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O 48 S8 75 22 Z2EEY =90 Al2H 74

£ ?Iet 2ol EAHE SISO lEmolA A
« ROS 7|4t a2l HEEZY 2 o & 2E Mo{7|et =& ZE Ho{7| 7[gte] st o7 #+4
= 2 E2| 7|2 I8 RTK-GPS, IMU, ¢2H 7|HF 2% |ocalization
system T4 % RGB-D, Lidar MA{ Z|gt vision system A
?lsh vt LAY ¢ 2 22 FAE driving system™t =& XMO{E st

|Ete| steering system A

a
D
ke
O
D
=
3
S
]
=

! : Driving System
| RTK-GPS | { [ In-Wheel Motor 41
1

| L — [ In-Wheel Motor #2

|

: |

fffffffffffffffffffffffff ‘| InWheel Motor #3 |
!
|

|

| Main Controller ' i Sub-Controller i !
— ol | blg| { | [ _ImWheelMotor#t |
1 - ' ‘ In-Wheel Driver ‘ !
= | (XX ] = —
I e e et b st o Rt Ve Q | LA R O S ! ] ! ! I R e e e e A
s ! = i o000 t = H | | A
Vision System i IS = : ‘ Steering Motor Driver | | : Steering System
| | ! i i 1 ‘ Stepper Motor #1
RGB-D Camera ! i - T !

Stepper Motor #3

I

!

¥

[E— ——» | Stepper Motor#2 | i
||

|

\ Stepper Motor #4

<AtEFd AlAES FHEF AL

Component Specification Photo

—Depth Technology: Active IR Stereo

—Depth Range: 0.1m ~ 10m

—Resolution:

Depth Camera RGB: 1920 x 1080, fps
Depth: 1280 x 720, fps

—Field of View: 87°+3° x 58°%1°

—Interface: USB 3.0

iz,
sy, rtrrs,
2

S @

—Number of Channel: 16

—Range: 100 m

Lidar -Field of View: 360° (Hor.), 26.9° (Ver.)
—Resolution: 0.08°~0.35°(Hor.), 1.33°(Ver.)
—Refresh Rate: 5~20 Hz

—-Accuracy: 1cm+1ppm RMS (Hor.)

1cm+1ppm RMS (Ver.)
RTK_GPS <0.28° (Heading)
—Interface: Serial, USB, TCP/IP
—-Sampling: Hz Max.

-Meas. range: *250deg/sec (angular rate)
+2g(accleration)
—Resolution: 0.01deg/sec(angular rate)
IMU !
1mg(acceleration)
—Error: roll, pitch 0.7deg(dynamic)
yaw 0.3%




Motor driver

—Input voltage: 12-48V
—Qutput current: up to 20A per channel (2)
—Interface: Serial — CAN

In-Wheel Motor

—Power: 100 ~ 350W
—Torgue: 8N.m
—Voltage: 24~48VDC
—Current: 8A

—-CPU: Intel i7-8750H @ 2.20GHz
Controller -RAM: 16 GB
-GPU: GTX 1070 with Max—qg design
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« MA AAEE2 XF=2 AZE 2709 12V sfE (o 2laf o4 X7t S5 =0, eHH ¢l E ZE HE
E2{(MD400T)2} =& ZE Atole &4l {H 0| A& Arduino Megaoll 2lsf &
* Arduino Mega= &lE S48 Sl & A + A2 PWM F High & Low &l =& AFE5H0]
olzfet WEE ¢ & e ZHEEDo| Metet ohd, =& e« CX|E HEF Mot = =5 &
<2t 2l 8 2 AEES = 2 2l E 2H s 2 M FZHEREH L= HEE AStER
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Depth camera

=

Depth camera D445

Ideal Range : * 6m

Output resolution : 1280 x 720
Use environment - indoor/outdoor
Depth Accuracy - <2% at 4m

HAIZE ALBO| Jhsste dsol 2
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7+E =20 L2 YOLOVSS| 471X 2E JhR4 8w A
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i Backbone Neck Output
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e | Scale 3

3838

AR

19519

Scale 2

= B

Scale 1
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— Parallel Steering Manoeuvre 7|73t 24l giAl EX|
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A
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< AWIS ER2 HIFIE FH WEoe 2 XHYSIX| Zis e olse 5 7| 2o, v ER Y
Mok =74 M88 5+ US
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cosgy  singy 00 Xy =X I_hl il B :I s lﬂ Xy vycos (g + i)
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<Parallel Steering Controller>

— Zero Side Slip Manoeuvre 7|78 24 dlAl EX

stat Aol Wabr| m2ol of 7S AE Sxof b2t E
- ol A2 Aol SHols Sot Aol HH £ L= At 02 FAY 0 £
+ 4F 57 =3 SUES ok I Zo| A4 57X AS0| TAHE

5
._D P
<Zero Side Slip Manoeuvre>
— Zero Side Slip Manoeuvre 2H&le| X o
* Parallel Steering Manoeuvre M 0{7| grAlnl FALSER|2H & £ 2o =8 ZtE & 57| 2§t ==&t

A2 otz a1 Zo| ofF
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<Zero Slide Slip Steering Controller>

— Parallel Steering Controller Al &2 0|M
X233 22| &, HAE, HAE0| 42 O AIY ghAlo] AlFelo|M &H F&F. Python2 2 H|
LT ES F5otn AlZst elEH 0| A= Pygamezlo|2{2| & A}

 Parallel Steering Controller 7t81 2! A|Sa{o|M AlA|

. sirnjow ofsAol x| WX ] J|EHEE M

S0 =&l Ztreot K5 A itsto M, F4M e

B=138 pref=138

o6fr=13.8 ore=13.8

<Parallel Steering Simulator Test>

— Zero Slide Slip Steering Controller A& 0|M
» Zero Slide Slip Steering Controller 78 2! Al &2

« Zero Slide Slip Steering Controller= &M, 34 ¥ SIt22 Z4TodM 2F glo] HAEHS WE +
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y=-17.2 wyref=-5.2
va=0.0 v _ref=0.1
B=0.0 pref = 0.0

ofr = -68.7 ore = 68.7

O Gazebo AlE2l|0|E &AHE 0|&T 4F S8 75 EX A5 L1025 MY

AeFd 202 F LS /st Gazebo AlZE|0IEH +5
glojdel ctd 2 25517] 5 ROS o9& 7|Ht Gazebo AlEE|o|M &4 75,
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o

-4 5@ 7S 2R
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o
A

Agg 5+

w

| =
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Modular : 2 COMMUNICATION FLOW
Programming

[ 30Madel |
“! Simulated Hardware |
<ROS-Gazebo Implementation Diagram>
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<Lidar and Camera Modules Simulation Example>
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@ /' Generates Waypoints,

(Coordinates)

Path Generation
(Local and Global)

Simulation
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Angles and Speed Generation Steering Control Algorithm
Algorithm

+
Speed Control Algorithm Communication Protocol
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Real Robot

<Proposed Algorithm Diagram>
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<Input Linguistic Variabl>
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<Straight and Curve Path Results>
(4) ZHX} =25

Y AlAE 2 UDEF N QAT ATYE

M z8)
OIX| A[AH 7o I ZHX} x| Ln2|F Y
- AAZte 2 ZdX}t oIX| 5h7| fIEF AFH M ¥ Hd J[s 7lH AlAEH FF
<EAXE QIX| 2 FF A|AH S| M EDE AL
Component Specification Photo
-Depth Technology: Active IR Stereo
-Depth Range: 0.Tm ~ 10m
-Resolution:
Depth Camera RGB:

1920 x 1080, fps
Depth: 1280 x 720, fps
-Field of View: 87°+3° x 58°+1°
-Interface: USB 3.0

y zzz

iz
/////////Illllll

-CPU: Intel Core i7-11800H
Lapto -GPU: GeForce RTX 2060 6GB GDDR6
ptop -RAM: 16GB

-OS: Linux x86_64 Ubuntu 18.04 LTS

2 27| /a8 Semantic Image Segmentation2| =
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B YOLACTO|Zt?

- Image Segmentation2 OIDIII% DM cte| o] CItst segmentsZ2 2&5H= task
- YOLACT2 localization THHE MeFstD F JHX| taskzZ L=
1. ©A olo|X|ol| tHSt prototype mask dictionary A
2. instance OtCke| linear combination coefficients 0|
Z} instance OiCl o £= coefficientsE 0|-23510d prototype maskE linearshH & &
- 11 %, o &=l bounding boxZ cropg. & taskE 0|25tH, HER I AAZ (AZ4H, 27218 9|o|
Ao 2) H|=3t instanceS Ct2H| LIEI = instance maskZF & localize & = JUEE 5=
Festure Pyramid Mask Coeffcent Assermbiy
o HEHEEBR-
EEAER
i [ iy, n-en;cbm_ Jiaal
== = - Crop = Threshold -
k — - Protonet
hi — I 1]
—— II.I R
<YOLACT ZZMA>
- 7|2 E"2 one-stage object detection ZE?l RetinaNetE FZX5t0] ALSSI¥ D feature
localization step 810] mask branch& F7}st7] 28l M instance segmentation task& 5 7HX[ 2]
2HChSh task®E #HE M z2|g
- 9 a2l2 2™ Protonet®} Prediction Head2 Ztzt #& XE|lzes 42 & £ U=
— FCNZ Al235}0d instancedl 2o|Z&Z35IX| %2 image 37|12 prototype masks MAM3I= task
prototype &ZH0llA instancell MEE J71Z mask coefficientsE |E35H7| £/t object detection
task & taske| ZIE S linear s XA NMSE S3all AtolE2 instancell maskE MM sict,
semantic g+ ZE €2 F= U= fc layer &3l mask coefficientsE 0E5tL, spatially
coherentoll E+& St conv layerS S35l prototype masksS MM H £t £ ZuE2S $HE o M|
= HAEEe chest o ESIA ZMO|T| 2o S
Moethod Backbone FPS Time AP AP=g AP7s APg AP AP
PA-Net | 1] R-50-FPN 47 2128 6.6 580 19,3 163 381 531
RetinaMaxk | 1 1] R-101-FPN 6.0 166.7 347 554 6.9 14.3 6.7 50.5
FCIS [24] R-101-C5 66 1515 296 515 302 80 310 497
Muask R-CNNMN [ =] R-101-FPN B.6 116.3 5.7 58,0 7R I15.5 iR.1 524
MS R-CNN | 1] R-101-FPN 8.6 116.3 383 58.8 41.5 17.8 40.4 544
YOLACT-550 R-101-FPN ELE s B 3 MR 485 31].2 99 i1.3 471.7
YOLACT-400 R-101-FPN 451 21 249 4210 %4 a0 T | 45.0
YOLACT-550 R-50-FPN 450 222 82 466 292 9.2 293 448
YOLACT-550 D-53-FPN 407 46 28.7 468 M0 9.5 ' N 45.5
YOLACT-700 R-101-FPN 234 427 31.2 50.6 328 12.1 i3 47.1
- @ E= cl2 Semantic Image Segmentation?| 22 =3} YOLACTS H|ust F¢
- ¥E 29 cf2 Ul =1 22| FPS 2 TIME HollAo 258t HE £ 9'%. AMAIZICZ FAXIE
k=2 A|ZE ool QIX|SHOoF S22 YOLACTS ALESto] &ARbel QIX| AAEH FHFZ T
» YOLACTOIM Al2EZ2 Segmentation 3H7| YOLACTE Training diloF St=0| COCO Dataset 2 0|&

5to{ stssta

st
o =L

7|. 7|.II-

oOAS
T T

st “yolact_base_54_800000.pth"E At
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Image Size Backbone FPS mAP Weights

550 ResnetS0-FPN 42.5 28.2 yolact_resnet50_54_800000.pth Mirror
550 Darknet53-FPN A0.0 28.7 yolact_darknet53_54 800000.pth Mirror
550 Feznet101-FPN 33.5 29.8 yolact_base_54 800000.pth Mirrar
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« AIZI2ES Segmentation T F o|Fof Al2E SIFT &12|ES ¢l tid S HM7HS= GrabCut
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2 022 ZEE THsIUS
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File Edit
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- o|ofx[2l F7| & 2[Hol| s K| e STHE FESHE <25

- & 4Tl R

4 T
1. Scale—space extrema detection 2. Keypoint localization
Dolearger-1
scale 7
s DaGrargersi
3. Orientation assignment 4. Keypoint descriptor

. O|O|X| <]

uiH S 2lg o] g2 Z+ 0]
o| x|l M ZAS I5t= gHo[E2E =2 o|o|X| Alo|=T} A =™
MesHel
» FLANN< Fast Library for Approximate Nearest Neighbors2| 2FXt2 = o|o|X|oi| A
EMES e i M52 zHMEE 20|22 25¢. FLANN oj&2 £ o|o|X[d|

CHall BF off&lof 2t w27 S=Het

>»> FLANN_INDEX_KDTREE = 0

»>> index_params = dict(algorithm=FLANN_INDEX_KDTREE, trees=5)

=>> search_params = dict(checks=50)
2 ZEE OIDIXI EM ojds 25 SIFTE &8
« FLANN 7|8t oi &S flsll F 72| A AI2E 2
x| stt= searchParamsgl
017|M searchParamse= %’éﬁ s flsk gts 3l
L= S T AAIZE 2AXF ofEE fle H

=

Master: 200.00

Master: 218.00

<Checks = 50 > <Checks = 100 >

<FLANN_INDEX = 0¥ ©f Checks> <FLANN_INDEX = 1! @ Checks>
FLANN_INDEX = 1 Checks = 50 Checks = 100 FLANN_INDEX = 0 Checks = 50 Checks = 100

=& 0 2565 220 =4 0 194 104

Z|CH o 187 198 i 242 202

e g 221.8 205.5 SR iy 216.8 170.4
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M X SH
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B DeepSort O[&t?

— Kalman Filter, Hungraian Algorithm 2|1 Feature Vector& SORT2} €&l Zd0| DeepSort
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X St
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S 8= A =X (MOT)Y. olg{st
U 2|ESE0| XM DeepSort YNE|S0|X A =& =Zfal 93 =

2| ALEEL UAS

_28_



HErA TN LT | 2H(S Ef o otu)

Lt.

Ho|+S SHE A4

s
=

(1) *= =&, &

O 48 S8 M7|75 BAE MAE

A== S
Eleds,

<
oF K
W 2
= o
" o
El
= K
=
"

, 10-2019-0030857, &3
ol

o 2H|A
{1 2

54

5

EE1 Z=I(
of|

__o*_._._ I_|

o E

11

_I%

‘\\

\
L5\G
.::..., .lo/
L ﬁ %
~]
" o N

40,

400—

, 10-2019-0030857,

CHEH|A

51

(

| 2 3 Hof

, 10-2019-0090309,

CHEH| A

2l (o

o

X

r

KO0

l

to{ ol LA x|

753

=
=

%Ea

— 229 —



AlE

S10
| FEREERE |

S20 30

| OIZIDE A AE | R J ,,,,, .

t |

© T H R

|—l —I —l I

| EEET | | |

I ;

S40 ! !

QL 22 : :

| |

il S50 ! !

| |

BEEEEEEETT | ;

I |

| |

l l

B Mo &nz|&E(E) ¥ ¢lE 2 MY 2 (FfEH[A, 10-2019-0090309, E5{&)>

SRS

OO

<QIERE FIEX|| TR(UXIMAL 10-2016254, S5H)>

O 48 S8 HI|TS SAE MAE I3 MY X2 o 7|25 A
— John deere it= SESAM (Sustainable Energy Supply for Agricultural Machinery) E2{E| i &
HolE22 Sl X|&XHoz Mz Z230| 7F58F GridCON tractore 75t on, M- 22 S8

o2 TS JISE AlAHES Mol Hl U A M52 MU

_30_



<John deere Mit2| Plug-in Ete! M7|75 EHE(GridCON)>
- SOLECTRAC fit= 28 oizdg E3ig el C|& AxZS ZE 2 diga|z2 #HA@ s CET (Compact
electric tractor)& Al | Zof A0y, 4WD A|AEIS M 2510 A2lgE I 2H M5 il
st AFE £ Fof AUS
<SOLETRAC fite| M7|+& EE{(CET)>
— Caterpillar it= £=X e HEI|E iET ZEZ UiAsts 8 &8 M7|7s HAI[AE EAlsH
en], D6 XE RH 2 7 AH|ZE =0 35%7HA| HEef JtsE
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TS o 2o 264 N2 2 AHlMHE
« = LpMolM TSt ASte B ER 2 Foick 2E{7F A E 4E SEFS MY EUELE,
g nEEE= FEXME2 2F 66.2 N2 AHLHE
MY EAHFo FAH R SEY HTOMe SE ZE(2F15°)E SIS M, 5 & FUiXE2 of
380.5 N & HlAHE
- Z W M2 1,786 Nojo{, & & T M2 2F 446 N
-3 3 Ed= e B EFS MY EO|0 MRS 22istod AaStR o], AL Aot F o FH
Ed= 2F 116 Nmgd
- MI7]28 = & Fd M2 22s 120 Nm olatel E3E £9 Jtstt MEL2 MY 592,
=Y =AM 2EHe| F £ Jhs Hele 2F 1~1.2 kW
- = £8 1~1.2 kW2l ZE{Q MH At ofef HEe2t &2
<z|of ol e ZEel MA HH>
ltem Value
Rated Output Power (kW) 1.17
No. of Phase 3
No. of Pole 12
Rated / Max Speed (rpm) 28 / 85
Vdc 72
Torque (Nm) 405 /133.4
No. of Slot 72
Winding Method CoilPitchx
Winding Connection Method Y (Star)
Magnet Data N42SH (Br:0.31T)
Stator Core OD (mm) 240
StatorCorelD (mm) 188
Rotor OD (mm) 185
Magnet Length (mm) 16+%2
Magnet Width (mm) 7.5
- M2 MEE Qe 7| & AT BHe -5 S4, £E-E3 SMo| st EME F; A
onf, Zt MM 28 SEME EelsIUS
5731
E i Sefe %wgyg | T
g0 et e .
§ 200 i 5 e00 i P B
= et O |sxw “wl
R T B I . ] O a6 ——T—F——0
Speed (rpm) Speed (pm)

<H7|2H ME S flet FE-2H(F) A SE-EF ()2 SEFMAML 28 E4 J2f=Z>

. 59 ZololAl ALBEE MY| BE(E AuHel MEV|Ect 28 STt Yoo 1 £371 27
- ol @iz MF 2719 B2t 22 FAMAIY Ajo|= Bt WRsi, MR 57t Al B0l Bkstof &
20| Z43hs At Letlo, T £3 P2HECH D pm Z20IN B0l S LEkdS Holsiia
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<2H SEF ME 528>
« A7 HME2 EM2 1n2fsto| Bt =50 0|8 A48EF T MEtet M MIIEHE MHSIUL
o, £ E3JE 11 sI¥sM Erel AE7|= FHSIX| 2ot == A= &eld
(2) HA stzof g M7|7S EHEF Aol H Al M-
O M7|7s EHE HAFE AIY MY E 28t AlE80]Md 2 [Lay—out A ! 74
- MYEE HMI|2Ee| A5 HILE fIsto] 1-D AlZefo|d = EQofel Simulation X (Ver 4.0, ESI

ITI GmbH, Dresden, Germany)& Sdf ZH = 7Hastg =2

drivingCycle

vith |

=

M

|| User-defined Cycle

busGenerator

Warnal_force

frictionBrake
|| Mass

battery

- Algalo|d He ol

wheelGround E]
Losd

<H7|7s EHE 1-D Al2elold =2E>

22 F5tol| w2l M7|28 el £3 EF of 50| 7tsstn, MI7|2H F30ll WE

ez 82 o5 Jtse

- AlZ8old 2H2 I ™7 IEE1 HiEf2], 2, A5 g 222 745 en, 242te| mE | ui2}
Ol = ot2fiet Zo| &M FEF2f MHUS EHISIUZ

« U|EEo| MU2 60 VoI, A A = £H2 22 1, 1.26 kwe

« M7|2Ho =t £ E3 9 S™HE= 120.3 Nm, 147 romO|0d, =[0f M7= 32 A2l MES
RSkl Pe=y

- HiE{2| = 2| &0l 2HiE2[E MESIAL, 4 e, SF2 424 64V, 6.4 kWho|oq, s & A2
Algelold ™ol AR

< 2 2E2 MU[2E2 METo e SR EL] FE & L5, FE Mg wE 2 &Y



<H7|Ts SASF AlEdold HHE 2E o HE>

[tem Value
Voltage (V) 60
Rated power (kW) 1

Max. power (kW) 1.26

Max. rotational

speed (rpm)

Rated torque
(Nm)

Max. torque (Nm) 120.3

147

Electric motor
95.5

Max. current (A) 32

Type Li—ion
Voltage (V) 64
Capacity (kWh) 6.4

Cell internal
resistance (MQ)

Wheel Radius (m) 0.26
Platform Weight (kg) 600

Battery

<0.4

mo rx

Jlme HHZEE Dejo HMET, £3, ol thet ¢ ole{S XBiol ofeh 2t 20| 3D map
xM5l0] 2E o AHHYS

7 26 Lockup Table: Electric Power Map (SeraiHybridtample motor rmapfel - o »

= BiIQE nal; EF o
e L= =
13074413 LNNEMT AT -
1NZU060 ) MW N BT
5 MSSEIET ) 91104 VTGRS
DMEXRITE 0 00IET  OMTHEE 4
OF A4S QAMTNIE QENEEEER 4
OSAESNTT DEISSENGES EZIENENA DELENIIII DESENEASE 4
DAIEMST D ASHEAITET DASTIGNSE] [ATSUSISES O4BISESE
HE OMITSEE  D2NANIS 02006768 Q2MISTIE XN 4
THE QIR O14BMNSE QUEETMS 01S0NTE ONSHNINE 4
0 ] o ] 0 o
136 01317638 014384056 0 MSHTM4 0050963389 0ISE26 1
ES 02MO7TEERIS  D2MMAIS N2BXATEM  0SNSTR  OSEGCHE 0
5 OAOUEIMGT DUSASEIET  QASTIESE  (UTSOSUES  UBADSERSE
OS4BS077  OFVSSEINGS (R2IE5EIS4  DGME07IN3 CESERIEs |
O6E00G0 OMEE310MO7 0774402589 (BTG OF19955E82 o
QRaid: OONTTERES (SEXIRA 0WEIES AfTnaEn o
OUEASEETE  1OERTME | [MSSEGEC 1091156308 1 V1174ES08
1135 1065712299 1200454913 1 212340606 1 293633374 1 0SS
TEE LIMITAIM 1603008 10570 141306740 1439700

ANFATAZH 160 500

102 rpm
motor

k. Cancel Bl

<M7|2E ctE 2o oz ml2lo|E (Motor 3D map)>

2= t= S8 &0l 84 B3 & 2|t EJ0M F5=<= 22 7&I5H| 2 95.5 Nm, 118 Nm
2 dFEs5I%ien], AlEeojd2 LdTYE EAE 2F0M XHFH2Z Q=5ts = SolM AR S

Nm

Input torque Nm Input torque
a7 130
' ' j '
' ' I '
96 == mmmmm b e et BT 120 [~ -----mmmm - e R PP PP S EREEE TR EEPE
95 | 1 1 | | 110 1 | 1 1 |
00e+00 20e+03 40e+03 60e+03 80e+03 s 10e+04 00e+00 20e+03 40e+03 60e+03 80e+03 s 10e+04

<AlEEold siMe flet 4 EA(x) & 2o EA(9) 6 mp2tolE>



O XA 515 =#Hol g MI|TES ZHE AlS2o|M 514

- A EF & oMo MI|7Es EUE AlsElolMd s
« 23 EF(HA EF, 95.5 Nm)oll E MI|7s EHE AlZalolM 2o ZE{e E3= F5iof

w2l 95.5 NmE L™sHH £3 Jtsst A2 LiEtgon], ok 3
« RO "W VBT E 2 102 rpm 22 LIEGon, 3METE Qg 2517}
TZHll M FAFSEA LHEFE
« DE £32 2F1.02 kWR LIEIG o0, ol 2E Qo EFe} 3|MET 2 AHAte Znt X5t
« HiE{2] SOC level2 M2 E3 =ollA 3 hsot ddFMoz M3 ZZ0| 7 %
0§, SOC level?| &Y #8582 2F 0.30% =2 LIEH

r OII

Motor torque kw Motor power
Y ===
) SUR— S— SN SRR V. W il
06 |-
04 |-
L e e e T B |
O | e e s s s s S s e s e s i s
1 I 1 I I i 1 | | | I
00e+00 20e+03 40e+03 6.0e-03 8.0e-03 5 1.0e+04 00e+00 20e+03 40e+03 60e+03 8.0e+03 5 1.0e-04
(a) (b)
rpm Motar speed Battery SOC level
T e e e rr——— e 10
O R __________________ | S, ST P S PR PR
il 70
0 =
0 | ‘\- 1 I | C | ‘\- [l | |
(c) (d)
<H7|TE BaEo| HH £3 mrolMel AlB20lMH siA HIk (a) RE £3, (b) 2E &, (o) 2
3%z, (d) HHE 2] SOC level>
- z|tf E3 ¥ oMo MU|TFs EAZ AlS0lH siY
- Z|tf E3= SUSH0 MA SHS(2F 100 kg)e FIH6IR S W Ad== FEMEH(308 N) & F&
£3(118 Nm)E 1=2{3t0f MYSIUS
- 23 EJ(FO E3, 118 Nm)oll & 7|75 SR E AIEEIOIAJ 2 HEo| Ed= F35io
2t 118 NmE ddEsHH &3 Jtstt A2z HENGSH, of 3 hset AZAYH0| 7S5t

2Eo g 3[MEE= 2F 102 rpm 2 LIEG2 RIX._V—TEE Y4 E3 =0 FASHA o4
F5p7F d@gtoll w2l M 2ol A FASEA LEHE
« 2H £H2 2 1.2 kKWE HEgen, o= ZH EJ} 3[MEKL 2 A thet g &

BHE{2] SOC level2 =0 E3 Z=Z0M 3 haet dAEHo=z M Z50| 7hset A2 = LIERHS
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(1) 48 718 75 AAH 7

o

O 598 RUAYORM ANEFYI|SS BN 48 S8 M7|7S 26l EHE

® KW BLDC motor

@ Inwheel Motor

® CANS2IZ 7|22Z st motor driver control

® Encoder &4l2 0|28 Motor operation status feed back

® 4 inwheel motorE O|&¢%t 7HE Wheel2| S& TS & =&I& control
® 7HE Wheel2| & 180%2 =& =5

@ & Systemz} =& System?| Integration 7+

O Inwheel Motor Specification

L= L)L £ [PeD 100
i, =
Encoder
<Motor Outfigure>
dg] (28] (25| [z
) ! I'piil W
T0 40 1RO 1500 SELETLEEED REELE messsmanas SEELD RCEED [ECECTEELEE SEELE i
I T T L o 1 S WO
56 32 144 1200 i s~ S S T
19 28 126/ 1050 R s T o A i e v < e i
12 24 108] 900 R R T S s S i D S
: 90 5 Iy e B
e = Lo (i3 b AApfTmR o
28 16 7z 600 3 i T SRR i S o R s e
21 12 54 450 YO SRR | SR TR G
,- 8| 36| 300 i i G
7 4 |8 150 45 B R S S S B R S iy
oo o ol 0
0 28 56 84 112 F_Hrl_al

<Motor Specification>
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<System control configuration>
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<Main Components 744>

Main Component

Specification

In-WHeel Motor

1 Kw BLDC motor : 4 set
Rated power : DC 60V
Max RPM 140

Feedback Signal : Encoder

In-Wheel Motor -

Input Rated Voltage 48~72Volt
Rated Power ~ 3000W

driver - 1P 67
- Control interface : CAN
Step motor for . ?_Liguaengle‘:;?ﬁm
steering - Encoder Resolution : 1000 cpr

Step motor driver | -

Control voltage +5V
Input voltage DC max 80V
Control interface : RS 232C and Pulse

- QIEBEE PGl 2olY BAES AL T JHSHS AYHUS. SRS B BEY
S £37} 525 ol HLolM SUES TS & AUS
- w5 QIEDE S Tl AAIXIO CIE £ BH ZOIM AIEE A1} obEel 15 M52 L
EbhR RS
- w2th BRI PUS AlERE S M52 B EY B0 BAE| MESA %2 WOz WHEY
of, QlERE LS 2sHA ot £95/02 BLDC 2E8 AHBSt0] PSR x8

ruln
P
Ik

@ Front Rear 2

2 7HH A[AE Jig

Agof WE X2 EEM ZTUE st 8H FHHA|AH 9 Jfdt
Z2H 72| 2E{2} Ball screwE 0|835t0 Z/% S7171H0| E =& A[AH +M

@ sx@el 1Y %2 X2 BATH JHSHAE 1000~1600mmE T4

® 8

3

Z =38 Al

Wheel DF&2{2o| x|425HE 915104

ZEAAEL 90 B HAE oM B THHA|

ﬁ%OI A ZE £ 2 System interlock

t

N

F x=&kojl2

Kl

@

o| st Harnss

chdg YX|sh7| flstod #of =2t (249 2490x

) A
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Front View (7]

<87 7t A|AH] System configuration>

(3) A $7 7h L FZt M5 AAH TY

O Arghol we xtgel o|SBolY EHBE 93 BAFS| RN J|5Ha

@ 480l hEt S xe2t =H (Max 905) o xa?t HE =
@ FHEo TEoz x| 2MHIMS SHHF

Front side

WO __ s R

Driving Direction

|Drivin5 Direction

<EYE &2t M3 System configuration>
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clegt o s d& &g &
- ZtH2H= 1920x1080 o &kl HICI2 =35t7t Jhset A S ALSSIUX|TH, =l £ 8 =
st ohgd e e F/AISH| flol =atEl F4S 800x4502 2|Ato|F gl
- S SZolM 23] BlstE dEel AlLR|RE 7S] 471l ohE e . 2 A
M2 Li2[Fe oAy FH SHES HAESHD, ntAEE 2 ZR0T 5510 FHE
sHE Algste 7
- A gnf deoMe F F2 AR0| B e dES HAE SIS F HAl oM e
25l DAE T 7t X = &&2 HAE i, M ¢inf Ao = ChE Al2te dlsto] ofAE 7}
dE &2 HAE SI9=. U Hi dedolME 222 otAE Ato|2] ZE ALz
7t 7t X dEe HAER

Experiment 2 Experiment 3
Two people walking together Occlusion by an object. Master walking in the
in a straight line. agricultural field avoiding
other people.
~Zx X3 S
<HUR £F FY ALY A ALz 2>

Experiment 4

Occlusion by a person
walking between the camera
and the master.

QlAl Mt = 2F 91.9% 2 ™ =len, 7t

X} elH}X o

o

=2 = 71—

AL
o

<ZARX FF T AAH Ms Ay 21>
_Experiment # 1 2 3 4 5 6 / 8 9 10
Time: M: Morning / A: Afternoon A A A M M M M A A A
Test type 1 1 1 1 1 1 2 3 3 3
Distance [m] 2 2 3 2 3 4 - 2 3 4
Clothes: S: Similar / D: Different D S D S S D - D D D
Total frames analyzed 975 | 781 102 | 100 | 892 | 109 | 228 | 504 | 427 | 466
3 1 1
Successfully tracked frames 944 | 779 | 102 1?0 868 | 109 | 205 | 477 | 374 | 398
2 0
Lost track of master frames 24 0 1 0 14 1 23 12 13 31
Master wrongly identified frames 7 2 0 0 10 0 0 15 40 37
Tracking success rate [%] 96.8 | 99.7 | 99.9 | 100 | 97.3 1 99.9 | 89.9 | 94.6 | 87.5 | 85.4
Threshold value 53 53 30 98 80 30 15 40 25 15
Average Score 160 | 190 | 135 | 221 148 | 113 73 145 68 52
Frames per second 216 | 21.3 1 23.4 199 | 225 |23.4|156 |22.0| 21.8|19.4
1 5 2
_Experiment # 11 12 13 14 15 16 17 18 19 20
Time: M: Morning / A: Afternoon A A A M
Test type 3 3 3 4 4 4 4 4 4 4




Distance [m] 2 3 3 3 4 4 3 3 4 4
Clothes: S: Similar / D: Different S D S S D S D S D S

Total frames analyzed 988 | 862 | 733 | 768 | 812 | 661 517 | 473 | 493 | 442
Successfully tracked frames 921 798 | 683 | 691 671 606 | 443 | 354 | 437 | 423
Lost track of master frames 36 36 11 29 92 37 48 83 28 6

Master wrongly identified frames 31 28 39 48 49 18 26 36 28 13
Tracking success rate [%] 93.2 | 92,5 |1 93.1 | 89.9 | 826 |91.6 | 85.6 | 74.8 | 88.6 | 95.7
Threshold value 40 40 29 35 20 25 60 35 20 25
Average Score 139 119 85 118 64 75 166 109 115 91

Frames per second 153 1 171 1 16.3 1 222 | 23.5 [ 2161221 119.8 | 23.2 | 19.6

O FoHS A A[AH L

O ROSE &3¢t AlEaolM

HH
ey

ot 2t

<A|E20|M Costmapzt Zof= 3 m>

O Zoi= 24 AlAH ds A" 4A

— A|AEIQ| gg% AE57| /g HAEES Aol ZIEl, &R} 5742t
xR en, & ols Hele 20D|E1§ A4y

- Foi= 1,22 4m XI™ol|l xS, 3,4= 10m X|Foil, 22|11 5

- o= Aol E FAStH 6742 "FOHEOH CHall ZXl FqetolMel &
d=ct Za s ALt O gddts o= A HEE ge=

ook nﬁ

3| I| 5104

6712

X0

I

jo



<ZOIE 214 g 5|m AlAE>
Results
Total Frames 1044
Accuracy 99.6%
Obstacle 1 2 3 4 5 6
Total Frames 220 220 128 128 128 220
Detected Frames 218 219 128 128 127 220
Accuracy 99.1% 99.5% 100% 100% 99.2% 100%
O ADIEE J|die| SMlA AF O A|AH gt
O S4eltof o3 RofAlAY 75
- AOIEES 0| 335101 3oz Z82S 4 HMojst= A|lABISeZ ADEES| Ol0|3E &
ol SMS =dsto]l 222 M Al APIE S&ll EAIZ HEtstl, EXE ChA| Mojals
2 Ha FMEAMS Soll 282 Mo
- AOIEE SHM0 = "Ye2” "QEZR” “HX|” Fo tholet ‘AdEo 2 Zict'se| Ao 2ES
olAl xlof&t

Sent

Commands
Received

= o
<ADIEZEZ
2% 2:18 4+ B90%
Listen = 17-2 Quit
eem

A QlA X oY >
2% 2:25 & ¥ 4 188%
Listen = 17-2 Quit
TAEto R Ziot
v = () <« T T

<Atedof Xz =HE>
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GPS BASED
LOCALIZATION: _ _ NAVIGATION & OBSTACLE AVOIDANCE:
i ——————————————————

GPS 4 UTM | . I
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1 |
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Ll El‘(F || | puksTRa CG"’ba'
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L _ 5] GLOBAL | | l I" — I
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oDOM

L —
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JOYSTICK | — = — = = - J T
' Hardware | | _ _
Interface

<AtEFd AAE QIEH oA Ctoloj B>
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- S d5 4 IMU WMol @2 aFu TSR f A5 SYA= Ao 2S5 9422 F
25t FHE = AA g olXMFH Zet HHE ALESto] nFO IMU SHXIE GPS HEe Z
g, AlttE xbEel f1xl, S5 2 e FHXZE Y dsS 2ok gHAE = US

- BER M 2 AA = 0 20 EHs GPSYIEF 91X ool EQt IMUZ|EE M EHX| 7t
of FEBR Mes JtssH &, HEl= GPSUF YA R ASSte ZoM GPSIE 27tst
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1. Prediction based on last estimate:
X(k+1|k)=F(k)x(k | k)+G(ku(k)
J(k) = H(k)x(k+1] k)
2. Calculate correction based on prediction and current measurement:
Ax= f(y(k +1),%(k +1] k)
3. Update prediction:
X(k+1|k+1)=x(k+1|k)+Ax

posiion Position Update
(estimation/fusion)
Encoder
(e.g. odometry)
CT: Motion predicted
(motors) position matched
observations

HE

Sk

=16

L

Ma predicted

(data b?u) observations Matching

measured

observations
(sensor data / features)

|

SEE: Perception
(Camera, Laser, ...)

<Extended Kalman Fliter>
O UTM Z=EAH(UTM Coordinates)& &&8t 2& Localization
- BESHE FHEA  UTM2 X7 ZHE 44 gele] FYez 2Es5t0d & MAMezE EESE
HEAS B, 24 PHS DRE UTM SYLS AIBSI0, M2 CI2 XGME LsD ¥
3t 9|z E#lo| JhsE
- RABtE X SHW : UTME 2t UTM 7ol sl 25 H2ste= SEH2 A8, o S
2 S8 PoolM Halet 2ol TS HAssi0 XA £ Boh SES| AT KA 2 Aol
XM SHSH
= Ry = |
- & ZEAH  UTM HE= SMet 35 F2 w2l AH2lE o|leE Edsts AW =EAE 7|8t
o2 B Ol HNI HAS ALSSHH a9t werm 22 ZHEke AA 2 ED M Atole] A2
£ chzgel HAI 22 J|51etA Mo BE JhsE
Northing and Easting
| ; T=tan’¢
x=k°RN[A+{1—T+c)f;—+(s—1sr+r’+7zc—58e"}l~‘%6} C=e?cos?é
o i p A=(A=A )cosd......... where Aand A, are mradiang
y:k,{M—Mz,+1h~xmn¢|iAT+G—T+SC+4CZ)%+G1—58T+T2+60M—33Oe'1)7';7]}
e? )
UTM Scale Factor [1_7_ 4 256 ] [3¥+3~ 451024 "]sm2¢+
2 ] 6 M=a
k:ka[H(HC)A?Ar(S—4T+4ZC+1SCZ—28e‘2)5—4+(61—1481‘+161'1)_;—0} [15* 45 ]sin4¢ [ ..-]s'lneo‘»h--
256 1024 3072
Or In terms of Latitude and Longitude where #is in radians
k= k|:1+ﬁ+e cas’(yﬂ))m}
<®IZ, Zx(¢, Mol UTM ZEtEZ2| HHEHA>
O ctdAEz2KDijkstra) 22| &S &8¢ Global Planner 7H4
- HMN EY: clAss} ADeES JHE UENINM Y 29 o2 RE =5 2k He
Z2E BZ. el JISA7F 1%, o] JtEX|2| B2 ALEsSte] Fct ZE2E A-e
- HEHQl A2 7 ¢ Hch 2= cdAEZ dn2|EE SO HIFHCeE FHEM, =5 bt
=xoz GMD MMl H2lE YHolE ¥ UDEES of MANS WAS S S
oo EESHALE 2 £E JtsE =8 BAMGS o|=o BX|E. olziet 42 T 42 &
HolM ERHE0|D E8Hel YHOR A8
- 54 HEQ oM a8M : ZHMe| It L= sHLC} EM M2 5|4 HELFoM= il
AE2L dN2[E0| HE 2oz 2Eet ofg =8 BMs| flof =9 SS0AM JHE
Be oA 2|2 Jinl =E=E Me. Clolasal yme|Ee ofefs Matg ALRsl 2L
LELL ZMS BASHR SIDE AT HRE EUNMoR ANY 4 AUS



Start
Set two sets S and U, and put the starting point into set §
L 4

Find the shortest path ~__ Yes
for all vertices? =

[No
*
Select the vertex K that is not in the set and has the smallest distance

t

Find the vertex K with ~_Yes
the smallest distance? ca

| No

Modify the distance of vertices not in set §

l End
Add vertex K to set §

<Dijkstra algorithm>

O TEB(Time Elastic Band)& &-2%}t Local Planner 74

- TEB open-—loop optimization &2 &all ZX0| =7| AAM|(ss)ollM =E XbM|(sf) 2 o SH A
2|E RXISHHA 24 AIZE o ol g
- MAIZE SEY  TEBE MAIZteZ &

Zoll S0l 7hsstm 7HE # 22| MA dlole{ol| Z|Ek5t0] A

- AM 58d R SH o] tE HEH : TEBE #H2 A=
Al

Localization —|[————
I Pose amd 3 Odometry
0se anc
Global Map Local Map velocity
e
. '
'
ts g
' 2
ts . !
t 3
Path | to toe il p* .-:_’n'// v, !
L] T L] | Robot
Start Obstacle Goall v [Start Obstacle Goall Start Obstacle| '
!
. i
4 '
| I s s .
Global Planner v Trajectory Optimization Control \
'
‘ i
) i
' [

TEB approach [ teb_local_planner

- gmalE HEM U oF AS
° OEI-—T,—E-IE (=

2 d3535P| floll GazeboE &&3101 URDF ZH S BhE11 242f9| =gk ZE HAE AA| GPS
I

2 MU MIA AlE2fo|M 2! Local Planner?t Global Planners &tolst7| @|st Ciekst A=25 M st

<Gazebo Simulation>

_48_



SolidWorks

— ADAMSZ®2| Kinematic Al

Input for the rotational

<model simplification>

E|

2 S MATLAB SIMULINKo] o1&

v

speed of the push rod
motor.

ajain]

=

plat_pitch o

=

adams_sub

<simulink configuration interface>
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plat_roll_o

plat_yaw_o

Adams

Output of the platform’s

angle.




- simulinkg &

0f0
_(')k
>
Mo
ey
o
rz
\V4

<Matlab simulinkE &

- AM|AE 733t Logic ™
, R | o
C e o e = =)
C——7 - 0 ] -
C3— B
E}
=
F‘_'.E
[EW)
¢ Solidworks N ,"/ Adams A / Matlab/Simulink 3
mm  Add kinematic constraints
/" Real world i /" ROS A
Real IMU data Input IMU data
Set up the inverse
kinematic equations
Output the current Euler
angle and height
Real Motor Control ya Output
Motor Control




Initial

- HEsiR 22 Aol s

* Rotation error of X—axis: 0.065+0.008 = 0.073

* Rotation error of Y—axis: 0.03-0.0005
+8 =H A2HES MBS of,

* Rotation error of X—axis: 0.0026+0.00

* Rotation error of Y—axis: 0.0017-0.00
8 =H A2HS M2

- ?et Zol,

0Ok

O 45 =7 75

- ol 2%e 2o

= g0l

EIRETY -1

When the platform is in an
unbalanced position

Z=H AAHE HAE I

=7.3°
= 0.0295 = 2.95°
= 0.0026 = 0.26°
= 0.0017 = 0.17°

F Kinematics H-&

BT F

After balance

LA 2| Rotation errorgtol °tdstE g 2kl
nomic robot) 22, 2ol utek2 WAy 28 3 XMo|Lt EY =
i ol Bate2E SZHM o2 ZE0| 7ts
| SZxcz olE wagezs FAY + AUs S 11250
I 3™, VE 22| 0|F, we 2Re 3HMZ LIiEH



* Wheel 1:

)/
02 =V, + (wr), =V, +wl/2 =B : speed = sqrt(B? + C?)

SV 4w, =V, - wW2 =C angle = atan2(B, C)
Yoi S

Wheel 2:

\_-
\
\
L, &

=Ve+(wn), =V, +wl/2 =B speed = sqrt(B2 + D2)
=V, + (wn), = yy +wWp2 =D |:> angle = atan2(B, D)

~ * Wheel 3:
=V, + (wr), =V, - wl/2 =A speed = sqrt(A? + D?)
hrq\ SV, ¢ (W, =V, + wW/2 =D |:> angle =atan2(A, D)
. Vos Yoty =%
i /]; * Wheel 4:
=V + (wn), =V, -wl/2 =A speed = sqrt(A? + C2)
P w L/ =V, + (wr), =V, -wW/2 =¢C |:> angle = atan2(A, C)

<4 Wheel-Independent Steering Kinematics>

- 0|& &3 222 AE|EH(Strafing), 3@ (Crab), MAI2| &, HE ol 2ZHDouble—Ackermann)
Eo| & 471X ct2 2EEZ FTYH Jts
- AEg|Z(Strafing) : 0 ZEOAM= 2E HIFII 22 ZE2 E=8E0f 229 uhsto| HARX| 2
o

— 3(Crab) : O] ZEMA= ZE HIF(7| Q02 =&=[0 20| Wakg HASK| 21 HeZ o0|s7ks

- HX2] &A™ : o] RENAME ZE HIFJ} 4552 Z&EHO Z20| 0|S glo| MAlgldM FXMIts
- & o+ 2HDouble-Ackermann) : Ol 2EE0M= 2E HIFJI XAREAH =80 3H™ HES

zo|T B2 Z70JAM e J|EMS EkAH

o o= o o

<HMAt2| &M 2= & O & ofAHZHDouble—Ackermann)Z2=>
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Lt.

(1) #2717+ EH&E ds g7t

O =% 350l WE 48 SB X775 BAE 45 5%
=
o

13
L]
il
0x
or
okl
N
Ral
|>
oz
=
Mk

« MIN|FS SUFe ASAXEHE2 F2 u2olH FHE

:Q
0o Ho

7, 28 MY, 2 3MEL uiE2] M FE ASSH
2E ™MF= DC current transducer (CE-1Z04-35A2-1, Phidgets Inc., Canada)& At&3stol &
sl o0f, QE(} BE| Alo|e] MMo| Mx|5IHES

<HI|TE BBl HE YA

» DC current transducer= 0-100 A Helo| MFE EXME £ Yoo, =i A= 1%
« DC current transducer?| &, &4 Mt 5 VE Adz|=EeEo|M gte Sl M F
Mo| 7535t M5 Hele ofefl EoF &

[

. DC current transducer M|2&>

ltem Value
Current (DC Through—-Hole) Current (DC Through—-Hole)
Sensor Output Type Non—Ratiometric
Input Current Min. (A) 0
Input Current Max. (A) 100
Current Measurement Resolution (mA) 100
Measurement Error Max. (%) 1
Sensor Response Time Max (us) 7
Supply Voltage (Vdc) 12
Current Consumption Max. (mA) 25
Output Voltage Min. (Vdc) 0
Output Voltage Max. (Vdc) 5
Operating Temperature (°C) -10-80

[}
el
4%
mjo

« ZE FM&EE A Mot ol E| 2| controller network area (CAN) busE Salf Al
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<@E| IHE{S] AAIZH CAN CIOIE SHS 28 AlAY 74>

« HE{2| MF = DC volt meter (Volt meter, Wugieoi, China)E &3l AA|ZIS
« DC volt metere| =t 5 Mt 2 MF= 242 300 V, 100 Ao|q, Mtnt ™

0.05 V, 0.05 A¥
* DC volt meter2| Hlo|Ef A2 of 500 ms Oict 80|, 25 2% He|l= 0-99°Colo{, 7|Et

M& M| otz ZEet 23

. DC volt meter XM &>

ltem Value

Voltage range (V) 0-300
Current range (A) 0-100
Voltage Resolution precision (V) 0.05
Current resolution precision (A) 0.05
Refresh time (ms/time) 500
Operating Temperature (°C) 0-99
Sampling rate (Hz) 0.5

« A= Ojo|le] &2 25} Data acquisition (DAQ)E Mx|5IF 20, CAN Hlo|E, olgt2 3! C|X|
B ololg] $Al0] 78 22 (QuantumX MX840B, HBM, Germany)2 235192
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- lole =T Ex|2| CAN zHge| xetstol & 871l S Soff HlolH +=&ol| 753, d&tz =
0.05-0.1% ¢

o Oo|E{ =%l Ztx|2] sampling rates= 40 kS/s0|0q, 2= 2 HQ= -20-65°CY

S2 MY|TE BUE FY o el M5 =3
- SR MU|TE ZUES Hss S| ol S A2EES TASIoN, ZHUE o5 F M
oz A= £ ULS THIYS
- HTo| TIRIWS A0 MAIS EEEH HSAIAH X|SHQl MAUS BIY 5 UTE TAUS
pack & Data
measurement system |
<MS =xg 93t 57 M5 ZUE L oole AS AlAE>
- MI|TE EUES TS2 el 2 kW2 RE(E 2 Hol TASIe, BEo HA INMSE I
Mete Z2kZb 3,000 rpm, 48 Vdcgl



« M7 2E = 40:12] 7|0{H|E JIX|= HFVIE A ol E3 A MK E HESHH, M| 2E

ol 84 & ztff Ed= 22+ 1.3, 6.4 Nm¢d

. oAl £3 Jhset EHOf £3= o 240 Nmolo|, SUs Xl 2EE 2t Ho| THHAS
2 A8 0], 4.3 kWhel 822 JHal

HiE2l= HA MY 48 vdcel 2|&0l2(Li-lon) HHE{Z

o

H4E HE2 20 MESIUZS

<E. MI|FE EUE FL £E M
[tem Value
Rated rotational speed
(rpm) 3,000
Rated voltage (Vdc) 48
Motor Rated torque (Nm) 1.3
Max. torque (Nm) 6.4
Gear ratio 40:1
Type Li—ion
Battery -
Capacity (kWh) / ea 4.3/ 2
o 4

CNI|ITE BUES MRS HTistm
AR R, RIARE] MBIsted Al ClOIE S A SRS

grd ol A2

x|z H2AE>
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=
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Time (sec)
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