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基于计算转矩控制结构的机械手鲁棒神经网络补偿控制 
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摘要：提出了一种新的不确定性机器^跟踪控制策略．文中基于计算转矩控制结构。采用了函敷链网络实现一 

个神经网络补偿器。井叠加一个鲁棒控制项，以补偿模型的不确定性部分．另外．还考虑了神经网络逼近误差非一 

致有界的情形．设计了自适应的鲁棒控制项．算法可保证跟踪误差及神经网络权估计最终一致有界．与其它有关基 

于计算转矩控制的方法相比，该算法厩不需要测量关节角加速度，也不要求惯性矩阵已知．理论和仿真均证明了算 

法的可靠性和有效性． 

美薯词：机械手；计算转矩控制；神经网络；鲁棒；自适应 

1 叫睦Dduc 

V oIls vefsions of adaptive e~ utedtorque control 

havebeen deveIo∞d in literature for rflo~ffll control of 

robot n嘲n l蛔 s wj血 urIcem in峨 ． Tre interested 

read日 may refer to o~-gaⅢld Slx~g‘l_for overview
．  

H0 ver． all of吐Iese咖 trOl laws have more or less 

drawba~ 。 as吐 I号{q 埘 Ilen协 oⅡⅡle越iI】Ie彻 t of 

也 ioim accBIc僦 ∞ orll boIl【lded| ss ofthereverse 

of山e e刚 n删 i amatrix． 

RecentLy，dl∞ has been anin㈣ s in把 tin嘶 - 

Ii血 g nc知 ∞瞻f h (NN)to ocl玎蛐mct control algo- 

血ms for rc system． Feng【 ]presented a o0】1 rol 

吕cheII舱 血at t I。es adv柚协ge of sin Ucjty of吐le e~ put- 

ed to唧 |e methods， and i工IcoIp咖 a compe璐 ng 

c~tmUer to achieve bi 仃acking pcd叫IIl舳ce．Tbe 

compcm痂 g c~tmUer is∞a1]lz。d by l|s a 

type shl批 aDd∞ RBFNN．Bmj0iIIt∞∞h蚯伽  

缸e stillIequin tobemca捌 bk，越ld s0 眦 一type 

o0酬 brings b0m me dIat吲 ng l~ blem control 

signa1．Ano血汀 computed to唧 |e o口删 scb臣 w曲 a 

珊 ∞mpcns劬0r was pl髓e珊。d Tan[引
．
N ． 

Less，the _Ⅲ matrix of robot獬 锄日Ⅱn白d目 

known Tm aJg n．As山e i a panm~ers of 

robotm卸ipIll珊ofs are usuallylH1c ninI螂 t cases， 

也is躺s口皿 has notbeen jI】 五日． 

Inmispaper，a r。bI埘acl酬 ve ∞dtorque o01l一 

皿d i眦 ：钢印岫 №衄I s。 【I。B Im曲i∞ ( 吼 (60l船 ) 
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trol scheme usingNNfor robottrajectorytrackingispro— 

p(培cd．Our method does not require the robot dyl~ c$ 

∞ be exactly known．M oreover，colnIp删 withthe ap— 

proaches in literature，nOjoint acee]eration measurement 

and exactly known inerlia matrix are Ie 血司 in it． 

BasedOnthe,x,mt,uted torquemethod．this schemein— 

corp0例嘧 a functional link neural network(FINN)as 

。。∞ nsatiⅡg sll~cture，'whi~istrained c~-Iiaetoideu- 

tify the robot mo~ nng enDr and a robustifying term． 

The al窘啊 n c锄 effectively attenuate the tmcertainties 

of robotdynamics andguaranteetheuniformlyullimately 

bounded(IJUB)stability of tracking elIDl~and NN 

weights．In addition．in the c∞ewheretheNN i~cort— 

stmeti~-i eliDris nottmifomaly bounded by a eorlstant， 

we facilitate the pI es ofligid robot dym~ies and 

design∞ad枷 Iobl】 termto eliminatetheNN 

reccostmetit~t enDr and uncertainties． 

2 Problem fo~aulalion 

The clymmics of an n-link robot manitx~ator∞n be 

written aS 

M(q) +H(q，口)+rd：r， (1) 

with口∈ 山e vect叫ofj~tdisp ts，M(口)∈ 

” 曲 mm曲ic pc def~item jp ineaia 

， H(q，口)∈ v啪 ofcenni] I，c~fiolis 

and gravitational f lcs．E~emal disturbances are de— 

nc d byl-d and山e cc咖 li珥埘 torqueis r． 

If山e robotmodeljngis pcrfbct and e aIe rio懿时- 

IIal disturbances，岫 accc她 to nle computedt~tue 

【n曰}l0d．曲 robot~ ller slmdd be ch0seIl as 

r： (q)(妇 一船 一 e)+H(q，口)+ ， 

(2) 

w chleadsto山edosedloop 咖 ∞ ：酬 as 

+船 + ：0， (3) 

where 

e ： 口 一 口d’ 

arId is Ihe de edj0intpo i0n，k arId 缸e~ tant 

design lnatri~ to印锄 山e de ed tr0msie~t pem'r- 

m锄∞ of山e c10scdlO。p system． 

H 矾：v日，山e口口触 加lb。tInodclis~ ticdttoO 

and山ea ∞ l disturbances aIe always 删 in prac— 

tiee．Usually only a n0ⅡliIlalInodclof山ell：l~t couldbe 

obtained．Itis su 髑酣 that血e nc衄irIalmodelis denot- 

ed by (q)and巩(q，口)．Based∞ nle 

model， computed rqIle controlleris des鲫  

r：M0(q)(轧一 一如 )+风(q，口)，(4) 

岫 ，by substitmi~g(4)into(1)，we can曲嘶n the 

f0Ⅱ0w closed loop equations 

+k + k ： 

M～[AM(qd一 一如 )+△H一 ]， (5) 

出Ⅲmng△ ：Mo—M，△H =风 一H．It c∞ be 

dearly se锄 血at'埘1p modeljng ofthe mixers will 

leadto dc 曲疵m ofthe robottrad~ gperfa'~mee．In 

sc恍 cases．吐le system could become unstable． 

Let 

： 『e eIT, 

，( )=MI1[△峋d一 一如)+△H—I"d] 

As∞nIj Icarflmc~ of d1e staIe variable，( )includes 

咖钟II{ cs of山e robot由Inami ，itisl】|lk∞wn a州一 

off．Our veisto dcsi a c0如pe搬ating cet~'dler 

to eliminatethe埘lccrlajndcs，s0 astoto erI飘Ⅱe山e sys- 

stability and to iII1~ ~ the robot nac 

Ⅱ煳 ．Due to its倒 ap 【j1m抽咀 ability，PI．NN 

will bellsedin衄sp印口toidentify山efll~ Oll，( )． 

3 Neural netw~t'k eom~'oller deign 

RgIlre 1 depicts a func liIlk璀蛐 nE胂帕d【 

(H N)which∞nbe。0珊jd既ed as a2-layerfeedf~一 

ward neI砌 network with in t pDc ss elements．n 

has anet 0ITlpIIt m by 

：  (p)， (6) 

、妇 ∈ is山el dd∞一 叫 putl I盱 臣D0n 

lll~ion蝴 ts， (·)∈ is山e 出on缸心_m of 

l蛐 l ，p∈ ， ∞ be曲 byl~UCeSS 

ing the neti删  ∈ Ⅱ8=『l，is山e i Vect叫 to hidden 

l 酉．N甜∞ 血at me曲 OId values 0 aIe o。商 d既ed． 

1t inc0q删 im0蝴 intllri~ Igand (p) 

Hid&n Outpu‘ 

董 

奎 

置 

荦 

暑 
基 
譬 

M 

此 

’ 

Fig l Functional link netlra]network Stl~~tllre 

LetS be a compact岫 c0IⅡ 吼 蚍 of ．w岫 

m印，：S÷ ，define (S)山e space such出砒，is 
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conti~uom．A geneIa】nonlhlear ftmetion f( ) ∈ 

cm(S)Ⅻ be approximated bym FLNN∞ 

，( )= (p)̈ ( )． (7) 

with e( )舭NN矗mcIionaIIe ms由lc咖 百T0r veclor． 

The abil ofH 协 approximate o0 time— 

oⅡsllas beenwilly sn】di。d【 
． If (·)pmvides aba- 

豳，吐咀 for卸 fimcti~，(∞)∈ (S)and eⅣ>0 

~lereadstfmiteN(吐 mⅡnb盯ofbasisfunctions)and 

c0ns咖t“ideal”~ights s0 that(7)holds with II e II 

≤eⅣ． 曲 cx csforbasis (·)Ⅲe signmid and 

radial basis DcI曲ns． i 】e of 咖  number 

of basisfI】 Nfor agive~SC 锄d Ⅳ，is a幻 

jc 0f c~'remt a【d1． 

Based OⅡ 山c c讲npllt。d幻 e m酬[1od，and using 

N_MN协desi c0mpc丑s锄时，山cD州 c衄州 lawis as 

follows 

r= (g)(妇一 — e)+／／0(q，口)一，+ ， 

(8) 

with，： ． a【c吐le c~'remt values of山c NN 

w咀 asprovided b 吐lemning al ．“ is a rO· 

hlsI 血gterm协be de6ned sIlm吐y． 

This 曲 。ll脚 leads协 山c c10sedlo0p system 既 · 

pI in s form as 

露； b+丑( 声+e)+丑( —M- ) +BM ． 

(9) 

啪 A =f一 — = = 一 
~ ight es6r m  enDI3． 

As ooec趾 s。ethatⅡ Ieis∞ unknowntemlB(，一 

Ilf一 ) in(9)because in盯曲 manix Ilf is mmlly 

lⅡ出 ．The roleof山cI。h蚓赶 ingteml _嵋to sup· 

presstheffffl~t of $igl~1． fbm  of u is c 

to be 

l 

。一 PB II·lI Il+ ⋯ ’ 

(10) 

w e山cm xP _嵋tlaelmiqI】e symmetricp~ ive def- 

i~ite solution协山c旬U lg L】 n0v eclll A。P+ 

PA=一Q for a咖 町IDⅫ口e位c，p0 defifflte Q， 

锄d >0_嵋a锄 Ⅱ∞璐 ． 0，m a de砌 asfol- 

laws托印。cdve】y 

0≥ II，一．_f lI'm= m(Ilf )， (11) 

 ̂ (-)and 一(·)dc∞tc山c mini㈣ eigenval~e 

锄d山c m∞由删匝 eigE缸、脚ue of a m触 托叩。c ． 

The∞皿 of a nuatrN is defined asf 0蛐 s n~-lu． 

-Tl 煳 n1 For岫 r0bot systemdescribedby(1)， 

let她  咖  ， ，舶 be 她  

矗Ⅱ dOnaI I芒 印 巾卫c吐。ll am  b0Ⅱlld be a叽翻am． 

Take山c control呻 n given by(8)，(10)∞d wei0~t 

mningprovided b 

= 肮  PB— 廊 ， (12) 

where F is m c(ms诅m， 瑚m疵 ，positive definite 

m x锄d >0．Tberl山c廿 Hng crIDr (‘)锄dNN 

蝴 es曲1龋  Ⅲe删 B． 

Pmof cc the lo．；vi1Ig 唧∞ 如 

jd珊e 

。 + Ⅱ( F一 )， (13) 

which＆Id 

告[ (P)Il II + (F一 )lI lI ]≤V≤ 

[ 一(P)0 II + (F一。)lI lI ]． (14) 

Di旋Ⅻ出血g(13)， have 

= 一 { + 邢( +e)+ PB(1一 

Ilf ) + PBM一 “ +Ir( F一。 )． 

(15) 

using(10)∞d(12)，we canfurther have 

P≤一_}T + ·廿( )+lI Il·lI PB lI eⅣ+w0． 

(16) 

Since 

)=0．5[一 啼 )一 )+b( )]， 

ⅡH e resl】1ts 

≤一0．5( ， (Q)一1)Il lI 一0．5 )+ ， 

(17) 

|h廿e 

占=0．5 廿(IP )+0．5 lI PB Il e +￡Ic0． (18) 

Let 

= min{ ， )， 
we cm l~rite(17)as 

≤一 + ． (19) 

Notelhm． 

(‘)≤ +( (0)一})e ， (加) 
n(加)锄d(14)，it c趾be sb0WrI吐lat 0锄d 

jj jj aIeU【m． 
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Remark Acc0Idi】喀 tothe above proofprocess，the 

track~lg erIDrmaybemade as small as desired by prop— 

edy曲d)sing gainm址曲es ， ，deceasing rite v~duc$ 

of 柚d̂ ～( ． 

Theore~ll1 Assum~ ⅡIat aleNN re~ on or- 

rotismg_C-onnly bounded by aknown value overthe c11· 

dm system a砒i0口 re,on．Withthe support of 

al~ oximate theory of mulfihyer NN． such ∞ e 

boun~ -y c∞ be made arbitrarily smal1．provided that 

ce con~fions(e．g．，suffidcnfly la mⅡnber of 

ⅡaⅡDns。suf~ ent~ ootbncss of nmdi0n of approxi· 

mated如Ⅸ 0Ⅱ，etc．)aIe satisfied．However，in rea1i· 

，
one caⅡonlyl】se a networkwith a te rmmbcr of 

砸 聊 Is andmm the n‘mli|瑚 r如nc reconslxut- 

edmay notbe目n∞血 enoush．Thus，the approxim~ on 

capabilities of血e uctwozk caⅡbe guaranteed only o11 a 

sI】bset of the whole plant眦 印∞e．In 0lller words， 

血Iingthe 姐 n 砒i0虹，nle rcc0nsm 0n唧 r is 

sc~ 6mcs boundedby a咖n ．but at 0tb盯 血I岱 its 

magnitudemay not necessarily be confined by that o。n。 

st蚰t．Ttle嚏 the D∞吐result is珈eant to address tb 

case wt1盯e the NN n oIl啦n】c 豇Ior is nm unifonmly 

bcund~l by a 0oIlsI∞t．In ourdevel~ ， willfa— 

cilitate the 唧妇 of rigid r曲m dyn~ c model to 

formulatethe。magnitude"of E，which allowsthe n-di· 

m~lsionalf111~ oi1tobe。futmeled"into a scalarnonlia． 

earfllngtio[1．F啪 (7)， have 

ff E ff≤ lI )一 圳 ． (21) 

As l斌 the external dis岫 硼1∞ is asfollows 

ll ll≤d0+dlI1口ll+如ll口lI+西ll qIl +幽Il时ll 2， 

(22) 

with也 >0(i=0，1，2，3，4)aIe COllSl~lt．Based Oll 

[6]， 

Il，( )I1≤ = l+ 2ll I『+如ll ll ， 

(23) 

where (i=1，2，3)arethelimit pwamete~oflm∞r- 

tainties oftelmtdynamics．Thus 

ll E l1≤ +ll Wll·ll≠ (24) 

The controllaw ofthe robustif3dngterm ismodified 

u 一  1 尝 ) 一 ’ 
m △=[ l 2 如 l1 W ll c0]，厶is血e estimate 

of△，五 =△ 一a is the estimation口IDr； = 

[1 ll ll lI IT． Ⅱ 

fore wc have thefoUowi~ result： 

Theorem2 For廿Ierobot system described by(1)， 

h 山e desired ectory ，口 ， bebounded．Takethe 

conwoli叩ufbe v∞ bY(8)，(25)and嘞 tuning 

provided by 

= 脚  PB—l~1 ， (26) 

theI咖 law 0f矗is chosen as 

a=r·ll PB 0 一 2 ， (27) 

whea~r is anycollst,~lt mmcnic，tx~sitive definiteilia- 

and >0．Thenthetradd~ erIor (f)and 

weight eslimates ．pm-ameter estima~ 2,a∞UUB． 

Proof Definethe Ly~mnov 0n c xbI 

= { +吉Ⅱ( ，一 )+{五 r一 五． 
(28) 

Di盘 a缸g(28)and using(26)yic】ds 

≤ 一 
1 

+Il PBll·ll E+(I—M ) + 

TPBM一 + r一 五+ 1Ⅱ(宙 )． (29) 

Since 

JJ s+( ～一，) 圳 ≤ 

+l1 W ·ll +co·ll =△T ， 

(30) 

曲eRfbr 

告 +Il PB I1·五 + 

TPBM～ +五 r一 五． (31) 

sut，st砌 ng(27)into(31)，we caⅡpf0∞。d the蛐 e 

口f0of as．Il )Ⅲn1．It衄Ⅱbe shownthat (I)and ， 

厶areUUB． 

4 Shnulafion 

In this 妇 ．a simulation study is O ld 删 to 

d~monstratethe ped m锄∞ of 0Ⅲ ~gonthms．A m。 

pletwo de offl~dom m 劬0rw usedinthe 

I口d蕊0n．Themodelforthismbotmm pu~ rcm be 

de． bed as 

f ．：．．．q2 1[q：1 1+ I 
3+ 4c。s口2 口2 · 2 

+ 

【一a 4 g ~s2i n q 2 2一 4‘ 1 0 2 】【；：】+ L “口2 
唧

a~ gcos ( 
钆 】= -c2 口l+口2 
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No-6 Robust N ca呷 Cclom~l虹 R椭  啤 幽 Based∞ camt,utedTorqtle 9tll 

with口 (i=1，2，⋯，6)吐le加叫cl p~,maeters．The eX- 

temal di e is str0tm~ed to be r =[sin2( ￡) 

Ze~(0．5 1)]．"nle d删 joim昀j咖 is described 

by (1)=[cost sintIT． 

"nle initial s眦 is (0)=[0．3 —0．2 0．1 

0．2J．The gains aIe chosen ask =4．0，‰ =16．0． 

TheinpI】tsto hiddenlayer ofFU are given by 

P=[1 e II ql ll lJ q2 lJ]， 

with = 妇 一 一 ．"lllere are 9 hidden neIlf咄  

and 2 outl~lt D日Ⅱ叽 s．The hidden nellrOll枷 v 0n 

ons are (=)=1／(1+ex'p(一：))．The leami~ 

pa功TI咖 in 吐1e weight nming law am F = 

diag120}9 9， =0．1， =0．05．Thejoimtracking 

hm粕ceis sb in Fig．2 aId ng．3． 

both tracking errors go to small value 

It has been clearly observed蛔 n the db e figues 

血吐，tbe pr叩 皤。dNN 伽皿pc ng controller effective- 

ly m 叫目 lbe e丘bc括of~eertamties ofrobot dynamics 

and ttle 啦IddIlg 既【Ⅲs converge to values， al- 

0I】曲 血e exgtbigm0deⅡng ∞ ． 

5 Conclusion 

We have Wesented a novel舶 st NN 伍咖 =Ils曲 g 

control nle删 to lbeIn0d0n c0n虹nl of robottm~ipula． 

tot's．The pIq，0s。d sch rle cc~sists ofweU．hl m 啪 ． 

1~ted 幻 controller，which is based 0n tbe h 

nominalIobot dynamics model，and NN-bas~l c0lDDeⅡ． 

sa~ing c0n血oH盯， and ∞bI】鲥 t锄 ．In addid0D， 

wb髓 neural ncI 讲kR ∞】s舡udi0na∞ ris∞ t unif~ ． 

1y bcIⅧ 甜，lbe ad印dVe 10bI】鲥f，ing岫 is dcsi at_ 

ed．Thew咄 ofNNism捌 ~-lme Ls耐 0n Lya- 

~,inovtb∞ry and alllbe signalsjn tbe I砒 loop sys- 

胁 are tbus all guaranteed幻 be UUB．The曲如  
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