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摘耍：给出了一种电机驱动机器手中非线性机电模型的模糊鲁棒闭环控制系统，此控制系统可处理非结构环 

境下的三个主要的智能机器人导航问题：自动化规划、快速连续导航中的避障、处理结构和(或)非结构不确定性． 

关t词：模糊和鲁棒运动控制；RLED机器手；动态目标 一 

1 Introduction 

CIne of the fundamental ch孤a 朗isdcs of 1tll卸一 

缸m0n∞us．inle1]~ t robot syslem is its ability to move 

wiItaout collisionin unstructured envimmamats with little 

a~icliinforma~n．InⅡ埘 cases wheretheIeseareh011 

the applicationsofnonlinear controltheorytothemotion 

c~trol of robots，the actuator由ln出nics 1别ebeen既一 

clud~ 丘呦 thed 均In modelsofrobot创傩 【 ．As 

pointed outbyTam ．et al ，adding actuator dylla~ C$ 

can i功珥 the p臣 衄  of nlolJon controllers．The 

robot-pltls-aelxlator sysmn is also calledIi l趾 dec一 

caⅡy drim (RUD)robot systea~． 

This paper 潮 据afw=y and robust毋咖 幻 COtl— 

trolthemolio~l of robot nm lpul~ rs．Inthis system，a 

rolmstfuzzy obstacle avoidance scheme could deal with 

smletured Or ummlcttneduncertainti~，andmoving 

obstacles．A robust controlleris grl。dto compensate 

fornonlinearities in rc~ot-plus-acmatordyn~ ics，robtlst 

fuzzy contro1．andlocal pathplamaingmethods．We aim 

0州 dlte：2000—113一i0； 州 d扯 ：2001—04一∞  

to ac refast，rObUSt and~olltintlom ∞nsDfguid觚∞ of 

i Ui nt robotsin dyl~inJc environm~ swithmovm  

cl~ eles． 

2 R衄 l'obot model and its properties 

For sj| ，we considerrobotm∞jp Ia driv~ 

by almatme-conlrolled dire a珊 t motors with volt- 

agesbeing input to~ plifiers．It should be noted that 

the following a1 is∞出 also be exteaded to other 

motol~ctm~only usedin rc 0d璐。such asblush djr∞} 

currentmotors． 

The voltage equation of the lnlmature circuit of the 

motor ofthe robotm is蜘 by T锄 ．et al锯 

彤 + + +口d： 口。， (1) 

where I，I∈ is曲 ⅢⅡ咖 Ie alfIenl∞d i据 first 

derivativeto血 ，船 c e|y，矗∈R，isn Ic{妇啪∞ 

of越【I’j血Ⅱe circIlit，L∈ 臣8 is a伽8i6ve d商 把c吼一 

$mnt diagonalⅡIa b【de~ ingthe ele~ eal ld口啪 ∞ ． 

疋 isthed∞啊c p0teI血al吼 呦 tofI咖 ， ∈ is 

the∞ p0si血mof 岫 ， = (g denotethe趣I一 
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gubr 6on ofjoiat，Nisthe gear ratio ofthejoint)， 

“d∈ Ie 髓既_忸the voltage disturbance，皿d“ ∈ R 

isthe annatlale voltage． 

Sincethetorque ofmotorsis positive proportionalto 

elcc皿咖衄 and arma嘛 current，the joint torque 

r∈ Ⅱ isthen 

r=NKT1， (2) 

whereKT∈R⋯ isthe constantmata'ixoftorque，which 

dxⅡ es the electromechanical conversion between 

cur~nt∞ dtorque． 

There aIe tmceltainties in(1)and(2)．We as me 

the f0lk ng bounds On the眦lo 匪ndes： 

A鲻m 2．1 The torque la"a~ksmission matrix 

Kris bounded by 

l {1 ≤ KT ≤ 2 ll ， 

forml n x 1 state've,etor x to this given system ， 

(3) 

whet'e 1 and 2 are positive scalarbounding constants． 

Asmm~tiola 2．2 The inducUmce HI删 x L is 

bounded by 

f1{l ll ≤ ≤f2 II II ， 

for all n x 1 state Ye,etor x tothis given system， 

(4) 

wherel1 and f2 0 positive scalarbounding consis ts 

rta~ng d蹦 n。d the ltctllator ati0ns，w consader 

rkow the n衄 c镧 岫 of iobot manipulator finks 

which arewell1卫xk蟠 ood(s。e e．g．[ ’刚)and arcgiven by 

肼(q) +C(q， +C(q)+F(口)+l-d=r=NK~rl， 

(5) 

讲m  g，口， ∈ denote the arIgular v郴 of呲  

posid0n， ty， md a~eleration， re叩 ve1y， 

M(q)∈ is吐leinc matrix，c(q， )∈I is 

Coriolis∞d∞ 如galmln~ev咖 ，G(g)∈R is 

the gravitatk~l呻 vector，F(口)∈ represents 

吐Ie丘ic 0n幻Iql】c vm ，柚d ∈ isthe vector of 

any 日l ed iⅡpIIt due to distm'bances O1"unn~teled 

由 cs． 

There缸el加。e砌血 in (g)and C(g，口)dueto 

the unbx，wn lOad 0Il me manipulator．We~Slllne the 

f0U ngbm~ ls oilt|le un~ 'tamties： 

Property 2．1 BoImde击less of the ing~a matrix 

(Strictly印∞ Ⅱg bc 削 rIess of吐IeiIle amatrix re’ 

qmresin 血砒all be revol~e．)： 

1be tnert~ma x (q)is sym~ tnc∞d d、Te 

~fmite．∞d satisfies诗lefoll~ ing inequalities： 

m l ll口}1 ≤口 ̂f(q)口≤m2}1口II ，口∈Ⅱ ， 

(6) 

whel~ l aIId are known d c0口star临 arId 

ll·ll denot~the~ dard Euelide~n01m． 

A i0n 2．3 There exist Co(q，口)(Co(q，口) 

is obtained by the n~ uln rap
—

of payload)， 

and a nc l昭a function Cl(q，口)such that 

lf c(g，口)一c0(g，口)If≤ Cl(g，口)． (7) 

Tofacilitate ccntml system design，thefollowing pr0p— 

erty~8]canbe cx 呶l： 

Property 2．2 Skew symr~nry： 

Theine a and centri~tal—Coriolisma岫ces havethe 

f~llowing pI 目ty： 

(麻(g)一2c(g，口)) =0，口∈ ， (8) 

where府(g)一2c(q，口)is a skew m cma廿ix． 

3 Robot control design 

In山is sec妇  ，、 出vdop瓤 assembled r0bIlstfuzzy 

controllerforinexa吐RuD model knowledge giv皿 by 

(1)∞d(3)to ac∞mpu a∞ nmoronto reachthe 

pIesc：曲ed goal Xd．1be trajectory of吐le mbot is not 

known O1"calculated in advance．To ac∞mpu 

task，Wefirst define口(t)∈1 as口：一口．With regard 

to differentiating(8)∞d revoking(3)，it is secⅡtllat 

the rObot dynamic l b are expressed ．m terms ofⅡ 

as
[9] 

(q)d：一c(q， )d+G(g)+F(口)+rd—r． 

(9) 

lding and subtracting f̂o(q)d∞d C0(q，口)d yields 

M0(q)d：一Co(q，口)d+̂ ( 1)+l-d—r， 

(10) 

， (g)is hhe mⅡ ,eal~ of jIf(q)，the 

rmnIinear衄 on̂ ( 1) Ilich comail me．m 嘶 

knownmd~flieultto determinembot parametersis dc一 

as 

_̂( 1)=( (q)一 (q))d+(co(q， )一 

C(q，口))d+G(q)+，(口)． (11) 

Tile v。c 1 requiredto coT耻 ^( I)canbe dcf_med 

aS 

1 ： [d q 口 ]， (12) 

which can be measured． 

Now letldbe a~1]ue of1 dlm stabilizesthe dynamos 
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(1O)in血cfoml 

M0(q)d=一Co(q，尊)n+ ( 1)+rd—NKwId+NKT~? 

(13) 

wi血 

： Id一，， (14) 

all口Drterrll of armatme ctlnent．Sign~Id(r)will be 

selectedlater．Tofind d cc pletee皿 rd~ lmics，dif- 

曲te and吼虹dnlte E啪 (1)t0find[ ] 

西 ：，2( 2)+“d一“ ， (15) 

wherethelmknown nonlinearmotorfunctionis 

l，2( 2)=础 + d+NK 口． (16) 

Onemay selectx2 as 

靶=[，T ?d 口]． (17) 

Fig．1 shows the struetu~ of the proposed ctmtrol 

sWategy．It is important to note that thexe is Ol∞ con- 

troller at eachjoim．Tile robotis controlled~ cflyin 

Cartesian space，also called w0rbpace(W-space)．In 

c0mpaIis∞ to potential fields using ailalylic如nc如 I|s， 

the a(【v柚乜ge of吐Iis cont~l strata is to avoidthe so_ 

ca1l。d“inverse k-岫锄 撕cs”(which is the inva3e r1 D． 

cess of“forw'ad kinmmtics”)pIl in robotics， 

the“∞bot蜘 ’isdem-ib~lbyd ce8si锄 (19)． 

Fig 1 Controlter strllcturc 

3．1 Robust control 

A suitable approximation-based controller is giw  by 

the desirable value of almamre cut． it as 

，d：古(五+̂D口+ +y1) (18) 
1 

with ( 1)an esthnate of the unknown robot function 

l̂( 【)(see[9])． is all artificialforce(see[10])， 

providedbythefuzzy controller The robusfifying唰  

71(t)is required to comlxalsate for the mismatch be— 

tweell ( 1)and_̂( 1)，andis defined as 

y1 竖 ll n P1+e1’ (19) 

where tis small，a positive constant control~rgain，the 

bounding positive scalarfunction plis defined as 

P。> ll = IÎ 一 II， (2o) 

wherethefunction approxinmfion errorflis given by 

^=̂ 一̂ ． (21) 

Substituting(18)intothe openloop dynmnics of(10)， 

the closed-loop sy咖 becomes 

M0(9)d= 

一 【‰ +Co(g，口)]d+ ( 1)一 n+rd+y1． 

(22) 

le second step is the design ofthe voltage amalxol ． 

f0r岫 openloop system of(15)．The controliIIpII【 e 

is selected as 

= 五+ +y2， (23) 

w 血KP>0 a gain瑚a虹 越 五( 2)an es 咄 ofthe 

~ OWll functionf2( 2)．The sig∞l y2(t)is I。q血耐 

to compensate for the mismatch between五( 2)and 

f2(x2)，andis defined as(see[2]) 

y2 
熊 li II Jo2+ 2 (24) 

wheme 2is a 讪 ，lx~tive constant controllergain，the 

bomding positive scalarfunctionP2is defined as 

P >II五ll=II，2一五It， (25) 

where thefilllc~ion approximation~rlDr，2is giwu by 

五：_厂2一五． (26) 

Substituting(24)intothe openloop d) csof％pI％- 

sion(15)，the closed-loop ctm~nt pe咖r dymn~ 

forms 
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= 五( 2)一K ． (27) 

Thethirds印 isthe designofthefuzzycotl~l，蚰forthe 

syster~of目叩∞ m (18)．It is irtlportlmt to note that 

this co~llzoller also 8口=ves as 011一line nx planner． 

3．2 n 呵 eotatrol 

We develop a 簦 design procedt~ eonsisting of 

selectie~ofmd 日出jpflulctiolls and establishment of a 

rule baseforlow level ilIpuL／0ne outputfuzzyl0g 

contxoller，wherethenile base hasⅡ1iIty rules． 

3．2．1 Fm 右dl商m 

Thefuzzy controller hastwoillpull~：olleis the dis- 

t~lce dwhichistheminimum distance betweenthe end- 

effectors of the robot and the neltio_．~t obstacle．砌 an— 

otheristhe position目M  e．The dII 目l c∞ be com- 

pleted by alot ofdir,llmee n a飘Ⅱe syste~n such asulwa— 

sonic s0DⅢ system ．The oulput of eachfuzzylogic con— 

trolleristhetontueF ，whichis requiredto bebounded 

I F I< ∞ ． 

T ix~ifioR哺 eis 删五伽。dintofivefuzzy 9e傍： 

big neg击 (BN)．small越g (sN)， ∞ (Z)，small 

l~itive( )，and big positive(BP)．Its fuzzy mll~- 

sl坪 flm~JQns∞ Syll111~c；and shownin Fig．2(a)． 

The distance d comists of six fuzzy S~SI． far left 

(FL)，left(L)，d0se kft(CL)，close l~ght(CR)， 

right(R)，and far right(FR)．Its fuzzy~ bership 

矗】n‘：dDns a5 皿础 and shown in№ ．2【b)， 

where is the maximum ulta'asotlic nmge(if the ulwa— 

sonic 90D噩system is usedton 矗吼l dist~lce d)． 

一

{ 一{晓 nn {强 { elm 

(a) 

fb1 

Fig．2 Fuzzy membership functions 

3．2．2 Rule bB0e 

The rule baseis ge nli2嗣 as 

： If e( )is i(e( ))and⋯and e(k—n+ 

1)is (e(k— n+ 1))and d(k)is 

(d(k))and⋯ and d(k—m+1)is 

(e(k—m+1))，lhenFi(k+1)is r． 

(28) 

Ourthiiry rule bases are awangeainto alook-uptable 

砌 ltwo (d)and (e)fuzzy sets．The oulputs 

0f吐le base are which describethetolque output and 

they are paztifioned into 9 fuzzy吡 ：left very big 

(LVB)， big(LB)， small(LS)，left very small 

(LVS)，zeID(Z)，rightvery small(RVS)，right small 

(RS)，right big(RB)，and rightvery big(RVB)．For 

example，lhe rule 1 is 

： Ifdis FL and eisBN， 

lhen is LS． (29) 

3．2．3 ~ tion 

For each of contxollers，the following defuzzifieation 

formula is used． 

： ∑F,lo‘／∑ ， 
i=1 i=1 

： II ；(e( 一P+1))×II (d( 一h+1))． 
。=1  ̂ 1 

(3O) 

The sign ofthetorqu~F givestheorientationofthe 

link diwlacement， for example， for a planar 幽 t， 

whenF is positive，the link nlov~$to the l ，and 

when it is negativ~．the link nxⅣ％ to lhe right．The 

magnitude ofthis tolque provokes the a~ leralion and 

deceleration motion ofthelink． 

Fig．3 Robot navigation with moving and 

unknown obstacles 

4 Simulations and conclusions 

Let}= 21+Z2=2．3m， =2．8m， =0．4m，and 

也 = ，by addi1Igmo 喀andⅧb wnobstacles， 

曲Ⅸ 瞎theinitial and de,redjoim∞ es as ql(0)= 
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91．6732(。)，q2(0)=5．7296(o)，qd = 一73．52I1(。)， 

qd =11．4592(。)，a埘 keepingthe other u m pa— 

rarr咖 ofIbe case 1，the f0ll0、 】g simulation(Fig．3) 

has been 0l姬血耐 ．The~lxJt研】ccessfIl】ly eompletes a 

o~"nplex nlan0eIⅡe ave~ding moving，血 bl。wn部耐 吼a— 

tio~wy obstacles．In Ibe case of theⅢ ving obstacle， 

wl~chk|s a constantvel~ity， manipulator amon~ i— 

f／S 

(a] Current position of robot 

tally reduces its vdocity to avoid collision． lis D}-e- 

no D0n ws吐le effectiveinte~ capability oftbe 

q，嘴ed lTlo60n—p ng a】 mm to dea1 willl mdvi】ng 

a埘 u K帅 obs~des． 

simulationl"e~ults( ．4) 口wIbejolnt gle， 

Ibejointvd0city，andIbep on ，aswell asIbe 

dist锄cc betweenlower捌m a埘 the ne峭 tobstacle． 

，／s 

)Differencebetween goal and c'ur~ntposition ofrobot 

f，s tls 

(c) Joint velocity ofeach link (d) Distance d between robot and obstacles 

Fig．4 Simulation result 

A ㈣ intelligent motion control strⅢe that makes 

l~ ible tbe imegr~ion of r~ lst a埘 fuzzy control has 

been 0p∞edfor跚主。n0 navigation 0fRU邑I)robot 

manipulators．WithIbe help ofits“brain”(fuzzy·deci· 

sion)whidl makes decisions about am]actien of Ibe 

Iohot．it is 删 Ⅱthat吐leⅡ}b0t au幻叮a∞0I】sly readies 

itstalgelwithout collisionwith unb 0wn ormoving db— 

staclesin anlⅡ1sⅡI n剃 W-spacewhereiloⅡajec唧 is 

plannedin advance．The dose loop c0“Ⅱol system of 

f and robust is stable．"INs brings a l1igb level of 

autonomyto the overall systexa．and makes lm  of tbe 

controller very 缸adjve for rea1．drne fast柚d noastc~ 

send,r-based gld of intelligent robot manipulators． 
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