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Wdeoh 4 vkrz v rgh z d| ri ghvfulelgj wkh fdsdelolwlhv ri
dg lggx vwuldourerwz runfhool Wk huh duh irxufroxp qgvIig wklv
wdeoh> hdfk ri wkhp suhvhgwv d fdsdelolw ri dgq Iqgxvwuldo
urerw z runfhool Lg hdfk froxp q/ wkh ohyhori fdsdelolw Iv

t xdolwdwlyho| rughuhg dv Igfuhdvigqj iurp wrs wr erwwp 1

I ru wkh uvw froxp q/ I1h1l ylvxdo wudfnlgj/ wkh orz hvw
ohyhokdv gr ylvxdowudfnlgj 1P rvwlggxvwuldoz runfhoov z run
z hooz Iwkrxwylvxdowudfnlgj ehfdxvh hyhu| wkigj Iv dvvxp hg
ngrz qg d sulrul +vxfk dv dxwrp reloh sdlgwlgj ,1 Wkh vhfraqgg
ohyho uhihuv wr z khg vrp h zrunfhoov kdyh ylvirg iru hgjlo
ghhuhg ihdwx uhvl Wkh wklug ohyho fodvvl hv vrp h z runf hoov
z lwk wkh fdsdelolw| ri uhfrjqgl}lqj d vigjoh renmfw fodvvl
Wkh p rvw frp sohwh ohyho ri ylvirg wudfnlqgj rffxuv z khqg
lggxvwuldo z runfhoov fdq wudfn duelwudu| renmhfwvl Vrp h uhO
vhdufk huv kdyh sxvkhg wkh vwdwh ri wkh duw wr wkh ohyho ri
d vigjoh renhfwfodvvl Qdndl 5" exlowd urerwv| vwhp z klIfk
fdg sod| rqhOwr Orgqh yrooh| edoojdp hv z Iwk d kxp dg sod| hul
Wkh ylvirg v| vwhp iru wkh urerw khuh rgo| irfxvhg rq wkh
yrooh| edool K dvklp rwr 26" ghyhorshg d slgjsrqj urerwv|v0
wh p xvlgj d : ghjuhh ri iuhhgrp gluhfw gulyh dup 1 N zrq
A7 sursrvhg d uhdoOwlp h v| vwhp wr uhfryhu wkh srvwxuh ri
d kxp dg*v kdgqg dgg wkhg jxlgh d urerwkdqg Ilg julsslqgj
j hvwx uhvl Lq 78" dq dgdswlyh fr gwur oohu z Ilwk ylvxdoihhgedfn
z dv suhvhgqwhg irup dglsxodwr u wr judvs d p rylgj f]| olqgul0O
fdorenmhfwl Sdgqsdqglinrorsrxorv "' suhvhqwhg dg h| holqOkdgg
vhgvru v| vwhp ri p dglsxodwru wr wudfn p rylqj jhrp hwulf

remhfwvl

I'ruwkh vhfrgg froxp q/ p rwirq vkdsh/ wkh vip sohvw w| s h
Iv olghdul Wkh vhfrgg ohyhoihdwx uhv j hr p hwulf s dwwhuqv vx fk
dv vt xduhvl Wkh wk lug ohyholvvp rrwk exwqrqjhrp hwulf s dw0
whugqvl Wkh ghhs hvw ohy holv wr ohw wk h urerwiroorz iuhhOirup /
Ilhl1 grqgolghdu/ xqvp rrwk dgg qrqj hrp hwulfOsdwwhuq wud nmhf O
wr ulhvl Vrp h zrun kdv ehhg grqgh Ig wklv dvs hfwl D oohgq *: °
ghp rgvwdwhg d S X P D 0893 wudfnlqj dgg judvsiqgj d p ryo
lgj p rghowudlq z kIfk p ryhg durxqg d flufxodu udloz d| 1 Lq
A5/ wk h urerw v| vwhp fdg ghdo z Iwk sduderod/ z klfk Iv d

qrqo0j hrp hwulf exwvp rrwk wudnhfwru|1l

I'ru wkh wklug froxp q/ p rwlrq suhglfwdelolw / wkh orz hvw
ohyholv ngrz q d sulrull Suhglfwlrg Iv qrw ghfhvvdu| Iq dgq
dxwrp reloh dvvhp eo olgh ehfdxvh wkh p dqlsxodwru kdv h{O0
dfwnqgrz ohgjhri wkh wdvnl Wkh vhfrqg ohyhofdq eh whup hg
dv z lqgrz hg dgmvwp hgw/ z khuh wkh srviwlrg ri wkh renhfw
Iv ngrz q dgg wkh rulhgwdwlrgqg Iv xgqngrz ql1 Lq wklv fdvh z h
rqo ghhg wr wdnh rgh sifwxuh dwwkdw srviwlrqg dgg j hw wk h
rulhgwdwlrg ri wkh remfwl Krz hyhu/ iru h{leoh vwulgqj v ru

d prylqj fkdlg/ z h grgq*wnqgrz hlwk hu wkh srviwlrgv ru wkh
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p hgw/ z kiIfk Iv wkh wrs ohyhori p rwrg suhglfwdelolw 1 Lq 7~ °

wk h Ip djh Iv judeehg 63 wlp hv s hu vhfrqgl Wkhuhiruh/ wklv

txdol hv dv _frgqwlgxrxv dgnmvwp hqgwl%
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wk h z donlgqj vshhg ri d kxp dgq/ ruderxw®833 p p 2vhfl Wkh

klj khvw onyho Iv p hfkdqlfdoo +urerw olp Ilwhg vs hhg/ z kIfk

Iv 4833 p p 2vhf iruwkh p dqlsxodwru/ Vwdxeol U[ 463/ 1g rxu

qgryhoz runfhool Lg ~<” yluwx douhdolw] Iv xvhg irudvvivwigj wkh

p dglsxodwruw judvs p rylqgj renmfwviIlg d frqyh|rudgg sxw

wk hp lg dq lgvs hfwlrq vwdwlrql | hz wuhvxow dgydqfh sdvw

wk v vs hhg 1

Vrp h uhvhdufk kdv ehhg grgh w dgydgfh wkh fdsdelolw|

lg rgh ru p ruh dvs hfw deryhl Krz hyhu/ gr uhvhdufk 2z run
kdv ehhg grgh wr wdnh doori wkh irxu dvshfwv grz q wr wkh
erwwrp ohyhol Froohz hw "43° suhvhqwhg d p hwkrg wr j hw wkh

srviwlrg ri dgq duelwudu| Ovkds h exw p rwirqohvv renmfwe]| ylO

virg ihhgedfnl Lg 743" wkh uvw froxp g |lg Wdeoh 4 kdv ehhgq
Ip suryhg wr wkh er wwrp ohy ho/ 11hl wr uhfrjgl}h duelwudu]
renhfwl Krz hyhu/ wkh irxuwk froxp g/ p rwrqg yhorflw| Iv

vwloo Ilg wk h _vwdwlr gdu| % ohyhol R xu renhfwlyh Iv wr hgkdqfh

wk h urerwz runfhoovr wkdwlwfdg frsh z Iwk duelwudu| re nhfwv

dgg idvw/ iuhhOirup wudnhfwr ulhv vip xowdghr xvol 1

Lq wk h uhvwri wklv sds hu/ z h uhsruw wk h uhvxowv ri h{s hul0
p hgwv z kifk p hdvxuh wk h fdsdelolwlhv ri rxu fxuuhgwsurwr?O

wl sh zrunfhoo dorqj wkh fodvvl fdwlrg olghv mkxvw ghvfulehgl

Wkh uhp dilgghuri wklvsdshulv rujdqgl}hg dv iroorz vl Lg vhfoO

wlr g LL/ z h ghvfuleh wkh edvlif dssurdfk ri rxu z  runfhool Lg

vhfwrqg LLL/ wkh h{shulp hgwdo uhvx owv duh jlyhg wr vkrz wkh

s huirup dgfh ri wkh z runfhool Z h dgdol }h wkh uhvxowv dqgqg

frgfoxgh z Iwk rxu ixwxuh gluhfwlrgv ri uhvhdufk Ig vhfwlrg
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R xuurerwz  runfhoolv edvhg xsrq dg ryhufrqgvwudighg ds O

surdfk wr vhgviqj1 D qhwz run ri vi{ fdp hudv vxuur xqggv wkh

z runfhoo sodfhg rg d fxeh ri doxp lgxp iudp Iqj 11 Ijxuh 4

vkrz v d slfwxuh ri rxu surw w shl Lg 4/ z h ghwdlohg wkh

z runfhoo frq jxudwrq/fdoleudwlrgq/ Ip djh gl huhqflgj dgg
uhdoOwlp h urerw p rwirqg sodqqlqj1 F xuuhgwol z h duh frqgqbo
gxfwlqgj 5G h{shulp hgwv/ I1hl wudfnlgj d p rylgj renmfwrgqg

wk h rrul Wkhrffxsdgf| p ds 244" fdg rxwsxwwkh srviwlrgqg

ridprylqj remfw63 wilp hv s hu vhfrqggl

Z h xvh d Vwdxeol U[ 463 p dqlsxodwru lg wkh vhgvru ghwo

z run edvhg z runfhoo z Ilwk Iwv frgyhgwrgdo fr gqwur oohul Lq

wk h Y odqj xdjh +vriwz duh hgylurgp hgw ri wkh urerwfrqgoO

wur oohu,/ z h xvh wkh D owhu frp p dgg wr Ip sohp hgw uhdoOwlp h

urerw p rwlrqg ~4°1 Z khqg wkh Dowhu frp p dgqg Iv hgdeohg/

wk Iv Igvwux fwlrqg +z kIfk fkdqgjhv wkh vhw srilgw ri wkh frqo

wur oohu, z loo eh h{hfxwhg rqfh gxulqj hdfk wudnmhfwru| flufoh

+49p v,1 Wkh urerw frgwur oohu dgg wkh ylvlirg v| vwhp frp O

p xqglfdwh wkrxjk vhuldosruwvl Wkh surfhgxuh Ig rgh orrs

wr Ip sohp hgw wk h wudfnlgj wdvn Iv wkh iroorz Iqj =

41 Lgyhuvh nighp dwlfv Iv xvhg wr rewdlg wk h nrigwdqj ohv ri

wk h ghviuhg srilgwv/ z klfk duh vhgwiurp wkh vhgvrughwz runil

51Wkh gl huhgfh ehwz hhg wk h fxuuhgwn lgwdqgjohv dgg wkh

ghviuhg nrilgw dqj ohv Iv fdof x odwhg 1

61 Wkh p d{lp xp ri wkh vi{ mlgw dqgjohv* gl huhqgfh Iv

glylghg e| wkh p d{lp xp mlgw dqj oh wkdw wkh urerw fdgq

p ryh hyhu| Igvwdgwl Li wkh txrwhgw v ohvyv wkdg ru htxdo
wr rgh/ wkh urerw fdg p ryh wr wkh ghvluhg srviwlrqg Ig wkh
gh{wlgvwdgwl Li wkh txrwhgwlv oduj hu wkdqg rqgh/ hyhu| mligw

dqgjoh*v gl huhqgfh Iv glylghg e| wkh txrwhgwdqg z h jhwwkh

ghz vhwri nmlgw dgjohvl Wkhg wkh urerwp ryhv wr wkh gqhz

vhwri nmmligwdqgjohv Ig wkh gh{wIlqvwdqgwl

71 D orz sdvv owhu Iv x vhg wr vp rrwk wkh migwdqgjohvl

81 | ruz dug nlghp dwlfv Iv xvhg wr rewdlq wkh qhz srvlo

wirgv fruuhvsrqglgj wr wkh owhuhg milgw dgj ohvl Wkhqg z h

x vh wk h D owhu frp p dgqg wr ohw wkh urerwp ryh w wkh gqhz

srviwlrgl

YYY - jt Lt Nu | jrvVii o 6jAlt

Lg wkh suhylrxv vi{ p rgqwkv/ z h kdyh shuirup hg p dqg]

gl huhgw nilggv ri wudfnlgj h{s hulp hgwvl Lgq doo ri wkh h{O

s hulp hgwv glvfxvvhg khuh/ wkh urerwwudfnvd p rylgj renhfw

rq wkh rrul Wkh hgg h hfwruri wkh urerwsrligwv vwudlj kw

grz q dqg Iv 6; fhgwp hwhuv deryh wkh rrul | Ijxuh 5 jlyhv

d jhghudo ylhz 1 Z h fkrrvh d uhg uhp rwh frqwuro wr| fdu

dv wkh renmfw iru p dg| ri wkh h{dp sohvl Lw Iv derxw 59

fhgwp hwhuv orqj dgqg 43 fhqwp hwhuv z Ighl

D1 YIlvxdowdfnlqgj

Lq wkh h{s hulp hgwv suhvhgwhg khuh/ z h ghp r gvwudwh wk dw

wkh p dqglsxodwru fdq wudfn due lwudu] renmhfwvl WKkhuhiruh/

z h vkrz wkh fdvh ri d w| fdu/ d kxp dg dgg d eurrp dv

wkh p rylgj remfwl Lq wkh iroorz Iqj wk uhh h{s hulp hgwv/ wkh

wud mhfwr ulhv ri wkh renhfwv duh doo olqg hdul

41 wr| fdu

Wkh viwxdwlrg ri wudfnlgj d uhp rwh frqgqwuro w| fdu Iv
vkrz g Ig | Ijxuh 51 Wkh wudnhfwrulhv ri wkh fdu dgg wkh
p dglsxodwr u duh suhvhgwhg Igq | Ijxuh 61 Wkh judskIfv ri

wk h wudfnlqj huurulq srviwlrqg dgqg nmlgw dqjohv duh jlyhqg Iq

I 1j xuh 7 dgqg 81 D iwhu fdof xodwlgj wkh rxwsxwgdwd iurp wkh

rffxsdqf| p ds dqg wkh urerw frgwuroohu/ irud w sifdouxgq
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Lg | Ijxuh 4;/ z h sorwwkhvh uhvxowv/ z k huh wkh ghyldwlrq ehoO
wz hhg wkh dfwxdodgg wkh ghvliuhg srviwlrg Ivrqg wkh ruglgdwh
d{Ilv/ dgg wkh dyhudjh yhorflw ri wkh p rylgj renmfwlv rq

wk h devflvvd d{Ivl

the 1st joint tracking error

the 2nd joint tracking error

15 4
g g
g g2
2 2
2 5 @
3 3
g0 L
g E
=8 k=3
-5 -2
0 20 40 60 80 100 0 20 40 6 80 100
the 3rd joint tracking error the 4th joint tracking error
5 1
B B
=3 5 05
s ° <
2 @ 0
? 2
S s
-10 -1
0 20 40 60 80 100 0 20 40 6 80 100
the 5th joint tracking error the 6th joint tracking error
4 15
B B
5 g 10
s ? <
2 2 5
2 2
S s
-2 -5
0 20 40 60 80 100 0 20 40 60 80 100
the car and robot
1200 T T T
1000 B
800 B
600 B
400 B
£
£ 200
=
0 |
-200 B
-400 B
-600 E
800 . . . . . . . . .
900  -800  -700  -600  -500  -400  -300  -200  -100 0 100
X (mm)
the x tracking error the y tracking error
250 T T T T 250 T T T T
200 1 200 1
150 b
100
50
B B
£ £
8 g
o K
3 3

-200 -

-250

50 100 150
t(1/8 sec)

200

-100

-200

100 150 200
t(1/8 sec)



the 1st joint tracking error the 2nd joint tracking error
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