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derived dynamic model, it is shown that the derived model is proper for use as the 
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1U~ 6.111'V13JIilL"lfvJ"lJCl"Tl113JL1,,1"LLU1LLn" X "lJCl"U~1tJLL"lJ"1il13Jm1'YlIil~Cl"~ 6.2.4 ....... .44 
'1/ 

1U~ 6.121'V13JIilL"lfvJ"lJCl"Tl113JL1,,1"LLU1LLn" Y "lJCl"U~1tJLL"lJ"m3Jn11'YlIil~Cl"~ 6.2.4 ....... .44 
'1/ 

U..l • ... .. J 'Yl 6 .13 Block Diagram "1'V11lJm1'Yl1il "CllJ"3Jn11'Yl1"~~~1"1il1 ....... ........... .................. .45 
• 1..1 _ ~.. d..l .. ..I ,... "'.. ... ... ..1\1 '" 

1lJ'Yl 6.14 LlJ1tJlJ L'Yl tJlJm1LTI ~ Cl" 'Yl"lJ Cl" 3J aLlil Cl1'Yl 1 1::'VI11" "ruru1 rnCl1" Cl" nlJ "ru ru1 rn 'Yl Llil 
\I .., " CII " 

,nnn11 simulation ... .... ... ...... ............ .. ....... ...... .... ..... .... .... .... .. ........... .. .............. 47 
.1..1 ,.. d..l .. ..1 

1lJ'Yl 6.15 Tl1T1113J~Iil~~11il"lJCl"m1LTI~Cl"'Yl3JaLIilCl1'Yl 1 .. ... .. ... ......... .... .. .. ... .. ..... ..... .. ........ .47 
'1/ 

• I ..I _ ~.. d..l .. ..I ,... "'.. ... ... ..1\1 '" 
1lJ'Yl 6.16 LlJ1tJlJ L'Yl tJlJm1LTI ~ Cl" 'Yl"lJ Cl"3J aLlil Cld'Yl 2 1::'VI11 " "ru ru1rnCl1" Cl"nlJ "ruru1rn 'Yl Llil 
" .., " CII '" 

,nnn11 simulation .... ...... .......... .......... .. ... ..... .. .... ... .... ... .. .. .. ... .. .......... .... ......... ... 48 
.1..1 ,.. d..l .. ..1 

1lJ'Yl 6.17 mTl113J~Iil~~11il"lJCl"m1LTI~Cl"'Yl3JaLIilCl1'Yl 2 .................... ......... ....................... .48 
'1/ 

1U~ 6.18 ~1 displacement deformation "lJClM11"<ii Cl ltJ,,~ 1 fm-nlJ llil tJ3JaLIilClf~ 1 .......... .49 
'1/ '1/ 

1U~ 6.19 ~1T1113J~1il~~11il displacement deformation "lJCl"rl1"<iiCl ltJ,,~ 1 fm-nlJ lliltJ 
'1/ '1/ 

.. ..I 
3JClLIilCl1'Yl 1 ...................... ................. ............... .. ................ ......... ....................... 49 

.1..1 ' . . "', 1..1 ... 1 .. ..I 
1lJ'Yl 6.20 m displacement deformation "lJCl"m"IilCl tJ,,'Yl 4 fm"lJlJ IiltJ3JaLIilCl1'Yl 2 ........ ... 50 
'1/ '1/ 

1U~ 6.21 ~1T1113J~1il~~11il displacement deformation "lJCl"rl1"<iiCl ltJ,,~ 4 fln-nlJ lliltJ 
'1/ '1/ 

.. ..I 
3JClLIilCl1'Yl 2 .. .............. .. ............... .......... ....... ..... .. ... .. .. ....... ... .......... ... ....... .......... 50 
.. .....1 .. ..I 

n.1 3JaLIilCl1LLlJlJ"lJlJIil1"'YlLLn"3JaLIilCld'Yl 1 ... ............ ............. ... .. ... .. ... .. ... .. .... .... .... ......... ...... 56 
.. I ....... I • d ~ I 

n.2 CllJn1rn1IilTl1T1113JL1"tJ'VICl PCB 1" 353A. ........ .. ........................... .... ....... ................... 57 
~ ~ 

III C"Q..oo I I d.... I 

n.3 CllJn1rn1IilTl1T1113JL1"tJ'VICl PCB 1" 348A. .... ... ..... ............. ........................ .................. 57 
~ ~ 

n.4 "lf1il"lJtJ1mlruru1rnLvJvh"lJCl"Clun1m-rIilTl113JL1" PCB ........... ........................ ................. 57 
CI III '" " 

n.5 "lf1il"lJtJ1tJiruru1rnLvJvh"lJCl"Clun1m-rIilTl113JL1" KISTLER ... .............. ............... ............ 58 
.. III III III 

... Q..O I .. I C"Q..O 
n .6 n11Iil"lJTl1"lJCl"CllJn1rn11il3J3J ............. .... .......... ....... .. ......... ....... ........................ ..... .... ... 58 

~ ~ 

d ... .. ... 
n .7 "lf1il"lJtJ1tJn1::LL"L~Cl"lJlJ3JClLIilCl1LLlJlJ"lJlJIil1" ...... ... ...... ........................... .............. ...... ...... 59 

~ 



~ 
U'Y1'Y1 1 

o 
U'Y1,",1 

1 "ihr;I1J"LL "1J" vi'\.UJ"~~1J'Yl1Jl'Yl Lil~ru h~\ll'\.n'H~l £J 611h:: Lfl'Yl ~\ll "\ll"tI ~ "1~ n1111 1 q .., J q 

"" A 1'... I' A I I'~ 0 d ~ I 

\ll"~lW.J'Yl £J1~1 "~1 LL~::~1"nl1LL ~'Yl £J L "tI\I,;)ln~"£J"~ 1If11111 "11111r1'Yll\11" 'Yl1l"1~t£J LlI 
q q 

o .., "', .,j '" 1 '" '0 .,j '" 1 '" .,j 
"11111r1'Yll L~ L"1I'" \ll"'Yl~tI\I "1I'fl1111LLlI"£Jl"\I \ll"'Yl~tI\I "1I'LL1\1111n LL~::n1::1J1"nl1'Yl 

'II 

ri1 6]h ,)n"LUW;11"1"1I1n i\lJ"nl1t1 tin LL1J1J1i £J LL~::~~"lvi"£J"~1 "in 'l!trn::LU ~1::~ 
q 

L ~ 1I1::"lIn1J\ll"LL!iI~::th::Lfl'Yl~\I~ tI tin 1I1111n 111 £J 
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'VI1 LL~';)::rhnTHl~~1 LLthlJ1\!~1 eJ eJ nL ~ eJ L 'VIL~ 'UJn11~rln~ eJ\! LL~::~l £.J~ eJn11l-'h LUL it Un11 

" ~1lJmJ~eJLU 
q 

1.3. tlEllJLtlli'I 

... • .. .,I.. .J' \1 .. .. • 
1) eJ eJ nLLlJlJ LL~::~11\! LL"l.IU 'VI U£.JWil'Yl 111:: £.J:: L eJ eJ 11 Ln mL~::1I~1111 £.J~'VI £.JU 

q q 

o A s' .cia I Q..<o 

2) 'VI1 LLlJlJ,;)l~ eJ\!'Yl1\!~ m~~1~~1"l.1 eJ\! LL "l.IUn~'Yl1l~1111'V1 £.JU~1 
q 

~ 0 A ~ 

3) 'Yl~ ~eJlJ~1111'ln~ eJ\!"l.I eJ\! LLlJlJ,;)l~ eJ\!'Yl1\!~ m~~1~~1 
'II 

~ 0 A A A ~ 
1.4. tI~li'IEl~nl'~li'I1L~~\l1~tlEl\ld'Y1l1l'",rnUi 

"" ... .. ....... .,I.. • .d.:"1 • 1 1 n 1) ~n1f1LL~::1L~11::m.J~n111,;)£.J'Yl1l~lU1J1L 'V-leJLlJUlJ1:: £.Jonu Un11eJeJnLLlJlJLL"l.IUn~ 

2) eJ eJnLLlJlJin1fm::n~ '1.n"l.l eJ\! LL "l.Iun~ ~11\! LLlJmh~ eJ\! eJ rJ1\!~1 £.J LL~::l L~11::~n~ Ln 
.,I 
'Yl eJ eJ nLLlJ lJ 

o 0 ... 1. 1 0 ~ • 1 .d "" \1 .,1\1'" \1 ... .d L'" 3) 'Yl1n11,;)1~eJ.J1::lJlJ~1£.J lJ1LLn111~lL1,;)1lJL'V-leJ~n1f1n~ Ln'Yl L~eJeJnLLlJlJ L'lL'V-leJ on 
'II 

L Un11'V11f11';)1.J"l.I eJ\!1::lJlJ 

4) eJeJnLLlJlJ ~11\! LL~::L~eJn:iu~1U~1\! 6JL~eJU1::neJlJLUULL"l.IUn~ 'V-l1eJ1ILLnL"l.I 
... ... .,I ... .r \1 ... 

"l.I eJ ~~'V-l~1~'YleJ1,;)Ln~"l.IU L~ 

5) ~n1f11~n11'V11f11'V-l111ii L~ eJf~~l Luu,hwi'lJ'VI1 LLlJlJ~l ~ eJ\!'Yl1.J~ rn~~l~~f 
o 4 I A ~ A I 

6) 'Yl1n11'Yl~~ eJ\!L 'V-l eJ'VI1m'V-l11111L~eJ1"l.1eJ\!LL"l.IUn~ £.J~'VI £.JU 
q 

7) Lm£.JlJL ti £.JlJf11'V-l111iiL~ eJf~L~nlJf11,;)1\! 
.d d.,.d ... 0 

8) 'Yl ~ ~ eJ lJ n 11 L ~ ~ eJ U'Yl eJ £.J 1.,1 .,1 1 £.J L'V-l eJ ~ 11 ';) ~ eJ lJ ~ 1111 fl n ~ eJ \!"l.I eJ .,1 LL lJ lJ ';) 1 ~ eJ \! 'Yl1 \! 
'II 

... ...,I \1'" 
~m~~1~~1'Yl'VI1 L~ 

9) 'Yl~~eJlJ1::lJlJ 1~£.J1111 LL~::~1U~~ 
q 



t .. ~ 1 "' .... 1.5. tI,:: tlti\U1'il:: ~nu 

3 

1) ~11111tl'VI1LL1111~lf1 Eh''Yl1>1f1rn~~n~'il'f''lJ e:J>lLL"lJ'\.I.niiltl~'VI E.J'\.I.~~lm1tlli>ll'\.1.~1>1't'li' 
q 

..:f 0 A r ,I"A I d 
2) LL11 11 Yl '\.I.~1'\.1."lJ e:J>I n11'V11 LL 11 11 ~1 iil e:J >I 'Yl1>1 fI rn~ ~1 ~~ 1"lJ e:J >I LL"lJ '\.I. 'VI '\.I.r.m~ tJ ~'VI tJ '\.I. 'Yl 

... q q 

~11111tlli>ll'\.1.~1>1't'li' (particle flexible arm) 

3) dJW~' '\.I.~1'\.1.~1'V\'~'11~ ~'\.I. 11::1111 fll11 fllI.ff'\.l.~ >I 
... q '\I 

.... ....I.., "" d • I ~ "".... ..I.. '" 0 ..I 
4) ~iil iilYlli'Yl L~~ln m1~n'l!t1~lm1tl u1::r.Jn~ L"lfn11 LL"lJ'\.I.niil'Ylllfll111 tJ~'VI tJ'\.I.LLUU e:J'\.I. 

q q 

't'li' 



4 
tJ'YI'YI 2 

... ..r... I .. ... I 

2.1 A'l1JJ'H1Jih1 fI,"lIih1'H'lUJ,"flLL1J1J 1I~'H 1I," .. . . 
m1~i1J'\.41~'\.4tJ'\.4!ilLLlJlJ~~~ v '\.41 '\.4"1'\.4tl~ ~1~ n1111~,;)~1.h:;~"fi'L ~ tl~ tl"m1m1 • •• • .. ....11 !:II ....... ~ A ..l.. .....l • 1 "" 

fl ~"lJ'\.41~"lJ tl" fl" fl 'Yl "If L '\.4 m1"lJ lJ L fl fl tl '\.4 LLfl:;m1~'\.4~:; L'Yl tl '\.4 'YlL n ~,;)1 n m1L fl fl tl '\.4 'Yl 'Yl1 ~ ~ tl" 

1"nflll (tubular cross section) 



5 

2.1.4 LL1-lL~£.J~'Yl1~ (Friction) LL1-lL~£.J~'Yl1~~,ra~a~1-l ')"1.Ia-lLL"1.I~n~TrnaamLuuli~ 

A,ca..; ~ l.d I 
2.2 \11'"1\1 Uti il\l LLtI,"n~ LL1.J1.JU~'VI u'",n~1,"3J1 

q 

1 ~m1aamLUU~11-lLL"1.I~n~L ~ a 1 'V\i.~~m!l'tlt::L\I. ~1::~~1 dJ~~1~~mh1 m,r1-l~~ 
~1LiJ~~ a-l~nM1-l1~1i £.J~'t~Yh mri a~'V\"1d'L ~ mb~11 -nvhn1tlt11 ~n11a a n LLUU LL~::~11-l 

... '1' ...... .d. 1.d "" .... liI.l.J' 
LL"1.I~n~ LLUU £.J~'V\£.J~ ~ £.J';]::n~11 L\I. ~1::-l1~T~£.J'Yl~1~~ ';]'15-l~~-l~ a LU~ 

q 

.d 
1U'Yl 2.1 
'II 
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2.2.2 LL"lJUn~"lJU1~1vIt1JLL~::~~n'lciu (RALF) t~tI Wayne Book, Klaus Obergfell [5] L1JU ., , 
m1~HUJ1::l'Ill" tfl1""11" LLUU"lJU1U ~ ii 2 u"~l ~ "1::~ uiinl1Lfl~ uu ~1 ULL U 11::UltJ 

x-Y t~tI t in1::U un"u LLuuLn~1u~mrtJ1 ULL U 1 Liu~1" iin1::U un"u~lll'1 ul uci~;jlU 
V'll'" 'II ... 

o ........ '" ::t ..... .... ..1..1.. ~ .... .,j.1 
"ll'11U"lJ U L fl~ uU'Yl" fl1" "11" LL~:: 1.1 n1::U un "U ~l'Yl 2 'Yl1.l"lJ U 1 ~ L ~n"lJtJ L fl ~ uUlJ ~1 tI 

'U 

LL"lJU (End-Effector) t~tlm1\b tfl1" "11"LLUU Five-Bar Linkage 1.I1u1::tln~1i~" , 
t. I "'" ~ '" 4 -fA t... .. 
~"u tlUULLnU"lJ u"n1::U un"U~l'Yl 1 "lJ u~"lJ u"LL"lJUn ~"lI"~Ufl u fl1""11""lJ u" LL"lJUn~1.I 

'II 'II , 

flll1.1 LLii" LL1" 1.I1nL rtu"1.11";]lnm1~t in~ Ln Five-Bar Linkage 1 um1,yUU~1 tJLL"lJUn~ 
... r.: 0..1... .. ..r ..... t .....11' 

LL~::1.I lJ11.11~1m1'Yll"lU 'Yl1.l1n "lJ m"tI"lJ u"LL"lJUn~"lI"~Ufl u 1.I"lJU1~ fl1" "11"'Yl l'I ru1.l1n , ., 

t~ mil";]:: 1 i1.l u L~ ufLUU~1,yU";]::ii"lJU1~fiuu,rl" t l'I ul ., 

2.2.3 LL"lJUn~LLUUl'IciU~l 2 nlU~u ttl,,~ii 3 u"~1~"1::t~tI Tsuneo Yoshikawa, Hiroki , 
Murakami, Koh Hosoda [6] Luutfl1",,11"LLUUuUn11.1~ii 3 u"~1~"1::~uiim1 , 
Lfl~ UU ~t ULL U1LLnU X-Y-Z t u~nl!tru.::"lJ u"LL"lJUn~LLUU L n1"rtl LU L ~ tI" LL~~~"lJU1~ 
"lJ u"nlU~ u ttl" LL~::L ~1.1 1.Il~l'Irt"n uUL ~ mUU~11nl!tl"1.I~~"lJ U"1::UU ,r u~"lJu"LL"lJU , 
n ~"lI"~ d~ u n ~ L n ii flll1.1 hl.nu'l1 u U'yh t ~ "11.111r1l'11 forward kinematics L~~l tI , 
,r u L~tI"lJ u" LL"lJUn~"lI"~d~ u 1.1 u L~ uf'hJL~ uci~;jlU yil 1 i~ u" 1tt1.l1~ L ~ mh"Jlmtn"lJ u" 

, 'II ... 

LL"lJUn~ LL~::til~ u"m1L ~1.Im1.l1~1m1ril"lu'h LUU ~";]::~ u" L ~1.I"lJU1~"lJ u" LL"lJUn~ 1 i 
~ ,.,f 
~l'Iru"lJum1.l ., 



b)o..m", 
rtS.1 3-001 ftuible""" 
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Ciie:J 1£.1\1 LL~::1f)1\1 ~i'l\1"lJ e:J\I LL"lJ'U.n~ 1~ t1~::ijn11'\.t11f)1\1~i'1\1 LLUU Five-Bar Linkage 1l1-n'ltJ 1 'U. 

nl1-n lJ L f) ~ e:J 'U.U ~ 1 £.I LL"lJ 'U. (End-Effector) 1 ~ tIl11 VI" 1 ~1 'U. n l1Gf \I ~1 'U.LL 1 \I ~ 1 n e:J U n1 rn-n lJ , 
dd'1.I"'.1 ::. d. 1""'''' ,..I Lf) ~ e:JWYHil'U. LlJ t1\1lJ ~1 tlLL"lJ'U. ~::'U. 'U.LL "lJ'U.n ~'Yl ~::'Yll n11e:J e:J nLLU lJ~:: e:J e:J nLLU lJ VI ~1"lJ lJ e:J t1'Yl~1'U. 

~ ~ ~ 

1 " '1 '1" • 1 IS' d 1 1"'" 1 ..I .. ~ t1~::~~"lJ'U.l~"lJe:J\ln1'U.~ e:J £.1\1 L~ LL~::~::'Ylln11~~ 3J L3J'U.~W:n3J L~e:J £.I ~ t1nl1 "1fn1'U.~e:J t1\1'Yl3J 

VI"li~n~1\1 LtJ'U.1U1\1n~3J 113Jii\l ~~iJruVll~ di~~lnf)113JVI ~13J"lJ e:J\I"lf~L ~ e:J\I'Yl~ (Backlash) 
~ '" , 

1~ tIL~e:Jn lii1-nU"lfu~~"l2Jij"lf~ L ~ e:J\I'Yl~ LL~::ij e:Jun1rni11~3J3Jlll £.I 1 'U.i1 i\lJ'U.1f)1\1~i'l\1~ , , , 
e:J e:Jn1l1~::LtJ'U.1f)1\1~i'1\1 LLlJlJ"lJ'U.l'U.~\lijm1l1~11 'U.n11'Yil\11'U."e:J t1~\lc;i e:J\I ijnl1L ~ 3Jf)113J tJ11~ 

nl'U.Ciie:J 1t1\1"lJe:J\lLL"lJ'U.n~ 



End Effector 

..l 
lJ'YI'YI 3 

Link .( 

2 

tI ...I 1'" A ,...I "I'" 
,. 'Yl 3.1 m\l""1\1"lJEhlLL"lJ'\.I.mmlJlH.J~\U.l'\.mDDnLLlJlJ L1 
\J ~ 
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tl d tl d...,....., d dol"· ::: \l' .... 
,. 'Y1 3.2" LLUU"lJfl"LL"lJ'\.m~mJlIlI":;Vi11" link 3 nu link 4 'U.m.l'Y1~~'Y1'Y11 Vi IInkm2 L1I"lf'U.n'U. 
\I \I ~ ~ 
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• tl~lrJLL"1.IUn~ (End-Effector) LL~~.,]i,r~tl~ 3.4 LUwltlLLlJlJ"1.ItI.,]tl~lrJLL"1.Iun~~l,r~~ 
\J \J 

~~nlJtltlmnrl~mll1d.,] 2 il t~rJil~ 1 1~fll111d.,]luLLU1LLnUrilU~tI trJ"]~ 4 • 
(LLnUX) ~lu~nil1~mll1 d.,] 1 ULL uli"]ulnnlJrilu~ tI trJ"]~ 4 (LLnUY) LL~::fif'lYll"] 
.J • tl....... . :'1 .. ......J 1 tl .J Yll'l"] tI tlmnn tI mru.l~mlliL 1,,] LuUlJln Vl1t1~111 LL U1Vl1~nf'l1Y1 LL~~"] U1 "1.Iru.::YI 

• • \J \J 

~lwnl"]"1.1 tI.,]tl~l rJ LL"1.IUtI tin LLlJlJ11 ~lVl1lJ 1~1I1~ L ~ tlth.,]J1Vl,rn~tl~lrJ LL"1.IUL ~ tiL i 
J1Vl,rnrf"]Vlll~"1.ItI,,] LL~~::rilU~ tI trJ"]1111nuLuuri till. (lumped mass) 

(LLn14 X) 

l1f'!rn"+'l.IEhlm1~d" 

(LLn14 Y) 

Link 4 



.. 
o flmi114'lJEl\lLL'lJ'\.m~ ... 

• 1..1. 1 ~ ..I~ ,.. .....1 
1lJ'Yl 3.5 1lJLLlJlJ"lJfhm~ Ln Five-bar linkage "lJru.::'Yl L1J1Jm1LfI~tJ\.I,'Yl 
\J \J 

Link1 

" , 

I 
!lUll! fllH11.p.J 'IHI \I 'IJ tl ~Hl 



~~ ~ ~l1m'G~G,lT-ll-tU.t.LrtL~ft~~tL\;4't1.11~~ £ ~L'fJl 
n. 

G ~'t1.LU::l::m V l),L'fJ1G ~'t1.LUL'G rr.'t1.U" t 't1. "UL~L'G't1.1't1.UL'L~U~" l),::'lUHU~G.t.~l1m'[l.t. I.... F" f.... P ....' r' .... IP' 

rt~" ~ l),l1mmU't1.Grt~1't1.LL'Ll),.t.LU::'lUHU~rt £ ::~" G l),l1m'G~Grr.L'Grr.::'lUHU~L'.t.~ pi F' .... IP' 0 .... P F'" .... .... ~ 

• l),'t1.G V l),L'fJ1G~'t1.Lu::~" £ l),L'fJ1G~'t1.LUL'Lt~::.t.'t1.rt~'t1.U"t't1.,,~U'~' GM1't1.UfJt~Lrr.' F' .... F' ..... F' I .... I ..... "p ............ 

G ~Lrt £ ::t::m G ~l1mm ~G ,IT-LttL'G ~::~fJ~l V ~L'fJl G ~'t1.Llll1!~L~ £ ~l1m'G ~G,lT-'t1.t~ 
n. n. 

£ l),L'fJ1G ~'t1.LUI1.t.~L~ G l),l1mm ~Grr. 0 ~ '£ l),[l.t.::~" 6'£ l),[l.t.L'~L'~~" £ ::~" G l), 
I" ' ",. 0 I" '" I" 1"" I" 

11m, G ~G ,IT-L'G rr.'t1.t~ G ~G ,IT-1111L'fJl G ~'t1.LllL'Lf.-~::.t. d!IS ~~'.t.LU't1.11Gt:" 1't1.11 ,,~ ~ G ~G,lT-~ 
n. 

~G~'t1..tT-.t.LU't1. ~ tfJ ~U, U~~ll-t ::~'t1..!lUL~ [l.t.L'~G ~G ,IT-L'Grr.'t1.U,1t 't1. '1rtL~[l~ L,lT-'L'fJl G ~'t1.Lll 
" • ~13.t.LUll-~ ::~L'fJl G ~'t1.Llll111G ~ ~G ~G,lT-fJ ~1 L'fJl G ~'t1.Lll L'Lf.-~::.t. 't1.rt~ 't1.U" L'G rr.'t1. ~ 't1.U" 

n. 
't1.Q' 11!~L~.s-~ U~, ~L 't1. rr.L~ M 1't1.U"::~" 't1.r.!U~fJ t~I1G U::.t.[l::~j:~nJ1.G ~G ,.lLL'G rr.::'lUHU~ 

• fJ~l £ l),L'fJ1G~'t1.LUI1U G l),L'fJ1G~'t1.LUL'Lt~::.t.'t1.rt~.t.LU::~" V l),L'fJ1G~'t1.LUI1U ~ F' I ........ F' ...... F' I ........ 

• n. 
l),L'fJ1G~'t1.LUL'Lt~::.t.'t1.rt~.t.LUL'fJlrtGJ1.m.t.~L~J1.' l),G~Grr.'t1.I'1'::~ g'£ l),[l.t.L'~ u.t."l1m, F' I..... P .... 0.... "F" I .... I; F' .... 

n. • 
't1.' 't1.UfJt~l1m' £ mm::~'t1.~J1.~U't1.rr.'m.t.~L~J1.'l),G~Grr.l1m'UGG.t.LUL'Grr.~fJG'::~fJL.t. • "...." I II=" l" ..... 0 .... "F' I .... II=" 

a6e)jUII Jeq-aA1.:J U' ~UL'Grr. G l),'t1.U".t.G~mrt't1.~~.t.LU L'£ l),[lt , 'k 1"" I" 

~ut\rr.m'Grr.t\LKG(; 0 )fUll .. 

~)fU!l 

G~GfIot-GfIotl.rtlitl.U llttl.ll 
, " 

~ . . -" 

l~ 



\ 

LLU1LLnWlIihl link 

.1...1. 1 ., 0 ...I 
1u'Yl 3.8 1uLLlJlJ"lJ Ehl"1Hl!il tlLLlJlJ'Yl 1 
\I \I 

oCto • 0 0,... A oCto 0,... 

~U~lUWl~1lJ~!il!il!ilnlJ 

-nEl~El"lJfh'llink4 

/'" 

.:'. 0 Q"IdlAo,... 

~U~lUWl~1lJ~!il!il!ilnlJ 

-nEl~El"lJEl~link3 

LL'\.lo1LLnWlIEl~link4 
/'" 

/'" 

.1...1 .1 ., 0 ...I 
1u'Yl 3.9 1uLLlJlJ"lJEl~"lJEl!iltlLLlJlJ'Yl 2 LL~:: 3 
\I \I 

13 
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• 11r.Jfl::L~r.J~"lJ tl".:i'\.4~'n"lnr1 LLtlfl'lUlflij L iimJ ~1~1u~~n~u1 LLtlfl'\.4"lJ tl"~ m~ tlf LL~~" 
'II 

.... tl.J :'1' 1.1 .......J "" .. .Jl " :'1 .... ~"1 'Yl 3.11 Lu'\.4~1'\.4 1::ntlU"lJ tl"~m~ tl1m'Yl 1 L '\.4tl",nmJ m~ tl1'Yl "ll'Lu'\.4LLUU"lJU 
'II 

~1" 1~r.JL1itl1im ~ tl"'Yl~ fi11~1tlLLUU"lJtl"~ m~tlf"1l'it~d',;)::L1iiii1L ~ tl"'Yl~~1"1l'1 '\.4 
'II 

n11"1lU L ~ ~ tl'\.4~ tl L~ tlfJ1 Ltl LL~';)::iiclm!trn::dJ'\.4 ~ U1 LLtl fl'\.41" n fl~ dJ'\.4.:i'\.4L~ r.J1nU 

L'V'l fl1"lJ tl"~ m~ tlf ~,,~ tl" tl tlnLLUUL ~.:i'\.4~1'\.4ii 1 ~1'\.4LU'\.4cln1!trn::"lJ tl"~U1 LLtl ~'\.4ii1 
'II 

~~~ LU'\.4LL '\.41L~ r.J1nU"lJ tl" ~ m~ tlf ~1'\.4~n~1'\.4,;)::LU'\.4~1'\.4~1~1ul in1'\.4~ tl1r.J" ~1 ~ 
LLfl::~tlfll'\.4cln1!trn::L~r.J1nu,rtl~mLuu~ 11'\.4~1'\.4"lJtl"~m~tlf~ 2 ii';)::li.:i'\.4~1'\.4 

tl
.J 1.1 "1.1.....Jl.... .... ...... .J 1 'Yl 3.111 LLUU"lJtl"~mLL ~'\.4tlflm'\.4r.J~'Yl "1l'r.J~nu~m~tl1~1'Yl 1 

'II 'II 'II 
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• ,nn~n1fru.::"lJ Eh1:a'U.th'U.LLt'l::n t'l Ln"lJ tl\l LL"lJ'U.mILLUU ~ ~VI VWll'~d' ~::ii~n 1fru.::f1~1 miu , , 
LL "lJ'U. n t'l LLU U ~ ~ VI V 'U.IIl\l 1"U ~ 2.3 L ~ tJ\I LL~ £11 tJ 2.1 tl L ~ tlf2J1 tl V ~~1 'U.LLt'l::U 1 nt'lL n LLU U 

" \I \J .u 

Five-bar linkage 2.11 L iJ 'U.1Il1 fi \I LL 1" \I,) U"lJ tl\l2J tIL ~ tl flu EJ\I U t'l1 tJ LL"lJ 'U. nt'lL rttl\l ~1 n 

2.1 tIL~ tlfLLU U,)U ~1"\I Ll1 ii L YJ tl\l'Yl ~ 't'i11 Vl1 'U. "lJ ru.::~ EJ\I Ll1L~il tl 'U.iru ru1 ru.~ 'U. ~ ~ 1 in U .. '" , 

A A "'~,.::II ~I d aLI.... ~ A "" .~ 
LLU U tl 'U. ') VI 1"tl2J tIL ~ tl1"'Yl2J"1f~ L f'i tl\l 'Yl ~ 'Yl2J tl ~1"1 m1"'Yl ~1"tlU ~\I ~\I 'U. 'U. ~\I ~ tl\l f 11 m1" , ~ 

~11\1 tlUn1"nr~1WrUm1"~\I ~1 LL VI \4\1 L~2J ~'U.Lif tl\l ~'U.L ~ tll,n 'U.m1"~\1 LL"lJ 'U.nt'lIll\l1"U , ~ 

oJ .... oJ.. .'1.... .. 1".... .. "" , 
'Yl 3.12 LLt'l::Vlt'l\l~1n'Yl2Jm1"utl'U.~ruru1ru.tl'U.~~ VlnU2JtIL~tl1" L~tl"1fltJ"1f~L"1ftJLL1"\I .. .. , 
"" 1" , 1 1 ' ..: "" oJ L'U.tl\l~1nfl112J 'U.2Jtl1\1 t'ln (gravity force) 'U."1fl\1"lJ tl\lm1"L 1"2.1 Lfl ~ tl'U. 'Yl 

• 1~ tJ~1ULL~lLL"lJ'U.n~~~d'ii,rtl&1~tlii workspace 1 'U.m1"'t'i1\11'U. ~ni1\1 ii"lJ'U.1~ L111 my 
~'U.Lii'U. LU LL~::2J m~ tlf,)u Lfl ~ tlmr\lVl2J ~ tl V~~1'U."lJ tl\l LL "lJ'U.n ~ n1'U.~ tlltJ\I L~ tl tlnLLUU 

\J '" 

1 iiim1"t'l~ 12.1 L2J'U.!ilm12J L~tltJ L rttl\l~1mr1V\l.rn"lJ tl\l2J m~ tlf~Vl1 tJLU 1"12JLUn\lm1" 

1 i2J tl L~ tlfLLuu,)um\l't'i11 i n1'U.~ tl1tJ\I-ru LL 1"\I,)UL~~ tJ~1"\lii ~t'l&1~ tlm1"~n1f1m1" 

i'U.~::L Yi tl'U.2J1nn'hm1"1 i2J m~ tlfLLUU L YJ tl\l'Yl~ LL~ii,r m;tJ~1n ~t'l"lJ tl\l2J m~ tlfLLUU 

')u~1"\I't'i11 Vl1 'U.m1"LfI~ tl'U.£11 tJ~1 LL VI \4\1 LL "lJ'U.n~~::L n~m1"i'U.~::L Yi tl'U.2J1nni1m1"li 

2.1 m~ tlfLLUU ii L YJ tl\l 'Yl ~ 1Il\l,! 'U.~2Jm1"'Yl1\1~ ~fl1 ~~f 1"12.1 LU n\l1"::uu mUfl2J"lJ tl\l LL "lJ'U. 
1 

,J' ""' .... I AIII~I .... oAA ~ A ~A 
n t'l"1f~'U.~::'1fU'1ftl'U.m1 LL"lJ'U.n mLUU 2.1 L f'i tl\l'Yl~ L ~1"1::~ tl\lm'U.\ln\lm1"~'U.~::L 'Yl tl'U. 'Yl Ln~ , 
.r .... " 
"lJ'U.nu LL "lJ'U.n t'lm tJ 



.oJ 
tJ't1't1 4 

Yi-;)11rn1LL'llUmlLLlJlJ[j~~clU~12J1U~ 4.1 1~tl~2J2J~1in1U~tI 1tl~~ 1 LL~:: 4 LUU 
1 " 

n1U~tI 1tl~~iim12J[j~~cluLL~~::n1Uiim12Jtl11LrhnlJ 62 em LL~::132 em ~12J,hilJ iim~ 
1 

:'1" ..I , .1 II, 1 ..I 
M1 LL~:: 2J1~ M2 LuUm~LLlJlJntlU112J (Lumped mass) 'Y1LL~~::u~1tl'lltI~mU~tI tl~'Y1 1 LL~:: 

n1U~tI 1tl~~ 4 ~12J~1ilJ 1~tl~2Jm~tlf~Htum1,rlJLUULLlJlJ,rlJm~ (Direct Drive Motor) 
..I.., ., ., ..r ...., .J' 

m1~1 ~2Jm1'll tI~ LL 'llun ~'Y1 L~ tI tin LLlJlJ LL~::~11~'llU~12J ~2J2J~~1U~~U ... 
1. Yi-;)11rn1 2J1~ M1 LL~:: 2J1~ M2 LUULLlJlJ point mass 

2 . L~Yi-;)11rn1J1~,rn'lltI~n1U~tI 1tl~~ 1 LL~:: 4 LrlmfitllJnlJ,r1~,rn'lltI~2J1~ M1 LL~:: 
2J1~ M2 

3. L~Yi-;)11rn1m1m;tl~'YI1U'lltI~2Jm~ tlf LL~::i tI~ tI'll tI~n1U~tI 1tl~ 

L2 

UWHLm. Link4 

1 · ... tim:: lILn61 

deformation 
LLt.nun" Link1 

1 '" tim:: lILn61 

deformation 
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'" ....... I .... tid tI . 4.2 A11a..nUlfflUr'l'::'Vi11\1 U,.\I (Force) nlJ n1,.L iU.I'ln (Deformation) 
u 

n11~1 LUJn1WHH'I1 ~q]f"lJ fl..l LL "lJ1-l.n ~ LLUU~ ~ UilU 't~~ n11fim,.1nU1J1 fl ~1..l 
~ 

n11..l"lJl1..l ~lu1~qj\l::1i1n-m1~1I1I~h1lq]"lJfl..lm1ku~1fl assumed mode L~fl'h[J1um1 
ri1~Uq]~1LL ~li..l~1flri1~Uq]~nq]"lJ fl..l LL"1JUn~ LL~1 u..l1ui,)[JU\I:: 1 ,rn11ri1~Uq]~nq]~1..l flfln 'ttl 

1q] [Jri1~ Uq] LL~Ti1\1::1 q] m1~q]~ ~U"lJ fl..l LL"lJU n ~ 1q] [J 1,r fltln1nriTl~ ~ q] i..l fl EJ~ tl ~1 [J LL "lJU"lJ fl..l 
~ ~ '\I '\I 

... '1 .d .... ~ A.... • I "" .... A4 
mUq]fl [J..l11 4 q]..lll.U1::uuvmq]n\l::LLq]nq]1..lnUnUl1m11"lJfl..l assumed mode 

~ 11 11 ~ 1 iLl n L q] fl f D; LL ~ :: L 1 n L q] fl f ~ LL ~ q]..l Displacement deformation LL ~ :: 
, ..I •• 1 ..I.., , .. tl..l tl Angular deformation "1J ru.::11 Ei LL l1UL Y'i111"lJ fl..l LL "lJun ~ 11 LlJL nq] n11L ~ [JWl LL~:: Eei LL l'll1. 

'\I 

L vJ111"lJfl..l LL"lJlI.n~~Lnq]n11Ltl~[JU1tl1q][J\I::'t~~hm1Ltl~ [JU1tl"lJ fl..l L vJ111 Eei L fi [JunUL vJ111 Ei 
'\I '\I 

i..l1tl~ 4,2 
'\I 

-

X.1 

EO,1 

~11J11f1 L ii [J UL 1 fl Lq] flf~ ri1~ Uq]~1 LL ~ li..ltl ~1 [J LL "lJU"lJ fl..l LL"lJU v: U[JU~LLUU ~ q]~ ~ Uil"1J fl..l LL~~:: 
n1U~fl1[J..l't~i..lU 

D; ~[l; + b';x b';y ] (i = 1,2), 

~ ~ [¢;x ¢;y ] (i = 1, 2), 

~ ~ 

(4.1) 

(4.2) 
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~.,1 Ii LL'Yl ,\UI111J rn 1"lJ tl.,1 nl \4'il tl1 £.1.,1 ~11J LL \41 LL n \4 "lJ tl.,1 L Vh1J ~ i, lSi LL'Yl \4 n11L 1..1~ £.I \411..1"lJ tl.,1 
'\I 

ml1J £.111 LLfI:: fA LL 'Yl\4n11L1..1~ £.I\411..1"lJ tl.,11J1J 1~£.I1i"1Jn11"lJ tl.,1"m.,1\J::L~ml1Ji1J~\41h::Vil1.,1 
'II ~ 

LL 1.,1 flU m1L1..1~ £.1\411..1 
'II 

(4.3) 

1 1 
.. ., ' 1 .,j '" ..- •• 1 .. , 

~£.1 J; LL'Yl\4LL1.,1 LLfI:: ni LL'Yl\4 1JL1J\4~"lJtl.,1m\4~tl £.I.,1'Yl i L'Yl£.lUnUL-n11J Ei LLfI:: K iJ fltl fI1 

stiffness "lJtl.,1nl\4'iltl1£.1.,1 ~.,1~1Jl1tlLii£.l\4't~~.,1d 

Kil = diag [ AIEi / Ii 12E/i /li3 12E/i /li3 
] 

~ diag [ Kia Kib Kib ], 

Ki2 = diag [ G)i /Ii 4 Eli /Ii 4 Eli /Ii ] 

~ diag [ Kic Kid Kid ]' 

Ei ~tl Young's modulus "lJtl.,1nl\4'iltl1£.1.,1~ i (N/m 2) 

G
i 

~tl modulus of transverse of elasticity "lJtl.,1nl\4'iltl1£.1.,1~ i (N/m2) 

4 ~tl cross-sectional area "lJtl.,1nl\4'iltl1£.1.,1~ i (m
2

) 

Ii ~tl ml1J£J11"lJtl.,1nl\4'iltl1£.1.,1~ i (m) 

Ii ~tl area moment of inertia "lJtl.,1nl\4'iltl1£.1.,1~ i (m 4) 

ii ~tl polar moment of inertia of area "lJtl.,1nl\4'iltl1£.1.,1~ i (m 4) 

-Si

o
nB

2 

0°11 cosB2 (4.4) 



07; = °R
I

, 

°T = oR IR elll 
2 I el ~'2 

4.3 "'3Jn1''m1''LFI~O"fftlO'' Tip Lumped Masses 

i 

LVhlJ Eo ~tl f; (i = 1,2), f; = I/TJ5j 
j=1 

i {2 2 } ~ = ~[ B(t1Ujk/BiJ, +2U;kBk +UjkBk)+U;' Dj 

2 ••• 

+2(IUjk Bk +U;)Dj + °TjDj ], 
k=j 

a 
Ujk/ = ao Ujk , 

I 

u' 0 u' = OR (.!i I R ) el R 
I =, 2 I dt el 2' 

u" =0 u" = OR (d
2 

IR )elR 
I '2 I dt el 2' 

• . a . 
Ulk = 0, Un =-U2 , 

aOk 
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(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11 ) 
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~ ........ 1:'1 .... C A" 0 .... ,J 
'If-1m subscript mLL1n j "lHl.:l U LL~~.:I11 V j LutHl'tY/\4li"1.ltl.:lLll~1n'1l' ~ . • subscript ~Tn 2 

.... r A .ICII .... .... 

LLfl:: 3 (k LLfl:: I) LL'Y1\4tl'tY/\4liLlltlL't'HJUnu Ok LLfl:: 0, ~11l~1~U LLfl:: superscript * LL'Y1\4 

tl\4~\4fntl.:l lR I LY1[JunUL1fl1 
~ e 

4.4 l'flln1"iYl1"'WnFf'l'fI;\'ftle:"'lLLtI"nnu.1J1JU~,uh~ (Dynamics model of Flexible 
~ 

Manipulator Arm) 

4.4.1 'Wft""1"~n'" (Kinetic Energy) 
A .... '" .c.I .., '" .... .,:::. 

\l1n~1l1l~!1\4V.1"1.1tl'Y1 4.1 \I:: L~~1ln11y/fl.:l.:l1\4\1fl\4'Y1.:1V.1l~ (total kinetic energy) 

"1.1 tl.:l LL"1.I \4 n fl1.h:: n tlU Ll.l ~ 1 [J Y/ tl.:l.:l1 \4 \I fl,r \11 n lumped mass LL fl:: Y/ tl.:l.:l1 \4 \11 n n11v.1l \4 
~ 

(rotational energy) "1.Itl.:llltlL~tlf 1~[Jli Eki LL'Y1\4Y/tl.:l.:l1\4\1fl,r"1.ltl.:ln1\4<iitl1[J.:I~ i 

(4.12) 

(4.13) 

~.:I Imi LL 'Y1\4 rotational inertia "1.1 tl-1ll tlL~ tlf~ i 

(4.14) 

.... .... .. 
4.4.2 'Wn"","FfmJ (Potential Energy) 

.::J ........ r A I • • • ... 

\l1n~1ln11'Y1 (4.3) y/fl-1-11\4~mJ"1.Itl-1n11[J~V.[J\4 (potential of elasticity) "1.Itl-1n1\4 
~ 

. 1 ..I . . A 1 [ T TJ[Kii Ki3 ][Oi] ~tl [J-1'Y1 I • Epi (I = 1.2) fltl E Pi = - 0; fA T 

2 Ki3 Ki2 ¢i 
(4.15) 

.... .... .. "" 1'" 1 A LLfl:: y/fl.:l-11\4~nm\4tl-1\11nLL1-1 \4llm-1"1.1tl-1 fln (potential energy from gravity) • Epg .fltl 

.... ::: .... ...... A 2 
~-1\4\4 y/fl-1-11\4~n[J111lfltl V = L E Pi + E pg 

i=l 

(4.16) 

(4.17) 
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4.4.3 ft3Jn1,.n1"LA~a~~1Jih1U1J~na (Equation of motion of the Robot) 

... .J'.., Lo' r .... ..... r ..¥ I 

fnmEl·HIU\)::~ El.J'VI1Yl fl.J.J1U\)flULLfl::Yl fl.J.Jlu~n rJ'lJ El.J1::UUYll.Jmmn ElU LLfl::\)::~l ~11{l'VI1 

Lagrangian\)ln~~m1 L=EK-V (4.18) 

LLfl::L~ El '~Yltl.J.J1U~.J ~El.J LL~"l1i\)::~l ~11{ltilu ') rn 'VI1Ylfl~1 ~~f'lJ El.J1::UUYl1.J nflif't~\)ln 

(i = 1,2), (4.19) 

1~rJ1i joint displacements (}j (i = 1,2) LUU generalized coordinate LLfl:: 'j ~ElYlElfn'lJEl.J 
~.J, , oJ.. . 1 oJ ~ ~ 

~ElL~El1Yl~.J~lU joint \)ln~~m1Yl (4.9) {l.J (4.18) LLYlUm U~~m1Yl (4.19) \):: L~~~m1 

'j = ~)m}(~+gf(tUkjDk)}+ImjB;, (4.20) 
}=I k=1 

~~m1'lJEl.JfllmEl.Ji (Lagrange Equations) 1~rJ1i displacement deformation bj (i = 1,2) 
:'1 .., .., ...,..., r "'" .J' 

LLfl:: angular deformation ¢j (i = 1,2) LuU generalized coordinate\):; L~ml~~~YlUli~.JU 

(4.21 ) 

(4.22) 

1 
0 ...... ~ ~ oJ ~ ~ ..I oJ1 .1 ' 

UYllUEl.JL~rJ')nunl1 L~m'lJEl\l~~nl1Yl (4.20) \):; L~ ~~nl1nl1LflflElUYl U1u'lJEl\lfll 
'II 

.... ..r 
deformation ~\lU 

(4.23) 

(4.24) 

(4.25) 
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(4.26) 

(4.27) 

(4.29) 

hHJm1\11~lIm1~ (4.28) LLtl:: (4.29) Vilf1'"t~ufLfirJlJnlJL1tll-;)::L~Yn11ijL~t)"f ¢·i '¢·i 
., "'tl l.,j ....::. .., " ....,j. 
"1 L LL'YlU U~lIm1'Yl (4.20),(4.23) LLtl:: (4 .24) ~-lUU-;)::: L~~lIm1m1LfltlflU'Yl (Equation of 

.,j", , ..r.... .......:'1 tl ... .,j .,j .... 
Motion) 'Yl LlI"lJUnlJ'Vn1111L~fl1 ¢ '15-lLuU1 LLlJlJ"lJfI-l~lIm1m1LfltlflU'Yl'YlLL~~-ltlmfrn::"lJfI-l 

\J 

LL"lJuntlLLlJlJ[j~Vi~ul U-llU1~rJiiLLtl::~11111m:::\11 Ltll i~ fI 1 Um1mlJfllIfilYll11ij L~ flf 0i 1 i 
~ ~ 

tltll rJ LL"lJUn tl~m1iuLn ~;fu Ufl rJ~ ~~ m1LL 'YlUfil~-lmh1 ~lIm1-;)::fi flU'lJl-l rJl1111n LLtl::~ 
~ 

.... " ::.1 .... tl ..r.l tl . ...11" mll1'15lJ'15f1UYlfl~1If111 u::uu um1-;)~1 "lJfI-l~lIm1U U1 "lJfI-l state equation LYlfl"15 
\J \J 

,hwrlJ fI fI n LLlJlJ1::lJ lJ f11lJ f111 tl tll rJ LL"lJ un tl-;) :::'Yil L~ rJl n ~-l,f U ~-l ~ fI-l ~ m1i-l ~1111 ~ ;jlU 
~ ~ 

L ~ 11 L ~ 11 L ~ fI ~ ~ lJl-l ~1 U"lJ fI-l ~11 nl1~-;):: L3.l ~ -;)11 rn 1 fI fI n L tl LLtl:: nl1tl ~ 'Yl fI U ~11 nl1-;)1 n 
.. .~ .., " .,j .,j...l, , 

~1I11~;jlU~11111f1Jll L~-;)lnm1tl~'YlflU~lIm1'Yl (4.9) LLtl::~lIm1'Yl (4.10) LYlfl-llrJ~flm1 
~ 

\11 LtllimlJfllI~fI Ltl 
~ 

4.5 l'f3Jn1''i'l.J~nih'Hl1Il1I (State-Space Equation) 
" 

L rtfl-l~1 rJ L Vi~ ~tl-;)lni1"li fI~ LLtt1 ~lIm1~ f11111 ~ilJilJiflufi flu"lil-l1l1n LLtl::L3.l 
~ 

LVi 111::: ~lVi -rlJ 1 i1 U nl1f1 fI nLLlJ lJ1:::lJlJ f11lJ f111 L ~ fI 'Yill i ~11 nl1'Yll-l Yl tl f'll ~~f (Dynamic 
~ 

equation) ~f11111ilJiflUUflrJtl-lJlrJ~flm1Vil~1Im1tl1nij~L~~ (state space equation) 
\J 

LLtl::L Vi 111::~11 ~lVi-rlJ l,n Um1f1 fin LLlJlJ1:::lJlJmlJfl1I Wj~ rJL~'Yilm1L ~ 11 ~1I1I~;jlu~-lii 
~ \J ~ 

d'VI ..... .... tl ... .J... ~ A tl.d .., I to 
1. ~1Im1'Yl L~1I1~f1 1::~-lfl'Yl-;)::~fI-lm1mlJfl1Im1~UlJ1L1rn-;)~ tllrJ'Yl~fI-lm1L'YllUU 

~ ~ ~ 

~-l,fu~-l ~1I1I~11 L3.l~-;)11rn 1 L'Yl fI 1I"lJ fI-l fil L 1 n L~ flffl1111 L 1-l~ L n~-;)l n Coriolis LLtl:: 

Centripetal force 

2. filViu~1inlU~fI trJ-lL3.lLn~m1Ltl~rJUJtl~111LLu1LLnU"lJfI-lnlU~fI trJ-l (ox = 0) 
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'" I A &l AI dA ~d."" ""~4~IA 

3. rn1::~11 ·.m11LflfHJU Yl 1::tJ::m1LflfUlU Yl Ln~,;)1nm1~U2JfI1UmJ ~-lU U,;)-l ~2JYl,;)l'HU.1 

'", s: ""':'1 ..,j .. • ~ 
LYltJ2J"lItJ-lfl1 'f' LLfl:: u tJnL1UrnLlJULYltJ2JYlLn~,;)1n~2Jm""lItJ-l~lJ"-l 

,;)1n~2J2J~!1U';)::L~~2J1,.nfl~YltJU~2Jm1m12Jd-l (4.1 0) L~i-ld 

(4.30) 

(4 .31 ) 

,..,j ..,j 1..,j --::: ~ ... 
LLYlUfI1~2Jm,.Yl (4.30) LLfl::~2Jm,.Yl (4.31) U~2Jm1Yl (4.20), (4 .23) LLfl:: (4 .24) ~-lUU,;)::~~ 

M= 

mJI2 + m2 (L; + L~ ) + 1ml 

mi2 (/2 + II COS 82) 

mJ) +m2(/) +/2 COS 82) 

m2 (/2 + I) COS 82) 

mi2 (/2 + I) COS 82) 

mii +lm2 

mi2 COS 82 

mi2 

mi2 + mi2 + mi2 {COS 82 - KV) (/2 + I) COS 82 )} m2 (/2 + I) COS 82 )(1 + Kvi 22) 

mi2 (COS 82 -/2KV) mi2 (1 + Kvi 22) 

m) +m2 +mi2Kv) COS 80 

m2 (cos82 -/2K V ) 

m2 COS 82 (1 + Kvi 22 ) 

m2 (l + Kvi22 ) 

(4 .32) 



F= 

D= 

G = 

0 0 0 

0 0 0 

0 0 K _ Kle
2 

K le 
Ib 

Kid Kid 

0 0 0 

1 0 

0 1 

0 0 

0 0 

mill cos 02 

mi2 cos( 01 + ( 2) 

(ml +m2)cosOI 

m2 COS(OI + ( 2 ) 

go' 

K Kle () 
hi =-cos 2' 

Kid 

K = K le 
vi K ' 

Id 
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0 

0 

(K - K2e
2 
)/ , 2b K 2 

2d 

K _ K2e
2 

2b K 
2d 

K 2 . 2(} 2(} 
K = (K __ 2e_)(Sm 2 COS 2) 

h2 2b +, 
K 2d K lc Kid 

"1n~lJn11~ (4.32) 'Y'hn11LLtl~\lLih~~lJn11tl1flij~L~~ (state space equation) 1~[J 
~ 

n1~u.~ti1i1LLtl1mflij (state variables) l~lii\li! 
~ 

.r.:: .. .. \l., .... .r 
~lJm1lJ1fllJ~L~~ (state-space equation) ~1lJ11m"JJ[Ju. L~~\lU. 

~ 

(4.33) 

E; LL'YIU. unit matrix i x i 

~"11nnti1"lf~ L "lfmL1\11 ,xml1\11 u.~lJm1~ (4.33) ,,::L~U. Yl~ti11 ~li~ tl 
~ 



l5
lyd 

= m2 COSCOI + °2)11 212go 

2E/I 

Cml +m2)cosOII13go 

3E/I 

25 

(4.34) 

(4.35) 

(4.36) 



..; 
U'Yl'Yl 5 

dhl.u'J1[J"lJ EhHL"lJ1.l.n~LLUU~~l'lV1.l. ~'hJnT'l"mUf11J~1 LL l'lU.,1U~1FJ"lJ tl.,1 LL"lJ1.l.n~ 1 i 
• • 

~n1'H~'1.l.,ztl FJ~ ~~ i.,1,r 1.l.11.l.Lif tl.,1~1.l.~.,1~ tl.,1 ~1::uumUf11J ~1W1Un11f11Uf11J ~1 LL l'l U.,1"lJ tl.,1 i1,JU • •• 
L ~ tlli,Jun11.l.~ tl tFJ.,11 iLf1~ tl1.l.~LU~11J2J1J a1.,1a.,1~~tl.,1n11 i.,1,r1.l.~.,1~tl.,1 ~1::UUf11Uf11Jrf.,1 • • 
~1LLl'lU.,1LL~::m12JL11 t~FJli1::uumuf12J~L1FJwh Feedback Control l'l1tl1::uumUf12JLLUU • • 
cr~ t 1.l.m; (Automatic Control) 

mUf11J (Control signal) L1FJnl1mF.J1mUf12J (Control Action) • • 

1 WVi'1"li tlU"iI::mYi"il11rn1i1.,1 n111 i.,111.l."lJ tl.,1n1FJ1 f11U f12J (Control Action) ~ • 
L l'l1J1::~2J ~1W1Uf11Uf12Jn11'Yi1.,111.l.i1,JU"lJ tl.,1 LL"lJ1.l.n~ LLUU~~l'l V1.l. t~FJ"iI:: 1 ii1f11uf11J~1,n 1.l. • •• 
1::uumuf12Jl1.l. t 1.,1.,111.l.tl~ ~1l'l n112J i1mUf12J~"iI:: 1 inu LL "lJ1.l.n ~U"iI:: LU1.l.i1f11Uf12J LLUuVl~ 

4j 41' 41 

(PD, Proportional plus Derivative) l'l1tltl1"i1"i1::~"11.l."lJtl.,1a1.l.fin1~L"li11J1'JhFJ~1FJ tillFJ~i1 
mUf12JLLUuiill"11.l. (Proportional action, P) "iI::'lf1FJlin11~tlU~1.l.tl.,1L1T~f1.l. i1mUf12JLLUU • • 
tl1.l.~W!' (Derivative action, D) "iI::'lf1m~1Jfi1cr~11"11.l.n11l'lu1.,11inu1::uu'Yi11i~fi1ttlL1tlf • 
'Jl'~,ztlFJ~.,11::UU"iI::'Yi1.,111.l.11UL1FJ1.l.;f1.l. LL~::i1n1F.J1LLUUa1.l. fin1~ (Integral action, I) "iI::'lf1 FJ 1 i 
'IJ 

~iIlfi1f1111J~iIl~~1i1l~~m1.l.::tlvi1L~ (steady state error) n11L"li1hm1U111"lJtl.,1i1mUf11J 
'IJ • 

. "".f ..,j.. ..t "" . ..... . .. 
LLUUiIl1.,1 ') L ~ tl "12J1~iIl ~~n1::l1Ul1Lnill"lJ1.l.L 1.l.tl.,1"i11nm~1112JL~ tl1m.,1 ') "lJ El.,11::UU2Jn11 

LU~FJ1.l.LLU~.,1 11.l."lJ rn::U 'Yi1.,111.l.11.l.~1l11::LL~n~1.,1n1.l. 
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.....1 " ... " .~ "" ... ... 
~tytylru 'I'H)tlm:nm::1111~11~J'llltl tln (Output sensor) L 'rl tl~ tl"m1Lu1[J11L '1'1 [J11ntl. L1J tl 

Lm[J11Lfi[J11ntl.LLtr1 ~::L~itytylru~~'rl~l~ (Error Signal) itytyl~~'rl~l~d~::~n~wJilLtlv" 
... ~ '" ... ..I 

1::tJ11m11~1J (Controller) L'rltl~11"~tyqjlrum11~1J (Control Input) LL~::~tyrylm'Y1tltln~ln 

... 1 ":'1 ... ..I '-Y "'tl ..- ..I " t ... 
mfl111~1J~:: 'l'Lutl.~tytylrufl111~1J'Y1~::~"L·.u1 L [J""::1111'Y1~tl"m1f1111~1J (Plant) ~[J~1 

.. AI .... ~ ~ ~~ .... 
m11f11J~1tl Controller ~::1J11'Y1l11'Y11J1nn11~n1!tm::~ tl11 ~tl.tl"'ll tl" ~ru rul mL tll ~'rl ~'Y1~ tl"m1 'II -., ., ,. 

i1m11f11J 1Jlm;iltl.ij ~1 [Jntl. ~ ~1 [Jtl1::Lll'Y1~"~::'Yilm1tin1!tl tl til" ~::L a [J~~ tl Ltl 
o .. 

Distubance 

Co mmand 
Error, E(s) 

Control 

Re ference input,U(s) Ouput 

-----+ 
Reference 

~~ Controller Plant 
sensor 

Measured 

Output 

Output 

Sensor 

tl
..l ~ ~I 

1 '1'1 5, 1 LL~tl.1l1'rl11~tlnLL~~"1::1111m11f11JLL1111u~ 
" 0 

1 tl. 'I'll" tl ~ U~ LLtr 1 nl1fll ~ tl.~ in 1!tm:: LU 'rll:: ~1 ~ 111 tl tl n LL 11111::1111 f1111 ~ 1J ij 

11[J~::La[J~1Jlnn-;hd L -rltl.tll~~::~ tl"ril~tl.~ml1Jnil"LLrl11 (bandwidth) ~'Yil1 i1::1111ijml1J 

tl 
... tl ... 1..1.¥ .. tl'" ..I .., ,,," '" 

~tl~ll[J f1111J ~tl~ll[J tl.'Y1tl.~1Jl[Jn"1::1111 ~tl~1l[J~lnnl1'Y11::1111~:: L1J1JL~n[J11l1'rl 

~1tlLllijml1J~1J~~ Lll~11Jl1nn~mi-n~L,wLTl[J1nmh'rll11iiL~tlf'lltl"1::1111 -;hijf11nn~tl" 
o " 'II 

LLll tl.ii 1 ~1 tl ij f1111J LL ,;, tl. tl tl.L 'I'h h~ l1J f11 ~h1 tl. ~1J m 1,)1 ~ tl" m 1'Yi 1 "1 tl. -V tl" 1:: 1111 1:: 1111 

m11f11J~1tli1m11f11J (Controller) "ll'it~~l" ') ~1tl~ij1tlLL1111~1"ntl. (L-rltl.i1m11f11JLL1111 P, 
o 0 " 0 

PO, PID LlJtl.~tl.) n~11Jl1ntltlnLL11111i1::1111111Jijfl111JL1 (sensitivity) 1Jlmrtl[J~tlm1 

L tl~ [J tl.LL tl ~ "-V tl" f11 'rll11 ii L ~ ElfLL~ n ~ 1" n tl. El El n L tl i" ~ tl. nl1 El El n LL 1111111" f1~" Ell~ ~::~ El" 

mEl11f1~1J~"ml1J L 1 (sensitivity) -V El"1::1111m11f11J~ Elm1Ltl~ [Jtl.LLtl~,,'ll El"'rll11ii L~ Elf'll El" 
o 0 

" ... 'xl" t '" tl ...... , .... 1::1111 ~1 [J L'rl El Til ~ 1::1111 f1111 f11J ~ [J111J 1J f1111J ~ El ~1l tJL1J El f11 'rll111J L~ El1'll El "1:: 1111 
o 

tl
..l tl 1 ..I 0'" 0 

L ~[Jtl.LL ~" tl.'llm::'Y11::1111m~"'Y11"1tl. 

1 i~1,j Eld~::'Yiln11tin1!tlLL1111')1~El"'Y11"f1rn~ 1 tl.1tl'll El" Block Diagram L ~ Ell i 
" 

n11El Eln LL1111i1f1111f11J~h LL ~ ';''''ll El" 1J El L~ Elft tl.n11"ll11 LL'lltl.n ~ n11m11 f11J LL1111 i~ ~1tl.111nn 11 
o 0 
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e.... ~ .¥ \1 ,. 1'" d.lli:ll~ .... ..::4 0 I 

LL1JlJtl~ ... mn- (PO-control) ~~:; LlJ~[JlJ "l5mlJfl1J1:;lJlJ'Y1lJtl~~lJv!1.4" m1fl1lJfllJ~lLLV!1.4"m1 
1 1 1 

V!1JWlJ tl" lJ til ~ tlf1~ [J 1 inl'lfl1lJ fllJ LLlJlJ i~ ~11.4lJ1m1lJ tl1.4 ~1.4 f,f 1.4LLa~" 1 n 1.4LL~1.4111YllJ ~ tl n 
1 1 1 

., ., ",.,fA 

"1Jl"~l"~"1.4fl tl 

o,~ K,+K"s 
K 8(5) 

tI ..I • '" ., 
1 'Y1 5.2 Block Oiagram alV!1lJm1mlJfllJ~1[J PO-control 
~ 1 

9 (s) K(Kp +Kos) 

9 (s) T S2 +(1+KKo)s+KK
p r 

(5.1 ) 

LL~:; 

e (s) K 

Td (S) T S2 +(1+KKo)s+KK
p 

(5.2) 

fil fl11lJ L 111 1.4am 1.4:; tl rJ i1 L rttl" 1J1~1 n iru rul ru~1.4 Yl ~ L u1.4 w" niwff1.4 V! rt" 
\J '" .., , 

V! t.h [J~:;ij fil L U 1.4 1 ;A" nV! 1J1 [Jfl111J'hfil tl ~Yl ~1~"1J tl" ciil LLV! \i" m1V! lJ1.41 1.4am 1.4:; tl rJ i1 
1 ~ 

L~[J1 LL~:;~:;YllJ-h1:;lJlJ~dhaii[J1111Yltilrlml"1J[J1[J Kp LL~:; Ko iifilLU1.4lJ1n filrlml~11.4 

nTlV!\i1"al1J11nV!11~i"d'~tl 

(5.3) 
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5.3 nT~FI'llJFllILL1JlJilOlft";J'l.Ur:mnlJLLlJlJii"fjn-i'atnnn1JLLlJlJu"~"zf (PID-control) nlJ . . . 
o I .. 

nT'iFl'llJ FIll Ul1 LL 'H"\l1I1I~ u\l LL n"'HlIW1J u\lll u LUI u"i • • • 

nTH1111 fl1J LL1I 11 i~ ~1\4111 n n 11 LL1I1I~ \4 tin1~ LL~ ::ci1 fI1 1Ifl1J LL1I1I tl \4 vi\41i'LU\4 • • • 
"'" "\1 ,. ..... A.alI dl .... ~A AI..... "'" _'f.... ~ 
~1f1111f11J~ Ltl~ (pID-control) ~1f1111f11J~~'Y1 "lffl111f11J1Jm~tl1'11'\l1Jtl\4~1I~tl\l-LJ1\1~W;)::m\4 

• •• 
11 ~1J11t1tJ1t11hm11~ tl1l~\4tl\l,h\l Transient L~~ mu ~1::L~tliruru1rn~\4 ~~ LlI\4 Vl'\lni\4 

.. &I .., " 

,T\4 ~ rt\l~ l.i 1 [J LL~ tl1 iruru1 rn~\4 ~ ~ L 11 \4iru ru1 rnLL 11J iJ LLtr1 ~1f1111J ~ ~~ ~1~~ ~m\4:: tl U ci1 ii ., ., Ii .., ., \J 

V\lfI\I ~ tlU till iV\I Lll~1m1t11111''ln11tl tln LL1I1I~~1J1I1nr 1 \4 ~1"li tlU\I::timt1ci1f1111f11JLL1I1I 
~ • '\J • 

'"'1 '"1 0 0 .. d '1 n ..... ... .J' 
~ Ltl~ \4m1m1lfl1J~1Lm\4\1m1~1JWLltl\l1Jm~tl1 '1I'\lLL~~\I n \4LL~\4111~1I~tln"l.l1\1~1\1\4 • • 

+ ~- K 8(5) 

s(Ts+1) 

1tJ~ 5.3 Block Diagram tl~111m1m1lfl1J~1[J PID-control 
'\J • 

9 (s) K(Kos
2 

+ Kps + K,) 

9
r
(s) T S3 +(1+KKo)S 2 +KKps+KK, 

(5.4) 

LL~:: 

9(s) Ks 

Td(s) T S 3 +(1+KKo)S2 +KKps+KK, 
(5.5) 

~\I~1 ~~~~1~ 1 \4~m\4::tl ~ci1 (Steady state error) tl\4L rttl\l1J1\11nityty1rn~m~~ 
.J::1 ... ~ ~ .... ~ oJ. :'1 ~ A A ..... A A .... .¥ #III 

'Y1 L u \4 n \I n"lf\4 tI \4 ~ \4\1 ~ \41 [J \I:: L lJ \4f\\4[J L \4tl \l1J1 \11 mJ ~ 1 fl1 11 fl1J LL 11 11 tl \4 'Y1 n1~ 1::11 11 \4 \I:: 1J 
'\J • 

.all AI I .... AI I :'1 
L~t1[J1111~L1Jtlfl1tlm1t1t11[J Kpo KI LL~:: KD 1JfI1LlJ\4111mL~:: 

(1 + KKo )KKp - 'T KK, > 0 (5.6) 
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'I1n~innTmTlmu~'t~mh'HJ1,hJ~u. -;)::nmb Ltll"1f1 u.ni1L~ Clmi1Lnu. ~ L ~m::"2J 
" ~lwi'um1fl1u fl2J 2J ClL~ ClfLLU U,]U ~1.J ~'H.J 1 tl1LLn12J ~1 L 1-;)1tl (Motionlink Software) ~.J ~ . " 

tl tl
..l 1tl 0 '" tl .... , .r "" , ..l ..l1 ,., .... 

1 LLUU~12J1 11 5.3 1LLm2J"1L1-;)"1 ~.Jmn1u.2J"1u."JJCl.Jm1mUfl2Jm1Lfl~Clu.11 ~[H"lfm 
"" " . 
mUfl2J LLUU ~'tCl~ (PIO controller) m1mUfl2Jd-;)::L ,zu.m1mUfl2J'ii1LmU.J"JJ Cl.Jm1~2Ju.LlJU. 

.. .... 'II 

~in LL'iil u.m1fl1Ufl2J~ L ~2J1::"2J ~lwi'um1fl1Ufl2JLL"JJu.n~~~ml2J~~~ Uu. tfu. 'tllhhu rn:: • • • 
m1mu fl2J'ii1 LL ~u.J LL~::fl112J L 11"JJ Cl.Jm1LLnu. ~2JU.L rhtfu. £J.J ~~li1 LLtl1tl11lij~u.an (state . . " 
variable) ~~ Cl.Jm1m1mUfl2J L '1fu.m1iu."JJ Cl.Jn1u.'ii Cl1tJ.J~'t1l "12J11nlii1mufl2J LLuudm • • 

"'.", "'''' ....... .r.,..l .. ..l 0 .... ,'!I 
mUfl2J L~ LL~ Cl tJ1.J L1n~12J .J1U. 1-;) tJu.-;)::m U.L 1Cl.Jm1~1 LLUU~ ~ fl1 "ml1 m2J1:: "2J "1~1U L"If L'U. • 

.... '''Itl 1 ., .... """I ,,".r..l ..l ..l ." 
m1ClClnLLUU~1fl1Ufl2J~ Cl L m1 "lfmmUfl2J LLUU~ LCl~U.L ~ ClmUfl2Jm1Lfl~ ClU. 11"JJ Cl.J"JJ Cl~ Cl • • • 
1~ tJ 1 i2J Cl L~ Clf,]u LLUU~1.Jfi L ~ Cll i "12J11n ,,11.Jfl112J L,]l h2J1nifu.t1.J ~~n1::l1U"JJ Cl.Jm1iu. 

"JJCl.Jn1u.'ii Cl1tJ.J~~.J ~~ 'ttl~i12J ClL~ ClfLLuu,]um.J LL~::L ~ ClLlJu.m1,,11.Jfl112J~U. h 1 u.ml2Jnn 
" ." .....l..l 0 ... ....l '" .,.r 0 A .. ..l 

~ Cl.J L'U. 1::~U~U..J L n tJ1 LLUU-;)l~ Cl.J111.Jflru~ fl1 "~111~12J1 L~U. LLUU-;)l ~ Cl.J111.J fl ru~ fl1 "ml1~l 

2J1 't~dl i~1~1um1Cl Cln LLuui1mUfl2J,yu.".J'ii Cl'ttl . " 

1.1 All SERCOS DRIVES MUST BE CONNECTED TO THE RING AND SET TO THE SANE BAUD RATE. 
2.1 IF SERIAl DRIVES ARE CONNECTED. THEY MUST BE SET TO THE SANE BAUD RATE. 

MoT1ONLN< operates by Ioa(Iilg a device table (a fie the de$a1be. the conIrOIIers and drives In yr:u system) lrom~. 
M01l()IILN( rlOnlOlllbars the lest device table 'P' used and wi try to load I . "M01l()IILN( can' 1i1d 0< load !he last device 
!able, you'I have to defne a new one, 0< load an existing one. ' 

o To ~ up a new devlcetable 0< scan 1(1{ COt1Iroilers and drl\ies, tick 'CO!!> 5eIup', 
o To load a r>tIW dev1cetable1rom clsk; cllCk 'Load DeviCe Table'. 
o To Start the PrC9am, cIc:k the 'Start' buttOn, ' 

0" you're a'new lJ!Ier (I{ are l61St6e what to do, CIck 'Start.' 
D" Y<>uneedto lUi BasIc MoY_t~ sol ~ addresses 0< other parameters, cIc:k 'Basic MoYes:' 

--
CUrrert Oevtce Table Off __ 

,Demo Mode 
fie INane ._, 

Name 
CorUoIersw--' 

I I '~ I Sercos DrlVes.ro-- RB ' ~ Load Com 
Serial Drlves~ i ... :-

D . . t::: Setup 

KOLLMORGEN 

1tl~ 5.4 ~,z1-;)Cl"JJCl.J1tl1LLm2J Motionlink Software 
" 

1tl1LLm2J ~1 L 1-;)1tl~ mnu 2J ClL~ Clf,]u LLUU~1.J d ~~ in m1Yi1.J1u.LLUU realtime LL~::Yi1m1~.J 
" 

~l"JJCl.J,]Cl2J~t·hu.'1fCl.Jirunl1ru RS 232 "JJCl.JflCl2J~1L~Clf 1~tJ-;)::~Cl.JYi1nTlL~Clniu."JJCl.J " ., ., .. 
2JClL~Clfl U. 1tl1LLm2Jlim.J~12J2JClL~ Clf~ L~Cln li-;)1.Ji.JLL"~.Jl U.1tl~ 5.5 ~.J2JCl L~ Clf~L~ Cln li 

" 
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LUU OOR 063M7 -nEhl KOLLMORGEN ~tr"~1mfuL~fln1u'mmlJLUUm1m]JfllJcii1LL~ti" 
1 

1~tJ 1,r~trnm1,r1"~U ~,rtJL~fln hh::]J1,Jm1,JfllJLL]J]J PO-Control 1 um1m]JfllJLL~~::LLnu 
'\I 1 1 

-nfl"lJm~flf l'i1m1L~flmh Kp LL~:: KO 1~tJri1~u~L~flmh Kp nflU LL~:.:l'i1m11~~lJ~"W 

Simulink -nfl" Matlab ~~11m1fl1m1lJtln~fl"LdflL~fl1lJlJ~~fl"m1 L~flnfl1 KO L~fl~~m1 
'\I 1 

iU-nfl"U~1tJLL-nun~1iL~~mXfltJ~~~ ~tr"~1mfu'(hm1iJflufl1 Kp LL~:: KO ~L~flnlr~"Ju 
..I 1..1 .. .,j .. , ,..I .. , 
'Yl 5.5 ~tJ'Yl LLnUlJm~fl1'Yl1 L~flnm Kp=100 LL~:: Ko=3000~1ULLnU'Yl2 L~flnm Kp=100 

• 1 ..I :<1" , ..11 " ..1..1, " , 
LL~::KO= 5000 JlJ'Yl 5.6 LlJU~U1~1" scope 'Yl 'HL~~"~~-nfl"m1LfI~flU'Yl-nfl"LL~~::-nfl~fl 

1~ tJ~1lJ11tlU1]J LU~ tJUfl1 Lnu L~~ tJm1L~ flUlJ1f-n fl"fl1 ~1 Lnu-n fl"~1m]JfllJL~ ~"m1L~ fln 
1 

fl1~"n~11~::tlmt1 Lu1 ,r,h~1]Jm1'Yl~~ fl" LL-nun ~LL]J]J~~~ ciu 1 U]J'Yltl~ LU 
'\I 1 

No Faul 

D063M7 

O~~OOM~1i1l1l1l1l1l1l1l1l 

r. Disable (' Enable '3u"'u';"" Device Select---------, 

JAxis 0 I COM6: 9600) 
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~ ., l' •• ..... , • 

r Vel Feecforward Ratio---, 

i 10 I 
. .......LJ-.!....J I 

Male 1100 I r. DiaabIe r Enable 
! 

.1.,1 .., 
'IlJYl 5.6 m'IL,Hm~l1LnU Kp LL~~ KD 
\J 



...; 
tJ't1't1 6 

... I 

n1"i't1~"'f)tJ LL 1J"n~ LLtJtJ tJ~'VI tJ" 
q 

hUJ'Yl~ 4 L~LL~~~1n-nl1'V1l LLUU-,jl~ Eh'l'Y1l~fl rn~~l~~f"l.l EhHL"l.I"n ~ LLUUnlill'l ci" 
q 

1~~1tJLLuU"l.Ia~~~nl1~~~l~~f~l~l1~L~~"aci1"1tJLLuu"l.Ia~tJ~nD~L~~ 
'II 'II 'II 'II 

(State space description) LLuu-,jl~a~~~n~T:llr"ijfl'n~ L 'VI~l::~~a-lWi'u 1idJ"LLuu-,jl~ a~ 
A 0 "'.'1~ ..I"" 0 ....... d L ~ a"l LlJ "11' L "nl1a amLUU1::UUfl1Ufl~'Yl a~ LLUU,;)l ~ a~'Yll~~ ~ ~l ~~1an'Yl'VI"~ (Model-

q 

o ...,.J'.. ..I ..I .. 
based controller) LLU U,;)l ~ a ~~~ n ~l1"~ nl1~ ~ L'Yl a ~ 'YlUl~ L'Yl a ~'Yl ~ ~ ~ n1::'Yl U nl1nl1 

A ..I." . . ...1 ~ .J'.t ,,,, .. 
Lfl~a"'Yl"am"1l'" L'Yla~ Conolis LL~:: Centnpetal L"a~,;)ln'Yl~~a~L'Yla~",;)::"l.I"a~nUfl1lm11 

'II 

A ..I,., '1 .. '~1 . I "" A.d.., , 
"l.Ia~nl1Lfl~a"'Ylfla""l.Il~~ln LL~ "nl1fl1Ufl~LL"l.I"n~~~'VI~""" ~~lJn~nl1Lfl~a"'Yl,;):: L~ 

q q 

'::&.d I ~ Q".::i A.J" I .a G,.t 

L 11 ~ln 'D'~nl1fl1 Ufl ~"l.I a~ LL"l.I"'VI"~"~ a ~ ~l'VIn11~ n ~ nl1~~~ ~ LLUU"L"1I'"L~ ~1 n" 
q q q 

"an,;)lmr"L'Yla~~iji1LLtJ1"l.1a~m1i"L-rl" Oy LL~:: 8y Lrta~,;)ln"l.l"l~';)::ij~lL~n Iil~J"L'Yla~ 
~iji1LLtJ11il~n~l1~~ij~l'lra ~m~LtJ~1 ~ 1~ m\l. ~l::L 'Yl a~~iji1 LLtJ11il~n~l1fl rnn" LL~l "n1rn 

'II 

~i1 LLtJ1i~n~l1 ijL 'Yla~"l.I a~~l stiffness "l.Ia~LL"l.I"tJ1ln!J a ~~1 ~J" ';)::rT~fl~L l' L rta~,;)ln~l 
stiffness "l.Ia~LL"l.I"'VI1mll"~a 1~~J"';)::ij~l~a",jl~~~~~L3.i~l~l1~~::~~L~ 

'II 

A.d !'I "" ... .J'A., , 
m1'Yl~~aUm1Lfl~a"'Yl"l.la~~aL~mL"~l"1,;)~"L~a~a~m1~1l~~n1::'YlU"l.Ia~m1 

'II 

.I.. .. ..I,,,, ..I .. A.d.. ... ofl'''' A.., 
~"~::L 'Yl a"'Yl~~ ~~nu LL"l.I"n~"l.Irn::'Yl~nl1Lfl ~ a"'Yl';)::~~n'Mrn::LlJ"a m~ b 1~l~ L~a" L"l.I"l.I a~ 

"" 1....,..1 ....I,.,., A 1 0' 

~~~~;;l" "'VI1"l.1a'Yl 4.6 'VI1a'Yln~l1"l.1l~~" L "a~,;)ln "nl1fl1Ufl~~lLL'VI"~"l.Ia~nl1'V1~" 
d q q 

~aL~af"l.la~LL"l.I"n~LLUUn~'VI ci" 1~ ~ 1ii1fl1ufl~ L\l. ~l::~LLn"'VI~""l.Ia~~ a L~ afLLuu,rU~1~ 
q q q 

1~~L3.iL~fl1aufl~~ ~ ~ 5"L rta~~l,;)lnm1i""l.I a~nl"~ a 1~~ al';)';)::ril 1 '!Xc;il LL'VI,"~"l.I a~,j a~ a~ 
q 

fl1ufl~aciJ"ijfl1l~LL3.i"th"a ~~~ 1~ m\l. ~l::tllLLn"~ a 1~~ijm1i"~ a",jl~mn ~~~~;;l" 
q 'II d 

~n~l1,jl~~"J"al';)';)::L3.iLiJ"';)~~ ~~nl11::uu~~~l~~flil~n~l1nal';)';)::L3.iL'VIm::~~num1 
\bmH1"m1aamLuu1::uufl1ufl~ Iil~J"1"m1'Yl~~a~LL1nd' ';)::~n'MT:h~~"l.Ia~m1i"'VI1a 

q 

.., ." 1" '" ,.., 1..1 A.d .d. I 0 1 ., .. 
m1 L'VI1"l.1a~nl"~a ~~';)::~~~mn"amLfl L'VI" ~ ~'Ylm1Lfl~a"'Yl'YllJ~l mL"l.I"n~,;)::'Yll 'VI~m1 

i""l.Ia~nl"~a 1~~ LL1~i""l.Ia~nl"~a 1~~d'';)::ij~~~afl1l~LL3.i"rjl''l.la~nl1fl1ufl~m1Lfl~a"~ 
q 

., '1 1 ., ... ......I., , 1 A ... ..11 '" ofl ... 
"l.Ia~"l.Ia~a ~~ "1I'~1fl1Ufl~LLUU~~L\l.~l::'Yl"l.la~a ~m\l.~l::L~a~m~m'Yl "1I'LlJ"~m~a1LLUU 

q 

... .J' Ft ... .t '" .J' .. , .., , ""..I ~.t.. .. 
"l.IU~1~ ~~n1::'YlU",;)::L'VI""1I'~"l.I" ~l~~n1::'YlU"~m L~~ln ~~~~;;l"'YlL1l~~"l.I"n,;)::~fl1l~ 

d 

LiJ",;)~~~ln:fi"~1 ~ Iil~J"l "m1'Yl~~a~~ 6.1 ~~LiJ"nl1fl1Ufl~c;ilLL'VI,"~ 1~~lim1fl1ufl~ 
q q 

A 0' .t '" .. ~ 1 ... .J' 
LLUU PD-controIL~afl~~lLL'VI"~m1'V1~"LUa~~"LL~::~"l.I"~a" "m1'Yl~~a~~~" 

q q 
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1. L~E1mhLn'u. Kp LLt'I:: Kd ~1n tU'mn111~1L1~JU 

2. iJElUinHU1rnel\Ja.J~1n tU1LLn111~1L1~1Uml1m11.Jn11'Yl~t'lEI.J~ 6.1 
'" ., '\I 

o "",.... • I ....... d.d ... ., t. I 
3. 'Yl1 n111U fl1 ,H1JtU1 rn ~1 n EI u n 1 rn 1 ~ 11 11 n11L fl t'I E1" 'Yl"lJ E1.J 11 ElL iii EI 1 iii "HJ u1LL n 111 

III III Ci " 

... ... 
flEll1Yl1LIiIEl1 

4. 111~h~1n iruru1 rn"lJ E1.J E1Un1rn-r ~11 11 m LmFJU L.y; FJunu~hiru ru1 rneJ1.J a.J 
III IIlJ .... cal ., 

... ... 
fl1111L11 (rpm) 

~ .... 
m1'Yl ~ t'I E1.J l1EILIiIEI1 1 (E1.J~1) l1EILIiIEl1 2 (E1.J~1) U1~un (kg) 

6.1.1 30 0 (1,0) 0.5 

6.1.2 0 30 (0,1 ) 0.5 

6.1.3 0 50 (0,1 ) 0.5 

6.1.4 50 50 (1,1 ) 0.5 

..I "', ~ .... 
6.1.1 n11'Yllilt'lEl.J'Yl6.1.1 Lt'lElnfl1Ln" Kp= 100 LLt'I:: Kd = 3000 LLt'I::uElU,nYqJ1rn 

.,....... .....1 .. d.d ~ ...... 
E11.JEI.J"lJEI.JIiI1fl1Ufll1l1EILIiIEl1'Yl 1 111111n11Lflt'lElU'Yl 30 E1.J~1 LLt'I::uElU~ruru1rnt'lElfln11 

.." III l1li 

A.aI tr'.d 1 .... .:::. Q; .J 0 Q.,.o I A.ct \1 ..., Q..oI 

Lflt'lElU'Yl"lJEI.Jl1EILIiIEI1'Yl 2 ~~FJIiI".Jnu'Yl 'Yl1n11'Yl~t'lEI.J~.Jnt'l11 10 1"1'Yl blil~t'lm1'Yllilt'lEl.J~.J , 
LL~~.J1u1u~ 6.1 

'\I 

~t'ln11'YlIiI~E1UYlU11 m1fl1Ufll1LLUU PD-control t~FJ1"l1'1U1LLn111~1L1~1u~mnu 
, '\I 

11 ElL iii E1fLLuu-nuIiI1.J tU1LLn111i.Jn~11 ~11111{] 1,n um1fl1Ufll1 'il1LL WI.i.Jn11~ l1U"lJ E1.J11E1 Llil Elf , , 
i1~ 1 t~ Ldm11m1fl1Ufll1l1EILIiIElfi1~~d.J t~FJhr~hLnU~~1111t~~1nU'Yl~ 5 ~::L~U11 , 

o , ~ ., .... 1. I ..I ..t fl 
~ 1 11 1 1 {] fl1 U fl 11 iii 1 LL ~ U.J 11 11 ~ 11 U"lJ E1.J LL n U 11 ElL iii EI 1 b iii IiI.J LL ~ ~.J U 1 u 'Yl 6.1 'If.J L u " n 1 1 

, " '\I 

LmFJU L.y; FJU1::~11.J iruru1rn~h;.J LLt'I::iruru1 rn ~-r~ t~,:nnn11fl1Ufll1 t~ mUUn11'Yllilt'l E1.J~ IV" "''' q 
.aI .. Id ,; I 0,... 0 I d Q.,.I Vi .... ::. .ct ca,.. .aI A 

6.1.1 1i11111i1111.J'Yl 6.1 ~1n1u'Yl 6.1 ~::mU11~ruru1rnlil1LL~U.J'Yl1~ b~UUl1t'1n13'rn::'YlLn~~1n 
'\I '" '" 

~t'ln1::'YlUm1"lJEI.Jn11;U"lJEI.Jn1UfiiEl tFJ.J 1 ~L ~u LLfiitllmnun LLfii~::t'I~ t'I.J Ld E1~ FJlilm1Lfl~ E1U ~ , 
... I ft ca,... .aI ::1 ft dOL ....,;' . ~ 

"lJ E1.J"lJ E11i1 E1"lJ E1.J 11 ElL iii E11 iii 1 'Yl 1 LLt'I::~::t'lIiI t'I.J~ULuU~"FJ 'If.J'Yl1 m ~U 11 ~ t'I n1::'YlU"lJ E1.Jn11~" 
'\I 

... ,t .r '1 ....... ..I 'I .,.,.... ..I .....:.t..t 1 ., 
"lJEI.JmUIiIEI FJ.J"E1FJ U1~FJ'Yl~1m1{]fl1Ufll1 b~~1FJIiI1fl1Ufll1'Yl~l1U1rn111nFJ.J"lJ" 'If.JEl1~~:: "lI' 

'\I , , '\I 

i1fl1Ufll1LLUU State variable feedback LLUU Optimal regulator t~ 1u.J1uliFJd'tllt~ , 
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30 

25 
Q) 
~ 

~ 20 
'E 
Q) 

E 
Q) 15 
~ 
a. 
C/) 

is 
10 

5 

0 
0 

Joint1 Position 

---------,----------

I I ., , ---------r--------- ---------,----------,----------,----------T---------- ----------r----------r--------
I I ., " 
It., " 
, I ., " 

, t " " 
, I ., " 

t ., " 
It' " 

t " " , I' " , I, " 
, , , I " " ---------... ------ -- ... ---------- ... ---------- .. ---------- .. ----------.--------- ----------.----------... -------. 
, I , I I, " 
, I , , , , 
, I , , , , 
, I , , , , 
, I , , , , , . , , , , 
, "" 
, '" I , ,," , ,," 
, I , , " " _________ ,_ _ _ _ _____ .J _______ __ _ .J. _________ J __________ J __________ ~ _ _ _ _ _ _ _ _ _ _ ________ .L __________ '- _______ _ 

, I , , " ., 
, , , , " I I 

, I , , " " 
, I , , " I, , , , , " " 

-------- :!---------L-------J----------L-------L------- l--------- ----------l---------L------/ iii i i - - - joint1 reference 
Iii iii --joint1 experiment 
J: : : : : , --- i---r---------r---------r---------:----------r---------r----------:----------:----------;---------

/ iii iii iii 
Iii iii i i 1 

2 3 4 5 
time(s) 

6 7 8 

d d d .-d 
11JYl 6.1 m1LmH),U"YllJlJ"lHh'llJm~El1'Yl 1 30 El.J~1 
~ , 

9 

35 

10 
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Joint2 Position 
35 

30 ------ - -i----------l - ---f>r)'+-;~f-'d'\-r'l;:7"'~~~=-"<"........;----i------:-o ---1 

25 
! i/o 0 " : ________ ... __________ ---------1--------- ... -----_. __ .... _--------.. --------- _________________ .-' ________ _ 

Q) 
@ 
01 

:8. 20 
, , I " , -_ .. _--- ----- -1---------_ ... _--------_._---------'--------- ___________ _________ -' ________ _ 
I , , " , , , , , , 

'E 
(I) 

I , , I , 
, , 0 , , , , , , , , , 

E 
(I) 15 () 
nl 
0.. 
(/) 

i:5 
10 

5 

, , , , , , 

-- -----+ r-----r--------+-------+---------!- --- -----+--------- -------------------+--------
iIi iii i i 

___ ___ 7---- ______ L _________ ~ _________ L _________ l __________ ~ ________ ____________________ J ________ _ 
/ : : : :: : 

J i i : i i: i 
I 1 1 , 1 1 - - - joint2 reference ' 

-- r-1-- --------r----------:---------r----------r -- joint2 experiment -----------
J: : : : : 

f 1 1 1 1 1 
0 

0 2 3 4 5 6 7 8 9 10 
time(s) 

.,I .d .,I .. .,I 
11Jn 6.2 m1LmUIU'Yl3J3J"lJa>llHlLtiHI1'Yl 2 30 a>l~l 
~ , 

.,I .,I 1 .. ::. "'1".d .,I 6.1.4 m1'Yl~Gla>l'Yl 6.1.4 ~l3J~l1l>l'Yl 6.1 ~[Jfl11Jfl3J3Jm~a1'Yl>l 2 ~1 'VILfiGlaU'Yl , 
1&1 Q..tA Q.,.oA rL. ""1 16' d.d 

~1a 3J n UL ~ a ~ ~ Gl n1::'Yl1J a UL Ua>l3Jl\ll n nl1~U"lJ a >I nl U [J>I"lJ a>l LL"lJ U'VI U[J U~ LL1J 1J £..I ~ 'VI £..Ill. 'Yl 
~ " 

'" .J'.r 1 .. ::. '" .r 1".d d!'1 0 '" "" 0 

~~Ul"lJUU ~[J3Jm~a1'Yl>l 2 ~1U\I::r1nfl11Jfl3J 'VILfiGlaU'YlLlJU3J3J 50 a>l~lL'YllnU LGlanm 
~, , 

o "'" I'ca,.... .J D Q..,oo 

Lnu Kp = 100 LLGl:: ~ = 4000 ~l'VI11J3Jm~m~1'Yl 2 LLGl:: Kp = 100 LLGl:: Kd = 5000 ~l'VI11J 

3Jm~aftil1~ 1 rhm1'Yl~Gla>ltil>ln~l1LiJuL1Gll 10 1Ull1 L~~Glm1'Yl~Gla>li>lLL~~>llu1tl~ 6.4 
~ 

~Glm,.'Yl~ ~a1J~1J'hnl"fl11Jfl3J LL1J1J PD-controll~ £..I 1..a1tl,.LLn13J ~l L 1\111.1 ~l3Jl"t'1 h1r unl1 , ~ 

fl11Jfl3J3Jm~afJ>I 2 til1L~1~[J~lum,.i>liJau;rurulrn"lJa>l3Jm~af~ 1 \I::~liln-hm,.iJau , '" '" 

;qjq!lrn"lJa>l3Jm~af~ 2 a~tl1::3Jlrn 21Ull1 e1ULiJu~GlLiiail\lln delay ,.::'V\'-jl>lm"~>I~hi>l 
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~1'Wrlth'~ a iru ru1 ru. RS-232 ~Gln1::'YllJ er~L iia"'1I1,;]1nn1'H~"'I."lJ a..,n1~~ a tEJ"'"lJ a.., LL"lJ~n Gl,;]:: ... ... 
.:!iI ~ d d'-" ,oCII CL.I Q.,.o ..... ~ 

Gl~ Gl.., L 1a EJ,;]~ VI EJ~"~ '1)'''' 11 GlnHru.::L "1I'~L~ EJ1 n~nlJ n11'Yl~ Gl a..,n a~ VI~ 1~ ,;]1n ~ Gl m1'Yl~ Gl a.., , 
... , .r... .d , .:.. "', t .r '1 ..... ..I 111 .,., 
~..,nGl11~,;]'" L "1I'a11 ~Gln1::'YllJ"lJ a..,n11"~"lJ a..,n1~~ a EJ..,~a EJ ~1 "EJ'Yl"11J11f1~1lJ~ 11 b~~1 EJ 

~ , 

Joint2 Position 

, 

50 ___ _ ._ . .L ••• _____ .J_______ ----'---

::1--
/
1:11[11 

: 'j: : : : : : : : 
i ~ iii iii ' 
i / iii iii , , 

-------j -;------: -- --- ---- t- -------~--------- t- -------~------ -- -:- --------j- - ---- ---:- -------

'/ : : : : : : : : 
r: : : :::: 

10 ---- -Il--------L------l--------L- - - -joint2 reference ------L-----
I : : : : -- joint2 experiment : /: : : : : 

Iii i ii 
O~_~_~_-L_~_~L__L__~ _ _L_~_~ 
o 2 3 4 5 

time(s) 
6 7 8 

1tJ~ 6.3 n11L~~a~~1I1I"lJa..,1Im~af~ 2 50 a..,f11 
~ , 

Joint1 and Joint2 Position 

9 10 

60~-~-~--~-~-~--~-~-~~-~--, 

, , , I 

50 --------: - --------:---------j--------+·rv....,.."l-----=W-'#.:WlV~""===:b=~ 
, ,Ii ' 
iiI. : I i/ 
, , /, , / " : : : : : / /: 

--------f---------f------ - --~-i-----~---------+T-.j--f---------,- -- -- - --- --------- --- -- ---
: : : : y:': : 
iii 1:/ i i 

5j 30 
E 

:: :.r:':: , , , ,I., , , ------ --r---------r---- ----:--- ------:----1.-1'-:----------:----------r------- -- ------ --- ------ --
: : : : /.: -: : : Q) 

~ 
"0-
c5 20 

: : : :/.':: : : 
i : i ),.: i [ i 

--- -- -+----- +-------+----- j+--------+ ------- - -:---- - -----~------- - - --------- --------
: '!: : .(-.': : - - - joint2 reference 

i ~ i : // i i -- joint2 experiment 
'/ ' , r .o' , , 

10 -------:t---------f--------j.-l-------i---------+-- - - - joint1 reference 
/ : : I:: : : ---------- joint1 experiment '/: :;,j: : : 

:; i i /./ iii 
O ~_-L_~~_~ _ _L_~ __ ~_-L __ L_ _ _L_~ 

o 2 3 4 5 6 7 8 9 10 
time(s) 

• I ..I .d..l .,...1 .,...1 
1lJ'Yl 6.4 m1L~Gla~'Yl1l1l"lJa..,1Im~a1'Yl 1 50 a\l~'I1 1Im~a1'Yl 2 50 a\lf11 
~ , 
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,nnm1'Yl~HHh' 1 'U.~1"1l tl~ 6.1 ';]::VilJ'h Ld m,ruru1fJUJ tIL~ tlfL~1JL "1l1~,nl1'U.::tl ci~1 
QlQI \J" 

';]::VilJ':hijm1iwlJ tl"l iru ru1 nl.1J 1J"lJ tl"l1J tIL~ tlfLii~;f'U.LiJ'U.~ ~ L dtl"l1J1,;]1 n m1i'U."lJ tl"l n1'U.~ tl 1 £1"l ., ., q 

~ 1 LL~::n1'U.~tl 1£1"l~ 4 ~"lJ'U.m1i'U."lJtl"lU~lmL"lJ'U.n~"lJnl.::~1JtIL~tlfL~1J'VItJ~ii"l~11J11tl'\.b1J1 
q 

d I .aI ,Q .aid I "'" 

fln'l!t1'V11f11f1111J tl Jj111J"lI'l~"lJ tl"l LL "lJ'U.n ~,;]ln m1'Yl ~ ~ tl"l m1f11lJfl1J LL "lJ'U.n ~ 'Yl1J f1111J'VI £1'U.~1 
q q 

J'U. ~1 'U.l'V1 nI,;]:: 1 in11,)1 ~ tl"l n11LfI g tl'U.~1~ £1i~n11 assumed mode ~1 £1i~n11~"ln~11 ., 

,)lLiJ'U.';]::~tl"l'VI1fh natural frequency L~tl1J11,n'U.n11'V11~1 mode shape "lJtl"ln11L'VI1"lJtl"l 

'" '1.J .Jo"" 1 .J' 01""........ .J .... 
m'U.~tl £1"l'Yl mode 'Yln1~"l~'U. ,;],;]In mode shape 'U.~11J11tl'U.1 "lI'111JnlJ~qjqj1nl.'Yl1~,;]ln 

stain gauge ~~ ~ #"l tl ci~n1'U.~ tl 1 £1"l L ~ tlU1:: Lij'U.'VI1~lCil1 LL 'VIU"l"lJ tl"ln11LU~ £1'U.1ULU 
'II 'II 

,;]In rigid mode L~ LL~l 'U."l1'U. ii £1iftllL~l m~n11 assumed mode 1 'U.n 11'V1 1 LLlJlJ')l~ tl"l'Yl1"l 

mU~ fl1 ~~f f1111J ~~"l Lll,)l LiJ 'U.l 'U.LLlJ lJ,)l ~ tl"l 'Yl1"l fI tU~ fl1 ~~f LL~ n11'V11 ~1 f1111J ~ n';]::~ 

U1::1 £1"lI'U 'Yl1"l e1 tl1J L"lf'U. 1 'U.n11tl tlmLlJlJfl1lJ~ 1J LLtllJ n11"lfl111J ~ (Bandwidth) ijfl111J ~l~qj 
L "If'U.rl'U.l 'U.m1ri1'V1'U.~f1111J L 11"lJ tl"l1::lJlJ~1f11lJfl1J~~ tl"l L11Vi tll 'U.n11f11lJfl1Jm1i'U."lJ tl"lnl'u, 

q q 

'1 'III '" .J' 0"" ...... .J' .... , 1'" '" 
~tl £1"l L~ LL~::'U.tln,;]ln'U. ~1'V11lJ"l1'U.1,;]£1'U.£1"l"ll'1£1 'VI~f1111JfI"lL~'U.f1"l11"lJtl"l1::lJlJ sensor LL~:: 

'II 

.... l;",,,, .J .. .J'o'lll'" 1 "-1'" .. .d.J 
~1 f11lJfl1J"lJ 'U.~'U.~1 £1 n11'Yl ~ ~ tl"l'VI1 f1111J tl Jj111J"lI'l ~'U. 'Yl1 L~ ~ £1n11~ "l 'VI1J tIL ~ tl1LfI ~ tl 'U. 'Yl 

q 

m1J~1"1ltl~ 6.1 "lJtl"l~111"l~ 6.1 L~1~£1ij.ff'U.~tl'U.l'U.m1'Yl~~tl"l~"ld 

1. i"liruru1nl.e11"la"l,;]ln 1U1LLn11J~lL1,;]1Um1JL~tl'U.L"lJ"lJtl"lm11"l~ 6.2 ., ., 'II 

2. 't'hn11i'lJ~liru ru1nl.,;]ln tlun1rnl~1J1J LL~::~l iru ru1 nl.f1111J d"l~~~ tl ci~U~l £1"lJ tl"l 
"" " q..,.., cu 

LL"lJ'U.n~~1 £1 1U1LLn11JfI tl1J~1 L~ tlf 1~ £1tlUn1rnl~f1111J d"ll 'U.LL'U.1 ~11Jn1'U.~ tl 1£1"l~ 4 
q 

LiJ'U.m11~f1111Jd"l1'U.LL'U.1LLn'U. X LL~:: tlUn1rnl~f1111Jd"llwnfl#"lU1nrllJn1'U.~tl 1£1"l 
q 

~ 4 LiJ'U.n111~f1111Jd"l1'U.LL'U.1LLn'U. Y m1J1U~ 3.2 
'II 

3. '\.b~liruru1 nl.f1111Jd"l~11J"1ltl 2 1 'U."lf1"l~1JtIL~ tlfL~1J L"1l1 ~~tl1'U.::tl ci~11Jl'yhm1'V11 .., .., cu cu 

FFT (fast fourier transform) ~1£11u1LLn11J1u1LLn11Jfltl1J~1L~tlf 

4. '\.t1~1 iru ru1 nl.~ LLU ~ "l L iJ 'U. FFT 1J1fil n11~ ';] 11 nl.1 'VI 1 ~1f1111J ~ Jj111J"lI'l ~1 'U. ., ., 

frequency response 

.J .J ,.J .. 
m11"l'Yl 6.2 m1'Yl~~tl"l'Yl 6.2 m1'V11mfl111JtlJj111J"lI'l~"lJtl"lLL"lJ'U.n~,;]lnm1'Yl~~tl"l 

.. .. 
f1111JL11 (rpm) ';b'Vl'un (kg) m1'Yl~~tl"l 1JtIL~tl1 1 (tl"lfl1) 1JtIL~tl1 2 (tl"lfl1) 

6.2.1 30 0 (2,0) 1.0 

6.2.2 0 30 (0,2) 1.0 

6.2.3 0 50 (0,2) 1.0 

6.2.4 50 50 (1,1 ) 0.5 
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d d d ~ ,.4 ~ , .. 1 '" :'1 '1 d .. ,.... d .. d 
'Yl 4 LmHl"'Yl'Yl-lfi 'D'-l'Yl-lflt1mnJ1JIil~1" VlLlJ"m1lilfl EJ-l'Ylllfll111"Mmlill fll111t1li1111"1l'11il'Yl ,. "''\I !ILl , 

'VI1111 '1.~d~fi1L 'yi1nlJ 1 "nT~'YlIil~fl-l~ 6.2.1 ~-lJ"flT;) ~1tl'1.~':hfi1f11111~~-lmhl LUWl.I fl-ln1" 
q 

'1 d .4:'1 '" '1 d d " d .. '" '1 d ~ Iilfl EJ-l'Yl 4 'D'-lLlJ"m"lilfl EJ-l'YlE.l11'Yl~~ ~1"mfll111t1li1111"1l'11il"1.lfl-ln1"lilfl EJ-l'Yl 1 ""fl1,;),;):: 
q 

~fi1~-ln"hd 'VI1fl fl1';)';)::~fi1'ri Gl-l-l1"fll111'1. 'VIl~"fl EJ 1I1n 
'\I 
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'" . I'" ". 1 d '" !'I f..I~n11'Yl~HHltJn11'Yl~HHh'l'Yl 6.2 ~1u L~11 '\.m1dLfl~flU'Yl2Jm~fl1L'WV\~1£.16)n11 
q 

.J. ~.J. • ~ .d A .:!II • ,.ell 

Lfl ~ flU 'Yl LVi fl~1T;] ~fllJ~mfl112J~2J1 L~2J fl'il fl\lfl112J tlli112J"1I'1 ~'iI fl\l LL 'ilun ~ LLlJlJ £.I~Vl £.IU 112Jm 
'II q 

ln~L~£.I\1numh\lh t~£.I~1tJL~':hLL'ilUn~LLlJlJfl~VltiU"1I'~d~12J11tlVl1fi1fl112J~li112J"1I'1~L~ 2 
q q q 

'" ''''.1 • 1 "./... 1 ., '" fl112Jtlfl£.l'Ylu1::2J1m 14 Hz LL~:: 28 Hz LL~::~1nf..l~'ilfl\ln11'Yl~~fl\l 'Yl1 Vl2JU ~11mfl112Jtl 
'II 

li112J"1I'1~ 2 mode LL1n'il fl\ln1uq) fl t£.l\l~ 4 ,f U~fi1L rllnlJ 14 Hz LL~:: 28 Hz ~lU'ilfl\ln1Uq) fl 
t ",.t " "''''''' ".... , .,t £.I\1'Yl 1 uU~::~\ln11mfl112Jtl'YlVl1 L~~\ln~11U 

'II 
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F FT of ac c eleration X-ax is 
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FFT of acceleration X-axis 
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1 d.t !'I do.... " 
Un11'Yl~HHh''Yl 6.3 ULuUn11'Yl~fH)\I L 'VH)~l'VI11J~1T~~tl1Jfl1l3Jt1n~ tl\l"lJ tl\l LUJn11 

'\I 
o .. ~d .., "d d , A.t "'" .... 

LLUU"l~tl\l'Yll\lflm~fll~~1'Yl'VIl3Jl L~"lnU'Yl'Yl 4 f11l3Jt1n'Yln~l1mUL ~ tJ\I~ tlnUn11~l3Jl1t1 
'\I 

Ul3Jl1 iLtJULLUmh~ tl\l'Yll\lfl nt~fll~~fL ~ tl1 iLtl'VI11Jnl1tl tln LLUU1::UUfl1Ufl3J"lJ tl\l LL "lJun ~ , 
LLUU'VI fl~'VI ciu 1~ tJ 1i accelerometer LtJumJn1rn~11"i' (sensor) ~~~i\lL 1~t1~l !:nllu'ii tl 

, , 'II 

1 tJ\I ~ 4 ~3J nl1LL1JU~l ~ tl\l'Yll\l fI nt~ fll ~~f~'VIl hi,,:: tl ci1 U 1t1"lJ tl\l ~3J nl1t1'111 ii ~L~ ~ nl1 
'11'11'11 

'Yl~~tl\ld"::LtJUn11Ul~3Jn11ml1ii~L~~ (4.33) LL~::~3Jn11 (4.34) ii\l~3Jn11 (4.36) 3Jll'iln11 
'II 

simulation 1 Ufl tl3J~1 L~ tlfL ~ tl'Yl~ ~tlU LLUU~l ~ tl\l'Yll\l~ ~fll ~~f~'VIl3Jl L~"ln ~3J3J ~;;lU 1 U .. 
.... "d ,,,," "1 .... .41 1" 1 'VI1"lJtl'Yl 4.6 1l3Jfl1l3Jt1n~tl\l U1::~U'VIU\I ~tJnl1 "1f1::UUfl1Ufl3JLL1JU PO-control unl1 

'II , 

f11Ufl3J~lLL 'VI'\.i\l-lltl'ii tl'VI1tlLLnU'VI3JU"lJ tl\l3J tlL~ tlf LL~::~lLL 'VI'\.i\l"lJtl\ltl~l tJLL"lJUn~~l3J1t1~ 6.14 
" 'II 

1~ tJ~ ~3J3J~1l ~l3Jl1t11~~l"lJ tl\l i1 LLtl1L~'Ylni1 LLtl1~L~~ (state variable) 1~ tJ~.ffu~ tlUn11 , 

2. 1~itytylme1l\lfl\l"lJtl\li1LLtl1~L~~ x = [01 02 0l y 02y 01 O2 b"IY b"2Y r 
3. L~tln~lLnU Kp ~ Kp1 LL~:: Kd1 LL~::UlLtI implement ~l3J block diagram ~t1~ 6.14 

Ltl'VI1U1::U1Jfl1Ufl3Ji1LLtl1~L~~":If~~ i, (i = 1,2) m3Jfhiu , , 
4. l'iln11 plot n1l~ LtI1tJU L fi tJu~litytylm"lJ tl\l~L~~1::'VI1l\lity tylme1l\l fl\l"lJtl\l1::UU 

f11Ufl3Jnuinmnm~L~"lnn11 simulation ~1tJfltl3J~1L~tlf , .... 

Bid +~ K.t + OJ 

~ OJ + 0(8) Manipulator 

Bid +"" PI + 0; 

rl "'<:Y" Kp 
8 i 

°id +"" J K.t1 ~ I -

~ I Kp1 I 
'<;>' I I -
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hHJ~~m1'Yl~'H)..:J~~..:JU 
1tl~ 6.13 LrhntlLL~,\.\,llijlJ~ElmLti~..:J1::lJlJTlllJTI:JJ l~£1~inHUlrnell..:Ja..:J~El () d I 
'U ,,'U 1""" 

.•• • .,I" .,j" ......" .. .J' 
()id I ()id I b id I LL~:: b id 'Yl~El..:Jm11::lJlJ'Yl~El..:Jm1T1llJ~:JJ~~~1:JJtitytylrnEll..:JEl..:J" nl1ElElnLLlJlJ 

. 1 .J'.. .... ".... 1 
TllLn" "1::lJlJTlllJTI:JJ":JJ~n]frn::TI~l£1nlJnl1T1llJTI:JJLLlJlJ state variable feedback ~£1 

~ ~ 

IilEl..:Jnl1 regulate ~1T1l1:JJ~~'Vi ~l~"lnirurul rnell..:Ja..:JUl ~~~1 L ,rlln~~"6~titn"::EJ[j~1 
" " cu \I 

m1L~ El n~lL nW'lI El..:J ~l TlllJTI :JJrh i.~L~ m 11":: 1 ~J1Vl ,rn~~lTlllJ TI:JJ ~h LL wli..:J"lI El..:J LLn" Vl:JJ" 
~ ~ ~ 

:JJm~ Elf:JJ1n~ti~ ~lLn"~..:Jn~ll~..:J~~l~ElWnl..:Jti..:J LL~::L 11":: 1 i~l L n" ~ LTI £1 l"1fl "~lTlllJTI:JJYi~ 
~ 'II ~ 

1 "nl1'Yl~~ El..:JriEl"Vl"lU:JJll iLU"Vl tn ~1"~1 Ln"~lVl1lJ~1 LLtl1~"i"til:JJ11tlVll i.~L~ £1 

.... i.'" A ,D,Q..t .f'i. .i. ... o Q..t dad 14ICII .... 

llinl1T11~L~1 ~ L"El..:J"ln..:Jl"l"£1" :JJ ~'Yllnl1Vll~lTlllJTI:JJ'Yl~'Ylti~ LL~L'Vi£1..:J~El..:Jnl1 
~ ~ 

'Yl ~ ti EllJ 1:: lJ lJ 'Vi ~ ~1 ti~ f~ tl1:::JJl rn i.1il11 ~ Tlll:JJ L U" i. tli.1il Vl1 El hJi. ~1" n 11"b :JJll i L U" 

LLlJlJ~l~ El..:J ~lVl1lJ nl1El El n LLlJlJ ~l TlllJTI :JJ.ff"ti..:J <ii El i.tl ~..:J 1 i~l TlllJ TI:JJ~ 'Vi Ell ii.IilL rhi ":JJl 
~ 'II ~ 

'Yl~tiEllJ 

"1 n 1tl ~ 6.14 LL ti~..:J ~ ~"lI El..:J nl1 L tl1 £1 lJL;1 £1 lJ iru rul rn ell..:J a..:J ~l ~l ~ 1:: lJ lJ n lJ 
'II '" '" 

.... .... ........,j.,ji. " 1 "" . . 
titytylrnnl1"l1lJ:JJm~El1~1'Yl 1 'Yl ~"lnm1 simulation ~m~ElnTllLn" Kp = 5750 LL~::m 

... 
Ln" ~ = 200 "lnm1'til~1~El..:Jm1rh..:Jl"til:JJ11tlVll~lT1l1:JJ~~'Vi~1~1::Vl11..:J't1..:J 2 itytylrn 

i.1il~..:J LLti~..:J 1" 1tl ~ 6.15 ~..:J":: L V; "11~1 Tlll:JJ ~ ~ 'Vi ~1 ~ ~ titll":: El r.i ~l Vl1El ~1 steady 
'II 'II 

state error ~~lElr.i~tl1:::JJlrn 0.0025 El..:J~l ~..:JLU"~l~i.llti..:J:JJln LL~::'till~~"hl" 
'II 'II 

LLlJlJ~l~ El..:J'Yll..:JTI rll~~lti~fl" 1::~lJVlrt..:J 
"1 n 1tl ~ 6.16 LLti~..:J ~ ~"lI El..:J nl1L tl'1 £1 lJL;1 £1lJ iru rul rn ell..:J a..:J ~l ~l ~ 1::lJ lJ n lJ 

'II ... ... 

Q..t "'" If" Q.,o.J .eli. " 1 "" . . 
titytylrnm1"l1lJ:JJm~El1~1'Yl 2 'Yl ~"lnm1 simulation ~m~ElnTllLn" Kp = 800 LL~::mLn" 

~ = 2 "lnm1'tilnl1~1~El..:J L 11til:JJ11tlVll~lT1l1:JJ ~~'Vi ~1~1::Vl11..:J~..:J 2 ity tyl rn i.1il~..:JLLti~..:J 
1 tl

d ~ r:t I. A .J • Q..oI' AI I d I .d 
"1 'Yl 6.17 6j)'..:J"::LVl"11T11T111:JJ~~'Vi~1~'Yltitll"::El£1~lVl1ElTll steady state error :JJmEl£1'Yl 
'11'11'11 

tl1:::JJlrn 0.0018 El..:J~l 

l"'til"El..:JL~£1ln" "ln1tl~ 6.18 LLti~..:J~lirurulrn 51 (displacement 'U .,., y 

deformation) "lnm1L~Eln~lLn" Kp1 = 0.1 LL~::~lLn" ~1 = 10 l~£1~~litytylrn"llEl..:JTlll:JJ 

~ ~ 'Vi ~1 ~ ~ Vll i.1il"1 n nl1'til nl1~1 ~ El..:J ~..:J1tl ~ 6.19 LL~::":: 'Vi lJ ~1 iru rul rnTlll:JJ ~ ~ 'Vi ~1 ~ 
'II '" '" 

.., • I ... ,altl .. .. 
"lIEl..:J 81y "::L"lIl~m~"£1'Yl 1:::JJ1rn 3.5 1"1'Yl 

tl
.J • .... 

LL~::"ln1 'Yl 6.20 LLti~..:JTlltirurulrn 5 2 (displacement deformation) "lnm1 cu .,,, y 

L~fln~lLn" Kp1 = 1 LL~::~lLn" Kd1 = 0 l~£1~~litytylrn"llfl..:JTlll:JJ~~'Vi~l~~..:JJtl~ 6.21 

'VilJ'h~lirurul rnTlll:JJ ~~'Vi ~1~"lI fl..:J 52y "::L,rl~~1~"6~tl1:::JJlrn 4 1"1;1 LL~::"::~nl1i" ., " ,. cu 

." . 1 .,j.,j . 1 .,j.. .,j . .,j tll 
:JJlnnllm"~fl £1..:J'Yl 1 L"fl..:J"lnm1~fl £1..:J'Yl 4 :JJ"lI"l~'Yl£J1lnll LL~::"ln'Ylti1 "m1'Yl~~fl..:J 

~ 

l"~l,rfl~LLtrl L11i.lilti1tl11T1l1:JJi"i.VllLn~"lnnl",rEl<iiEl~ 4 :JJlnn11nl",rEl<iiEl~ 1 ~..:Jl" 
~ 

m1~1~ El..:Jnl1'til..:Jl" Uiii.1il ~ ~ L -rl"L~ £Jl n"nlJnl1'Yl~ ~ El..:J,,1..:J~1 iVll~lT1l1:JJ ~li11:JJ"1fl~"lI El..:J 
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· , , , 
· , , , - - - joint1 simulation 
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';llnnl1 simulation 

Joint 1 error 
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time(s) 

.1..1 .... d..l .. ..1 
1lJ'Yl 6.15 mfl111J~~'YH~1~"lJtl\lm1Lfl~tl"'Yl1J m~tl1'Yl 1 
'II 



'0 
~ 

Q) 
01 c « 

'0 
~ 

Q) 
01 
c « 
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1l1~~'",'ln n 

lIilLlrlilfUlJlJtllJlrI,." (Direct Drive motor) 

LthuJtlL~tlfn1::LL~Wl\l 1 LWH 220 V m11JL1TltllJ 500 rpm H11JTlrl~1V 

'Yltlfn'tiH\lH~ 305 N-m rl~tl Kollmorgen itt DDR D063M LUw1fU~'t3Jih~tl\l'Yl~Luttm1,rlJ 
'I , , 

.. 1.1 ...... ..I :'1 '1....... .. 
~1\1LLfl::lJtl mm1~1J1J'YlLuttLLlJlJ Incremental Rotary Encoder tlV tt~1 LLfl::lJm11Jfl::LtlV~ 

, , 'I 

L rhnlJ 2,097,152 ~fl~'iltl1tllJtlcih.l,i1"ll tl\llJtlL~ tlf 
'I 

LUtttltl n1m1 i-r ~fl111J d\l1~ v&i ~ tl ci~tl fl1 E.JLL "llttn fl1 ttLLtt 1 LL ntt X LLfl:: LLntt Y 
, 'I 

iqJqJ1m~~n-r~ tl tln1J1\1::i tl\l~n"ll E.J1 vi1 V~~i1"ll E.J1 viqJqJ1m (Power Unit) 1 tt5~11,htt 
1:11~vlttm1'Yl~fltl\l5j1i2 itt~tl PCB 348A, range -5 £1\1 5 V, resolution 0.001 g LLfl:: , 
PCB 353A, range -5 £1\1 5 V, resolution 0.005g ;S\I\I::iHif'l"lltl\lm1-r~LtJttlJ1nlttfif'lYl\ltltln , 
\I1ntltlmn! , 
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.. .... I tI ...... 
nTltol~1JA1il n"nYo'Jtol3J3J (Counter Card) • • 

li"llfl-lrlifl Sensoray 626 ~-l~11111tl~ml1JmJn1rn-r~12JlJ'CiiJ-llUJ~ 6 il • • 
~1lJ11tl~-liruru1mhJrr-lfl1..ln1rn"ll[J1[Jiruru1m'Cii 4 il LL~::"1ifl-li1Jiruru1m AID 15 

" IV 41 ., ., IV .., 

.1"" ..... , .1"'" 1uYl n.6 m1~U1Jm"llfl-lflun1ml~lJlJ 
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!f~1J!.J1!.Jn"i:::LU(tllJlIilL(;It)'fUlJlJtllJ(;I"i\l (DDR Drive Amplifier) , 
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