creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FHAA} )

rif
e

2-ARE H$Y AP 22
7178 A5 A HA AA

Optimal trajectory planning for 2—DOF adaptive

transformable wheel robot based on kinematics

2018 9 6 €



2-AHE Ay APk 2R
717+t 71 AF H3F A
Optimal trajectory planning for 2—DOF adaptive

transformable wheel robot based on kinematics

2018 d 6 €
g 4 ol A ¢ (<)
2343 45 4 (e




e FEE BA Fgel ZdA FHE AK: Qo) Az AR
BHNA BATE Fg BR Auls 2ol AgEE FRoAW
Y EE A 2 FohEe] daAE 0|54 #AE A ek
ol st @AZ Fuas] GalN taks 2719 g golEe aRHow

Ao mFnrF e el AAE

Aey wHnAE Mz vE Wy aAg 9 B AREE

2AFe AL APl Folrl 2ol HA ) ) £AYL
T AF A pHES =2t AA5 AdeA HH
4 Az gel wHle LB % MAWMS wWEY A £d
ol shel ot

L0 : Y v, 9 ZlE, B, HH3, A4 A
¥ 1 2016-29038

%

i M 21



Lo Al B
1.1 AT I i
1.2 A3 AT FAb e,
1.3 AT H3E YW &

2. 2% ¥3 uF 7x9 7178 4 ...
2.1 Aed MdnA el Jid 2 A
2.2 B FolE T8 A

3. 33 AF A T
3.1 HAZ} HATF s
3.2 AEZ A
3.3 A AZ e
3.4 AT 22 e

4. AAZ AT B,
4.1 HASE I F
4.2 HAsE A5 A BT

. B e e

FEET i

PaN 0 15] 5 - 11 AN

ii



£ 57

[£ 1] FolE 27 W& Ho HY F7]

[E 2] s 23449 HA3 2.

iii



1] AHIA 28 A e 1
2] v 8 BAE T B oo, 2
3] U+ T2 ZE A i, 5
4] 8 EWATH FH e 5
5] quattroped FH].....cciviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 5
6] A¢E WA Fel R AF o, 7
71 8§ ZE THE A v AF FH... 9
8] ol Ee] wWE vk UE FH oo 10
9] A3 BFo] WE BY AO] i 11
10] A% A¥S T T8 FF 11
11] AR BZ2 BA e 16
12] vk SR FEA I vkF A BF 18
13] step & v SAA, AEH AR 19
14] vk TH A% AR 20
15] F3 oA BB T FF o 22
16] AA HALA LIBF oo, 24
171 A3 o]A T T oo, 26
18] AAZ o]F FA T i, 28

v



1.1 d5¢ #73

FHT Muls 2R g Aq7F Srkskes Sl w17 Ad

FAANA T Thed 2HO T4 EE FobAa Qlth @A ol

2Y1e @A AREED Qb AN 2R AR oy
FEE JeR FEUT vyl pxE B qUAT Ha P
AHe WE SEE FAT 5 Ak DA FA FYel A AT
Fx2 P Yok mebd 94 FY 22| thel, EY F ohes
TEE olgdt b vy FAE F= i H: Mus =2

SREZ v TR E 7P ARt oz ARE-g

¢

<,

(a) (b)

I8 1 MHlE 2% 42
(@) A= HE2X (b) 3% =R () dI=ZHAx 2%



SAR uhe T2t BAZ obd AYelME oBH e BAE s

HERY ge | golE @ 47 mEe 5 v
A 8 golEe Sebd Wi g FAus BAYE ol g3
ok

= BhaL ke WA CR Fes SudH B FolEelM 9
9]

v ol dAl= o] FH MM FE dAst=d, "2 (a)9h

ol wiR7L FA™ A% HF6] SfElAs Adel 2ot Sl thE
v 7E EAY gA Folof s, olE flEiA= mbF el AwdAte]f
F vhEAS7E B s 7 A ge S $4S
BA 7] flids v H7h stotop b wiEel] AA 7t
=g, v FEer HIEE FAoR &S] wiiel #AA 9

7127178 A A feAl Hol s Bes B "sel ojd
| EAEHA = Aol 292 (b9 2ol nkH7F gl 7)o A
T¥o] E7bsstA s, ol WAS] fsiM= AEol 8 o xol9
2v) oo w Z w7t F Qs

ofg5 mhe Fxv 9 HolEs skl ofHuh shARE o]t
ol sdel dAES 5L F dvpd A Y PN zaHHoR

AgE 5t 79 E9ES BE 5 ok

4
22
rE

o

n
1 ) (b)
EERPREEPRETER S NOR SR Nk

2 ] “‘ﬂ =, 1” _J] T



1.2 A3gPAF ZA}

npE Pze) olF4 @AE S AT WY AT DA 274X

FRE TR ¥ 5 vk

121 ¥lF] Fxo] $£5Y JIE F13 JHo 2 &

2} -1 7] (Rocker-Bogie) [1]= wF el A} B7] F32& o] &3
e 2 SPAEALR R AMEEH = 5 € gy FFRolt. dAE
T wx 2A9 E="Ho] A AwkAFRl wHlF FREUT S
Folgs W vEAATE 9T £ e 5AH2]1E olgds A

oo st A7H3] F&@E wmp td. Shrimp rover [4]+= A -
H

H7IE WHYE xR AZYS BAS A5 Fok 94 F3A 9
o]ZAL TAAZTE CRAB [5]& 4719 R7] F+%E o] &3 +x=
nR7] o] &}

3 J'A! _CI:I_ 1_-_]5 =]



1.2.2

HPuLAE o] &dhe EX

A9l o FEA TE wgew FeE wE 4 gt WY

v =S o] 83k Z&of st ddo|t}. Wheel-Transformer [6]= 3709

7" w7 oA AR RFEEE olgE vk

WA 354 Folo] AlEe mAMoR FEF 4 vk wi

F Stk sHARE H FRIRA A 2xkd FAsta wFE g Ae

e

o
Y
O
[
S
=
o
o}
(@)
[N
o~
[

-

AARS AR Ak WP WS ol§F RS DwHQ

upg Tzl wls e FolE FHol vty SR weE %

ool FAYAT FAWe] gt B FohE Fel ME LHre

FHolgths 27HA S EF REESshe A= lsla, HE Aot

shupieol7] wiel crkdt 2719 ool e wel sk REsk,

A H -I‘:ﬁl- 1_'_“ ;-j]l_ 1!



(@) (b)

a9 3 ulA+EI = 22X A [1-5]
(@) FA-17] (b) Shrimp rover (c) CRAB

Wheel '
ru - B
I'ransformers

a4 4 8 Ed2¥H [6]
() AA 2% 3% (b) & EW2EH 72

©

(@) (b)

% 5 quattroped [7]
(a) ¥ v e (b) 93 v

Transformable Wheel

(b)




1.3 AT EX 4 Y&

olegt #AAE 2y dal 3ARE WAE ol gd Foj® A7
3 Azt ANEAT. 489

AEuAE AEdor 8 Fao] e A0A Tx =] ALHE

o2 A s olEA oelE ke AL

ERAAE WY ey dE A% ARS

s

D FEHE W] 7}

olr

2

©. 3
o

N

iz}
ko
l
z
v
re

o
1o
ol
o
&
o
i
N
=

st FAelM AY vkl HE EL, AYS 5
29 v Boker] A9 Fa Hel o
upE F49 ol AMe ARk AT AT ABHAh
2gl e ARE AP AU AEe AAsy AAEs
gesary. =9 8 RS FES A% A 3

NFeHoR BAS] g FH YN TrHom Fasi

T

o?

=)

offt ™
i)

>

] 1

|

Ade Fdsivh 3FM= A45F HEnE 2R AdeA

kil
e

Folstda, vl FA A7 AL, AG 2A% ARAA A5
435 e woletarh. R me R 4gel s HA3 oA o] %
Ashg wwsty o x=deldd ANs AnE: HY s

oy



2. 29 WA 729 778 4

21 A3Y WP A L AARS

A28 WAt golEe adHoR IR 99 v,
AAAA ATFE PR WAz @b FeEw wghs 29

9o thpd 2719 gohEel BF 3T £ YR A% WFol

et el etk AA AL wARY A/E 125mmd
A7t 34 ol Fee mnz PYE r, 0 B39 2
A= Wgol Ths s,

FANAE P ERH AP w dAE FYsy, NS

vpEse A9 I96s ol A3 Al 349 2nst Held:

ez WFstel Bagt of W r P Hr) WIAFS 220mm ol

'125mm




Gzl 4

1=
=

R

-

R

5

°©

A

=
LN

B

of A % =(point contact)¥}

=]
RN

171 o

°©

OX]

i

[e)

=

(rolling contact)

=
=

A

=

=

?_



2.2 9 ZAE 3 33

g Ael=a A wol7h A vil= Aele®E, Zeled =l

hep AlEZAC A sz AY F Yk ol AwAe
AnggeAel Aol Folsh 153mmAER deA Yor, dx® o

gojgoletn B 4 ol AW FolBe 49 7T Aw Ay
180mmz A4 Aok A st 1973 @ol =u dhte] Aol 13
gelA gz TR 5 Aok

s=nXl+p (0<By<)

l ' l " B
s il !

29 7 9 AelE EHE A% A 1Y 9

Bot WA ool vhm mmel WEHYAM BB A
GehE gro®, of el g8l He FEak: wue vl e

AQ9t ol A7t E45F A

)

e 9@ kA 27, 59

rel 2717F A S g7t o) ke A

o

7987 E1g} o)

e Hd Wy A717F 220mmE 38 ©k

9 & | [

5



Maximum transformation

® for step obstacles -) -)
180mm 7)

H ' 10) @
60mmeg. l,

3 30
@

Bo
(a) (b)

(=]
3
o3
1
B}
N

a9 8 BojEe] wWE v ¥y FH
() B& ZlE 27] (b) A3 Ble THAE A% ¥ FH

F 1 ZE 271 e Hd ¥Y 37

ol & 27 Hof Wy 7]
A (mm) Bo (mm) r (mm) 6 ()
60 0 130 15.5
60 l 278 7.2
120 0.51 212 19.1
180 0 163 39.7
180 l 295 20.6
Bl A71E WA Hs A¥ W AFS =Sk A8 Wy

Ael HANA g Aoyl WaE vie Wy AUz, J1Ed o
8 33 FAS AW 54 BEL 44 5 Ak

ORI 22 Aelw el dis) A® wEo] FUhE FARES

10 M 2-th ¢



ey

(@)

DB

(b)

2% 9 M3 WY He pe o]

dgHow Hgy WA 8 gelg FaA F4e 19103} 2o|
A Rl AW WG A9 g 2H ANE AN Fr gz
e wgom B 4 Q. o 4 AMe gL mE Fa g6l
B5Aow et gxolH o% 77 Pl, P2, P3, P4Z 4 o @.
Plo} P4 AAART FaAgos 9 339 Astel Taal §4

Ao HolARE, P2%t P3= oo pol A7l wet fA7F APt

a9 10. A3 ¥RIFAS 2= I A3

11 A 2t



O
—] =

ORI

EERCE R

=
K

a7

S

=g vl

0
=]

}

3. 334 A4 2% OH

A3 =5
Aqu|s REE RE Fol

3.1

Moo o T oar < W
T . T OV 0w
o O ﬂ
I e
— £y O#E
< of X W =&
~ N
wETETEEE
o ° w3 p ¥
XO —_— T
= ° HL w up g5
- o k) mr =
= E R i o
N® R IR, oW
] _N_.o Mﬂ O s oy o
nt
U om TR Z %
Ji %O & <0 ROE
T L oE X ow =
N o X oo — )
T e o zv,mm
o7
MﬂlM M__.Xw ~ ) ﬂl nH )
L E BT
. ROE g
ro= 7
M_ w Mr =TT
-~ —_— K
T LT ow o 2
.3 = °
Moo 3 noe
T oF o "
® o BT )
Mo XM W N %
Mo o % oup om =
qr e M Do !

=
=

Ty A

Eis

5

Tl
AA ZEAE Axo] =7

5o
shet.

S
12

=
[€)

oL}
7}

[ox
i

g

R
=

Ry ARG
ar

sl

Sk

4 AEE 272

dol7t

_‘|

o
)73

=

=

=

G

Z7hA2e,
FEYL AHY 7187 W S SRl WP wake JIT &

==

e A7
K

SAl el



3571

A o]
R I

4r

Ao R MR A7 AAw B

B

sfan,

HA st

L =
1:17—|ﬂ°

l

slo
=

| —
R

ZHEC A2

7} QA%o] Holo}

B el sl

=
T

dl

A %

1 +38 2l

A %

7=
AL

a9 435

s

Foll= T3l o

1=
=

w2}

= o k=t

Z3olM MR 719

ot

Ao, olF A (DI Zo] yekd +

s

& T 2

&k

Bix

ﬁo

(D

)

Ylal
n

Index = min (max(l&l) +

13



3.2 AR A

27NM Ao miel o] WP o FRIGA= WEA] Aok

s 474Sl A P, Py Py, P ol ZAWT. WA Ad Amt 77

o
i)

3t 5 Al b P, P, Py, 283 P8 P, S AAsE 37

o
A AR f, fo 2 789 + Ho ARE o]&std 19118

1

2ol fi, fo 2,8 FAAS BYE

ANZFI FEHA P, P E AT 271F2A 8 AAEY, g
ol ¥ o]dH o]F = Y nH AHE FAol7] wiEel P, P, 9
P, P; A& A% B #kel wet
AAE A F AT 7E718 S8 S AMAA derh
wekA] 289 7187 ajaz 9k FE ¢y, ez, L3 p7F ARFHWE A

(2)~ @) et el 449 f1A, 71=7], 84 AEE AT F vk

71&7], FES BT 082 1uA¥

oA71A 1% 25l A& 717 ARE olgstd A (5) 9 Zo]
fu for s 5 37 T2 (cubic equation) o2& 3 4 gy, FE
AR7EA ol gt 4 (63 #Zol fi, fo 5 & 5x B4 (quantic
equation) &= -8 4 Qi webA 9] 57 WHyE HA S dANTE
= T Uth

1A : f(p1x) = P1y' f(pzx) = sz'f(p3x) = P3y' f(p4x) = P4y (2)

71&7] :f’(p1x) =0, f’(pzx) = a4y, f’(p3x) = as, f’(p4x) =0 (3)
=E if”(p1x) =0, f”(pzx) = Cy, f”(p3x) = C3'f”(p4x) =0 (4)
> fi(x) = by;x® + byx? + by;x + by, (i=1223) (5)
> fi(x) = bgx® + byx* + byx3 + byx? + byx + by, (1= 1,2,3) (6)

14 -":I:-. : 'k:i' 1_-]i



JR11E 32k 5ARpAeE A E

AR ARE, b BT Ao AR ANE AP AEE 4L

stepell wel EAISFY] H|wsktk. AA HAE=EsE AL

1o

apol 7k U

AW y W GRS A 5 R BE FUAA A%
fAsE W 334 AR el WL AW, 53 golwe
Fohste w7kl HA® WE Ry ol whlel gAse e B9

AT 249 NEE AHEAL O

47 dans AEw

A4 AZ7F C2

BAA DA A=

7187, ZES BE AT 4 Q= N e 235429 gl o

be

5 vhAl S AAgke 914,

A B A2E wE 53 G0 YYSE AARY 78], TS

sdeA AFE & 7] wEel AdA

2= o ==z o=
A% FFA & ek

AR AL )T BT 5 ok

15

T8 el Ad= C2

wEb 5 7l W(B,ay,ay,c1,00)S AATH 9k o] 3 Y 5 22



cubic
quintic

(a)
500 T T T T T -
xacceleration
“"-—-._______‘_-_ y acceleration
0
500 L L L L L
0 100 200 300 400 500 600
500 ' ' ' ' ' xscoelerstion
_"--.f‘-l. ¥ accelerstion
0 \—/'
500 | 1 | 1 |
0 100 200 300 400 500 600
(b)

I 11 JA B2 AY B

(a) A4 A= (b) 3,524 9] x, v ¥F 7I&E%

16

B kit



BYE Azl s Azl wE vkl FUhe) F498 AP

218t A4 Al F(trajectory planning)S X3ttt A 3 oA

[o

MR A7]E AHEH wtEE Flo] EXow FI IAS dF
AZHAL) A9 stepl @ Uil iMA stepd x, vy HEE x,y &
FAIFT o] W xFE WIEAx)o] A dAFsted i step oA 9

253 x, v AEES e 2ol YEd Al

d’yi _ AXip—Ax;

x b U St 1)
) dyiv1_4yi
. dcy; At At Ay;1—-A4y;
y 7ML = s = SRS (8)
) dyiv1_ 4y
. . Ax: . —Avy;
S D= i I s ©

a7t 34 AR WEA x AREE 003 yHEEE P29
g3 guld wA7 Hed, 32 2 A= A4 el 98 A

A=7b C2 A4S WEA HA) WEel TS A FYBY
dal Akols g3t wd wAY U yhEE E=E G dsolth
wepd A4E Ame del QA acl wheb ach dge A
e FA0 AF ADL AR A AA FY APl o x, v

W) ARt Aol Hi 20 WED 5 9ok

i 4 & o 8



AAG ] ok Aol W vk FHY 90T AL F Uk

SR A4 WPk WP AEHE 1o AHEs vkl 84l
3 AT WA, v FHY AL e

DARERS Fe7] WEel v FHE @A AT + ok
eioh FAYL A AL
IAHES /b2 gol8 o] Bastth vl AEPES Aww Pop
goms ol W AfErt Qu, AW HEsHs 2nl Sl

He 947 AdEEr 1 AfE: AT webd we g95A9

AE VI I

-

bR s

a9 12 v SAER FASHC A v AA ==

18 ; H k: 1_'_” 'cﬁ]r T



k] €

A=
3l A

3 31EH Aol

Al A
=ig=

=
K

4 2]

19139

mj

s

e

o]

L —
R

_(H

u-)

dlob g}

H 23}

R
¢+

—

N
el
o

O

ap )

—_

ol AAAQ

]

-
el
=

A4 A

M

fife)
%O

b

0

Hr

X

T

’

el

249 928 %A =

7+ A

Al A
=ig=

19133 o]l w stepolA W F

I R R S I R

=
T

R

4, A5H A

A

I3 13. step & vlF F4

19



o] 2Ade 4 F8 A 28T ¢ e T A

2”2

a9 14 ¥ R 9% FAA

:|

Li1(12), = centery + 1 cos (—— (p) + 125 X 2 cos (g + g —@ - 9) cos (—gi g) 10)

o)}

L11(12)y = center, + 7 sin g (p) + 125 X 2sin (gig— @ — 9) cos (—gig) (1D

(-
Lys(zay, = center, + 7 cos(Z— ) +125x 2cos(m £ 2— ¢ —8) cos (-Z+%)  (12)
Lz, = centers +7sin (5= ) + 125 x 2sin (£ 2= ¢ — ) cos (- T £ %) (13)
Lys(sz), = center, +7cos(Z— ) + 125 x 2cos (Z+Z— g —8) cos(Z+Z)  (14)

7T
6

|
+
ol
~—r
~
—
a1
~

L31(32)y = center, + rsin( - (p) + 125 X 2sin (?” + g —¢p— 9) cos (: +

20 . J,ﬂ k._l : 1_'_” x-jll_ =)



3.4.2 F3 A9 43
T3 Ao Jste vpF oA o] HAsks A2 A vk 9k Ad
Aol R, wbFl el AollEAtele] Hdow BFS £ Sl Zhzbo

e v

=)

AR 3K (centery, centery) & 7IFOoE AT 23S
el skt

v ¢} AW Afole] zHAE 1915 ()9 e AR, 93 AU
Ay W AN WIS ARt =X Ly A9y 37 0BG

L32y=centerx+rsin(7?n—<p)+1255in(§—<p—9 <0 (16)

N———

vk 9F goflE Abold] S 2H 1, 2, 394 EF B Ths st
TI#H15 (b)~(dell EHEH vk ZH 1o dAe= 2 Zof=2

AR QA mut Bt Az, AWl £ASE FANES
%

:‘_J‘

& o g wET B0l Aol st 2H 29 b

)
o
4
N s
ol
i

bl Aol B3 AAE A9 A7 AZE v
U REETH Ly o] y#EE7E Y9 g0l By A2 w 2H29 T4
(lobe2y,lobe2,)¥} © RAE] Atole] A7t =H WA F9 Zo] Hrh

XLO 7:] o] 01] HL/\gz;]q:].

L21y = centery + 7 sin (%— (p) — 125sin (T[i%— @ — 9) <4k (17)

lobe2, = center, + rsin(¢p) — 125 sin(¢p + 6) (18)

lobe2, = centery, + r cos(¢) — 125 cos(¢ + 6) (19)
2

- \/(lober — )2+ (lobe2, — 1) <1 (20)

21 ___:rx | _k:i_ -I_-]i



mput o w 2H 39 M ZH7E el &Skt & thA] dF
R 2 FZotew= HgolM TSk Mo R, Fellmel ARV Wl
AL FHsHA ZeA " Adael b fARSHA Ly, Fol

Foh Bl o7k A% B,

L32x=centerx+rcos(%ﬂ—q))+125cos(§—<p—9) > s (21)
Laz,, =centerx+rsin(7?n—<p)+125 sin(g—fp—e) <h (22)
& I
|
|
|
L
32 (a) (b)
SN
(lobe2,, lobe2,)

L21

(c) (d)

a¥ 15. 3 FAZGA TS A A5
AH (a) 2H3Y M, FlEH (b) ZB1 (c) 2H2 (d) EH3Y A

29 ) ;-H :‘i 1_'_” .



4. A3 23 24

4.1 H3A3 33y

B,ai,az,¢c1,¢c, HFol Wisk HZASEE Matlab AlEdHolAS o] &3
g H167 Zoh WA Aol Ee] s

Folxl AR et ole] tiak 2 Mo rlgd A, A
A g

s HHsh %

WIS FY 5 Ak WS FAAW 389 W ol
449 A2 A4 F A3 v BRI g A AL
3 =

A wE oy gelo] sbsait.

)
ofN
1
o
l
>
z
EN
M
o
Ho
=
ol
N
5§
rlr
iy,
&
of\
=
—_>‘4—9
et
Ho
=
)
%

B5A95E Ardete 49 W5 20 TN 98 Yoz

thekel Aol E goleh A& fAlel ik HAskE skl

23 J’AE -:‘::I- 1_'_“ 'ch]I_ T].



ox

oig BE (Foh)

= EFAH
ETI:I‘!

of

Foapanener = (a0 00,620
H (ini fin) 3 B THEF (Byap 0 gap: Cgap) 2H

Performance index(P.I) M

N

Y

(fF “1-“1-“1"2].;;:
=f.a 0.0 0

HEY fooyx F

r.8y, @
AR EE

a4 16. A4 HHLA dudF

ey=e t ey,
€1 = Chimi »
£y =€y +CHI!.P

oy =y T gy

1= Oy €2 = Cypy
1 = By

o) = T fgay

155 int' €z = ‘:2”'!

€1 = Oy ©2 = oy L »

By = B T2 = Oy

B=16+ By




4.2 HH3 AF 43 vjn

AH8E AP = ASE 8 PlE TPl B A0S
FASAT Y WP FPol £AFA @om, € I8 A% WY
el @elel el re WSk A@Aow wEwthn S of
Wl Jbsw WaE AHn ol¥e] Awe mwstgch 1Y1TS
150mm Eo]2 AeofjEe] tidll By =0.91 (=234mm) <1 A] &3] o) A 2]
A3 oo FA WAL el Ao o FAY 7 HFA
S A9 P, 29 x,y B hERe WekE EASH

AAs7h AVHA ke A4S WA YT @ o] vk FA
AzelA EEgol 2 WAFE AL FU40E HAT 5 Uk 53

WAL Adsis Age @3 gelES Bushs A¥A @A

25 f-! -ff,- 1_'.“ 'cﬁ]l_ I



1000

0 T

|

-.Im Il J L

1] 100 @ 200

(a)
Hﬂm T T T T T T T T
Em i H_ﬂ—’!f—_\—\_\‘—\‘ )
- 100 § T
— ’ -1000 -B00 4500 400 -200 o 200 400 GO0
E &0 T T T T T T T
B a0 i
T a0t mm—— -
® OF 4
E —2“ 1 1 1 1 1 1 L L
- -1000 -B00 600 400 -200 ] 200 400 60O
é ] T T T T T T ¥ T |
g :
S T L ew e0 a0 20 o a0 a0 ow
(b)
I¥ 17 HA3 old F3 AA
(@ 59 #3 (b) 95 AF
. &
26 25 A =Th



QA el o

A
Al

FogolE A8k A

0
o

ol

a7

Ho} sfr A7)k %4

71&717F 520

ARANE AH

dl

A %

% o]

RN AhEEAE o

W 377}

=k

e

o 1}7]

)

w ol =3 At

27



!@) @é@

1000 RNRE
yN=SE
o 1 B
| | | |
1000 i | i i | i I |
] 100 @ 200 @ @)m 600 @ 700
(a)
. 30 T T T T T T
E 200 4—‘_‘_1"’___.4_.—-—-—'_—"\\\_-_._-‘ _
— 100 .
= o i 1 L 1 i i
= 1000 800 600 =400 200 400 GO0
o 80 T T T T T T
g 40 #
E 2 .
T 0 ]
o 20 i i i i L i 1
=
- -1000 800 -600 400 - 200 400 GO0
‘g T T L T L L)
£ 200 -
E’ n 1 1 L 1 1 1
1 1000 ~B00 -B00 400 200 400 GOG

14 18 A3} olF F3 34

(@) s 34 (b) A9 AF

28



#2 A= ¥ 27123 h, Byl thE HAst dape} HHE
Fhuee Austga, ARdos mE zAGN B A
Aad A FAsY
E 2 goke 2A6A Y A3t A

h 150 180
Bo 0.3l 0.6[ 0.9l 0.3l 0.6] 0.9l
B 0.20 0.26 0.47 0.21 0.25 0.46
ay 10 13 13 13 13 13
2 -1 4 7 -2 3 6
€1 2e-3 2e-3 1e-3 b.5e-3 | 2.58-3 | 1.5e-3
€3 0.5e-3 1e-3 o 2e-3 0 -18-3
{i:ﬁ} {2?3;2¢} [iia} {82209§¢} [;;gﬁi} {6%:;2“ [?%%EH

/270 FlE Eolh B 27 9A} HEEE BAFF}
FoldE 4TS FAT 5 Yed, ol FAEY /et 252 0
Fro TRbA e wdgo] g Eojof ] wEel AdRe 7=t
AAIL 74&EL A7)7F EAur] wEelgtal & 4 vk 53] By 7t
ol 271 SIAZE ZelEel ke A Aelwel el ¥ A
WA wZel AR e Sy ojd e HAds A HlEol
=] =7 At

29



W pol B o7t FRTTH B/BoS) A7 A% F

Z7kse A4S moltdl, gk A AopAi

IR w0 AHe Wk oW wEeld

ana, £ B b ASFE T g Al o)k AXE

7287} oA
Ao Ao B
ARel 78]

g, °] o]}

255 goBe e 09 AH0] I L] W] 1L

etk ol A% A EEYe] o

wo] MAFITH:

AR fo 7k ALFH WF Blapa t FNE FTEHAAAY

e vske #oem dFHY, o] HAdM 59
ST E HAxse7] AT o,k T AX "ot

30

ol AX7] witel

ﬂ “1”3

l

1

T



5. 4&

ATE A WA € FohE 2 APNH a9y IS

A% vk AR ARAA PR AN ) TEE BAE B

1914% 4et Matlab AEdIME el Az AAT AA
AGe APstol Ane A,

244 BRO FNE Eoloh et whal 27] $IXe] el BAR

o
i)

Yo R HAE APk A oldy} wjuwste] HH g7 A 75%
st AL Rl ol @ vl F4 AR A A e
Fa FgA vt 2R Ao Agets 4% Hag & 5 9o
¢y WS o] 43 ARA T2 =R gl gF I AT =
g2 Aot}

31 ; iﬂ k._, 1_'.]| 1



Ay 23

[1] D. Bickler, “The new family of JPL planetary surface
vehicles” , In CNES Missions, Technologies, and Design of
Planetary Mobile Vehicles, D. Moura, Ed., Cepadues—Editions
Publisher, Toulouse, France, pp. 301—-306, 1993

M. D. Berkemeier, et al, “Elementary Mechanical Analysis of
Obstacle Crossing for Wheeled Vehicles” |, International Conference
on Robotics and Automation, CA, USA, May 19—-23, 2008

[2] H. S. Hong et al, “Optimal design of hand—carrying rocker—
bogie mechanism for stair climbing” , Journal of Mechanical Science
and Technology, vol. 27 no. 1, pp 125—132, 2013

[3] R. Siegwart, et al, “Innovative design for wheeled
locomotion in rough terrain” , Rootics and Autonomous Systems,
vol. 40, pp. 151—-162, 2002

(4] R. Siegwart, et al, “CRAB - exploration rover with
advanced obstacle negotiation capabilities” , 9th ESA Workshop on
Advanced Space Technologies for Robotics and Automation
(ASTRA 2006) ESTEC, Noordwijk, The Netherlands, November
28—30, 2006

[5] Y. Kim, et al, “Wheel Transformer: A Wheel—Leg Hybrid
Robot with Passive Transformable Wheels” , IEEE Transactions on

robotics, vol. 30, no. 6, 2014

3 o _17
32 M Z-THT



[6] S. Chen, et al, “Quattroped: A Leg-Wheel Transformable
Robot” , IEEE/ASME Transactions on mechatronics, vol. 19, no. 2,
April 2014

[7] S. Macfarlane and E. Croft, “Jerk—Bounded Manipulator
Trajectory Planning: Design for Real—Time Applications” , IEEE
Transactions on robotics and automation, vol. 19, no. 1, 2003

[8] S. Macfarlane and E. A. Croft, “Jerk—Bounded Manipulator
Trajectory Planning: Design for Real—Time Applications” , IEEE
Transactions on robotics and automation, vol. 19, no. 1, February

2003

7 : =
33 M =T



Abstract

Optimal trajectory planning for 2—DOF
adaptive transformable wheel robot based
on kinematics

Kijung Kim
Department of Mechanical & Aerospace Engineering
The Graduate School

Seoul National University

Wheel mechanism is used in various service robots operate in
human living environment, because of its effectiveness on flat ground.
However, wheel mechanism has limitation on mobility for obstacles
such as step or stair, which can be widely encountered in human
living environment. In order to overcome this limitation, the concept
of adaptive transformable wheel is proposed which can effectively
overcome various size of step obstacles. Unlike other transformable
wheel, adaptive transformable wheel has high degree of freedom
which make it possible to control the shape of the wheel during the

movement, and overcome obstacles more effectively.
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This paper deals the optimization of the wheel center trajectory to
minimize the fluctuation and to improve the stability and efficiency of
the wheel. Objective function, overcoming process and constraints
for step obstacle is decided based on kinematic analysis. Optimum
wheel center trajectory and the profile of each wheel variable for
optimal trajectory are derived as result. Finally, optimization is
conducted by simulation, and optimization results of various initial

conditions are verified

Key Words : Transformable wheel, Step obstacle, Stability,

Optimization, Trajectory planning,

Student Number : 2016—29038
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