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Fig.7 Overview of experimental vehicle
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Fig.8 Error in position estimate at goal (O:WM1, @:WM2)
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Fig.9 Error in estimate of wheel radius at goal (O:WMI1, @:WM2)
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ZRET L.
GEBEBRLLVICHEE LI 2L —Ya ViKWV REFEOEANLZEDELZ R

L7.

REFHEIIRBVT, EROBVZEEITIE L DIIndRy NOETREMEZ R
T 2L, FEIWMERBIWMZ BYIZEBT A Z EBLELRD. EHIWME S
WMOE L 2B B ORE, EITREEOETREIZS 2N O WMO B 218 X
EOWSIBSHOFEL LTERENTWVS.
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8§  WMOLFBAEETILOESH

WE, nBEOWMMSRZ Ry hEE L, DMIIEEENRBEEDEERLEE
ODMLFEE M L ODEEBORTIIEm, L T5. WMOLHEINFEET LTI, EWMIZ
DLBEHREEWE (m,/n) ZERTD.

WMOAHE A ZOEHIIE L TR TFEESOAEE X, ER~DOEEWMRITE
Bib—E, $hbbuo—, YyFEBIERTS. 5, EmIFELRVET
5L, WMOEITES) & feEEENCET 2 BB HFRNIUT &5,

My=(J "Y'+ f _ (A-1)

EL, v=o0) ZWMOEE - EE, 1=(0,.7,) ZEAERORE ML,
F=(£. £, ZFWMBDMM»HZT 55/ vy T, JIXEARE RO Ei LR
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A e AR Al ﬂl\lmvl\-hﬂlwﬂmw
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M = n 2 )

-czi(mR—mL) Ia+IR+IL+(mR+mL)~:1- " "

+m, +my +my —(mp —m,) m m
vq q

)7, EARBRENEROEHE Y ORERESICEATIENFITRKNERD.

quwheel + quwheel +T= GkV (A'z)

L, e = (o d,)) BREREROEEEE, V=(,.V,) FEEFEHT—F~
DANERE, G, =diag(G,,G,), G, =diag(G,,G;), G, =diag (G,,G)ITFNEL,
EREROMME, Kt A SA

(A4, (A-)(ADRLY, WMOBIHEET VI,

Dy=Dy+DV +f (A-3)

=L, D=M+G,(JH'J"', D,=-G,(JY'J"', D,=G,J™").
ERULTE A EEROAHEICIE (7)) &2, D=D+AD,, D,=D,+AD,,
D,=D,+AD, L33 &, (A-3)R3,

Dy =D,v+ DV + f-[ADY - AD,v —AD,V'] (A-4)

DNHFEIZBVWTREFEHGOERBELWY (F=fp=F), BEBZELL
(h=tg=m,) & LT 4,==2G,I, +2G,), 4,=-d°G,I2fh, +d°G,),

B, =G, [(F*h, +2G,), B, =FdG, I(2f*h, +d*G,),

T, =D '[f-(ADy-AD,y-AD V)| 2 EET 5 &, (A-DRILUT L2 5.
o BB A-5
v—[o Aq)v+ B, -B +T,, (A-5)

ASRHEDT, ZEETE - LT, (NROAHBHEEFLRBLNSD.
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F2E, SETREV2—VELFRABHo Ry hOFy Fra=, VHORE,
ETHEROBRZITV, TOMHEFHEEZEMES I 2L —v 3 2EfTo72. &K
BT, 450ERBET2—AhbRIPAEuRy NITF vy Fra=v 7%, &7
FIERZ EE L TERZITY, ZAOOHETFHEITD.

4. 2 ERBRIVRATLOEK

R ITICRAELERI AT LOEME, R1IINA—FU=TOERUEEELTT. B
FoRy PORKE ST 925mm(&E &) x 910mm(18) x 595mm (F &), EEIIH 49kg
T, 1BOEEEY 22—/ (DM) L 4EQOEBES 2—NL(WMMHLR5. & WM
TR & EAMSI B R OF 3EA A L, BHERBEEHEN LT DM L#EKESHh
5. Bty b ERAMSEEROT 7 F 2z — X IZIXERET—F A, BEHCIT
TP ELTRT v aA—F%, EEMMEEERIZIZA 7Y A AET o
— %%, BHERBREICET 7YY 2a— Mz a—F2RITTVW5S, BEoRy
NDOT 7 F ax—ZHEIT 12=3x4 B), BT 16(=4x4 B)TH 5. (7,
DMIZiZZ DREEIEEZHRAT IV v M uZ2EH L T3,

BEIORY NIAEIREEINA4EBORYa il vEIEHENS. &£ WM Otk
VHEHR, DM BB LAYy e b0BEERRIIA VA —T=2—ZRENM LT
R ANIANERN, TIFaz—F~OFRESHEIZRS232C 2N LTHAEZNS.

4. 3 FEFTHHROFFMEERER

ERIVAT LIBITHETHEROBREZK 212777, HifET Y2 — VHIERIT
FNEN, 1HEONXRY L VFIESH, BT Yo —L 1 ORIERITEEHE
RLFERTNS.

FTHERE Y 2 — IV ERHBERET S 2 — L LRI BRAEEROEIMEIL, B
2, SEOHMBEY I 2L —Ya TR VIRLED, AERVATLAORMEICLD £
OFEIMIETE 2507, ZD7), LTOERTIZI4HE0 WM 22 TEEH WM
L7

HIETIL, BREKEBREHRIERICBIT 3 BREEERF.LOMENL,
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Picx = axctan(-K,,, )0, + &)
) Cref cos ¢dir

Crr =K,l0, -0, )+ 2)
ICR e( 1— C(efyo

o

TEDN, AERVAT LT, BREBEEEELZRLIESD, UTOLOIZ
BMagEzMAmL T 5.

¢;CR = arCtan<— Kylyo - KnyyodS)_ Ho + —.72E (3)
Crer =Ko (0; -0, )'*' Ky, (0; -0, )dt + gl—refzoﬂ 4)
- refyo

DM O#IHMIERE 0.2m, SR 0.2rad & L TR SITRTEME B8R E 5

ROBREEEITSE. ETRELUTIORT.
Case A) DM OZE% BIEREOBERIMIEBRNLETITHEA.
Case B) DM 0% FEEHEERIZH L T—EIXELRNLEITESEIES.

Case A) & B)IZEIT 5 DM & WM OEFTOFRFEZENTN, K4, K5IT7T.
2%, DM OETEEIT L HIC 0.2m/s T, HES A V1T K, =K, =6m™,
K,=K,=1m>Tbh2.

K6, R7iZixZEnZi, Case A), BB AEFEY = —/LDM)DEREE,
KEEE HERZLTT. 28, DM OFETEES 0.1m/s, 0.2m/s O 2 FEE T
STZHEDHEHEREZ TR L TS, IO L VBERVREKERIBERTETNS
ZEBGnD.

4. 4 FyKRLAZVIZROEMEER
ERVATAMIBITDT Yy FLazmr JROBRER 8ITRT. R0 EITHIE
£8 L [, DM OMERZE 0.2m, SR 0.2rad & LTH 3 ICRTEES
KD 25O T TETI R,
Case A) DM 0L % BERKEOEBRFRAIELRBLETIEIHE.
Case B) DM OZEB 2 # FEEEERIIH LT —ERXRBLRBLETEIEIHE.
2B, ETERII2EZHLEL5ESOTHS.
WM DOERERGIIFEE 7 28 (E&H¥EE 3.07cm) OD, ETBICEFEREOD
M AFMES 2.96 cm,3.06 cm,3.16 cm @ 3@V F b —RRICRASET-. Ty RL
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=T ORERROTD, (fBHEET NI Y XLIRO IBEE V.
AR R FIE

b)& WMMBHBDOF RA M) ORIZE W EBHET ZHE,

o0 WM BB L TEEDA FA NIV YA ulFROAEZ@ME LIEEE, T4hb

H, WM B CHEBOERZBEZITORVWES,

7T v MNEFICET B EIIR= R= 9.0x10°mYs?, Ry =3.5%10%, Ry~ 1.0x10°
1ads?, R, ooy =1.6X10"", R, ,00m=3.6x10", R, =4.9x10"m*TH 5. WMIZBI} 52
FARD EVr A ai LD REEERY, WMHEEEICE S EWMOHEEOR
ARAEITE BIS0I VB THS. ‘

Case A) & B) ICBUIAEKMNEBTOORy NOMNBHEBREZS*FTNFH, K9
ER 1 0IRT. 2B, RFO)DRT—IVid(), ©DFNLERRDIEICEES
Nz, REVRBEFECLIIVBERWT Yy FLam U IRERTETWHWE I &N
DINB.

4. 5 # E

RETE, 4B80HEBE 22— N RAZAEFEuRy MZTy Fra= 7%,
ETHER 2 EH L CEREITY, ThoOMETEL1T- .

FORR, B2, 3ETOFy FLa=r /R, BRERHEROEDEIHL 2
Lok, ERRORBIZLV BRASEROETICIE b RMok. £k, Bk
BEREET IR DT A—F R ERRENENT CTRET ILERHD I L
o, BEHTLIY XML ORTA— 2 5 BEFET 5 FEE 5%, BRET 5
VERHD.
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K1 N—Fv=TOERtE

HRTE a2 —

BAYRAT LT ¥4 ) E TRIPTERS mini
3HF AT (EBEEHR 2 G+t 1 &)
HEYRE  3.07cm
‘BB BAY—A (K % DME38SA 12V
4.6W-DC E—# X2 )
BEMR s a—% (HEE : 100 7V R /ElER)
237 4—FRy 7 HIH
Bt - BAYV—AF (¥R 8 DME33S37G76A 12V
0.7W-DC &—# X 1
RTvarA—F (5AREE : 0.32deg/digit) 12X 5
7 4 — KNy 7§l '

SHEH 1~3

EL@EE)ER FMV Pentium133MHz
OS : Windows95, %5 : Borland-C

FHEM 4

DEC #%¢ Pentium266MHz
OS : Windows95, =&E : Borland-C

B =T 2 — RYL
‘=v b

A & —7 = — R4 H USS-1801Z

AEYHEEH
AVE—=T =—2A

(BR)A v #— 7 =— R#8 IBX-4913, IBX-4918

RS232C "— b

W{EEE : 115.2Kbps

A EHER) #H8 7 7 A /8~ % 4 @ GYACROSS-CL3D(GA)

UxAu NA 7 A& : 0.000913[rad/s]
EHERZ : 0.005[rad/s]
B i E] B & Fou i) i 77V Y 2— bz a—# E6G-AG2C
Tra—F SYRRRE 1 4096[/ %/ A /[ElEE]
o Zhw v (#F) 8 E6H-CWZ6C

S3FREE : 3600[/ /L R /[HIEE].
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—— BAEEE 0.1 [nvs]
SR | U SN N O OO O T HEHEEE 0.2 [mys]
&OJR
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0 \ e g N
\\.n(—-’ """"
R BEEEST BEREE [m]
(a) DM ERZE
0.2 S
— BAEEE 0.1 [m/s)
SN N N S U O O O BESEE 0.2 [mys]
T 01
14 |
E \
&R 0 \ ----- ij_\k —
X Nt -
-0.1
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R BEAHEITEERE [m]
(b) DM EBRE=E
0.02

il|=
v ]{

DM & R 2= [m/s]
[

0.02 P P
000 1 2 3 4 5 6 7

FRBEHESTEERE [m)
(c) DM EERZE

X6 DM fliE{EZE (CaseA)
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0.1

R 2E [m]

T A

L

3 4 s
ARBEIEAT RERE [m]
() DM R

0.2

0.1

PEEEmE =

LHRZE [rad]

R IREITIERE [m]
(b) DM E&RZ=

0.02

—— BB 0.1 [m/s]
T '5 's e BAREEE 02 [m/s] |
£ , SR i
By fiie b e
el Pl e R R
g Wy e e e
s | T
A ' : Y

-0.02
0

58 BEEAT B [m]
(© DMEERFE

7 DM flfEfFz (CaseB)

.38 -



X8 ZEBRIVATAIBITATy NLa=r ROk

-39.



£ | SO O SO S S
~ ol L e i
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02 s R
-0.2 0 0.2
Ax [m].

(a) ’EFIE

5 .
R
g0 8
S@
s i L
-5 0 5
Ax [m]

(b) A FA MU EM

0.2 :
A s ' O:ls_«
B R
— o ;
30 A> %i% O i
* A
ool i z
-0.2 0 0.2
Ax [m]

(c) ARARNY ED YA aiFROBME

B9 BB COMBRERZ (CaseA)

(GEREE 0.1m/s : QWMI, AWM2, OWM3, JWM4,
BHE 0.2m/s : @WM1, AWM2, ¢WM3, BWM4)
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T bt
= o
o2y 0 RO A o YR SN SN N -
< ] % ,
e 2
0oL : P
-0.2 0 0.2 -

Ax [m]
(b) & KA MY EM
02— :
----- F O fed ;
1 E f’ | E
E % . O o 8
< (1] a8 :A-— é_'____#s‘A_éL _____________ ol
-0.2 é
-0.2 0 02
Ax [m]

(c) ARAPI LD v A ulFROBE

10 BB COMBHESEZ (CaseB)

GEEE 0.1m/s : OWMI, AWM2, OWM3, OWM4,
HE 02m/s : @WMI, AWM2, ¢ WM3, BWM4)
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¥5F HAEMEEZEIIE 1—ILELHFABEORY FD
ETHERETY FLOZ VT ROEKE

5. 1 #
B2E, SECTRYHEELZETTIEV2a— N ELFABH Ry b2 RRIZ,
Ty Rbazmv /7 REETHERZRHLE. AETRINODFERZREIH,
ERERBELER LR ) I v s REVa— NV ELFEBEIn Ry FOET
FERET y FLa=r JRERHFTS. ZOFTHERLT Yy FLaz=r 7RI
L VHBETHRICBNTHELMEECERT 20Xy hOEEOERMEZER L
T, WMOZEEAORy NOBEIZL2DHRDROMENETX S, Fi,
RO EM TCOREREEBYIRENTREE 5.

AETIE, EREMEELETI TV -V ELFTRBH R v OETHER,
Ty Flazmr 7 RORFOE—BEEL LT, £TRELZTHEREICREL, kEE
RRZ B2 R L 223 S REFET 2 ETHIERZ&REHT 5.

5. 2 BEORY FOERL
EITHIEIRE T v FLa=r JROBHOMNEE LEERAu Ry FoSAE 2K 1
R, 2Ry NIEEFEY 22— (DM) L 4EB0EEBEY 22—/ (WM) »bi
v, BE— X3t L EAMESRY, EAEAMEEIL S B hEDREHEE
L1 BEHEWEESHFZAEL TS (K28R,
EMMERSEOWERENIX DM CRIICERE I, WERBHZHETHZ LT DM
DERSLE I Z2FHIETE 5. BEIR— X L EEEREE OEREIIERENER O Hiht
DEIETHZ D, udhy MIFERe ) I v 7 REEMEKREZIT 5.

DM 232 DEEMA (v—nF, By TFH) 2T 2EME L 2 —AFEEHA
Aoy A uZzEH LTS, £, & WM IZidtr ¥ LT, ERRERHROEE
A, EECEEA, YHEBESHEMZHETI I a—F0RT s A—F2ERL
TNW5.

5. 3 LS

2,0, -5,,7,) | EITVEZ x,p, FE & L EEEEER.
2,0, - 147070) : DM () ICEE LIZEEER.

2.0, -5z - WM (i=1,+-,4) [CHEE L EER.

D 2,0 x, B BITEEICHE LI EER.

Zp(op “XpYpip)
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, # DM-tilting
Prismatic joint i

Rotary joint

Fig.1 Overview of experimental vehicle

Fig.2 Vehicle mechanism and coordinate frame

204 -xgyazy) - BIETRRREEAE R,

r, =(x,,y,,2z,)" : Z,\ZBITHDM (RO, DHE.

ro=(x,y,.z) : Z,iZBTD WM (RO, DIE.

9, =@,.0,,9,) : 2 IZKITDDMOEE - HiL (n—A, EyFMH, I—4A).

°s, =(X,,Y,,-1) : Z,IZBITB (K0, OIE. (X,,1,) 13EH. IxWEEEHEN.

{
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a, ~@,pB,.y)" : WMi OEEREHA.

°F, =(°%,,°9,,°2,)" : 2 T8I} D DM DOEE.

Fo=(%.'9,,2) 0 BT D WM OFE.

@, =(8,,6,:9,)" : DM DFAHE.

°6, =(°4,,°6,,°w ) : Z BT D DM DEEE.

YA, 2 2B X, ~DEEEBRITE.

PA, 1 Z, b X, ~DEEEBATH.

‘A, T, 0D X ~DEEEEIRITE.

"A,, A, ‘A OBEREUTIIFRT.

a 4 4\ (C6,Cy, S¢,560,Cy,-Co, Sy, C¢,S0,Cy,+S¢,Sy,

"A, =0, a, a,|=|C0,Sy, $¢,50,S¢,+C¢,Cy, C4,56,Sy,-S¢,Cy,
a,, Q, ay -S6, S¢,C8, C¢,CH,

a'ol a'02 a'oB Ceo S¢0S00 C¢0S00
pAa = a'o4 a'os a'o6 = 0 C¢o - S¢o
a'o7 a'08 a'o9 - Saa S¢0C90 C¢0C00

a, a, a; -Sa,86,8y; +Ca,Cy, -Sa,CB, Sa,S8,Cy,+Ca,Sy,
’4; =la, a5 ag|=| CaSBSy,+Sa,Cy, CaCB, -Ca,SB.Cy,+Sa,Sy,
47 Qg Gy -CB,Sy, SB, CB,Cy,

728, C, Si¥cos, sin#&b7T.

5. 4 FEfTHIEX
5.4.1 BARED1—ILOBEEES
5.4.1.1 #FEEREFIE
WE, 2128175 DM Dz BiFMORE ;3N TERTED L5, TOR,
x,y, FELETO DM OEEFRBLUT LS (K3SH).

d

d

di}cp = tand’l/)dir

d d Y]
d 1/’,7 Cref cos Tpdir

ds l—Cmf"yp

2L, Yy, @iz, 31T B DM OR(LE & L, si3 DM OFEMIED SO
HEATIERE, X1 RIEREBICR L ERTHS. £, Yy, 11T, TO DM OEFTHIL,
Ciz 1< DM OfEEI#E, C, 3B EREOMER. EXE2XNOFTHE 2H IRy
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ICR

Y
DM
1/Cp
WMi
0,
\ g, AR
\ : v d
M £ N »
yd :' y P wdir X
Vo
Vi
N
Od Fa Reference path

Fig.3 Notation relating to the path tracking control

hOEFTICHE D BERBOFIELTHS.
DM OHAIEy, 2 ¥ 1ic, ‘y, % BAEME Y IR &€ 5 REER- L ERT 57
D, ()% b & ICEREESL (ICR) OBEC,,, oRy kOETHE Y, %
FTEDS.

C'ref cos dw dir
1- C,ef dyp
s =tan ok, Ty, —k, [4,ds) ®)

Crop = -k,,,IA"zpp - szfA"zppds + #))

L, Adwp = Y, _dw;’ kw,kﬂ(j=1,2)}j/f/( e
DM DI H#EFE v (ZERICEASH. RQ),B)L VICBT 5 DM O BEEEF,, L,

CRT B I —EEEDBEEY I,

cos(“9 g, =" ,)
iy =v,| sin(“y -y ,) | @
0

¥, =Cixv, )]
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LB LMD, BEBREZERT D2, 28175 DM OBEERE F_, KU T LR
D.
° :palh PA'IP (6)

WE, WEREOWBIEEY ], </, sl ¢ T5. WMi OBEEELY (, +1 )21
RS2
1 4

o.* lmm +. lmax
Zo-height = kz [ > - Z i=l li ] . . 3 (7)

L, kEHEES A
FERTD L, REEMN, BIHEEESRTS 0BT DM O BAEEE R 130
TLi5.

0 % o0-*
ro = ro path+ l' o-height (8)

. o.*
71. 7‘;.. L/ F —height = (0 0 Zo—hezgkt)

o-

5.4.1.2 E&ENHHE

H4lor-T Loz, BRIZEDEeRy "OELEGETS. vy FOERT
WCRDINEEIL LGB OBKREZBFET 20, G RICMbAIEE GE.LNE
BrtEBEIMBEEENMEE : LOBMEE L) OFRMERBELRD LD DM %&
fEEs.

DMOERI BIEE ., 6, 2FFICEHTAD, UTOREEZEL.

CELGIEZ, Dz, B ECHY, BEAMIE r, =(0,0,°2,) BB TH B,

oAy MIEEEEES AT, EEOR SHIE, EREIEICE S MEE M
Thb.

Zo73E, GEEHIETZEEREAL Y, TOEDL G OIEE & OBRITUT
LB,

0
0
/‘LT

<PA g+, x{"Fy + W, xCA 1) )
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| —
L

Fig.4 Notation relating to the tilting control

2L, vl =0,0,4)", g=(00,8)"T, ¢, =Crv., gZENINEETH?.
KOLV 1, 2HEETHZ LT, DM O EELRR ., 0. %KDS. DM OHRELE
EZOBEBEL —HZIEIAEELUTTED 5.

6; =k,(6; -0

o

{¢;; -klg:-0) 10

L, k,k, XS A
RO IODEBEAEE ¢ % 2, TO/REE THBRTD ELUT LR35,

"9, = 4,0, (11)
7=7ZL,
1 0 -sing,
A;-|0 cosg, sing,cosé, |
0 -sing, cosg,cosb,

BB, EAEAEERII T A —R7+ U —FEESRTHE Z LIZEE SN,

5.4.2 HHET1—I/ILOBIEES
DM & WMi OALEIZRET 5 &(mFX
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r=r+"47°s, (12)

EHS L TEETDLUTERS.

“A,'F="F +°A,°s,+°, (13)
==L,
0 _O¢o oéo
0";10 = owo 0 _o¢a
_00'0 0¢'o 0

WMi (3HEN L EPRNE (2, =0) ZIRETH L, ERXL Y KROFEESHER
BROLND.

u, = A,[°F, +°A,°s;] (14)

L, w =(%,'9,,0) . A43°A, OBERTEE HLUTOTF.

1 as -a,; 0

Aui = -y a; 0
G

a; s Ay

REB),(1)TEE S DM OBEEE F,, AEE o % & BIZEHRT S WM OBE)
N—2, WEEFHOBEEIIRN(14H)ZD &I

u = A,[°F +°A,°s,] (15)

&2y, WMIIZBI BB N— A0 BIREE Y, BfARE., ITUTL25.

R
v =(E 4y
; =('x] ’y}‘*) a6
e = tan™ (—=4)
X;
Iy v, e,2bLIC WM OT 7 Faz—F5HET52 LT, DM © BEEEH
ERTX 5. :

5. 5 FyFrfraz=vsg _
ETHIE R THEZ: DM OBEMEBERES - I E2HETHIERERAT Y FL
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A=V TRERITDH. WE, DMIZT—EDEE - AEE CEFT L LEET D &,
DM (2B L TLAT OBEREFRRINIE TR BE LN D, |

N L
e ro+"A,0°F, ot +—2—on(r)A°ro 0T
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F6E TUa-ILEBSALTRBHAKRY O
Ty RLazoJRokE
'DESIGN OF DEAD RECKONING FOR A MODULAR OUTDOOR
- OMNIDIRECTIONAL AGV

6.1 INTRODUCTION \ L

There has been increasing interest in the development of outdoor AGV (Automated Guided
Vehicle) systems for a variety of applications in areas such as cargo handling (Durrant-Whyte,
1996) and mining (Scheding, et al., 1999).

Dead reckoning that accurately identifies vehicle absolute positions using internal sensors
is a fundamental requirement for achieving the vehicle navigation in outdoor environments as
well as in indoor environments. Maeyama et al. (1997) presented a dead reckoning by fusing
odometry and gyro for a small mobile robot on ordinary pavements. Dead reckoning using
odometry and gyro for automobiles was discussed in ITS (Intelligent Transport System)
community. Multi-internal sensors (i.e., odometry, gyro, inclinometer, and accelerometer)
were applied to find vehicle positions in undulatory and rough terrain environments (Aono, et
al., 1998, Fuke and Krotkov, 1996, Kelly, 1994).

In this chapter, we address a dead reckoning for a large outdoor AGV by using odometry
and optical fiber gyro. The vehicle is a prototype to develop advanced AGV systems for
applications such as cargo handling in port environment, coil handling in iron industry, and
material handling in civil and construction industry.

Our important contribution in this paper is the application of a dead reckoning to a real
outdoor AGV. This paper is organized as follows: the next section shows the overview of our
AGV. The third and forth sections present the AGV kinematics and the dead reckoning
algorithm, respectively. In the fifth section, experiments are conducted to evaluate the

accuracy of the dead reckoning, followed by conclusions.

6.2 OVERVIEW OF AGV

Figure 1 shows the overview of our outdoor AGV. The vehicle size is 10m length, 2.7m
width and 1.3m height, and the maximum payload is 10ton. The vehicle drives on pneumatic
wheels over ordinary pavements at speeds up to 15km/h. The vehicle has two kinds of wheel-

units illustrated in Fig.2. Two drive-wheel units and two caster-wheel units are assembled
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Fig.1. Overview of AGV

Steering motor
and encoder

Drive motor
and encoder Encoder
(a) Drive wheel-unit (b) Caster wheel-unit

Fig.2. Configuration of wheel unit

diagonally into the vehicle. All wheel-units can be steered, and thus the vehicle can achieve
omnidirectional motions under the non-holonomic constraints.
Each wheel-unit has wheel and steering encoders to measure the wheel speed and steering

angle. An optical fiber gyro sensing turn velocity is attached to the vehicle chassis.

6.3 VEHICLE KINEMATICS

Figure 3 shows notations relating to a kinematics of the vehicle. The wheel velocities and
steering angles are denoted by V., Viys Vas Vi, @and @z, @rys @r. P, for the front
left, front right, rear left and rear right wheel-units, respectively. The wheel velocity v,,

where i=F R, and j=1,2, is célculated by

V0= 10,0 €]
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where ¢ is a time step. 7, and ¢, are the wheel radius and rotational velocity, respectively, of
the wheel-unit .

The four wheel-units are controlled based on the Ackerman geometry, and thus two
imaginary wheels placed along thie centerline of the vehicle can be considered in place of the
real four wheel-units assembled into the vehicle as shown in Fig.3. The steering angle and

velocity of the imaginary wheel i are kinematically decided:

2tand,, ntangd., e
¢,— ) = arctan ¢11 ¢12 . (2)
tang, ) + tang,,
1
V() = ————(V,,(0C0S P, () + V,, (1) COS P, 1)), 3)
2¢cos¢; ()
=704,

where r, and g, are the wheel radius and rotational velocity, respectively, of the imaginary

wheel i. The rotational velocity is defined by

. 1 . .
g;0) = —————(4;;(10C08¢,, () + §,;, ¥ COS P;, (1) “4)
2cosg;

The moving direction ¢, translational velocity v, and turn velocity 6 of the vehicle are

Caster wheel ¢

Virtual wheel

Caster wheel Instantaneous center of rotation

Fig.3. Notations relating to the vehicle kinematics
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given by

tang, (o +tang, o
2

1
Vi) = ————— (V. (0COS P (1) + Vg (1) COS P (1)
2cos g

¢ = arctan

)

Vv

. 1 ) )
O = z(—vF @SN Pz (1) + V(1) SIN Py (1)

The rate kinematics of the vehicle is
é(l)
X+ ) =X+ V)T COS{B 1) + Py + —2—‘5

. . 6
Vi +1) = Y + VT Sln{B(z) +on+ —%r} . 6)

Bu+n =60+ é(z)t

where x and y are the vehicle position, and ¢ is the vehicle orientation. 7z is the sampling
period.

Equation (6) is written in the following vector form:
xX(+1) = f (X, wo,rwm) (7)
where x =(x,7,0)", r=(:ry)", and u=({z,dz,97-0z) - f is the non-linear
multivariable function of x, u, and r.

The input vector u calculated based on Egs.(2) and (4) from encoder outputs is denoted as

u, and the associated error vector as Au, that is,
() = U@y + Au) (8)

Use of pneumatic wheels causes changes of wheel radius due to changes in vehicle loads,

roughness of road surfaces and so on. The change of the imaginary wheel radius is modeled
as:

F(t+1) = F(0) + AF@) ©)

where Ar 1is the disturbance rate error.

Finally, the vehicle kinematics can be represented by
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S, i + Auw))
s o0 10)
r@)+ Ar@)

And it is written in the following vector form:

Ea+n = g(&w, uw, Aw) i (11)

where &=(x7,6,r")". Aw=(du",4r")" is the disturbance vector. g is the non-linear

multivariable function of &, @ and Adw .

6.4 DEAD RECKONING ALGORITHM

The dead reckoning is performed in the following way: The vehicle estimates its own
position from outputs of wheel and steering encoders. The odometry suffers from many
disturbances in real world. For example, the error in wheel controls brings the wheel slipping
and skidding. A roughness of road surfaces also gives large effects on the odometry. To
improve the positioning accuracy of the odometry under such disturbances, the vehicle senses
the turn velocity of the vehicle with a gyro. The vehicle also estimates the radius of the
imaginary wheels based on the gyro information. The dead-reckoning algorithm is formulated
based on the extended Kalman filter.

The odometry gives the state estimate & of the vehicle as follows:
éa+n = g(éa, i) (12)

Disturbances cause the inaccuracy in the odometry. The inaccuracy is represented by the

error variance matrix P=E{ 4&¢ " }:

Pi+y=FoPoFon" + G(:)Q(z)G(z)T (13)

where Q@ is the error variance of the disturbance vector Aw. F =9g/d&, and
G = (dg/du,dg/ar).

The measurement of the gyro is modeled as

w, o=H_ EO+dw_, o (14)

gyro gyro gro
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where w,,, is the gyro output, and 4w,,, is the measurement error. H ,, = (0,1,0)".
From Eqgs.(12), (13) and (14), the extended Kalman filter improves the state estimate and

its error covariance as follows:

E'w=¢n+K oro D@ g 0 = 60)] (15)
P'ey=Pw-K_, 0H,,Pu (16)
where K, =PwH,,[H,,PoH,, +R,, 0], and R,,=E{4s}}.

If the vehicle turns slowly, the wheel slipping and skidding are considered to be small. By
contrast, if the vehicle turns fast, the odometry is considered to suffer from disturbances. We
therefore set the level of the variance @, relating to the disturbance vector Au according to

the gyro information:

+0, 17)

Qu (t) = diag(aq>aq’a¢’a¢)lwgym(t)

where a,,a, and Q, are constants.

4

6.5 EXPERIMENTAL RESULTS

A magnetic guidance system using magnetic nails guided the AGV on an asphalt pavement
along a path shown in Fig.4. Thé vehicle was steered with four wheels at the corner A and D,
with rear wheels at the corner B, and with the front wheels at the corner C. In the area E, we
laid four differences in level: 1.0cm, 1.8cm, 2.2cm, and 3.5cm height. The period in the state
estimate of the vehicle was 50ms. The vehicle ran under the six conditions shown in Table 1.

Figure 5(a) displays the vehicle trajectory estimated by the dead reckoning, and Fig.6(a)
plots the error in the position estimate of the vehicle at the goal after traveling the path. The
traveled distance of the vehicle was 154m. For comparison purpose, the vehicle estimated its
own position only by the odometry, and the results are shown in Fig.5(b) and Fig.6(b). As
clearly in the figures, our dead reckoning provided better positioning accuracy of the vehicle

than the odometry.
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31.19m

53.45m

Y
=

Fig.4. Traveled path of the vehicle

Table 1. Experimental condition of the vehicle

Run number  Vehicle speed  Moving direction

1 1.0m/s Clockwise
2 1.0m/s Clockwise
3 1.0m/s Counterclockwise
4 1.0m/s Counterclockwise
5 2.0m/s Clockwise
6 2.0m/s Counterclockwise
50 T T T 50 T T T T T
“r t aor ‘_
ol : 0y -
= 1 ST
20f - 20" ;
10_— — 100 _
T o a4
x[m] b 20 . rm?m 60
(a) Dead reckoning by fusing odometry and gyro (b) Odometry

Fig.5. Estimated trajectory of the vehicle. Broken line shows the true trajectory. Thick
solid lines show the results in the 1st run through the 4th run. Thin solid lines show the
results in the 5th and 6th runs.
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Fig.6. Error in position estimates of the vehicle at goal

6.6 CONCLUSIONS v
This chapter described a dead reckoning using odometry and optical fiber gyro. Our

important contribution is the application of the dead reckoning to a real outdoor AGV. To

identify the vehicle position more accurately, several rules, which properly switch the level of
process noise according to run-conditions of the AGV, should be incorporated into the dead
reckoning algorithm. Estimation in gyro-bias is also an important issue to improve the dead
reckoning accuracy. The improved dead reckoning will provide a long-range navigation of the

AGYV in outdoor environments with much fewer external references such as magnetic nails.
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