hEREN\TAFEEREHER

Multibody SRR MEENZEREES
A Simulator for the Kinematic of Multibody Mechanical Systems

RS £y BRLE
Chou Chien-Chun Thai Miao-Ling Chen Shyh-Nong
WILARERA TR WITRBEATIEWER WILASHRTIZATCRT
Tamkang University, Taipei, Tamkang University, Taipei, Tarmkang University, Taipei,
Taiwan, ROC Taiwan, ROC Taiwan, ROC
chou@hawkeye.cs.tku.edu.tw crs@hawkeye.cs.tkuedu.tw  csnong@hawkeye.cs.tku.edu.tw
HE

HIFSFF B B8 AT ATLU multibody BRIRRATHT
R PEAF + B E T LSBT —EZ 84T multibody
BRI BB E TSRS - IF H & R under
constraint FIIEH T+ IREEESR ATGERH—R B BT
18 REFTETEE - TR PRI AL B
TR T multibody BEIRAAHTES) T -

BT - BRI IRBIE R, B sy s AE R

Abstract

Robot systems, vehicles, and human bodies can all
be modeled as multibody mechanical systems. The
kinematics and dynamics’ behavior of these mechanical
systems can also be analyzed by using time-driven
continuous simulation technique. In this thesis, we have
designed and constructed a Multibody system Kinematics
Simulator (MKSim) to assist the modeling process and
analyzing process of a multibody mechanical system. Not
only can MKSim analyze a fully constraint system, but
also can find the smoothest kinematics movement (if there
is one) for an under-constraint model.
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2 (f§ 78 MKSim : Multibody system Kinematic
Simulation)d » fEFIE LB A ZATHE multibody %
TR TUIE  EATTH: ¢ rigid body - triad -~ joint IR
driver» (R E IR R EH SRS E—RA[1] - % MKSim
RYBRE P » $RA lex B2 yace FTEE4ERY parser ZRSIIAER
ATBE2] > WM A EEERE NS - FIKER

#1%  (constraint equations) R E TS BIRT 208 » W FE B
B 5> AAAYECERSS » LA C++ operator overloading #
HRRECSER SN EEEE - 832 F8ES e
FERSWTEEGESTE - TEHESIZR 58 8
BRATHEMS AGAEESE  BEE MY RN
PSR ERFTEC B SRR LR B TR P R RS
FElE - R C++ builder AR RAVENSE SR80k
BREEER - BRI, B RHER under constraint #
BT L RRERTREERLENESTE
o » MKSim {BRATRE ST — S B S T YR AR BT B
ZEETR o HIELIEER MKSim B BEZEpy — -

HR—ESMARENS » 2L rgid body(DU T
18 body)ZRAHRURARYEABZE » FRIEES body
K& EEIRE L joint ZKFRE] body RAHESRN - A
triad (TR E E body B2 joint ZE2ZEfEIhEgAIERD
Fii] ¢ 5% body FEZERE RV EBRIA M - RFENEZE
% body HRVELLEEIERMi(cg triad) FRFE: F£35 joint
TR B F ZFEEH4 body B cg triad
BRI TELL joint FTEREAIRIME body LAY joint
BR#Goint triad) I - BEE N - EARFATHE RN
driver ZR{E HLER AR R0 A SERSRIAERAREE) -

7E MK Sim B 1% % body f normal constraint >
HOHRFTEE 4269 ground constraint ~ £ joint BEE /Y joint
constraint 5z SRFEIFARRAY driving constraint £ 147
BEBRA L BRAER - SEEEHESH2HNER,
BB #Ms RAEEE » RIEESEEAIREISR,
o » K1GE body ERFIRFREI R E (BB B ATENIAL
&~ BERNEE - £ MKSim B 24 Baiii g
J& body ZIHISLE » FTLL R BETR S ESS2(Kinematic)
HRE - MEEMEANER > MBS
(Dynamic)fJiEE(1]  ERLIBERNEEREZ— -

= BEEREE

MKSim RUEREBEIEENE TR B8 T
Hd AR ZSBIIT 85 (input parser) B B 22 48 22 (function
generator) 5 B B/ R 2 SRR SR AT AR AYRTER B LR
5y - MEHBEHMASRMEEES - BRARENE
BRSNS EERTE AR RO - Bkl
EHSEETSN R R MEEETNEREY
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MODEL stider_crank
SYSTEM
{ KINEMATIC ANALYSIS, stasting time = 0.0, ending time = 8.0,
print interval = 0.1, tu tolerance = 0.00000000001 assembly tolerance = 0.001,);
BODY G (ground };
BODY pendi  centes of gravity = (0,30, par ={ (03.00,03,1,0.40} );

BODY pend2 { center of gravity = (43,0), par = { (43.00,(43,1),800} )3
BODY block { center of gravity = (20,0}, pas =[ (80,0, BOD,0001 );
triad reviground
{ associated body = g1, origin = (0,0,0), par = {(0,0,00,(0,0,1(1,0.0))};
uiad revipendi
{ associated body = pendt, origin = ¢:3,0,0), par = [(-3.0,0.0-3.0.0.(-20,0)]}
trisd sphipend { ussociated body @ pendl, origin = (3,0,0), par = [(3,0,0,3,0.1,(40.00 };
triad sphlpand? ( associated body = pend2, origin = (-5,0,0), par = [(-5,0,0,(-50,1{-4,000 };
triad sph2pend? { associated body = pend?, erigin = (5,9,0), par ={(5.0,0M(5.0,11(60.0)) s
tnad sphblock { essocisted body = block, origin = (0,00, par = [(0,0.0(1.0,0(0,1.0)] };
triad waniblock { essociated body = block, origin = (0.0,0), par = {(0,0.01(1,00,(0,1.0)] };
uisd tealgl  { associated body = g, etigin = (0,0,0), par = ((0.0,0{1.8,040.0.1] )5
revohute joint revl { tiad = revigrourd, trizd = revipendt };
sphesical joint sphi { trisd = sphlpendl, trizd = sphlpend? };
epherical joint sph2  triad = sphlpend?, tried = sphlblock };
tranalation joint tran) { triad = trentblock , ted = tranigl };
driver d1 { bloclox =8.00 + 3%6ind TIME) )

ENDMODEL
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A sevolutejoint  C : spherical joint
B : sphericaljoint D ¢ translational joint
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£ MKSim BRF - BEA—-HBECRRERE
# body EEMEMMBERAE  EHBUER
generalized coordinates[1] o 2 ¥ %l 2 4 @) B -
generalized cdordinates & FEE AR - BRTIEE

- BAEqg=[9,,q,,9, ) KR EBMREILE

HREE » E o ne fRFBIERLT generalized coordinates i
A% HASE body FEE LA ES xy,z ZEREOK
3% body FEZRIRRGLE » IR RIS 805 mEEE
FRIETF e.e1,00,6 FIUEBHIR AR body FEZ M Ay
FiiE o HEESEERAE body FEEEPACBHAS
[ » FRiL ne Z55Y 7 6 L body BOESES - aNRABME—RYE
ERTA generalized coordinates AY{E » FLLEZER ne
FEEEZER - NEEEIDF ne (& normal constraint » nj
{i joint constraint 'ng {i& ground constraint 1 nd & driving
constraint » 35 HFF ne+nj+ng+nd=nc BT CIFRHME—Z
generalized coordinates #9{E ; 215 (netnj+ng+nd)<nc
B > FRILEET ne-(netnjrng+d)i9 B HBE - 2
{778 under constraint » 7£ MKSim FYIEIEPFESE under
constraint #Y{EH R —HEBFENREIREHEE
FERIBIR) - HIETTRER AR B BRIz — -

TERNEEPHEANEE MKSim ZRPEE
Al SFEE D RAMEF] RELEHER » &
EEHMSREURESR R REESREEER
(BiZ0 : FF Newton iteration BT IERRIERR PEERIE » LA
EAF under constraint BYfETY T F Gaussian Y5524
) - KBS body TEF ERFEIFTEMALE - AL
FIEERTE -

3.1 [BH1% R (constraint equation)
Ry MKSim RN S8 A REBERERRES
e0.€1,62,¢3 FIUESHERAFE body TEZEMFEISTH »
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JH#E4 T normal constraint » B o™ ek » ©IY
B2 89T HFIZFR 1

Q"™ =ey el +e; el -1=0

4 —TERI body FIFRSI R A £ 7EHIMR (ground
body) |t + #8{E ground constraint e EfAE xyrz»
e e, » o NESEETHERENE

D =x-x°=0 @D'=y-p?=0 @=z-z°=0

®'=¢ ~e’ =0 @ =¢,-e =0 O =x;-e =0
Hefixr yrzoe e, e, fZH ground body TE(E(TEF
fil generalized coordinates BYfE » T x% y% 2% &2 &2 &?
B[22 body generalized coordinates FYFJIA(E - 53
S B0 L5 {E body & HY normal constraint + §lf ey &Y
Bt REER B ground body Z generalized coordinates
MNoESEEBEEE -

AL TE joint 89_LAYPREIES joint constraint » LT
M P BAZRFEIR joint TEZRMPRIME s Af-g-h
ZEEEEENEMIMERER joint FEZZ/BIRIT
& ° 7€ MKSim ®#2 7 HFEEK joint constraini[1]
CREBBTFALAEN joint ELIEEFEN joint
constraint » 5 —FEELIK joint Z spherical joint » B8
It joint B EEATRIME joint triad P, 88 P; AR AL SLES -
HWRBERE=ZEEHNVEEE  FF& spherical
constraint °
X - x
Yi—Y;

. -z,

FRELLL joint 22 constraint BUREEIES 3 - 8 FEEK joint
42 universal joint » B 23S L joint FTEERERYRI{E joint triad
PP RFEREEARH hEEE  F50°(8,P)=0
Bo® (h,h)=0 EFRO (4 ,h)=hh =0 "
FRUALE joint 22 constraint BYRESIES 4 - B =FEE joint
#2 cylindrical joint » EREISIL joint FTEEAIRIE joint
triad A FIAYGEREN(h &) - B7EEE# L body
LT LM e By S E) o BNE — ey e &
ERE—-EARNEHE - BRERE

pl - q)dl(fnhj)
D (hi,hj) =[®dl(gi,hj)J

@43 (f,.d,;)
r2 - i*»“ij
(D (hi’dij)_{de(gi)dij :'
Hrd; R bodyi EAY—EEPiE(body j EAY—EED,
HIBEBER & « FTLULL joint 22 constraint AYMEEIE 4 - 58

(DS(RZ,Pj)aﬂ-sz =0

PUfEEEA joint &2 revolute joint » T2F5 [ joint FEEHEE

AYRI{E joint triad Z 1 #£FIAY FEdlEh(h &) 36 B RAE
EFR—EFEE s Fm) LEtEEEE) Rt RE—E
TERE R - WAL joint FTEEHIMRME joint
wiad P, 8 P RYREBSHLBNA b @FT 0 IS

®*(P,,P)=08 @' (&,h,)=0 » FTLUk joint 2
constraint BRSNS 5o R % —MEE A joint 2 translational
joint » ‘ER2F8LL joint FTEREHTRE(E joint triad FAETER]
—EFEGN &) CEEERE) it RE—@uE
MEEE IFS O (4, 4)=0" ©7? (h;,d;)=0
DiReo ' (£,,£,)=0 ° FTLAE joint iZ constraint f94
HE S - RMEEBNER R EFSEHEN joint - 58
R BETNERSRE S — -
1£ MKSim FHR#—ERGIZEREERY

driving constraint » ERARBTE RIREAY driver T4
$IFERY driving constraint» FE4 B/ MHE =FEEL driver
HYRHELUR AR FERY driving constraint » Eheh (1) 7R
— @ EREF R FERRRY R BY - S5 —FEELAR driver /2 absolute
driver » ERZ$87E body EAIE—E#(X - YR Z)B—
fERF RIS - SLEAREERY driving constraint £
O™ (at)=a-f(1)=0 » Hha@BERE X YHZ
FEHE—EEh - 2B _FEHEA driver 2 distance driver
EFRmME joint triad 2 HRVEEREZ —ERSRIAYESL -
8l f8 B FE & driving constraint £
q)a&k‘(dzj't) = d:g 'daj "(f(t))2 =0 - Br—TEEL
driver & angle driver ' 28 f(& triad & [EHE—Eh(f -
g h) B3R E 0 B— AR RIS - BEHTHYERN
driving constraint 5 : ®™%(8,¢)=0- f(¢) =0 °
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3.2 &5 body (18 - FEFSUINEEAY Ak

7£ MKSim BREPRE ARSI FE T LIS E]
% body FIEERINIE K 1Al » IS EIE B 5 AR
Ht—rY generalized coordinates + X5 B RiFkD
independent FYfE * WM A HERN % q G &
g =[qnqy,.....,qn) FEFTFAER independent FI{H
Hrp nc fFRFTH independent FIFESE - FRFMEME body
EUEES28 (Mx y zr 6,06 ¢, ' 6,) REH
(LB B J31 » AT LA ne=T*nb(E o nb {3 body RURAEY) -
B HYERS: © EkEBRATEREZER0E - &
FER ¢ BN BERS - RFVEESRH ®(q,0) =0
FE q [EE98EE - FMILL slider_crank &R AYBIF 2/ 43
A0 A E L fRAIF SR SE BT body AYLIE -
EENEERY ST « 7F slider_cranker FRE PU{E body » &
fF1542 ground - pend1 - pend2 - DAK: block o LIRS
B9 generalized coordinates HIFEENES 28 - TEEIK
generalized coordinates FI#EB (nc) ~ constraint AYFES(nh)
HEBEDORNAYEE, - BEK TFINE
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Model : slider_crank
Bodies
4 i body

Constraints:

Revolute joint(ground ,pendl)

Spherical joint(pendl , pend2)

Spherical joint(pend2 , block)

Translational joint(block , ground)

Ground constraint

Normal constraint

Absolute driving constraint(block:x=8+3sin(t) )

EIERE (DOF) =28-27=1

7E3E@BIF P74 28 (@ generalized coordinates » 111
BERE 28 EREE 7 27 BEHENMHERE
27 EHER - EEAENEH PRI ERIER
455 under constraint » TE— AR IR T Hae
$1%f full constraint AYET KA - WRR AR EEE
FAREIEES, - SATIFE MK Sim §9fEE 25 P RMERESHY
full constraint HJ{EFSFKEE + HAESTES under constraint
HER R —HEBTHEVRB(IREREENE
) o B o) =02 B K IF 4% & % = (nonlinear
equations) » Ff LLER MR A Newton iteration 8575 52K
fi# - FR1SEIROARENE body 7ERFR t ROMIERISR ©
Newton iteration SRARRIESER(1]

®i(q) = D, g)=0

@, (q)=D(q.@,ee0q0) =0
L e iEsHtatE o O% reryiesteyg -
2 REL i=0,1,2,.. R HEBHSREFEDPGD)
1P (D8 - B FHIRMERFHEAR
equation error tolerance &, #F1 solution error

tolerance € , B » FUEHEFTENSZ R
@™ <5, |a®-9""|<e,
3AEA @, (q)Ag? = -D(g") HIAT - BRI AQY £
;Egﬁz%ﬂ%‘?ﬂ@qm =¢® + A EFIHEE 2 WL i+l
.

¢ 7 Newton iteration JRFEZAYIEFZH » Jacobian FEfE
®,(¢") RFHZR o¢") HELSBEME > M
AqY sksnsh - HARRAGY : @,(¢)Aq" = -D(g™)
EBNSEERTTLLE linear solver By R EHY
A7 - &l |HE 0 B4 —¢" BT 0 8+ B
1#3 qDB Q) =02 F M8 - KH 0(q,0) =0 IR
g g BBE body ZERSE ¢ H9(IE - BERMES
R D(q, 1) = 0 TR FIRE B M Bl R R
T:d=0,4+0,=0 or @, q=-0, ° ELFHFEN
- ALAEMAREET o, R o, E FRURMEA

Hq g IS body 7ERSE t TR - EIERE

ZHXEBREEEXFTURFHEE linear solver RKq -
BE  BRfEFEES RS R R R s &
ENEBEEROT : o ,4=-(0, ), q-20 q-®, °
BAVBIEE (o 4, 5 Hessian 5l - SHEEUAEERY
EE > EMEESENTRANERE] - ROTEEILE
linear solver A EREL + FLES body 7ERFH t Y0
=E -

ERSEES OMEEREEE (BIM) fr
T o TEISHEEE L (IBER R B, - MKSim % ATREFEY
RS ERELIERRBESH AT B ESHE
ETHESEREERUSEARETRESEREL - It
44 7 MK Sim BB PSR T — EFMEBREN BB -
40 © 508% T {5 F Newton iteration By 5L E—R K
B S /VRE T REE - EREESM RRESR
Bk EE %D ~ 7 linear solver SREBIIREH L VF
EFEl o DUESTFEERBRRREZ R -

#EK % body 7ERFE t (9GIE - BN ER
& B %l linear solver « T EMF NN #E under -
constraint RYfEY T iR E SR 51

3 generalized coosdmates STRERY qr
L constraing HBY m
LG+ operator overlosding T35 5 constraint S5HEIBR

v

RERUHELETTNE]
Yo & L-’ No 5%
SELFAD ¢ HFH generalized coordinates 90T B 7SR
HELEEIAY t AT generalized coordimates STHIRE

v

#AEHAY ¢ T2 FRA genesalized coordinates 23R - MRLAR AR AR AL
WEREREFEE

)

EATMP LG gencralized coordinates I WIS T —EEAMSIAD ¢+ B
MARRBETY - RLHDE

P
/R
No Yes

(EH) #RAEEEalsRiEd

3.3under constraint fYBTE T KB T &

7F MKSim i EA7E under constraint BYHER TR
HESEER Acb iy x 9E EFERNETERESR
Gaussian JEEHEN - BFILUE R)AVEEERETEES
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B FEAR T ZAREEEEWSES - &
g —E row FEEER K element ELE AR
element #7224 » FGEIALRAY clement (LE 1 - BEEH
38 Back Substitution By F IR S —@ row R R[EIFE
SR ENE x B9 - 7E column FRHFTAFL row /LT
EfE R RABRE S - EEERARRE P e
BEENLEE  EREMERENERHSEEENR
/Minsignificant)fIRFNEL - WRBREBLERYD &,
g R R EREERE KA - HNTEB AR
FlIFhE—EEEE  FAURMULEREEE—E
RASEE - BT LURE T R AR - R
HEEENRAEEBERIIERNE  HILFRE
B R BT IBIIE -

g

exchange first colurn 6 6 -5 X, 90‘
& third column b g 2 a0l -
0 20

D pe

first_row+6

,_._.__‘
o~
f=]
w2 At
iz
=N
[ o
1
o
(ST
o
o had
| S )
| e e—— |
Eaite
———
OO vt p=st
OO
—_—

x, RSB R « Bk x, LE—TEIEIRA « IRE X, X, X,

(BEE under constraint §5{% % T REWARET 71k

IER=E 0 i

£ MKSim R HEEFHCENHSEE » £F
HEREHIEXMEHE - R—REER KK
TEEE - ARNEESHZESTREET - FREE
EEANEVREE  FITRANRRARE BRI
BE - Jitt - RO LUER 8 s RARIEE
BIHRERS - SO STEESS xR —yeR"
RIOVER X 2RETEY 695 » 8 X 5 independent
#E » FEV 5 dependent BB o B &{H5) (Automatic
Differentiation) B3R ELE7 A 1£8(chain rule) :

a
——f(ff(t))’ ( f(s) J(—g(t)
=l s=g(g) a

REREEHAEEES - 7€ MKSim L B8 A
Bl& C++8Y operator overloading Z& B EEAFIEERN
WMHEE BB TERAEBFHMSFHEGER

(Forward mode)ZRETE M EZ 4 « BEEFAREHER
(Reverse mode) [3][41(51[6)2E+ B L IEMIEE—XH
WoHE - WEEEME T ENEE -

EFEFEHMIRREESRE - ZRMED
Griewank[SIFTZHIRY T IEEBERE - N E—5SEIEN
FERMAETR - 7 MKSim BB IS Bif=
$1¥f multibody &SR AT EE BRI EMALL CHRYHE
FRER - BETZA RSB E B REL
43 - TEECEkER R E A C++ operator overloading B9/,
RECEHREENMEREGE - EEESFIUITEEE
HE SRR EREN BRAESNAR  HE
FRHIZF A ZE ~ Jacobian FE[HE Hessian 4E[E{E -
HftE MKSim BEPFRTER Griewank FIEZHE
adouble FFIFEFTEFR T trace HF( » WFE trace FHFY
FEFK T forward ~ reverse ~ jacobian B hessian EHE
PEERIR 8 B #(member function) » L% trace_on £
trace_off EHRAMN AV EEHEL -

- B RRCEET BRI LEFREMNE
HEXYAFEANRERELREET - MFHFEN
generalized coordinate RYfE5% f% independent #Y8 S » [R
L XAYEZLE dependent IR, - ATEBRYER EaTHE
R8-S trace Y trace_on EH trace_off N EH
o EpEESE - 0 (BEX ) 2—EEEas
HEREXABOSF  BRMEILHZEHFESL
y=(x1,x2,x3)=-x1+(x2*x3*x2) H)EFEE - RILERF
i x1 0 x2 0 x3 By PR{EEREIERAL adouble BYXRH - A
Hi8 x1 » x2 » x3 3%F% independent AU EL » 3T v 525Y
dependent RS EY ZOSKE BRIZS B » (A BECER T

“<<="F] “>>="7ZKEF independent ¥8 dependent Ay
& - FFEGNERE T BB RS ATE SHEE
RVEIRE—R ErEE R W EE AR
FRRHIRA9EHE » Q0(B7S b)AT7 - BHEERT independent
#11 dependent FY52RIHEE 5 adouble AYAERILISE » FERE
indepentent 7EIEFE » FREE £ AP RMETR & B4R
£ adouble AYEERAT » ANEA b Pl » €2+ t3 3Z=ME PR
B - FLETER BT R » R HALE adouble #Yy
BRI LBEERUNERREEE S EER » B8
operator G overloading » E S AR IL BEAIFTE
BB » S0ERAE trace VRIS RIERET -

HRBMELSHNBETEMEEHEER
MUTEIRE— T rhEES - FrLIEE B R
EEEED AT LAFIA chain rule #9iEBI(H R EAE)
HBERAEEAPRHEOIHIE » (0@ A FT -
o BAHAEMTLARBEREXATEHROER
RA#EEHES —RIHRESE - EREREER -

F s 24k adjoint 93RRI » ZOFFR ©
if s= f(t) ,then thar + = sbar=(df | dt)

if s= f(t,u) ,then thar + = shar = (df /dr)

ubar + = shar=(df /du)
Ho thar 82 sbar 535S t £ s A9 adjoint {8 - HHEHEE
BATERYERS ¢ 22 s FIfE independent BELEY—R(R
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WoHE - (B d) IRRERAEEREER -

7 MKSim HIEREEPFIR BB B4 - KAt
HIRGIEXEE - DA ERBESREER 578
HEFEIR&IE AT Jacobian AYHERE » LURSHEAIAYE
B | RS EHATEREIF 04T Hessian By » LUK
BHREAIINEE -

double ®ax ,* ay; I ax % {84 7% double &35 7]

trace & & wace B85

av{0]=10;

ax{1}=20; '

trtrace_on();  //Mteeik i trace YR PGP

adouble x1,x2:3, v //x1Lx2x3,y & adouble 48 &1

x0<<=ax[0]; Ivahuc{x0y=ax{0)

x1<<=ax{1}; Ivatue(xly=ax{1]

y=-x1H(x2%x3%x2);

y>>=ay[0}; ifay{0]=value(y)

tr.trace_ofi( )i I8
(Bx)-BRRLSRUEARNARG

tl=-x1
t2=x2*x3

B=2*2
yRti+3

(E 5 b) 28 y=x1+(2x3%x2) 8 T3

Vil =-1.Vx1
Vi2=x3-Vx2+x2-Vx3
Vi3 =x2-Ve2+12-Vx2
Vy=Vil+Ve3

(B c) y=-x1+H{2*3 ) — KK 5
& forward mode

ladjoints for y =t1+13// fl+=y B+=y
Madjoints for 3 = 2% X2 // 124+ =13%x2 x2+=13*12
/fadjoints for 2 = x2*x3// ¥2+=12%x3 ¥3+=12%13
/adjoints for t1 = —x1  // xl+ =11

(B A d) y=-x1+Hx2%34x) 8 — L % # 5>
& reverse mode

T - ERELRAHR

AW PERARER R MYERZER - H—
RET—E7TEM muliibody EEHEEIFEZAVEREE - A
BE7E MKSim BREEH - 7ERTER AT/ i BEFR B ARIE
R - BEETE B BRI R R O DL R 5
BRSO EESES TR EEN
BE - HrAril B B R BB RGET Z TR
TERERIERE - MEREE B EEHER S
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