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Table 2—1. An example of RDDF generated as the reference
information for path tracking and agricultural task

Index Latitude Longitude LBO Curvature Velocity Implement
(m) (m) (m) (km/h)  Up/down
1 518946.4001 199238.3468 0.1 0.0459 2 1
2 518943.3367 199237.884 0.1 0.0080 2 1
n—1 518944.0035 199213.0161 0.1 0.0380 2 0
n 518944.0668 199212.5161 0.1 0.0299 2 0

(1) T4 2 42 A4

!l
0
o,
Ol
o
&l
>
_0|L
rlr

Smoothing—spline & &3] YA E A=E 7|+2
2 9 Fx e Fg adete] A9 ot w49 54 AY ARE
AR ol AT AR 4~(N)+= Equation 2—2 3} o] 7|5
7d % (guidance line) 9] #3 ZFstaztsi= A2 FHg e sted]
A4slr. Y 74 AR ARFE Ve BEE VTR

2t A2e & 11¥ste] Equation 2-3 & E3|
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Figure 2—3. Guidance Line generation for path generation

Guidacne Line;(max) — Guidance Lines(min)

implement_width

= 7 AT AR FN)

Line;(x,,, — Lines(x,,
Linei(xn, yn)i l( n Yn) f( n yn) k

N
(1<k<sN) = F7MA3S B2 BEH A

o]7] A, x = Longitude

y = Lattidue
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(2) A3 F= A4

e A ARz s dsids ol AfARe: v
APARE olojFE AIA R Besth 2 ATl 3] ArE
A 3t7] 91814 Dubins =4 WS #gsto] A3 RS AT
Dubins =& 27283 HFAHS] #Eglo] Fojd w HdF=7}
AAS) AaHESH Ha wEe] 3R E& L) AIWE 3 /M A=
ZRor FAHY, ATWUE A 9 3 Aol wel T 6 7HA
(LSL, LSR, RSL, RSR, LRL, RLR)?] Zlo]~7} EAstc}t &

i
ATolM = EUE HA g vk bm, A3 FA e 27 2

i)

#5217 WH 3k (Equation 2—4, 2—5)& 1glste] FA4stglon, A3
71433 HAFEAR] Aol7k EFE HA 3d WAERT &7

W -o Omega B O.=E Fgire 2—4 ¢ Zo] A3}
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Figure 2—5. Generating a headland turning path considering the
vector value of the path

Ly—mWn) = Ly-m(n-1) _ 3] A 2F=] A g 7} (2-4)

i A = 1
Xn — Xn-1

LN—m—l(YZ) _LN—m—l(y1)+7T: }1\_§:] %‘JE_LX]XE-! Hj]Ei %)\_ (2_5)

X2 — X1



A2 A

Mo

ofi

o)
™
bl

0

o)

deAE A9l Az

cin

8 dolrt o

‘(H

o
5o
G
ol

0

29 38 5

ﬁo

A

7 2ol A 9

e

Hr

A

a1

=
=

B Ao += Han et al (2019)

M (Look—ahead distance) &

e

A

Z Figures 2—6 9} 2—7 3} o] 7]

71+=0

~

o]

L5 ZEAAAL Lenain et al

Zj
FHste] Figure 2—-6 ¥ o] =}

ﬂ
Njr
=
2
Njo
_ZT
ﬁo

-

e}
file)

XTI

©
=

(2007)

24 E7)A12] ZA o] 4rA Figure 2—-7 ¥ o] Z7|E 7|Fo0 =7

bt

b} 45

d|

&

KeX
=

kinematic bicycle model

20



III Lateral
| deviation
1

1
error__

“Lookahead distance |

Figure 2—6. Tractor center of gravity based path—tracking method
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zpeke] AA7F WSS vER s Equation 2—6 & HAE AlAHS

Equation 2—7 3 o] Abe] wsksle] Ao]7} go]3t A3 A|AEIQ
Chained form ¥ EJQl Equation 2—8 = W3S 4= Q11 o]& A=
& AWMgste]  AEF Hxpel wEkzt e xfef gk H]AE  PD

(proportional—derivatives) Ao} A|A~®l Equations 2—9 ¢ 2—-10 <}

wol AAT 5 vt

$ = l’COS'é
( "1y
{ y, =vsinf (2-6)
|
\ 5=

v( tand  c(s)cos 5)
(L1 +Lz) 1—=yc(s)

"
[5'3" é] - [a1'a21a3] = [5»3’: (1 - C(S)y) tan(é)]
< (2'7)
[V, 5f] - [my,m, ] = [Vcos@,% ]
\

O%ﬂ’ﬂ. [al;az;a3] = %Fﬂ‘?ﬂ—’?

[my,my] = Aoyl =
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, _day
a, = da1 = das
) (2-8)
’ da3 m,
as =d—a1:m3 =m—1— —Kda3 Kpaz
\
a; + aKp + aK, =0 (2-9)
7 ’ m, ’
a <= az3 =—= m3) = —a;Kp — a;K, (2-10)
my

71£9] A5 (MHan et al, 2015 Han et al.,2019)°] 7]4ts}o]
ARl AR Y7 witel] FE(c(s)E 0 o2 A g3t o,

Equation 2—11 ¢} Zt}.

8¢ = arctan [(L1 + Ly)[cos® 8 (=K, tan § — pr)]] (2-11)
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A2 =5 48 A2 F

of\
£l
Ak
N

(1) A=275 (waypoint) A4 =4
2 AdFo= FdAY F8S T3 sl 71+ 74 2 (guidance

line)$ 7o A4 A A A=sh WAz A&7

A S AASE FA A2 AgHony
FHoz AW PADOE FAREA A 9 g A A

AR olF, AgE A AL Aus A% A Fe =4

ut

Tzee]l Apele]  exkE: Wlwate] GPS  F &AW (e) 2em
ojulel A AZA 24E HUEstuA LA o=

Hrz WEHE A RO AFSAn

(i, i)

Figure 2—8. Error comparison of curve and circle for three points for
waypoints generation

d=na ( a=0.001,n>1) (2-12)

le] < 0.02 (2-13)
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(2) Az 35 A

A FY A 2 ARE vk W FAFE FY ARl AA
ARE FIYL wro Ast Wi} A Brh(Figure 2-9). °]#%
MekE ko stol

ARYE e 3

Aokt FH A= A &3 ANE FAL o] Rt

Holstelrt, 2|

T2 o) EA (dy, dy) = 3| Equation 2—14 3 Zo] A Ho] o] F=

rlr
'

igure 2—10 ¢} o] A A3 A Alo]o] A A0

A9 FHE wETPo, olzrE H Aol AUE B FEE

A o) 8+ oh (Equation 2—15).

Figure 2—9. Examples of straight and curved path driving
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Figure 2—10. Center of a circle through three points

)
o = (73 —y1) +da(xz + x3) —dy (%1 + x3))
x 2(dy —dy)
) (2-14)
_=dy(ex — (21 +x3)/2) + (y1+Y2)
cy = >
radius = J(xl — )2+ (1 —¢y)? (2-15)
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(X2 —x1)y3 > (2 — y1)(x3 — x1) + y1(x2 — x1)

(2-16)

(X2 —x1)y3 < (2 = y1)(x3 — x1) + y1(x2 — x1)
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Figure 2—11. A virtual center of rotation that changes in real time

Gif%%?enul—wwﬁmé—%y
—yc(s

0 = arctan | (L, + Ly)

(2-17)

+c(s)(1 — ye(s))tan?6) + c(s) cos 9”

1—yc(s)
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Control parameters

Steering
Velocity
Implement up/down

Vehicle specification

GPS & IMU mount position
Implement width
Length of wheelbase

Path trackin \ .
9 L___)_4 simulator
Waypoints
Velocity command | | = | @& 0 |l¢ o e e e o
Implement command

@
4
/

Driving & working
conditions

Vehicle status

+  GNSS(position, heading) . .
- IMU(roll, pitch) : E?;‘IE;:"Y area
+  Steering angle 9

Figure 2—12. Architecture of the simulator consisting of a path
planning and tracking client

Figure 2—13. View of the 3D virtual tractor following the desired
path
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Figure 2—14. Reference path for implement based path—tracking in

the simulator
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Figure 2—15. Curved path with gradual curves (a) and steep curves
(b) for simulator testing
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Al 2 &

o

3 Bt
(1-1) &4 3712 98 AeFa 29 74

2 AF+E ¢ 85wty EHEH TX853(TYM, Seoul,
Korea) (Figure2—16) & &8st own, A4S Table 2-2 & 2t
T3k A&7 ESQEY 2FAE Sl =2 AlA (Steer sensor,
ComeSys, Korea)® EPS (Electrical Power Steering)
Al 2~®l (Unmmaned Solution Co., Seoul., Korea) ¥ 9z W ZA 4K
Al 3S 93t GNSS/INS (Global Navigation Satellite System/Inertial
Navigation System) A]2~#!(Ellipse—D, SBG SYSTEMS., France) <
Jeon(2022) oA 59 A&7 A A®S &80t (Table 2—4).
EAE A9 ¥ A7+ Raspberry Pi4 (Raspberry pi., UK) (Figure
2—17, Table 2—-3) & &g3s}o] AlolE Zo] 40m 7]+ Hd 1Mbps 9
1% FAlo] 7hestal stedojdor AAE oyt Agdor 40
7hsat7] wiitel 2 S Holm AXZE FAlo]l Jhs g CAN
(Control Area Network) EAl 7|HFo 2 20 Hz 9 SA&EEE
GNSS/INS & &3 &2 A 4R 9 A4 JRE T3 =FAAE
Ar AT, A4S A sAAVI= F 2.4m & EE[Ho]H (Y]

215GM, YounglJin Machinery Co., Korea)ZE &&39°t}.
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EPS system

GNSS/INS

Rotavator

E = o 5 e
=t R RS SRR G i M SR

Figure 2—16. View of autonomous tractor (TX853, TYM)

Table 2—2. Specifications of the TX853 tractor used in this study

Items Specifications
Model TX 853
Type 4 CYL, Diesel
Length x Width x Height mm 3920 x 1940 x 2710
Weight kg 3421
Horsepower/rpm ps/rpm 85/2600
Wheel base mm 2200
Forward Speed km/h 32.44
Engine capacity cc 3261
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PTO speed rpm 540/750/1000

; il BT

\
:
:

~

‘:

‘Vl 1

! /.

3 -
7 el g

#P? Navigation controller PC

N A a.F

r

(a)

(b)

Figure 2—17. View of autonomous tractor inside (a), and Raspberry Pi 4
using for navigation controller PC(b)
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Table 2—3. Specifications of the navigational controller

Items Specifications
1.5Ghz, Quad_core Broadcorn
CPU
BCM2711B0O Cortex A—72
RAM 1GB/2GB/4GB DDR4
GPU 500MHz VideoCore VI
USB Ports 2x USB 3.0/ 2xUSB 2.0

Wired Networking
Wireless

Charging Port
Power Requirement

Size

Gigabit Ethernet

802.11ac (2.4 / 5GHz), Bluetooth 5.0
USB Type—C

3A, 5V

3.0 x 2.3 x 0.76 inches

Table 2—4. Components of autonomous tractor

Autonomous Tractor

Base Model

Controller PC

GPS

Network—RTK Device

Angle Sensor

Electric Power Steering Device
Acceleration Valve Motor

Steering Type

TYM TX853

Raspberry Pi 4

SBG Systems Ellipse—D
Synerex MRD—-1000T
Comsys Steer Sensor
Unmanned Solution EPS
Dynamixel MX—106R

Hydrostatic power

37



(1-2) GNSS /INS A|AH=

2 Ao A AFE-® GNSS/INS AlA (Figure 2-18(a)), SBG
SYSTEMS AF2] Ellipse—D Al ¢} <te L} (Figure 2—18(b)) & EZE
AR ol et Ao, Al Ale2 Table 2-5 9 #t}
TEARAYAS] VELI RTK AHAE &§3te] NTRIP & Z3
GNSS 91x 22 HAANISE Rover = Werom ojuw 2 cm o]

T FA dEEet WFAE A 20 Hz 2 RS FASIh

(a) (b)
Figure 2—18. (a) GNSS system used in this study and (b) GPS
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Table 2—5. Specifications of the antenna and GNSS/INS

Items Specifications

Frequency: L1, L2

Performance: LNA Gain (dB)

Tracking: L-Band, SBAS, QZSS
42G1215A—XT—-1-2—-CERT Max. number of frequency: Dual

Input voltate: 2.5 to 24 VDC

Consumption: 35 mA

VSWR: <2.0:1

-Position & Heading accuracy

RTK: 1lcm + lppm

Heading accuracy < 1.3 deg
Ellipse—D

-Data rate

Measurements: 20Hz

Position: 20Hz

(1-3) =% Ao &5

AT TA E

m

2
2

Z

9

Al REZE 2 £F Ao BE A 59 £2F ZAEPSE

o2
o
o
do
.0
ol
=
2L
o,
rir
o,
fu
!l
-
uil
_0|L
~

AFE3E T AAgE Al Table 2—6 ¥ 2t

Table 2—6. Specifications of the EPS module

Items Specifications
Power 12V / 7A

Drive Torque 2.5 Nm
Reducation Ratio 1:15
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150 RPM

Rotational Speed (No load)

3.05Kg

Weight

20°C ~ 80°C

Operating Temperature

Baud rate : 500kbps

Analog Input 2 channel

OVdc, 5Vdc Output DIO 2 channel

Control Board

RS232 1 channel

CAN 1 Channel
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Figure 2—19. Test field for full path
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Guidance Line 2

Figure 2—20. Guidance lines for path generation by manual driving
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Figure 2—21. Inner—operating path for test
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Lateral RMSE =
n—1
A7V, y, = A 9
9, = 71% A= 94
n (6 —6)?
Heading RMSE Li=1(0i — 0)°
m—1

6 = /% A=l Wz
n=AA 2 5
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513956 . . .
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fear * Reference
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199190 189200 199210 199220 189230 199240 199250 199260

Longitude (m)

Figure 3—1. Path for path—tracking algorithm factor analysis
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AlEEolE e 3 A= Figure 3-2 9 2H=ZE Felide= &
kel =4 F QAL Table 3-1 & F3A #A97] 71E AR FF
Fuegel F97 A VE AZ oAb eaprh A dEsew,

1% B AW AAA O =RLL AT F QA HAW

AN v WS G FAL F 3 8 wE A8 AR

Ay}= Table 3—1 3 23k},

35
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u
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= Reference Tractor based path-tracking
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= Reference Implement based path-tracking
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Figure 3—2. Results of Tractor based path—tracking and Implement
based path—tracking in the simulator

Table 3—1. Lateral deviation and heading error RMSE in the
simulator

RMSE A s AR FF O AYU] Ve AR FF
Lateral deviation (m) 0.112 0.101
Heading error (deg) 3.4594 3.5184

G 99 A% 2% GueEe A9, Figure 3-3 3} o] FA
MR welA Fely] fiHe] oxsl 2 wEs pe 2

g Im o ex% marh o Aol Fio] BE
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Figure 3—3. Tractor center based path—tracking’ s implement
tracjectory
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Figure 3—4. Implement center based path—tracking
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Table 3—2. Heading error and implement lateral deviation
RMSEs of without curvature and with curvature driving steep
curve

RMSE Without With curvature
curvature
Heading error (deg) 7.0779 5.0038
Implement latetal 0.1105 0.0829
deviation (m)
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Figure 3—5. Sharp curve driving results of path—tracking without
curvature applied (a) with curvature applied (b)
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Table 3—3. Heading error and implement lateral deviation
RMSEs of without curvature and with curvature driving

gradual curve
Without )
RMSE With curvature
curvature
Heading error (deg) 5.9540 2.9963
Impl L 1
mplement Lateta 0.1052 0.0665
deviation (m)
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Figure 3—6. Gradual curve driving results of path—tracking without
curvature applied (a) with curvature applied (b)
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55 MH(FST 22 ¢70)

Figure 3—8. Conditions of ridge plowing applied to the this study

o4 ;ﬁ'! _,:I;_]_ | =



30

e Reference

20 e® . :..... :.:.'.‘...‘.‘:.... ° o
. O.. ... o* o’ ‘ .3 ‘s * *e e []
. 4 ] ° °
* . . ° ° ® > .
. ° ° ° . L] L4 ) L]
. ¢ o «* . ¢ ® - ¢ . . * .
... o* ... ... o* ... ... o* ... .
10 .. .. . .. .. (] .. .. - ..
o o° ..0 o o . o* o o* ..o o
o o & ... & o ..o o K
..o ... ° o ... . o ...o

E
>
-10
)
L3 4 [}
R S S S S N
®e o % . ° . * . o °
® e %o 0 . **°’ .° . . o
® o%0s .:" 3" P e ® " .
o 8y 000.0....'..0.... .o. oo ®
-30
40
-15 -10 -5 0 5 10 15

X(m)

Figure 3—9. Inner—operating path for simulator test

T 2km/mhE FF A AY T 73 W] A HY 5.6 cm & AE
wolm A 24 #4 Azl daiA= RMSE 3.92 cm 9] A&
Both %% 4 km/h & F A, FH AZ|A IFEo] 1 AxXE
TFRrA Sl eA7F Ho 6.8 cm o eAE Holw, HAA A 29
7o) thaldE= RMSE 4.45 cm 9 #o]2 WYt B AT
AEFOH HAE F 7P wE S22 F393% 6 km/h o SEE F
Al =35 A A A 15.2 cm 9 exE Hold, FE A& ¥ A4
9.02 cm 9 exE Btk AA A Azl dF E A=
Z<7] $1x19] RMSE #eoli= 5.01 cm ¢ AolE HYow, W7

55 5 A_E B



N
FF
2K
i
)
ofo
=L
©
(@)]
o1
i
i
b
ol
[\'J
@
ﬂ
e
>
fu
vl
r[m
m

Fo &uol B4 A A§ TS qANGL olee ANE
Tl 75 ¥4 A9 8 ox W (B~10 cm)ell WSS AYE
nolowm AHAZE EAtE EelA HH ARZE T F5 A
A9 @4 AgH e Fs e nad
Table 3—4. Heading error, implement lateral deviation and
lateral deviation of round operating RMSEs of without
curvature and with curvature tracking inner—operating
(2km/h)
RMSE Without With curvature
curvature
Heading error (deg) 3.9216 3.0808
Implement latetal 0.1048 0.0656
deviation (m)
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Figure 3—10. Inner—operating path driving result of path—tracking
without applying curvature (2km/h)
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Figure 3—11. Inner—operating path driving result of path—tracking
without applying curvature (2km/h)

Table 3—5. Heading error, implement lateral deviation and
lateral deviation of round operating RMSEs of without

curvature and with curvature tracking inner—operating
(4km/h)

RMSE Without With curvature
curvature
Heading error (deg) 3.4141 2.7246
Implement latetal 0.1162 00717

deviation (m)
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Figure 3—12. Inner—operating path driving result of path—tracking

without applying curvature (4km/h)
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Figure 3—13. Inner—operating path driving result of path—tracking
without applying curvature (4km/h)

Table 3—6. Heading error, implement lateral deviation and
lateral deviation of round operating RMSEs of without

curvature and with curvature tracking inner—operating
(6km/h)

Without

RMSE With curvature
curvature
Heading error (deg) 9.5517 2.6653
Implement latetal 0.1306 0.0805
deviation (m)
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Figure 3—14. Inner—operating path driving result of path—tracking

without applying curvature (6km/h)
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Figure 3—15. Inner—operating path driving result of path—tracking
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Figure 3—17. Agricultural operating machine position RMSE for
curvature of each line for line 1 to line 10
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Figure 3—18. Heading error in the 7" line when driving the round
operating
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Figure 3—19. Implement lateral deviation in 7" line when driving the
round operating
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Table 3—7. Heading error, implement lateral deviation and
lateral deviation of full path RMSEs of without curvature and
with curvature tracking full path in field

Without )
RMSE With curvature
curvature
Heading error (deg) 5.6126 5.3597
Impl 1 1 iati
mplement latetal deviation 0.1719 0.1139
(m)
Lateral deviation of full path 0.9712 0.1655
(m)
518975
518970
518965
£
B 512960
518955
518950 Tracking
—RDDF
=« = sImplement
518945
199200 199210 199220 199230 199240 199250 193260

Longitude (m)

Figure 3—20. Round operating path driving result of path—tracking
without applying curvature
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Figure 3—21. Round operating path driving result of path—tracking
with applying curvature
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Abstract

Development of Curved Path Generation
and

Path—tracking Technologies for Field
Autonomous Agricultural Operation

Kyeong—min Kang
Biosystems Engineering
The Graduate School

Seoul National University

In this study, in order to expand the applicability of autonomous
technology in the domestic agricultural environment, new path
generation and tracking algorithms applicable to curved working
paths and implement—based tracking have been developed. An initial
reference path was generated based on the worker's driving pattern
and headland turning paths were generated considering the operation
width of the implement and the turning radius of the tractor. In many
previous studies related to path—tracking, most of them were
vehicle—centered control methods, but through field factor
experiments, the vehicle—centered path following method showed a
large error in the position of the implement compared to the

reference path. In this study, the performance of the path—tracking
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algorithm has been improved considering the implement operation
characteristics and dimensions. In addition, by considering the
application in the curved path, the curvature of the path was defined
and applied to the implement—based path tracking algorithm. The
developed path generation technology and path tracking algorithm
were applied to the laboratory—made simulator and tested for their
applicability. When a curvature was applied, driving on a curved path
resulted in increases in heading and lateral deviation errors as
compared to those obtained without curvature. In the field, the error
in tracking performance decreased by 33.7% based on the operating
section depending on whether or not curvature was applied, and the
error for the operating path including headland turning was decreased
by 38.9%, improving operating efficiency and tracking performance
has been improved. These results show that the application of
autonomous tractors can be expanded to inner—work in field on

sloping ground and operating efficiency can be improved.

Keywords : Autonomous Tractor, Path generation, Path—tracking,
Curvature, Field Operation

Student Number : 2021—-23843
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