%040 % B 4 %

2008 £ 7 H

Chinese Journal of Theoretical and Applied Mechanics

= Vol. 40, No. 4

July, 2008

% FARRGI S E 0 TR B AR

g,

kOB BHEA

KA

*(E¥ A K VAR 53 TR 2ERE, E¥g 200240)
W THBEI B TRR, KK 215600)

WE o Xk 30 £, RUEDEREHHEMABE T ERKNIR, ATTHBERETED AR TR,
HHRELROIFI% 3 T,  Belytschko 55T 1979 R4 H i) 708 BR5- % CL £ iR Ty 3 B T 4544 30 7 Wi ¥ 1)
AT, RA RREDS S 1 IR SR R BT T M R ARG, ZOCR I T — & & T RIED RS
Wi B T LI G 22 0 RTIR SRR, FER IR - RBORG T4 (DAEs) 459 A 4i 5 774l (ODE)
WAl b, HESHR, BRSBORASEFAXM PP EH AL, ERROHER T IES, RGP
HRAESENRENE S8 RENZEERTUERE S ENHERERT, A RObH B+ 58, X3

G 54K BEAT BRI 8 IE FT LAPREF S0k # B SE E

KB IUDHARG ¥, DAEs JifE, HOEME, TREIEE, EPH, REmEai

RESHES: 0345  XEIRIRE: A

51

][

30 K, PR ANREREZ ARG ¥
(FMD) 77 Hi#E4T T KRB TAE, IR EFREET
FE3 AT M. (1) FMD @B A 5 SR %5
(2) FMD +58.77 8 KA M K 8k, B84 FF % (3) FMD
LY R R SRR

Ak FMD #@EL77 3o e B A, — B
5, HEARTEELE 4Lt RERE T
FE4l (DAEs) , BT 7512 i 5 208 & F s B AR 2,
TRAESEAT AT KA, BUE TR E BRI S,
HoE, KV HEZ AR RS e 5 AR T AR & [F] mFAF
e, MELARAE&E LIRS PK, B RBER S 10
A (stiff or ill condition). B4, HTFLHE RGN
TR RBOERE A B AR, KB & FaES
BN SRR REH R, RSP R
g5 BRI 22 5 2 R

HHT, S Bk ) S IRt RS R A K, 7205
BN KE RS OBERSTTE, WA
TEZ RGN =844 H 1 Newmark 53, Runge-
Kutta S LL K Gear B, EXHHE, Ilowa K%
ff) Haug il Negrut 2§ 2~ 3547 T K B9 TAE.

2006-10-19 W F%E 1 f, 2008-06-05 K F 5 Bfi.

1) P EBEFREREA AR ST NPT B .
2) E-mail: glchen@sjtu.edu.cn

NEHS:

0459-1879(2008)04-0511-09

AT HREZ TN ER AR, AfTHR
SR T SR KRB AR MBS, AT A 48 f A
A B0 SN SaE s U N R
A WP RHATHE TS, BR ERERYGE
BSCHRE 15 2 TR AA A L I T AR, ELR R v 5t 4
BB AR, HEILKT7 I E RN A K,
TR R AR, I RNl K 2 Tk R 50 J7 72 10 A B
=8

1979 4, Belytschko % 6] #4642 H FI I &
B (Sub-cycling), 3X — 2 1 K ) B #4740 3t & RE %
TERRUETHEAE BRI TR T A R M iH A . Neal
e 7] SRR S b AT o iy R RO A BH B, H
) U L R 15% 5 s U8 i sk A
KEAEG MRS A Boadr, HERER R
B IREIEE 39.3%, S2BEIE W 1% 50 A6 KR AR B R
T4 7 FE G R WM 3 7 72 1 o B 80R.

Wasty 2 19 $5 i, 768580050, g
RENF IR 7 ¥ Ty N A B FMD o, K rTREK
R B R, RIS Ak, AN
KN HTF FMD H.

A 1 FAEROEMEEM B, BB —FES
FERAER G N B 025 R PRI EE,



512 i) a2 =4 R 2008 4 #E 40 %
AHTH., BESBORASEFANMTSERS  He
2y 82 W U, [F SR AL &P, R,=[R, R, R.]" (2)
XS IR RE AT T BB, RS AERAAT T o o ok A b7 2 1 L o B
XT WA, T B 3% B0k TT DA (R4 4 3 B RS SR
T, AR T W R 0=1[0, 6, 0.]" (3)
1 SRBEGHNNFRREG E Sy T VAR % A A AT TR S S T Bt

T8 B 9 M 5 A R MR S5 A A PR BT = & - anl (4)

WA K /N B G R B R AT 4 X, AR (] 9 X 38R
AR BB PR EEL S8 PR FUEE,
HILH R RS RB WM R [P
HMFLEBE. BRI e TH Y
M AR R A EER, EWE T ERREK
B 3809 A B 7 T 0 B 3 R O R R e
ARk, — MBI\ A BRI LR M R R e, (HitA
B, Daniel20) 47 Hi i P34 8 s 5 % B A
5H BB AR e, TR BE L R R

TR B — A1 40 1 B =X B o s L
E#EFTEIE, Belytschko % 161 ¥ s F ey 324
B FRIRENE. A FRIFEETF RN,
NATTE R AN [R] B B3 08 18 4 A0 Y 1) F R 38 Bk,
A 0 5 (Newmark) 83k P02 BRI B L 108 3R
Bz —.

FMD 78 & A& A& FRF KR A, NItEE
Bl 4y 5 38 A DU K I 1) 25 90 A7 B0PE B 7, T kAR
JE 43 5 3E A BA/NI (] 25 3E 47 2008 508

1.1 BRIERGHHFER

23 AR T R Ak A T DUR A B e i 64T B L,
HEEBAROMLEMZEELME 1R, Kl
T RE R SL IR I R TR

WAEE 1, & SRR LA FR I

q=[R, 6 q]" (1)

K1 FRHEARERHR
Fig.1 An arbitrary flexible body

RREA BB SLIR, Th m BRBBESE
"I m By
FMEAR EAT R AR TR B ) B AR BR 1 R 4

uf = ¢’§Qf (5)

H
d=1[b1 ¢o -+ It

H RV B AR BE, 7R AREFF — T B BE I HT
BTFECRT m B B A,

MR BRI AR R g X KR & L, KA La-
grange 3 _ A E S HERMAEES TR, HiE
B A A R Ay

Mpgr

s
Mgr Mgy My, 0 |+
My My M| LY
0 0 0 Ro_ QR QvR
00 0 0| =1Q,|+]|Q,
0 0 Ky q; | Q, Q.f
(6)
FREMADE) XA BRI X E kI
AE.
KPR AR TN
C(q,t) =0 (7)

BRRET AR RERE M - fC
HRETE

Mg+ Kqg+CiA=Qp+Qy (8)

C(q,t)=0 9)

WX ARGREIBHE KRS, TLUBBLTY
JETE W3l Sy 22 R 2

[MW c,
(10)

c, 0

ol




4

BHMRE - ZRARR GNP E K TR H AP 513

Her C, AAHRKHER LL 772
7y=Cyg=-Cy—-2Cy — (qu)qq
Qr=Qr+Q,—Kq

HTARKFAE, FMD JifEF KR IH 3k 5%
EMSr, AMAES (10) Bl B oRmME q 288
P AR g, FIPSIARR g, HEARMALAERE g4
i Lagrange e A\ Al f 2 45 3¢ B 2 Ak 8 J1 2 05 78
il [23]

M;(q;,q4,1)q; = Qi(4;,9:,44,94,1) (11)

He
M;=M; - MC,'C, —C, (C; )"

qa
[M4; — M4 C, ' Cy]
- Mz‘qu_dl’Y - CZ(CLl)T‘
[QFq — MaaC,) 7]

TR A A TR, AT BASE B E B SR AR A
BN 2 q;, PR 295058 2 SR A5 X 1 B Al 3 S
AAAR. TR R R ROR MR R D, HREHR
GERERE PR, AR B AT
4 24,

1.2 ZRBRFETFRERAEZ

A TR BELARS AL, AT A ORIk 3 s - 8 A
WP Atr, BB B ECEEN PP KA Ats,
A X I 4 B T B A ] 2 s,

X —aEB, TR (1) T RUR S R
I3 Peat 5

. i
[MLL MLS] qu]
~ T ~ T e
Mg, Mgg| L9s

interface of rigid and elastic variables

rigid translation\components 2nd mode variable 3rd mode variable
’) AN

=
U

T ~ ~
1st mode variable rigid rotation components ’ 4th mode variable

interface of translation and rotation components

I
| — |
)
(*Lh ~
| IS
—~
—_
[\
2

B 2 ZRETTEBIHRE KIS H S MAEE

Fig.2 Principle of region partitioning and coupling

between variables

WA qr, g 53 HEE LU 2290858

s, = AthL[q'}fAtL —2q}, + g5 "] (13)
= gap l-ai A g (14
qg — Alt%[qg—Ats _ 2th 4 th-i-Ats] (15)
s = gaploas > + ) (16)

Hop Aty NIERRR q, RS EK,
s MBS BK, Aty = mAts.

H 3 (13)~(16) FRASL (12) 1, B EW T4
¥ [ 25 B v A 5K

Atg AR

N
MY,
A lar S =24 + g
L
Mt
_ ~ 1
AP a5 — 20k + a0 = @ (17)
S
Mt
SL —A A
A lar S - 2a) +a
L
M. ¢
A las " -2 + a5 = Qg (18)
S

Hod, PR R A, 2 (17) f1 (18) H
BEEHEREME ¢ R g R4 - ¥
LR AT R SR AR, HRT — B 20 2R R A
i 1

(1) gl+dte = gt (19)
(1 gliats = gt (20)
FE s (17), (18) m RNk AR @A T
My (k1) ALY _ (B A Mps (k) ot+Ats
A2 { qr P="Q Até{ ds }
(21)
MLS t—At MLL t—At
AR {as ™" — 245} - AP {a; °'" — 241}
Mss (k+1) yt+Atsy _ (k) A Msy, (k) Ht+AtL
AtQS{ ds }="Qg At%{ q; }
Ms;, t—At Mss t—At
Ap \ar T — 2L} - g as T — 25}
(22)
A(k-‘rl)th"rAtL — (k+1)qE+AtL _ (k)qi-i-AtL (23)
A(k-‘rl)qg’rAts — (k-‘rl)qgi-Ats _ (k)qg-‘rAts (24)



514 ) £

¥ H

2008 4 2 40 %

ERE L& FWT
|(k+1)q72+AtL _ (k)q2+AtL| <ep (25)
|(k+1)qg+Ats _ (k)qg+Ats| <eg (26)

B BEANRZE B g5 TRH B, HENH
Afhanst (22) i (24), Bk

~ t+Atg ~ 1+Atlgs
Mg qt+2AtS _ t+Ats Mg,
S - S
At% At?
g} 2 —2q!, + ¢ ' ]-
.t Atg
MSS A
A las 2457 (27)
S

R (27) W, ISR BRI 5 A R gL A gl A
BHXKSBE R, ¢ ERPEHFIHEE
B, T gt RASHNARMAR, AT ER
K18 A BRI SH, AR C R ¢ gl A
Fe HoAH B G 8, R ZELT Belytschko %5 071 $7 1
(0 TN R, MBI, R

i = i 23)
1 1
St Ats _ (1 _ _) L EAl 29
q; m ) ar + L (29)
53
g0 = gt 4 Ats[(l B l)qt v lqt+AtL] (30)
L L o)t dL

XNF2<j<mBRERTH, WAk

j—1 . .
t+(j—1)At 1. 1,
‘IL—HJ JAts = q; "‘Z Ats [(1 - E)th + eqL-FAtL]

i=1

(31)
X (27) BIEEA
< t+(j—1)At
Mg i t+j-Ats _ At+([i—-1)Ats
2 ds =Qg
AtS
~ t4+(j—1)Ats
M
N L R C R T
At3
~ t4+(j—1)Ats
Mg HHG=2Ats _ o tHi—1)Ats
A2 [ s ds ]
AtS
(32)

L (32) BIoA sk & g5 WFHEH AKX L (21)
~(24) J (32) BROLALRL T A2 H= g Rl g B R BB
T 25 S X

L ZE D FIE IR ST - At 2B A R B
i, FRAFIERES T ENT.

MGl = Q; 18
. ~ b1t
‘I§ =[M;] lQi (33)

FR P H 0 22 40 15 T 15
At?

qngt =ql — g At - 5 4 (34)
Rt FIEFR G s AR A
_ . At?
ap M =qh - g At =i, (35)
_ . At?
a2 =gl — dAt + =i (36)

2 B REREIE

ATEE LN EAI R B TR R, R
P A8 BT o SO S B AT AR E R B

B 3 BT A — R AT R R 4, Wl g S
TR AT — S A I S A AEAT B 2 05 1) B3z 3h, XOY
ARGBEBIRR, HAFCHTIRN A, O'2'y' A
ERMIRR. FTAEFH T FH T e, WRAEFT e
e R AT SR 31

B 3 eI - WMASK
Fig.3 Rotational rod-spring-sliding block system

SE SR )T SLAAR A
q=[R] R) 6 z;]"

Horp 0 NTRFEATRIHe M, o AWBIRIE, [Ra° Ry
ABEALE. KA MATLAB 5 it SR E V. R 5
46 3 B 5h 2 T Re

Mi(qiaqdat)ih = Qi(iIi7qiaiId7Qd7t) (37)
Hr
M;=M; — MidC;iIqu‘ - C;rd(C;il)T‘

[Mai — MaC,/ Cy,]



BHMRE - ZRARR GNP E K TR H AP 515

- M C,ly-C,(C, 7T
[QFq — MaC, ]
%mal2 +mp(z +up)®> 0

0 mp
— [lmal + mp(x + uo)] sin 6

2

my cos 6

mel + my(z + uo)] cos@]

my sin 6
Mg =M},
Mg + My 0
Mgy =
0 Mg + My
0 0 10
C, = , C,, =
T 0 —2mpif(z +
QFi - + mQBx (@ + uo)
0 kx; mpb*(x + up)
-1 . . -
imalﬂ2 sin 0 + 2my 62 sin 6+
. mp02(x + ug) cos b
Qrq =

1 . .
imalO2 cos 0 — 2my 62 cos 6+

10
=[]
MARTRERETHKEHE, EXNRERE

REATHE A IR, X 3R 48 fE B P AR S 18] D
BT REIE, HEIBERy PR, FHEET
iR EANE S RV EE, fEERTHITEEALK
Vol [17]

mpf?(x + ug) sin

Win 4 pyine _ppext) < 5w || (38)

Hop Wt 4 (n)At WAMERER TR D). wint
A (n)At B RGEHEE. WED A (n)At B R & hEE.
6 ARG R P AT IR 2.

WK 2m, #® 2kg, HHE Sk, FHHENIE
1000 N/m, BX5hF7%E 100 Nm, 20 %55 5 i) BE 2.
EARINE 4~ B 7 fron, Hif, B4, 5 AE
—FPEE 5 B FRIAMITELER, B6 B 7AHE
—FBEE 10 BFEFIITELG R, KRALSH

TAIM IR I AT A R B 8 FIIE 9 W5 A
PTG SR ER 2033 72 1) e P o SRS 2R

W 4 TR 6 By e Mtk S a5 R, ATLUE |
10:1 M FHRIH R ER K T 5:1 IR S AE, {2
RS BB AET AL B PRI B AT L
(&5 fIE 7) maE B BRI Z5e, FFE,  10:1 f9
TRALEITHREMAT 51 K FHEFTE. HE
“HEKERE SRS RLBERY /A, I
HICHK [25] BRI T EA—-FMGE. HE, 51 0T
TEE S REFEIS 35.7s, [ IR FUETR SR L REFERT 79.85,
ZHE BB 44.7%; 10:1 ) THRIR SR AFERS 28.95,
HAJE RS EREN 1) 36.2%. & M40 Ar 1 &5 Bt
WE TR R R F, RELS TR PRA
AR RS R, BaodBEERER, Z4gM
Belytschko 25 16 48 i i) 708 55 S 0% B PEE U 2
— 3.

3007
————— subeycling

no-subcyceling

2501

200

1501

1001

rotational angle (rad)

501

t/s
B4 MR 0 HER (5:1)
Fig.4 Results of 6 (5:1)

-—-— subeycling
st no-subcyceling

amplification /m
w

t/s
B 5 WMYIRIEE «; HHER (5:1)
Fig.5 Results of z; (5:1)



016 H1 7 L i 2008 4 FE 40 #H
300¢ 1001
————— subeycling 90+ ----- subeycling
250+ no-subcyceling no-subeycling
801
2 200/ < O
2 = 60F
é 150t 5 50
2 5 a0
£ 1007 5 ol
501
0 1 ]
0 1 2 3 4 5 6 7 8 9 10
t/s
K6 JEks AR 0 TR (10:1)
Fig.6 Results of 0 (10:1) M9 RERETH ST (10:1)
Fig.9 The energy balance calculations (10:1)
61 — 5
R B 10 JF R A — AR, - 51, — W
5 1-10-SL.1bcycling :J:%ﬁ—‘}ﬁ)f—i, %E%%E T gﬁ@b?ﬁﬁ%, /\%Z:%ﬁﬂu
T PR EX = 7.22 x 102, JH#A Ll PRXY =
£ 0.34, B DENS = 2x10~%, JUA R LxW x H =
2 4l 300 x 10 x 25, FHHEAE T = 100 Nm.
;:“—
g 2
r"‘ )l—
b
i
_ ;://
oles P— |
0 1 2 3 4 5 6 7 8 9 10
t/s T -
\, L Rttt STnTITIEE
| =
BT OMYCREIRE o) T4 R (10:1) S0 A f X

energy error /%,

Fig.7 Results of z; (10:1)

100
90r === subeyceling
S0t no-subeyeling

70T
601
501
40}
30F

?Ur “‘f "

/ )

/\R‘# ]/wh\u ufkfﬁut l@ )z F ﬂ /
0 1 2 .‘3 6 .9 10
1‘/\

10}

B 8 RGRERPAGIHE (5:1)
Fig.8 The energy balance calculations (5:1)

B 10 —dnBeEE TR AN - AR
Fig.10 An Euler-Bernoulli beam with a top point mounted on

the origin

DIREAS AABRAE A R AT 1) SCARKR, 7 R
RIS FTTRE, 53 5R F U851 R 500 SR X
BRI ES RN TRERE, TESRnE 11,
B 12 s, XA R BIR T FORM AL 1 R IR
FHAE & P

B 13 Fionh— B A B, 2%
FH, SR A I B A R 9 5T T A
Mo AT RSN, R AR IEAT
T MR 5y, HEARSHWMT CRA tonne/N/mm/s
FLAT):



4

SR « ZRAARGE WP H I TR H TR 517

/s —--- subcycling 4

150.6 —— no-subeyeling

displacement /mm
— — —
Ut gt Ut
s & 8
o = W

150.2
0.0 0.2 0.4 0.6 0.8 1.0

t/s
B 11 B B RO
Fig.11 Displacements of center of mass of the elastic beam

during the rotation

1500.07

Y

n
£ 1000.0
£
~
>
3 500.01
2 .
2 — no-subeycling
--- subeycling
0.0
0.0 0.2 0.4 0.6 0.8 1.0

t/s
B 12 i v i 3R 0
Fig.12 Velocity of center of mass of the elastic beam during

the rotation

B 13 Bpesn i f TR
Fig.13 FEM model of the rotor blades

BETESEARL AR A &, MR R EX = 7 X
104, MRHEMA B PRXY = 0.3, 1B %8 DENS =
2.78 x 1076, BEXNBE D = 900mm, HE N
800 rpm. L5445 BARRI 4 BT A 4140 , H A
B W R on N 1152, mHERROTECY 684, MR
SR ITECA 2304

A ESLET ) AR A AR I AR 8l 122 T,
HEHE S A B uE S AT IR e & B A
SER, UHARGHBSBIRE, & IEEEN
SR, 0 BRA L2 H RK IR & H
JR R HE X B R B s ST R E R,
) 3 e 0 7 e e 3 R B B A N 7 1 R I TR
Wi Z AR E 14, B 15 R, BRI AR
TLHEMETREF T ERES —CEENE KA, HE
CHENBBMEERE A -, e, P
SHETHEFER 2380, T FUEI I EFER 1550, =
IR, HEBCRREE 35%.

207
| no subeycling
“\ ——— subeyeling
15 ||
£ Cil |
= (bl
> HM\
g lah
1:2 107 Jl\‘ \Jlf
2 L)y \;\; 1
§ rH\“ \\J \\H ) }\/\ |
S HH”\ u‘““/bﬂ \/\/ \/'\)\
i e RN
| \Wu Vy’ UV\
‘ \v | . b
0 L L L |
0 0.005 0.010 0.015 0.020

t/s
B 14 BUMESR eSS R ok A R S ST B B Sy ot
Fig.14 Dynamic stress result of one element at the joint

during rotation

no subeycling
0 ——— subeyeling

displacement /mm

0 0.005 0.010 0.015 0.020

t/s
B 15 mRTORN R Z WRE
Fig.15 Z-direction deformation of the blade top point

35 B

ASCH RN T — T o0 Z 0 B E
TERBREGEIH TR ET %, EIH



518 ) £

# 2008 £ #F 40 %

Fop SR AR B 5 8 O K 39138 B R S A AR R, A
AR B AR ER A A R R 254, AT DU B
W R KT E R,

FUZHRRGES 2T REE A KK YRR
(WA B2 i) | 4 A 13 i (AR B AR &) R
GETTRE R B BRI T R, R R E 5 K
M eSS, BT PRI R R R R
EHHRAT RAEITE, FRRENBERS
TR R T B

FETIRIB S R o, B — 0 A BEAT B IR 35
BEEA R 2% R 0 B B A — I,
ERAE—EHEA, ZEWHSH D HR KRS L
HARE, BERE, RAMROES RS,

1 3 7R i A A S I A R S fE P A
WA, HAELENRRESIBIER S SR, T
fEF IR AR R A ARk, B A B
KB E I S A R

HR U 22 23 o N T 45 H AR T 8 ) 4 #
i, HTHMRS P RZE K EG, HRAED K
shJrE A D N, ERAR A IR o KR
Lk, RABLETE M. oS AR P g s B
MR . FESCEEAE B, ATEIB R DU E A T &4
RENNFM AL wE . i - EER®RE
AEEMEE, BEMNKNTFRAEE, EHS0T
EHETETIE—BRA.

s % X W

1 B3R, WM. ZREARGEF . LR BEdigst, 1996
(Huang Wenhu, Shao Chengxun. Flexible Multi-body Dy-
namics. Beijing: Science Press, 1996 (in Chinese))

2 Negrut D, Ortiz JL. On an approach for the linearization
of the differential algebraic equations of multibody dynam-
ics. In: Proceedings of IDETC/MESA 2005, ASME/IEEE
International Conference on Mechatronic and Embedded
Systems and Applications. September 24~28, 2005, Long
Beach, USA, DETC2005-85109

3 Negrut D, Ottarsson G. On an implementation of the
hilber-hughes-taylor method in the context of index 3
differential-algebraic equations of multibody dynamics. In:
Proceedings of IDETC/MESA 2005, ASME/IEEE Interna-
tional Conference on Mechatronic and Embedded Systems
and Applications. September 24~28, 2005, Long Beach,
USA, DETC2005-85096

4 Gavrea B, Negrut D, Potra FA. The newmark integration
method for simulation of multibody Systems: analytical
considerations. In: Proceedings of IMECE 2005, ASME
International Mechanical Engineering Congress and Expo-
sition 2005. November 5~11, 2005, Orlando, USA, IMECE
2005-81770

5

10

11

12

13

14

15

16

17

18

19

20

21

Book WJ. Recursive lagrangian dynamics of flexible ma-
nipulator arms. Int J Robot Res, 1984, 3(3): 87~101
Changizi K, Shabana AA. A recursive formulation for the
dynamics analysis of open loop deformable multibody sys-
tems. J of Appl Acoust, 1988, 55(3): 687~693

Bae DS, Hwang RS, Haug EJ. A recursive formulation for
real-time dynamic simulation. Adv in Des Automation
ASME, New York, 1988. 499~508

Amirouche FML, Xie M. Explicit matrix formulation of
the dynamical equations for flexible multibody systems: a
recursive approach. Comput Struct, 1993, 46(2): 311~321
Shabana AA, Hwang YL, Wehage RA. Projection methods
in flexible multibody dynamics, Part I: Kinematics, Part 11:
Dynamics and recursive projection methods. Int J Numer
Methods Eng, 1992, 35(10): 1927~1966

Hwang YL. Projection and recursive methods in flexible
[Ph D Thesis]. Chicago: Dept of
Mechanical Engineering, Univ of Illinois, 1992

multibody dynamics.

Schaechter DB, Levinson DA. Interactive computerized
symbolic dynamics for the dynamicist. J Astronaut, 1988,
36(4): 365~388

Cetinkunt S, Book WJ. Symbolic modeling of flexible ma-
nipulators. In: Proc of 1987 IEEE Int Conf on Robotics
and Automation, 1987. 2074~2080

Fisette P, Samin JC, Willems PW. Contribution to sym-
bolic analysis of deformable multibody systems. Int J Nu-
mer Methods Eng, 1991, 32(8): 1621~1635

Melzer E. Symbolic computations in flexible multibody sys-
tems. Nonlinear Dyn, 1996, 9(1-2): 147~163

Shi P, McPhee J, Heppler GR. A deformation field for
Euler-Bernoulli beams with applications to flexible multi-
body dynamics. Multibody Syst Dyn, 2001, 5(1): 79~104
Belytschko T, Mullen R. Stability of explicitimplicit mesh
partitions in time integration.  International Journal
for Numerical Methods in Engineering. 1978, 12(10):
1575~1586

Neal MO, Belytschko T. Explicit-explicit subcycling with
non-integer time step ratios for structural dynamic systems.
Computers and Structures, 1989, 31(6): 871~880

R, ZRE, BrERE. NIRRT AL E TR
SH. HURT RS, 2005, 41(11): 98~101(Gao Hui, Li
Guangyao, Zhong Zhihua, et al. Analysis of subcycling al-
gorithms for computer simulation of crashworthiness. Chi-
nese Journal of Mechanical Engineering, 2005, 41(11):
98~101 (in Chinese))

Wasfy TM, Noor AK. Computational strategies for flexi-
ble multibody systems. Applied Mechanics Reviews, 2003,
56(6): 553~613

Daniel WJT. Analysis and implementation of a new con-
stant acceleration subcycling algorithm. International
Journal for Numerical Methods in Engineering, 1997,
40(15): 2841~2855

Daniel WJT. The subcycled Newmark algorithm. Compu-
tational Mechanics, 1997, 20(3): 272~281



4 BHMRE - ZRARR GNP E K TR H AP 519

22 Gravouil A, Combescure A. Multi-time-step explicit- Zhao Weijia. Least square algorithms and constraintstabi-
implicit method for non-linear structural dynamics. Int lization for Euler-Lagrange equations of multibody system
J Numer Methods Eng, 2001, 50(1): 199~225 dynamics. Acta Mechanica Sinica, 2002, 34(4): 594~603
23 Haug EJ. Computer-Aided Kinematics and Dynamics of (in Chinese))
Mechanical Systems. Prentice-Hall, Englewood Cliffs, NJ,
1989 25 BithiTr. R EREH %, L WEHE Hk, 1996 (Lu
24 EARSE, AN, £k R4 Euler-Lagrange K B/N_RiLS Youfang. Flexible Multi-body Dynamics. Beijing: Higher
HBABIE. F12%E%M, 2002, 34(4): 594~603 (Pan Zhenkuan, Education Press, 1996 (in Chinese))

STUDY ON SUB-CYCLING ALGORITHM FOR A FLEXIBLE MULTI-BODY
SYSTEM Y

Miao Jiancheng®! Zhu Ping* Chen Guanlong®?) Zhu Dawei*
*(School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)
T(Department of Mechanical Engineering, Shazhou Institute of Technology, Zhangjiagang 215600, China)

Abstract Great developments have been made in the field of flexible multi-body system (FMS) with mod-
eling, computational and experimental studies for nearly 30 years. The subcycling algorithms, which were
firstly presented by Belytschko T. et al. in 1979, have been successfully applied in the structural dynamic
analysis of FMS. However, subcycling algorithms for the FMS are still not presented up to now. This paper
introduces a central difference method based sub-cycling algorithm for the FMS. First, common update for-
mulae and sub-step update formulae for quickly changing variables and slowly changing variables of the FMS
are established. Second, the nonlinear differential-algebraic equations are contracted to the original differential
equations. Third, algorithm stability is validated with an energy balance computation during the integration
procedure. Numerical results indicate that the sub-cycling algorithm is available to enhance the computational
efficiency with appropriate computational accuracy. Furthermore, the algorithm stability can be determined by

means of modifying the integral step sizes with the perturbation method.

Key words flexible multi-body dynamics, defferential-algebraic equations, central difference method, subcy-

cling algorithm, energy balance, stability analysis
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