc中( ，s)isthe statemmsitionmal／io~ 缸 Ilg 

f中(n，5)=A( —i)A( 一2)⋯A(5)，n>s． 

【中(5， )=，． 

AI yj】 equation(3)gives 

(I+‘)( +1)： 

中( +1，0) (‘ )(0)+ 

∑中(n+1，5+1)B(s)u‘ (5)， 
J=n 

0≤ ≤ N． 

缸( )(n)= (n)一 ‘‘)( )andⅡlcn。om． 

b埘ng eqIlad0ns(1)and(2)leadto 

Ⅱ(‘ ‘)( )= 

Ⅱ(I)(n)+r(n)(e(‘)( +1)一e(‘)( ))= 

Ⅱ“)(n)+F(n)C(n+1)缸“)(̂ +1)一 

r( )c(n)如( )( )． 

Tbcmfom 

(“。)(n+1)： 

中(n+1，0) (“。’(0)+∑中(n+1，̈．1)B(5)Ⅱ( ’( )+ 
t=0 

∑O(n+l，̈1)B(5)r(5)c(H1)盘 ‘ (5+1)一 
J；0 

∑中( +1，̈1)B(5)r(s)c(s)盘‘‘’(s)， 
JlO 

0≤ ≤ N． 

Then，the state C'H'Or vector in( 4-1)itermicm翎n be 

obtained， 
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fI+1)(n+1)： c肌dl0。se a岛l| 鲫囝ll̂ in0Id to删IbP<1 

f n I1一 f“1)(n+I)： t}M∞ ；bre 

+1)一 ㈨( +1)一 ．。 II如“ (n)II}=0， 

面( )B(s)工1(s)c(5+1) ‘”(5+1)+ bus 
ll缸f ．o，(̂ ． )． 塞s=0面(n+l,s+l

n+l,s+l ㈤ c㈤ )= )ll c㈤ l1．II ‰ )II
．  

[，一B(n)工1(n)c(n+1)] ( (n+1)一 Multiplying by exix~ntial (O≤ ≤1)， 

耋面cn+l,s+l 叽 ㈤lI≤ 
面( +1， +1)B( )r(s)c(s) ( (s) 

-=0 

Ta ngn衄m of l}I des l乜in 

f‘ (n+I)≤ 

l 1-B(n)r(̂)c(n+1)II·lI＆(‘ (n+1)II+ 
●一1 

∑ 
-=0 

面(n+1，j+1)B(j)r(s)c(5+1)II．1l＆ ‘ (s+1)I1+ 

∑ II面( +1．5+1)B(s)工1(s)c(s)II·II＆‘ (s)II≤ 
‘=0 

p 瓠(I (n+1)ll+ 1∑ I1＆‘”(5+1)ll， 
I=0 

where 

kl=
。 。 

II面(n 1,S 

1)B(s)r(5)c(5+1)II． 
Noting吐Iat in above derivation 吐-e initial condition 

Y( ’(0)= (O)(k=0．I，2，⋯)has beta 0yod． 

∞，multiplying by p0咖ial (O<^<1)yIelds 

n̂“ll (“ )(n+1)lI≤ 

” I1 ( ’(n+1)II+ 

2k1∑ 一 ll (5+1)II≤ 

n+ ( ’(n+I)II+ 

2h善 。 II “ (s+ )II}≤ 
n+ II f ’( +I)II+ 

2k, 
。 

su p {̂‘+ II a fI (n+1)II} 

0≤ ≤ ，v． 

The&6ration of l1． indicates ahat 

sup{ + lI如( ’( +1)II}≤ 

sup{̂ II ( ’(n+1)II}，O≤n≤N， 
O‘4‘ 

；：P+2̂l ．咖 se 0fP(1，wc 

如 一̂lI f‘’(n)lI．1≤n≤N+1， 

wherê 2= II c(n)II·By 

ll·ll ，wchaw 

8 P {̂ II ef‘)(n)tl}≤ 

2̂
。 ．。 

II如 (̈ 1)II l· 

Tiros．1im sup {̂ e“’(n) }． ． ， 
k+ - 1 m‘Ⅱ． 

II I1 0 l~ ennore
1 

the proof of dt flxw)icm can bc finished byⅡ叩 蚋Ⅱg 

conditionii)． 

3 FNs limb motionc0~trol Sy'ste~l 

3．1 FINIS旬 岫  

A FNS system co~isls of several unitsinclud— 

ing refe~nc~i ，o0m ．stjml】ladⅡgmap，multi- 

dt删 stimulators，safeguard doves，咄  ∞oIs， 

印altransformer∞d SO Oil， shown in Fig．1 and 

Fig．2． 

Fig．2 Simplified block diagram ofFNS syst~n 

3．2 1M[~hanlam 

Acco~ngtothe sp％m。dm I cenm~p日糖 ns 0r 
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desirable motion control s曲  es，the electrical puIse 

signals(mnplitude，frequency and width are adjusted) 

al℃generated bY nIeans of computer associated m a 

叩ecial control a~on0rn．Til~ll，the 0ulses are r∞pped， 

amplified aad transformed into required s6muhfing so— 

quenceswhich aR directly pIlt ollthe raulfi-joint—control— 

lable-museles(e．g．biceps brachii，long palmar muscle 

etc．)via吐Ie stimulators．Consequently，a desired pos— 

nlre or movement of human musculoskeletal system is 

genela~ because the lnovcTllent n自 es are stimulated． 

Duang the movement nef、 are s~-nulated．the ad— 

vaneed n自 center are also actuated throughthe spinal 

cord bythe affe~nt nellla1．Itis helpfulto cerebral COl"一 

rextobe excited aftermovement pattern signals are ap— 

plied repeatedly．The basic functions of paraly 曲 s 

carIbe m~pmved permanentlY．arIdfmal~thenK)vea'l~iit 

ftmcfions ofhurmm body call be co曲[oUed 0r pardy re- 

covered． 

In closed—loop FNS system，the du~-jointmov~-ncnt 

state ca工I be measured by nlca|Is of two angle xls0Is 

mounted on the motion axis centers ofthe elbow joint 

andthewristjomt．Thee state signals al℃sentto FNS 

computer after having been pI ∞cessed through si 

transfolmer． 

3．3 ÎIlj嵋un誓nent scheme of dual-joint motion 

allele 

ThetaskofFNS systmawas协 speci a鳅 of rauscle 

stimulation pⅢ 慨 that c∞ genexate a desiredmove— 

rr~nt of human skeletal system．In this paper，human 

nmsculcd强 system(elbowjoint and wristjoint)ale 

eontrolled山rc 血both biceps braehii趾dtong palmar 

muscle．The p Ⅲ1卸∞ ofFNS system based 0n ore 

control alg~tlnn is primarily evaluat~ mcans of 

tracking perfonnaace of dml-joint motion angle．The 

tneasallemea~scheme of both the elbow joint angle柚d 

the wristjoint an e is shown in Fig．3． 

Fig 3 Measurement schemeoftwojointmotion angles 

4 Experhnent~_．sults 

To show the validity ofthe proposedD-typeiterafive 

leaming control atgoritt~a，two clinical pe血 l嵋印一 

plied for elbow and wrist flexion  mo tion control with 

FNS areillustrated bytw o diffclcnt control algodliam 

One with the conventional control algorithm[ oJ and the 

otherwith 吐Ic D-type Intemdve learning control algo- 

rithm 8tal~d above． 

As shownin№ ．4，it Call be thatthetrajectory- 

following curves ofthe elbow andthe wristflexionlr∞一 

tioawith conventional control a~gonthm al℃chametedzed 

by s}laIp oscillation．Furthermore，the stimulating si lal 

fluctuates severely．The c血lica1 experiment shows that 

the~fient doe．s notfeel very well and has obviol~廊  

inthemusclewhen such stimulating si粤lalobtainedflx~n 

conventional algrothm is stimulatedtothemuscle． 
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Fig 5 The trajectory-followin~aJnrcs ofetbow and wrist 
fl~ On with D·type iterative leaning control 
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The trajectory-following curves of elbow and wrist 

f~ oI1 with D-ty~ iterafive leaming control are avail— 

ablein Fig．5．N砸 tl,．at the proper choi~ ofitmative 

leaming parameter r is very important for the COlllgl~- 

geneeofD-ty~ alg嘶Ibm．T1 ：m a tittle diffelence 

ofthe Oarameterrforthe elbow flexioni11olio13 andthe 

wristflexionmotion．ris about0．8—1 for desirable el- 

bowile~ion conla'ol and around 0．4—0．7 for desirable 

wristflexion contro1．Obviously，Fig．5 show~that the 

trajectory-following curves of both the elbow and the 

wristflexion are very closetothe desired OUtl~ trajecto— 

ties．Also，the stl眦mIadng sig,~l varies smoothly．In 

pardeular，the clinical experiment showsthatthel~tient 

d0cs nothave any painswhilethe stJnmlating sig,~l gen— 

Cl"ated by D-ty~ iterative le．aming eonla'ol algorihlm is 

acted o13 human body． 

5 Conclusion 

1)A new suffieiem condition for the convergence of 

the D-ty~ iterafive leaming control algorihlm has been 

given．Alsothedinieal e：叩eIim∞tg show thatD-ty~ it- 

喇 veleaming algorithm could be appliedtothe stable 

control ofboththe elbow flexion andthewristf~ o13， 

which is better than any 0吐ler conventional methods． 

2)Fulll~ re~trch should be directedtowardstheIc- 

[ax~ionle．strietions 0rthe elimination oftheltSSlln~ on 

013 the initial conditions and generality of the Jterative 

lem'aing algorithm forlimbmotion controlwithfimction 

neⅢmIlIlscu stimulation．For the time啦 ，the 

Iid~plivc iterative leaming algorithra world be a sign~- 

cantdevelopraeat． 
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