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Fig. 1.1 The result of questionnaire on unmanned tractor to farmer
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Fig. 1.2 “Agri-Robot”, unmanned plowing
robot
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Fig. 1.3 The trend of GPS prices manu-
factured by Trimble Co. Ltd.
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Fig. 2.1 The robot tractor
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PTO RTK-GPSZ{E#

RS232C

(HIEIER LIS
Iy HERED
BRI H

mEBREOEE
(13%LUTF)

YEIHER
SIEZX Ay F

Fig. 2.2 Schematic diagram of the robot tractor

Ik BBOUWIVEz, &2, 3RV 7y F
DFEEE, =y R (8 ), PTO O4
VoA T, TV—FDA Y A TNALE 2—
Y TCaAyba—VARETH 5, £z oD
HEHITRTBAITE, Zofflics vy av
THEEE OB, RIS 13% LTIk 5 L EE
BEREFTLIENTE D, SOEENRE
L CHEENE I > Y VIEEEIER Y » &
L, g7V EarCchbryreEbislt
MWTED, TNHOBEEIX N7 7y s
TeHma > o —7 AT 5, Hilga > b
o — 7 13 CAN-BUS™ I X > CTHME R &
Fansdlzo, fflarEa—2720TkL,
D ECUIC L > CHHIEAIT 2 2 L8 TE B,
C. Global Positioning System

a. GPS OE

GPS (Global Positioning System) % 1970
FER» S KEEPPF KA (DoD : Depart  of
Defense) 12 & > CEHEEHMWICHIES L
HILY AT L ThH D, GPS FKZ, KiEE, ik
b S TEERD 3 KIS B L, o
CIEME 2 R R 2 e I fia 9 2 2 L 23]
HETH 2, BIEEFEHWO A2 6T, RAEML
LTCHALFASNTEY, ZOR&ITIEHEH
DH—FEF = a vy AT LA, EHEFZOR
My —E 2 twnosie HEAEFIC G R b O
»o, fRfaeHmERo sy —y 3y, HiE,

HIZ R R O L E LI 2, ITiEfE
ANFZIZIDHTAT VAV AT L%, TV ¥
Var7ry—3IvI70lkodGIS gL, By
FIZBWTHES HwohTnd,

b. GPS Mt#R & AR

1) GPS 018

Fig. 2.3 12 GPS O %R~ L7z, GPS 1X A
~R—A¥X 7 A b (Space segment), I > b
u—) k7 x>k (Control segment), %L T
2 —H—x 7 x> b (User segment) M 3 DD

Space segment

A

3" Broadcasting
i navigation messages
p Is)

S

Receiving
navigation messag

Fig. 2.3 Overview of GPS
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AT ATHEENS, A=Ak T AL
ML 2 757 km O#LE L% FEE 3 % GPS fi £
DI ERIEL, 2002 4 1 ABHE, 28 HOHEEH
FIRATRETH %, 2 N & IZHNEERI AT 55 B0
bHLEICZENZN 4 H LIRS EIOHE S
L, ZOREIFESIZ 12 E2RRE (9 11 FEFE 58
532, F L THIER ED EDHIRICBWT b E
AR FofmRE ZHiETE 2, KWE G
10.23 MHz OEH#EFIRIR 2H L, L1(10.23X%
154=1575.42 MHz) & L2 (10.23x120=
1227.60 MHz) OREFEHBOEL 2 2 EOEK
EHIERICEIG THAEL T2,

GPS OFFHIEH L, HPUERE (Pseudorange)
EEIEN 5 RGPS Z SRR o B % HlE
THIEWERELRS, ZNIF2DDa—F,
C/A 2— VK (Coarse/Acquisition-code) & P
a—F (Precision-code) & ->7TL1, L2
RS NIWET — 2 RIS 2 2 & THEERT
%2, C/Aa—FiZL1DACERHs N, R
FEHABHFITSNTWSE, —/FPa—RiFL1,
L2 Wik ic 2 s T 528, K & —i
DA ENT 22— —DAPMERTE %, ik
T = 3T R ORISR L W B T 2 T
Dfth, EEEEWHIE T — & o2 OB EEHR
RELZENDM,

ayviru—ntkZ X bMIGPSHE &
MeaEET2, TOERY AL, GPS #HED
SOMTERA Y =Y DERE, FrL Wik v
=Y D7 vy 7u—RNThb,

=W —v 7 X NFFAEMO Y AT AT
HY,GPS T T ERERICL - TR S
%, ORI HFROENI &> T, BHHEIA,
I — FHIHIEL DGPS, #kAAHHIAIE DGPS
R EROMOEEND 5, NS HRD
EO T RETCHET %,

2) BMGAIRL

GPS MG T, BEDUERE & WFIE L 2 B2 & i
D GPS Z MO HIE T 5 2 L%
RIZ% B & IR T, FREIALIE R

> THHUUERE R 2 H 3 %,
R=c(tr—1t°) (2.1)

Z I T trl3ZEHELS GPS BHEDOER =215

U 75, 5 13258033215 L 72 B % GPS
BENFE LKL, c 1R TH 5,

L L GPS # &, GPS ZE#TE DK
WHICHEDNTET 5, O KA 2B T2
TR L ZEH AR OBMER RY (1) IZUT
DEH>CERbENG,

Ri(t) =ph(t) +c{o/(t)— 0 (1)} (2.2)

CCTpi(DBHEE EZERABMODED
FEEE, 07(8), ou (1) X F N2 IR L Z(EHIET
DFEFETH D, FEOUHRE & X, RA(H) DR L2
ERORETOBEZEICRRT 2 HlREZ2 50 2
CICHRT B,

—7, B0 pi(H) I ZXANTERbEN D,

pa(t) =

VIO =X Y (0 - Y PHZ (0 - Z(0) P
(2.3)

22T (Xa(t), Ya(t), Za(t)) XAt D
T v s BRI BT B 2 SR, (X(),
Y(8), Z(1) 325N 2E L mEERO
FERNCB T 2HEEETHY, KLl tick
B EENE & 13RS 2 L IEET 2 LEN
bs, A (2.3 A 2.2) tRATEE, X
ANFE SN 5,

Ri(t) =

X=X Y (O - V) PHZ (0 - Zi(1) 2
+elo(D—au(t)}

(2.4)

(2.4 W5 DORE, Xa(t), Ya(d),
Za(t), (1), a()DEFEND Iz, FHEAHN
S5HAME LD, CNIFERORHEZHRT 2
ZETHIRT 50, HIREEREEYT LI
RO o' (D DB LI Z 2720, H
RO B /e ok BlE s 2 L L x5,
Z SCHMRINL T, MET -2 & En 54
EEEFWT ¢7(1) 2RAD & 5 @il 3 %,

) =wta(t—t) ta(t—1)? (2.5)

Wy My @y L IWET —FICE TN D FHIEME
Ths, X 2.5 %X 2.4) CRATEZE
WEoTR Q2.4 CEENLIRMBUT 4 & 722
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D, BEZ 4RI ERIET 2 itk - TS
BEILNTE 2,

DL BRI OFHAFEEECh 5, 2 R &
THEMAM O HREE X 100mEETho 72
23, SA LIFIEHI 2 KRS LREL 2000 4£5 H
iR S iz lz ), ZOFHHREEIX 10m £ T
m_EL7z,

3) O— NiBIfIA DGPS

BAMHIRT TE, SA T & 2K ESLERIE I %
franicboo, HEPEORZESS, EHEEE
R ENBNIEE 2SS ¢ 2 EHR L % %,
DGPS (Differential GPS) 1%, (& D IEREC S
Mo TWVBERICZERER—AXT —Y a v
ELTEREL, R—AAT—¥ 3 rhsDfE
7= R EICHIGAEE R E A2 T TH b,
IO BbAFTIEI - R IZEENBHET —%
ZFIHA L7z DGPS I2 W CEHHS %,

N—RARAT —¥ a vDEZEEE A, HITSR
L BB OZEREB ET5, $5L A
LR O 612380 5 BRI,

Ri(t) =ph(b) +Api(t) +c{6’(h) —a(ty) }
(2.6)

Ll b, 22T, Aph(h) X EHERE K
W 2ETHD,THERA bIcBT S AW
BIZ{E ¥ 2f1E 7 —% PRC (Pseudorange
Correction) 1,

PRC’ () = — R4 (%) + ph (%)
=—Aph(h) —c{6’(h) — 0 (to) }
(2.7

THROLEIND, —F, EEORLN t(t>1t) O
PRC 1%, #X(2.7) 12 RRC (Range Rate Correc-
tion) ZEETHZ LItk > T, KA TEDLTZ
EWTE S,
PRC%ﬂ::PRC%m)+£ﬁB%%KED%t7k)
=PRC’(#) +RRC (&) (t—#) (2.8)

2%, PRC DA% 5T RRC 25T —4
WEEFEDLIEWCEST, WIET—5 DFam%E
HETZIENTE 3,

—75, B8l t O B 2B 2 E0HERM X, KR

TERbLEIN S,

Ri(1) =p5(t) +Aph(t) +c{67(t) — s (1))
(2.9)

#H (2.9) W PRC Z#MHT 3 &,

R#(1) corr=R%(t) + PRC’(2)
=pi(t) H{ApE(t) —Api(t) }

—c{os(t) —da(t)} (2.10)

Ehb, ZOMIC X o CHERES OEELH
BT BIENTE S, EI-fHE—ZERE O
Bl & P U T, T2 ERER O FEEEDS IR 12
ZEMmB,

Apk(1) = Aph (1) (2.11)

LHBRTIEMTE S, A (2.11) 2R (2.10)
WKHRAT % &, XABFO N5,

RE(H) comr=pH(t) —cASas (1), Adas(t)

=06 (1) —oa(t) (2.12)

X (2.12) CEEFNDZRABUL4ETH %2
5,A & B TCHHEOEER 4T s L1
£ o T, 2 — FHEINMH DGPS 12 X % |11 THE
L%, 3 — REINIE DGPS O HINIERE 134 2
mTh s,

4) WoERAIAERIAIE DGPS

i) kB A

HBiEiD a2 — R B DGPS i X v —Y %
bR B L7 DR L, SRR
FEEU IR O AIAH % FIH U CHEUERE = &
3%, MRBAHEHET 2L 10EoT
mm DREENE S, 72 L1, L2 Wit
ZFIA L CEBEEORIENTZ 5 2 &0 o HIhL
BT em 0D, O— FHLE HR L RSB
OWNFEERBL I ENTE S, 2D HbR—
ART —¥ a v E BB CRIR I PRk AL
HEHEL, EEMTHMHER2ZTTS A%
RTK-GPS (Real-Time Kinematic GPS) &
O, KHiTlx RTK-GPS Z &I EWTZ Ol
DB & R 5 %56,

Rl t B W, ZERNZET 2HELS
DOEFEAIA ¢° (1) 13,
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¢ () =/ t—r2— g3 (2.13)

LEbEND, 22T LIERRIEOIREEL, 66
IHIEAGIAH, p 3R & ZERBOHEETH 2,
—F, ZERKGET (IR DM,

¢R(t) :_ﬁ?lL_(}SOR (2.14)

THRD SN, folZZEEEETOIREIEL, dor 3]
HANIFHTH %5 oy or (XTFETDFEFE 65, or %
FWT ¢5=7°0%, dr=fede b EbT Z 0T
&%, % LWAHDZEES carrier beat phase
i,

() =¢° (1) — = (1)
=R 6t frt (O fi)t
(2.15)

Y b, CITRfRERBTIENTE, &
e feslt, R (2.15) i,

/

pi(t) == p—f(6°— ) (2.16)

EERbE L, LR (DD B L 2B
2 Wk P ATA & S,

WIHAREZ 6 12DV THE RS, ZOL SBMT
& DREBAAHIE Z O/ TH D, BB N
FRHTH B, LrL N IEGNCHE 2
RII20EVARETHL00, At IcBT 5
P LRI,

dr(t) =Agi(t) + N (2.17)

EERDLT ZENTE D, A2 IIEEZ] 2B
B PRE B LA O /NBGER S £ > S D I EIE NS
ZMZI2HDTHY, ERICBHEIS N 5 s
Mt E %, e N BAHOBEBE NN A 7 A
BRbL, 7YEF 247 4 (ambiguity) &
s,

d=—AprtBL L,

1

L Cres_
CIJ—lp‘Fl(é‘ or) + N (2.18)

Eb, TITARMEFEOERTH %, K
(2.18) ZHUEREDIE TRDL T &,
A0=p+c(6°—0or) +AN (2.19)

E% %,

i) —HEAMRE & ZEAEZE

—ENHEE T, 2O DZEH, R—2A AT —
varvALrBEAB, 2 LT—20HEjIcDO
WTHEZ 5, & (2.19) HOER—ZAXAT—¥ 3
v A LA M OBHIERE,

A®H (D) =pi () FApa (L) + AN (1)
—cl{o?(t) —6a(t)}

7el2 LA (2.6) [FIRREEBUERRRE Api () &
FR LTz, £ NilZ j, A MO EEREAAED 7
\/t\\%:\\l/f 7 A T%%)o

T % LWREAIEE, DATORKCR %,

(2.20)

() =1 ph(D) + 1 2ph(1) + N
+ {7 (t) —8a(t) } (2.21)
R B B & A8 | O RERATH I,

) :%pjé(l‘) +%Ap’é(t) NG
+ {7 (t) —os(t)} (2.22)

LERbEN, WHEOESB—ENFAZE (single-
difference) &7 %,

5(1) — @4 (1) = ph(1) —ph(D)}

+%{Apf§(t) —Aph(t)}
+N3—Ni—fF{ss(t) —i(t)}
(2.23)

A (2.11) cEROLE 23 &K (2.23)
1%,

%5 (1) :%/)QB(ZL) + Nip— fous (1) (2.24)

b 12721,

@ (1) =DE(1) — @i (1)
phs(t) = ph(H) —pi(t)
NQB:N{S*NA

Sap (1) =6 (1) —a(t) (2.25)

LBV, —ENMEIC X o THERETEE,
HEMEEESR S N,

Kz —EAHZE (double-difference) 12 D> T
FHRb, ZITIREDREMKA, B LE /I
MzZ<, R EEHAT L, T2E LIIHTS
—EfHEEN (2.2 »5,
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Mﬂﬁ:%ﬁﬂﬁ+Nh—ﬁwm (2.26)

ERbEND, j, kWHEO—EMMHEDEDD
ZHAMETDH %,

Pl (1) —®hs (1) = plin (1) — pha (D)}

+ N%is— Nis(t) (2.27)
—HAME T & o TR O A
ENntz. R (2.27) CEENDIRABIIT > E
¥t 7 2BHE B ORE (Xa(D), YalD),
Zo() O 3MTH B, WZEHDIHRIRAEE
Brn LdseR(2.27) O EMMHEET n—
VRS 55,

&7, RTK-GPS TI3iE 4 B2 % [EIF
WHR T 2 2 EDRBBEE R 257, TV EF oA
T4 DWRE®IZ 1F RTK-GPS T X OTF (On
The Fly) # w2 DO»—HTH 2%, OTF T
IR O, C/Aa—F, Pa—Rir
HEIS/BONDE TRTCOBHREFAL T >~
EXaAfT742RET S, 7VEFaAfT74%
FE LR LIEEDT Y EFXF a4 T 4, KO
ALE DHEEME X float i EFEIXN, 7 EX a
AT 4 BERE LU Tf-o 72860 fix fif £ 1L
ns,

c. FHEERRNDEZEZ

1) EEREHADIESE

GPS ZEH » o ) 3 h 2 (L& E#H 13 &
BRE (4, 1) TKbINd, JiidHizks
FERfkE B L, OfHEKRE LD S%/AE
TERHFALZBDTH S, LIz >T, GPS &1
Ry M NTI7IREG Y E VTR EEBOT
TV —varyZbHT 70X, IhofE
FIfk b o s5 % i B UBRaER A (X,
Y) CWEWT L ENBEER D,

ZZTCEHER I EIX, fEMREE D & SEH EE
BEADOERD A7 &3, FHEERD & AR
BEAOMEMHAGEICT 22 Th 2, 2o
DEEREEBIZ DWW, ZORBIIG U THE DO
DFEPREESN TV, ZOREWNZL LD
UTM (Universal Transverse Mercator Grid)

& UPS (Universal Polar Stereographic Grid)
DD 55, MFEIICKEIERAT 2FETDH
D, UTM 1Zdt#& 84° 2» & mifk 80° O HipH THW
o, WEAHIICBW» T UPS BHVwS RS,
2) UTM Zift
UTM & Transverse Mercator (Gauss-
Kruger) &EFFEN 2 BEFEEZERAL Tw 5,
Fig. 2.4 (X)) 1 Transverse Mercator (28
ZEMAE L B HEOBR 2R Lz, —#iK
I ANV PIVEIRETIE, FREICEET 5 P
LU CHREMEEERET 2012t L, Transverse
Mercator TIIFRFRHICEET 2 FIMIC L T
%179, 2% D Transverse Mercator D52
X, XV MVEEORFEFFEIC L TESL
(transverse) 3 2 (LEBARICH 2, 15 D
P EFEICET 58, A va bVREED
BRI D WO TR T 50 L
[ U & 512, Transverse Mercator TIXE5HR
B HANSE K B 12 DN TR DI

iy
A
iz, secanting lines
. to the ellipsoid
84" north ..
/TN
0° (prime meridian) 6° east
/500,000 mE & 3° east
\,——s/ (central meridian)
320,000 mE 680,000 mE
80° south

Fig. 2.4 Transverse Mercator projection
(upper) and UTM coordinate of zone
1 (0~6° east) (lower)
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k¥ o £ >C UTM T3, Fig. 2.4 FHEOES
R4 T U Tz U AR S L T +3° o #ipH %
MR L, © 2 1Bk % 60 OFEBIZHE L
TR R T L kb, 7V = IT4H
R GRE 0) o6 £ TORIF% zone 1 &
L, BMEIRIZ 6° 0D, zone 60 (P 174°~0°)
% T zone HHIIEINT %,

UTM IZ & o T2 S N7z FEAZE A 1T iz
e, JRiE &R & 3 2 AETFERBIER TR
b &, MEEliE northing, ##lH1 easting & FEIE
%, Fig. 2.4 O FXIX UTM EEZED zone 1 %
EHLLTW3, zonel IZZNFTIRERE 0, HF
6°, b 84°, FEf 80° DEARICHH £ - fHEK &
7 53, easting 1213 false easting & FEIEIL S
500,000m (mE) o4 7x v b&EMNE5 2z 5N,
% 72 FYERIC B 1 % northing 12 d 1000,000 m
@ false northing 2312 SN2, TN E>T
UTM DFEERIZT N THE I KRR THRS NS
k2,

Transverse Mercator TIx# 8 M 1% dls
Bt 89 29, UTM Tl Fig. 2.4 ERICR
T & D HUMERRIC R LT £180,000 m DA
WWBWTHEMEERD %, W 21 Transverse
Mercator 1ZHULERRIC B W TREHE & #E
DEEEE (X7 —) B—EL, —F UTM Tl
o #% 12 180,000 m Al 2 72 Y=1320,000
mE, Y =680,000 mE ORFRICBWT AT —)b
B—T 2,

UTM T FE M A1 WGS-84 % F v 59,
Table 2.1 12 WGS-84 1B %87 X —% #E0
Lz 2o Dfi% AT UTM I X 2545
FERE (p , 1) 20 & FHEERE (X |, V) ~NOEHH
R, UTOMZEWIEOSERNTEDbE N
%61)0

X:Fe-l-ko{v c0s pAL +%u cos’ g (1—tan® p +5°) AL
+g5v o8’ @G-8 tart p+tan' p-+1d7°
—587" tan” ) AL®
+501740 veos’ @ (61479 tan’ o +179 tan' ¢
—tan’ qo)A)L”rm}

(2.29)
Y:Fn+ko{R(<p) +12 cost par?
+ta—2“4@u cos' @ (5—tan® p+9x>+45") AL
+%@v cos® @ (6158 tan” @ +tan' o +2705*

—3307" tan’ @) AX°
HBE cos’ p (13853111 tart p+543 tan’ g

—tan’ qo)A)LBJr"-}
(2.30)
7272 L LR THWIERIITOEBY TH
%,

~{0.9996 (UTM)
1.0000 (Transverse Mercator)
CAT—NVT I H

F.=500,000 : False easting

n

|0 (Northern Hemisphere)
10,000,000 (Southern Hemisphere)
. False northing

n*=e*cos’ ¢

AL =2 — Ao - UL D © DRESE
Ao - FUDEAR DR

v 37 =y YFFREOMEREEERD T,

Table 2.1 Numerical constants of WGS-84

@=6378137.00000 m
b=6356752.31425 m
S =3.35281066474-10~*

aZ — bZ
e’ R 6.69437999013-103

n_ a’—b*
e?= B =6.73949674226-10°

semimajor axix of ellipsoid
semiminor axix of ellipsoid
flattening of ellipsoid

first numerical eccentricity

second numerical eccentricity
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2

_ a
%72 R(@) BREMRSTADIMOR S TH %,

R(p)=a(p+psin2¢+ysindg
+8sinb6p+esin8p+-)  (2.32)

22T,

a= ;b<1+1 +614v+"'>
,7& i 33
B=—ovTigv 3y
15, 15,
Y=Y v T
g=20, 54105 5
48V 2567
215
eV T
_a—b
VT utb

£ 5, =7, EBZRO L S cRbI NS,

‘u5+'“

(2.33)

2

+t§2 s (5+3tan o+t~ byt tan’ g

4
—37+— 955 tan’ @) (%)

+ie P(~61-90 tan’ gy —45 tan' oy ~1077

6
+1625%tan® g +4555 tan’ @) <%>

t
+ﬁ)%(1385+3633 tan’ g, +4095 tan* gr

8
+1575 tant ) (85 +--
(2.34)

_ 1 A&)
A=kt Vs COS <pf< fo

_ 1
- 6vcos gr

(5+28 tan® gy +24 tan' @ +67%
5
+857tan” ¢r) (%)

(—61-662 tan” gr—1320 tan* ¢

(—1-2tan’ g;—75) (A?
N
- 120v5cos @r

1
- 5040v% cos @r

7
=720 tan® @) (Ak—X> e
0
(2.35)
ZZTCAX=X—F.Thb.%7 @ 1X(X,

Y) 25 HuLEEE (Y =500,000 mE) &3 LT
FERET A LI EEDFEEERDL, v, 77 I
TNt v, HD @ % @ CBERZIZLE
KRONLHETH S,

ZLT pgrl3RATEZ SN S,

@or=Y +pBsin2Y +ysindY

+0sin6Y +esin8Y +-- (2.36)

(2.37)

UENUTM I & 2 FEREE BT TH %,
UTM G¥f) ZE#ic & - T4 U 2 2 i 135
mm ThH %,

d. & RTK-GPS

B3 RTK-GPS i3 ~ YV > 7 v 8 MS750
PEA L7z, MS750 12 L1, L 2 M oNnitd, i
HTA Y =Y OBEINAETHY, 7 EXa
A T74DEEIWIZOTF 2 AL Tw 3%,
MS750 OFHHIREE X 2cm, V> 7V > 7 HKK
¥z 20Hz THh %, RTK-GPS THE L7127 —

Z, W, RE, (ET7—5 O" (fix fifr L
3%7“2?52’)?), ETHETH %, Fig. 2.5 12ft
:IQ RTK-GPS 04l &R L Tz,

L RTTFAN=C A/ ORO=T

a. EHAIRIE

H AR & L OE7 7 A =Y v A
o (FOG : Fiber optical gyroscope) Z##MA L

Fig. 2.5 The tested RTK-GPS
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2o VAR a—713EEN2 ) 4 ) NEEE
ERIO LW Lo TEUZEMKIIEFIHL T
Wb, fERDY v A4 1 A3 —713 3~ Ol & il
DEEESL, BRICERE*ELEMTH 2%
ED% K DREVPFET 2Dt L, FOG 3%
O ELEZh s DORAETNTRRL T
ész)o

Fig. 2.6 1237 7 4 N—Y v 4 v OIS RE
ZRLlze IPOMEAKICE—-LRATY) v ¥
ZRWCABE DR UER D 2RS¥ 5,
Z DWEER DT & & TN CEMEZER I
S UARE wr CTHEET % & mEH R Az
DBHNE, TITE—LARATY v 7 ICL>TH
BICEM THLOHUTE—AX 7Y v ¥ ICHE
T2 & CWET 2L, AR KO%E,

2 Ve + VcCletr
Cc

TEb3h, ERDOHE,

— 2 Ve — 7’0&)fl‘[
c

?i‘%béh%o Z.:.T, 7c bimﬁgﬁ%%dji'ﬁ?%,
CRAHETH 2, rews D c LD DBHH/MNESHT
LEREET DL,
At=t— t~47l'7’c @y = 4Sc
C C

7% SRR RIZE D LT 5, M7 Af TERDb T
&,
Af: 4}6,2,‘56' @ = 472.[/{070 Wy

ERDLT ZEMTE S, 22T S BNEOHT
TR, R ZWEL, Le BHBEORE, 1 136EOB

4 (2.39)

(2.40)

(2.41)

wx_ [ 111 [e ‘

E—LZXTYy %
KU
SHE
AE V) S

Fig. 2.6 Measurement principle of the FOG

RECThHb, KR %EY7F v 7 (Sagnac) 5
End,

Y7y 7 BIRORRE 2 A LS 53t
L ®RELTZLENRDY, EBED FOG Tl
KB THBNT 74 N—ZEIZHENT L.
ERLESTVS, 7 7 A4 N—EEH cm
EWLBHET FERELBEAE RS han
s, E e B 2~5cm IR0 F 2K
L8 km £TICT 52 ENHEETH %, #Y
BNERERRL T A 2EBEICHEL, R
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Fig. 2.7 The tested IMU

Table 2.2 Specifications of IMU
HIERE +10 VDC
o RIS P +45 .
£ EEETH RS R AJTAD1%+0.2

BRI 100 °/s

SHNAMEREE  ANARED3%+0.1 /s
a5 R RE 0.1 .
FEH 53 RE 0.4 /s
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vy UEEEE (8B, PTO DA >~ « 4
7, TV—FDA Y e FT7 AV E2—F
Tay  u—LVHEETH D,

2) PrEFHAIY A 7 4121 RTK-GPS Z8A L
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BT 2 o ORHEHE N O0ET 2
&, BIRo o HEEITHER (Table 1.1 # No.
23), fTRBICE 285 ARy b Y AT A ([H
No.19), # E5i1ck2DGPS ¥ v A udt
VY7 a—Yar(ENo22) bbb, BRSD
B 81T AR 13 & > Y12 RTK-GPS &
FOG ZFHAL THB Y, AR THEL T 5
BT OMAEbYE LEETH D, BRSO
Y AT LTI GPS 7 > 7 F % HAERE O ¥Rl
L ORTES & B D 2 ST T & B 3EE 2 3 E
L, EfTHAENC 2 S CAEF %2175 2 &
12 X 5T FOG OYIHAfE 2 HE L7z,

TR O Ao Ry bt > I IcbeE
BEY VY EHIBK A v 2RAL Tw
3, TEERNIC~Y = 2 7 VETTIESKEZ 1
L, ZOROETIIT —5% £ 7T —58 %2
IRT—F T ET, Mt rOEERE—
HEHETW S,

HEo oDy 27 413 DGPS & FOG D & >~
V7 a—YarEEMLTW»S,FOG IFHIES
T IR TR E 3N Tw 2 8 D
D, MR AMEZRETE B, S5ZRKY 7 b
I —%RRETHEVWIREEZEL, AL
B &N IR AL > E[E—D FEE%E
HWHT2 2 EBAARETH 5, HFESE ANV~
Y7 4N R OEIMEICEET S Z
WWEoT, IS ORERRERT 5720 Tk <,
DGPS OfsER Fic b HG5 8812, AV~
7 A NIIE A R G UEHNED S REER &
ETDZENARETH D, ZOFFEMED &ITE
BEZ 2 P CIRH ST 599,

AFRTIE DL REBER DD
D7 a—YaryFFge L TRANTHERE (Least
Squares Method ; LSM) %M L 7 Fik% %
KL7z, Wikt ¥z RTK-GPS & FOG % H
WwsrboEl, EEREL Y ENRE LIz
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V7 2—YarFRELTLSMPBHEL TW5
DE D PERE LTz KAFHRORHIE, BhRo
I, BEROFEHKLT;

s N T 4 VE BHERL W,

< 7 v T BB ORI EEE R LT S L

AN
* RTK-GPS 7 —% % FH L T FOG DO #]
WA 72y NORENY 7 N ORIE®1T
3,
HOHIIH D,

BHiTIELSM D7 VT Y XAIZDONWT, C
TV ATLADY S 2V —Yar2fTn, &
W=7 4NV EDREEOHK 2T 72, &k
W2 LSM %3 U 72 BT ER 21TV, 20T
FEEE et L7z,

B, 2>Y721—2a3> 7T XL

AFARDEEE TV % Fig. 3.1 IR LTz, &
TTNVFEY 2ERLI-ETLTHD, (X,
Y,) W ke @ GPS FEELRIZB U 2 Hilf D E
DTE, ¢ 1&db% 07, KFEFE D 2 1E, £180° TF
SN DML, V ITHEEHRE Th 5, KXl
(k+1) OHEMOELIE (Xav1 , Yar) BT
DR TEDT,

k+1
Xk+1=Xk+£ V (£)sin ¢ (£) dt

= Xs +% VAt (sin ¢r+sin ¢re1) (3.1)

Y (North)
Travel path

b/ Ve

X, Y,

V,sing,
Fig. 3.1 The dynamics model

k+1
nﬂ:n+ﬁ V() cos ¢ (1) di

x Y +% VAt (cos ¢rtcos ¢rr1)
(3.2)
22T AL BFHZATH 5, LXRFOES
TEXRFZ £ 20 & k+112 3B\ RG] TRE
THIEERLTWDS, 72 Vir Vin EIRE
L7z,
ZITFOGIZE->TCEHAIIS NS AE R ¢
LT 2L g FATORTERE NS,

¢!k:¢fk+bk (33)

b X FOGNA 7 A %FL, MO $u &
Hith9 % 1T FOG O¥IfRz LRI R Y 7 &
EWET 2HIEMHEE 2%, AR TIRET 2F
T D b DEEBERRKD L Z E1CL->TC, H
[(IQ) RS WA VA S RN Rty SR

XT, FROEHE TR W TR L
EUTORTEET %,

k

L= 2 {{XiXulVfAt(sin $itsin ¢i-1) }2

2
i=k—-N

+{ Yi— Yi_l—%ViAt(cos $itcos di-1) ﬂ (3.4)

ZZTHZ S EH1I2H T T D GPS EE
BRI BT 2 HGE OB OESH 2 X7 ML T
x£b7,

Xk+1_Xk
pu— 3.5
€pPr (Yk+1 Yk) ( )
. T
- VeAL [SIN ¢r Tt SIN Pr+1 (3.6)
2 CoS ¢rt oS Pri1

epr IZNIE 2 TTICEH B S L2 #EE) N2 b L,
eon WA ZTCICEHE I N EEB N PV TH
%, A (3.5), (3.6) EHWT LIFLATDLS
WCRbTIENTE D,

k

[k i :IZ— N

DFY L, HEEOLEOEEN 7 b vE

fiiiE (RTK-GPS), #Afi (FOG) ZNhZiL%it

WKWEHL, 2oy ) v T RAT v 7Tk
DFES B ML b DTH S,

RANZIFIRIC L > THEES LS FOG N4 7

2

(3.7

€Pi-1 7 €¢i1
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AME b 13,

dl. _

b =0 (3.8)
e T LENDH D, e (3.4) FON X

REBAM [ THET AT — Y EETHY, Th
PEERME L TRDT & NAt LR 5, K
(3.8) 1ZBIERE N AL D FOG /x4 7 A %
—EERELIZEE, L ZIR/INTT 5 by 23K
H5HIERERT 5, NAL I FOG OERI R Y
ZhNCEHELYTHET ZILEND D, HY)x
NAt ZEETHI LIS THEEDOE W N A
7 AEHEE RITD Z LD TE B,

= (3.4) = 3.3) 2RAT &,

k
L= ) {dXi+dYi+SHCE

i=k—N

—2(dX:Si+dY.C:) cos b

+2(—dX;Ci+dY:S:) sin bn} (3.9)
B85, 12720,
dXi=Xi— Xia (3.10)
dYi=Y:— Y (3.1D)
Si:% ViAt (sin ¢fi+Sin (]sz'—l) (3.12)
Cz—:%VlAt(cos brtcos ¢rit) (3.13)

EBWwiz,
= (3.8) 1 (3.9) =RALT,

d[k

k
=9 sin by ) (axisi+dvic)
k—

i=k—N

k
+2 cos b Z (— dX:Cit dYiS) =0
k

i=h-N

(3.14)
ey, RB.14) o, b idX (3.15) ko
THET R ENTE 3,

(dX:Ci— dY:S:)

i=h=N

)

tan b.=
(dX:Si+dY:Cs)

i=kh—-N

Z(d&a AY:S)
tan~!| =2 (E>N)
Z (dX:Si+dY:C))
br= l; -
) (dx.C—avis)
tan™!| % (F<N)
Y (dxSi+avic)
- (3.15)
C. ¥ZaF7IVEFTT—9 AWV IalL—
varv

a. W74 F5HRAVWETILI) XL
HESHRELTOINT Y T AN IZLE S ®
YT 2= a YFRRIZEAOIH S 0ES T
TNRBEEEL ., INTRZDO7 VT ) X L%
N7 5,
$%TW(uFﬁw7/%Tw)k VLTI

IJ (k+1) @ﬁﬁ{i% (Xk+1 , Yk+1) ;UJ\—F
@ﬁf%bio

Xev1= Xr+ VAt sin ¢r
Yire1= Y+ VaAt cos ¢

(3.16)
(3.17)

A 3.3) zzhzh (3.16), (3.17) 1K
AT %L, MRARBZRORRICEDINS,

Xe1= X+ (Voo +evi) At sin (.t br)
(3.18)

Yir1= Yi+ (Voo t evi) At cos (st br)
(3.19)

12720 Ve ld GPS 22 5 61 2 B E
BIHIE, ev 13 ZDRETH D, 22T biy v 13
+oahsnEed % e (3.18), (3.19) 1A
TTHEMENn D,

Xii1= Xt At sin(r) evat Vet cos (s be
+ Ve.At sin(ehr) (3.20)
Y1 Vit Al cos(r) evnt Ve it sin () be
+ Ve.At cos () (3.21)

R (3.20), (3.21) 2RREHEAFTRT 5 &,
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Xesr| |1 0 Afsin(dr) Vet cos(ds) || X
Yier| |01 Atcos(gn)  VerAisin(gy) || Ye
ena| 001 0 en
i1 00 0 1 br

Ve At Sin(q’)fk) 0
VGkAt Cos (¢fk) 0
i 0 - ng
0 &

(3.22)

ERDEIND, BB &v Eod T, TIHLICEHS

EHIYT VIRV AT NS ARXTH 5,
UELD, A=y 740703 ) XA

UTFDEIcE DB ENTE B,

VAT AR men=Awt untor (3.23)
Eﬁ@ﬂﬁ*&ﬁ ; z2e= Hxr+ vr (3.24)
7 4 v HRRR ;) B = Anfe+ un+ K (2. — Hzx)
(3.25)

1 0 0 0

01 0 0

7272 =
Lo 00 0 0
00 0 0

IV A Y Ke=AP H (HP.H™+R) !

(3.26)

1y FHER . Pani=Ax [Pk_PkHT(HPkHT
+Rk)71HPk:|A£Q

(3.27)

2EHEMERDOL 0 BY AT L/ A X, v

BB A XTHY, WA XA YT

180

PARET 50 Q, RIZFZNTNY AT L/ A X,
B A4 X OHSEATIN L 725,

b, ¥YIal—va #R

e ERFISTEYIE 7 4 —v PR
Y — YRS CET T — 8 2 BE L
120 EME EREEIZHAGDLE 2~ =27
WL TEITL, ZOBIZBUE L7 =2 Xt
LTy Sav—yarez2{Tol, NA 7 ZAH b
EHETE T B 7 DL B EBUIREL ¢, (L&

(X, Y), #EV, HSGL ¢r THE DS, Z
D5 HEEZNIX PC, A7 & & 1 RTK-GPS, £
SANIE FOG 20 6 FnZE &z,

Fig.32 k¥ S av—yaYICHWk T —%
OFETIH 2R LI, MPATrSFHEL, B
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4769200

E
=
g
3
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=
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Fig. 3.2 The running trajectory of the
simulation
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Fig. 3.3 The trajectories of estimated bias angle and FOG angle

of the simulation
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Mix FOG 0EHEOHE TH Y, D@D X
MiX Fig. 3.2 D h & —&3 %, FOG D SEHlH
2R LIeDlX, ETHHNC B W CHEmOETT
MK E K Eb o e S 2 EFEST 2D %28 %
72OTH D, HiEh» o bBHS R X D12, Ak
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SN WS EETE L T 40 PEEHE2EILS
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TAEDICRERFEIRONL L >T, £
LSM OHEFENA 7 AEIZH & I IZIZERR T
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Z DR OFETIE 2R LTz, IRFEIEEER 71T
7w, JEENCIFERREE 2 ST DR L %
FRHLTWwS, 20k & OFEETHEEIZE
i 230.6m/s, FEEFA0.3m/s & L 7z
Fig. 3522 D& EDLSMIZ X BHEENNA 7
A& FOG OEHEOHERE 2R Uiz, —EHD
TR I RIRIE I X 2 ER & e RBE2 G &
LIZb b o d, LSMIZIEIE 0 T cPoR

4769250

4769200

4769150

UTM-Northing [m]

4769100

4769050

527250 527300 527350

UTM-Easting [m]

527400

Fig. 3.4 The running trajectory of
autonomous planting
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3.6 W L7z, LSM T & 2 Hif A7 23 H L 7z
LEONEREEEZEDAZ ST, FOHBNSR
Y LT éN4 7 AMIER Lo FOG O Hi/1E %
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Fig. 3.5 The trajectories of estimated bias angle and FOG angle at

autonomous planting
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Fig. 3.6 Position errors estimated by dead reckoning method at 7th path
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Table 3.1 Accuracy of autonomous planting
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Fig. 3.7 The trajectory of lateral deviation at 7th path
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Fig. 4.1 Concept of navigation map
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Fig. 4.4 Algorithm of the steering controller
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Fig. 4.5 Turning algorithm
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Table 4.2 Results of autonomous rotary tillage

r.m.s. of lateral

Maximum lateral

r.m.s. of heading

Path # deviation [cm] deviation [cm] error [°]
1 8 12 1.2
2 7 14 1.0
3 2 8 1.0
4 7 15 1.9
Total 6 15 1.3
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Fig. 5.1 Algorithm of path creation for
forward turning
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Fig. 5.2 Flowchart of path creation for
forward turning

KRR E IR & 72 ST & R b
7 7 ¥ INBREVIRER RS TH B LT L, EE
i~ v 7\ & RS B,

d. t1YiR U FeElDRZEREAER

IV & UBEENI R B % & T e el Tk
Thr, FWEHEXDIEEBLPEE LI L&D
FEEIFFETH D, AR & i U TR iEs s
EINSLTELZEDHETH D, VIR LUIE
ED7nTY) AAL% Fig. 5.3 R Lz, AKIZ
LR OEE 2 Kb L, A 2 ERIBAHA, F 23
JEERE T HusS £ 22 0, BC I REXMTH %,
A7NTY RAATIEET CEMOKEREATZ
A VBB L > TERT %, £ L TREDEH
REM R LTcts, g2 KRS ¥ T A'B [
DRt & T 5,



32 JHRERFRFBRAOIFRRIFL L 258 H1%5

n

v

Fig. 5.3 Algorithm of path creation for
switch-back turning
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Fig. 5.4 Flowchart of path creation for
switch-back turning
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Table 5.1 Turning radius of tested vehicle

Steering Travel speed [m/s]
angle
[deg] 0.35 0.55 0.8 1.3
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—20 7.52 7.58 7.63 7.76
—10 16.18 16.24 16.50 17.08
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30 4.79 4.80 4.83 4.93
40 3.45 3.47 3.49 3.60
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Table 5.2 Distances of headland and
maximum lateral deviations
of forward turnings

Distance of Lateral deviation at
Travel speed ..
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[m/s]
[m] [em]

0.35 11.87 14
0.55 12.12 17
0.83 13.63 20
1.30 15.85 16
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Table 5.3 Distances of headland and
maximum lateral deviations of
Switch-Back turnings

Distance of Lateral deviation at

Travel speed

headland beginning of row
[m/s]
[m] [cm]

0.35 6.81 15

0.55 6.88 17

0.83 6.94 28

1.30 6.94 27

0.55* 5.54 74

* Feedforward turning
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WCEoTHBsNIHTEmICE 2 —F) 7
Tx—A% Fry Fr EBLE, TET—X2 D
DDEVHLSITD 2 X %EE 2,

MV (B+y) =2F;+2F,
1y=20F;—2LF;

(6.5)
(6.6)

M, I 3EBEOERE COGHAY O I —FH
BHEE—X> N Thb, ULz g O b LEH
OFEFAERILUTDO LI KEbLEND,

d="Vsin(é+p) 6.7
f=g i Fr+ Fr) —y 6.8)
:%?E—%%E- (6.9)

d=vy (6.10)

s=u (6.11)

2T u BEIEHEE 6 THY, KV ZAT LD
AT1%ERDT,

H (6.7)~(6.11) TEb I 25 HEX%E
— R s RoEAIEE s L CERMET 5 2 e B
FzloL &, BNEEESZEIINEETH 5,
LoTHA VI e va— b g E@BYKRLZHE
TLHEHEFEO WS> THERL LI
5N, THIIRREE T 5720 Th <, #HY)
SREAE 2 E X W EERIGRE L v E v /e
RIS A E T 5, HEAHEEOBRMERE X 10 Hz
UEThYy, BEETHEIC X > TIRE2EINICETE
T2 DIERTIE R,

o TEZNVTY XLy ¥ 2 v —5 [/
BMELTHEEELIDDET D, L FaL—
ZILEF HERD 1 oS Ao T
bk TiEnsws, K (6.4 121E3
RETDtana DEEE O, X (6.8),
(6.9) I3FER HIER E 0 %, & o THEZ
LB S (tana(t), f(a(t)) OEEETH
(6.4) ZHRALT %,

tana () =a(t) B &, R (6.4) &

Ft)=pWa(t)+q(t) (6.12)
Ligplbansg, 121U,
p(="Lr(a(t)
IK*§§2Mﬁ+9§;zfm
(6.13)
q()=f(a(t))—p(t)a(t) (6.14)

EBWe, ERERSREIGERL TwEiEs
EFDHARZE ¢ b/NSVERETE, BV A
BHENEVERET B ER (6.7) FRDE S
wpibcE %,

d=V (¢+p)
T2 LB HBRRIUTO L 51k 2,

(6.15)
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v 0 Voo
. 0 _Z(p/+.br) _2(p/lf_prlr) 1 0 %
g MV NG uv |8
’}} = 0 _Z(p/lf_prlr) _z(pfl%_p?’ﬁ') 0 M Y
é I vV I 4
; 0 0 1 0 0 ]
1o 0 0 0 0 L
- [ 0 ]
! 2gtg)
0 MV
+HO0fut|  2(gdr—gib) (6.16)
0 I
0
,1, 0

722U p & q DIRZF [, r EENZENHI-#
rRbI,

R (6.16) BUTO LI %~ Y 7 AEART
FbLT LN TE 5,

() =AM x () +Bu(t) +z (1)

K (6.17) OMHEEA TR S 1 2 EH) €
TN RAWIETIE (IR 2T T v ] &40,
— R 2ERETNVERATE2HD LT S,

b, RELFX1L—9NHKE

Ry AT NS WD >V i3 RTK-
GPS & FOG Z#GHHI%EE (IMU) TH 2, O
Z 2R (6.1) OIRREEHD > LEMITE 2 HHR
X, B 5 AR Z= d (RTK-GPS), AEE 5

(IMU), JHfifzE ¢ (IMU), fitf o (i
M) D4OTh2, £-T, BHIGHERZUT
DEowE5Ez6Nn5,

(6.17)

y () =Cx (1)

v=I[d,y,¢,0lT, C=

oS O o O
oS O O

0
0
1
0

[ =
oS O = O

1
(6.18)

Pbz#E 2z, X (6.17) ZKIBEH, &Kk
BRI E OlEL ¥ 2 v — Y8 e L CERL
T 5,

T 25 EWZ H 2B T B RN T & FHMEE %L
J (B,

T =07 (@) Ry (2 + () e+ R

:/tmf(xT(f) Rix (7) + 10 (7)) de+ 27 Rax

x=x(t+¢) (6.19)

LRbINnD, t FFHHEBIETHE T 2 W,
Ro, Rs Giifﬂ‘%#*%@ﬁﬂ, 72 DE]ZJ__E@f[EVC}') )
INSBEAEZEDT, £/ Ri=C"RiC TH
%, KWgETIEEhZh,

40000

0000
00000

0000
ko= , n=4, =0 0 0 0 0

0000
00030

0000
00000
(6.20)

ELTeo LTe3o T, Ri=0 &85, ZOEAD
o EME, [EiEAoZ b FEATI 2 A M)
BTELIEZTP7 L LkhS o InhiiE CORH
Mz & HRZEEZ/INS L T2 2Ei2dh b,
D F D, BIAEGER L DN CH# A ARZ, 75
fRELZ % T ZERHNTH Y, &P OETTH
BRZERE LRV, (72, t=|&u—nl/V £ L7z,

SR BIC B 2R IE R 2 ¢ (1S2=(+
LTEDTE, NIV =T Y H()ZMTFT
H5zeoh3,

H () =nu*(2) +17 () (A(2) x(7)

+Bu(z)+z(z)) (6.21)
22T A() XBEFEERTH D, 5 ROR”
MV ER D,

WA OB R A () =— UL o
ba3hdZehrs,

L()=—A"(2)A () (6.22)

£ 7D, WA ORGBIED ZfE =0 5,

2nu°(z) + BT (z) =0
1

u°(z) = _Z_;QBTA (1)

WEoNS, 22T, u* IREEEZEDLT LD
ET 5,

(6.23)
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BESRSA EWIIARE A ¢ & ARIRIEZ 1+ 4 12 B
WTBTO XS ekbans,

x(8) =x, Ai=Rux(t+14)=Rsx; (6.24)

YU bm»e ZofERR (6.24) Z2EFREMEL
T3 2 SIEFERE R R 2 L ITRET %,

%°(7) x°(7) N z(7)
1(7) A7) 0

(6.25)
72721 x° I3 A ST u® WY B R R
EbT,
ZZTR (6.25) OEBEBITH @(7, t) ZRD
XD HEIT %9,

_ 1
A(r) 21szBT
0 —A(7)

@11(1 s If) @12(7 s lL)

@(’z‘,l‘):|: 0 ®n(z, 1)

} (6.26)

35k,
x°(z) =®u 7z, t+H) a2+ 0(r, t+4) A

%1[it®u(7‘,t+k)z(T)dT
(6.27)

LEohb, I (6.24) 2RAT S L,
x°(7) =[@ulz, t+t) + Pz, t+1) Rs]x?

+/7 Ou(T | t+4)2(T)dT
t+tr
(6.28)
&b, [ERRIC,
A(7) =Dss(z , t+ 1) Rax? (6.29)

»ESN, R (6.29) @K (6.28) #AAT2
&

A(7) =D2(7 t+ff)R3|:q311(T , 1+ 8)
+®n(r, t+4) Rs] ' [x°(z) —Si]

(6.30)
BELNS, L,
&:1[1 ou(T , t+4)2(T)dT  (6.31)
t+ts
EBwiz, K (6.30) &
A(z)=P(p)x°(z) —P(2)S (6.32)

P(7) =0 (7, i+if)R3[<1)11(T Lt t)

+ 0z, t+4)R:]! (6.33)

EBE, K (6.33) 1ZVHyFHER
P(2)=—A"(2)P(z)—P(z) A(z)

+§Zpuu$vuﬁ (6.34)
OIRE LTEZ 505,
R (6.30) DOEREM,
P(t+t)=Rs (6.35)

LEETE Z oh, AR 2L THRE
Bonsd,
c. FHE7INLITN XL
K (6.34) 0V By FHEAEAX (6.31) F
DEBATINEREM KT T 2175 A(0) 2 &
10, A(r) BRET B ICIEL 2 2B 50 (1),
q(D) BB LR 205, TS RHEROWY H «
(DL THRESND MAEOXM t=r=t+
LICBTDERINT =% a(2) b o» CDHIE
B2 LIIATRETH B 5, F(6.34), (6.32),
(6.31), (6.25) Z#EVELFHET S LT
DR ZHA Tz, LTFICFO7 VT ) XA ZTR
7,
Step 0 -
FHEEHOEVERLICBIT S A(r), P(1),
A(r), SizENFNAD (), PP (),
A8 (2), S & B L, 1277 L AO(2) X
aD)=a()ZRALTESNZEZ AWV
%,
Step1:
R (6.34) OV By FHER

PP () ==A%"(z) P¥ () =P™(2) A¥ (7)
+5 P () BBTP(2)

%30 (6.35) ZRYMHMEE LT, 7=t+LH» 5
=t ECHAZWCHENT PP ()2 EH T
b,

Step 2 :
S® &K (6.31) ZHAWTEHE T2, 2L T
Step 1 Tz PP () iz (6.32) 2R A
LT AP(t) =1" 2R 2,
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M= P (1) = P9 () S

Step 3 :

k=50 & E—HDOEV R LFEEZRTL, &

LT () =~ BIAP R

%o ZOMEDIRLUEES &S EIFFBBD >

Sal—yvariEREFRL THREL 2,

k<5 D& 1T Step 4 1,

Step 4 -

[0, ™]T Z2¥IHAE & LT, (6.25) % =

PO r=t+h FTHIMAEICEL, & DE

AP () ZHFT 5, L TChk=k+1 L,

stepl IR %,

UEO7 VT XLHE-> Tt 255,
K7 NI Y RLFHRERT T =5 AP (r) ZHFED
WUEH T 5 2 LI & - Gyl AR 0]
Bl 20 ZHEE L, R (6.25) D 2 HEEFYERE
EHNGORASZMEHECE | EAbE® s I LT
Lo TR FHETH %,

REZ) t e B 5 AT u() i id ue () % M
L, HHHEECEEHE T 200835, D
EOARFHREIAK L ORI T—2 LT
oM 2 mEROYIAE D & 2 HIfA T & LT
HWHLTEY, ZhIEFEHEE W BRI
BOEFRIIE S DS RS L 72w, LI LAY X7 A
ik v oG s A BT — 5 A
L [AHE (10 He) CTEHT 52 ETE, il
HAMEICBEED 7 4 — NNy 7 2175 721
SWERNTHZ LHWLITD, TDLSRE
A FE2BRA L,

d. ¥3alb—3>

EKTNVTVRLDEMNERY S av—y a3y
W&o CTHESEL 72, Fig. 6.2 13D 2 WIHAMIE x
Bzl x, HEHSN S REEeEE o (7)
DEERTIBAT VT ) XL DY K LUFHEIC
Lo TEDISCENT 20%ERLIZDDTH
3, DL SEMTHEEIR1.5m/s, 5270
f7iE 1%, »=[0.91m, 1.3°, 10.5"/s, —38.1°,
10.1°]" Th s, EORLES k=1L k=2T
P T 1.8 /s DEBRD YD, T DHROWERED
KELBTPELEZ, LHArL E=2553P0KR
THMEAERL, k=3 DEOMBMNXIZ LA LE
Bolte BRI ab—yaiZBWTHYIED

0 R LR OEROIRZAED rom.s. B, k=1
L h=27T26.4/s, k=2 & k=3T2.7/s, k=
3EkE=4TO0.4)/s, k=4 L k=57T0.02"/s &
molze TORRIZED &S BYIMHHEEBEAT
b LS @l ERL, Lo TH5EDEED K
LEFETHAE R POR 2/ o n 5 L flk L
7z Fig. 6.3 1% k=5 2B F 2R, =il
HhL, MAOHETHL, 20X ITHERAD
REWLETEBW T OB MRZE, Hmat
IR IR 02D, K7LV Y XA
WIEFICHEREL T b 2 L 2EFAT 2,

C. EHEBR

a. EE/NT A—YDREE

KAEEBR 21T S BNCHM N T A — 5 ZRE S
LBERHDL, I THRETNEHEM/ ST X —
Y EFERE M, a—-AAEEE—X ], B
D SHTRHENE TOERE [, , Bk 2 —

35 Calculating iteration
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Steering speed u[°/s]
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Time [s]
Fig. 6.2 The variation of optimal steering
speeds in each iteration of calculation
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Fig. 6.3 The trajectories of lateral
displacement, heading error, and
steering angle
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F VIR — K, Ky, Bkl & BT & ORI
18 < BEIBARE o por TH B, M, I, [, I 1
A= =A@, up ur FEFERE N
K7y 79 ne5[HL 7%,

o TCZ I TEBIRDINNT XA—8 L1iX
K, bt KrD2DOThb, H5HHHAD K, & Ky
DI RTOMPAEDLBTIIIHL T, & (6.7)
~(6.11) OEE H % v CEF PR O
Ty sarv—yaryaTw, ZORERRENE
BEOREREE ERD—H LI XD K, & Ky
DA EDLE R LT, FEEEZITS10
FALEERFIC T EYE 7 « — )V FRF 2 v
5 — 44 FERFFE RS O BCEEA D BT H D,
DBEDBEIZH b ERETH . EH MFERIEE
T8 3 EfE (1.0m/s, 2.0m/s, 3.0m/s),
fief 12 BEPE (£12°, £16°, +20°, £24°, +28°,
+31° (R KIRAEA) ), 5136 KHETV, ZDE &
DFEFR % Table 6.1 IZR L7z, Z LT, LTOFE
MRS 2/ NMc T % K, & Kr OB DY %
BHEL,

]radius:ZZ{ (v ;’?\I)/i ?()‘()V , 6) }2
(6.36)

7R (V, )RHEEV, fBASDOEED
FERIC X BHEREE, 2(V, )Y Tar—
Y a YK BREEEETH %,

MEm»s K~166 N/°, K,=270 N/ 251§ 5

Table 6.1 Turning radius of tested vehicle

Steering Travel speed [m/s]
angle
] 1.0 2.0 5.0
12 12.37 12.41 12.91
16 8.98 9.03 9.25
20 7.00 7.12 7.52
24 5.72 5.85 6.15
28 4.81 4.96 5.23
31 4.27 4.37 4.69
—12 12.06 12.72 13.29
—16 8.82 9.23 9.8
—20 6.92 7.26 7.53
—24 5.67 6.1 6.33
—28 4.79 5.03 5.35
—31 4.26 4.44 4.69

n, ZOEXEDY a2 —¥a iR % Fig
6.4 IR LTz Y S 2 v —Y a VIC L B
\EE, oS & % EE MR OFEET
Hbo ELATT I Y IHENADE X DNE
FEREEEATERD LI, TOEE y=7 1L
THEARER 21T o 7R, TERE0.997 L »
SFERMES NI, 2O s, HESNS
Pt L ETHEEQEFIC B WT, FES
/T A—% ZHA LUK 2 WE T VIt
SEFEET N T 7 OEEB AR TE LD E
HWTs b, ETTMICLDLEbOTIDL
SEWHHENE S BB E LT, K (6.4)
WEoTHIAYDWOAEI—F )T T 45—
ADBAROIFENESI NI 2, FR
6.)IFF7A OBV AIE>Ta—F ) 7
NI —DERT L ERERL, ThickoT
MRIAALEIR I B 1T 2 ZABAKOILEREN D 5
BERZRSNIOTIR WL LB TE 3,
2EHE T NI DWW T B ERED /ST X — F [ElE
2170, IR 2 e TV & O 21T - 72, Fig.
6.5 1FAEFTHE 3.0m/s, fEfA15° U EDE XD
TR X B IEEPERIC T Ay R av—ya v
12 X BREEREROEETH D, ETHE, fitA
HiIcKEWZ s, EHOIEMIEM bR b
R DEMBRETH 2K 5o XS0,
REMHICBWTT T OERMA TR 2 e T
NVOREN 2EHET VL D/NES LB, PEE2

Actual turning radius;

4 R?=0.997 -

Travel speed 15 r=r
* 1L.Om/s y
=2.0 m/s .
10 A
4 3.0m/s f;ﬂ/ﬁ
5
-15 -10 -5 5 10 15

Turning radius by simulation; 7

-15

Fig. 6.4 Simulation result of constant circular
turning
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ETNVEEBATAI LICL> CEEIET LD
BENA LT 2 2 EHERTE T,

PIE, HljNT A= BLITORRICIRES L
726

M=3200 kg, =1370kgm? [=1.41m,
L=0.89m, u,=0.60, ur=0.60,
K,=166 N/°, K,=270 N/’

b. (FBTHEITER

1) EARRICNT 2805

T AR % & e B2 2 EEEREIG U CREITE
Ex 217> 72, Fig. 6.6 12 % OF HERRE % 7R
L7z, AR FEBICEBE»BANTET L,
X OFETHP 2 RTK-GPS TRtk L7z b DT
BB, DRI L TARIETHFE L 2 F k(v
Falr—%) LNVEICB W THEFE L PLHIHE
BT X B TR (Eskih) OFEIHEE 2 i L7z,
PEFEDOFIE T A ViFBARIC T4 v F 2 —=
T UTAEZRH LTz, R BETHEEIZ1.8m/s
EL7,

Fig. 6.7 \CHiETT O ARZE & MEA O HER
BRIz, 7 Vv—IZEHBLIERSME 90° FEE X
Muz&bLTEY, Fig. 6.6 DFH L —HT 23,
ERRES TOMEDREE LD SRV DOD,
TR HNTE 12 75 2 BB 43 TIPSR I1ZHI 50 cm

0.3
B Extended bicycle model
[ Bicycle model
0.25 B
0.2
E o015
8
&
0.1
0.05
0
31 28 24 20 16
Steering angle [°]
Fig. 6.5 Comparison between Extended

bicycle model and bicycle model on
simulation of constant circular
turning

HERZEOAMZETL T DEXL, v
Fa L —FBETEEL T LA CRES—E
Th b, MEFRFETERE LA ERERX 3.5
mThY, ThiFv¥ar—Foznkd b
1.5mEV, WZIHEREDTTA & DD 5%
FHES LT 220, BAHRSTAT TV V7
BUIVIBEO 54 I 7B v Far—2 LD
B %0, 2 OfREEONHAEZE->TLE S,
Fig. 6.7 DfEADOHER T b EAIT B W THE
KEDIZ D WRCEETA T 7 ) 7 R2YI0 I
DTV 5D, RICHEREDOHT T FRERE > L ¥ 2
V=S ERIL2mICRE LIz T 5L, HEZ
N5 HIEEfEANTFEHL TL E\», EARKT
SERETERL %5 T L EEDEERREED S

4769290

4769280
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527300 527320 527340 527360 527380 527400
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Fig. 6.6 Desired path for transfer including 90
degree turning
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Conventional PI controller
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Lateral displacement [m]
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Travel distance [m]
Fig. 6.7 Lateral displacements and steering
angle on the transfer path



KRR T PHa Ry b T 275Dy AT LARFICET 20158 45

bipoTnd, XoTARBERIIRAT 7Y v 70
Yho—JICEBIE TV EEE L EICE S
THIAEFE R ECRET D LN TE,
FOBEDREZ A LS5 2 ENTE 2,
AEFTECBVW TV XFar—F ORARER
16 cm, fE3K#EEIZ50cm TH -7z,

2) IESLERRERICXT T 21B1E

Fig. 6.8 @ BSR4 I3 IRIE 2.5 m, & 30 m
DIEZHETH Y, ZOREEZ BERE L L TR
BikiT o7z, EFTHEX 1.8 m/s Th 5, Fig.
6.9 1% DL EDESAREDHE TH Y, K
O~®1 BRI I [FA— 8 TR LR O
EEE—HIT L EE2RDOLTWVS, kLT
Fu Ry bV BEERONRIZETL, %

4769400
Amplitude: 2.5m
4769380 Wavelength: 30m
g 4769360
o
g
£
2 4769340
=
=
=)
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527300 527320 527340 527360 527380
UTM-Easting [m]
Fig. 6.8 Sinusoidal desired path
0.5
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04
03 @ """""" Conventional PI controller
g
= 02
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£ o
Z .01
o o
= o2 [y Y y
5 2 ®
K -0.3 @)
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Fig. 6.9 Lateral displacements on sinusoidal
path

DIFZE IR OTESAHI T30 cm 12 bET 5,
UL, VFalb—F 3B OTES T CED
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15em BNTH Y, ZHIXTEAREOBRE KR
FEROMEM & —B T 2. AHBRIcBWT, V¥ a
Vv —2% O ARZE D RAMEF 13 cm, EfT4
RO rms. fEHIZ 6cm 27Dt L, fjEkE
TR FENFNREANMED 34 cm, rm.s. {EI1% 17
cm kD, ZZTHVF oL —8 OENMER
WERa iz,

3) BEREERERR (ST BT

VEDFEE W TARL L 7 BiERER O f2 5
Xt U CRBR 21T 5 Too BfTHEIX 1.0m/s T
»2%, Fig.6.10 IcF D & & D HEREK L, v
F 2 V=212 & BETHER R R LTz, ETTHER
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Fig.6.10 Desired path of forward turning
and guided path
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Fig.6.11 Lateral displacements on forward
turning
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DS TARZEDHER 2R LT, V¥ 2L —F 1k
VEZER IR LARE I ST MR Z= 4% 15 cm BRI
Wz osnfoizxt LT, MERETIIRNEED
25cm &7 0, PRHifERIC OV T HFE D[ L
BRIz,

4) ERET

FEITHE 3m/s WikE L Tl 217> 7, H

BREEATE AETIC L > TIRE L 80m O

EAERE CTh 5, Fig. 6.12 W T MRz DHERS

Uiz, METE bETEEL TFIF—ED

RETETL VS, ZOEEVFa2L—FD

A AR O AfEIX 10.3 cm, r.m.s. fH1X 3.5

cm ThHolz, —HEREIXZEN TR KED

13.8cm, rm.s. A3 5.6cm TH Y, r.m.s. iiz=

T 38U IEEM A L LTz,

D. ¥ & ®
ARECIHEHEEE 7 L T) X2 %A L A
T7Vr7arhue—7%2FEL, FiCEHERE
MR TRbEINS L EOBE/BEDH L%

-7z,

1) #HEEHAERXZ 1 B oM = Tt
THILWEoT, mEVF 2V —[E
cLTERMEL Tz,

2) BERD 2EmETNTIE, ¥4 Y IZE a—
FVUTTx—AF BZDY A Y2
Wofla 2T F=Ka DIETEDLT
DB TH 503, KR a PRKEL &
% E F OfEIZEMT %, k> T Fiala O
g o Horn HBKRE GX(6.4) 2HA
U CHERR 2 € 75V L R8T LWL iEE € 7
WVEREL, a PREVWEEZDa E FD
FERIEE 2 FlIE L 720

Lateral displacement [m]

Regulator

--------- Conventional PI controller

0 20 40 60 80
Travel distance [m]
Fig.6.12 Lateral displacements on high-speed
guidance (3.0 m/s)

3) IFFT B TEBER T 5 72, H AR,
B, HIEREEIRERE & W 5 72 HIRRRREE 1T
W9 B FEITHREY, %7 3.0m/s OEEEST
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Summary

The final goal of this study is to develop
a robot tractor system with RTK-GPS and a
Fiber optical gyroscope (FOG) as navigation
sensors. Plenty of the study about autono-
mous agricultural vehicle has been conducted
in the world. But past studies have some
technical problems awaiting solution for act-
ing unmanned tractor system. Unmanned
tractor needs to satisfy below conditions;

® Engaging all operations at field.
® Equipping with safety devices for ensur-
ing safety while unmanned operation.
® Enhancing guidance accuracy on curved
path.
® Providing user-friendly interface.
® Robustness against variability of cir-
cumstances and troubles in operations.
In consideration for the foregoing problems
of the past robot tractor system, the robot
tractor developing in this study aimed to
automate all field operation including plow-
ing, cultivating, planting, and harvesting.
“The general-purpose robot tractor”,
engaged in all type of operation at field has
never been developed, even though a lot of
systems that aimed to automate specific
operation have been introduced up to now.

Key-technologies of the system develop-
ing in this research as autonomous tractor
consist of following five contents;

1) Constructing Hardware of the Robot

Tractor (Chapter II)

The robot tractor was composed of a
tractor, an RTK-GPS and an IMU for acquir-
ing vehicle heading and correction of a GPS
antenna mounted at the top of the tractor
cabin. The tested tractor (Kubota Co.
Ltd., MD77) was modified normal tractor by

the manufacturer to control a most of the
functions including steering, transmission,
and PTO.
devices, an emergency engine stop switch

engine speed, It has safety
attached on out of the cabin, and a remote
controller for emergency engine stop. These
functions were controlled by the vehicle con-
The vehicle
controller communicated other ECU through
a CAN-BUS.

The RTK-GPS (MS750, Trimble Co.
Ltd.) provided a position with 2 cm error in 20

troller installed in the cabin.

Hz. A position (latitude, longitude), a speed,
and a quality of the GPS solution were gotten
from the RTK-GPS. The position data was
converted to UTM coordinate system. The
IMU (JCS-7401A, JAE Co. Ltd.) that output-
ted a yaw angle with less than 2 deg/min drift
error was installed in the cabin.

2) Estimation of Absolute Heading Angle
by Sensor-fusion with RTK-GPS and FOG
(Chapter III)

To develop a steering controller of a
vehicle, description of its dynamics, expres-
sed by position and heading of a vehicle is
badly needed. Basically, the dynamics was
based on discrete model composed of the
position, heading angle, angular velocity, and
steering angle. In general, those posture
information can be sensed by coupling with
positioning systems and gyroscopes. But
when a couple of sensors are installed into
the vehicle, a sensor fusion technique is
required for taking their coordinates match-
ing. Installing a FOG into the system has an
advantage of acquiring more accurate angle,
compares with Geomagnetic direction sensor
(GDS) commonly used. On the other hand,
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the FOG arises time drift and is unable to
provide absolute angle.

Improvement of sensor performance
An RTK-GPS that can
measure vehicle position in less than 2 cm
error and a FOG with 0.5 deg/h of drift error
are already available as commercial prod-

made rapid process.

ucts. One of the objective was to develop
the sensor fusion algorithm for high perfor-
mance sensors. The sensor fusion algorithm
applied Least Squares Method (LSM) was
developed. The algorithm was tested to
verify the proper operation using the naviga-
tion system high performance sensors.

The developed LSM was examined by
simulating with actual data by manual vehi-
cle operation, and it could estimate the FOG
bias with satisfied accuracy on all types of
In addi-

tion, the guidance system with this method

paths; straight, curve, and turns.

performed automatic planting in a field with
4.5 cm r.m.s. error from the desired path.
3) Autonomous operation by applying navi-

gation map (Chapter IV)

The final goal of this study was to
develop the agricultural autonomous tractor
engaged in all types of operation at field.
Previous researches revealed the robot could
automate specific field operation, and it was
impossible to make them function as “a
general-purpose robot”. For example, the
desired path for spraying, which has to follow
existing crop rows, is completely different
Not only desired path, but the
operating conditions including travel speed,
hitch function, and Power-Take-Off (PTO)

has to be changed according to farm opera-

with tillage.

tions.

The navigation maps, consisted of a
desired path and commands including setting
of PTO, transmission, and engine speed were
generated by a GIS software for each farm

operation. Desired path was represented by

as a subset of the points with commands to a
robot. The robot followed the commands in
In addi-

tion, both a straight path and a curve path

the closest point during the travel.

could be depicted because desired path were
exposed as a set of points.

The developed system could autono-
mously perform rotary tillage with 6 cm
error from predetermined path at 1.5 m/s by
applying the navigation map.

4) Enhancement of Turning Accuracy by
Creating Path applied with Motion Con-
straints (Chapter V)

The autonomous tractor engaged in all
type of operations at fields was developed in
the previous chapter. The developed system
adopted an RTK-GPS and a Fiber Optical
Gyroscope (FOG)
That system had performed autonomous

as navigation sensors.

operation with less than 10 cm error at field,
but more than 70 cm error had been occurred
in turning operation.

In this chapter, new turning algorithm
for the robot tractor was developed. Two
types of turning paths were created by apply-
ing third-order Spline function; one was for-
ward turning, and another was switch-back
turning. The constraints relating to the
tractor characteristics; minimum turning
radius and maximum steering speeds, were
introduced for creating a feasible turning
path. The turning path was regenerated
while created path didn’t fulfill these con-
straints.

The developed algorithm was tested by a
computer simulation, and it showed that the
robot tractor could follow the path fulfilled
both constraints more precisely comparing
with the path without constraints, or the path
only applied the constraint of minimum turn-
ing radius.

The developed algorithm was tested in a
field with the robot tractor developed in
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previous chapter, and it performed autono-
mous turnings with less than 10 cm error at
beginning of next path in various travel
speeds.
5) The Steering Controller Applied Optimal
Controller (Chapter VI)

This chapter reported new steering con-
trol algorithm. The great part of steering
control algorithms for agricultural autono-
mous vehicles reported up to now are de-
scribed as linear function, including PI con-
troller developed in chapter 4. There are
some examples using nonlinear function, neu-
ral network, fuzzy logic, and trigonometric
function for calculating desired steering
angle for vehicle guidance, but all of them
were developed for the purpose of following
straight path. Therefore, the abilities of
these controllers to follow curved path with
satisfied accuracy aren’t confirmed. But the
robot tractor has to have a function to travel
along any curved path precisely to expand
the validity of the robot.

The steering controller applied optimal
control was developed in this chapter.
Developed steering controller has intension of
controlling a vehicle against curved path by
introducing nonlinear vehicle dynamics.

This algorithm was formulated as linear
regulator problem by linearizing the equa-
tions of motion of the vehicle at every control
steps.

The developed algorithm was tested at
field against some curved path. The system
showed the significant performance compar-
ing to a conventional method using a PI
controller. For all types of the paths includ-
ing a 90 degree turn, a sinusoidal, and a
forward turning paths, the developed control-
ler attained high performance. In addition,
the controller could perform high-speed guid-
ance at 3.0 m/s as well.

Finally, field tests of various types of
field operations by the developed robot trac-
tor were discussed in Chapter 7. Developed
system was tested by applying various types
of unmanned operations including planting
with transfer, cultivating along curved row.
Also the system was tested under sever condi-
tion on tracking GPS satellites.

The usability, reliability, and accuracy of
the system were evaluated through those
actual field operations. The user-interface,
based on a GUI and working on Windows
was developed for aiming to provide the
comfortable environment for users.



