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Topological Modeling Approach of Multibody System Dynamics
for Lifting Simulation of Floating Crane

Seung-Ho Ham?*, Ju-Hwan Cha** and Kyu-Yeul Lee***

ABSTRACT

We can save a lot of efforts and time to perform various kinds of multibody system dynamics simu-
lations if the equations of motion of the multibody system can be formulated aatomatically. In general,
the equations of molion are formulated based on Newton’s 2™ law. And they can be transformed into
the equations cemposed of independent variables by uvsing velocity transformation matrix. In this paper
the velocity transformation matrix is derived based on a topological modeling approach which consid-
ers the topology and the joint property of the multibody system. This approach is then, used to formu-
late the equations of motion automatically and to implement a multibody system dynamics simulation
program. To verify the efficicncy and convenience of the program, it is applied to the lifting simula-

tion of a floating crane,

Key words : Topological Modeling Approach, Multibody System Dynamics, Floaling Crane, Lifting

Simulation

.M 2
**‘*4 Ei PrLES Axs7] G $A
£ o 7o) 8207 Bitsle] A2 3 A

__5 7t BR5S A ARE AXA fo). A

2A5HE W BF(Mega blockyd A &sled F
71l ©5 2 el S 918 188 Flgoln
Ak, 38, A 2HE 250 AALE A4t S| A 9)

&L ZoARIRE B5¢] §Al(block erection) B
Tum-over(852] flolefE HZ= FA) Al AR
AB= o] F71sH Bt o2t ddellA] m|2] %

2 B ML Fo) ARHE ) BEA 2

APHE B3z} sl 77 Eolvhz . Fig.

SRS, |G- A5)0F Ausigd T4

**2 20420, 2, MeUsty A T4
***-*‘-*154% Mgisha 2R E} 9 sopA 2
-H’—%E%J 2009. 03. 05
- =AY 2009. 06. 15
- AR Y 2009. 06. 15

261

1ol Z4e) @Al SHNA A Alge ool
3 2400 o7t vpehg gl
BA Aol s Fal E]“’]'E"}‘-I-ZI' e A
Ao &5 2 A ot ol F flaiA W*l}i’-l &+
g 7vkg & 9% *]::1'3“"] ik
of ght}, g v EAS 50| ohgt CH:-—] =
A7} A L Wire ropedl 23] 9AE] e
ZH A (Muitibody System)ol} T3t £5- 7&alof 3
2N WEe, GFEHA 5 SHMultihody System
Dynamics)dl] 7198 & &5 W34 L AAEE 284
o] At

53] It S/ d2AAe] A Edol4s
slok sl A5l &5 WAL st B9 &
42 A3t & 4 QOE A7 =S Hd
QIh, YukA 0 F Newton S8 ¢zl &4 HEk
&) B(velocity transformation matrixys ©j-&-5lq 4=
A % WAL FEH 4 ot} o] of EAS
3 (topology) -‘4’21\ ! EA & dFdhe BAe §A
(joint propertyys eidle] £5& We HAE 25

n{n



262 TeE, A58, ol E

07 AT F AR B =F = B4 o
B4 £5 S PES AFos ZAs] g &
o #A 29 Y 7] Topological Modeling Approach)
= =dolitt. 28X o] /PP S Mgt M 3
& v=AA FA% A58 Teays ez,
ol& s e 2L | X E#Ho)Ad] A &adu).

Ix YN

Fig. 1. Examples of shipbuilding block erection process.

2 =50 23N e AEAA S 94 &
Al B 2T e B A7 9 s daacly
AT AlEH o) el BE Al thel] Ay
A, B =TolM ANE B ARt 344
HEAA FHie] 2F TAHAL Fushn, 43
Ae A8 8A 29 71ge Agsle 25 Wy
4% A HoR fFEdhs Ao e N&d 5
AolXE FEE A2 4-linke) A Eo| Azt o4
2 AEY ABHH S 7T 42 ¥
o e oE ¢FeMe 28 2 &5 A7 AYL
71&3,

2. 2 i

1k

2ol THEAA B8 Roje] B =¥ B A
A, 22)3 S gadn 3L e54 AU v
Fol| 8] Lot £, ¥ wRate] 2pEae] g of
FH.

F=CAD/CAMEE] =24 Al 148 A43 20093 8§

2.1 {4 BAE D28 CHEAH| S92t #oje) &
Fali by

chEAA FH 8 dys 2 ¥ 78 o2
o 7REY 2F W4 E st 7= st A
7h A=A, ojoA §-F BHH & Aoy 3%
7) & A#7) XY A

Haug® McCullought®= d’Alembert’s principle#-
W flef(variational principie)S F8 4] 59
#AE2 FAE &5 WHAS FEIG 22,
Kim#} Vanderploegt'= o]e{#t ¥ & £ w3 7]
H(velocity transformation technique)?]z F 2o,
gEaAY &5 WYL frdhe PR HY

Oy

—

2t
=
-

& ABE 49 $Y AE2
Aol e 7ol 2

!

_\9'__ AA fud

v ARbHO R 2 WA 717} o
Fs) :05

#& 2ot S Y 71ES AR ASelE o
Yo o5 AL YISk S ARSI
o1& HY¥ HA HEIF 7/%(topological modeling
approach)olZx &}, o]#j gk whd & o) Fol drEE
Rodriguez!’!, Cuadrado”, de Jalon'® £9] =FdMe
AHEE T Sl

22532010 SHE PEe #Y AP

2 A B8 AL ARS-E F5t
AlE# ol Ao that Azt FujejHom s 7
Folt}, AFNS " F3l AFF T8 g3
S AN THES) 255 A EHol
A 87| % 25 WA A 24 ey )
o}, 3 e S A s daEY Aol
A AFE dgHez 2 Fs7] AT 97 IAHd}
L 9t} ] W& Ellermann S8 B] M3 A9l &)
A FHE o5 WAL HaFoR 27
g ArE A skA

2 FollA RFBLL. 71576 3 H A= 9l
TEHEY 259 FRE I A7 F Hal=Het A
), 712 gl Aol 7kl o8 slak=zd
Nt FFE2] ARFEE A oksitrer], sid=d 93
FTHE R 943hs wire roped] 4A18-% B3R Y
5 BAHE 7R Qo FR g AN Ak
s FHES 747 2AFFER ZFREINIL, wire
roped] NEE 23 F 124559 5 W4
2 38kt o] off, sl d=dclel] Agsie YFE o



THEAA FA99) 29 94 29 e

2 #7 A9 Y3t KATANY @, 34 59
YL 25 TS T3 G2AA S8 of
2ol w2, 2% PH4L P stec.

238 =28 33 el vl

BN Aol syt 23R &
L2} wire ropeE DZ9 202 7153, 2% w4
Ag FEsIEch &5 YA FFOE fEa

7V i Zell, 24 2k 42 #A7} v Wz A ze)
% BANL o gt B =2dM s AL

+F BHAE #9871 A8l Cuadradost Dopico
7F A 923 FA 22E 71HNL HLslo], i
AP S AT 22’ Aol Re £33, o
A= 343 4R E EAA &% WA
S BA 2 71l disiA dgsict

3. CiEAHe 25 WA

3FAM e 7l OEAAlY 95 WA 7} &
& Axgin Jﬂh- DEAA % $H4L FAst
7] gt whEe A R

GER AL &5 WAL 4] ()} 2o,

Mi+k(g,q)=F 1

A ()X ge A28 59 (RS Jepdch 2
23, M= 34 3335(mema matrix), k(q,q) &
2:%-2] ¥(Coriolis force), F* = 9] 2 (extemnal force)
Y= &L(applied force)o) Hub oA ) Fe)
209 g, A892 0 4 9 22 Y ez

ebdc}. 4
M=JIMJ, Kq,q)=IMig .
F=JF

M2 ERM g 4 w9 S 3 B 8
3, F= FA 7R 248 ojrjgin) of
ohA], 1%%'5 N1 &8 2 diide] AAH, M3 Fe
FolR= ftolrt. mEkA, A ()M g g 75
A, HEAA ] £F W4 4S 7 o ot

OEA AL Zo] B HMB & 2A0] F9)
3 AE, 5 2A4E rlEEe Peisk g 4
3y derh,

¥=J4 3)

B e A2P9 DA AE9) 2 HH Alole)
22 MBS el 2 % qoh maA A 3)) J

Hg-g sy 23] B 2H Alggeld 263

o
k)
_?';',
21
+
-
N
N
>
O
‘U
E
m
>
oo
1B
1
H"
(&
et

B JE %HP “1 *J (2}°1 Jﬁl*l_iTH *‘ 0}
2) 7} g Egto g tEAIAle] &% WA N2 ¢
alA) vt

4. 2ld 2 2l JiYE 3B
CHERA 28 WA

Fele S W98 9B Faiol, HEAA &5

PHNS FHE F 92 BPTh aFlME

Cuadrados} Dopico"7k A4k ol wreh Ee]

94 47 W EAE APk B BYE T
S WE WYY ok P 4Bk

4.1 #EE HEE F BH 2 2IX TA

221 FHddell w2 ¥ HY linkvt A #E
(revolute joint: 3+ Zof tiall A 7153 )=
Ao Qe A5 o Z Sof HIckFig 2).

229 Gaake) FAE UeRlZ] #siMe ¢4 B
Ao A48 HEA(A-frame, B-frame)S AA 3},
e 22 #EAY AR (x, yo}t AF 2 HHAE-
frame)ol thall A8 Zk= g AME3 E-frameoll A 2}
link1,28] 1x1¢} 25 ERE o+ QUok o] of, He)
4 #-e] w2l A HAEES A4 Hrh(B-frame).
link19] S1x1et NS (x,,,0,), linklol Hl%H
link2¢] AF) 29l S| Az=E 0,2k € of, F-frame

e Y A%
P [ R b
""""""""" revolute
""""" joint
Ya
E > X
Xy Xp T

nertial frame

Fig. 2. Kinematic relation between two links simply
connected by a revolute joint.

FRCAD/CAMENR] =113 A 14 @ A 453 20099 82



264 e, AFE, ol

ol 41 1ink29] 9219 2= A (), (5), (6)F 2t

Xp=x,+1,c088, €))
Yy =Ya+ismby (5)
03=90,+095, (6)

42 482 AL E T WA T 2A
A (@), (5), 6y A7kl th3)l PiEstd, &5 B
2 (7), (8 (HE 7T F U

Xp =%, (1,500 )84 (7
yp =94+ {1,050 )8 4 ®
65 =0,+0p4

Op =@+ 0z, )

A ORIM 88 o2 AR A (7), (8), (9)
£ Y= Aejsi, 4 (10 2.

X8| (10 ~Lsind || %a| [0

Ya|=0 1 l,c0s0 Ya|*| O (10
Dg 0o | @y L0y

2 (10y2 thA) 249 of2) 2 (1) et
Y,=D,Y,+E, an

A71M Y, Yy 472 linkl# link28) %, D=
Balel 3R 9 link19) FrF Bnk2d) 2 ¥
T 98, Epe WA $25 Jehig,

A QDM 33,00y, B 58 IR £5

Adgolet st HE o sk, 4 (12)9 2

. X

X3 10 ~tsin0, off ¢

V5|=[0 1 Zc0s8, or" (12)
4

@p| 00 1 1
g

2 {12004 SEAT) £5 HE FHAE 33
o] vz £ H§ 83 7} 9ok 47X =g AR
E linkl9] S48 2] &5 MPow eht
AL o F A F, link2d] 5L link14 FA
Nxg £x HPS T YeRd = Ao

4355 A E =8 DAL o= HE

42800 T 24709 & B (1), (122 §
L) o714 grekel link37F 3718 A4S A7)
L A(Fig. 3). Link13 link28] %5 A4 (12)2

FFCAD,/CAMEY] =FY A 143 A4z 20099 8¢

revolute
joint

1,
i.«"': L
R X B/4 N
Y, ¥y o ] 9
e ” 4
B : »
Lisin€, .- L ]?evolute
R joint
4 A ”_“,4
Y Al 4
/,c088,
» X
EF— XoOE

Fig. 3. Additional link3 connected by revolute joint.

2 (ink29} link39] & B4 (132 78 F ot

Y =DpY,+E. (13)

4714 4 (1S 4 (13 s 4 (19)2 2ot
Yo =Dg(D,Y,+E)+E,

= DBDAYA+DBEB+ EC

o A4S Fol link39] % HE BAL ke

e wgd AXe Yaw o}, waky yiuk g

3 HEY F Qe o8 AN HAY Bast )
ok £ 4 A (@), (5l el A g o3}

(14)

140080 = xp~x, (15)
[4sin, = yp—y, (16)

thE A (15), 16y Z% BAY (7, (%)) dY
ghok, Ald A Foll A (9pe AREEUL

ip=X—(Vp-y )0,

=X V40—V

=X+ Y0yl rog,~Gpgy)

=Xyt Y404 V(05— Wpy) an
Ya = Vet (Xg—X ),

=YX 40+ X500 4

= VX0, +Xp(0) + @ g~ Dpya)

=yA_wa.-i+xli((’_J_§_m}HA) (18)



O2AA T 5] 91 A4 vy /198

A (1D —ygop & A (18) xp0, & 2hHoz

o]g3lH, 4 (19), 200S Yert
Xptyplig =X +y, 0,4+ Yy®pi 4 (19)
Vg—XpWg =Y =X 0, ~Xg0p, (20)

A (19), Q0p4 4 9y shtel Aez Ve,
2 @1 2.

Xp+ypgh, Xq+y 0, Va

Va—¥gWy | = Pa=X40, (+ —xp| @514 (21
L] 0,4 1

A QS thA] 28 ol 4 (22)9} 2T,

Zp=Z,+Rpiy 22)

A (1 vias) BE, old linke} 249 link A
olg] &= A2 shH 2 _"‘“’01 ek 2AA] @]
o 2o, imk7F‘ F7EE AL A AR 5
ek, dlE S0l Fig. 32 Aol link29} link3<]
&5 2 (23)34 7

Zo=Zp+Reqc
714

Zo=Z,+Ryqp+ R

7%]*!
@3)
A (2218 2 (231 SHYSHR 4 (24)9% 2,

(24)

4.4 2|4 BA| 29 7|Ye| R =

olAl thEAAL] 2% WAL T3] Hel 434
ol 7 =8 AALE ARl S HY PP
TR} A1 linkle] AFE £% 7.5 Helshd
A1 (259} 7t}

X g4y 40, b0y, |k,
Zi=y;—2,04|=|0 1 x| V4 =Rq, (25
®, 0 0 1o,

o5 4] (22), 24yl thSI3HRA, 4] (26), @7 2T,

Z;=R,4,+Ryq; (26}
Z-=R,q,+Rpq;+R 4, @27
A (25), (26), 27y WHEZ VERY 2 2] (28)

3} e

z] [R, o olfg,
Zp =R, Ry 0 ||q4
ZC RA RB RC QL

2§38t s el =) ZE Algeld 265

100]|Rs 0 049,
S 10R, Ry 0 |ig,
I LTR, Ry Ref|q

=TRq (28)

2 (28)941 Al link®] HEE 22 AES T,R,q
o] o vuhlSieh 974 T= 42 P E(path
matrix)& 24| 79| A4 A Yepdrt § dA9
A link3 link1,29} Q7Aoo A7, linkr linkw}
AZ=e] U2 etk RS HE9) B4 g
(joint matrix)2 H49] FFof wel A% %lﬂr. wiA] 2}
O & ¢, qs g AT B BAS] HI 7HEEA
q AN ZET RS GUER Yepd Zlojct, o7
A g7t A2=RE e e Syt g

ohA] 4] (28)2] 2|ulE /“I%P A, SHRHY &

Aitel TRE Foto] linke] &= A¥o] ¥}, %,%
g7t etz she &5 HE P J=TRo|H. of
o

1A Te Agol2E, Jo Azkel dig ol
J=TR ¢} 7},

Aejstd, 240 94 FAE 23 T8 W=,
F4e] §4 48 RE P48 J& 48 4 e,
olei®l WHE H¥ A EYY ¥ Topological
Modeling Method)©let 3},

e

4594 A 2B J|HE HE
WHA R

433 4442 Ao zRE A AN L% uor.yg
21S FEs Bt Fig 4914 link19] 2% $49 ¢
e linkZ)e] o) Z7F X Qel] Ak F4lo] 3= ]?'l'-'—l'
H, 4 (29), 30), Gyt At

SHCIENH 2S

X =x4+0.5] 080, :
O
& . ]
2 e A
yG ;;;;;;
YA
A A

AT

{

L coso,

2

E Xy 2 .

Inertial frame

Fig. 4. Kinematic relation between position vector A and
G

FHECAD//CAMTS) =8 A 143 A48 20009 s



266 T3, st ot

Yo =y, +0.5] 500, {30)
Iy 31)

2} 31N o= 212 3% FHX 2] 87 7}
== 0,9 gdshd. wlekd, 7Y 0,8 0,9 2}

A (29), G0), (1) TIEH H, & 15), (16),
(17), (184 FY3 Halo] 1z} 2.2 Yajspa, 4)
(32), 33)2 4 & & Uk

Ao =Xty 0=y, (32)
Y6 = Vg=X g g+ X0, (33)

2 (32), 33 wg=w, S FAEA, 4 Qa
ok
Xg|  [*gtV @ -y, L0 —yglxaty,m,
Vo T Pa— x40, 4x6040=1 0 ]
0 o0 1 [
(34)

X g ~x 0,
O By

A (34)y2 v 29, 4 (35)0) 2t}

Yo=H,Z, (35)

PE He 5L 7)Eshe aF Lo gl AY
T U= ke 3ol qlole] Za AW Z4e) ¥
o FHES Alele] W BA Ao},

ol dhtel A7} obd wrle] Bt FAfshe
3%, A (35)F 4 (36)F ol FA% = o),

r=HZ
[r = [rGI,rGI,...,an]T, Z=[2,Z, ...,ZH]IJ 36)
H = diag(H ,H,,....H )

2} (36)914 diage) Sl ZF AEo] tzhAe) wh
e WEE ooighh 37, 4 36)ol o (288
tiysha, 4 (37)e] "k

¥ = HTR{ 37
ol 4 37l J= HTRIZF A olatar, o2 A A
o 25 WA (1), Qo Yahd, A (38)S Beo).
Mi+kiq. @) =F
M =J"MJ = R T'H)MMHTR)
k=J3"MJ¢=(R'T'H)M(HTR+ HTR)q | (38)
F=IF=RTHF

FFCAD,/CAMEZ] g2

A14d A4E 20009 88

5. M@0 ¢ d

S = 347%9) ol2F THeg s Y =
A 384 GEAA A8 Fs} 2y g
EZ g} 409 link7F M2 A - (revolute
join)E AZ=lo] e T dig AlEde]4 S &
Bk, 28], B =59 o] He sidTal
o} 21y} AN EHojAd) HgFe).

5.1 4-link A @2{|0|M

4789} link7} A3 HER2 dZxe] g Yo
80| 2Mshe A4l thaiA TSt A Balo|lM g
T8t rhFig. 5). Link18) AFL ¥ 252 37
B2 A sk Ao JFPErk 9 tinke
25 10 cm®) Holell HE2 | kegojth Z} linke] 4
3 7t & SAUR gl 9,2 Felstgn

Fig. 5. An example of dynamic simulation of 4 links
connected by revolute joint.

2} (38l Ul 2F A4 ] sidMe
TS R Ao s} Bale) 94 A 223}
o TE TER, 2 H F49 24 A 22)¢] RS A}
§3ta RS 9= 4 Uk 2 Sof, B Co 9N
7F xe, B3 BV, Re = [yp—xe 117 7F et

1000 R, 0 0 0
T-[LE0O p_ |0 Ry 0 0O (39)

1110 0 0 R, 0

111y 6 0 0 R,

T. RS 2] (38)l ti{igt ¥, 4% Adams-Bashforth
WRE ARt o) S9A7E A5 AslelgT
(Fig. 6).

MEYOH Az FAE NS Z2aEd
OSG(Open Scene Graph)'1g AMg-sle] 7}A)slslgich
(Fig. 7).



CHEAA S22 Vg A MY /1H S A8 s 2ae) = Mgl 267

[deg] o1
o ; .
50 40, 6 80 100 120
[s]
-100
-150 v
e A i A
[deg] a2
150
100 ¥
sa o A

Fig. 6. Result of dynamic simulation of 4 links.

Fig, 7. Visualization of dynamic simulation of 4 links.

©

Inertial frame

Two booms

‘ Wire rope

Heavy cargo

{ @ : connecting point)

' Cut joint

{DOF : Degree Of Freedom)

Fig. 8. Modeling of floating crane and heavy cargo.

s2 a3l 2| =g Algo|M

Fig. 19] @9} dAlo) thsA st A gao|4
< Fstdct Fig. 89 @, @l Yepdt 73 7lo]
324z 4|22 barge?t boom 2742 A o] UL,
barge?} booms 4 HEE A Aoz FdY
saArh 2E)3 FREE 7 A9 toomI wire
ropeE A H] Utk o] ©f, £ 71 boom= F
ZF2o] AHY el(closed loop)B FAHstE U7
o iZof, 8 AR (cut joint method)l whel &=
€ ddste APE LR e # o, A
Al 2215 ARgsted Aot B9 rAg 76|
“_‘71.-_1:}_“9430]‘

H @nd &5 HEAE HA4E] 8, T9E RS
FHEH ol 2] (49)%} 7t}

&)

1000 R, 0 0 0
T={1 100 R_|0 Ry 0 0 (49)
1010 0 0 R- 0
T101 0 0 0 R,

Toll X body2(boom1)9} body3(boom2)2 Zhz}
bodyl(barge)®} AA=o] UX, bodyd(FHE )=
body2(boom )9} wire ropes QZ ¥ o] Sith A=
W) bargev= 350 TRt FA A ML 2=, 2tz
62 ES /It wetbA, A (490 R 67HTE
50 g 54 Ado] Ak shA, RSt RS 7
S5 7% FH(Fixed joinhell thst 54 sfaelsr
R,< wire ropedl] that 52 sjdo] o}

#azRlel AR Ao FY o9
= fAZdey g3 fA5qetd g8 aZeiEkd
cHe FAE A A R BAll ¥4e A
7ty A2 2ds 5, HEH)Ee] waAA
5 53l A olef ¥2E A4tshe ubE e A6l
. FAFS AR P A Jot A%, 44, 9
BAE ) Al 7HA 2 A g AFREE AsEL o
E fAE A 22 oo g Re] 23 e AES}
Ak,

4 A W3 0.5m, 71 10&, v An]
oM My Zo 7 M3se 3 vlregular wave)T
7tAstnh. S2E A2 1L000E, sl
749 ballasting water®] FAI7XE Edtale] oF
18,0005-2.2 7} 35}

T, RS 4] (46l WYt ¥, 43} Adams-Bashforth
WS F3 e} GAT IR FREY) &
E4 wire roped] HH-& AR} Fig. 9ol 3

FHCAD/CAMEE] =83 A 147 4435 20093 89



268 58, 258, olnd

[m) SUHE 2= 2 (Heave)

048 RR—
047 - 3 . .

Qa6 - - e—- . — . [s]
"] 20 an 19 av 100 120
[ton) total tension [ %1928 %t%';“]
1200 - . . - e
100 - 4 '
ERAVATAVAVAVAVAVATAY
900 - -
8OO - - . e o . [s]
v 20 40 60 0 10 i E0

Fig. 9. Result of dynamic s:mulanon of §ifting sumuianon
of floating crane.

A1 TR J315 2 (heave)ot EF-L(pitch),
Z22) 3 wire rope?] FE-L A}

A gateke FHYU 91@30] 2-g-317] o Fofl, &
BAYDH FREE F71EH 58 vepict o)
up, 3¢l Qla) SEE-L wire rapedl] S8l A2
FE 2 WA "o} S adels 2aEe] 950
2 13 wire ropedll = 77140 2 Agst wy st
o, 389 Aoghe F 1098802 FFE] 7
LOOOES] oF Livfjv} "ol o] x| 44 TS
ARl T3 AR} Ao

Algdeld Z3E $AL Mg Zaayd
OSG(Open Scene Graph)!"'& A}4-3le] 7}A|Blalich
(Fig, 9).

FFCAD/CAMTFS] =44 A13d 43 20009 8Y

Fig. 10. Visualization of dynamic simulation of floating
crane and heavy caigo.

6. WE A F A7 ¥

B =HoMs 74 ok 274 gkttt &
o &k Algaold-g pafstr] A8 4"6‘9—53— &% w
A2 AT e Yt WiE A&
o}, 4 link o A9} gl 2y 01?*“—‘ o I
AT Bdg ZIHe Ak aied £ 8 3E 7hg
s 23 = kS-S B9d ol vhlE i
=47t “'@3403 iz HA = Hio] s, &
HAAH 5 B34S AT T+ Aok

s oA 2dg 7PEE @ mdle) 212y A
Edo)ile] 9831 iR 2P 53
FEE AT S deel wE szl
SRE] 252 g AL AT 7]-;-‘*°E 54_’ 5‘:
g g dadele] a2y ¥ 4= 9l Hg 558
=4 45l o]F ulE Alele 392 WA z5|'7ﬂ
"o} GEAA FA38 AlE ) HE SaA] ARHd



THAA B9 Ee) 9148 B mdd 71y

A8

o

Beety FUE Agated) 71olg 4 Qo
FEoll QAL A ABH)E o) S8
z o)

. °FF

PN DelFOl g TS SR
24 ols] Oud SAY A Hold BAlol 1%
T3t 28 Az 9 d4 A7) vjn

Aeld}.,

s
alax gk,
S ¥9) olg 4%

2o 2

= a) W28 %ER), by AL
ﬁﬁzﬂ 12 52HIE SM-1134A] “5-5 2542
mlfo%lxﬂ 716 R A% AEEHolAE st uEY
2 Z1gke] vH(Virual) B3 Al29 ed gz
(Architecture) 177, ¢) M-Eiehil s G| 228t
AE2, d) MShErR BK 21 siU7) 28 g ALy
@2 2P0 o|Fo A7 A YX9S W
¥, olol] AL =gt}

2

T

1. Cuadrado, Javier, Dopico, Daniel, “A Hybrid Global
Topological Real-time Formulation for Multibody
Systems”, ASMFE 2003 Design Engineering Technical
Conferences and Computers and Information in Engi-
neering Conference, pp. 1-7, 2003,

-Haug, E. J. and McCullough, M., “A Variational
Vector Calculus Approach to Machine Dynamics™,
Journal of Mechanisms, Transmissions, and Auto-
mation in Design, Vol. 108, pp. 25-30, 1986.

3.Kim, S. S. and Vanderploeg, M. J., “A General and
Efficient Method for Dynamic Analysis of Mechan-
ical Systems using Velocily Transformations”, Trans-
action of the ASME, 1986,

4. Rodriguez, Jose Ignacio, de Jalon, and Javier Garcia,
“Recursive and Residual Algorithms for the Efficient
Numerical Intcgration of Multi-Body Systems™,
Multibody System Dynamics, Vol. 11, pp. 295-320,
2004,

5. Cuadrado, 1., Dpocp, D., Gonzalez, M. and Naya,

M. A, “A Combined Penalty and Recursive Real-
Time Formulation for Multibody Dynamics”, Trass-
action of the ASME, Vol. 126, pp. 602-608, 2004,

.de Jalon, Garcia J., Alvarez, E., de Ribera, F. A.,
Rodriguez, 1. and Funes, F. J., “A Fast and Simple
Semi-Recursive Formulation for Multi-Rigid-Body
Systems”, Advances in Computational Muitibody Sys-

&
He

85 ) 9] 2 =E AlSHeld 269

tems, pp. 1-23, 2005.

2R AR UGS Y FEEe
HAE 2 gd 4 oIt At At AR
olAdn, vpAtErg =g, A2t 2008.

A, oY, e E, =3, g, a4y
Azt Ay FFE<l *&i -3 e @A AIg
glold, 2009 35 CAD/CAM &3] Fadgs)
=24, pp. 654-668.

LA, g5E, ?4’5‘5&, =g, ohtdE, 943g,
el L HEE AFEA e dd
FEo] 24 AF A ABde]An, 20835 uff
2AekE FASELES, pp. 921-930, 200811,
13-18, 2008. 11.

L geE, AT, oI, ahgy, A3,
R A7 e A8 ¢ ﬁl!%ﬁk*ﬂ g 25 ¢
& I sy male] QAT AlFwela”, 2008
W digkzaes] EAlserdts], pp. 1669-1676,
2008.

R, o, AR, AW, s sk, U

g, i Zakle] AWdte TR & T

Aol Agdeld W 48F xA, 2009

CAD/CAM g}3] 5#&%_}&54 =24, pp. 669-676.

T, A, 5HE, A4, B3, oIE, U

4, <gadeles gk SFES AF w4l

E 938 Tagline Ao A28, 20083% tjghzA
8] FAISE S, pp. 823-830, 2008.11.13-15,
2008, 11.

. Ellermann, K., Kreuzer, E. and Markiewicz, M.,

“Nonlinear Dynamics of Floating Cranes”, Nonlinear

Dynamics, Vol. 27, pp. 107-183, 2002,

Lanczos, C., “The Varational Principles of Mechan-

ics”, Univ. of Toronto press, 1970.

15. Haug, E. J, “Computer-Aided Kinematics and
Dynamics of Mechanical Systems”, Allyn and Bacon,
1989.

16. Shabana, A., “Computational Dynamics”, John Wie-
ley & Sons, Inc., 1994.

17. dc Jalon, Javier Garcia, Bayo, E., Kinematic and
Dynamic Simulation of Multibody Systems - Real-
Time Challenge, Springer-Verlag, 1994.

18. Open Scene Graph, http://www.openscenegraph.org/

19. Nikravesh, P. F. and Gim, G, “Systematic Construc-
tion of the Equations of Motion for Multibody Sys-
tems Containing Closed Kinematic Loops”, Journal
of Mechanical Design, Vol. 115, pp. 143-149, 1989,

20, Bae, D. S. and Haug, E. J., “A Recursive Formulation
for Constrained Mechanical System Dynamics Part
II. Closed Loop Systems”, Mech. Srruct. & Mach.,
Vol. 15, No. 4, pp. 481-506, 1987-1988.

01

2.

14,

SHECADCAMEY] =84 #1437 A4 5. 20003 8%


http://www.openscenegraph.org/

270 58, AFH, ol

A OF OB

©2002d MLk AT stet sy
20043 Meohshw AdsoFTsk 4A)
2008\ A golishy ZHAYES} gt
2008 3-3A) AMediztz zoARs

s s

20073 Mgty s el gt

20099 AETHER EAMUT T AAt

20083~-8A ol¢2IMYG depaR
7ledTd YEIER&DE 9

-4 o+
FHEok 299 % AgY oA, o2 ok 29 3l Alg¥oidd, o8
AA Fo3t HA FA8, CAD, &3f5- =l
of 7 «
19703 Mgk Fooeh 2438
7} g}

1975 £ dhven) TR =T
HAKDpl-lng.)

19824 £ shen Faboish 2Mgst
SAKDE-Ing }

197531983 =9 &y Fabohet
AubdA) 2 o] B ts, FAR
a4

19839~ 19999 s A|d el M}
HAFF A PAE, MubdaA),
A2z1g 8 ATAR(CSDPR 3

19943-AA Mgz Fads
2N FTEE W=

Y2k CAD, CAGD, A8} A4,
AlgelelA, CALS

HHCAD,/CAMEE =27 A4 A435 20004 8%



