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Inertial Measurement Unit for Mobile Robot 
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ffl'\111J~'Wc.J'W\9llfl~'eJ'W'n -:Jl'W1'0V'Wttlm1nmimmrnrn~~WJ'Wl Inertial Measurement Unit 
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1.1 'Y1:J.J1bb~~Fl'J1:J.J~1~q} 

. .,,. 
'lJ 'VI 'VI 1 

0 

'l.J'Vl'U 1 

b'W'Lir.ir.iu·1.m1'Jfl'l1Jfl~ LL1J1J'fl"1 L'W~°1i 1rJ\'b'ihmiluv11J1'Y1 LU'W'Elt.h:i~s:i 'l'Wis'.lfl~ L(ill:J L'ili'-l1:;'El tl1s:i~s:i 
' ' 

1'W'Y11s:i rJi'1'W'JJ'els:i mfl t 'W fau'JJ'els'.l~'W1:.1'W11fo~ :;'j':;u1Ji "1 t 'Wmi 'eltl1s:i hn m ~ 1 'Wn1'J~r.i:;~1m rn fl'l1Jfl~ 
.J ~ 0 .J t,, -=={ CV I ..:4 .J 0 

'j':;1J1J'Y1~'WL"'l'W'W r.i1LU'W'Y19i"1'Els'.l~n1'Ji?l'J'l"'l'l(il~m'W:;1?11s:i1 'JJ'EJs'.l'j':;1J1J LV-l'El'Y19:;~1a-11'Jri'W1m'll(?)L'Jl1:.1 

fl'l1~ e'.J(ilr'-l~1(?)~ Lfl(?l;'W1rJ\' ~s:in1'J1?1nr.i1(ild1J1s:if!fs:i'El1r.iV111rJ\'~11:.1 L'D'W n1'J1wqruv1J,Ji'.lrJi''l1:.1 
., 

L 'Y1'El fl~fai?l'Elf n1'J1 (ii fl'l1~ vi''WrJi''lm 'D'WL 'lf 'Elf 1?1nr.i1 (ii fl'l 1iw1'W LU'Wi?l'W LLr;i'l 'W1J1s:inni1i!'Wmr.iV111rJ\'m n 

.J ., • 'l. .. .a1 .. ., .a1 .J , .. .a1 .J1,, . 1 ."I 
b-Ji'W n1'j"J(?l'\111'Y11s'.l b'Wn1'J1J'W'JJ'els'.lbfl'j''els'.11J'W n1'j"J(?ln1'Jbfl~'El'W'Y1'JJ'els'.lv1'Wl:.l'W"1 bfl~'el'W'\11 (il1J1s'.l'Jubb1J1J bu'W 

' " 
i?l'W Js:idb~'els'.191n LU'Wn1'j'')(?l~hJ~1~1'j'mm1:.1rnvi1:.1un1J~s'.1~1s'.l~s'.11l11:.l'W'Eln1rJ\'~11:.1i!n L'D'W b'Wn'JCW'JJ'els'.l 

Lfl 1'Els'.IU'W~ihis:iu'W'el~i!'W L'J1 hl ~1~1rntl1 i?l'l 1?] 'j"J91) (ii~~ rJ\'1'W'\11~s'.l ~ (ii fl1J i?l'l Lfl1'Els'.IU'W~ n rJi'TWL vi 1:.11Jfl1J 

e'.J'lfanL~'Elv11~~1rJ\' 9s:i1rJ\'iln1'J~(?lfl'W1?1'li?l'J'l"'l1(?)~9:;'Vl1m'J1(?)1rJ\' L(il1:J~1s:i~s:ir.i1nLLn'W~1s:i~s:iL~'El1:.1 
l tJ tJ I 

(Inertia Frame) -Ds'.lb'WbflNs'.11'WU9:;lrJ\''Vl1n1'J'Y1(?'l~'EJs'.l'l-ns:i1'W1?1'l"1nr.i1(ilU'J:;LJl'Y1U -ns:in~'El Rate . . 
0 ,. I f"' t,, CV I ' ~ ~1 " ,,I 

Gyroscope LL~:; Accelerometer 'W1mu'J:;~ni?lL'JJ1n1J~'Wl:.l'Wi?lLfl~'El'W'Y1 (?l'JJ'els'.l'\11~ Plasma-Z r.i1n 

r.ivt1~-:imrua-iv11~'Y11:J1i1:.1 ~-:i'l-iii.'Wn1m'li-:ii'W'l"li?11J'El~i-i'WmJ1?1b'W'j':;vi'1J'l11~LL~:;'W1'W1'll1~ L~'el-:J91ni?l'l • • • 
~'Wl:.l'Wl?lilfl'l1~fl~'El-:Jl?l'li?l~'el(?l9'W~mrn'W:;~-:imn L<l'el-:ir.i1n'l-if~'El~il'El-:i'°11~~'J:;(Degree of freedoms 

:DOFs) L'Vl1fl1J 3 v11'El~L11:.1n~1 Omni-Directional Wheel 9'W'Vl1b~n1'Jfl'l1Jrj~b(?ll:.IUn~LU'Wlu1rJ\'mn 

0 V V .I !')t,<t ,,I 'l"' .. ,t d .J I !fJ 
n1'J'W1i?l'li?l'J'l"'l'l(?l~1u'J:;1:.1n1?1 b'llr.i-:i~e-i~ bv1v1'Wl:.l'W1?1~1mrn'Y1nrnMmnfl~'El'W'Y1'1l'El-:Jv1'Wl:.l'Wi?l b'WL'l~1 . ' . 
II I I I tJ 

U'W1 ;,:ir.i:;Lu'Wm 'JL ~~ fl'l1~~1~1rn 'l'Wm 'j'fl"J1J ri ~ 1~~~-:i;'W 

fl'l1~ LJ'l LL~ :;~~'JJ'el-:Ji?l'l~'Wl:.l'Wi?l fl1J LLn'W~1-:J~-:J b mrJ\'\] ni?l'El-:J~1 n~ ~ (ii 
1'Wm'Jfl'l1Jfl~r;i'e) 11.J 

1.2 'Jl?ltl'U'a'~~..:i~ • 
':3 CV O I f;:t I f"' J .J1 9J ti 'iJ ~,=I I _,J 

1. f"ln111n1'j''J(?li?11LLv1'W-:JLL~:;m1~L'j''J'JJ'els'.111'Wl:.l'Wi?lbfl~'el'W'Y1 (?l(?l'Jl:J(?l'Jl:J'lfin1'j'i?l1-:J1 b·u'W Dead-

Reckoning , Rate Gyros, Accelerometers, Machine Visions LU'Wi?l'W 

J ~ -=! c,l~ I ,.J[ !.I 

2. LV-l'El f"ln111rls'.l'Y1~'tl{)Y-l'W:1'W'JJ'el-:J~'Wl:.l'Wi?lb1J'el-:Ji?l'W (Fundamental of Robotics) LL'ci:; n1'J 

fl'l1Jfjm:;1J1J'eli?l b'W~°1i (Automatics Controls) 

3. iaim11LL~:;~~'W1 Inertial Measurement Unit bb~:;L'Y1fli1flb'Wn1'Jn1'J'Jl(?)L'Jll:.lfl'l1~e'.1(?)V-l~1(?) 
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1.3 "ll'el'Ub"ll!Wll'el-.'.llrl'a-.'.1-.'.ITW 

1. L~'elbin~n~ Inertial Navigation System 'B'WU:i':::n'e)U'9l'Jtl Inertial Measurement Unit~ 

~ VI J~'iltju-w~-wt.1-wiLA ~'il-w~1~ (?]~'fl Vl9'W tiJrnmiJ Atemvh L(?]'ilf~9 :::~1iJ 1 mi VI mnA~'il'W~ 

I ,-J ') ~ '-' I ,., 

'll'el~Vl'Wt.l'W(?]'\fl~'W b9 bVl'eltl1~fln(?]'il~ 
q ~ 

.., 
1.4 °ll'W!Pl'el'Wn1'af?l1Lihrn1'a 

1. ~m~:nn~Vlinm:i''Vl1~1'W'll'il~ Inertial Navigation System (?]~'elVl9'W~1'Wrj9tJ~i'.JiJ1 

2. ~m11n~n1:i''Vl1~1'W'll'il~ Kalman Filter LL~:::n11iJ1:::~n(?]1-if 

" 
3. 'il'ilnLLUU Inertial Measurement Unit LL~:::'YIVl~'il~~Vlr;J~ 

4. 'VIVl~'el~Lnrnh·nnm:i''JVI bL~:::il1e-i~~1~t11iJ1,jLm1:::ifu'WA'iliJYi'Jb(?]'flf 

5. ~i;J-l'W1L'YIAilAb'Wn1:i'~1'W'JOJLL~:::iJ1:::tJn(?]1-if Kalman Filter f7Un1:i''JV1b'W-if'il 4 

6. ~i;J-l'W1 tiJmnrnu-wvi-wt.1-wi LV1t11-if L'YIAilALL~:::m:::rn-wm1~L~91n-if'il s ~~U'Wr;J'Jvl'Wt1'Wi q q 

7. 'VIVl~'elUn1:i'b-if~1'W91-~LL~~LllUe-J~n1:i'~1'W'JOJ'll'el~~'Wtl'Wi;l 

8. 'rjLA:i'1:::ifLL~~UJ'~bi'.J'We-J~ 

1.5 u'a~'Ct11u'V1r111?111~~i.ifu 

~,., • ' • .J '1 ,.,,., '1 J .J I ,- J '1 !:<I 
1. bVI Inertial Nav1gat1on System 'V19~ b'Vl'll'ila,J~ b'Wn1:i'LA~'il'W'Yl'll'il~'\1'Wtl'W(?] L'V'l'il b°ll b'Wn1:i' 

I f'" .J .J~ 1t ti~ 1,1 I O ~ JJ J' 
A'JU")iJ'\1'Wtl'W(?]LA~'il'W'YI bVI 1VliJA':11iJQn(?]'il~LL~:::LLiJ'Wm1-wmnA~'il'W'Yl'Ylmn'll'W 

~,., ""'l .I !'l'-' J.J •~.I.I !'l'-'.., .J-=1 2. bVIL'YIA'WA b'Wn1J'1JJ'~tln(?] b°ll Kalman Filter L'V'l'el'\fl9:::~1mrn-w1 b1J1JJ':::t1n(?] b°llnU:i':::UU'YliJ q q 

" 
'il~P11:S~1:::iJ1n~-w L-rl'W 'il1n1Plt11'WL~A'W'.liU Ltl-wrX-w 
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'VI rp::tlj ~ b ~ ~'l"ll'fl-:J n 'lJ lWN-:JTU 

.-1" ..., d .cl , .- d .cl\ji' 
2.2 ~'lJ l;i1'lJ n1'a'J l?l n1'ab'°1~'el 'lJ'Vl°ll'el.:i'Vl'lJ tl'lJf?I b'°1~'el'lJ'VI bl?! 

d,9 q 

., J .,J ' .. J .,J~ 1-"1 ."f ., ~ 
n1J''J~n1:i'brl~'el'Wi'l'JJ'el-.:11-fWt.l'W(ilLrl~'el'Wi'l b~ b'Wu9,'IJ'W'W'W 

I V 

91'W'J'Winn ;-.:i b 'W1J1-.:i'rjfi9:::L~tl1m1h:::~ n (il1-nl'W Lr1N-.:i1'Wur;1r;iu 
., 

'rjfiLVl~1Ui;J1-.:JiJ'n'el~LL~:::'n'elL~cJ 

i;l1-.:in'W1tl '1:~t1n1J'i~1'W~tl1~mi 

2.2.1 Dead Reckoning Method 

'rjfiULu'W'rjfi~1-ifn'Winn1'WU9,U'h! L~Un1J'1-ifn1J'')~n1J'V13.l'WV11'elmJ'U~'JJ'el-.:l~'el vh1,X 
t., G A JO O d; J J f O'".:::il a.,, cv.J1 

im1a.JLJ''JLL~:::i'1Pli'11-.:i L'V'l'fl'h!1a..11r11'W'Jnm-.:im:nri~'fl'Wi'l'll'el-.:J~'WcJ'W(ilLi'lt11Jnumn~i'lm'W 
., 

in 'Vl11'1X1~~1LLV1tl-.:i'1:~utlJ':::mru'll'el-.:J~'WcJ'Wr,J m1a..ic'.i~'V'l~1~1'WmJ'i~LL'l.l'IJU'el19Ln~91n 

rl'J1a.Jti~'V'1~1~i;J1-.:11 L'Jj'W 

• Systematic Error 

0 'JJ'W1~'JJ'el-.:l~'el~Lil~J1L~a.J'el 

t,, J'1 I CV ..J O '1 t., 

0 3-la..l'JJ'el-.:l~'eli'l ba.J(ilJ'-.:Jn'l.Ji'lrl1'W'JC\J b'J 

I t, 

0 J':::t1:::V11-.:l'JJ'el-.:J~'el 

.,J') V • .,J~ I ,,I 

O rl'J1a.Jt1 b'Wn1J''J~ (Sampling Rate) i'l ba..lL'V'lcJ-.:l'V'l'el 

• Non Systematic Error 

o ~'W~vi'Wt1'W~-.:ihJJ'1rn~a..i'eln'W • ,., 
0 Lfl~n1J'Ln~~'W (Sliping) 

0 ~'WcJ'Wr,JiJf"l'J1a.Jd-.:iV11''flm1:wm,h-.:immn'WLU (Over acceleration/ 

Over deceleration) 

,c::l O O ,v a.,, I I 

o mLNm:::vn91nn1uu'flnm:::vnnumV1'W L6Jl'W n1n'W m:::LL'Vln • 
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,., 
'eltl1-lh17!?l1il Systematic Error 'W'W ~1ill'.i'rnLnh1'l~Jht.1n1'.i'!?l'.i'1Y'1'J~LL'iN:;LLnL'll1'1X 

~n~'fl-i'l~ 1'W'llru:;~ Non Systematic Error tl''W 'lil~1mrn~r.i:;f11~m'.i'ru1~ri1Ln~~'Wmn 

L-01 t.1-11~ 1?1-ltl''W 1'Wn1 '.i'bfl~'el'W~'ll'el-11A'Wt.1'Wl?l 9-1 Ln WM 1'll'el-l fl'J1 ilbU'W'ltJ'l~~1A'Wt.1'Wr;J9::~ 
q q 

ti I ti I 

~1Lmii-1'fltjJ11t.11m-i1-w'W V11v1aj~rn1'elt.17 iK-iitl 

7,posffion 

Estimated trajectory 
of robot 

• /.J ..,J ~ I I 'J .J .J I ,-;un 1 'J,Jr'Jl'fNfVJ13-I !3./Lt'W'Wfl'W i'Wn1JLf'/flfl'WYl'Jlfl,/'l,}'W£l'W/JI 

2.2.2 Machine Vision 

~11 ~ ~ 0 I di J V I J 
i'jfi'W'el1 ~t.lm'.i' 1-n n~'el-i,j ~ t 'elvl'.i''el n ~'el-I ci1m11Y"1 vn m rn1m11Y"1Y'l'W'Yl'.i''el1J (,)'Jvl'W'Yl 

' 
'l :;:. .. 'l ,., - .-. I .J~ ,., J 1 'fl ,.,.. 0 I I ..-.J 

~'W b9 91n'W'W9-l b6Jlfi'eli!Y'l'JL(?]'el'.i'u'.i':;iJ')'iNt-J'iNJl1Y'l'Yl blfl LY'l'el v1 b~(M!?l1LLv1'W-l'll'el-l'VJ'Wt.l'W!?l'Yl 
0, I 

~'W19 n1'.i'~1'W'JCW91n1l1Y'lti 'el191-if1l1Y'l91nn~'el-l~'el..:ir;i''J (Stereo Vision) Lvl'el1m~fl'J1il 

~ n'll'el-1Jl1Yl L 1'WL~t.l'J nu n1'.i'il'el-l L ~'W'll'el-lil\¾1!!'\1 v11'el'el191-if 111Y"1~:;vf 'el'W91 n m:;ioin6Jl'W~ 

foP11!l' L~'el1mJ\'111Y"1n1'.i'il'el-lL~'W'.i''el1Jf;l'J (Omni-Directional Vision) 

(b) 

zuvf 2 Omni Directional Vision 
,_, I 

n1'.i'v11~1LLv1ii-ir.i1nn1'.i'iJ'el-lL~'WU 91LU'WV1r.i:;~'el-1~m'.i'n1v1'W~ioir;HI-1Lnm-,1'el 
' 

Landmark 1'\Xnur;i''J~'Wt.l'Wvl LL'iN:;~m'Y'ILL~-1 itl11-1!?l'iN'el~"'l'W~'ll'el-l4lf?'li-lLn!?l~9:;~'el-l~ 
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2.2.3 Global Positioning System 

~1ld'el1P1!'.ln111-ifv11'JLVJl'JJ-J 24 m~ LA"lJ''elzj 19,000 1mfv1:;v,H1'1U'el~'We:1CJ'i:irn Lvll'.l 

n1rn1~1LLww~u-we:1CJ'i:~n 1-w~1J-Jil~r.i:;'el1P11'.ln1J''l"1L'J~1~(?]1~n'W'll'el~lryry1ru~fu1'1fr.i1n 

"11'JLVJl'JJ-Jvl'J~(?J1~1 tl1m~1'W'JillL1M'1f r:;l'.l:;L~~'el'W (Pseudo Range) r.i1nrKCJfun~ 

"11'JLVJl'JJ-Jvl'J~(?]1~1 LL~'J9~1-i01l Triangulation L"11'.JL'D1-l~nvn~LJ''ll1Alli[P] L~'elL1M'1f 

SPACE 
-.5.'fo 

CONTROL 

r:;uu GPS d ~1mrn 1'l½A'J1iJLLii'W~11'1f~~~v1n~L'Wj:;[?]1JL6J!'W~LiJ[P]j' bb(?]L'Wmr1-if 
~\1 ~ J o,, ~ ii I O I '1 

~1'W'Vl'J bU'W'W Lm'el~nJ'll'el~'Y'l~Lr'el'Wr.i:;11-1A'J1iJLLiJ'Wt.11'ell!JL'Wj:;l'J:; 3-5 Liim LL{?]'eJU1~ bjri 

o.l Q' J 'l tJ O I '1 !,, 1.J J J '1 I .,::,i 'l 
[?]1il 'e)[P]j'1bj"J'1J'e)~j:;1Ju'Vlr.i:; b1'1[?]1 bbl,l'W~ bvl'ell!J'Vl 1-10 Hz 6J!~'el19'Vl9:; bi! b'Y'ltl~'V'l'el b'Wn11 

I ,-,J,.i ct 

A'JUf-lil~'Wtl'W[P]'VliJA'J1ilbn~~ 

lryry1ru L'l!'Wn1t11u~n LuurXu 

2.2.4 Inertial Navigation System 

~1li11-if mri vl Lvl l'.l'el1 Pit.I f?]'J [Pl nr.ii vl~Vl1n1j'J v1~mu:;'1J'e)~j':;1Ju Lvltl b'VltlU nun mu 

bt'eltl (Inertia Frame) ~~1u~d1'1f LLfl Rate Gyroscope ~~'lvJ'eJ[P]j1n111-13-j'W'll'el~r:;uu LL~:; 

Accelerometer ~~'lvlfl'J1mi~'ll'eJ~j:;uu1umJ'JLLn'W'll'el~ Sensor Ld'el1cJi'~1r.i1nf?l'J[P]1'J9'lvl 
~ I 

mihi'.JLL~'J 9~U1LUb'n1~b'Vlf0l'WA L'Wn11VJ9:;mn~3-jilbb~:;m1i1LJ'J [P]~'ell?'l9'W(F]1bbWW~'ll'el~ 

r:;uu bWl'elU1~hn[P]1iJA'J1J-lfl~11?1 Lfl~'el'W~L'1fr.i1nmri 1?1'1f 'Jt1~fidmr.i Ln1?1r.i1n 

• A'J1iJA~1vlbA~'el'W91n~ruwJ~ (Temperature Drift) 

• n1nnv1A'J1i!L~i!L~tl~ (Bias) L'Wn1j')r;] 

• i qJ '1)1 ill11J n'J'W'el'WLn vl"l 1 n n1 j'\ll1~1'W!l11'.J L 'Wf?l'J L 'll'WL 'll'el:fL 'el~ 

• lryry1rurnm'Wr.i1nn1!'.l'Wtt:in 
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2.3 Inertial Navigation System 

2.3.1 Rate Gyroscope Overview 

Rate Gyroscope LU'W(9l'Wln91'(P)'l!il(P)V!~..:J~..:i~1mn1~r.i::m1r.i1'(P)'flm1n11v1~m'flrnLn'W~ 

~'Wb9L1?1 b(P)ti'l!il(P)'ll'el..:J Gyroscope dmr.imJ..:i1cJ\'dJ'W 

• Mechanical Gyroscope 

• Optical Gyroscope 

• MEMs Gyroscope 

Mechanical Gyroscope 

Mechanical Gyroscope 1cJ\'fun1'j"\~,W-J'W1LU'W1h:::IJl'l'llb'.i'n 1'W•ih..:i'l'lfl'"l'.i".i'M~ 1800 b(P)tl b'WU 

1852 l!nrl~nif'l!11~#..:ibf!~ Leon Foucault 1cJi'LL~(P)..:Jb~bi-i'W'J1 Gyroscope t!'W~1il1'.i'tl~r.i:;1'(P)n1J' 

m..J'W'll'el..:ifan1cJ\' 
' ... ' 

v1inn1'.i''ll'el..:J Mechanical Gyroscope lJ'W Hv1inn1'.i''ll'el..:J gyroscopic precession ;..:i 

~13-11rnLL~(P)..:iLi;i'r.i1nn11'1'l(P)~'el..:J~'el'"l..:J~'el9nt11'W~V!3-l'W'elcl bb~'"l~t11t113-JtJ(?l'"l..:J~'fld1'WviM~hl1-ifn11 
' 'IJ 

t,., CV 2J -=-,J' J ~ ~ 
V!~'W ~'l'l(P)~'el..:J9:::mJn'UbbNl?l1'Wbn(?l'll'W 'll..:JUJ'1n!]n1J'ru'W~1il1J'tl'elfi1J1tl bcJi'cJi''"Jtln1J''el'4fmf 

,., 
b).Jb3-J'W(913-Jb:n..:i~3-J"ll'el..:Jn1jV!3-.J'W"ll'el..:J'"l..:J~'el r.i1nu11n!Jn11ruUL'el..:J 9..:ijjn11u1:;~n(;l'W13-11b'nb'Wn1J'V!1 

.,. J .J~ ,., ., .I 
'l'lfl'l'l1..:J"ll'el..:Jn11b'"1~'el'W'l'l b(?ll:Jn11M1..:J Stable Platform r,i..:J?u 

Outer gimbal 

ztid 4 Mechanical Gyroscope Configuration 

v1inn11~'elb~'eljjn11b'"1~'el'W~bn(P)~'W ')..:J~'el~'eltjJ71tlb'W9:::~t11t113-lfoM1b~(ll:JjJ71WJJ'el..:J 
I tJ I ii 

(9l'"Jb'el..:JH L119..:J~1mrn1'(P)3-13-JU99U'Wb'Vlt11Jfl1J'"l..:J~'elV11J1'rnu Wheel bearing '\11..:J~'el..:JL(il ;..:i~'iin11i1 
' ' 

tl ntl11u1-if1 'Wn11'W1'1'l1..:J'll'el..:J L1'el L~'W~ il'l'IJ'Lb~:; bfl~'el..:JtJ'Wfil'i'l'el (?19'Wtl1'W'el'"l n1 fib 'Wtl fl bLJ'n7 
'IJ ' ' 
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Optical Gyroscope 

Gyroscope H'VI i n'll'el'1Wcl'11 'Wm :i'v11'el (9!J'1 n1 J'Vl~'W~ ~]'el..:) n1J'') i?l Li?ll'.l'el1 ~fo n1 nu~ l'.l'WL yj~ 

'll'el..:JLL~..:JL~L'l!'el1id'elLfl~'el'W~1'Wvifl(9]1'17 ~m:::V1unun1rn:w'W u~ritl1mrjLr1n:::mi-:ii(9lnn1rn:w'W 
q q 

I \i J ~ -=J CV t,, .c:;j I ~ 0 t,,.::i.,I .J I t,, 

(9l'e) bU L'W'el..:J'"l1n Gyroscope ui:::LllVl'W:Wfl'l1:W'l!iJ'l!'el'WLL~::;~::;L'ell'.ll?l'e)'eJ'W 9..:JVl11m-JJ'1fl1Vlfl'el'W'1J1'1 

LL~'1vY''1 LL(9]Vlin LL~'WLU'"l'Wn'1Vlin~1'WiJ1Vl LL(9]£J'1il'n'el l!?lLllil'.liJ LLiJiJn~ 1n Lil'el'191n L~ n LL~:::iltl1wwn 

~LiJ1(9l~'eli?l"'l'W1'if~i-:i-:i1'W~U'ell'.ln'J1 

MEMs Gyroscope 

MEMs U'el:l-l191n Micro Electro-mechanical system LU'Wn1J'1'ifLVlflL'WL~~Vl1'1"11'Wn1J' 

t,J~(9li'W~'l'W'rJL~flVlJ''elilni ~;<1..:in~1nm-:i1-vlvh-Lfl1'el-:in~'lJ'W11?1L~n~'W:W1iJ'W:ilu-n~n'el'W ~-:iv'h11X 
,., 

~1mrnt-J~(9ll"1LU'W91'W'l'W:l-l1n u~:::J'1fl1(Jn n1J''V11'11'W'1J'el'1 MEMs Gyroscope ,r'W 1-ifmi 

I .dl CV t,, !,I'""' I .dil J-=' '""' X '""' 
i'W~:::LVl'el'W r.i1m~~ Piezoelctric ~n-:i1mni?1n1J'i'W~:::LVl'el'W u~:::L:w'el:Wn1J'Vl~'WLni?1'1l'W r.i:::Lni?1LLN 

,¼ ., ,!: ,J o 1"., . 1.J ~- I ~ o • 1.J .!'I % ~ •• I.~ ~ ., 
Colioris 'lJ'WniJ'll'W'Ci'l'W Vl1 Vl~m!l'ru::;n11V1~'WLu~l'.l'W bU 9'1'W1:w1Lu~l'.l'WLU'W'6'l'l.J'l.J1Cl..l'Yl1'1 b¥'fl"l1 bi?l 

DRI7E 
TIHfS DRIVC OIOIILATOR 

DO RATE 
REF. SIG HAI 

PICr.UP AHPLlflER 

;1.ld 58/ock diagram 'll'iN Gyroscope 

2.3.2 Accelerometer Overview 

."I ., ., .J ., 0 J .J 1" ."I % ~ •• I.~ 'i' 1" Lu'W(9!')(9!J"J9')1?1Vl~1:W1J''1'Jl?lfl'J1:I-JLJ"1'1J'el'1n1J'Lfl~'el'WVl mu'W'6'l'l.J'l.J1Cl..!Vl1'1 b¥'l¥'l1 ~1?11'.1 'll 

vii nn1J''1J'el'1:W'J~-~m..:i '1J'W1 i?l L~ niJ'W~'W'TI~ n'el'W ~'1 n1J'LU~l'.l'WLLU~'1'1J'el'1 fl'J1:Wl'.l1')'1J'el'1~lli''1~..:J fl~'el 

~1 LLV1kl'1'1J'el'1:w'J~~ LU~ l'.l'WLU"'l:::i:w~'Wfi fljjfl')1:W d-:i~ m:::v'i11 'W~ fj~~'W1 '"l rK-:itl''W9'1'V11 mrnu~-:i 

~1 LL Vlkl'1'1J'el'1:W')~~ LU~l'.l'WLU'el'el n:w 1 LU'Wi (1J 'l.J1Cl..!Vl1'1 l wY11 ~'el LU 

F= kx= ma 
k 

~ 
X 0 

(Rest) 

accel 
~ 

;1.ld 6 u~nmrri·1-JTW'll'il-J Accelerometer 



2.4 Kalman Filter 

Kalman filter LU'Wf,il'Jrn'tl'1~1-if~1V1foU'1)'\,11J'JLUb'Wn1'JU'J:::mru111'J::: x E iH 11 'lltls'.! 

m:::U'J'Wn1rn'Jurp-1~ll-lvltl L~tl'1~~1mrn'"1'JtlU~1 l(?)(?)'Jl:J Stochastic difference equation 

xk = Axk-l + Buk + wk-1 

'6'1J.Jn1J'.;f 1 Stochastic difference equation 

~'J\:Jn1'j''J'9} z E R 111 i1'WAtl 

zk =Hxk +vk 

'6'/J.Jmrd 2 Measurement equation 

8 

f,il'JLLth~a-i wk LL~::: vk LL~'91-:Jn'1 . noise 'lltl-:Jrn':::'LJ'J'Wn1'JLL~:::n1'J'J'9l(;J1a-J~1f,ilU ti;mil 
~a-la-1~~1'W~1ll-l~'Wtltlnun'WLL~:::n'W LU'W white noise LL~:::i'.Jn1'Jm:::r.i1cmuutln~ 

,!.!) " 

L'W'Vl1'1U!)m1La-J1?11Wll process noise covariance Q LL~::: measurement noise 

• ,..J ~- l'l I !'., I ~ "' !'., .. I ..J 
covariance R r.i:::Lu~\:J'Wbu ,'WLL1?1LL~:::'1l'WL'J~1 tll:l1'1 ,mma-JL'J11?1'1~a-Ja-Jl?l_j1'W'J1'"1'1Vl 

La-J1?11ni'll'W1'91 n x n A L'W ~a-ln1'J~ 1 Stochastic difference equation J'WAtl 

Pl'J1ilimt-w1fa:::vi~1-:i state 'lltl-!l state L'W'D'J-:JL'J~1~ k -1 LL~::: state L'WL'J~1U91U'W k L'W'Vl1-!l 

., .. ..- .,.J ~-' •'l .J~ "''l" .J .. ... ,t 
unul?l A tl199:::Lu~l:l'Wbul?11a-lL'J~1LLl?l ,'W'Vl'WL'J1~a-la-ll?l ,Vl'"1-!l'Vl La-ll?l'JnGJ! n x l B LL~'91'1tN 

A". ., .- ., .ai I ., ._ .S 'l .J 
Pl'J1a-l'Cla-l'Y'l'Wfi'lltl-!ll?l'J'"1'JUfja-JL~tlnll1U'Wtln u ER nu state x La-J!;J'Jn•n m x n H ,'W~a-Jn1'JVl 2 

Measurement equation LL~'91'1n-:J'"1'J1a-Jia-ii-w1fa:::V1~1-:i state nu measurement zk L'W'Vl1-!lU!]U1i 

ft ,.J ~- l'l I I "''l ,, .J H tl199:::Lu~U'W bu ,'WLL!;J~:::L'J~1LL!;JL'J1~a-Ja-J(;J ,Vl'"1'1Vl 

L'Wn1'J9:::L~U'W~a-Jn1'J~1Vlfu Kalman filter L'J1~a-ir.i1n~-:ii'9l*Vla-J1u~r.i:::V11~a-Jn1'J~r.i:::m 
,, 

~1'W'Jrumnh:::mru state ll1UVl~-:J x; LL~:::,h-:itl1vi-wm:::V1~1'1i:.J~~U'lltls'.lfl1n1'J'J'9191'1 zk nu 

fl1~l~91nn1'J'"11'91L'911 Hx; f,ils'.JLL~'91-!l~1'W~h'1 

xk = x; + K(zk -Hx;) 

'6'/J.Jn'JJ'.;f 3 measurement innovation 
I t, I 

La-11Pl1ni'll'W1€il n x m KL'W~a-Jn1'JVl 3 measurement innovation'W'WAtlfl1f,il'J~nJVJ9:::'i'l'91 
I t, 

fl1'"1'J1a-1~'9l'Y'l'i'l1'91'1ltl'1 posteriori error covariance ?ULLUUVl'W'1'1ltl'1i:.J~~'Y'lfi'lltl'1n1'JV11fl1 K 'W'WAtl 

Kk =pk-HT (HPk- HT+ Rf' 

kal man filter U'J:::m rum:::U'J'Wn1 'j' b'91Un1'J H' iu bbUUVltls'.!'lltls'.l n1 'j'rJ'JU fl a.I bbUUUtl'Wn~u: 

~~Ll?ltlfr.i:::v'hn1'Ju'J:::mrustate'lltl'1n'J:::U'J'Wn1'J~b'J'i'l1Vltls1LLihvhn1'JUtl'Wn~U~'JUn1'J'J'9l~il 

noise bb~:::f,ils1,l'-w~a-in1'J'lltl'1 kalman filter 9'1bb'LI'1l(?)LU'W~tl-:Jn~a-ii1-wAtln~m~a-im'JufotlNL'J~1 
' q q 

bb'i'l:::n~ a-l~a-1 n 1'JUfoU'J'1 n1'J'J '91 n~ a-l~a-1 n1 'JU fuuN b 'J'i'l 19 :::fu ~ (il'Jl'e)U 1 'W~'J'W'lltl'1n1'J'"11€il b'911 state 
'i '\ 'i 'I 



9 

b'U'W~l-Jn1rn1mnl.'JJ 1'Wiwwe:i'W~{?)'Vl1t1'1JTJ~n11u1:;mru~T1n1n'll-JY1'~n11m{?)L{?)1Lb~:;mnbnl.'1lb-ih 

c,i'J ti fl'Wb ~mbnU b)Jv11 

~ 
Time Update Measurement Update 
("Predict';) ("Correct") 

~ 

x; = Axk-1 + Buk 

pk-= APk_lAT + Q 

~l-Jn1m1nJfuui~n11rf {?) 

Kk =pk-HT (HP; HT + Rf1 

xk = .x-;; + K(zk -Hx;) 

pk= (I -KkH)Pk-

Time Update ("l'r<-<lkt") 

(I) Project the state nheud 

-'"k = ,U-k-1 +nuk 

(2) Project the error covariance nhend 
• T 

Pk=APk_ 1A +Q 

lni tin! estimates for .,·k _ I and Pk _ I 

1\lcusurcmcnl UtKlutc ("Cunccl"I 

(I) Compllle the Kalman gajn 

• T • T -1 
Kk = Pk/J (HP ii + R) 

(2) Update estimate with mea.surcment r4 

S:1; = .fk+K1;(zk-Iix·,) 

(3) Update the error mvuriance 

pk = (1-K kli)Pk 

• 1.J • I o ., • z11n 7 ~f11~1~'JJn1J''Vl1-:J1'W'JJfN Discrete kalman filter 



QJ 

. ..,. 
'l.J'Vl'VI 3 

n1'a''el'elnbb'lJ'lJLbil~YllPlJ'W1 Inertial Measurement Unit 

10 

I ,-J O ~ 'l ., I ,- .J .J~ ., o,j 

Vl'Wl:J'W(?!Yl9::'Vl1n1H'ln'l11 b'llVl'Wl:J'W(?!Lfi'l~'fl'WYl bi;]'JJ'el~Yl3-J Plasma-Z b'D~'flLLUiJ Omni-
q q 

Directional ~~ij'fl~f'l1'aM::L'Vl1flU 3 LL~::ijfi'l113-JLJr;i~~~i;iu1::mru 3 m/s ~fi'l'J1mi~mnn~1 4 

m/s
2 

• I .J ' .- .J .Ji, ., .,i 

[LJYI 8 ?1Wm..J/11Li'l~'eJWYI WJ°ll'eJ~Y/3,./ Plasma-Z 

., 
'i11:.1~::Lil:J i;i L:ii-1 L Yl fi'ltlfi'l'JJ'fl'1~'Wl:J'W!Pl~Li;Jl:J "1'1U 

• Microcontroller 
,..., .J 

• 3-J'flL(?l'fl'i'JJULfi'l~'fl'W 
., 

• ~'el 

• 'J'19'i"lJU 

• Motion Controller 

• fi'l'J1mJr;i~-1~i;i 
'IJ q 

• fl'J13-J Li'1~'1~i;J 

• fi'l'J13-JL1'JL:ii'1~3-J~'1~i;J 

C8051 F120; Operate at 100 MHz 

Fahulber 2224SR-006 with Planetary Gearhead 14:1 

4 x Single-in-line Omni-Directional Wheel, Aluminum 

L298N dual channel. Maximum Drive Current = 2A 

LM629: Precision Motion Controller. 

3 m/s b'W'V.!n'Ylf'IY11'1 

4 m/s
2 

10 rad/s 
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d d1,J ., ., d d .., 
3.2.1 1U.Jn1'an1'abl"l'cl'El'WV1 "ll1~Vl'W1 bb'cl~ ?l:1.Jn1'an1'abfl'cl'El'Wmmi:-i'W (Forward and 

Inverse Kinematics Solution) 
J v , , ~ .J w ~ J i.l d: ..:::1 o d i, ..::l 

1 tm1j'Vl r.i ::::1 VIVl'Wtl'Wl?l bfl~'el'W'Vl 1 'Wfl'J1:I.J Ln bb~::::'Vl f"IV11~V1 l?l'el~ n1j r.i~:1.J m1:1.Jr.i 1 L tl-w'Vlr.i ::::1?1'el~:1.J 
' 

3.2.2 Coordinate System Assignment 

L'Wn1jVl1 Kinematics Model b~'fln1'ifj::::'lJUbbn'Wbb1J'lJ Sheth-Uicker bb'Vl'Wj::::'lJUbbn'Wbb'lJ'lJ 
I ,_, 

, d; , ...:,I 9./ ~ !.J CV 

DenavIt-Hartenberg 'Jl~j::::'lJubbn'Wbb'lJ'lJ Sheth-U1cker 'W r.i::::'J1~bbn'W'el1~'el~ 2 bbn'W'll'fl'Wn'W ru ii;i 

IV .J I ~ .J J di I ~ JI CV 1& ,=I I er' 

i:1.Ji:-i~ti;imm'WVl'W~r.i::::'fl~u-wn~ mVl'W~ Lb~::::LLn'W'VlbVl~'el'el~U'Wn~ m'Vll?l'fln'W'fl~ 'll~1-wmru11-wt1'W1?1 

J ..J~ ,,.;; 1, .,! .,! V V Ji .,! I ..J 1, . V -=I I ..J Ji 
bfl~'el'W'Vl bi;l'W ~'elVl'W~'ll~i:l.Ji:-i~n'lJYi'W bbn'WVl'W~9::::'eltl'Vl~'el ru r.ii;iimJ~ bb~::::'elnbbn'W9::::'eltl'VlYi'W ru 9J;l 

'lJ '\ 'U '\ 

CV O t,, 0 J J J' ~ iJ 

i:1.Ji:-1~ 'Vl11V1~1:1.J1n1V11 LLuur.i1~'el~'ll'el~n1nf!~'el'W'Vl'lJ'WYi'W bi;J 

;tfi 9 Coordinate System Assignment 

3.3.3 Actuated Inverse Velocity Solution 

X 

R 01 = 37° 

R02 =143° 

R03 = 225° 

R04 =315° 

..J') !!') o <: ') I 1, J O C, V r 
~:l.Jn1~'Vl b'll b'Wn1rn1'W'JC"Wfl'J1:l.Jbn b'Wn1jVl:l-J'W'll'el~bWl~::::~'el b:l.J'eln1Vl'Wi;}A'J1:l.Jbj'J~Yin'JJ'el~ 

I ,., 
t-i'WtJ'W(;J V11''el~t1nrh Inverse Kinematics sn~~j'LJbb'lJ'lJC?l~V. 

' '!I 

ww,x fr, fy, (, 

r· J 
'{jJ w,x 1 fr, !Yi (, 

VBx 

= ' :VBy 
'lJJ W3X R fr3 

f;,, (, 

'{jf W4X f,.4 f;,4 (, VBz 

tl3-Jn1'l'ir 4 Actuated Inverse Velocity Solution 



COw,x 

R 

la 

B VBx 

a = ., ,J 
fl'"l1l-H'i''H'l1'1:l,l3.J'll'el'1'i'1'fl'Vl n 

Unit Vector 'll'el'1Vll"t'Vl1'1'll'el'1~'fl~ n L'WLL'W'"lLLn'W RX 

Unit Vector 'll'el'1Vll"t'Vl1'1'll'fl'1~'el~ n L'WLL'W'"lLLn'W Ry 
c.,' .c:::,I 9.1 I Q/ 

tl"til'll'fl'1'i'1'el L'Vl1nu 27mm 

' I CJ"'..::!i ... t.J I V 

1:::t1:::91n"Wll"t'Wr.Jn'i'11'1vl'Wtl'W(;l tNfill'Wtln'i'11'1'i'1'el L'V11nu 82.261 mm 
" 41 " '11 

c:f ... I ff" .c:::,I 0.,, J,., CV V CJ"' 

fl'"l1iJ Ln'll'fl'1 ~'Wtl n'l11--111-wt1'W(;l L'V1t1unui !?l'V1'll'fl'W'V1Unu ~'Wt.J n'i'11'1'll'fl'1 

~'Wtl'W(;lb'W'llru:::t!'W (Instantaneously coincident point) L'WLL'W'"l X 

" CJ"' I CJ"' .c:::,I CV J11 V V CJ"' 

fl'"l1a.JL';i""l'll'el'1~'Wtln'l11'111'Wtl'W(;l L'V1t1Unui!?l'V1'll'el'W'V1UnU~'Wt.Jn'l11'1'll'el'1 
,., 

~'Wtl'W(;lb'W'llnJ:::'W'W (Instantaneously coincident point) L'WLL'W'"l Y 

Cf Qi I CJ" .c:::,I CV J1,1 CV CV CJ" 

m1ii L'i''"l L 'l1'1ija.J'll'fl'111'Wtl'W(;l L 'VltlU nui !?l'V1'll'fl'W'V1U nu ~'Wtl n'l11'1'll'fl'1 
,., 

~'Wtl'W(;lb'W'llru:::'ll''W (Instantaneously coincident point) :i''elULLn'W Z 

3.3.4 Sensed Forward Velocity Solution 

12 

.J'l !!'1 o a ., .- , r J o a 'l , 
~a.Jmrn ~'jj b'Wn1:i'fl1'W'"lt1Jfl'"l1a.JL';i""l'i'1'V'lfi'll'el'1i1'Wt1'W(;l La.J'eln1vl'W!?lfl'"l1a.JL';i") b'Wn1'i'vlij'W'll'el'1Ll(;l 

'i'1:::~'el v11'elL1t1n~1 Forward Kinematics ~'1Ld'elLL'V1UR1vl'"lLLU'i'(,]1'11 9:::L~~iin11c;Y--1tl 

r

~VBxl [-0.0103138 -0.0103138 0.0103138 0,0103138] :wix 
8 VBy = 0,0094756 -0,0094756 -0,0083896 0,0083896 w

2x 
- w 
8 VBz 0.0821134 0,0821134 0.0698862 0.0698862 w,x 

W\V4X 

f'lumir/ 5Sensed Fo,ward Velocity Solution 

d ..J 
3.2 n1'3'VI !Pl'i!t'el'I.Jn1'3L~~'el'W'V1Lb 'I.J'I.J Open-Loop 

m:::vi1 L!?ltln1:i'U'elU?U LLUU'll'el'1 Profile fl'"l1a.J L;'"l'll'fl'1~'Wtl'W(?l~IX'fl'1n1'i' L!?ltlfl1vl'W!?l 1~ 
I .. J ,J :'I • ,.J ,J ., ., J 'l ,, ., .u ,J J ,,j 

vl'Wtl\J{;]Lflfi'el'W'V1Lu'W';i'u~L'\-lfitla.J9(;1';i'~ 'llU1!?1 1 X 1 m L'V'l'fl b'\-IL'vla.J1:::~iinu'V'lU'V1'V1!?l~'elU 'll'1il'll\J1!?1 
' " ' 
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: : : : : : : l 
I I I I I 

13 

;;c3.2 I I I I I I I I 
- -- • - • t - - - -- ... t • .. - - - .. • t • .. - .. - - • t • - .. - .... ,-- - - ---, .. - - - - .. - ,- .. - ... - - ,-- •• - - .. 

I I l I 
I I I I 

' ' ' ' ' ' 
n.s 0.8 1.2 1.4 '1.6 · 1.8 2 2.2 

Position in X axis(m) 

,./..J O I I .,-.,,J .J .J zvn 11 /P/1ttU'W-J'llfl-J'lfWtl'W/Plt:J.-JfltflWil'W'Yltt1J1J Open-Loop 

I .- d J ."l • d J J... .;; 
'11'1.JUW(?lbfl'tl'e:J'\.J'Vlbu'\.Jiu~b'Vl'tlm.J'VlU1?1bUtl'l 

CV J A .J-=:.. 
'e:l'Wb'\.J'e:J-:Jl-!191nfl'J1a.Jf.Ji?1'V'l'tl11?1'Vlbni?1 
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bb~::r.i 1 n n 1 t'Yl !?l~'el--1 9._:i b'Li'W~ih~ 'W 1r.i11 m 1i !?I m1J-J b;'J'll'el--'.l'\A'Wt.1'Wr;i11?1t.1 n111?1r.i1 n n1:i'Vll-J'W . "' . 
'll'el--'.l~'el L!?lt.ln11L'n~l-Jn1:i' Sensed Forward Velocity Solution ~'1b'Li'li~fi~'W:q1'W~1-if'l'W'\A'Wt.J'W[?J 

d}J • 

bfl~'el'W~LJi11?1t.1vi''J hl 9::;~1mrnmr;ir.i'V'lUfl'J1l-J ~ !?l'V'l~1!?1 L'Wn1:i'bfl~'el'W~'ll'el'1'\,l'Wt.l'W[;11Ji'Vl1'el hl ch 1Ji' • 
bnmr.i1oifn11i1?1d inmil'fl'Wnirn-ir111?1fl'JUf'll-J b~'el~!?IACJ1l-J~!?l'V'l~1!?l~bfi!?lt'W1Ji' 

n11~r.i::;V11A1r;l'elULJi'i1'W i11L!?lt.ln1:i'U'el'W~l-Jn1:i' Sensed Forward Velocity Solution 1~ 

vi'Wt.J'W[?J bb~'J9'1 bllU'n'ell-J ~ m1J-J b;r;i~vi'Wt.J'W[?J A 1'W'Jn.J'el'el nm bb~r;itl1J-J1V11 bU'Wi;J1 bb Vl'W--:i~,r 1?1 LJi'r.i1 n 
• 'lJ • 

~'elbb~r;itl1m bllit.JU bY1t.1unui;J1 bbVl'W--1~,r 1?1 LJi'r.i1 nn~'el--1 

-~ 
(0 

·>-
.E 
,:;; 
0 :-e 
1/) 
0 
0. 

,J 
;1.ln 12 r::111JtfflVrtJJJ'lf'il..Jmmffl~'il1J 

'1 -----------------!----, 

0.8 I I I l -------- ---------~---------r··-----·1··-------r··-·-------------
, I I I 
I I I I 
I I I I 
I I I I 
I I I I 

0.6 
I I I I -------- _________ .., _________ .. ________ ., _________ .. ________________ _ 
I I I I 

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 0.4 I I I I ---····· ·········,----·····r···-····--·········r········· ········ 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 

0.2 
I I I I 

-------- _________ .., _________ .__ ....................... 1. ............ --------

' I I I 
I I I I 
I I I I 
I I I 1 
I I I I 
I I I I 
I I I I 

-0 2 
:0.2 · 0 0.2 0.4 o.6 o.e 

Position in X axis 

;1.lr! 13 i1im·w'1'11'i1..Jljuvwmif'il'Jffl"l1ni'i1 

1.2 

r.i::;'V'lu11 n11i1?1r.i1n~'el hi~1J-J1rnu'elnn--1fl'J1l-J~!?l'V'l~1!?191nn11~--11i,i' bd'el--1r.i1nl?l1bbVl'W--'.l 

~L"1bU'Wl?l1bbVlil'1~[;1NflUA1i--:i~i--:ib'n1LU U~!?l'1'J1!?l'J~'elVl~'Wr;11l-JA1i--:i~i--:ib'n1LU bbl?liJn;F~~.u{'W 
• ~ ,., ~ .li ,. • ~,., = = ~ ~ .¾ .,i ~ena1 Cable 

1::;m1--1r;ir;i~'elnU'V'l'W roi--1'\111 b'Vlbn!?lfl'J1l-Ji:-J!?l'V'l~1f?l b'Wn1n--1iJ1n'll'WbJ'elt.17 

Al Computer 
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v1'1'1un1:r~r.i:::vi1n1:rmuriii11X~'WtJ'WlillA~'el'W~l~'el~h'1CJnlX'fl'1'1'W 9'1M'el'1V11n1:r1(?1n1:r 

lA~'el'W~~'W 'W1il1l'nll'Vl'Wn1J'')(?l91n~'el l~'el'191nn1J'')(?l91n~'ell:W~1illnlU'elnn'1A'l1iJr'.j(?l'V'l~1(?1~ 

lfl(?l:n'Wl~ 

l,I tv I ' 

(?l'l tJ (9]'lVl'WtJ'W(9] l 'el'1 
' 

n1tJ'W'eln 

0 ' • i,> QJ 

3.3 fi1'a'I.J1 Inertial Measurement Unit eJ'I.J'Jnb"ll1n'U'a~tJtJ 

3.3.1 Plasma-Z Robot System. 

RF Modula .--.i-------i Inverse Jacobian 1--+--1 
Maltlx 

Wheel 
PID1 

Wheal 
PID2 

Wheel 
PID3 

Wheel 
PID4 

./.J I r ,./ I ./"'./ 

run 14 r::111111uut.1£ItJ(ll'll'iNYIJ.J Plasma-Z m1umrumuN 
11 ' • 

3.3.1 Robot system after Integrate Inertial Measurement Unit 

, 

........ __ ---.;;;;;........, ..... . ~ 
\_- 411' 

Robot 

... , ' 
-~~ :': t 

Ro ot 

Kalman Fffter 
Sensed Forward Velocity 

Solution 
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3.4 n1'a~~'W1 Inertial Measurement Unit 
d=- Jq =-~ ' . ~=-V.v ii~ 

Lii'il'l"l91':i'nJ1Vl9:;iinT:i'IM1~'1 Inertial Measurement Unit L'l"lm~iiL'll1nU':i':;UrnL~'1 9'1 
oc;;.J 1,1q =o I Jq tV .J .J 1lld. 

91 LU'WVlr.i:;~'il-:i ii m ':i''l"l91 ':i'ru1r.i1 A'1 ':i'Vl9 :;ii n1':i''1 Vl 1 'WLL -wr.i un'WLVl'll'il-:i mnri ~'il'WVl'll'il-:J'11'WU1--1 'll-:ir.i 1 n 

,::::,, r I <V') J J ii ii !.I 9./ IV 

n1':i"1LA':i'1:;'1,1 'l"lU'11nT:i''1Vl b'W 3 lLn'W'll'el'1n1':i'LA~'el'WVl: Vl1'W'll1'1(X),V11'W'\,l'W1-'l,1~'1(Y)LL~:;m'j' 

1,1iim'ilu r;i'r;i(Z) nLvhJ-:i'l"l'il LL~'11-wm':i'i l?1 Ld'il-:ir.i1nv1'Wti'W~-:J'elcium:;"W1u'll'il-:J~'W1ii Lvi11!'-w rK-:itl'-w . . ~ 

mnri~'il'W~u-wih-:i 9'1Lil91LU'W LL~:;Lri'iln11,1-wV1~1 v1-wt1-w~r.i:;1ili'.lm':i''l"l~n~ii n1':i'i1?1n1rnii-w1-w • • 
LL'W'1LLn'W X LL~:; y 9'1L~91LU'W 

,J .J . .J • ., .J~. I o ., ,::J 
l YI 16 un-wnn1n1nvw~~tmim iNrnmnvi (rvtn1) 

cv~..=t ~tit 0 ,V .d J I r CV 

1?1..:l'W'W9..:l~lU bVl'11 r.i:;Vl1n1':i"1Vl L'Wn1':i'LA~'el'WVl L'WLL'W'1 X LL~:; Y 'll'el..:l'l-l'Wtl'W~ LL~:;'1Vln1':i' 

,,,~-w1-wLL'W'1 LLn'W z 'll'el-:i~-wti-wr;r 

4 ..,j o "}IV 
· 3.5 n1'ab~'eln Gyro bb~~ Accelerometer 'Vl~~'W1il1 b"lf.:11'W 

J ..t J • ."l .J ,, .... ,, 
LiJ'elVl':i'1UCM LLn'WVl'°l1 Lu'WVl9 :;~'el--1'11?1 LL~'1 

tl1ii11-il'-:i1-w~..:i1-w~tl~'el Rate Gyroscope ~11,1foiV1n1':i''\,l~'W LL~:; Accelerometer ~11,1fu1'1?1n1':i' 
J .J 

LA~'el'WVl 

Ld'il..:ir.i1 n rKr.i ~':i'r.ir.i1' VlJ-:i~'il-:ii'.11-wvf 'il-:i ~~1V1 LU'W91ur.i-wii1 n 9--191 LU'W~r.i :;!X'il-:ii'.l•ifo n11,1-w1?1 

L'Wn1':i'l~'eln ~'el rX'il-:ii'.l':i'1A1~L~LL'l"l-:Jii1n Ld'il-:ir.i1nih1r11l--1LLr;1Lil~~'WU1Vl LU9'Wn'1'1,1~1tl~U~1'W 

U1Vl ~'W'iltjllULVlA b'Wb~U LL~:;Ar;J1iJ LL~'Wih L'Wn1':i'') Vl 
t, 0 ic:::I. ti ..:!ii 

LL~:;'1J'iln1'\,l'WVl'iln'll'ilA'il 
,, .,. <t 

~'il'1ii'1J'W1VlL~n 

.J .I 'J I .-.J O ~,, 

'l"l'ilVl9:;u':i':;n'elU~'1 b'W'l1'Wtl'W~V19:;V11n1':i'VlVl~'elU bVl 
ii O Q/ tV CV CV ~J .c:!,j J 0 CV 

'1l'il91 nVl 1-wu1-:iu ':i':;n1':i''ll'il'1 n1':i'r.i 1?11,11 ~r.i~nr.ir.i VlU':i':; uwt'WVl'l"lU A'il L'W'il-:Jr.i1n ~1ii1rn-w1 m 

~':i"19')1?)L'l,1~1tl1u~:f1-:ir.inV1~U'W11fiL"1 rK-:it1-w1'Wm':i'i'-:i~'ilU1'1Af-:ir.i~rX'il-:ii'.ln1':i'1U':i''el'1n1':i'U1LU1-if 

--11-w 9-:JY1111Xm':i'91?1~'il'il19r.i:;1~~:;1?1r.in-wn LVlti l'u'l"l1:;tt:lci1-:i~-:ir;i'r.i~nr.ii V1~i'.lrir.i1ii LL~'W~1~--17 

Lri'el'Yi91':i'ru1n--1-if'el91llVlr;11..:11 LL~'1 9'1Lf?lr;1'1~':i"19')1?)~'\.h~'WL9LL~:;mm:;~ii rK-:id 
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3.5.1 Rate Gyroscope 

Silicon Sensing Systems: CRS03-11 

CRS03-11 bU'W Rate Gyroscope bbUU Piezoelectrics ~n9Cflb(?l'W~'el n~.h1.Jn1'.f')Cfl~..:J~Cfl 
' 'II ' 

-=! J J °"" G6) I ~i, ~ 
tN 10 rad/s ']j..:JJ-nn''r'l'el'Vl9~'JCf!A".l1:l-lb'.i''lb'Wn1'.i"\.!f~'W~..:J~Cfl'JJ'el..:J'\1'Wtl'W!?lbCfl bb~~:1-l Bandwidth = 50 

I ~ 

Hz ~..:JbYltl..:JYl'elflUn1'.f')Cfl CRS03-11 nAru~:I-JU~'Vl1..:Jb'VlA'WA '91..:J'W 
' 

Specification(Typical Data) CRS03-11 

Rate Range ±573°/s 

Output Analog voltage (Ratiometric) 

Scale Factor 

• Nominal 3.49mV/
0

/s 

• Variation over temperature range <±5% 

• Non linearity <±0.5% of full scale 

Bias 

• Setting tolerance <±30°/s 

• Variation over temperature range <±30°/s 

• Ratiometric error <±1°/s 

• Drift vs. time <±0.55°/s in any 30s period 

• g Sensitivity <±0.1°/s/g on any axis 

Bandwidth 55Hz(-3dB) 

Quiescent Noise < 1mV rms 

Environment 

• Temperature -20°C to +60°C 

• Linear acceleration <100g 

• Shock 200g(1ms, ½ sine) 

• Vibration 2g rms (20Hz to 2kHz random) 

• Cross-axis sensitivity <5% 

Mass <10 gram 

Electrical 

• Voltage (Supply) +4.75V to +5.25V 

• Current (Supply) < 35mA (steady state) 

• Noise and ripple < 15m V rms (DC to 1 00Hz) 

• Ready time < 0.2s 
I "" ....,. = 

/1/1~"N'YI 1 fll:W~J-J1J/1/'Y/1~t'Ylfl'Wf1'11f1'1 CRS03-11 
' 
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Analog Devices: ADXRS300 
I t, 

18 

ADXRS300 Lth..i Rate Gyroscope LLUU MEMs ~-:i~n~½'1-:i~'I.Jvl'ltJ'Jl~m:l'W i'.)'1(;)LV1'\.J~'eli'.J 

'll'\.J1f;1~L~rnnn ~'el ,J:r:-;mru 7x7 mm Lvhtl'u 9-:J'WtJ~t11m1'Dlu~tlnm1'11'1.J1(;)L~n LL~:-;it)J().J1n.J 

'111'el'elnu-:iih-:ir.i:r Signal Conditioning 'eltjJl1tJb'\.J~nJhtJ LL~L~'el-:J91nH' Package LLUU Ball Grid 

Array ~-:iuf;1n1JhtJi'.1tv1~mn 9-:ivi11'1Xn1:rtl11tJ1-if~-if'r:l91fli;) 

Specification(Typical Data) ADXRS300ABG 

Sensitivity 

• Dynamic Range ±300 °/s 

• Initial 5 mV/0 /s 

• Over temperature 5 mV/0 /s 

• Non linearity 0.1 % of Full Scale 

Null 

• Initial Null 2.5 V 

• Over temperature 2.3-2.?V 

• Turn on time 35 ms 

• Linear Acceleration effect 0.2 °/s/g 

• Voltage Sensitivity 1 °/sN 

Noise Performance 

• Rate Noise Density 0.1 ° /s/ .fih 
Frequency Response 

• 3dB Bandwidth(User Selectable) 40 Hz 

• Sensor Resonant Frequency 14 kHz 

Power Supply 

• Operating Voltage Range 4.75 to 5.25 V ,5.0 V Typical 

• Quiescent Supply Current 6.0mA 

Temperature Range 

• Specified Performance Grade A -40 to +85 °c 

I 

mn-Jn 2 flCW&'!J.JUIR'Y/1-JLYlflUfl'll'iN ADXRS300ABG 
' 
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3.5.2 Accelerometers 

Analog Devices: ADXL202 

19 

LUU Accelerometer LLUU MEMs ~~ih.hun11'J1P1'Eltj~ +2 g ~~il1r.i:;L~tM'\Al'Elnun11H' 

,v .. 9 J -=I t.,Qo 'l t., J ,v _J _,J -=I G ,v 61 t., 

~1'\.J wz;i:;!'NLutJ Accelerometer 'VliH;JtJt.ll-1 b"lll-!1n'\ll~!PlrWJ'vltJ~ LtJ'El~r.i1nl-l'11'\.J1!PlL~n LL~:;c.1~ b'vl 
,, 

~'1J'1J1n.!'111'il'Elni~LLUU Analog LL~:; Digital Yl~'ell-lfltJ 0•iF~~~1m1m~'Eln1-nlv1miJA')1l-J 

Lvll-11:;~l-J 

Specification(Typical Data) ADXL202 

Sensor Input 

• Measurement Range ±2g 

• Non Linearity 0.2 % of Full Scale 

Sensitivity 

• XFILPYFILT 
312 mV/g 

• Temperature Drift ±o.5% 

Zero g Bias level 

• 0 g Voltage XFILT'YFILT 2.5V 

• 0 g Offset vs. Temperature 2.0 mg/°C 

Noise Performance 

• Noise Density 200 µg/ mz rms 

Frequency Response 

• 3 dB Bandwidth 6 kHz 

• Sensor Resonant Frequency 10 kHz 

Power Supply 

• Operating Voltage Range 3.0 to 5.25 V 

• Quiescent Supply Current 0.6mA 

Temperature Range 

• Operating Range -40 to +85 °c 

' 
fWl't'M'VI 3 fl[W~:J-J'J.J{J]'Y/1-:JL'YlfliJfl'Jlfl-:J ADXL202 

' 
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3.5.3 e.J~n1n~'iln1-if(9ltJ(?]ntoif1?1 
., 

L'W~'J'W'll'il--1 Rate Gyroscope 'W'W L~'ilnL'if CRS03-11 

LLNi'W~:::Lvi'il'W~mnn~1~'1LV1a.J1:::~iJflU"1'Wl:J'W(91~~~'ilLLUU Omni-Directional • 
LLNi'W~:::Lvi'il'W'llru:::~'1~'1 LL~:::u--1~1mrnu1?1n1L·ihnrn-:ir.i1'1.Ji'~11:1n~1'11'il'1Analog Devices 

20 

~ ii J .r=:l ~~,.,, ..::l1 
Accelerometer 'W'WL'll ADXL202 L'W'il'191nm1fl1rin ~1m1rivt1'll'il b!?l--111:l LL~::: iJl:l1'Wn11 

'II 

QJ QJ d~ I 

3.6 n1'a'el'elnbb'U'Uln'ln'a'el.:i~t!Jt!J1n.!f>"l'l1:J.Jt11n1e..11-u (Low Pass Filter) 

I O %, J~ ii O '} !,, ~ 0 ,.c;'j J ti ,.::ii 0 

n'il'WL119:::'W1L'il1'6'lrl.Jfl.J1n.l'Vl bl?191n Sensor 'W1il1 b'll'11'W'W'W 91Lu'W'Vl9:::(?]'il'1iln11'Vl1 

Signal Conditioning L~l:lri'il'W ,r'W~'il n14'!?1iri.Jri.J1n.lmm'W~mr.i1nn11f 1?1'il'iln u~:::v'hn11tlfo 

'll'W1(?l'll'il'1iri.Jri.J1n.l 1'\X~'ll'W1!?1~LVlm:::~iJflUn11'W1lUb'if L~l:ln'il'W 

0 CV J cii~,d,j .J J 9J CV 

n1rn1r.i1?1iri.Jri.J1rumm'W 'll'1L'Wmn.l'Wfl'il i(lJri.J1ru1um'WfltJ1iiri~--:i 'll--:ir.i:::L'll1mnun11 

., .d % .!i-=l J I dj J J ., I .. • I I 'l ,, % .![ ,, ~- l'l 
')(?I 'll-:J·C'lrl.Jfl.J1n.l'Wilfl'J1ilrl'ilrJLVl'W'iln11bfl~'il'W'Vl'll'il-:J(?]')~'Wl:J'W(?] n11u~'ill:J bVl'6'ifl.Jfl.J1n.l'WL'll1 bU b'W 

I t, 

1:::uu r.i:::LU'Wn1n~iifl11iic11?1Y-l~1r;i L'Wn11f r;i;'W 

I J _, % JJ I ~ 0, "1,.) J 
n'il'W'Vl9 :::'il'il n LLUU r;i1m'il'1·6'l r1.J rl.J1 rum1ii rim e.J1'W'W'W r.i:::(?]'il'1V111uri--1·JJ'J'1fl'J1il ri'll'il--1 n11 

J J J A ~ A -=l I J J o J ,.) J 
Lfl~'il'W'Vl 'V1Ln'11'll'W9NL~l:ln'il'W Li"l'il'Vl9:::V11n1m1 Cut off frequency mvim:::~ii n11Vl1·JJ'J'1fl'J1ilrl 

J J.!; o ~ !:"i' a , 'l J , .- J J . I ..,. ., o , J 
'll'il'1n1:i'Lfl~'il'W'Vl'W 'Vl1 b'11 b'111:Jn1nnuf11r.i1n Sensor b'W'lln.l:::'Vl~'Wl:J'W(?]Lfl~'il'W'Vl(?]1a-Jun(?] LL~'J'W1fl1'Vl 

'1.Ji' tl1mvh Discrete Fourier Transform L~'ilLLU~'1i(lJ(lJ1n.l~lJi'r.nn1'Witl Time-Domain 1'\X'iltj 

L'WlU'll'il--1 Frequency-Domain 

.J I ~ ,,J d 
j'LJ'VI 20 WJ'i"V/(i/flfl-:J'W?'ll'Nf/?1J.JC/'llfl-:Jn1lLflflfl'I-J'VI 



e-J'Cln1':i''1!?lL'W':i'U Time - domain .., 

8 .---'-'---~-----,------....-,, ------.: -----, 

6 --------------- --------------- ------------ -- '- -- - -----~---------------

' - --, ------------- -
' ' ' 

'o -2 .• 
Q) 

: qi 

-- -,.---------- ----
'" a:: ' 

-4 ... : : : 
I i -· -.. -.. :-·· ··---·-- ... ! ·-·;·-·--·-····· -

-6 --- --- - ---- ----I- ---------- ---· 1----------- --- ·r-- ----------·r---------------
-8 ~---~i ___ ~i ____ ~,· --,-----'----

0 5 10 15 20 25 
Time(s) 

. ,.J ., ;un 21 i:..mn,n(i}~'ln Gyroscope 

oif'eliJ'ClVli-.:J~1'W Discrete Fourier Transform m.l1'1.J':i'U'll'el-.:J Frequency-Domain .., .., .., 

2000 ' 
Power spec1ral density from output of CRS03-11 

I Freq= 1.1651 
1800 

1600 

1400 

1200 

1000 

800 

600 

400 

200 
I 

0 " \.l . 0 .· 5 10 15 20 25 30 
frequency (Hz) 

;vi 22 tJfln1JLLLJ~N1ifl3Jfln1nF'llilwdiu'eJ~iw;v Frequency Domain 
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r.i1n-if1-.:i~tJ r.i:;~u~1'11'Nr1'"J1i!~'ll'el-.'.ln1':i'Lr1~'el'I.J~'ll'el-.:J'l-lmJtJ~i!tJ 'elU1tJ'l1'"J-.:JLYhN o -2 Hz q .., 

I ~ ~ 1.J a.,, ~ .di .d.l .d ~ .d,I 

L'Vl1'1.J'I.J L!?lc.lil1!?l~-.'.l~tFl'el\l'Vl 1.1651 Hz tFl-.'.l'I.J'I.J9-.:JL'Cl'eln Cutoff Frequency Le-J'el'eln 1 decade Vl':i''el 1 O 

LY11 v'h1«1(?) Cutoff Frequency 'll'el-.:J Low-pass filter LY1117U~ 20 Hz 

.J ~" " .. • "" "" .J • 1" 'i' "" 1" Lil'el b!?l Cutoff Frequency LL'Cl'"J 9-.'.l'Vl1n1':i'L'Cl'eln '11'1.JtFl'll'el-.:J Filter 'Vl9~'1.J13-l1 '11 b!?lt.lL'Cl'eln '11 

analog Filter LLUU Butterworth L<l'els191n i°J'ell?l':i'1'1ltJ1tl'll'eM Pass Band ~~tlU LL'Cl~L~'eln1'if Order 

'll'eM Filter L'Li'I.J 3
th 

order Butterworth 1'1.J~'"J'I.J'll'el-.:J Accelerometer ~-:i1~r111i1..ntJ1tJn1m':i''el-:J 
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b'Vl1fliJ 60 db/decade ~sl'W19~bYh.J-:J'Y1l'il u~~u-:i~1mrn 1-n First order filter ~-:J:W'rltj1l11:JL'W~'l 

Accelerometer dj'W pole vl~-:J'JJ<eN third order filter ~1"1 bbvlL'W~'l'W'Jl'eM Gyroscope b~'rln1-if 2
nd 

order Butterworth Filter b~'rl-:J91n'W19~rvJtJ-:J'Y'l'elfliJn1'i'1'if-:J1'Wbb~~'ll'el91fl"1'JJ'el-:J91'W'l'W~tln:mf 

b~'rlLm Order bb~~ Cutoff Frequency ']J'e)-:j Filter bb~'l 9-:J'W13-J1~1'W'lillv11fl1'JJ'el-:J~'lUliJ 

• I . ., ., ,,I 'l 'fl ., , .J ., J ., .-.J~ .,..,, 
u'i'~',bb~~(?l'l(?l1'W'Yl1'Wb'Y'l'rl bvl b"1 Transfer function 'Yl~n(?l'rl-:Jbvll-11~~3-J 'll-:Jf.l~~Ylfi'Yl b"1A'rl 'l-:J9'i''JJ'el-:J 

, .J .- ., .I 
Low pass filter 'Yl~il\j'i'tU v1-:iiu 

T2 Yfllt ,--''----, 

51JV 

~ 
~ 

DGNI) O(>AMP_CI 

A(il',1) 

OPMF .. 2A 
Al>t53-4AR 

I 

orAt-F_2U 
Al>RS.\.l,\R 

7 

.J ztln 23 'J-3/o/:i'~'JU'll'i!-3 Accelerometer 

OP ... AMP _llU!-"FEIU\ 
IOOK 

AGND 

AGND 

'<t 

5.0V 

!l:nsor_CI 
luF 

AGND 

5.0V 

OPAMPC 
AD8534ARU 

ztld 24 'J-3/o/:i'~'JU'll'i!-3 Gyroscope 

5.1.N 

A(iND 

., ' ' 

OrAMPA 
AD85J4ARU 

&rua:fl 
Sk 

S.."11:a_RQ 
lk 

AGNI> 

OJ>AMPB 
ADS5J4ARU 

Scrua.Jl12 
Sk 

S..n'«JllJ 
Sk 

AL"Nl> 

!l:nsor_RJ 
5k 

!l:nsor_R4 
Sk 

AGND 

N:c 

ro toSI 

L'W~'l'W'l-:J9'i''JJ'rl-:J Gyroscope t!'W iJmn~iiih'W'll'el-:J Voltage Follower b~'rlU'el-:Jfl'W'l-:J'"l'i'iU 

'JJ1'rl'rln'll'rl-:J Sensor 1ii11Xfof-l~'JJ'el-:J Impedance 'Jl'rlsl1"1 Filter i'Wr.i~~-:Jf.J~vl'rlb~tll:J'i'Jl1Yl'JJ'el-:J'l-:J9'i'~ 

~"1~-:J 

ii , ~ ~ ~ , , J (V I J ii 

'Yl1-:J"11'W'JJ1'rl'rln'Jl'rl-:J Filter 'Yl-:J~1il1"1'W'W r.i~ii Voltage D1v1der b'Y'l'el~"1bbN"1'Wn'rl'W'Yl'"l~b'JJ1 

ADC 1711:JL'WLilLA'i'A'el'WL'Yl'i'b~'elf b~'el-:J91n ADC forhLm'rltjL'W'n'l-:J 0-2.4V rvhi!'W 
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L~'el 1~LLe..J'Wer..:iri..:ir.irn~ri 9..:J'Vl1n1'.i'!?l'.i'')9~'elUt:-.1~ lilWl~'JJ'el..:J Filter ~1L'LI'W'lU!?l1il~A1'W')lli 

v1~'el1~ ~..:it~t:-.1~~\)d 

~'"J'W'JJ'els'.l 3
th order Butterworth low pass filter ~1mrntl1m plot U'W root-locus LL~::: 

' ~ ' -=!j ..:::::r, cr-,,::S CV .-:::,1 

bode diagram L'Y'l'el'"Jbfl'.i'1:::v1ri..:J frequency response IM'W 

100 

I 
i'.' 0 ., 1-------------· ----------------:-------------
.£ 
15' 
§ 

-100 

-200 

-200 -150 

/Real Axis 

' ' ' 

• J.J th ,J 
zun 25 Root-Locus 'll'iN3 order Butterworth low pass filter Wil'iJnmJLJ 

0 

i ., 
'O -50 ,E 
C 

15' 
::E 

-100 

-150 
0 

'gl -90 

:s 
&I 
{;. -180 

-270 
100 

.. ·-· •-~ 
System: untltled1 ,, 

Frequency (rad/sec): 125 '-'--...._ 
Magnitude (dB): -2.92 : ~ 

~-------,,, 

--\ 
. ... . 

: System: un@ed1 ~ 
Frequency (rad/sec): 125 

Phase (deg): -135 ., '~.,...._______ 

102 

Frequency (rad/sec) 

zilfr 26 Bode Diagram 'llfl,dh order Butterworth low pass filter frflflnitLJLJ 
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2
nd 

order Butterworth low pass filter uw Root-locus ll~::; Bode Diagram 

Root Locus 
300 ----~--~-~---,r-----,---.--r---, 

200 · 

100 

0 •••··•••••·••••••••••••••··••••·•··•••••·•••••••••·•••••··•••••·•·••· 

-100 

-200 

-70 -60 -50 -40 -10 0 

Real Axis 

• 1d ~ . d 
run 27 Root-Locus 'll'iN2 order Butte,worth low pass filter Yl'iJ'ilnLtW.J 
" 

Bode Diagram 

--- -···--·- -· --··-••---·" 
I System: sysf I ~ 

Freq-uency (rad/sec):-125 
Mag~ude (dB): ~2_.!37_ ~ 

~ 
,80 

0 

-45 

I -90 
~ 
1! 
0. 

-135 

---.., I -· -·- ------- ---- --------· 
'-.. -System: sysf 

""- ; Frequency (rad/sec): 125 
'\ i Phase (deg): -89.1 . -· -

\,~ 
'---..___ 

-180 
100 10

2
. 

Frequency (rad/sec) 

;tid 28 Bode Diagram 'll'il-:J2
nd 

order Butte,worth low pass filter d'il'ilnii1J'LJ 

9::;l~tJlt?1~1 Filter v1'..:il:'l'el..:Ji'.J Cutoff Frequency (-3dB) ~ Frequency whnu 20 Hz vi;'-'el 

whnu 20 x 2,c = 125.663 rad/s lUtJL'LJ[?]1iJ~'el'i.lnllUUH 
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' 
3.7 n1'a'Vll?l~'el-:J'J1?1rh Gyroscope bb~:::: Accelerometer "lHlJ:t:Vl~l?l'W-:J q 

b~'ell.Ji''el'elnLbUULb~::;~:h-.:iri-.:ir.i:i'~'"l'W'll'el-.'.l Sensor bb~::; Filter bU'W~~t1u¥'elmb~'"l 9-.'.l'Vl1n1:i' 

'VJ(;l~'el-.:J'lr;ir11~1Jfr.i1n Gyroscope bb~::; Accelerometer 'llrn::;V1~r;iD-.:i b~'el'Vl1'l1iJin.in.i1rn:i'Un'"l'W 

~'J!?1LJi'i1mmvh1r;i ~-.'.ln1:i''Ji11d'Vl1L!?1tl~-.'.lvl'Wtl'W191'elr.lnu~ bb~'"l'Vl1n1nnurhn1j')(?1~1.Ji' {nm 
q 'II 

., ... 
'lbm1::;V1 

.D.03 ··········•····· ······························································································· 

0.5 

0.4 

«i;' 0.3 

1 
C 0.2 

.£! 

l 0.1 
ai 
(J 

.'it. 0 

-0.1 

-0.2 

0 

.,.J ., .J.,, If" .,' 
lLJYI 30 'll'il~f/Yl'Jfil £fil"l,n Gyroscope 'l/nJ::Uf!Jfil'l-N 

1000 1200 
Samples 

.,:r11r1 31 1f m--1r1 rf ,r{?) M'"'I 1 n Accelerometer '11 m::1,'ftJ {?JU~ ., ' 

erial 
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r.i1n·ih--:ilX'W 'l"IU'J1f11~'lrXr.i1n Gyroscope iim'Junr:i--:i'iltj1'W'l1'N +0.04 rad/s vi1'il 

th:::mru 2.29°/s LL~:::ii Standard Deviation rvhnu 0.02233 rad/s LL~:::fi1r.i1n Accelerometer 

Lln'J--:J'ilri1'W'l1'l--:J +o.2 m/s
2 iJ Standard Deviation L'Yhnu 0.09359 m/s

2 
.., 

3.8 n1'a'el'elnbb'U'ULL~::::1i'-:i1u Kalman Filter 

3.8.1 n1'i'Yl!il'tl'el.:.tbvl'elVl1l!-J'tl"ll'el.:.tn1'ii."J1.:.t1'l.l Kalman Filter 

'1'11 L!iltln1'J'LI'el'W"1'l1~ L;r;i~IX'il-.rn1'J1'1X'IA'Wtl'Wi;J Lv1~'el'Wfl1Jn1'J'Yl !il~'el--:J1 'W-il'el 3.2 L!iltl 
' 

1'1XlA'WtJ'W~--:JLthmJ~Lv1~tl~9t,Jf~ LL~:::1'W'llru:::L~mn'Wnilmrniu-ifo~~~1LLWW-.l'll'el--:J'IA'Wti'Wi;l~ 
1\ \I 'I '11 q 

J Jtl , o.,',Vj./ ~. 0 o.11 ' 

Lr'l~'il'W'Yl!il'ltJ'J:::uu Vision LL~:::tJ--:J'JU'll'il3.J~'Yle.J1'Wn1'J""11'W'lrur.i1nt,1'l~'WtJ'WUJl-Jl'l'l1-.l'i'11tJ Serial 

Cable LL~'ltl1-if'il3.J~91nJ--:i~'el--:JUW6'l-.l~11L""1'J1:::vfontJUL~tl1Jfl'W 

zurf 32 n1t'Yl/1/~fl1Jn1tUf,11u Kalman Filter 

3.8.2 n1-ai.i.:.11u Kalman Filter i.mt'l.l"Jbbnu Z 

L~'el~91'Jill1n--:JA'l1~i~~'Wfi'll'il-.lf11~1'!i1'lrJ\'r.i1n Gyro 9:::'\"IU'J1L'Li'Wt,11~""1'l1~i~~'Wfi 

OJ= K · 0.-Bias 

Vision Computer 
Q A'il fi1~1'!i1'lrXr.i1n Gyro 

K A'el Scale Factor 1'Wn1mtl~--:ifi1~1'!il'lf?11'1XLU'WA'l1m;r;iL:n--:i~~ 
' 

Bias A'el Bias vi1'ilfi1n~1-.l'll'el-.ln1J'1'!il'll'el-.l Gyro L'Li'W'"l!il~ilfi1whnu 0 rad/s 
q 

1'W'Yl1--:itllju~r.i:::'\"IU'J1 f11 Bias dr.i:::Ltl~tJ'WUU~--:i'ltlt,11m1~1 L!iltl'el19~'W'ilzjnuv1~1tJ 

U99tJ L'l1'W ~ruviJJ~ uNfK'W'lvhiu--:i LU'W~'W ~--:JL'J191LU'W~r.i:::IX'il--:i'Vl1n1'Jr_A~s d111Ji' ~ru:::i!'Wr.i::: 
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Lfl(?Jfl'J1l-Jt1 (?J'Y'lm (?1'6'1~'6'1lA''W (Drift) L~t1~1n11;s'W'Vl1Lm''Vlfl'J1l-H1'J L~..:J~l-J1lX b1J'W~l-J ~'J'WA1 Scale 

Factor d L'J'1'6'11l-J1nl~9~ Calibrate 1lXmJ'Wih1~ 

'lfin1'J'v1rt..:i~1'n7.'Wn1'J'~9~'v11~..:J Bias 'll'el..:J Gyro A'eln1'J'l'n Kalman Filter ~..:JL'LJ'W State 

Estimator/Observer !?l'rnrt..:i m~1n11 estimate v11 Bias ~tl19~L'LI'W91nn1'J'')(?J b(?Jt.ln1'J'U'el'Wn1'J' 

,r (?191 rnm~..:i~'WL -if 1'll'Jt.1 ~..:i L 'W~dAt1 n111' (?191 n ~t1tl''WL t1..:i 

n1'J'v11'6'1l-Jn1'J' Time Update 

1lX!?l'JLL1.h State 'll'el..:J'J'~UUL'Wbb'W'JLLn'W Z A'el 

{ 
0 } X= 

Bias 
b(?Jtl 0 ~l-J'll'el..:J~'Wt.l'W(Plb'WLL'W'JLLn'W Z, Bias A'rl Bias 'll'el..:J Gyro 

0 = OJ = -Bias + K • n 

Bias= 0 

91n'6'1J-Jn11cX1'W1J'W 

G B
• .,j I .J 

yro 1as l-Jfl1fl..:J'Vl 

91n'6'1l-Jn1'J''ll1..:J~'W ~11lXv11 A ~..:JL'LJ'W Jacobian 'll'el..:J X L'Ylt.11Jnu State 

A=[ ~! d:ts]=[o -0
1] dBias dBias 0 

d0 dBias 
., 

cK..:i-w'W b'J'19..:i1cX'6'1J-Jn1'J' Time update 

X k+t = A · X k + Bu k 

pk- = APk AT + Q 

n1'J'v11'6'1l-Jn1'J' Measurement Update 
.,i 'l" .,.J 'l!i'l .,i .,11., 

b'J'1bfrnn b'lln1'J"J(?!Vl9~ b'll b'W Measurement Update fl'el Bias 'll'el..:J Gyro bl-J'el (?I 

n1'J'')(?i91n~'el ( OJ1Vl,ee/) 91n°6'1l-Jn1'J' 

Bias Wheel = K . n - m,VJ,eel 

b'J'1'6'11l-J1nlv11 H ~..:J~..:Jb'LJ'W Jacobian 'll'el..:J Measurement b'Ylt.11Jnu State 

H = [dBiasWheel dBiasWhee/] [O 1] 
d0 dBias 

cK..:itl°'W L'J'19..:J'6'11l-J1nlv11'6'1l-Jn1'J' Measurement Update 1cX cK..:id 

Kk =P;HT(HPk-HT +Rf 

xk = x; +Kk(zk -Hx;) 

pk = (I - KkH)Pk­

Lb!?lL~'el..:J91n~'el'll'el..:Jv1'Wt.J'W!?lLfl(?Jn1'J"i'1foJ:n''W1'Wn1'J'~..:J 
' 

., I 

- Q/ -=S: """ (?J..:J'W'W91nn1'j''Vl (?J~'el..:J9..:JL 'Y'll-J 

'6'1l-Jl-J~"'l1'WA'el ~'el9~1l-liln11'6'1~Ubfl(?J:n''W L~'elvlt.l(?J'el8ll1J~ cK..:itl°'W 'J'~U1J9~iln11 Measurement 
'\ d.9 'l ~ 

I I I 
& & I 1a.,,=lcv 

Update Ll-J'el m,n,eet = 0 vl'J''el 'l-;l'Wt1~n1J'Vl'W'WL'el..:J 



e.l~n1i'Vl{?l~'fl--'l 

L~'el n 1'if r-11 ~~fXi.i 

'c' 
CG 

-t:, 
CG 
1i, 
.c 
t-,-

0.4 

0.3 

0.2 

0.1 

D 

-0.1 

P~[~ OJ = [0.0001 
1 IQ 0 

' ' I 
I I I I -------•---L-----------L-----------~----••••---~---••••-••-~----•••-

1 I I I I 
I t I I 
I I I I 
I I I I 

I I 
o I 

I I I I 

-----------}-----------~-----------t-----------t---------

' ' I ------------:-----------: ------

1 I 
I 0 
I 0 
I 
I 
I 

---t---

---Vision 
-0.2 ------- --Gyro 

60·., 

Time(~) 

--Wheel 
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zud 33 L!ftEJIJLYIE./1Jn')J'Jfi/3-/3-J'll'i1~~'tJEJ'tJi;Jr/i''JEJT::1J1J Vision ()1Jn'JT'Jfilr!i''JEJ Gyroscope LL~::l'il 

'c' g 
.... 
g 
w 

0.1 

-0.2 

-0.3 

' I 
I 
I 

' ' -----------r---------·-r·-----
' I 
I 
I 
I 
I 

I I I I -----------r---------•-r··---------T-----------T--·------
1 I I I 
I I I 1 
I I I I 

I 
I 
I 

' ' -----------~-----------~-----------♦----------- ♦----------- ♦--------
' I I I I 

' ' 

-0.4 ~-------~---~----~-------~ 
D 20 40 GO 80 100 120 

Time (s) 

zud 34 imc.1rnnt11Jfl'J')3,.jiJfi1'1m1fil'lJ'i)~W/J'J/J)lol')nlm,~::Gyro iiJmnt11Jf11Jn'JJ'Jfi/ls/'Jn Vision 



r.i1nitl•ih-1rXu r.i:;~u~1n1'J'L'Dn1'J'1'"1-ir'il¾j~"11n Gyroscope ~1u Kalman Filter 9:; 

~1mrn~"1fl'l1ile'.i'91~~1"1LUn1'J''J"1 Ln'ilLllit.i'!Jb'Vlt.l'lJ91nn1'J''Jl?l~'lt.l~'ilLL{9]L~t.1'1'iltl1'1L~m1~ bl?lt.l 

r.i:;L~U~1 Ld'ilL'D Gyroscope ~1u Kalman Filter r.i:;ilfl'l1ilfl~1"1Lfl~'ilU91nn1'J'1'1?1 'iltj1u-rl11-1 

' ' ... 

29 

+ .. ' 1'111,, l ,=:I 6)!.I d,I -==,, d; _o.1 rad LL'/N:;i) Mean Square Error 6.09 LL(,ln1'j' 'll~'il'ilt.11'1Ll?lt.1'1 bv1fl'11ilfl~1"1Lfl'/N'ilUL~il'1JU 

J' 
mn'llUmiJL'l'iN1, Mean Square Error = 101.56 

J 
Lil'il 

3.8.2 n1'ib"ll-.11'W Kalman Filter b'WLL'W'lLLn'W X LL~~ Y 
., ' 

1Un1'J''J"1~'lt.l Accelerometer UU iJv1inn1'J'fl~1t.lfl~-111Uf1'!Jn1'J''J"1~'lt.l Gyroscope UU 

a= K •A-Bias 
di ' .J., ~ ., 

a fl'il fl'l1i!LN'Vl'l '91 bl?l 

A ~'el "11~'J"1l~91n Accelerometer 

di 1 .I ,J.,~!:"l" .... I I 

K fl'il Scale Factor ummuMfl1Yl'l"1 bl?l bv1Lu'Wfl'l1i!LN 

Bias ~'el Bias vi~'ilfl1n'iN1'1'1l'il•m1'J''J"1'1l'il-1 Accelerometer LUU1"1~ilfl1Lvl1nu O m/s2 

mrn1~iln1'J' Time Update 

L~[Pl'JLLU'J' State '1l'il-.1'J':;uu1uLLU'JLLnu XLL'iN:;Y ~'el 

X= 
{ 

V } 'i' a , !'l di 
bl?lt.l V fl'l1i!L'J"l'll'il~~Ut.i'W(,l bULLU'lLLnu X,Y, Bias fl'il Bias 

Bias 

'll'il~ Accelerometer 

~iln1'J''J':;uu~~'iltj1uitl X = Ax+ Bu 

V = a = -Bias + K • A 

Bias= 0 

., 
vi'-1,!u L'J'19~l~~iln1'J' Time update 

X k+i = A • X k + Bu k 

pk- = APk AT + Q 

di 

fl'il 

91n~iln1'J'~1U'!JU 

Accelerometer Bias ilfl1fl-1~ 
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n1rn1~iln1J' Measurement Update 
.. ~., .,J ~!,"I .. ., " ., ,d~., 

LJ'1L~'e"ln b'lln1J''W1'Vl9~ b'll b'W Measurement Update A'e"l'Jfilfl'11i!LJ"1"11n~'e"l ( V,n,ee1) 'Jl..:J bfil 

r.i1n'lliln1J' Sensed Forward Velocity Solution 

LJ'1'6l1mrnV11 H ~..:J~..:JL'U'W Jacobian '1l'el--'.l Measurement L'Vlt.lUflU State 

H = [dVWhee/ dT~Vhee/] = [1 Q] 
dV dBias 

,, ,, 
vi'..:it!-w LJ19..:J'll1illn1V11'lliln1J' Measurement Update 1v\' vi'..:iil 

K k = pk-HT (HPk- HT + Rt 
xk = x; + Kk (zk -Hx;) 

pk = (I -KkH)Pk-

eJ~n1J'Y)fil~'e)--'.j 

L~'e"ln1.iff'l1L°~iirX-w 

p = [1 OJ Q = [1 0 l R =18.6 
0 1 I O 0,0001 I 

0 Lbn'W X 

' 
: , 1 --Vision 
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zuff 38LWr.JWY/r.11Jn1J''}V/fl'"J13-/Lr':llrr.w Vision f11Jn1J''}V)/(w Accelerometer itJLLtJWffl.J Y 
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V ' 

r.i1n·ih..:itX-w i..:i1'WLL'W'mn'W X LL~:; Y r.i:;'V'lu~1r111a.JL?1VJtf (?lt~r.i1nn111-n Accelerometer 

t, CV o.,, t,, CV Q \.1 t,, J 11, t, t:f I 1 V .J I 

~'e)(?lfl~•ei..:inumn(?l(?l'JU Vision (?1..:)9:;b'\,l'W b(?l91n',(?I 1 Lb~:; 2 'll..:lbb~(?I..:) b'\,lb"1'W'J1 'W9..:l'l,l'):;'Vl'l-:j'W 

brl~'el'W~hl~1'Wb(?l~1'W"1~..:!tl''W vi-wt~i1m1tri~f;l'JtUL'Wbb'W'Ji..:itu1nnumnr1~'el'W~~'JU ~..:l'.J'UbblJU . ~ 

a..J ~11• cvi,t, v t,, ,~ 1 ~ cv t:f\191 .. IJ 
rl'J13-l b'.r'J'l'l'V'llJ'W b3-l~13-11'.rm (?I b(,191 nn1'.J''J(?l91n~'elbb(;l b'V'lU..:l'elU1..:I b(?IU'J (?1..:)9:;b'\,l'W b(?l91niu'\ll Lb~(?!..:) 

r.i1mu fl'l13-J~(?l'V'l~1(?1b'Wn1'.!'')(?191nmtH Accelerometer b'WLL'W'JLLn'W X r.i:;ilr111a.Je'.J(?I 
~ 

1') ,..J + 'i' ,,I 1 .J V ,,I J I 

'V'l~1(?1'elf,j b'W•JJ'J..:i _0,05 m/s b(?!Ua.J Mean Square Error= 4.64 'W'Jltu::'l'l~'ela.Jfl'J13-lflm(?!Lfl~'el'W'el~ 

~ +0.2 m/s L(?!Uil Mean Square Error= 23.82 

L-rl'WL~mnUb'Wbb'W'Jbbn'W Y fl'J13-le'.l(?l'V'l~1(?1b'Wn1'.J'')(?l91nn1'.rb-n Accelerometer 
I 

m1a.Je'.J(?l'V'l~1(?1'elzj1-w-rl1..:i +o.os m/s L(?ltl~ Mean Square Error = 3.60 b'W'Jltu:;VJ~'elilr111l-.l 

J ,.J + 
fl~1(?1bfl~'el'W'el~'l'l _0, 15 m/s , Mean Square Error= 16.54 



4.1 "ll'el~'atl 
q 

' ..,. 
'U'Vl'Vl 4 

34 

91nn1r~n~1LL~~'Vlf?l~'el-:J ~1J~1n111-ifnTi'Jf?l'll'el¾j~91n Gyroscope ~TW Kalman Filter 

.,. J .,, ''l .J + .,. ' 
9:::ilfl'l1ilfl~1f?ILfl~'el'W91nn1nfPI 'el~ b'W·n'l-:J _0, 1 rad LL~~ii Mean Square Error = 6.09 LLvm11 

iJ'il I ,=,I 1/ ..J ~ ~ ~ 
L611~'el'elEJ1-:JLf?ltl'l LVlfl'l1ilfl~1f?ILfl~'el'WL~il'll'WiJ1n'll'WmiJL'l~1, Mean Square Error= 101.56 

L'WLL'W'llln'W X fl'l1il~f?l~~1f?IL'Wn11'Jf?l91nn111'ii' Accelerometer 9~~fl'l1ile'.lf?l~~1f?l'elti 
'U 

'l .J + 'i' .,. 'l .J., .,. d ,.J + 
b'W·n'l-:J _0.05 m/s bfPitlil Mean Square Error = 4.64 b'W'llill~'Vl~'elilfl'l1ilfl~1f?ILfl~'el'W'el~'Vl _0.2 

m/s ,Mean Square Error= 23.82 

L'WLb'W'lLln'W Y fl'l1il~f?l~~1f?IL'Wn1J''Jf?l91nn111'ii' Accelerometer 9~~fl'l1il~f?l~~1f?l'elti 
'U 

'l . .J + 'i' .,j 'l .,I., .,. J ,.,I+ 
b'I-A-li'l-:J _0.08 m/s bf?ltlil Mean Square Error= 3.60 b'W'llill~'Vl~'elilfl'l1W'l~1f?ILfl~'el'W'el~'Vl _0, 15 

m/s , Mean Square Error = 16.54 
., 

Vl-:J'W'W 9~L~'WL'91~1mrih Gyroscope LL~~ Accelerometer il1ii11-if..:i1'WLU'W Inertial 
!'., .J 'l ., .,, a 'l J .,I ' ,.J.,. 

Measurement Unit 'W'W ~1il1nl'Vl9~ bVln11'lf?lfl'l1ilbnLL~~~ii b'Wn1J'bfl~'el'W'Vl'll'el..:l'\-l'Wt.l'W(;l'Vlilfl'l1il 

r1~1 fPI Lfl~'el'WU'eltl n~1 mr1' fPI bf?ltl 1-if r1'l1ii Ll'l91 m\'El LL(;] L~t1..:i'Elti1-:i L~m 

.., 
4.2 "ll'elb~'I.J'elbb'I.J:::: 

.¥ 
f!J''el1Jfl~il'll'W 

"\ V !.I J J I O""~ iJ G l ~ tJ J 
b'Wn1n f?l'll'elil~ n1 J'bfl~'el'W'Vl'll'el-:JVl'Wtl'W(;l'W'W 'll'elil ~91n n1J'il'el-:J L Vl'W'W19~Lu'W'll'el il~'Vl 

'ti , 'lJ 'lJ 

tl1L~'eln'Elii1nn~1n1r1'f?IU'Wvl'W vi'-:itl''W n11~nJ'W1L~iJL~iJ1'W~'l'W'll'El..:imr~-:ii'Elii~n1rii'El-:iL~'Wnlu 
' 'U 

11Xi'lv1'Wtl'Wi;J L~'elU'el'WLiXnu Kalman Filter ~n'Vl1..:JV1tl-:itl19~'D'ltl~f?lfl'l1ile'.lf?l~~1f?I L'91il1n~'W LL(;] 
' 
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"' a' ' n1'a'"Jbl-l'a1~VIVl11-11'i0Jn1'a Forward / Inverse Jacobian Matrix 
,v 'i.l O • """' ,r <=t 

r.nnmn1~1WJ'll'el~'c1'el ~1mrnn1'\-li.W1 Coordinate LL'c1~ 'Vlf"l'Vl1~'ll'el~L'lflli?l'el'.i''ll'el~fl'l1l-1Ln 

'll'el~LL(?l'c1~~'ell~ LCi'ltl'el1~tl'Jfin1'.i''ll'el~ Muir vi'~~ 

y 

fl1WWCi'lL°IX 

Re =143° Re =225° Re =315° 
I 2 I J I 4 

Wheel Base Length (la) = 0.0888 m 

Wheel Radius (R) = 0.027 m 

Wheel Roller Radius (r) = 0.012 m 

X 

[

-sin(e,, )J 
r.nn.n1Y1r.i~L~L'lflL1?1'elfLL~Ci'l~Vlf"l'Vl1~LL(?l~~~'el f,, = cos~e,,) , n = 1,2,3,4 

[

- sin(37° )J [- 0.601815J [- sin(143°)J [- 0.601815 J 
J; = cos~7°) = 0.79

0

8636 , / 2 = cos(~43°) = -0.7~8636 

[

-sin(225°)l [ 0.707107 J [-sin(315°)J [ 0.707107J 
f, = cos(~25°) r -0.7~7107 , f, = cos(~15°) = 0.10;101 



37 

IR • f,;' r · f,,>' - la · .f;;" l 
se 1;; Jacobian '"' "" ••~• 1,u J,, ~ l R •:;' - r /i -I a/;;" J ~, 01 a 1,0 L<U, 1/f Lilu 

Jacobian 'll'el~~'el 1'Wbbn'W~i'.J Actuator V11''el Sensor 'eltj ( !,,,.,·) ,r'W~'el 1'WLb'W"Jbbn'W'll'el~l-J'elbl1l'elf,r'Wb'el~ 

bb~~ 1'Wbbn'W~1ili'.l Actuator Vl1'el Sensor 'eltj ( /,,,,,) 

bbVl'WA1f'N~~~1tlr.i~1f?i' 

[-0.0162 0.7986 0.0535 l r o 01621 [0.7986 0.0535 l 
JI= 0.0il6 0.6018 -0.0709 , J 1,s = 0,0il6 I Jl,11 = 0.6il8 -0.~709 

0 1 

[-0.0162 -0.7986 0.05351 [-0.0162 l [' o. 7986 0.05351 
J2 = -0.~216 0.6018 0.0709 J2,s = -0,~216 , J2,n = 0,6il8 0,0;09 

0 1 

[ 0.0191 -0.7071 -0.06281 [00191 l [-0.7071 -0.06281 
J3 = -0.~191 -0.7071 0.0628 JJ,S = -0,~191 I JJ,/1 = -0,:071 0,0:28 

0 1 

[0,0191 0.7071 -0.06281 [0.01911 [ 0.7071 -0.06281 
J4 = 0,0;91 -0.7071 -0.0628 

I J4,S = 0,0;91 I JJ,11 = -0,~071 -0,~628 
0 1 

vhn1iri1V1'WV! Delta matrix function 11(u) bV!\:Jf11Vl'WVl 1* 

{ -1 forU = null 
11(U)= u(urutur -I Otherwise 

~~,r'W~1l-J1n1Vl1 Delta matrix function 11(J,,,,,) bb~~ 11(J,,,.,) 1iK 

[-0.6378 -0.4806 

lJ 
r-0.3593 0.4769 0.0530 l 

11(11,s) = -0,:806 -0.3622 11(1l,n) = 0.4769 -0.6328 -0.0704 

0 0.0530 -0.0704 - 0.0078 

r-0.6378 0.4806 

lJ 
r-0.3593 -0.4769 0.0530] 

Li(12J= 0.4i06 -0.3622 11(12,J= -0.4769 -0.6328 0.0704 

0 0.0530 0.0704 -0.0078 

[-0.5000 -0.5000 

lJ 
[-0.4961 0.4961 -0.06231 

11(13,J= -0.~000 -0.5000 11(13,,,)= 0.4961 - 0.4961 0.0623 

0 - 0.0623 0.0623 -0.0078 

r-0.5000 0.5000 

~1 

r-0.4961 -0.4961 -0.06231 
11(14,J= o.5ioo -0.5000 11(14.,,) = -0.4961 -0.4961 - 0.0623 

0 -1 -0.0623 - 0.0623 -0.0078 



~..:it!i{~..:i~1mrnvn Inverse Jacobian v11'fl(~\m~1 Actuated Inverse Solution l~f?ltl 

r.nnm1ii~'i.J~'Wfi 

q= 

Vr.~V,.,, Y,.s t' Jrs~V,.,,) 
VL~V2.,,Y2.J-' Jfs~V2.,J p 
V!s~V3,,, v3.s t' JL~V3.,,) 
(J;S~v4,II }14,s t' J;S~v4,II) 

r.i1n-ih..:ilX'W -r111~l~ Inverse Jacobian Matrix ~..:i~ 

-22.2894 29.5791 3.2895 

-22.2894 -29.5791 3.2895 
J = a 26.1891 -26.1891 3.2895 

26.1891 26.1891 3.2895 
I 

~..:J9~'V'lU~1'el\'1L'W'.i'1.J 
'II 'II 

ww,x fx, Jy, la 

ffu] 1IJ W2X 1 fx
2 lri la 

= VBy 
t1J' w,x R fx, Jy, la B 
t1J'W4X fx4 JY4 la 

VBz 

Lm~r.i~~1ii1rnv11 Forward Jacobian v11'el Sensed Forward Solution 1~r.i1n 

r
-0.0103138 

J.,· = 0.0094756 

0.0821134 

-0.0103138 0.0103138 

-0.0094756 - 0.0083896 

0.0821134 0.0698862 

0.0103138J 
0.0083896 

0.0698862 

38 



39 

n1<a';j L1"1<a1~~ ~~"ll'el.:in1n~t1.:i IPl'J"ll'el.:i'!Au ti'W ~ L tl'el.:i:w1~1 ni'el ~'el ioho/11 '91 Ll?l 
q 

Lct'el'191n'l-i'Wt.J'W191~'Vl1n1J''Vl/?l~'el'11'.if ~'el LLUU Omni-Directional vh 1,X Ln (?I n1 J;'W~ ~L'Vl'el'W 
' 

L'W'lln.l~~'1'1l'el'1'1-i'Wt.J'Wl91Lct'el'191nf Pl~'ll'el'1~'el hi fN~ 9-:J'el19~'1 i:rn 1 iX L'll'WL'J!'elf~~/?l'eltlU'Wf;l'l'l-i'WLn/?ln1J' 
' " ' 

L~t.J'1f;l'l~'Wm 'rl11iXri1~i/?I 1~r1~1/?I Lfl~'el'Wl~ 
It,, I I 

L'W'Vli'Jr.i ~'Vl1n1J'~ Lr1J'1~v11'WJ'U'll'el'1 L 'll'WL'l!'elf'Vl~/?l'elUn'1n~1'1J'~v111'1~'el~'el'1~'el LU'WJ'~t.J~ I 
" " 

b/?lt.l~'eli'Y'1~'el'1~fPl~LU'W RI ,R2 (?]1a-J~1(;)1J f;)'1lU 

Robot 

(
R -R) 0 = tan-1 1 2 

2 ·l 

,., ,., ' 
r.i1nn1J''1/?19~'Y'lU11~'elLL~~~ra'W'W'W ~fPl~~'el'elUL'W'n'l-:J 26.0 - 27.0 mm f;)'1'W'WL3".1'el~'el'1 

" ' ,., ,., 
V191J'n.l1L'Wnn-w'Vl~'el'Vl-:J~'el-:J~f Pl~LU'W 27.0 u~~ 26.0 !il1a-J~1(;)1J LL~~~J~t.l~ I= 80mmf;)'1'W'W 

0 -1(27 -26) = tan 
2-80 

0 = 0.3581 ° 

(;)'111'W9~'Y'l1J11A1~1/?ll~91nLenm'l!'elf9~,r/?ll~L'Vhnu cos(0.3581°)= 0.99998 

whnu 99.98% '1l'el'1~Ln/?lt'Wr.i1-'1zj'1'1'el11~A1ii'elt.1il1m~m'Vlt.11Jnrnfo.1qnrumm'W~Ln/?lt'W 

.di 

v1J''el 

u~~1 'Wr111a-J LU'Wr.i 1-'1~'Wt.J'Wl91d~ n'el'el n uuu 1 ~-:!'el zju'W~'W1a-Jzj'1~~'W~'l LU'W'Y'lJ'a-J 'rl11iX~'el 
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