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Table 1 Results of the multistep block method with different step sizes

constraint function speed-level constraint acceleration-level
step size h /s runtime ¢ /s I HI1 .

D P, constraint @,

0.01 19.265 6 0.319 6 1.570 5E-4 3.000 OE-3 9.636 7TE-13
0.007 5 26.078 1 0.093 9 5.086 6E-5 8.947 1E-4 6.927 8E-13
0.005 40.171 9 0.017 5 9.952 4E-6 1.725 1E-4 3.259 6E-13
0.002 5 75.015 6 9.236 4E-4 1.380 OE-6 1.062 OE-5 8.881 8E-14
0.001 177.578 1 5.099 6E-5 9.117 9E-5 2.771 2E-7 8.526 SE-14
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Table 2 Comparison of the results from the multistep block method with uniform and non-uniform nodes

constraint function

speed-level constraint

acceleration-level

runtime £ /s HH 1) b, constraint @,

uniform nodes 19.265 6 0.319 6 1.570 5SE-4 3.000 0E-3 9.636 7E-13
Chebyshev nodes 22.390 6 0.059 0 5.817 1E-4 7.728 4E-4 1.122 7E-12
Legendre nodes 20.921 9 0.003 5 6.445 2E-5 3.052 0E-4 1.072 9E-12
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Table 3 Comparison between the multistep block method and the Runge-Kutta method with the same step

constraint function

speed-level constraint

acceleration-level

method runtime ¢ /s I HI .
(] D, constraint @,
multistep block 19.265 6 0.319 6 1.570 5E-4 3.000 0E-3 9.636 7E-13
Runge-Kutta 1.734 4 9.87 35 0.031 5 0.008 1 3.98E-13

4) ”r=3, E*Hlﬁjﬁ}ﬁh:t,q.] _ti Hj"ﬁﬁA: ‘eTe -1

KAty 1) R AR 2 AR



Z WA FRGEBN T2 07 1) S R e 2220 BB 7 1 1331

7 #i . Chebyshev Z I % g Fll Legendre 22351 3 % 41 T 15 22 20 ot 2 O 1) < £ 29 12 25 1
K 6~9 N5 Runge-Kutta Ft i s, v DA ,:ﬁl‘%lﬁlwmﬁ Eﬁf%ﬂ%*ﬁtﬁ%%‘
D7 R 1R 22 07 T EAE T Runge-Kutta J5 ik SR B IR Y (7 515 B 2 D Pus =0 B BRES
PRFETT 1) R B 2 R 22 3K B LU B R RS (H 2 R AL 22 , T il Chebyshev éiﬁ_ﬁ?)ﬁ
Legendre 221502 mi 15 2] 1) 22 20 Bk U0 J7 ) Ok dk 240 o158 22 I BE % 38 B AR 4 i) B ROCR
Legendre Z2I0 3BT 15 e Chebyshev 22101 2358 U s ik 21 (RS F 8 /.

4x10° 1107
. 8x10"F
3x10°F
6x10°
< 2x10°} <
4x10"
o 2x10°% e! ez\
0 0 \ - ,r———/'//JLT o &777‘\"\ e
0 2 0 2 4 6 8 10
t/s
6 Ji Il KB 2R (Runge-Kutta J577%) 7 I REARERZE (T R)
Fig. 6 Direction vector constraint errors Fig. 7 Direction vector constraint errors
( Runge-Kutta method ) (uniform nodes)
=8
12x1G°% 1.6x10+
S 1.2x10°
8x10 |
N N 8x107}
4x107 .
4107
Pl : : .
0 2 4 6 8 10
t/s
8 J7 I K IR 2 ( Chebyshev 210 1) 9 K EAFRIREZE (Legendre 23K 1)
Fig. 8 Direction vector constraint errors Fig. 9 Direction vector constraint errors
( Chebyshev polynomial zero) (Legendre polynomial zero)
F 4 ZLYURIEA R GF BN BT RYS5R L
Table 4 Comparison between the multistep block method with different simulation times
simulation time runtime L constraint function speed-level constraint acceleration-level
t, /s t/s " 2 D, constraint @,
10 19.265 6 0.319 6 1.570 5E-4 3.000 0E-3 9.636 7E-13
25 445.765 6 0.850 1 0.002 0 0.003 0 1.112 0E-12
50 989.218 8 3.802 8 0.011 1 0.004 0 1.112 0E-12
75 1.556 8E+3 7.476 2 0.024 3 0.004 4 1.315 4E-12

100 1.921 3E+3 14.075 1 0.043 8 0.004 4 1.319 9E-12
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Table 5 Results of the multistep block method with different step sizes

constraint function speed-level constraint acceleration-level
step sizeh /s runtime ¢ /s FHI o
) D, constraint @,
0.01 1.921 3E+3 14.075 1 0.043 8 0.004 4 1.319 9E-12
0.007 5 2.268 5E+3 1.961 3 0.005 7 0.001 1 7.798 2E-13
0.005 3.544 4E+3 0.158 0 4.552 6E-4 2.100 2E-4 3.694 8E-13
0.002 5 6.568 3E+3 0.001 2 7.962 6E-6 1.188 4E-5 9.947 6E-14
0.001 1.516 8E+4 2.889 4E-4 8.792 3E-7 3.085 1E-7 1.136 9E-13
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Fig. 10 The energy time histories of the system
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Table 6 Comparison between the equation in generalized coordinates with different step sizes

step size h /s ODE runtime ¢ /s FH | L Hy | DAE runtime ¢y, /s
0.01 4.343 8 0.049 9 0.319 6 19.265 6
0.007 5 5.734 4 0.056 1 0.093 9 26.078 1
0.005 7.968 8 0.074 7 0.017 5 40.171 9
0.002 5 14.750 0 0.141 2 9.236 4E-4 75.015 6
0.001 33.078 1 0.350 8 5.099 6E-5 177.578 1
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Z WA FRGEBN T2 07 1) S R e 2220 BB 7 1 1333

AR DRI, 2B R SCAAR IR BB DT R RE R H 1B RIRZE LR AR
111377 [6] 5 B i AR B B - AR R H W B R DR 245 ) B AETH SR T ik

9x107 —
6x10’7z E
S 0 ,
3x10 i A i
0 20 40 60 80 100
t/s
3x10’7:
eiH ‘ \ | wH;( ‘\MM (\\;H‘qhHM.‘“M») I \.H” H“H ”H it
3107 20 40 60 80 100
1x10"
C mm#mm T W&M i
L
- 60 100
B 11 (2T R AR R 2 SR [ g
Fig. 11 Time histories of the displacement constraint, the velocity
constraint and the acceleration constraint
4 4 i

FRE T HAM AR bR AR 75, 7 1) Ok vk BT TR R R0 B U B8 o) B | e Mk 5
T g A S B A O R T BB S I 25 BT A SRR 2 20 e 5k D R AR 4 3 T 12
3N Chebyshev & 55l Legendre 2= i #5E BN 5 17 55 2 20 Mg AR 8] 20K 18T 19
1L 45 R 0T Runge-Kutta J77E R4S, JF H i Chebyshev 21 0% 55l Legendre 2233
BTG 19 2 0 P sACR A A K E RSO0 T, 2220 Bt 28 5E & 1 ik a) 47 L.
1 Runge-Kutta 3K i, BARIZ T 02 TR0 EO7 B 10 2 Lk (R A J B[] £ L
VOB BRI BLT |, 23 20K BE AR, SR8 F BE [R) 5 7 (a7 B, AT LA 2 20
BT HEX 07 ) R AR B o - OB R A T 0 AR

£ % 3 Hk ( References) .

[1] DE JALON J G, BAYO E. Kinematic and Dynamic Simulation of Multibody Systems the Re-
al-Time Challenge[ M]. Berlin; Springer, 1994.

[2] DE JALON J G. Twenty-five years of natural coordinates[J]. Multibody System Dynamics,
2007, 18(1) . 15-33.

[3] VON SCHWERIN R. Multibody System Simulation, Numerical Methods, Algorithms and Soft-



1334

£ M T W E

(4]

(9]

[10]

[11]

[12]

ware[ M]. Berlin: Springer, 1999.

KRAUS C, BOCK H G, MUTSCHLER H. Parameter estimation for biomechanical models based
on a special form of natural coordinates[ J|. Multibody System Dynamics, 2005, 13(1) . 101-
111.

UHLAR S, BETSCH P. Arotationless formulation of multibody dynamics: modeling of screw
joints and incorporation of control constraints[J]. Multibody System Dynamics, 2009, 22
(1): 69-95.

BUTCHER J C. On the convergence of numerical solutions to ordinary differential equations
[J]. Mathematics of Computation, 1966, 20(93) . 1-10.

CHOLLOM J P, NDAM J N, KUMLENG G M. On some properties of the block linear multi-
step methods[ J]. Science World Journal, 2007, 2(3) : 11-17.

OLABODE B T. An accurate scheme by block method for third order ordinary differential e-
quations[ J ]. Pacific Journal of Science and Technology, 2009, 10(1) . 136-142.
MEHRKANOON S, MAJID Z A, SULEIMAN M. A variable step implicit block multistep meth-
od for solving first-orderODEs [ J]. Journal of Computational and Applied Mathematics,
2010, 233(9) . 2387-2394.

MEHRKANOON S. A direct variable step block multistep method for solving general third-or-
der ODEs[ J]. Numerical Algorithms, 2011, 57(1) . 53-66.

AWOYEMI D O, ADEBILE E A, ADESANYA A O, et al. Modified block method for the direct
solution of second order ordinary differential equations[ J]. International Journal of Applied
Mathematics and Computation, 2011, 3(3) . 181-188.

MAJID A Z, MOKHTAR N Z, SULEIMAN M. Direct two-point block one-step method for sol-
ving general second-order ordinary differential equations[ J |. Mathematical Problems in Engi-
neering, 2012, 184253. DOI. 10.1155/2012/184253.

OLABODE B T. Block multistep method for the direct solution of third order of ordinary dif-
ferential equations( J]. FUTA Journal of Research in Sciences, 2013, 9(2) : 194-200.
MOHAMED N A, MAJID Z A. Multistep block method for solvingvolterra integro-differential e-
quations[ J ]. Malaysian Journal of Mathematical Sciences, 2016, 10, 33-48.

B, TIEE, BEH. ZERRGEH I WOor- B LARsE ik (I, BHBCE I,
2019, 40(7) ;. 768-779.(LI Bowen, DING Jieyu, LI Yanan. An L-stable method for differential-
algebraic equations of multibody system dynamics[ J]|. Applied Mathematics and Mechanics
2019, 40(7) ; 768-779.(in Chinese) )



Z WA FRGEBN T2 07 1) S R e 2220 BB 7 1 1335

A Multibody System Dynamics Vector Model
and the Multistep Block Numerical Method
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Abstract: A multi-body system dynamics model was described with the direction vector meth-
od, and the index 3 differential-algebraic equation was reduced to index 1. The multistep block
numerical solution scheme was built for the long-time simulation of multi-body systems. The
simulation results show that, under the same time step, the multistep block method is better
than the classical Runge-Kutta method in terms of the energy error, the position constraint, the
speed constraint, the acceleration constraint and the direction vector constraint. The multistep
block schemes constructed with the Chebyshev nodes and the Legendre nodes are better than
that with the equidistant nodes in terms of the maximum energy error and the direction vector
constraint error. The Runge-Kutta method is not suitable for long-time simulation, but the mul-
tistep block method can maintain good computational accuracy for long-time simulation.

Key words: multibody system dynamics; direction vector method; differential-algebraic equa-
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