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2.1.2.1. 429 A= F3A

A= #xe AT AdgAE deded HE ®ol AMEEe HER
waake] AMa HAwEe] 9o w AT v|FErd A e A"
AE A, 9w 9 FdaadedA FHE Eol® FAIg Alelth Fig. 2-13%
2ol Arve ExALAME V|woR FAR 747 180=E Uiro] 54, AF

o7 ndsth IEE AEE VFoRE FROE PER o] T, 5=
]

North Pole: ¢ = 90° N

Meridian
Equator ‘ line of
> longitude
W e—
Greenwich
Parallel Meridien

line of
latitude  South Pole: ¢ =90° S

Fig. 2-1 Three-dimensional coordinates system (El-Rabbany, 2002)

_20_

SR

TU



ror WE WEF TPt wAsAw, WA 2 A Fe ox W

£ zt=1}. TM(Transverse Mercator)33E= 429 Aol st 7|+ A A=

o,
o
=)
»
&N
n
=5
)
ot
=5
>,
ot
£
rot
Al
2
[>
=
[\
(e}
(e}
ol
e
re
Lo
o
o
k1
rio,
o
o
N

#t(m) o= FAET

Table 2-1 Datum of TM Coordinate System (=0l 2~ 2], 2005)

o] & Korean 1985 Hlo]®(Tokyo D Ho|&)
Fo TM( Transverse Mercator)
A 51255 10.405%E, 38%N
% 5:127%10.405%E, 38%N
=039l e i AA 1272302, 38EN
5 5:1129%10.405%E, 38N
5 3):1315210.405%E, 38%=N
) False Easting:2,000,000m
False Easting:200,000m
T4 7Hakgk ) False
False Northing:500,000m .
Northing:1,000,000m
R A )
oo 1.0000 0.9996
=2 AT
- 2'] -



2.1.23. #F&A ¥

GPSZSIES §5te] Aws Agshs BgAe) Agde] 2 @3
A AHEVEE TM AaAED Wde] Bastth FA%E A2 4Hnd

el A thhel At EFEe] Qom, HAZwe] e e A
2

of SAARTH &A= Ao 2dd oA So] 29

5 3W A4 Hi3AZ wAsks et
GFPS AT WGS64 EFA| Bessel EFA] B 1 Bkl B 1 EF
|—|_’ /}i% 4 HFA=R ﬂ%%}&! HFAZ e %EQSEEEEER%} —™ EEES%EEEF ]‘jjlj&

HE o) Ha

0]F 1 ax, AV, AZ
2w gk
31 As

Fig. 2-2 Process of coordinates conversion from WGS84 to TM

Fig. 2-37} Zo] (AL A= d8S SdATAH YL dAGES e
o gdAe FAoRREH a8UA Aoy Hrwo] vy Hog dFe)
of XFo 2 AHo3tH(AYY, 1995). =3 XFozHy Hx
2 90° A YES Adojgth. EdAe ASHS ZFoE gt
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Meridian
plane
through R,

Qe AYAZE Qd, N, 7t Fold Aol s ®
QX, Y, 2)+ Eaq. (2-1), Eq. (2-2), Eq. (2-3)3} #Zo] Atet}. & & w-A
= Eq. (2-4)3 o] Aojdtt

X = (N+h)- cosd cosA

(2-1)
Y = (N+h) - cosd sinA (2-2)
(25 N+n) -
7 = ?N+h - sing (2-3)
N= a = 2 (2-4)
v aZcos 2b + b2sin 2 v (1—e?sin2g)
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a= EbIAS] ARbE 6378137 (m)
b= ERA S @A 6356752314 (m)

[@))

A Qe AAHAAZAFR QX, Y, 2)7F 744 of d&=HE AR Qld, A,
h)= Eq. (2-5). Eq. (2-6), Eq. (2-7)3} #o] AAtE T}

o= arctan(%) (2-5)
A= arctanyy (2-6)
— P _ _
h=_° 3 N (2-7)

a

o} 71 A, L= \/(b—ZNJrh) A

P=VX*+ Y =(N+h) « cos®

Al o] &3 A2 o] &2 Eq. (2-8), Eq. (2-9)3 o] ALt

2 _ 12
e2= 2 b (2-8)

a

9 _ az—b2
= .

(2-9)

GPS WGS84 AAAZ #E Qx, vy, z) FIEAZS Molodensky-Badekas

:
MARAE AHESte] THS AR Tway Astel wgel ofs)A
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Eq. (2-10)% #o°] Bessel BFA] 7% 3= HAZAE M2 A
(X, Y, 2)= Wit

X x dX 0 kK —¢||=z
Y= lyl+ [dY|+Q+As)|—k 0 w ||y (2-10)
Z z dz ¢ —w 0 z
o714, X, Y, Z= Bessel EFd Ao A AFAFEA (m)
xz,y, 2= WGS842e] 234 (m)
w, ¢, k= 3147t (°)
dX,dY,dZ= ©°]5%ME (m)
As= FZHzto]l (ppm)
Az A HH AuHEZE ALk Eq. (2-11), Eq. (2-12)9F 2t}
A 3
X= A/\Ncosd5+( 6)\) Neos*®(1—tan’d+1n°) (2-11)
A 5
+ ( : 2?)) Neos”®(5— 18tan’®+ tan*d)
A 2
Y:Bd5+( ;) Neos*Ptand (2-12)
A 4
+ ( 22) Ncos4@tan@(5—tan2¢+9n2+4174)
A 5
- (7;0) Nsin®cos (61 — 58tan’P+ tan'®)
2
AN, P = 2608245,
— €
AN= A=),
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2.1.3. Extended RDDF +4
Waypoint= A= Alge] o] s d=doln EAdY F3 7

[e)
T
Aol onz Agan Atk ARAEL FASEA 1 AL ¥ Aok 8

)

= geln Fuhe 1 L

T

o
}l_l‘
bl
o
ot
HE
o,
=
X
e
M
Kl
fo
rr
g0
rr
)
o
Au)

2 AFNA = 2FE AASH7] S8l Waypointg i oz AF-g3hH

Waypoint AHA1& WHAE w= H

AW

A

AAnFE o= FoFg
A7A FRs7] AL B B AN IRE Al 4HS sof
s,

A EdE T3

N

2

4 FF A EAHE7L A & H4A9 AAHERE
koot 1 A el tigk AR E Fo] 99 gth. Waypoint B H+= Fig.
2-49} 2ol A= Ao H¥EES Extended RDDF(Route Data Definition File)
Pz d= Hs AP

Index  Latitude (m) Longitude(m) LBO(m) Curve Velocity(km/h) PTO

21 540648.8371 1955724481 0.6 0 3 1

Fig. 2-4 Configuration of RDDF format

RDDF+= " AE(txt)3Lol A 7716 A= o] Fojyry & AF-ollA AAZ
RDDVS] 192 A= A (Waypoint)®] &A1& YERUY, 282 A= Ao X%
& HE(TME vetdith 392 42 Ao YU #32(TME ovlstH, 449
< LBO( Lateral Boundary Offset)E YWEIH™ Waypoint®] 2= wH ¢ o]t}
Fig. 2-59} o] LBOC] ®9l+= ¢o 2 yetlis RDDFOA vHd v (m) &

olg MAI YL 9ydor EHEH/) AAHE W Solow ade =g
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Fig. 2-5 Concept of LBO used in auto—-guidance

*  Working speed
— * Implement down

[ oo ®

+  Working speed +  Working speed
* Implement down «  Implement down

= Turning speed
= Implement up

* Turning speed
*  Implement up
+  Working speed +  Working speed
+ Implement down + Implement down *  Turning speed

* Implement up

® L i
=
Working area Headland

Fig. 2-6 Definition of working speed and implement status in the working

area and headland area
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A3 F3 A2 Yx A3} 25 H#HS RDDFo| £33t A & #-&53Y
EAE 7} RDDFoA A3E A2 ARE ngon F3 2 29S8 F3 31/
R

Hth Table 2-2= F38<5 1% RDDFe| +4 o oltt.

Table 2-2 An example of RDDF format used in the autonomous system

Index Latitude (m) Longitude (m) LBO(m) Speed (km/h) PTO
1 540648.83714 195572.4481 0.6 4 0
2 540646.38641 195570.7177 0.6 4 1
3 540644.52135 195570.2375 0.3 2 0
19 540634.41698 195613.42345 0.3 2 0
20 540631.79841 195606.98206 0.3 4 1
- 28 -



214 A&FY EYEH A2AYE AN2" 74

EYEH7E 28 YAdA BHAAA FHh7] e e AT ZY o

Fig. 2-7 Representation of a typical field structure in the study

EUH7E TN AeHom sAYE 7Y
g2 LabVIEW 2015 Z2a9& ARE fEetdlor igisE & 24 74
247 % RDDF Zd3ste] 4235 ALEE 5 A
ey EYHO FPEE A A= A2 Fig.
AAHQ g2 aA Ul A FEez a5t 3 dAls Wrdaxgy
i .

ves pRey] 98 ¥ 9% 29 4ALD )
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2 QAT M MR Ronry =4y F471¢ Wel, A4 A P

9 9% 52 £F 490 MR sgon, ZRa9e Qs Text

Load a field shape-file;
Field boundary

Operating width
Overlap Number of
Driving direction headland path

Field outer |:> Field headland |:> Field inner
boundary area generation boundary

U Y

Field headland Field MBR of the
track generation inner field boundary
Turning information U N
selection Find intersection Fill MBR with tracks
Turn pattern points parallel to driving
Turn radius U direction
- Waypoints ‘_’
Turning tr.acks |:> gene¥§tion of Find ir.'ntersection points
generation headland on inner boundary

. Waypoints
Full path points YP .
StOp <:| gepneratri)on <::| generatllcpr;dof inner
ie

Fig. 2-8 Flowchart of the coverage path algorithm in polygonal field
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Fig. 2-9 Creation of headland passes in the polygonal field

(Hameed et al., 2013)
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FAY A U AQRolA N AUV, M FYRAA b FE F
W2 ool% A 180w FAetsl ®Hrh o714 AW AsuAe A4 F
M3 FAA2E A4ske] MBR 7o s A4 ARA = wgeisl fr.

2.1.5. MBRY & °| &% AHAIFHY F=2 A

AP E £ ol A mA A 2 9 A WAE flste], Fig. 2-103%
Zo] MBR €& (Zhou et al, 2014) 7|¥te 2 P& A3 ¢ A2E A3}
Atk MBR2 stuvhe] tpid o] AAE =R v AL 4A AAAE
ot izt flo + A, 5 AAY 7MY A2 X, Y #xF AR M 2 X Y
3 Ao 208 HxEE AAAT AAY dHE v FATFoEA AA

AR ke Fol7] 918 AR A BE PRe wEA Ha)

Field outer boundary

Field inner boundary MBR

AERTE AR T g 4

e
e G F 4 AL 24 |F A0l wxtE F e Eq. (2-13),
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dest A4 A A BAAY AHH FWclA AEFY AL A A

stoh, oyt EdE O F8 AlF wheke 3 WAl A o "]X—};ﬁ(ﬂcz,yz)ﬂr 2

(2 y) 02 TR AR WG 2005 W9 2 A
nlw—w,)
L 1 —tané . ~nlw—w,)
LJ' B {1 *ttzrrlli/J x| e tand cosf (2-13)
l ] Y; —x; * tanyy;
t 1 — tand 0 n(w—w,)
[y#l} {1 —t:rrllz/» ]X A T (2-14)
i+1 i+1 Yi—T; tan¢i+1

z,y;,= MBR® #3824 A 24 (m)

T 1Y+ = MBREY H3d 3 (m)
2.16. & AZAAHES A O Ju) £ 7 dugF
Esk JEjY AN oA M ggoz2 yrolX = & (Choset et

al, 1998) #lo] @aslth B2 Felo] TN T Ao o

S|
H
o] SEFPHolH AEAG o IS THAT Hrolzl d9E A(Cel)
ks
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9= el s+ (Sweep line function)E A .

9= ghel Bat yEY FAT A9 o

o
1o
e
[

2 Eq. (2-15)% #o]

&

(2-15)

Fig. 2-112 Fo{z g9 & FEsts d8E vehd Zolth Aeojd ~9 =
Zhel 55 ol 88 Fig. 2-11(a)3} o] #HZHE $FHo= olFAA Frh
Fig. 2-11(b)¥} #o] YA A (Critical point)S Wb o] AAHANA ¢, o}
2 AE dFste] ZA A (Boundary)S WHETE o] =
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7] WRe] G B@sel AL TH A
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X X

Fig. 2-11 Slice movement from left to right (a), boundary creation by

critical point and intersection points (b)

Fig. 2-12¢ Fo3 9495 =3 vEbd Aot} Fig. 2-12(a)=
29 golo] H=HE =07 olF FH|dt} Fig. 2-12(b)9} #o] 29
gelo] A WA AAHA AE WA HY A CS dojFrh =92 elo] A

rlr
MN L
mlo
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Fig. 2-13 Flowchart for field decomposition
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Fig. 2-14 Path generation in the sub field or a whole field
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(c) R-type turning
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Fig. 2-15 Headland turning patterns in a paddy field
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Table 2-3 Input variables of tractor and implement used in the study

Items Values
Manufacturer TongYang
Model TX&03
Distance from front to rear axis 2.3 m
Distance from GPS to front axis 1.8 m

Distance from GPS to implement axis 1.3 m

Minimum turning radius 35 m

Width or implement 19 m

Width of working overlap 0.2 m
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Fig. 2-33 Simulation analysis by changing the direction in convex shaped
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Table 2-4 Results of the simulation analysis by changing the direction in

convex shaped polygonal field

Items Values

Driving angle (deg) 0 65 120 170
Travelled distance (m) 1344.17 1266.31 1290.65 1342.75
Effective field time (sec) 1323.87 1405.15 1327.88 1330.95
Field time loss in turning (sec) 380.74 269.96 330.26 371.76
Field time (sec) 1704.62 1675.11 1658.14 1702.71
Field efficiency (%) 718 83.9 80.1 78.2
Round numbers 16 12 14 16
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Fig. 2-35 Result of the path generation by changing the direction in

concave shaped field 1

Table 2-5 Results of the simulation analysis by changing the direction in

concave shaped polygonal field 1

I Values

ems Case 1 Case 2 Case 3 Case 4
Driving angle (deg) 90&90 70&45 90&45 70&90
Travelled distance (m) 1935.4 1882.9 1887.4 1930.9
Effective field time (sec) 2005.1 1992.6 1983.8 2013.8
Field time loss in turning  370.8 491.3 379.1 483.0
S(;:(; time (sec) 2375.8 2483.9 2362.9 2496.9
Field efficiency (%) 4.4 80.2 84.0 80.7
Round numbers 16 20 16 20
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Table 2-6 Results of the simulation analysis by changing the direction in

concave shaped polygonal field 2

Values

Items Case 1 Case 2 Case 3 Case 4
Driving angle (deg) 90&0 0&90 145&120 90&90
Travelled distance 2576.8 2469.0 2847.1 24745
(m)
Effective field time  2645.1 2664.9 2952.7 2625.0
(sec)
Field time loss in 640.7 600.7 839.7 506.4
turning (sec)
Field time (sec) 3285.7 3265.7 3792.4 31314
Field efficiency (%) 805 81.8 775 84.5
Round numbers 28 26 36 22
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Fig. 2-39 Simulation analysis by changing the direction in concave shaped

polygonal field 2
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3k A ZRaRs olgste] EUHY T8 AR AH< RDDF7F
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Architecture of high level control Total output

Field map data Tl
N Path generation
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Longitude nside working g
Outside working » Speed
GPS
» Steerangle
Latitude .
Longitude RDDF generation/edit 22 Ims::trzsent
pose data GPS signal correction «  Position / Speed /
— LBO / Implement
Roll
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| i
Tractor data Path tracking
Steer angle + Target speed 8
Speed y *  Target steer angle
Implement + Target Implement status

Fig. 3-1 Flowchart of high level control for path tracking
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T3 A&FHFS Y3 YAAA A" Fig. 3-33 o] VRS(Virtual
Reference Station) AW AS=Z 94X HHE HS53IY AEFFo| AR&gH
th HEIEE S AAR EAEA @ARE 71E VEH T FdsAl EWEH
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Fig. 3-3 Configuration of the VRS-RTK GPS (Landau, 2009)

3.1.1.3. 54 AEFF Aoj7] A4

(1) AA Nz=" 54

2 AFgAE Ad A" By suto s My Alxgl o2& o8 HjAdY
ANa®l Ao 715 AAE T (Samson, 1995). LdubE o] T Jhe] AojdHES 7}

Aol Q= 3k o] MY AJA"2 Eqo 3-D3 2k

az =~ My

@ dEs 7 Ay Al=dlo R WEkstr] 9 Eqo (3-1)2 AH ¥

aioll thefA wlZskal 918 my, meE thalel 7 Aol 48 mz® Eq. (3-2)
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At o 7R Aol 99 mye ©l§ Eq. (3-3)3 #Zeo] PDAC7IE A2

= P 9 D o5 & 243 Fig. 3-49 2o] JH W5 a5 022 $H3}
A g % e
my =— a3l — a, K, (3-3)
a; +a/2Kd +a, K, =0 (3-4)

1.5

1.0

0.5

—0.5

Fig. 3-4 State a, can converge to zero by choosing gain

(left: K,=0.3, K4=0.3 right: K,=0.1, K4=0.1)

(2) ZFAAo] 22 AA

B po e Ao r|E AAEr] 9l Fig. 3-59 #o] Extended
Ackerman Kinematic Model (EAKM)E A}&3te] Ao 22 S FAISHA
=, EAKM2 3 #x}(Lateral Deviation) ¥} ®ek7zF ¢ 2}(Heading Error)#
b agsl= Zlo]l obd EHME IAAAM F Al FW o] T (Lateral

Disturbances)= iL#]slo] Eq. (3-5)¢ #o] <8 2 3,8 6,& =5&°] 7ted
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F3) 2dS A2 tHLenain et al, 2007; Fang et al., 2011).

Fig. 3-5 Extended Ackerman Kinematic Model

VCOS (é+ ﬂr)

5= l—c(s)y

y = vsin(é—i—ﬂr)—i-el

tan (0+ ﬂf) —tanf, B c(s)cos(0+.)

= v[cosB.

L 1—c(s)y H_SZ
A7 s= 34 FH3E (m)
y= 3 #A=x (m)
6= 3F 22 ()
c(s)= & (m")
v= 4 £% (m/s)
o= 2% 4% (°)
=48 €d 4% (°)
B.= 5% €9 4% (°)
- 76 -

(3-5)
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o714, my

oflt

g = A=Hl 9|7 (decimal)

JH WEE F3 Eq. (3-5)¢ EAKME Eq. (3-6)3 #o] Wglo] 7}5 st
E

q. (3-7)3} 20| Perturbed A Al=€lS A& 5 vk

(ap Ay, ag) = (57 Y, (1 - C(S )y)tan (é_l_ Br)) (3-6)
_wcos (é-l— ﬂ,) B
@ 1—c(s)y — M
ay = vsin(0+ B,)+e =aym, + ¢ (3-7)

. d(1—ye(s))tan(0+3,)
as = dt =my+n

de(s) cos (6+ B,)

:—vc(S)sin(é‘*‘@)tan(é‘f‘ﬂr)—v ds 1 yels) tan(é-l—ﬂ,_)y
1—yels) ( tan (6+ ;) — tanB, ( )Cos(éJrﬁr)

Ucos2(é+ﬂ,.) COSPr L e 1—ycl(s)
l—yc(s) d_ﬁ,

cos’(6+ 8,) dt
1—ycls -

M—C(S)eltan@—i—,@r)

cos> (0+3,)

Al =gl o2 kgt

R S Y
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a; =1
, m
1 1 1

) A8 uE o8 Eq. (3-9¢ Zo] PD Aoj71E AAS Eaq.
(3-8)o] Ystd Eq. 3-10)¥ #Z& 23 w & WA 2S AA o}l = P gain
7 D gaing F4Este] AH W 0,5 007 FHeE slo] HA ot

u=—2K,—a;Kp—pt h(0.2755pz) o>0 (3-9)
a;—i-a;[(p—i-a?KP:O (3-10)
o] 7] A z:aQKP—I—agZyKP—i—(l—yc(s))tan(é—i-ﬁr)
o= 4
Ky, K= Ao w7l W
Eq. 3-8)FH Eq. (3-10)7}#] F24& |8 EdHI £¢€S 183 A

BN

7_11-

R

KeR
T

2

at

§(y,0) = arctan | L

A}

o
o

-

=

=

701—

7} Aol 4= us o W 9& Eq. (3-11)¢F #o] o

c053(5+ 8,)
(1—ye(s))?coss,

de(s)
ds

( ytan(é—i— B,) — B (3-11)

+u+c(s)(1—yels)) tan(6+3,)

c(s)cos (0+ B,) B
(1—ye(s))’cosp,

L dp,
vecosf, dt

+tang,
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3.1.14. #571E &% <gold 45 ¢andF

EdEs TAAA A A BAY A FE 59 Zo] F: e

o

b

EAKME o§ Edg9 Hetold &9 Hdo] A5ay] wie] o Ful

B2 J|ule] 2183 A48 fewo|th
Zob b A=A ZraweA A4¥ RDDFE ¢ 2o}

=
=
94 ARE o§ /F ARE ASH B3 FZoA A4E I Axe Y
3

Observe part

observed

(y.8)
s ¥ Slip angle

g
. O " observer (BB | observer (extended
observed control kinematic model)
A
I
|

error

| 1
. reference | measured X steering
Extended » Target path O |errorl y.8) robust (8) J tractor
RDDF position % control (actuator)
| measured
(%

! Control part

Fig. 3-6 Flowchart of robust control and slip observer loops

B A= GPS/INS 7Rtew S49 3 Ak gha U eAARnE
7o R EYHF dugES B9 £H A4S Ao 2 F4th(Stephant
et al., 2004 and Lenain et al., 2006). 7|3t #Z7]= Ao] SHAA TAE
2 fs) d F 747y Aol Wg R Akl EAKM 2 ol A
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X s /1 :vsin(é—l—@,) )
X:f[Xa (ﬁfﬂ: [ tan(0+ 3,) — tang, cos(0+3,)
r fo =v|cosp, —cls)————
L 1—c(s)y

(3-12)

A Al2¥l Eq. (3-12)8 Eq. (3-13)¥ o] A&3}t gt} of7]A4 a4 B

toud bsd PPoln o YU fE &Y 4 P u-

A 3 Hm
ﬁjoﬂ o )

iz
%
N
o
o

X=1(X,0)+B(X) « (gf) (3-13)

vcos0 0

cls)sind v v as

1*0(8):& L L
= 22k e X(#HFH) - X(5A)9 #bo] groz A7t Ha 19 54
2 X(#HFH)gkel X(FA) ez A AAdstes Aoln & #F 23 &
00.® F93slA4 w=x Ao|t} Error dynamics™ Eq. (3-14)¢} #o] A7}

Ha o7 #Z=7] o]5(gain)el FE G Hurwitz 3 @ ot}

e=G - e:f(ff,o)—?ﬁg(gf) (3-14)



P -1
[5 vcos 0
fl_— .2
3 }— c(s)smq ~ VY4 tan?s)
Ul*c(s)y L L

{lgee—r(x0)+xf  (3-15)

3.1.1.5. BAIAEAA GPS 43 B2A
EdE ] F2Ee= GPS (A =o] 9F 2 m)+= Fig. 3-73 2o 49 4
AA &2 B AR = gEel o &, v gFS ZA A HH E

dEe A4 AAE ATa) g Age ArFEe Adets] 98 =9

At

Uncorrected Cormrected
position position

Fig. 3-7 Position corrections of vehicle inclinations

GPS 91 22 BHAF W& Eq. (3-16)7 Zom o774 38 E= E Y
JHFARE AUF TR Wskely] Y3 A3 3 ot}

X\ (X
(KJ(KJ(I;J « £, 0,a) (3-16)
z) \z) \c

r
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£ 1(1/}39705) = E(_ Qp’_ 97_ CY)

= | sinasinfcosy — cosasiniy cosfcosy — sinasiny — cosasinfcosy

[Sinasin@sinw + cosacosy cosfsiny sinacosy — cosasinfsiny J
— sinacost sinf cosacost

A7IM, X, Y, Z = GPS 9A E’E} % (m)
X.Y.Z = GPS 9% w4 =
a,b,c= EHE COGH GPS{H’J Zo] (m)
= IMU? 89 Zt% (°)
0= IMUS 92 7% (°)
a= MU & Z+%= (°)

(m)

3.1.16. M F3A 99 BAE AF FA7] F5/37F Al

EE7 A" FY A2E Jdtes 3¢ 1d A 1 34 99
[ez!
H

S A Y XY AYEs S s EYHE v d9oz2 1y 2 A
Wl Gl 22 A A7 AE a7d 54 FRAAA FFe] AEetes
Aol Hasir) Fig. 3-8 RDDFAIA 7] AlojgEo] FAE dhhel o o]
w4 A2l A EAHIE 27| Aseta 1684 F2HA #d 7] -
275 skl dth
[ 9,5600000 -2,100000 0.5 | 0 4 I
2 9. 5600000 -17.10000 05 1 0 4 n
3 5600000 -32.10000 0.5 | 0 4 n
[ G.6R00013 — —maeRRlle 06 1 0 2 1 Point of
5 9.8384132 -36.9566735 0.5 | ] 2 0 imolement
6 10. 8220466 -38.28549] 05 1 i 2 g 'me
7 12.2183914 -39.1379338 0.5 | i 2 0 up
8 13. 8166324 -a0.2058721 0.5 1 0 2 0
g 14, 7318551 -41.8%58403 0.5 | 0 2 a
i0 14,7534175 -43.817224 0.5 1 0 2 i
i 13. 876343 -05.5271033 0.5 | 0 2 0
12 12. 3030684 -05.6306238 0.5 | 0 2 ]
13 10, 3967202 -05.8730808 0.5 | 0 2 0
14 B.5373012 -05.1985133 0.5 | 0 2 ]
5 7.3201343 -44.7626193 0.5 | 0 2 0
R
18 68500013 128968147 05 | 0 4 | implernent
19 6. 8500013 2.1031853 05 1 0 4 | down
20 6. 8600013 17.1031853 0.5 1 0 4 |
Fig. 3-8 Commands of implement control on the RDDF
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Fig. 3-9& #4719 &4 #s& 93 A% Alo] st dgyozw
EGE O A7t A7 Fs &7 A
A7 R WgkEe] A7) AeS fe Al IAE Atsth Aol 917}
247l s 27" ARAHe LBO Wl Solew Ay AsstA =

=

1
= 9% Ao AAE AxEIH Al AAZE A7) s agd FRAC
LBO ® el =olew 247 spdstA =m obd 35 27 A% s
B2 F3sk= Jid ol

! !

‘ Tractor position ‘ ‘ Implement status ‘ ‘ Waypoint ‘
| [

Changed from no
100
Position of implement control Position of implement control
x; = xg — Ly - cos@ Xi = xg — (Ly+13) - cosd
Vi =Yg =1Ly *sind Yi = ¥g = (Ly+L3) « sinf
~ =
] LBO
Implement no no| Implement
down control up control
yes yes
Implement up Implement
control down control
Drive into Drive out of
headland headland

Fig. 3-9 Flowchart of the implement control






Fig. 3-113 Zo] EYEr} Alng] ddoz 19 Al GPS Ax ¢z 2

7] FRE 7re] AR(LDE ko] Abde] wkEo(X RDDFell #§i~7] Ao

WES lAsAnh =g EFEIE AjuE] GooA &F Al GPS HA 91X

o} 2l7] R 7hol A zela ZHe 9o A4S £dd A(L1+L2)
E

X_l
of 3He A4IEF 3

Driving direc'liuh’__ ky

Fig. 3-11 Definition of parameters for implement control

{acg =z, +mcost (3-18)

Yy, = y; tmsinb

L (driveinto hedland )
m= L+ L, (driveoutof headland)

A7 A, z,y,= GPS 54§14 (m)
2oy = 971 94 (m)

m= GPS$} #t17]7ke] 2ol (m)
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Eq. (3-18)5 Eq. (3-17)°ll tidskd otz Eq. (3-19)¢F 2t

z,= x;— msind = vcost) — msinf

R ~ (3-19)
Yy, = y;+mcost = vsind +mcost
Eq. (3-19)& Al#ste] oFd Eq. (3-20)2F o] Ael3trt.
CL‘; + yi = (veost — msin0)2 + (vsind + mcos@)2 (3-20)

= v’cos?0 + m292sin20 — 2vaécosﬁsin9 +v?sin’6
+ m292cos29 + 2vafcosfsinf

=v2+m292
Eq. (3-200& thAl Agskd Eq. (3-21)¢F #Za o]E o] g EHE 9 &)
WakS Eq. (3-22)9F Zo] dA #)h

.9 .9 9
. Ve, Ty, —v
h—y Vo YT (3-21)

m

AT ng_ng—l
etzetfli m \/( AT

oA7IA, AT= AEF" A7 (sec)
z,,y, = ANZF Al GPS 913 (m)

(3-22)

6,= ATt tol A e] Fa) ()

Eq. (3-22)o14 42 dA wakza} A7) A fxe AHE o] &3to] Eq.
(3-23)3 7o) 7] dAA YXZ Azl AAkE 27 dA YA E o] &
AbA o] mrEo]z RDDFY 2y 7] Ao W&

T, =, +vATtosh,
Yy, =y; tToATsind,

7A@y, = A2 tlAe] 7] A (m)
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3.1.21. 3 99X ox A

o (m
i)
1
lo,
N
Og{:,l'
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dEol W F=AAYE Artste] st
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o dAE Amsk AA Azske] AolE ol &stel Eq. (3-24)] o3 A
At

Actual travel
o Track Error (TE) Hajectoey
\_/"‘ 'I- -'-,‘. /T ....... - ./.'
P, @i —— —— —iee—® Py,
n . . ~ . : —— o el
/ T
Simulated travel Sum of TEs (STE)
trajectory
Fig. 3-12 Definition of sum of track errors
Y (TEs)?
RMSE= (3-24)
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Fig. 3-13 Method of calculating effective operation area in ArcGIS
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< A S¢eldE #74<? LabVIEW Z=27
aYEe TAst Add =% 4
RoboticsLab Z=Zflo =2 HFsts WA

op

Kinematic Bicycle Model (EKBM)& ©]

aE o] 9N AR AAARE A BAGA SeoldE

xdssitt E

g7goz v A

Fate] mEga Mu F Fol Fae] R 29 727 SEANE A A
gttt 7P ASH AEdeld ZRIadS o]fste] Jidd FAEAY B A
= o~ o) =] ) = 2= 5. 2=
25E GuES 24 L FEe e 4G ANSE FHT 5+ AES
st
ELabVIEw i Environment |
E— P 3D Field environment
i Control 1ogic | seerng Plant +
i —(_)—*| Tracking algorithm |———* | Extended kinematic mode — }—rPlayer
Wayeomt Z module for calculating | elokity Implement madel /
the control elements | [/
Position & Aftitude Measurement
GPS, IMU, TR

Steerind response
Yo

Path planning !

Steering wheel meter

To determine desired path for < £ i

tractor operating in test field —
TCP/ IP

>

Fig. 3-14 Configuration of the developed virtual simulator system

3.21.2. 714 EdHY 3 24
ol A 3

ol#g A= AlEdelAdlA

EdEst 44 ¥

A =

thH(Zhang et al., 2009). Fig. 3-15¢} zZo] EHE 3H A
Atole] W= el o] w [auEky S

Zell olal A ESY

g AR N AN
ole] ZA=(p)= 3 Al HiFe] &9

HA = 7ol
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e e R L

Rear axle

——

)

Zte] #AI Eq. (3-25)% MEste] Eq. (3-26)2.% W3S 319
v, =V, X[ (3-25)
v,= v, X 3 (3-26)
A7, v, = THEF £E (m/s)
v, = 3%

FFEY A 2HFH wEW EdE e thS9 Y-axis Motion Extended

A2 Eq. (3-27)3 Yaw-axis Motion Dynamic %42 Eq. (3-28)
o2 A 4

Kinematic®

ZF;/ =ma, =mu, (B+ w) =2F,+2F, (3-27)
YoM, = ILy=21,F,,—2l,F, (3-28)
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EdE A8Fd A dE8Y FE
Fig. 3-163 o] Ao #Hrh £golx =48 A% 78 Ul tans=4 7}
o Bq. (3-29)9} (3-30)% Aeat 4 gk

Qete] AEH TR 29 ZL

2 i .
! .

Fig. 3-16 Definition of the slip angle for front and rear tire

B v7+l1'/1 v1+lip
By=0-6=0—tan '~ Tm=g- (3-29)
) —lr?,.b v —lqﬂ'ﬁ
B, =—tan ! yv = yv (3-30)
- 9‘] -
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vkl o] g3 S wkE2 Eq. (3-31), Eq. (3-32)°] Aeol® A o] &
H 73 2" Aol tig dEolvt
v, +1 w _
_ _ - /Uy_lT/l'/}
E, =00, = 0( T (3-32)

ANA, ¢, C = AT} FE ZUY 2~EZY2~ (N/rad)

B8, = Aed F59 €9 4% (°)

v,,v, = THEFN FLF £E (m/s)

Egs. (3-25) - (3-32) F4&% ol&3dto] Eq. (3-33)¢9 #o] EUES &H

ZF(slip angle), &% ZH(yaw angle), 2% & (yaw rate)& 23 & 4 Ut}

_2((]f+q) L 20,C,—1.C) . 20, |
'ﬁ mu, mUZ 8 mu,
w =| 20,0-1C) 2(2C,+12C) |+ | 2,C |0 (3-33)
v L T o, L
0 1 0] 0
Fig. 3-173 2o] Ede] 7 9% =9 7, 29 & 2 73 S=0
ofs) A Arks tasketr] A ESE Hste] mdle dE HH o
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ZIERA EEdts HH o TRy EGE e AeFd FF dudE

of g3z ANz 914 dolHE thee Eq (33002 Aeld A3 2ol
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Cstart )

l

Declare model parameters
Cf, Cr, m, IZ

|

Initial conditions
Slip angle: g =0
Yaw rate: ¢ =0

Steering angle : 6 =0

I

Input variables
Forward speed v,
Steering angle 6

|
Calculate slip rate and yaw
acceleration
B=AB+Bgp+CO
¢ =DB+E¢p+FO
!
Calculate slip angle and
yaw rate
B= fﬁ e ¢ = f(/j de
l

Calculate tractor position
X =X, + [(vecosep — v Bsing) d;

Y=Y+ f(vxsinga + vy fcosp) d;

Output data
Slip angle B Yaw rate ¢

Current point
=Target point

2 o= #gsy] S 94 md A% A49e DBk rbuilderts

ZIgko® AgET  durAQl HFoe] Jhssith Fig. 3-19v CADE
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Preview

Perspedliye View

@@ front wheel R
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roRa Yy 9 B front wheel R
i G front wheel R_c

= @ frontwheel L_axis

front_wheel_R_axis *

=@ front_wheel L
5@ front wheel L
. origin
i § front wheel L
5§ front wheel L_c
= @ back wheel L
5@ back wheel L

Model Properties 2 x =
| origin
an ! \@ 5§ back wheel L
= General % B 5 back wheel L ¢
e = back_wheehR & @ back wheel R
e . back_w... 5 @ back wheel R
Version 1 orign
= Credit @ back wheel R
Description - worker * -G back_wheel R_c
— = == & @ worker
worker 4@ worker
%- | Origin
&2y Herdware
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Diagram view (tractor) for simulating engine
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Fig. 3-21 Navigation sensors in the virtual simulator
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Fig. 3-22 Diagram view (tractor & implements) for simulating engine
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Fig. 3-23 Various implements for farm work in simulator environment
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A2 o] Height-mape] AA 5™ Width, Height® 28t AU & 3o
2 Qg 9ete W olt). Height-mapd] HEEE ZAAHst= F57F 95 W
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,

Height Map Generator v2.0
It generates 2 helight-map from Pedin noise function,

Copyright 2015 Smlab Co., Ltd. Al nghts reserved.

Width: 512 {pixels)
Height : 512 (pixels) !ziR.eguEr Square
Persistence : 18 2
Interpolator ¢ Cosine -
Iteration ; 4 -
Save As: Browse...
|| apply Smoathing
Generate

Height-map file format:

format : indexed (uncompressed) RGB(DIE) hitmap
bits per a pixel ¢ 8 bits

pallet + 256 colors

mirnimum resolution : 2% 2

LS

Fig. 3-24 3D map generation using Height Map Gen.exe
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rlo

vl < (bit-map)oll A &3l RoboticsLab® 7 =g 5l EMLS
Height-map = &3 AY3kA A9k Fig. 3-2569F #°] Height-map <=

Import sto] A &S AAst= 7oe Agstez e AAs= 7lesoth
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Fig. 3-25 3D map generation using bit—-map

Height-map A4 Al 7F27F AlE#olA 3749 xFol sldsEr AlZe y
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#he Height-map 278 Al &7 AAst= o] HAdiok HA gt o A4

t}. Fig. 3-26(b) 39 Bit-map= AF&3sle] A% 3D A& oot}
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Fig. 3-26 Bit-map generation (a), 3D map generation in RoboticsLab (b)
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Fig. 3-28 Coverage area generation in the simulator environment
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3.2.1.5. AH ¢} So|AETY T ZE2EZF

MR AlEHolE A Spo]AdES}L AHZEe] 42 TCP/IPE ©]&3k3
AL, dlolE B s mAA s Zl(packet)S T EATE HIAA = EH 9
o (dolE) = FAAEN ™ I F st Table 3-13 2] WAX 9] A&
8 HiolEo|m wWAX] & FiF, HolE] Alo]= T& At WAIA] HolH =
el vhgoll FrkEw 1 =27)= dd e Size o AAE @I 2o dA=
16 HlelER ngso] glom AA w7l oA AEHA G G 02

2 Asdn

Table 3-1 Configuration of the message header

Name Type Size Description

id unsigned short 2byte W A A ID
Header size unsigned short 2byte Data=17] (bytes)
(8 byte) reserved short 2byte 0

flag unsigned char 1byte 0

checksum char 1byte 0

ARz gded 424 F7HTable 3-2), 3 £= 2 =
#(Table 3-3), 247l Zt%= Alo|(Table 3-4), A7 /a4 Al
(Table 3-5), #t17] #(Table 3-6)3 #2 wA[A] A7 A8t A& o]
H=z ddste] 71 Algdolds Sal EUY 3 S Holer AlEd
olH 7} FAIF 2 Histd A4 @Y (Table 3-7), +38 &9 Z%=(Table 3-8),
T3 W (Table 3-9), GPS 91# A X (Table 3-10), IMU AtAl A H(Table

3-11), EAHY A &£&= 3 23 245 (Table 3-12)9 22 wA[A] #H3& +
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Table 3-2 Configuration of waypoint message packet

Name Type Size Description
1id unsigned short  2Zbyte 1ID=0
Header size unsigned short 2byte 16
(8 byte) reserved short 2byte 0
flag unsigned char 1byte 0
checksum char 1byte 0
index float 4byte Index
Body longitude float 4byte Longitude (m)
(16 byte) latitude float 4byte Latitude (m)
heading float 4byte Direction (deg)

Table 3-3 Configuration of velocity & steer angle message packet

Name Type Size Description

id unsigned short Zbyte ID=1
Header size unsigned short Zbyte 16
(8 byte) reserved short Zbyte 0

flag unsigned char 1byte 0

checksum char 1byte 0

velocity float 4byte Speed (m/s)
Body steer angle float 4byte Steer angle (deg)
(16 byte) reserved_0 float 4byte Unused

reserved_1  float 4byte Unused
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Table 3-4 Configuration of implement angle message packet

Name Type Size Description
id unsigned short Zbyte 1ID=2
Header size unsigned short Zbyte 16
(8 byte) reserved short 2byte 0
flag unsigned char 1byte 0
checksum char 1byte 0
angle float 4byte PTO angle (deg)
Body reserved_0 float 4byte Unused
(16 byte) reserved_1 float 4byte Unused
reserved_2  float 4byte Unused

Table 3-5 Configuration of implement up/down message packet

Name Type Size Description
id unsigned short Zbyte ID=3
Header size unsigned short Zbyte 16
(8 byte)  reserved short 2byte 0
flag unsigned char 1byte 0
checksum char 1byte 0
signal float 4byte “0”=up;
Body reserved_0  float 4byte “1”=down
(16 byte) reserved_1 float 4byte Unused
reserved_2  float 4byte Unused
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Table 3-6 Configuration of implement width message packet

Name Type Size Description
id unsigned short Zbyte 1ID=4
Header size unsigned short Zbyte 16
(8 byte) reserved short 2byte 0
flag unsigned char 1byte 0
checksum char 1byte 0
width float 4byte Implement (m)
Body reserved_0 float 4byte Unused
(16 byte) reserved_1 float 4byte Unused
reserved_2  float 4byte Unused

Table 3-7 Configuration of working area feedback message packet

Name Type Size Description

1d unsigned short 2byte ID=5
Header size unsigned short Zbyte 16
(8 byte) reserved short 2byte 0

flag unsigned char 1byte 0

checksum char 1byte 0

total area float 4byte Field area (m®)
Body worked area float 4byte Worked area (m?)
(16 byte) reserved_0 float 4byte Unused

reserved_1 float 4byte Unused
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Table 3-8 Configuration of slip feedback message packet

Name Type Size Description

id unsigned short 2byte ID=6
Header size unsigned short 2byte 16
(8 byte) reserved short 2byte 0

flag unsigned char 1byte 0

checksum char 1byte 0

slip_CG float 4byte Slip_CG (deg)
Body slip_front tire  float 4byte Slip_front tire (deg)
(16 byte) slip_rear tire  float 4byte Slip_rear tire (deg)

reserved_0 float 4byte Unused

Table 3-9 Configuration of lateral force feedback message packet

Name Type Size Description

1d unsigned short 2byte ID=7
Header size unsigned short 2byte 16
(8 byte)  reserved short 2byte 0

flag unsigned char 1lbyte 0

checksum char 1byte 0

force_front tire  float 4byte Force_front tire (N)
Body force_rear tire  float 4byte Force_rear tire (N)
(16 byte) reserved 0 float 4byte Unused

reserved_1 float 4byte Unused
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Table 3-10 Configuration of GPS signal feedback message packet

Name Type Size Description

id unsigned short Zbyte ID=8
Header size unsigned short Zbyte 16
(8 byte) reserved short 2byte 0

flag unsigned char 1byte 0

checksum char 1byte 0

X float 4byte Longitude_ GPS(m)
Body y float 4byte Latitude_GPS(m)
(16 byte) =z float 4byte Altitude_GPS(m)

reserved_0 float 4byte Unused

Table 3-11 Configuration of IMU signal feedback message packet

Name Type Size Description
1id unsigned short 2Zbyte 1ID=9
Header size unsigned short 2Zbyte 16
(8 byte) reserved short 2byte 0
flag unsigned char 1byte 0
checksum char 1byte 0
vaw float 4byte Yaw (deg)
Body pitch float 4byte Pitch (deg)
(16 byte) roll float 4byte Roll (deg)
reserved_0 float 4byte Unused
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Table 3-12 Configuration of velocity &

steer angle feedback message

packet
Name Type Size Description
1id unsigned short 2Zbyte 1ID=10
Header size unsigned short 2byte 16
(8 byte) reserved short 2byte 0
flag unsigned char 1byte 0
checksum char 1byte 0
velocity float 4byte Actual speed(m/s)
Body steer angle float 4byte Actual steer angle (deg)
(16 byte) x float 4byte Longitude_COG (m)
v float 4byte Latitude_COG (m)
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Fig. 3-31 Environment editor for changing the road condition
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Fig. 3-34 Result of simulation analysis for path generation by R-type
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Fig. 3-36 No slip environment on the developed simulator
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Fig. 3-37 Result of the simulation analysis of full path tracking trajectory
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Fig. 3-38 Large slip environment on the developed simulator

Look-ahead tracking with plowing

North (m)

-10 0 10 20 U 50

- --Reference path ¢ Look-ahead control

East (m)

(a)

- 19 -



Robust control with plowing
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Fig. 3-39 Result of the simulation analysis of full path tracking trajectory

by look-ahead (a) and robust control (b) from the large slip environment
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Table 3-13 Results of the simulation comparison of full path tracking

RMSE by look-ahead and robust control from the large slip environment

Working types RMSE
Look-ahead control 164 cm
Robust control 10.96 cm

Table 3-14 Results of the simulation comparison of operation performance

by look-ahead and robust control from the large slip environment

Ideal Skip Field time loss Field Ratio of
field area area in turning efficiency skip area
Look
ahead 840 m> 183 m®> 149.2 sec 68% 2.2%
Robust ' (
control 840 m> 11.8 m®> 136.3 sec 71.9% 1.4%
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Fig. 3-42 (a) Result of the simulation analysis of tracking trajectory and

lateral deviation on the left tilted plane

- 124 -

| &+

':.-'_ 'I_'

"\.
1

2 A -



-10

-12

-14

0.2

-0.2

0.4

Lateral deviation (m)

-0.6

-0.8

e

43 44 45 46 50
—A—Reference path
- = Vehicle COG_GPS no corrected
—Vehicle COG_GPS corrected
e .-_-_-—‘—1;:;— =
North (m)
0 10
A
1
|
o
|
o
v W '; - - -Vehicle COG_GPS no corrected
v ! {
v — Vehicle COG_GPS corrected

Travel distance (m)
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Fig. 3-44 Result of the simulation analysis of implement control by the

developed algorithm application on the R-type(a) and X-type(b) pattern path
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Fig. 3-45 Result of the simulation comparison of RMSE by no algorithm

and the developed algorithm on the R-type pattern path

B 10 15 20 25 30 35

——Reference path
A Implement up_after
2  Implement up_before

- Path tracking

North (m)

A Implement down_after
® Impelement down_before

Error (m)

o

mNo algorithm applied = Algorithm applied

221

up Down

Implement state

Fig. 3-46 Result of the simulation comparison of RMSE by no algorithm

and the developed algorithm on the X-type pattern path
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Fig. 4-1 A view of TS25 tractor used in the study

Table 4-1 Specifications of the TS25 tractor used in the study

Items Specifications
Four stroke, indirect
Type injection water—cooled
diesel
) Cylinders 3
Engine
Compression Ration 22:1
Displacement cubic 61.5 inch
Fuel Tank Capacity 6.1 gallons
) Battery Capacity 12V 50AH
Electrical
Alternator 12V 50A
Type HST-2 ranges
Transmission o
Numberf of Gears/Speeds Infinite
) Type Hydrostatic Power
Steering

Pump Output

2.6 gallons per minute
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Open center, full live

Type .
Hvdrai hydraulic
ydrauic Pump Output 45 gallons per minute
System 3-point Linkage Category 1
Lift Capacity 1320 Ibs
Type Independent
PTO PTO RPM 540 @ 2893 engine rpm
PTO HP 19.3 kW (max)
0] ti
peratne Total 1540 Ibs
Weight
) ) Overall Length 102.4 inch
Dimensions
Overall Width 47.2 inch
Ag (Front / Rear) 6x12 / 9.5x16
Tire sizes Industrial (Front / Rear) 20x8-10 / 27x12.5-15
Turf (Front / Rear) 20x8-10 / 29x125 -15

A7) EE RS olgdte]l WA HAES WARE Fa yES

A, 2FEA, 7hE A, AQiAe] Uy SO = Fig. 4-29F 2d A

Ade FEHT 5 AW B ATl TS mul EHEE i A9 Alxw
ggel glol 714 REE olgstel AxA WAL A&

»E
Aol BES A&Fa AoV ZRE AojPH S wol paA 7
AzEe FREL Fig 432 Ao]RE3} eElso] 2 mE7Ie A

ol o},
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Fig. 4-3 Configuration of power and signal for autonomous tractor
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Table 4-2 Specifications of the obitrol used in the study

Items Specifications
Max. Pressure 17.1 Mpa
Rated Flow 16 L/min
Max. Back Pressure 3.4 Mpa
Input Torque 2.0 Nm
Max 175 Nm
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Table 4-3 Specifications of the EPS used in the study

ko

%% WH ol EPSE 4337 A3 4R Fo agel

ZtE EPSolt.

-

Items Specifications
Power 12V

Max. Drive Current TA

Drive Torque 2.5 Nm
Reduction Ratio 1:15
Rotational Speed (No load) 150 RPM
Weight 3.0bKg
Operating Temperature 20°C™80 °C

Control Board

Input of Steering Angle Sensor

Baud rate : 500kbps

Analog Input 2 channel

0Vdc, 5Vdc Output DIO 2 channel
RS232 1 channel

CAN 1 channel

Analog 0V: 100° / 25V : (°
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Fig. 4-4 Design of electrical power steering for autonomous tractor

Fig. 4-5 EPS module and control board
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Table 4-4 Specifications of the rotary potentiometer used in the study

Items Specifications
Product Life 3M Cycle (Full Travel Cycles)
Seal Integrity 1IP65

ESD

EMS

Input Voltage

Steer Sensor Travel

Operation Temp.

Storage Temp.
Salt fog Test

Tested in accordance with IEC 61000-2-2
As per ISO 11452-2 (2004E)
5/12/24/48/80 VDC as requested

360 deg
-40 T +85°C
=40 T +105°C

After Exposed to Salt Fog 96 hours

(a)
Fig. 4-6 Encoder (a)

476V

Tolerance 10deg
T arsv
=

Tolerance 10deg

273V

Angle (deg)

(b)
and relationship between steering angle and output

voltage (b)
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Fig. 4-7 Design of encoder for steering angle measurement
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Fig. 4-8 Smart motor for driving speed control

Table 4-5 Specifications of the smart motor used in the study

Items Specifications
Continuous Torque 0.52 N-m
Peak Torque 0.84 N-m
Nominal Continuous Power 204 Watt

No Load Speed 5,200 RPM
Continuous Current 6.1 Amps
Voltage Constant 9.08 V/KRPM
Winding Resistance 0.7 ohms

Encoder Resolution
Rotor Inertia
Weight

Shaft Diameter

Shaft, Radial Load
Shaft, Axial Thrust Load

4,000 Counts/Rev
0.706 10-5 Kg-m?2

EG HSTS &mAl0] 3t 7pate sazte
HST9 &%
ATGAS] PGX-62-H-10054€ 9] 7h

of ~vlE WEE o] &

0.59 kg
6.35 mm
3.18 kg
1.36 kg
ZIAH o2 o] FA 7] wE
= 3 HdE 98l Fig. 4-9¢ o]

%715 AMEStH Table 4-62 F<7]9



AbeFolth. Fig. 4-102 EHH Y &£EAlo] REE At BES HAFE 3

A A=E vEin

Fig. 4-9 Motor reducer for driving speed control

Table 4-6 Specifications of the motor reducer used in the study

Items Specifications
Rated Output Torque 40 Nm
Rated Input Speed 3,000 rpm
Max. Input Speed 6,000Nm
Torsional Rigidity 6 Nm/arc-min
Max. Radial Force 1120 N
Max. Axial Force 560N
Service Life 10,000 hr (Continuous Operation 4,000 hrs)
Efficiency >97%
Operating Temperature -25°C 7 +90°C
Noise Level <60 dB
Weight +3% 1.35 Kg
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Fig. 4-10 Design of speed control actuator
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Fig. 4-11 Dynamixel motor for implement control
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Table 4-7 Specifications of the dynamixel motor used in the study

Items Specifications
Model Name MX-106R
Size 40.2mm X 65.1mm x 46mm
Gear Ratio 225'1
Operation Voltage 12V
Stall Torque 8.4 Nm
Stall Current 52 A
No Load Speed 345 RPM
Range of Motion 360 Degree
Operating Temperature -5°C 7 +80°C

Communication Protocol

ID
Communication Speed

Position Sensor

RS485 Asynchronous Serial

254 ID (07253)
8000bps~4.5Mbps

Contactless absolute encoder

Fig. 4-12 Design of implement control actuator
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Fig. 4-13 Encoder for speed measurement

Table 4-8 Specifications of the encoder used in the study

Items Specifications

Resolution (Pulse/Round) 100

Phase T/4 + T/8

NPN Control Output Load Current < 30mA, Residual
- 145 -
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Max. Response frequency

Voltage< 0.4VDC
300kHz

Insulation Resistance >100M&

Access Method Wiring withdrawal
Operating Torque < 0.002Nm
Moment of Inertia <2x10-6kgm?2
Capacity of Axis Load <2kgf

Max. transmission 5000rpm
Operating Temperature -10°C =~ +70°C
Weight 80g

Fig. 4-14 Design of encoder for speed measurement
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Fig. 4-16 Navigation system(left) and mounting position(right)

Table 4-9 Hardware specification of navigation system

Items Figures Specifications

Frequency: L1, L2

Performance: LNA Gain (dB)

42GI215A-XT Tracking: L-Band, SBAS, QZSS
-1-2-CERT Max. number of frequency: Dual
Antenna Input voltage: 2.5 to 24 VDC

= Consumption: 35 mA
VSWR:<2.0:1

-Position accuracy

SBAS: 60 cm
DGPS: 40 cm
RT2: 1 cm+1 ppm
-Signal tracking
GPS: L1, L2, L2C

OEM-617-D

Single point L1: 1.5m CEP
Single point L1/L2: 1.2m CEP
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GLONASS: L1, L2
Galileo: E1, E5b
BeiDou: B1, B2
-Data rate
Measurements: 20Hz
Position: 20Hz

Ellipse-E

—Accuracy

Roll/Pitch:0.2 deg

Yaw: <0.5 deg

Velocity:0.1 m/s

Heave period: up to 15 sec
Heave accuracy: 10%
~Interfaces

Aiding sensors: GNSS, DMI, RTCM
Output rate: 200 Hz

Main serial: RS-232

Serial protocols: NMEA, ASCII

POC-200
ultra-compact

controller

-System core
Processor: Intel® Atom™ E3845 1.91
GHz quad-core
Graphics: Integrated Intel® HD
Memory: 8G
-Panel I/O Interface
Ethernet: Gigabit Ethernet ports
Serial port: RS-232/422/485
USB: 3xUSB 3.0, 1x USB 2.0 port
DIO: 4-ch isolated DI

4-ch isolated DO

Parani-SD100
0 - SENA

Serial interface: speed > 921.6kbps
Bluetooth Interface: working
distance=100m

Max. Tx power: +18dBm

Receive sensitivity: -88dBm
Antenna gain: Stub : +1dBi, Dipole :
+3dBi, Dipole : +5dBi, Patch : +9dBi

LTl
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Fig. 4-17 Schematic diagram of auto guidance system
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Fig. 4-18 Embedded controller for the low level control

Table 4-10 Specifications of the CompactRIO used in the study

Items Specifications

Processor Type Intel Atom Processor E3825
Frequency of CPU Clock 1.33GHz

Number of Cores Dueal Core

Operation System Linux

Novolatile Memory 4 GB

System Memory 1 GB

Number of Ethernet Port 2

Ethernet 10 BastT/100 BaseTX/1000 BaseT
Serial Ports (RS232) 1

Serial Ports (RS485) 1

Range of Input Power 9V T 30V

FPGA Kintex-7

EJH ZAAE Aoty 98l AHEsteE 58 848v XA, THEE
g Aol = #FG7] Aooltt. CompacRIO®| FPGA 7]4lke] 83 &3S o]
43} Fig. 4-199F #o] Digital I/O, Analog Input, RS-232, CANGS tH&sh

interface® ol A4&FA A29e PYFAL EdE 2FAIE 98 NI
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Steering % Tractor
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feedback Sfeedback ROFBJ’Y
Potentiometer

Fig. 4-20 Block diagram of the steering controller
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Fig. 4-21 Block diagram of the velocity & implement controller
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Fig. 4-23 Front panel of the high level control by LabVIEW
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Fig. 4-24 Front panel of the low level control by LabVIEW
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Fig. 4-25 A view of TX803 tractor used in the study

Table 4-11 Specifications of the TX803 tractor used in the study

Items Specifications Items Specifications
58.8kW/ )
Rated power Tire(front) 11.2-24
Engine 2400rpm
Displacement 3.3 m Body Tire(rear) 16.9-30
Length 39 m Steer type Hydraulic
Width 19 m Fuel tank 110L
Tractor Height 27 m Forward 0.25735.6 km/h
Speed
Wheelbase 2.2 m Reverse 0.24734.7 km/h
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" .
" Load cell 2

S ek S B

Fig. 4-27 3-point hitch dynamometer for draft force measurement

Table 4-12 Specifications of draft force load cell

Items Specifications
Manufacturer Dacell, Korea
Rated capacity (kgf) 2000

Rated output (mV/V) 2.0+1%
Temperature range, safe -20780°C
Excitation recommended 10V

Fig. 4-28 Load cell for draft force measurement
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Table 4-13 Specifications of flow meter

Items Specifications
Manufacturer Wintech Process, Korea
Model 0G2-555-VHQ-B

Flow range 0.03 - 4.0LPM

Accuracy £ 0.75% FSD

Reliability + 0.1%

N

Flow meter (To tank)

% -

Flow meter (To engine)

Fig. 4-29 Flow meters installed in TX803 tractor
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Fuel pump

supply line

return line
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DailyScan
Fuel+ 500

Filter

Flow meter
(To engine) w

-

_ 1
Tank
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Fig. 4-30 The principle of fuel consumption measuring system
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A8 E ekl siEFx=o]n Table
=4 439 Ao]h

With reflection mark

Sender
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Polarisation filter with
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0° and 90° gate

triggers
90° rotation

(b)

Fig. 4-31 Rotational speed sensor installed in TX803 tractor(a) and the

principle of engine RPM measuring system (b)
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Table 4-14 Specifications of rotational speed sensor

Items Specifications

Manufacturer Hydrotechnik, German

Model DS03

Light source Power LED with visible red light
Range 50mm to 500mm

Signal repetition frequency Max. 500Hz

Output signal Analogue signal 4 to 20 mA

41.6.4. AZF "oy +3 A

Ax RPM, A, &3 &AEFS FA7] s AlA 2 dHeoly F3o
7bedk AS Aladls sl dHole =y FA= Fig. 4-323 Zol
NI(National Instrument) AFe] ¢-DAQ 91745 A}&3tlow 371x] AA7F &
FoolgdRa AEE F93H7] witdd NI 9201 &S o8 7/Esair

Engine RPM

Fuel

\ ] consumption

Fig. 4-32 Data acquisition system in the measuring tractor
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No.107 test field
in Suwon

(a) (b)
Fig. 4-33 Evaluation test on the test field by TS25 auto—guidance tractor

(a) and test field in Suwon from artificial satellite (b)
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b
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— \ ‘E
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k= “ =1
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- ©
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+ Look-ahead tracking P oi
518791 — + Robust control with slip
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199048 199053 199058 199063 199068 199073 199078
Longitude (m)

Longitude (m)

(a) (b)
Fig. 4-34 Result of full path tracking trajectory by look-ahead (a) and

robust control (b) on the C-type pattern path (TS25 tractor)
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Fig. 4-35 Result of the position RMSE (a) & yaw rate (b) by look—-ahead

and robust control on the C-type pattern path (TS25 tractor)
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Fig. 4-36 Result of full path tracking trajectory by look-ahead (a) and

robust control (b) on the R-type pattern path (TS25 tractor)
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Fig. 4-37 Result of the position RMSE (a) & yaw rate (b) by look—ahead

and robust control on the R-type pattern path (TS25 tractor)
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Fig. 4-38 Test field in Gongju from artificial satellite (a) evaluation test on

the test field with plowing operation by TX803 tractor (b)
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Fig. 4-39 Result of full path tracking trajectory by manual, look-ahead and

robust control with plowing operation (TX803 tractor)
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Fig. 4-40 Result of the lateral deviation by manual, look-ahead and robust

control with plowing operation (TX803 tractor)
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Fig. 4-41 Result of the yaw rate(a) and the enlarged part of curved to
straight (b) by manual, look-ahead and robust control with plowing

operation (TX803 tractor)
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Table 4-15 Results of path tracking RMSE by manual, look—-ahead and

robust control with plowing operation (TX803 tractor)

Working types RMSE
Manual with plowing 485 cm
Look—ahead control with plowing 22.2 cm
Robust control with plowing 95 cm
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Fig. 4-42 Evaluation test on the test field with tillage operation by TX803

tractor
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Fig. 4-43 Result of full path tracking trajectory by manual, look-ahead and

robust control with tillage operation (TX803 tractor)
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Fig. 4-44 Result of lateral deviation by manual, look-ahead and robust

control with tillage operation (TX803 tractor)
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Fig. 4-45 Result of yaw rate(a) and enlarged part of curved to straight (b)

by manual, look-ahead and robust control with tillage operation (TX803

tractor)
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Table 4-16 Results of path tracking RMSE by manual, look—-ahead and

robust control with tillage operation (TX803 tractor)

Working types RMSE

Manual with tillage 36.26 cm
Look—ahead control with tillage 23.12 cm
Robust control with tillage 9.41 cm
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(a) (b)

Fig. 4-46 Test field for GPS signal correction test (a) and picture of

evaluation test for GPS signal correction test (b)
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Fig. 4-47 Euler signals from IMU on the TS25 auto-guidance tractor (a)

and result of GPS signal by no algorithm and correction algorithm (b)

Table 4-17 Result of RMSE comparison of by no algorithm and the

developed GPS signal correction algorithm

No algorithm Algorithm

RMSE_Tilt 1 33.26 cm 1.94 cm

RMSE_Tilt 2 32.21 cm 1.96 cm
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Fig. 4-48 Test field picture from artificial satellite (a) and evaluation test

by TS25 auto—guidance tractor for implement control (b)
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Algorithm applied:

Fig. 4-49 Result of implement up test by no algorithm and the developed

algorithm on the field
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Fig. 4-50 Result of implement down test by no algorithm and the

developed algorithm on the field
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Fig. 4-51 Result of position of implement operating point on tracking

trajectory by no algorithm (a) and the developed algorithm (b)
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Fig. 4-52 Result of implement control RMSE by no algorithm and the

developed algorithm
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Table 4-18 Result of error analysis of each repeated test by no algorithm

and the developed algorithm

No algorithm Algorithm
Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3
Error Up: 0.93 Up: 0.92 Up: 0.88 Up: 0.20 Up: 0.10 Up: 0.13
(m) Down: 0.93 Down: 0.81 Down: 0.85 | Down: 0.16 Down: 0.19 Down: 0.02
(AV)G Up: 0.91 / Down: 0.86 Up: 0.14 / Down: 0.13
m
(Sg)DEV Up: 0.03 / Down: 0.06 Up: 0.05 / Down: 0.07
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with autonomous plowing operation

Fig. 4-53 Simulation interface

- 181 -



.
s — -0- 1 ll"\
70 -60 -50 -40 30 010 D \ 10 20
o — \\.
e 10 '
g \ 20 Y
] \ 1 S
\ _ z
— 30
A~ - <
II". _—— — e -0
\ -

.---_'" —Reference path

Working trajectory
-50
North{ m)

Fig. 4-54 Result of simulation analysis of full path tracking trajectory with

autonomous plowing operation
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Fig. 4-55 Result of position RMSE with autonomous plowing operation by

simulation
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Table 4-19 Results of the simulation comparison of operation performance

with autonomous plowing operation

Field time  Effective field Field time loss Field efficiency

TS time in turning
ime

2243.26 sec 1888.91 sec 354.35 sec 84.2%

Ideal field Effective Skip area Ratio of effective

area operation area operation area
Area - - -

2100 m 2035.41 m 64.59 m 96.9%
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Fig. 4-56 (a)oll E4&9 dAE YERHA ™ Fig. 4-56 (b)= E7ol A
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g T gl Avie AaEe A D T

Fig. 4-56 Test field in Suwon from artificial satellite (a) evaluation test on

the test field with plowing operation by TX&03 tractor (b)
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Table 4-20 Soil properties and moisture contents of experimental field

Items Values
Sand (%) 37.80
. Silt (%) 39.72
Section A Clay (%) 22.48
Moisture contents (%) 26.3
Sand (%) 36.88
) Silt (%) 38.68
Section B Clay (%) 24.44
Moisture contents (%) 22.8
Sand (%) 34.96
_ Silt (%) 39.04
Section € Clay (%) 26.00
Moisture contents (%) 19.41
Sand (%) 37.32
] Silt (%) 37.40
Section D Clay (%) 25.28
Moisture contents (%) 22.3
Ede d T 2 U & Aok Aing A3 Rl E3tE 97

Q] A&7 ol &dte] 30 mm/se] EF B £E2A X
20744 %A 39k Fig. 4-57¢ A, B, C,
Jo web vhebd Aot

Soil Compaction in section A
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Fig. 4-57 Cone index with soil depth at different field section
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Fig. 4-58 Result of full path tracking trajectory with plowing operation in
the field test
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Fig. 4-59 Result of position RMSE with autonomous plowing operation in

the field test
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Fig. 4-60 Result of heading RMSE with autonomous plowing operation in
the field test

Fig. 4-61 The most moisture part at headland A
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Table 4-21 Result of fuel consumption measurement with autonomous

plowing operation in the field test

Units Values
L/h 8.7
L/ha 26.6

Table 4-22 Results of the comparison of operation performance with

autonomous plowing operation in the field test

Field time  Effective field Field time loss Field efficiency
time in turning

Time
2917.19 sec 2331.596 sec 585.301 sec 79.9%
Ideal field Effective Skip area Ratio of effective
area operation area operation area
Area
2100.4 m® 1895.7 m” 204.3 m® 90.3%
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Fig. 4-62 Result of coverage area analysis by ArcGIS software
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Fig. 4-63 3D plot of draft force with autonomous plowing operation on

field test
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Fig. 4-64 3D plot of consumption with autonomous plowing operation on
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Fig. 4-65 Countor plot of draft force with autonomous plowing operation

in the field test
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Fig. 4-66 Countor plot of fuel consumption with autonomous plowing

operation in the field test
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Manual

(b)
Fig. 4-67 Evaluation test pictures by autonomous (a) and manual (b) in

the convex polygonal field
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Fig. 4-68 Result of travelling trajectory by autonomous(a) and manual(b)

in the convex polygonal field

Table 4-23 Result of the comparison of operation performance between the

autonomous and manual operation in the convex field

Effective Field time loss Field

Field time . . . . . RMSE
field time in turning efficiency
Auto 48.6 min 30.2 min 18.5 min 62.1% 149 cm
Manual 57.7 min 37.7 min 19.6 min 65.7%
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manual(b) in the convex polygonal field
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Table 4-24 Result of the comparison of coverage area between the

autonomous and manual operation in the convex field

Ideal field Effective Skip Ratio of effective

area operation area  area operation area
Autonomous 8425 m® 767.2 m* 75.3 m® 91.1%
Manual 8467 m> 7536 m’ 93.1 m* 89.0%
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Fig. 4-72 Evaluation test picture by autonomous and manual in the

concave polygonal field
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Fig. 4-73 Result of travelling trajectory by autonomous (a) and manual

(b) in the concave polygonal field
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Table 4-25 Result of the comparison of operation performance between the

autonomous and manual operation in the concave field

Field Effective Field time loss Field RMSE
time field time in turning efficiency
Auto 695 min 455 min 24.0 min 65.5% 21.8 cm
Manual 65.3 min 46.2 min 19.1 min 70.6%
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Fig. 4-74 Result of effective working trajectory at inside working area(a)

and outside working area(b) in the concave field
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Fig. 4-75 Result of coverage area analysis by autonomous(a) and

manual(b) in the concave polygonal field
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Table 4-26 Result of the comparison of coverage area between the

autonomous and manual operation in the convex field

Ideal field Effective ) Ratio of effective
) Skip area )
area operation area operation area
Autonomous  1340.9 m? 1224.9 m? 116 m” 91.4%
Manual 1380.3 m>  1282.0 m* 98.2 m’ 92.7%
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7. %= 3% 78

71. M4 NEHolEe E9Y 39 vy T

#ifndef __RDEVICETRACTORDRIVE_H__
#define __RDEVICETRACTORDRIVE_H__

#include "rMath/rMath.h"
using namespace rMath;

#include "rDevice/rDeviceBase.h"
#include "../common/HeightMap.h"

%Iass rDeviceTractorDrive : public RD_DEVICE_CLASS(Base)

RD_VERSION(1.0);
RD_AUTHOR(SimLab) ;

public:
RD_DECLARE_CTOR(TractorDrive);
RD_DECLARE_DTOR(TractorDrive);

public:
RD_DECLARE_createDevice;
RD_DECLARE_initDevice;
RD_DECLARE_terminateDevice;
RD_DECLARE _wr i teDeviceValue;
RD_DECLARE_moni torDeviceValue;
RD_DECLARE_expor tDevice;

void InitParams();
void PrintParams();
void InitHeightMap();

private:
// base body id
riD _nodeid;

// simulation time

rTime _prevTime;

float _dT;

// wheel/steer motor(kinematic) motors
riD _front_Iwheel;

riD _front_rwheel;

riD _rear_lwheel ;

riD _rear_rwheel ;

riD _steer_lwheel;

riD _steer_rwheel;

// tractor kinematics

float _distance_btw_axes;
float _front_radius;

float _rear_radius;

// current/desired wheel/steer position
float _front_Itheta;

float _front_rtheta;

float _rear_ltheta;

float _rear_rtheta;

float _steer_lItheta;

float _steer_rtheta;

/] limits

float _steer_limit

float _steer_velocity_limit
float _velocity_limit

float _acceleration_limit

// desired(commanded) forward velocity and steer angle
float _v_des;
float _theta_des;
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// current forward velocity and steer angle (wrt vehicle coordinate frame)

float _V;
float _theta;

// current forward and lateral velocity considering slip (wrt vehicle coordinate frame)

float

float _vy; // lateral speed

_vx; // forward(longitudinal) speed

// current pose of tractor (wrt global coordinate frame)

// global position x
// global position y
// global position z

float _psi; // yaw angle
float X

float _y;

float

float pltch // pitch angle
float _roll; // roll angle

// initial transform of tractor

// initial axis displacement

float _r0[3];

float _RO[9]; // initial axis rotation
// current transformation of tractor

float _R[9];

float _r[3]

// model parameters to determine the slip angle, yaw angle, yaw rate

float _Cf; / cornering stiffness of front wheels (N/rad)
float _Cr; // cornering stiffness of rear wheels (N/rad)
float _m; // mass of the tractor (kg)

float _lz; // turning inertia WRT tractor COG (kg m"2)
float _Lf; // distance from front wheel to tractor COG (m)
float _Lr; // distance from rear wheel to tractor COG (m)
float _beta; // slip angle of front and rear wheels

float _betadot; // slip rate

float _betaf; // slip angle of front wheel

float _betar; // slip angle of rear wheel

float _Ff; // lateral force at front wheel

float _Fr; // lateral force at rear wheel

// current velocity (wrt global coordinate frame)

float _xdot;

float _ydot;

float _zdot;

float _psidot; // yaw rate

float _psiddot; // yaw angular acceleration

float _slip_ratio;

// minimum forward velocity to apply extended bicycle model with lateral vehicle dynamics

float

// height map
HeightMap _hmap;
int _hmap_normal_window_size;

_v_threshod_to_apply_slipage;

IS
#endi f
#include "rDeviceTractorDrive.h"
#include "rDeviceTractorDriveCmd.h"
#define A(i, |) A[3=(i) + ())]
#define B(i, j) B_[3%(i) + (j)]
#define At(i, ) A_[3=(j) + ()]
#define Bt(i, j) B_[3«(j) + (i)]
#define C(i, j) C_[3«(i) + (j)]
¥oid MultMat(float* C_, const float* A_, const floatx B_)
assert(C_ != A_8& C_ 1=B_);
memset(C_, 0, S|zeof(float) * 9);
for (int i =051 <3 i+) {
for (int j =05 j <3; j++) {
for (int k = 0; k < 3; k++)
g(l j) +=A(i, k) = B(k, j);
}
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}

¥oid TrMultMat(float* C_, const float* A_, const float* B_)

assert(C_ != A_ && C_ != B_);
memset(C_, 0, |zeof(float) * 9);
for (int i =05 0 <3 i+) {
for (int j =0; j <3; j++) {
for (int k = 0; k < 3; k++)
9LJ)PA( k) = B(k, j);
}

}

¥0id MultMatTr(float* C_, const floatx A_, const float* B_)
assert(C_ I= & C_ 1= B_);
memset(C_, 0, sizeof(float) * 9);
for (int i =0; i <3; i+) {
for (int j =0; j <3; j++) {
for (int k = 0; k < 3; k++)
ghi)ﬁAU,M*BNKJL
}

}

¥oid TrMul tMatTr(float* C_, const floatx A_, const float* B_)
assert(C_ = A_ 8& C, =B );
memset(C_, 0, sizeof(float) * 9);
for (int i =0; i <3; i+) {
for (int j =0; j <3; j++) {
for (int k = 0; k < 3; k++)
9Lj)#AH|k)*BW BE
}

}

zoid MultVec(float* c, const float* A_, const float* b)

assert(c !=b)
memset(c, 0, sizeof(float) * 3)
for (int i =0; i <3; i+) {
for (int j =0; j <3; j++)
clil +=A(i, j) = blj]

}

¥oid TrMultVec(float* ¢, const float* A_, const float* b)
assert(c !=b);
memset(c, 0, sizeof(float) * 3)
for (int i =0; i <3; i+) {
for (\nt j =05 ) <3 j+)
g[i] += At(i, ) = bljl;

}

¥0id Addvec( float* ¢, const float* a, const float* b)
for (int i =0; i <3; i+
) clil =ali]l +blil;

¥oid SubtractVec(float* ¢, const float* a, const float* b)

for (int i =0; i <3; i+
clil =ali] - blil;
//implementation of rDeviceTractorDrive
RD_IMPLE_FACTORY(TractorDr ive)
rDeviceTractorDrive: :rDeviceTractorDrive()
_nodeid( INVALID_RID)

. ZdT(0.001), _prevTime(0)
, _distance_btw_axes(1)
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, _front_Ilwheel (INVALID_RID), _front_rwheel (INVALID_RID), _front_radius(1)
. _rear_lwheel ( INVALID_RID), _rear_rwheel( INVALID_RID), _rear_radius(1)
_steer_lwheel II)WALID RIDJ, _steer_rwheel( INVALID_RID

, 0), _front_rtheta(0)
, _rear_ltheta(0), _rear_rtheta(0)

, _steer_ltheta(0),

, _steer_limit(-1), _steer_velocity_limit(-1)
_velocity_limit(-1), _acceleration_limit(-1)
_v_des(0), _theta_des(0), _v(0), _theta(0)

, vx(O)
, _psi(O%, _pitch(0), _roll(0)

(
|
(
_front_Itheta(
0
( _steer_rtheta(0)

“hmap_normal_window_size(1)
}
rDeviceTractorDrive: :~rDeviceTractorDrive()
}
¥oid rDeviceTractorDrive::onCreate(const rDeviceContext& rdc)

) RD_DEVICE_CLASS(Base) : :onCreate(rdc) ;

void rDeviceTractorDrive::oninit()
RD_DEVICE_CLASS(Base) : :onlnit();
// load device parameters
InitParams();
PrintParams();

// get tractor base body
_nodeid = _rdc.m_deviceAP|->getBodyID(_rdc.m_robotname, _rdc.m_nodename);

// get initial device frame

/] R_.G.C =RGV *RVC

/] r GC=RGV*rVC+rGV
// where,

// G = Global frame

/] V = Vehicle frame
;; C = C0G of vehicle
float r0[3];

float RO[9];

_rdc.m_deviceAP|->getBodyPosition(_nodeid, r0);
rdc.m_deviceAP|->getBodyOr ientation(_nodeid, RO);
MultMat(_RO, RO, R);

MultVec(_r0, RO, r);
AddVec(_r0, _r0, r0);

// initialize vehicle position and orientation

_x = _r0[0];

_y = _ro[1];

_z = _r0[2];

_psi = atan2(-_R0[1], _RO[0]);
memset(_r, 0, sizeof(float)=3);
memset(_R, 0, sizeof(float)+9);
R[0] = _R[4] = _R[8] = 1;

_dT = (float)(period * 1e-6);

_v = _v_des = 0;
_theta = _theta_des = 0;
_vx = _vy = 0;

_beta = 0;
_betadot = 0;
_xdot = 0;
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_ydot =
_zdot =
_psidot = 0;
_psiddot = 0;

s

oo

// initiate height map
) InitHeightMap();

¥oid rDeviceTractorDrive::onTerminate()

) RD_DEVICE_CLASS(Base) : :onTerminate();

int rDeviceTractorDrive: :writeDeviceValue(void* buffer, int len, int port)
switch (port)
case TRACTORDRIVE_DATAPORT_SET_POSE:

f (len >= 3+sizeof(float))

i
{
TIock.lock();

float *value = (floatx)buffer;
_x = value[0];

_y = value[1];

_psi = value[2];

_v = _v_des = 0;

_theta = _theta_des = 0;
_beta = 0;

_betadot = 0;

_xdot = 0;
_ydot =
_zdot =
_psidot = 0;
_psiddot = 0;

0
0;

_lock.unlock();
Eeturn 3xsizeof(float);

}

break;

%ase TRACTORDR | VE_DATAPORT_SET_VEL_ IMMEDIATE:

if (len >= 2xsizeof(float))

TIock.lock();

float *value = (float*)buffer;

_v = _v_des = value[0]; // forward velocity
theta = _theta_des = value[1]; // steer angle

lock.unlock();
Eeturn 2xsizeof(float);

}

break;

case TRACTORDRIVE_DATAPORT_SET_VEL_TARGET:
default:

if (len >= 2xsizeof(float))

lock. lock();

-~

float *value = (float*)buffer;

_v_des = value[0]; // forward velocity
?Iheta_des = value[1]; // steer angle
_lock.unlock():

geturn 2xsizeof(float);

}
}
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return 0;

}
int rDeviceTractorDrive: :monitorDeviceValue(void* buffer, int len, int port)
switch (port)
case TRACTORDRIVE_MONITORPORT_SL IP_ANGLE:
if (len >= 3*sizeof(float))
_lock. lock();
float* value = (float*)buffer;
value[0] = _beta;

value[1] = _betaf;
value[2] = _betar

_lock.unlock();

geturn 3xsizeof(float);

break;

case TRACTORDRIVE_MONITORPORT_LATERAL_FORCE:
if (len >= 2xsizeof(float))

_lock. lock();

float* vaIueF: (float*)buffer;

value[0] ;
value[1]

_Fr;

_lock.unlock();
return 2+sizeof(float);

}

break;

case TRACTORDRIVE_MONITORPORT_POSE_LOCAL :
if (len >= 3xsizeof(float))

_lock. lock();

float* value = (floatx)buffer;

value[0] = _theta;

value[1] = _vx;
value[2] = _vy;

_lock.unlock();
return 3*sizeof(float);

else if (len >= 2*sizeof(float))
TIock.lock();
float* value = (float*)buffer;

value[0] = _theta;
value[1] = _v;

_lock.unlock();
geturn 2xsizeof(float);

}

break;

case TRACTORDRIVE_MONITORPORT_VELOCITY:
if (len >= 3*sizeof(float))

_lock. lock();

float* value = (float*)buffer;
value[0] = _xdot;
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_ydot;
_psidot;

value[1]
value[2]

_lock.unlock();
return 3*sizeof(float);
break;

case TRACTORDRIVE_MONITORPORT_POSE:
default:

if (len >= 5xsizeof(float))

float* value = (floatx)buffer;

value[0] = _x;
value[1] = _y;
value[2] = _psi;
value[3] = _pitch;
value[4] = _roll;

else if (len >= 3*sizeof(float))
€Iock.lock();

float* value = (float*)buffer;
_X;

_psi;

<
=3
je
@
N — o
[TINTINT]
|
<

_lock.unlock():
return 3*sizeof(float);

break;
}

return 0;

}

void rDeviceTractorDrive: :exportDevice(rTime time, void* mem)

_lock. lock();
{

_dT = float(time - _prevTime);
_prevTime = time;
if (_dT < 1.0e-6)

_lock.unlock();
return;

// calcurate current velocity(_v) considering velocity and acceleration limit
if (_acceleration_limit > 0)

float vdot_des = (_v_des - _v) / _dT;

if (vdot_des > _acceleration_limit)
vdot_des = _acceleration_limit;

else if (vdot_des < —_acceleration_limit)
vdot_des = —_acceleration_limit;

_v += vdot_des*_dT;

else
_v = _v_des;

if (_velocity_limit > 0)
_v = RD_BOUND(_v, -_velocity_limit, _velocity_limit);

// calcurate current steering angle(_theta) considering velocity and position Iimit
if (_steer_velocity_limit > 0

float thetadot_des = (_theta_des - _theta) / _dT;
if (thetadot_des > _steer_velocity_limit)
thetadot_des = _steer_velocity_limit;

else if (thetadot_des < —_steer_velocity_limit
thetadot_des = -_steer_velocity_limit;

_theta += thetadot_des*_dT;
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}
else
_theta = _theta_des;

if (_steer_limit > 0)
_theta = RD_BOUND(_theta, —_steer_limit, _steer_limit);

//calcurate wheel velocity and angle
float w_front_wheel = _v / _front_radius;
float w_rear_wheel = _v / _rear_radius;

_front_Iltheta += w_front_wheel * _dT;
_front_rtheta += w_front_wheel = _dT;

_rear_ltheta += w_rear_wheel * _dT;
_rear_rtheta += w_rear_wheel * _dT;

_theta;
_theta;

_steer_ltheta =
_steer_rtheta =
//calcurate new position and orientation
if (_v >= _v_threshod_to_apply_slipage)

{

if (_1z==01] _m==0)

{

_VX = _V,

_vy = 0;

_xdot = _vx * cos(_psi);// - _vy * sin(_psi)
_ydot = _vx * sin(_psi);// + _vy * cos(_psi)
_psidot = _v * tan(_theta) / _distance_btw_axes;

_Xx += _xdot * _dT;

_y += _ydot * _dT;

//_psi += _psidot * _dT;

Tpsi += _psidot * _dT = (1.0f - _slip_ratio);

else

_VX = _V;

_vy = 0;

float A= -2« (_Cr + Cf) / (Lm= _vx);

float B=-1 -2 ((_Cf » _Lf = _Cr » _Lr) / (Lm * _vx * _vx));
float C = (2« Cf) / (Lm = _vx)

float D = -2 % ((_Cf = _Lf = _Cr » _Lr) / _lz)

float E = -2 * ((_Cf = _Lf = Lf+ Cr* _Lr+* _Lr)/ (_lz* _vx));:
float F = (2 = _Cf = _Lf) / _lz;

_betadot = (A = _beta) + (B = _psidot) + (C * _theta)

_psiddot = (D * _beta) + (E * _psidot) + (F * _theta)

_beta += _betadot » _dT;
_psidot += _psiddot » _dT;
_psi += _psidot * _dT;

float theta = tan(_beta);
//float tbeta = _beta; // tan(th) ~= th when th << 1
_Vvy = _vx * tbeta;

_xdot
_ydot

= _vx*cos(_psi) - _vy*sin(_psi);
= _vx*sin(_psi) + _vy*cos(_psi);
_x += _xdot*_dT;
_y += _ydot=_dT;

/] slip angles

// from A DYNAMIC PATH SEARCH ALGORITHM FOR TRACTORI AUTOMATIC NAVIGATION
//_betaf = _theta - atan2(_Lf » _psidot + _ydot, _xdot);

//_betar = atan2(_Lr * _psidot - _ydot, _xdot);

LTI LTI T 111111111711

/ from ROBUST ANTI-SLIDING CONTROL OF AUTONOMOUS VEHICLES IN PRESENCE OF LATERAL DISTURBANCES

/

//_betaf = _theta - (_Lf*_psidot + _vxtan(_beta)) / _v;
//_betar = (-_Lr*_psidot + _v+tan(_beta)) / _v;

//from LATERAL VEHICLE DYNAMICS (2012 VDCL SNU)

_betaf = _theta - (_Lf*_psidot + _vy) / _vx;

_betar = (-_Lr*_psidot + _vy) / _vx;
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// lateral forces
_Ff = _Cf = _betaf;
Fr = _Cr * _betar;

Ise

]

// for the backward direction, apply normal kinematics model .

_beta = 0.0f;

_betadot = 0.0f;

_betaf = )

_betar =
Ff =

f (abs(_v) >=1.0e-4)

N

ol

= _vx * cos(_psi):// - _vy * sin(_psi);
= _vx * sin(_psi);// + _vy * cos(_psi);
_psidot = _v * tan(_theta) / _distance_btw_axes;

_x += _xdot * _dT;
_y += _ydot * _dT;
//_psi += _psidot * _dT;
?psi += _psidot = _dT » (1.0f - _slip_ratio);

else

_VX = _V
_xdot
_ydot
_zdot ;

_psido 0;
Tpsiddot =0;

}

// new vehicle(tractor) trasformation
float ¢ = cos(_psi):
float s = sin(_psi):

=0;
;
;

y
0
0
0

=

float height;
_hmap.GetHeight(_x, _y, height);
_R[0] = c:;

_R[1] = -s;

_R[3] =s:;

_R[4] = c;

_r[0] = _x;

1] =y

/l_rl2] = _z;

_r[2] = height + _ro[2];

// set model(base body) transformation

/1l TGV=TG6GC"TVCH

// it leads to,
/1l RGV=RGC *RVC-1

1/ r GV=-RGV=*RVC-1+*rVC+rGC
/] where,

// G Global frame

/1 Vehicle frame

;; C0G of vehicle

Vv
C:

float R1[9];

float r1[3], r2[3];

Mul tMatTr(R1, _R, R)

MultVec(r2, R1, r);

SubtractVec(r1, _r, r2)

//_rdc.m_deviceAP|->setBodyHTransform(_nodeid, R1, r1);

// apply face normal to model(robot) transform (pitch, roll):

float normal[3]; // terrain face normal wrt global frame

float normal2[3]; // terrain face normal wrt robot heading frame (R1_t * normal)
float Ry[9], Rx[9];
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_hmap.GetNormalEx(_x, _y, _hmap_normal_window_size, normal);
TrMultVec(normal2, R1, normal);

_pitch = (floa
¢ = cos(_pitch
s = sin( p|tch

§)(M_PI*O.5 - atan2(normal2[2], normal2[0]));
¥

Ry[0] = ¢; Ry[1
4
7

[ ] =0; Ry[2] = s;
Ry[3] = 0; Ry[ 1=1; Ry[5] = 0;
Ry[6] =-s; Ry[7] = 0; Ry[8] = c;
_roll = =(float)(M_P1%0.5 - atan2(sqrt(pow(normal2[0],2) + pow(normal2[2],2)), normal2[1]));
¢ = cos(_roll);
s = sin(_roll);
Rx[0] = 1; Rx[1] = 0; Rx[2] = 0;
Rx[3] = 0; Rx[4] = c; Rx[5] =-s;
Rx[6] = 0; Rx[7] = s; Rx[8] = ¢;

float R1_pitch[9];
float R1_pitch_roll[9];

MultMat(R1_pitch, R1, Ry);
MultMat(R1_pitch_roll, Ri_pitch, Rx);
_rdc.m_deviceAP|->setBodyHTransform(_nodeid, R1_pitch_roll, r1);

// visualizing rotating wheel and steer angles:

if (_front_lwheel != INVALID_RID)
_rdc.m_deviceAP|->setDeviceValue(_front_lwheel, & front_|theta, sizeof(float));
if (_front_rwheel != INVALID_RID)
_rdc.m_deviceAP|->setDeviceValue(_front_rwheel, &_front_rtheta, sizeof(float));
if (_rear_lwheel 1= INVALID_RID)
_rdc.m_deviceAP|->setDeviceValue(_rear_Iwheel, & rear_ltheta, sizeof(float));
if (_rear_rwheel = INVALID_RID)
_rdc.m_deviceAPl->setDeviceValue(_rear_rwheel, & rear_rtheta, sizeof(float));
if (_steer_lwheel != INVALID_RID)
_rdc.m_deviceAP|->setDeviceValue(_steer_lwheel, &_steer_ltheta, sizeof(float));
if (_steer_rtheta != INVALID_RID)
_rdc.m_deviceAP|->setDeviceValue(_steer_rwheel, &_steer_rtheta, sizeof(float));

_lock.unlock():

}
void rDeviceTractorDrive::InitParams()

// initialize device parameters

const TCHAR* distance_btw_axes = getProperty(_T("distance_btw_axes"));
if (distance_btw_axes)

_distance_btw_axes = (float)_tstof(distance_btw_axes)

const TCHAR= front_radius = getProperty(_T("front_radius")):
if (front_radius)
_front_radius = (float)_tstof(front_radius)

const TCHAR* front_lwheel = getProperty(_T("front_Iwheel"));
if (front_lwheel)
_front_lwheel = _rdc.m_deviceAPl->getDevicelD(_rdc.m_robotname, front_lwheel);

const TCHAR* front_rwheel = getProperty(_T("front_rwheel"));
if (front_rwheel)
_front_rwheel = _rdc.m_deviceAP|->getDevicelD(_rdc.m_robotname, front_rwheel);

const TCHAR* rear_radius = getProperty(_T("rear_radius"));
if (rear_radius
_rear_radius = (float)_tstof(rear_radius)

const TCHAR« rear_lwheel = getProperty(_T("rear_lwheel"));
if (rear_lwheel)
_rear_lIwheel = _rdc.m_deviceAP|->getDevicelD(_rdc.m_robotname, rear_lwheel);

const TCHAR« rear_rwheel = getProperty(_T("rear_rwheel"));

if (rear_rwheel)

_rear_rwheel = _rdc.m_deviceAP|->getDevicelD(_rdc.m_robotname, rear_rwheel);
const TCHAR* steer_lwheel = getProperty(_T("steer_Iwheel"));

if (steer_lwheel)
_steer_lwheel = _rdc.m_deviceAPl->getDevicelD(_rdc.m_robotname, steer_lwheel);
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const TCHAR* steer_rwheel =
if (steer_rwheel)
_steer_rwheel =

getProperty(_T("steer_rwheel"));

_rdc.m_deviceAPl->getDevicelD(_rdc.m_robotname, steer_rwheel);

const TCHAR= steer_limit = getProperty(_T("steer_limit"));

if (steer_limit)
_steer_limit

const TCHAR* steer_velocity_

if (steer_velocity_limit)

= (float)(_tstof(steer_limit) * DEGREE)

limit = getProperty(_T("steer_velocity_limit"));

_steer_velocity_limit = (float)(_tstof(steer_velocity_limit) * DEGREE);

const TCHAR* velocity_limit
if (velocity_limit)
_velocity_limit

= getProperty(_T("velocity_limit"));

= (float)_tstof(velocity_limit);

const TCHAR* acceleration_limit = getProperty(_T("acceleration_limit"));

if (acceleration_limit
_acceleration_limit =

if
_Cf = (float)_tstof(Cf);

const TCHAR* Cr = getProperty(_T

if (Cr)
_Cr = (float)_tstof(Cr);

con?t TCHAR= Cf = getProperty(
cf

(float)_tstof(acceleration_limit);

_T("ct"));

("cr"));

const TCHAR* |z = getProperty(_T("1z"));

if (1z)
_lz = (float)_tstof(1z)

const TCHAR* m = getProperty(_T('m")):

if (m)
_m = (float)_tstof(m);

const TCHAR* Lf = getProperty(_T("Lf"));

it (Lf)
_Lf = (float)_tstof(Lf);

const TCHAR= Lr = getProperty(_T("Lr"));

if (Lr
_Lr = (float)_tstof(Lr);

const TCHAR* slip_ratio = getProperty(_T("slip_ratio"));

if (slip_ratio)

_slip_ratio = (float)RD_BOUND(_tstof(slip_ratio),

0, 1.0);

const TCHAR= v_threshold = getProperty(_T("velocity_threshold_to_apply_slipage"));

if (v_threshold)

_v_threshod_to_apply_slipage = (float)RD_LBOUND(_tstof(v_threshold),

}
void rDeviceTractorDrive::

const TCHAR* prop;
string_type hmap_path =

float hmap_map_height_min =
float hmap_map_height_max =
prop = getProper ty(_T("HMAP_|
prop = getProperty(_T("HVAP
prop = getProperty( T(”HMAP
prop = getProperty(_T("HMAP
prop = getProperty(_T("HMAP_|
prop = getProper ty(_T("HMAP_]

if (!_hmap.Create(hmap_path,

hmap_map_he i ght_max

?ssert(o &% "ERROR! rDeviceTractorDrive:

}

void rDeviceTractorDrive::PrintParams()

1.0e-4);

InitHeightMap()

T
float hmap_map_width = 0.0f;
float hmap_map_length = 0.0f;

0.0f;

0.0f;

PATH")); if (prop) hmap_path = prop;

W) if (prop) hmap_map_width = (float)_tstof(prop);

L')): if (prop) hmap_map_length = (float)_tstof(prop);
_H.min")): if (prop) hmap_map_height_min = (float)_tstof(prop);

H max")); if (prop) hmap_map_height_max = (float)_tstof(prop);
NORMAL,WND,SIZE”)); if (prop) _hmap_normal_window_size = _tstoi(prop)

hmap_map_width, hmap_map_length, hmap_map_height_min,

failed to load height map.#n");
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printf("sxxxxxxxxx rDeviceTractorDrive *xxxxxxxfn");
printf("WnWt== VEHICLE KINEMATICS ==#n#n");
printf("Distance between front and rear axis: Wt%.3f Wt(m)#n", _distance_btw_axes)
printf("Radius of front wheel: #t%.3f Wt(m)#n", _front_radius)
printf("Radius of rear wheel: #t%.3f #t(m)#n", _rear_radius)
%"Steering angle |imit: Wt%.3f Wt(degree)Wn", _steer_l|imit+=RADIAN);

printf
printf
printf("Longitudinal velocity limit: Wt%.3f Wt(m/s)¥n", _velocity_limit);
printf("Longitudinal acceleration limit: #t%.3f #t(m/s™2)#n", _acceleration_limit);
printf("#nWt== VEHICLE DYNAMICS ==Hnin");

printf("Cornering stiffness of front wheels(Cf): Wt%.3f #Wt(N/rad)#n", _Cf);
printf("Cornering stiffness of rear wheels(Cr): Wt%.3f Wt(N/rad)#n", _Cr);
printf("Mass of the tractor(m): #t%.3f Wt(kg)#n", _m);

printf("Turning inertia WRT tractor COG(lz): Wt%.3f Wt(kg m™2)¥n", _l1z);
printf("Distance from front wheel to tractor COG(Lf): Wt%.3f Wt(m)Wn", _Lf);

printf("Distance from rear wheel to tractor COG(Lr): Wt%.3f Wt(m)¥n", _Lr);
printf("#n");
printff”Wn”);

Printf( " sxsssersxssmrxtsnn Wn");
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#ifndef __rlab_HEIGHTMAP_H__
#define __rlab_HEIGHTMAP_H__
#include "rType.h"

%Iass HeightMap

float height_min,

public:
HeightMap();
~HeightMap();
bool Create(const string_type& path, float width, float length,
bool GetHeight(float x, float y, float& height);
bool GetNormal(float x, float y, float normal[3]);
bool GetNormalEx(float x, float y, int wnd_size, float normal[3]);
private:
string_type_path;
float _map_width;
float _map_length;
float _map_height_min;
float _map_height_max;
float _map_width_scale;
float _map_length_scale;
float _map_height_scale;
floatx _heights; // vertex height(z)
floatx _normals; // vertex normal
int _bmp_pixel_width;
int _bmp_pixel_length;
IS
#endi f

#include "HeightMap.h"
#include "rMath/rMath.h"
#include <windows.h>
#include <assert.h>
#include <math.h>

#define ALIGNEDWIDTHBYTES(bits) (((bits)+31)/32x4)

HeightMap: :HeightMap()
 _heights(NULL)
_normals(NULL)
_path(_T(""))
_map_width(0.0f)

. “map_length(0.0f)
, _map_height_min(0.0f)
, _map_height_max(0.0f)
, _map_width_scale(1.0f)
, _map_length_scale(1. Of)
, _map_height_scale(1.0f)
_bmp_pixel_width(0)
_bmp_pixel_length(0)
}
?eightMap::~HeightMap()
if (_heights) delete[] _heights;
) if (_normals) delete[] _normals;
?00\ HeightMap: :Create(const string_type& path, float width, float length,
_path = path;
_map_width = width;
_map_length = length;
_map_height_min = height_min;
_map_height_max = height_max;
FILE* pf = NULL;
long fsize;
char* fbuffer = NULL;
- 234 -

float height_min,

float height_max);

float height_max)

;,H

o) &k w



size_t bytesRead;

int bmp_width_al igned;

int bmp_byte_per_pixel;

int bmp_image_size;

int pindex, pcolor;

rMath::Vector3D v1, v2, face_n[4], vertex_n;

//open bitmap:
if (0 1= _tfopen_s(&pf, _path.c_str(), _T("rb")))

return false;

//obtain file size:

fseek (pf , 0 , SEEK_END);
fsize = ftell(pf);

rewind (pf);

//read bitmap:

fouffer = (char*)malloc(sizeof(char)=fsize)
bytesRead = fread(fbuffer, 1, fsize, pf);
if (fsize != bytesRead)

goto __HeightMap_Create_Error;

fclose(pf); pf = NULL;

//read bitmap file header and bitmap info header:

BITMAPF ILEHEADER* bmfh = (BITMAPF |LEHEADER*) fbuffer

BITMAP INFOHEADER* bmih = (BITMAPINFOHEADER*) ( fbuffer + sizeof(BITMAPFILEHEADER)) ;
unsigned char* bmp = (unsigned charx)(fbuffer + bmfh->bf0ffBits)

assert(bmih->biPlanes == 1 &% "HeightMap::Create() : bmih->biPlanes != 1#n");

//asser t(bmih->biBitCount == 8 && "HeightMap::Create() : bmih->biBitCount != 8");

asser t(bmih->biCompression == BI_RGB && "HeightMap::Create() : bmih->biCompression != BI_RGB#n"):

//assert(bmih->biSizelmage == bmih->biWidth=bmih.biHeight && "HeightMap::Create() : bmih->biSizelmage
I= bmih->biWidth*bmih.biHeight#n");

assert(bmih->biWidth >= 2 8& "HeightMap::Create() : bmih->biWidth < 2#n");

assert(bmih->biHeight >= 2 && "HeightMap::Create() : bmih->biHeight < 2#n");

_bmp_pixel_width = bmih->biWidth;
_bmp_pixel_length = bmih->biHeight;
bmp_image_size = _bmp_pixel_width*_bmp_pixel_length;

//calculate memory width of one row of bitmap, etc:
bmp_width_aligned = ALIGNEDWIDTHBYTES(_bmp_pixel_width*bmih->biBitCount);

?witch(bmih—>biBitCount)

case 8: bmp_byte_per_pixel = 1; break;
case 24: bmp_byte_per_pixel = 3; break;
case 32: bmp_byte_per_pixel = 4; break;
default:

%oto __HeightMap_Create_Error;

//initialize variables from loaded bitmap info:

_map_width_scale = _map_width / (float)(_bmp_pixel_width-1);
_map_length_scale = _map_length / (float)(_bmp_pixel_length-1);
_map_height_scale = (_map_height_max - _map_height_min) / 255.0f;

//allocate memory for vertex heights and vertex normals:
if (_heights) delete[] _heights;

_heights = new float[bmp_image_sizel;

if (_normals) delete[] _normals;

_normals = new float[bmp_image_size*3];

//calculate vertex heights:

for (int py=0; py<_bmp_pixel_length; py++) {
for (int px=0; px<_bmp_pixel_width; px++) {
pindex = py*_bmp_pixel_width + px;

pcolor = 0;
for (int i=0; i<bmp_byte_per_pixel; i++)
pcolor += (int)bmp[py*bmp_width_aligned + px*bmp_byte_per_pixel + il;

_heights[pindex] = _map_height_min + (float)(pcolor) / (float)(bmp_byte_per_pixel) *
_map_height_scale;
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}
}

//calculate vertex normals:

for (int py=0; py<_bmp_pixel_length; py++) {
for (int px=0; px<_bmp_pixel_width; px++) {
pindex = pyx_bmp_pixel_width + px;

// face normal for the 1st quadrant

v1[0] = _map_width_scale;

vi[1] = 0.0f;

vi[2] = (px+1 < _bmp_pixel_width)

? (_heights[py*_bmp_pixel_width + (px+1)] - _heights[pindex])
: =(_heights[py*_bmp_pixel_width + (px-1)] - _heights[pindex]);
v2[0] = 0.0f;

v2[1] = _map_length_scale;

v2[2] = (py+1 < _bmp_pixel_length)

? (_heights[(py+1)*_bmp_pixel_width + px] - _heights[pindex])
: =(_heights[(py-1)*_bmp_pixel_width + px] - _heights[pindex]);

// face_normal = v1 x v2;
face_n[0] = v1.Cross(v2);
face_n[0].Normalize();

// face normal for the 2nd quadrant

vl = v2

v2[0] = -_map_width_scale;

v2[1] = 0.0f;

v2[2] = (px-1 >= 0)

? (_heights[py*_bmp_pixel_width + (px-1)] - _heights[pindex])
: =(_heights[py*_bmp_pixel_width + (px+1)] - _heights[pindex]);

face_n[1] = v1.Cross(v2);
face_n[1].Normalize();

// face normal for the 3rd quadrant

vl = v2;

v2[0] = 0.0f;

v2[1] = -_map_length_scale;

v2[2] = (py-1 >=0)

? (_heights[(py-1)*_bmp_pixel_width + px] - _heights[pindex])
: —(_heights[(py+1)*_bmp_pixel_width + px] - _heights[pindex]);

face_n[2] = v1.Cross(v2);
face_n[2].Normalize();

// face normal for the 4th quadrant

vl = v2;

v2[0] = _map_width_scale;

v2[1] = 0.0f;

v2[2] = (px+1 < _bmp_pixel_width)

? (_heights[py*_bmp_pixel_width + (px+1)] - _heights[pindex])
o =(_heights[py*_bmp_pixel_width + (px-1)] - _heights[pindex]);

face_n[3] = v1.Cross(v2);
face_n[3].Normalize();
vertex_n.zero();

for (int i=0; i<4; i++)
vertex_n += face_n[il;
vertex_n.Normalize();

_normals[3*pindex+0] = (float)vertex_n[0]
_normals[3*pindex+1] = (float)vertex_n[1]
_normals[3*pindex+2] = (float)vertex_n[2]

i
free(fbuffer);

s

return true;
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__HeightMap_Create_Error:
it (pf) {
fclose(pf);

if (_heights) {
delete[] _heights;
_heights = NULL;

if (_normals) {
delete[] _normals;
_normals = NULL;

if (fouffer) {
free(fbuffer);

return false;

}
?00\ HeightMap: :GetHeight(float x, float y, float& height)

// by default, it return "0".
height = 0.0f;

it (I_heights) {
return false;

int px = (int)((_map_width = 0.5f + x) / _map_width_scale);
if (px <0) px = 0;
else if (px >= _bmp_pixel_width) px = _bmp_pixel_width-1;

int py = (int)((_map_length = 0.5f + y) / _map_length_scale)
if (py <0)py=0; _
else if (py >= _bmp_pixel_length) py = _bmp_pixel_length-1;

// bilinear interpolation:

float x1 = (float)px *» _map_width_scale - 0.5f * _map_width;

float y1 = (float)py » _map_length_scale - 0.5f = _map_length;

float x2 = x1 + _map_width_scale;

float y2 = y1 + _map_length_scale;

float Q11 = _heights[py *_bmp_pixel_width + px];
float Q12 = _heights[min(py+1, _bmp_pixel_length-1)*_bmp_pixel_width + px]
float Q21 = _heights[py *_bmp_pixel_width + min(px+1,

_bmp_pixel_width-1)1;

float Q22 = _heights[min(py+1, _bmp_pixel_length-1)*_bmp_pixel_width + min(px+1,
_bmp_pixel_width-1)]

height = (Q11 * (x2-x) * (y2-y) + Q21 * (x-x1) = (y2-y) + Q12 * (x2-x) * (y-y1) + Q22 = (x-x1) =*
(y=y1)) / ((x2-x1) * (y2-y1));

return true;

}
?00\ HeightMap: :GetNormal(float x, float y, float normal[3])

// by default, it returns "Z" unit vector
normal[0] = 0.0f;
normal[1] = 0.0f;
normal[2] = 1.0f;

if (I_heights) {
return false;

int px = (int)((_map_width = 0.5f + x) / _map_width_scale);
if (px <0) px = 0;
else if (px >= _bmp_pixel_width) px = _bmp_pixel_width-1;

int py = (int)((_map_length = 0.5f +y) / _map_length scale)
if (py <0)py=0; _
else if (py >= _bmp_pixel_length) py = _bmp_pixel_length-1;

// bilinear interpolation:
float x1 = (float)px * _map_width_scale - 0.5f * _map_width;

float y1 = (float)py * _map_length_scale - 0.5f * _map_length;
float x2 = x1 + _map_width_scale;
float y2 = y1 + _map_length_scale;

float Q11, Q12, Q21, Q22;
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}

for (int i=0; i<3; i++) {

011 = _normals[3*(py *_bmp_pixel_width + px) +
Q12 = _normals[3*(min(py+1, _bmp_pixel_length-1)*_bmp_pixel_width + px) +
Q21 = _normals[3+*(py *_bmp_pixel_width + min(px+1, _bmp_pixel_width-1)) +

Q22 = _normals[3*(min(py+1, _bmp_pixel_length-1)*_bmp_pixel_width + min(px+1, _bmp_pixel_width-1)) +

normal[i] = (Q11 * (x2-x) * (y2-y) + Q21 * (x-x1) * (y2-y) + Q12 » (x2-x) * (y-y1) + Q22 * (x-x1) =*
(y-y1)) / (%52*x1) = (y2-y1));

// normalize:

float norm = sqrt(pow(normal[0], 2) + pow(normal[1], 2) + pow(normal[2], 2));
normal[0] /= norm;

normal[1] /= norm;

normal[2] /= norm;

return true;

bool HeightMap::GetNormalEx(float x, float y, int wnd_size, float normal[3])

+ il

+ il

// by default, it returns "Z" unit vector
normal[0] = 0.0f;
normal[1] = 0.0f;
normal[2] = 1.0f;

if (I_heights) {
Eeturn false;

int px = (int)((_map_width = 0.5f + x) / _map_width_scale);
if (px <0) px = 0;
else if (px >= _bmp_pixel_width) px = _bmp_pixel_width-1;

int py = (int)((_map_length = 0.5f + y) / _map_length_scale)
if (py <0) py =0;
else if (py >= _bmp_pixel_length) py = _bmp_pixel_length-1;

// bilinear interpolation:
float x1 = (float)px * _map_width_scale - 0.5f = _map_width;

float y1 = (float)py * _map_length_scale - 0.5f = _map_length;
float x2 = x1 + _map_width_scale;
float y2 = y1 + _map_length_scale;

float Q11, Q12, @21, Q22;
for (int i=0; i<3; i++) {

Q11 = 0.0f; Q12 = 0.0f; Q21 = 0.0f; Q22 = 0.0f;

for (int r=0; r<wnd_size; r++) {
for (int c=0; c<wnd_size; c++) {

Q11 += _normals[3*(max(py-r, 0) *_bmp_pixel_width + max(px-c, 0))

Q12 += _normals[3=(min(py+1+r, _bmp_pixel_length-1)*_bmp_pixel_width + max(px-c, 0))

Q21 += _normals[3*(max(py-r, 0) *_bmp_pixel_width + min(px+i+c,
_bmp_pixel_width-1)) + il];
Q2

2 += _normals[3*(min(py+1+r, _bmp_pixel_length-1)*_bmp_pixel_width + min(px+1+c,

_bmp_pixel_@idthf1)) + ]

}

normal[i] = (Q11 * (x2-x) * (y2-y) + Q21 * (x-x1) * (y2-y) + Q12 * (x2-x) * (y-y1) + Q22 * (x-x1) =*
(y=y1)) / ((}x2—x1) * (y2-y1));

// normalize:

float norm = sqrt(pow(normal[0], 2) + pow(normal[1], 2) + pow(normal[2], 2));
normal[0] /= norm;

normal[1] /= norm;

normal[2] /= norm;

return true;
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#include "rDeviceTractorGrid.h"
#include "rCommon/rParseUtil.h
#include '"rMath/rMath.h"

// MAX_SINGLE_DEVICE_BUFFER_SIZE_TO_SEND is definded in rxsdk(rxDeviceManager.cpp) as...

#define MAX_SINGLE_DEVICE_BUFFER_SIZE_TO_SEND  (32%1024)

// One readDeviceValue() function call should not return data greater than this.

// If so, assertion will fail in debug build or the device value will not be deliverd to
// rgd(graphics plug-in).

/ To avoid this limit, one readDeviceValue() function call will split the whole data and
// return only the partial data buffer.

// 1f the user want to read whole device buffer, readDeviceValue() should be called multiple times

// until it gets whole device buffer.

»‘{R/iefine RDEVICEGRID_READSIZE_MAX 32000
// implementation of rDeviceTractorGrid
RD_IMPLE_FACTORY(TractorGrid)

rDeviceTractorGrid::rDeviceTractorGrid()
: _tool_robotName(_T(")

, _tool_bodyName(_T(""))

, _tool_deviceName(_T("))

, _tool_bodyID(INVALID_RID)

., _tool_deviceID(INVALID_RID)

, _tool_width(1.0f)

, _tool_type(TOOL_LINE)

, _tool_activated(false)

, _rows(1)

, _cols(1)

, _cell_count(1)

, _cell_count_occupied(0)

, _cell_size(0.1f)

" “grid(NULL)

, _read_index(0)

, _read_offset(0)

, _read_size_max(RDEVICEGRID _READSIZE _MAX)

{
}
rDeviceTractorGrid::~rDeviceTractorGrid()

) delete[] _grid:

void rDeviceTractorGrid::onCreate(const rDeviceContext& rdc)
RD_DEVICE_CLASS(Base)::onCreate(rdc);
const TCHAR* prop;

// CellSize
prop = getProperty(_T("CELL_SIZE"));
if (prop)
_cell_size = (float)_tstof(prop):
if (_cell_size < 0)
_cell_size = 0.1f;

// row size
prop = getProperty(_T("row")):
if (prop)
_rows = _tstoi(prop);
if (_rows < 0)
_rows = 1;

// column size
prop = getProperty(_T("col")):
if (prop)
_cols = _tstoi(prop):
if (_cols < 0)
_cols = 13
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// tool info
prop = getProperty(_T("TOOL_SYS_NAME")):
if (prop)

_tool_robotName = prop;

prop = getProperty(_T("TOOL_BODY _NAME"));
if (prop)
_tool_bodyName = prop;

prop = getProperty(_T("TOOL_DEVICE_NAME")):
if (prop)
_tool_deviceName = prop;

// maximum buffer size to read data once
prop = getProperty(_T("READ_SIZE_MAX")):
if (prop)
_read_size_max = min(_tstoi(prop), RDEVICEGRID_READSIZE_MAX):

// Initialize
_grid = new unsigned char[_rows * _cols]:

// Grid Initialize
memset(_grid, 0x0, sizeof(unsigned char) * (_rows * _cols));

}
?Oid rDeviceTractorGrid::onlnit()
RD_DEVICE_CLASS(Base)::onlInit();

_tool_bodyID = _rdc.m_deviceAPI->getBodylD(_tool_robotName.c_str(), _tool_bodyName.c_str())
%f (_tool_bodyID == INVALID_RID)

_tprintf(_T("ERROR: rDeviceVCRGrid: cannot find tool (system: %s, body: %s)\n"),
_tool_robotName.c_str(), _tool_bodyName.c_str()):
y enable(false):

_tool_width = 1.0f;

_tool_devicelD = _rdc.m_deviceAPI->getDevicelD(_tool_robotName.c_str(), _tool_deviceName.c_str()):
if (_tool_devicelD == INVALID_RID)
{

_tprintf(_T("ERROR: rDeviceVCRGrid: cannot find tool. (system: %s, device: %s)\n"),
_tool_robotName.c_str(), _tool_deviceName.c_str());
enable(false):
else
TCHAR prop|[1024];
if (_rdc.m_deviceAPI->getDeviceProperty(_tool_devicelD, _T("TOOL_TYPE"), prop))
{
if (!_tcsicmp(prop, _T('line")))
_tool_type = TOOL_LINE;
else
_tool_type = TOOL_NONE;
}
}f (_tool_type == TOOL_NONE)

_tprintf(_T("ERROR: rDeviceVCRGrid: tool type is not known. (system: %s,
device: %s)\n"), _tool_robotName.c_str(), _tool_deviceName.c_str()):

enable(false):

}

if (_rdc.m_deviceAPI->getDeviceProperty(_tool_devicelD, _T("TOOL_OFFSET_R"), prop))
float R[9]:

const TCHAR* prop ptr = (const TCHAR=*)prop:
parse_vector(R, 9, tr):
_tool_ offsetRSet(R[O] R[l] R[2], R[3], R[4], R[5], RI6], R[7], R[8]):

}

if (_rdc.m_deviceAPI->getDeviceProperty(_tool_devicelD, _T("TOOL_OFFSET_r"), prop))
float r[3];
const TCHAR* prop_ptr = (const TCHAR*)prop;

parse_vector(r, 3, prop_ptr):
“tool_offset.r.Set(r[0], r[l] r(2]):
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}

// width of worker(tool)
if (_rdc.m_deviceAPI->getDeviceProperty(_tool_devicelD, _T("TOOL_WIDTH"), prop))
_tool_width = (float)_tstof(prop):

if (_tool_width < 0

_tool_width = 1.0f;

¥

_cell_count = _cols * _rows;

_cell_count_occupied = 0;

}

void rDeviceTractorGrid::onTerminate()

RD_DEVICE_CLASS(Base)::onTerminate();

¥

int rDeviceTractorGrid::readDeviceValue(void* buffer, int len, int port)

int read = 0;

if (len > (int)(_read_size_max + sizeof(int) * 3))

{_lockAlock();

int datasize

= (int)(sizeof(unsigned char) * (_rows * _cols)) - _read_offset;

if (datasize < 0)

read = 0;

else if (datasize <= _read_size_max)

else

4

_lock.unlock();
return read;

else
return 0;

4

((int*)buffer)[0] = _read_index:

((int*)buffer)[1] = _read_offset;

((int*)buffer)[2] = datasize:

memcpy((char*)buffer + 12, _grid + _read_offset, datasize):
_read_index = 0;

_read_offset = 0;

read = datasize + 12;

datasize = _read_size_max;
((int*)buffer)[0] = _read_index:
((int*)buffer)[1] = _read_offset:

((int*)buffer)[2] = datasize:

memcpy((charx)buffer + 12, _grid + _read_offset, datasize):
_read_index += 1;

_read_offset += datasize;

read = datasize + 12;

int rDeviceTractorGrid::writeDeviceValue(void* buffer, int len, int port)

if (len == sizeof(int))

_tool_activated = *(int*)buffer == 0 ? false : true:

return sizeof(int);

else
return 0;

}

int rDeviceTractorGrid::monitorDeviceValue(void* buffer, int len, int port)

if (len == (int)(sizeof(int) * 2))

{ // read (occupied cell count , whole cell count)

_lock.lock():

((intx)buffer)[0] = _cell_count_occupied:
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((int*)buffer)[1] = _cell_count;
_lock.unlock():
return len;

else
return 0;

}

void rDeviceTractorGrid::importDevice(rTime time, void* mem)

float r_w[3]:
float R_w[9]:

{_lock.lock():
if (_tool_activated)

_rdc.m_deviceAPI->getBodyPosition(_tool_bodyID, r_w);
_rdc.m_deviceAPI->getBodyOrientation(_tool_bodyID, R_w):
_tool_bodyHT.R.Set(R_w[0], R_w[1], R_w[2],

R_w([3], R_w[4], R_w[5],

R_w[6], R_w[7], R_w[8]);
_tool_bodyHT.r.Set(r_w[0], r_w[1], r_w[2]);

rMath::HTransform Tg =
rMath::Displacement v1(-_tool_width*0.5, 0, 0):
rMath::Displacement v2( _tool_width*0.5, 0, 0):
rMath::Displacement vlg = Tg.Transform(v1l);
rMath::Displacement v2g = Tg.Transform(v2);
rMath::Vector3D dir = v2g - vlg;
rMath::Vector3D p;
dir.Normalize();

// to calculate number of segments,

// we multiply by 2 considering the tool is lying in diagonal direction of the cell.
unsigned int nSegments = static_cast<unsigned int>(2.0*_tool_width/_cell_size);
float seglLength = (nSegments > 0 ? _tool_width / (float)nSegments

_tool_bodyHT * _tool_offset;

_tool_width);
for (unsigned int i = 0; i <= nSegments; ++i)

p = vlg + dirxi*segLength;
int col = (int)(p[0] / _cell_size) + (int)(_cols * 0.5) + (p[0] < 0 ? -1 : 0):
int row = (int)(p[1] / _cell_size) + (int)(_rows * 0.5) + (p[1] < 0 ? -1

if (col >= 0 && col < _cols &&
row >= 0 && row < _rows &&

0x00 == _grid[rowx_cols + col])
{

_grid[row#_cols + col] = 0x1;
) _cell_count_occupied++;

}

_lock.unlock():

}

void rDeviceTractorGrid::Reset()
//_read_offset = 0;
//_read_index = 0;

memset(_grid, 0, _cell_count);
_cell_count_occupied = 0:
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Development of Path Generation and Robust
Tracking Controller for Unmanned Tillage

Tractor in Polygonal Fields

XiongZhe Han

Abstract

Auto—guidance tractor navigation requires the integration of various
technologies including path planning and tracking, position and orientation
sensing, vehicle control and obstacle avoidance. High-precision auto
farming is rapidly becoming a reality with the requirements of agricultural
applications. The application of an auto—guided tractor to rice cultivation in
Korean paddy fields may be limited by tire slippage and a necessity for
automatic headland turning algorithms due to relatively soft and wet soil
conditions and the use of a small-sized field < 1 ha. This study reports on
the development of a path generation and robust tracking system for an
unmanned tillage tractor in polygonal fields. A path generation program
was developed to automatically generate the full coverage of a path map
for the auto-guided tractor to follow in rectangular and polygon fields.
When parameters related to the used tractor and implements were input
into the developed path generation program, useful information about the

performance of auto tillage tasks such as field time, field travelled distance,
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and field efficiency, could be provided. To enhance the capability of the
autonomous tractor based on a previously developed look-ahead distance
method to follow along a predefined path, a robust path tracking controller
was developed by considering sliding effects in agricultural fields. A
predictive algorithm was designed for determining the sideslip angles of
the tractor using GPS and IMU devices, which were used as adaptive
variables for the path tracking algorithm. A 3D computer simulator was
developed for the tractor to virtually perform tillage operations based on
predefined path generation commands and robust path tracking algorithms.
An extended Kkinematic model that could change the coefficients of
cornering stiffness according to different road conditions was used to
describe the motion of the tractor in the presence of slippage. In addition,
algorithms for compensating for changes in GPS locations due to sloping
grounds and delayed GPS signals due to a distance between a GPS
mounting location and an implement were studied. The feasibility using the
simulator for the development of path generation and tracking algorithms
was Investigated by studying the effects of wvarious driving parameters
such as a slippage condition, a change in ground slope, a distance between
GPS mounting location and an tillage implement on the performance of an
auto—guided tillage tractor. A prototype autonomous tillage tractor equipped
with the developed path generation and tracking algorithms were developed
and tested in paddy fields with various shapes of field boundary. The use
of the developed robust path tracking algorithm provided an reduction in
RMSE tracking error to <10 cm as compared to the previously developed

look-ahead distance method due to its ability to take the effect of
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tire-sliding at headland areas into account. When using the developed
implement control algorithm, the errors that occurred due to the delayed
response of the 3-point hitch implement were reduced to < 15 cm, which
were considered as an acceptable level of accuracy for autonomous
operations. The results of the plowing operation performance test in a
rectangular field of 80 m x 30 m showed that the field efficiency was
79.9% and the ratio of the effective operation area was 90.3%6, which were
similar to those obtained from a manual-based tillage operation method. The
field tests performed with the autonomous tractor in a trapezoid and an “L”
shaped field showed the tracking errors of 149 cm and 21.8 cm,
respectively, the field efficiencies of 62.1 ~ 70.6% and the ratios of
effective operation areas of 914 ~ 92.7%, thereby implying that the
developed path generation algorithm and robust tracking controller could
guide the tractor with acceptable accuracy and quality. Further studies on
the robust control of the 3-point hitch implement were needed to provide
the ability of the implement control in the presence of various load

disturbances by spatial variability in soil strength.

Key words: Auto-guidance tractor, Path generation in polygonal field,
Robust path tracking, Virtual simulator, Field efficiency
Student number: 2013-31315
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