Multibody System Dynamics (2005) 14: 317-344 © Springer 2005

Discrete Time Transfer Matrix Method
for Multibody System Dynamics

XTAOTING RUI, BIN HE, YUQI LU, WENGUANG LU and GUOPING WANG
Institute of Power Engineering, Nanjing University of Science and Technology, Nanjing 210094,
PR. China

(Received: 19 April 2004; accepted in revised form: 18 March 2005)

Abstract. A new method for multibody system dynamics is proposed in this paper. This method,
named as discrete time transfer matrix method of multibody system (MS-DT-TMM), combines and
expands the advantages of the transfer matrix method (TMM)), transfer matrix method of vibration of
multibody system (MS-TMM), discrete time transfer matrix method (DT-TMM) and the numerical
integration procedure. It does not need the global dynamics equations for the study of multibody
system dynamics. It has the modeling flexibility and a small size of matrices, and can be applied to a
wide range of problems including multi-rigid-body system dynamics and multi-flexible-body system
dynamics. This method is simple, straightforward, practical, and provides a powerful tool for the study
of multibody system dynamics. Formulations of the method as well as some numerical examples of
multi-rigid-body system dynamics and multi-flexible-body system dynamics to validate the method
are given.

Keywords: multibody system, dynamics, discrete time, transfer matrix method

1. Introduction

Lots of methods for multibody systems dynamics have been studied by many authors
on theory and computational method [1, 2]. In general, almost all methods of
the multibody system dynamics have the same characteristics as follows: (1) It is
necessary to develop global dynamics equations of the system. And if the system
structure is changed, generally, corresponding global dynamics equations must
be deduced again. (2) The orders of involved system matrices increase with the
increase of the number of the degrees of freedom of the system; hence the orders
of matrices involved in global dynamics equations are rather high for complex
multibody system.

The transfer matrix method (TMM) has been developed for a long time and
has been used widely in structure mechanics and rotor dynamics of linear time
invariant system. To linear system, Holzer (1921) initially applied TMM to solve
the problems of torsion vibrations of rods [3], Myklestad (1945) applied TMM to
determine the bending-torsion modes of beams [4], Thomson (1950) applied TMM
to more general vibration problems [5], Pestel (1963) listed transfer matrices for
elasto-mechanical elements up to 12th-order [6], Rubin (1964, 1967) provided a
general treatment for transfer matrices and their relation to other forms of frequency



318 X. RULET AL.

response matrices [7, 8]. Transfer matrices have been applied to a wide variety of
engineering programs by a number of researchers, including Targoff [9], Lin [10],
Mercer[11],Lin[12], Mead [13, 14], Henderson [15], McDanie [ 16, 17] and Murthy
[18-20], dealing with beams, beam-type periodic structures, skin-stringer panels,
rib-skin structures, curved muti-span structures, cylindrical shells, stiffened rings
etc. Dokanish (1972) developed finite element-transfer matrix method to solve the
problems of plate structure vibration analysis, by combining finite element method
and transfer matrix method [21]. Many researchers, such as, Ohga (1987), Xue
(1994) and Loewy (1985, 1999), studied and improved the finite element transfer
matrix for structure dynamics [22-25]. Horner (1978) proposed Riccati transfer
matrix method in order to circumvent the numerical stability of the boundary value
problem [26]. Up to the present, Riccati transform also is an important tool to
overcome the ill condition of the transfer matrix method.

Rui and Lu (1989, 2000) developed transfer matrix method of multibody system
(MS-TMM) for vibrations analysis of linear multibody system by developing new
transfer matrices and orthogonal property of multibody system [27-29]. Kumar
and Sankar (1986) developed discrete time transfer matrix method (DT-TMM) for
structure dynamics of time variant system by combining the transfer matrix method
with the numerical integration procedure [30]. DT-TMM gives an important clue
for dynamics of time variant system. MS-TMM provides an important thought that
multibody system dynamics may be solved using transfer matrix method.

In this paper, a new analytical method of multibody system dynamics, namely
discrete time transfer matrix method of multibody system (MS-DT-TMM) is de-
veloped. This method combines and expands the TMM, DT-TMM, MS-TMM and
the numerical integration procedure. When using this method, the global dynamics
equations of the system are not needed and the orders of involved system matrices
are decreased greatly. It can be applied to a wide range of problems of general
multibody system dynamics. This method is simple, straightforward, practical, and
provides a powerful tool for the multibody system dynamics. Using the new method,
dynamics of multi-rigid-body system and dynamics of multi-flexible-body systems,
including chain multibody system, branched multibody system, close-looped multi-
body system, network multibody system, have been discussed in detail. And cor-
responding numerical examples have been given. The simulating results obtained
by MS-DT-TMM and by ordinary dynamic method have a good agreement.

This paper is organized as follows. In Section 2, the sign convention and the steps
of the method are shown. In Section 3, the transfer matrices of typical elements
are developed, including rigid body moving in space, rigid body moving in plane,
elastic hinge, damper hinges, smooth ball-and-socket hinge, and smooth pin hinge.
In Section 4, the algorithm for dynamical analysis of multibody system is presented.
In Section 5, the numerical results of multibody dynamics got by MS-DT-TMM
and by ordinary methods are given, to validate the method. In Section 6, some
advantages of the method are shown. The conclusion and future works are presented
in Section 7.
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2. General Theorems and Steps of the Method
2.1. COORDINATE SYSTEM AND SIGN CONVENTION

We shall use the right-handed inertial Cartesian coordinate system oxyz as the
reference system, use x, y and z as the position coordinates of involved points,
use space-three-angles 1-2-3, which was defined in the reference [31], as the
orientation angles of involved bodies, that is, by rotating about x, y and z axis
directions successively in the same coordinate system, then we get 0, 6, and 65
[31].

Use the following sign convention: Positive position coordinates and orientation
angles coincide with positive directions of the coordinate system. Inboard forces
and outboard torques acting on the elements are positive (negative) if their vectors
are in the positive (negative) directions, outboard forces and inboard torques acting
on the elements are positive (negative) if their vectors are in the negative (positive)
directions. The first subscripts and the second subscripts denote the body indices
and the hinge indices of state vectors respectively.

2.2. DISCRETIZATION OF MULTIBODY SYSTEMS

According to the natural attribute of bodies, a complex multibody system may be
divided into a certain number of subsystems, which can be represented by various
elements including bodies (rigid bodies, elastic bodies, lumped masses etc.) and
hinges (joints, ball-and-socket, pins, linear springs, rotary springs, linear dampers
and rotary dampers, etc.).

2.3. DYNAMICS EQUATIONS OF ELEMENTS

It should be pointed out that the positions of the bodies and hinges are considered
equivalent in transfer equations and transfer matrices in this method. So, the dy-
namics equations of every body and hinge should be developed relatively to the
inertial reference system defined in Section 2.1 respectively.

2.4. LINEARIZATION OF DYNAMICS EQUATIONS OF ELEMENTS

According to numerical integration procedures, the motion parameters of multibody
system £ and £ at the time instant #; are expressed as the linear function of £ in
form

Et) = x1€) + Xa.e ()
£(t) = x3€(t) + Xag 2)

where, the variable £ may represent column matrix of the positions coordinates
X, Yy, z or the orientation angles 6y, 65, 05 respectively; & and & represent one order
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and two order derivative of £ with respect to time, that is, corresponding column
matrices of acceleration and velocity, or corresponding column matrices of angular
acceleration and angular velocity for planar motion, at the same time instant ¢;.
The quantities X, X2,¢, X3 and X4 ¢, Will have different expressions for different
numerical integration procedures. There are many accurate and commonly avail-
able numerical integration procedures can be chosen, for example, if Newmark-
method [32, 33] is used, then we obtained

1
Xt = gare
1 - 1 )
X2, = —W[g(til) + &t )AT + (5 — ﬂ)&(til)AT2i| 3)

X3 = YXiAT,  Xae = ¥X2 AT + &G + (1= EGDAT - (D)

Where, time step AT = t; — t;_, B and y are the coefficients of Newmark-f
method. Bold capital symbol I is the unit matrix, its subscripts k£ denotes the order
of the unit matrix and equals to three for a system moving in space or equals to two
for a system moving in plane.

Using the orientation angles 6, 6, and 63 got by rotating about x, y and z
successively defined in Section 2.1, the direction cosine matrix can be expressed
as follows

cy3 —3S83 0 C 0 A\ 1 0 0

A= S3 C3 0 0 1 0 0 C1 —S1
0 0 1 —35? 0 C 0 S1 C1
C2C3  §152C3 — €183 C152€3 + 5153

= | 2853 815283 +C1C3  C15283 — S1C3 (5)
—5 S1C2 12
where
¢ =cos0;, s =sinf;,, i=1,2,3, (6)

Using Taylor expansion theorem, at time instant #; direction cosine matrix A(;) can
be approximately expressed with respect to #;_; by the truncated Taylor series of
order 3, that is

A(t) = Al )T (4101 (t) + At DT 2 ()0 (t:) + At )T 3(t;-1)63(1;)
+®(t;_1) + Bo(AT?) ©)
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where, T is the cross product matrix of T';

D(1;_1) = A(t;_1) + A(ti—l){_Tl(ti—l)‘gl(ti—l) — Ta(ti—1)02(ti-1)

AT? .o -y AT?
T (507 (ti-1) +

— T3(ti_1)05(ti_1) + Tt )02(ty)

2

A ) . - _ . .
T3t )03(ti1) + Talti )T 1 (ti-1)0a(ti_ 1)1 (1)) AT?
+ T3t ) T2t 1)03(ti_ 1)t 1) AT?

+T3(ti—l)fl(ti—l)QS(ti—l)él(ti—l)ATz}

1 1 1
B=|1 1 1|, T;=[1,0,0", T,=I0,c¢,—s1",
1 1

T3 = [—s2, 5102, c162]" (8)

Equation (7) will be used in the expressions of position coordinates of corre-
sponding points Equations (21) and (25). In the items of product of the trigonometric
functions and the elements of state vectors, the trigonometric functions at time #;
are expanded with respect to #;_; using the truncated Taylor series of order 3, that is

sin0(;) = sin[0(t;_1) + AO] = 5 + o(AT?)
cos 0(1;) = cos[0(t;_1) + AO] = ¢ + o(AT?)

where
52 sin@(ti_l){l - %[é(zi_l)AT]z}
+ cos 9(tl-_1)[9(t,-_1)AT + %é(t,-_l)ATz] )
c2 cos@(ti_l){l - %[é(tl-_l)AT]z}

— sin 0(ti_1)[9(t,~_1)AT + %9(ti_1)AT2i| (10)

Itcan be proved that the multinomial in the dynamics equations can be approximated
by

[a(t;) — a(t;i_ D) — b(t;—1)] = a(t;i_)b(t;_ ) AT* + o(AT?) (11)
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The following equations can be obtained by Equations (2) and (11),

07 ] 76,7 \ @ o(AT?)
02| =ki|xs| 0| +r3|+ in AT? + o(ATi)
02 65 ], | 63 ], o(AT?) "
010, | [ [on] [ 6,6, o(AT?)
9293 =K2 | X3 6, + K3 | + ézég AT2 + | o(A TZ)
6165 | 165 ], | 6165 |, o(AT?)
where
6, 0 0 6, 6, 0 1
kKi=2|0 6 0|, ko=|0 6 6|, Ki=Xx49— 5@)(@-,1)
0 0 6 b5 0 6

ti—1

The truncation errors caused in Equations (7) and (9)—(11) are all o(AT?). If
necessary, it is not difficult at all to get higher computational accuracy by multi-
steps numerical methods, such as, Houbolt method, predictor-corrector methods
[32, 33] etc.

The motion quantities z(#;—1), z(¢t;—1), Z(¢;—1) at the previous time instant are all
known at time instant #;. Thus, these quantities Xy, X». £ X3> Xa,e5 C and 5 etc. are
all definable for any subsystem for the time interval (#; — #,_1), and hence above
formulations are valid.

2.5. STATE VECTORS, TRANSFER EQUATIONS AND TRANSFER MATRICES
OF ELEMENTS

In order to describe conveniently, the chain multibody system is taken as an example
in the following. According to the dynamics equations of elements and structure of
multibody systems (such as closed-loop system, branched system, chain system,
network system, etc.), corresponding state vectors, transfer equations and trans-
fer matrices of the bodies and hinges can be developed. The state vectors of the
connection point among any rigid bodies and hinges moving in space are defined
as

z == [xv yv Z’ 017925 037 mx’myv m27 %m qu q17 1]T (13)

where x, y, z, 61, 6, and 05 are the position coordinates of the connection point
with respect to the inertial reference system and the corresponding orientation
angles rotating in the directions of x, y, z, successively defined in Section 2.1;
My, My, Mz, 4y, qy, g, are the corresponding internal torques and internal forces in
the same reference system respectively.
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For a chain system moving in plane, the state vectors of the connection point
among any rigid bodies and hinges are defined as

z=1[x,y,63m, q, qy, 117 (14)

where, the meaning of the elements in the state vectors are similar to the meaning
described above.

Then the dynamics equations of the jth element that have been linearized using
numerical integration procedure can be assembled into a single transfer equation

zjj+1t) = U (t)z) j-1(8) (15)

The meaning of the subscripts of the state vectors z follows the convention in
Section 2.1. The transfer equation describes the mutual relationship between the
state vectors at two ends of the jth element and has the similar form in contrast with
a general transfer equation used in MS-TMM, DT-TMM or TMM. Here; the matrix
U () is the transfer matrix of the jth element. It is the functions of the motion
quantities (z(#;), 2(t;) and Z(#), k =i — 1,i — 2,...) which are all known at
time instant #;. Its order always is (13 x 13) for dynamics of chain multi-rigid-body
system moving in space, or (7 x 7) for dynamics of chain multi-rigid-body system
moving in plane.

2.6. TRANSFER EQUATION AND TRANSFER MATRIX OF OVERALL SYSTEM

By using the same method used in MS-TMM, DT-TMM or TMM, the overall
system transfer equation and transfer matrix U, which relates the state vectors at
ends of the system, can be assembled and calculated. That is,

Znn+l = Uzl,O (16)
v=U,U,_,...UyU, (17

For a chain system, the order of the overall transfer matrix of the system is equal
to the order of the transfer matrix of the element, and it does not increase when
the degrees of freedom of system increase. Irrespective of the size of a multibody
system, the highest order of the overall transfer matrix U is the same with the
order of transfer matrix of single body, that is (13 x 13) for dynamics of chain
multi-rigid-body system moving in space, or (7 x 7) for dynamics of chain multi-
rigid-body system moving in plane. So, the matrices involved in the MS-DT-TMM
are always small, which greatly reduces the computational time and the memory
storage requirement.
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2.7. SOLUTIONS OF SYSTEM MOTION

Once the overall transfer matrix of the multibody system is known, the bound-
ary conditions of the system can then be applied and the unknown quantities in
the boundary state vectors can be computed. Now, knowing the boundary state
vectors completely, the state vectors and hence the motion quantities at each el-
ement at time #; can be computed by the repeated use of corresponding transfer
equations of element similar to Equation (15). The velocity, angular velocity, ac-
celeration and angular acceleration quantities at time #; are then obtained using
Equations (1) and (2) respectively. Then entire procedure can be repeated for time
t;+1 and so on. It can be seen clearly from Equations (16) and (17) that the global
dynamics equations of multibody system are not needed if using MS-DT-TMM
to solve the problems of multibody system dynamics. The overall transfer ma-
trix of multibody systems can be assembled easily just using the transfer matrices
of elements. So this method simplifies solving procedure of multibody system
dynamics.

3. Transfer Matrices of Typical Elements
3.1. RIGID BODY MOVING IN SPACE

As shown in Figure 1, points I/, O and C denote the inboard end, outboard end
and mass center of the rigid body respectively; the subscript 2 denotes the body-
fixed coordinate system whose initial point O, is on the inboard end / of the rigid
body, oxyz is the inertial coordinate system. So geometrical equations can been
obtained

ro =r1+Ar2,0 (18)

¥,

Al |

= |

0 \

Figure 1. Rigid body moving in space.
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where, r¢ and r; g are the column matrices of the position coordinate of point K
with respect to the inertial coordinate system and the body-fixed coordinate system
respectively, K can be used to represent /, O and C; A is direction cosine matrix
that has been given in Equation (5).

Using Newton—Euler method and considering the symbol convention in
Section 2.1, the dynamics equations of the rigid body can be gained

mic=q;—qo+ fc (19)

where, m and 7 are the mass and the column matrix of mass center acceleration
of the rigid body, ¢, and q, are the column matrices of internal forces acted on
the point / and O respectively, f. and m¢ are the column matrices of external
force and the external torque acted on the mass center of the rigid body; G is the
column matrix of moment of momentum with respect to point /, m; and m are
the column matrices of internal torques acted on the points / and O, 10 and IC
are the column matrices of position vectors from I to O and to C respectively, a;
is the column matrix of acceleration of point /.
To substitute Equation (7) into (18), we can obtain

ro=1[13 %Yo, 0343, 03,3, ®ti_1)r20lz; 2n
where
W =AW _DIT (-0, T2t )ra.0, T3(ti_1)ra.0] (22)

03,3 is zero square matrix whose order equal to three; ®(#;,_;) is defined in
Equation (8).

Because the orientation angle of any point of the same rigid body is uniform
and can be expressed as

00 =[03x3, I3, 033, 033, O3x112; (23)
where, 0 is defined as

0 =101, 062,651
To substitute Equation (1) into (19), we can obtain

mx rc(ti) +mXo,r. =41 — 90+ fc 24)
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To replace subscript O with C, Equation (21) becomes
rc=r;+%¥cl; + @t -1)rac (25)

To substitute Equation (25) into (24), we can obtain

qo = [—mx, —mx1¥c, 0343, I3, Uy 5]z; (26)
where
Uss = fc—mx;®E_1r2c —mxa,. 27)

The bold capital letters U; ; denote submatrix of the transfer matrix U, the first
subscript and the second subscript of U; ; denote the sequence numbers of row and
column of U; ; in the block matrix of the transfer matrix respectively.

Similar to the process from Equations (19) to (26), substituting Equations (1),
(2), (9), (10), (13) and (26) into Equation (20), we can obtain a matrix equation

mo = [(Fic —Fro)mx,, ks —mfox,¥c, I3, Fr0,Uss| 2z (28)

where

rijo= A"z,o, ric = A"z,c,
Uss = ks —mc +Fic (mxa,, — fc) +FroUss
ks = AJHx, + (H k) + Hyko)x3, H=[T,,T>, T3],
H, = A[T\JT,,T,JT,,T3JTs],
Ks = AJHXZO + (Hl’il + H2[<.32)I{3 —+ H][élz, 922, ég]z_lATz
+ H,[0,0,, 6,0, 9391]Z_IAT2
H, = A[JT12+f1]T2+inT1,JT23 + T, T;
+T3JT2, JT3 + T5J T, + flJT3],
T2 =1[0,—s1,—c1]", T =[—c2 —s152, —c12]", (29)
T3 = [0, cicz, —s1c2]"
J is the inertia matrix, the symbol T is the matrix got from matrix T by replaced

trigonometric functions s and ¢ using § and ¢ which defined in Equation (9) and
(10) respectively. For example, from A expressed in Equation (7), we can obtain

A, that is,
C2C3
A=| &5
—5 S1C2 C1C2
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Equations (21), (23), (26) and (28) can be rewritten as the transfer equation
zo =Uz; (30)

and the transfer matrix of the rigid body moving in space

I Yo 03,3 03,3 P(t;i_1)r20
03,3 I3 03.3 033 O3y
U= | Fic —Fromxy ks —miiox;¥®c Iz Fpo Uss €1
—mx; -mx;¥ec O3 I3 Uss
013 013 013 013 1

where, 7 and z; are the state vector of the inboard end / and outboard end O on
the rigid body, the order of the transfer matrix of the rigid body moving in space is
(13 x 13).

3.2. RIGID BODY MOVING IN PLANE

With similar method used in Section 3.1, we can obtain the transfer matrix of a
rigid body moving in plane. And the order of the transfer matrix of a rigid body
moving in plane is (7 x 7). There are the elements of the transfer matrix

upp=1 ((h=12,...,7), uiz=—x208—¥2,0C,
ui, 7 =x20G1 —y2,0G2, U23=Xx20C— Y208,
uy7 =x20G2+ y2,0G1, us1 =mxi(yro — yic)s

usr =mx1(xjc —Xj0), U433 = Ue3X10 — Us3yro + Jixi,

Uss = —yro, Use=Xjo0,

ug7 = —mc +ugrxro — us7yro + Jrxz.e + mxay, — fyelxic (32)
+ [fae —mx2x1yic,

usy = —myy, Uusz=mxyi(x2cs+ y2.cc),

usg = fro —mx1(x2,cG1 — y2,cG2) — mx2x¢»

Ugp = —mx1, Ue3z = —mxi(x2,cc— y2.cs),

us7 = fye —mx1(x2,cGa+ y2,cG2) —mya y.,
Gi=c+0s—cOAT) /2, G,=5—0c—sOAT)/2,

Other elements are all zero.
where

Xjc = X2,cC — Y2,cS, Yic = X2,c§ + Y2.cC,

X710 = X2,0C — ¥2,05, Yio = X2,05 + ¥2,0C
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the minuscule symbol u; ; denotes the element of the transfer matrix, the first
subscript and the second subscript of u; ; denote the sequence numbers of row and
column of u; ; in the transfer matrix respectively; angles and angular velocities
and trigonometric functions in Equation (32) all have the values of these parameter
at time ;_;.

3.3. ELASTIC HINGE AND DAMPER HINGE

Here, the elastic hinge and damper hinge including linear spring hinge, rotary spring
hinge, linear damper hinge and rotary damper hinge that are parallel connected each
other with elastic hinge. And the mass of the spring and dampers are zero.

According to the equilibrium of forces and torques at point O or [, the following
equations can be obtained,

qo +k(ro—rp)+cto—71)=0 (33)
—mo + k(0o —6;)+c'(Apwo — Ajw;) =0 (34)
where
[k, 0 0] K. 0 0
k=0 k, 0|, K=|0 k; 01,
| 0 0 k| 0 0 Kk
¢, 0 0] ¢ 0 0
c=|0 ¢ 0], =[0 ¢ 0
| 0 0 ¢ 0 0 ¢

ky, ky, k, and k|, k;,, k. are the stiffness coefficients of linear springs and rotary

springs, cy, ¢y, c; and ¢, c;,, c, are damper coefficients of linear dampers and
rotary dampers, wo and w; are angular velocity matrices of points O and [
expressed in the body fixed coordinate system, Ap and A; are direction cosine
matrix of the body fixed coordinate system of points O and I with respect to the
inertia reference system.

Considering that the mass of the hinge is zero, and the forces (torques) acted on
the two ends of the hinge are the same. Substituting Equations (2), (5), (9) and (10)
into Equation (33), then the transfer matrix of the hinge moving in space can be

obtained, that is, there are the submatrices and the elements of this transfer matrix

Upn=1I5(h=1,2,3,4), Uis=—(k+ecxs) ",

Us= —U1,4C(X4,r, - X4,ro)’

Usys =K +c’AoHoxs) ', Uso=Uys(kK +AjH xs),
Uss=Ussc'(AH X409, — AoHoX40,). 11313 =1,

(35)

Other elements are all zero.
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3.4. SMOOTH BALL-AND-SOCKET HINGE

For a smooth ball-and-socket hinge, its mass and size have been neglected, the
position coordinates and internal forces are equal and internal torques equal to zero
in its two ends.

3.4.1. Smooth Ball-and-Socket Hinge Whose Outboard Hinge Is Also a Smooth
Ball-and-Socket Hinge

For a smooth ball-and-socket hinge j whose outboard hinge is also a smooth ball-
and-socket hinge, according to the internal torques are all zero in two ends of its
outboard body, using the transfer equation of the outboard body j + 1

Zjt1j+2 = Ujr1zj41,5, (36)

the relationship between the orientation angles in two ends of the hinge can be
developed

0o =[Us1,0343,03,3,Uz4, Uz 512, 37
where
_ 1 .- g = —1 =
U2,1 = _U3,2U3,17 U2,4 = _U3,2U3,47 U2,5 = _U3,2U3,5 (38)

U\ ; is the submatrix of the transfer matrix U of its outboard body j + 1.
So the transfer equation and transfer matrix of the smooth ball-and-socket hinge
can be obtained as follows

zo=Uz; (39)
I; 033 033 033 0351
_U;;U&l 03,3 0343 —0;203,4 _U;;U&S
U= 033 03 I3 033 03,1 (40)
(LEDE O3x3 Osx3 I 031
013 013 0143 013 1

3.4.2. Smooth Ball-and-Socket Hinge Whose Outboard Hinge Is a Fictitious Hinge

For a smooth ball-and-socket hinge whose outboard hinge is a fictitious hinge (that
is, this end is free), the internal torques all equal to zero in two ends of its outboard
body too. So the transfer equation and transfer matrix of this kind of smooth ball-
and-socket hinge are the same as Equations (39) and (40).
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3.4.3. Smooth Ball-and-Socket Hinge Whose Outboard Hinge Is Neither a Smooth
Ball-and-Socket Hinge Nor a Fictitious Hinge

For a smooth ball-and-socket hinge j whose outboard hinges j + 1, +
2,...,j + r — 1 are neither smooth ball-and-socket hinge nor fictitious hinge
until smooth ball-and-socket hinge or fictitious hinge j + r, the transfer matrix
can be obtained from Equation (40) by replacing Uiy — U, jir, where
U, j+r denote the submatrices of the transfer matrix of the subsystem described
the transfer relationship between the state vectors z;; and zjj4,—1 4, that is

Ujjtr =UjrrUjpr—- - Uj2Ujr.

3.5. SMOOTH PIN HINGE

For a multibody system moving in plane, the transfer matrix of the smooth pin hinge
can be obtained using similar method to Section 3.4. In fact, the transfer matrix of
the smooth pin hinge can be obtained directly from the transfer matrix of smooth
ball-and-socket hinge as the special case of space motion.

4. Algorithm for Dynamics Analysis

Following the formulations given above, the motion quantities of a multibody sys-
tem at different time instants for different subsystems can now be obtained as
follows:

—_—

. Decide the initial conditions and system properties of the multibody system.

2. Seti =1.

3. Knowing the initial conditions r(#;_y), #(ti—y), F(t;—1), O(t;_1), 0(t;_)), é(tl-_l)
etc. and the system properties at time #;, calculate the quantities X, X2, X3> X4-
¢ and 5 etc. for each subsystem.

4. Formulate the transfer matrix for each subsystem and the overall transfer matrix
respectively.

5. Apply boundary conditions to the end state vectors of the system and calculate
the unknown quantities in the boundary state vectors as a function of the elements
of the overall transfer matrix.

6. Now, knowing all the elements in the boundary state vector, the motion quantities
ateach subsystem at time instant #; can be computed by successive multiplication
of the transfer matrices, using Equation (15).

7. By using the computed values of the position coordinates r(#;) and orienta-
tion angles 6(¢;) at t;, compute the values of 7(t;), #(t;), 0(1;), 0(1,) etc. using
Equations (1) and (2).

8. Leti =i + 1, use the computed values of the last step as the initial conditions,

and return to step 3, until the time required for complete analysis.
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Figure 2. Motion of rigid double pendulum.

5. Applications and Numerical Examples
5.1. DYNAMICS OF MULTI-RIGID-BODY SYSTEM MOVING IN PLANE

Numerical example 1: Consider a rigid double pendulum moving in plane under
the effect of gravity. The initial conditions and salient parameters of the system are
listed in Figure 2(a).

The motion of the system is first computed by developing the global dynamics
equations of the system using Newton—Euler method and integrating the equations
using Runge—Kutta (R-K) method and Schiehlen method [34] respectively. Then
the same system is simulated by the proposed MS-DT-TMM procedure. The sim-
ulation results are shown in Figure 2(b). For these cases, the same integration time
step is taken. As can be seen from Figure 2(b), the motion of the system obtained by
MS-DT-TMM is almost identical to the motion got by other methods of multibody
dynamics.

5.2. DYNAMICS OF MULTI-FLEXIBLE-BODY SYSTEM MOVING IN PLANE

Numerical example 2: Compute the large planar motion of a flexible pendulum
under the effect of the gravity. The initial parameters of the system are listed in
Figure 3(a).

The dynamical equations of the beam system can be developed with an ordinary
method multi-flexible-body system. However, for making comparison between the
ordinary dynamics method and MS-DT-TMM, the flexible beam is divided into
twenty same parts represented by rigid bodies connected with rotary spring hinges
successively. The stiffness of the rotary spring hinges and the mass of the rigid
bodies can be decided by the method described in reference [35, 36]. The large
motion of the beam system is first computed by developing the global dynamics
equations of the system with Newton-Euler method and solved with R—K method.
Then the large motion is computed with MS-DT-TMM. The large angle motion
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(a) Model of a flexible pendulum (b} Time history of the angle at pendulum end

Figure 3. Motion of the flexible pendulum.

of the beam end got by the two methods, as shown in Figure 2(b), have a good
agreement. These confirm the suitability of MS-DT-TMM for the dynamics of
multi-flexible-body system.

It can be seen from this example and Figure 3(b) that:

1. The order of the system matrix of corresponding global dynamics equations
is forty. But the order of corresponding overall transfer matrix of the system
is only seven. And the computational time required decreases greatly if using
MS-DT-TMM, see Figure 10.

2. With time step properly chosen, we have not found problems in the computa-
tional stability using MS-DT-TMM for the large system in the long time history.

3. The MS-DT-TMM is valid for the large system including twenty bodies.

Numerical example 3: Compute the response of the cantilever beam moving in
plane under the effect of external force A sin ¢ in the free end. The initial conditions
and salient parameters of the system are listed in Figure 4(a).

The motion of the beam is studied using the similar model to that used in
Numerical example 2. Then the motion of the beam system is computed with MS-
DT-TMM and with analytical method respectively. The time history of the deflection
response of the cantilever beam end got by MS-DT-TMM is almost identical to that
got by analytical method, as shown in Figure 4(b).

5.3. DYNAMICS OF MULTI-RIGID-BODY SYSTEM MOVING IN SPACE

Numerical example 4: Compute the motion of a space pendulum moving in space
under the effect of the gravity. The initial parameters of the system are listed in
Figure 5(a).
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Figure 4. Response of the cantilever beam.
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Figure 5. Motion of the space pendulum.

Time history of the orientation angles of the space pendulum is computed by
MS-DT-TMM procedure and by using R—K method and integrating the dynamics
equations of the system respectively. The results of the system motion got by MS-
DT-TMM are almost identical to that got by Newton-Euler method, as shown in
Figure 5(b).

Numerical example 5: Compute the system motion of rigid three pendulums
moving in space under the effect of the gravity, as shown in Figure 6(a). In which,
three same rigid bodies connected by three smooth ball-and-socket hinges succes-
sively, and the parameters of every rigid body is the same with the parameters of
the rigid body of the example 5, the initial orientated angles of the three bodies and
the initial angular velocities of body 2 and body 4 are all zero, the initial angular
velocities of body 6 is [0, 0.1, 0] rad/s.
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Figure 6. Motion of the space three pendulum.

For making comparison between the ordinary dynamics method and MS-DT-
TMM, the procedure to study the multibody system dynamics using two methods
is given in detail as follows.

If using ordinary methods of multibody dynamics, for example, Newton-Euler
method, the global dynamics equations of the system can be obtained as follows

Ey Ey Ex Wy F,
Eyn Eu Eu wy | =| Fy (41)
Es; Eg Ege we Fq
where

Eow=J, Eu=J—-mry0f20, Exn=J-2mFf;oF0,

Eyy = —F2.0AY Am(Foc +Fr0), Ex = —miy oAl AgFa.c,

Eyp = _m(fZ,O + fz,c)A4Agf2’0, E, = _mf2,OAZA6f2,Cv

Eey = —mFycAL Aofr.0, Ees = —mFac Al Asfa 0,

Fy = —&yJwy — mglfac + 2720143 [010]1" — 720 AT [2m Agr@or 0

+A4w4wam(ry 0 +roc) + Aswewsmrs cl,
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Fy=—w,Jiy —mglfac +720lAL 01017 — Fa 0 AL m[Axw,wors. 0
+A4D4D412, 0 + AeWeWera.c] — Mia,.c Al Axr@ors, 0,
F6 = _‘-‘36-]‘*-’6 — mgfz,CAéT[O 1 O]T

—mFay,c AL [A2@rara 0 + Asdaars o] (42)

g is the gravity acceleration. Because the structure parameters of three bodies are
the same, here we do not select the different denoted symbol. The order of the
system matrix of the system is eighteen in ordinary method.

Using MS-DT-TMM and considering the symbol convention in Section 2.1, we
can obtain the overall transfer equation of the system

Zo7=UZy, (43)
transfer matrix of the system

U=UUsU4UsU, (44)
transfer equations of the elements

Zr3=UxZy1, Zsz=U3zZr3 Zi5=Us4Zs3 Zes5s=UsZys
Ze7=U¢cZss 45)

and boundary conditions of the system

12,1 == [07 O’ Oa ela 927 937 07 07 07 qxa qu qZ7 1]T
(46)
267 =[x, y,2,61,6,,65,0,0,0,0,0,0,1]"

where, U,, Uy, Ug and U 3, U 5 are the transfer matrices of corresponding rigid bod-
ies 2,4, 6 and smooth ball-and-socket hinges 3, 5 described in Section 3 respectively.
The order of the transfer matrix of the system is thirteen in the MS-DT-TMM.

The system motion (orientated angles of three space pendulums) can be got by
direct integrating the dynamics equations of the system using R—K method and
by solving the transfer equations of the system using MS-DT-TMM procedure
respectively. The results obtained by two methods are almost identical, as shown
in Figure 6(b—d).

5.4. BRANCHED SYSTEMS, NETWORK SYSTEMS, CLOSED-LOOP SYSTEMS

TMM and MS-TMM are applicable not only for chain systems, but also for branched
systems, network systems, closed-loop systems etc. [6, 29]. In the MS-DT-TMM,
various complex multibody systems can be modeled in the same way as in the
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5]

[-1

n+

n+3

Figure 7. Closed-loop system.

TMM and MS-TMM. Showing the applicability of the proposed method for general
multibody systems, some explanatory examples about branched system, network
system, closed-loop system, have been discussed in this section. A detailed study
of these is yet to be undertaken.

5.4.1. Dynamics of Closed-Loop System

For a closed-loop system moving in space or in plane, as shown in Figure 7, the
boundary conditions are not so obvious. In the same way as in the TMM, we
“cut” and start at any arbitrary point of the closed system, where the state vector is
z;.1- Then the closed-loop system can be considered as a chain system, proceeding
around the system until we return to the original point from which we started. Then
the overall transfer equations

Z,,=UZ,
or

UunZ;, =0 (47
and the transfer matrix of the system

Ua=U-1 (48)
are obtained, where

v=v,U,,...U,1U,—,...UU,4 (49)

The motion of the closed-loop system can be simulated by solving the transfer
equations of the system as same as chain system.
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Figure 8. Branched system.

5.4.2. Dynamics of Branched System

A branched system moving in space or in plane, can be divided into three branches
I, IT and III respectively, each branch can be considered as a chain subsystem and
is connected at branched point j by hinge, as shown in Figure 8.

There are transfer equations for these branches

zj—1,; =Uz21,  Zony1 =Unzjy1j, 241, = UmZas3znt2 (50)

where Uy, Uy and Uy are the transfer matrix of the chain subsystem I, II and III.

If the system moves in a plane and the hinge on the branched point j is
smooth pin hinges, because the displacement is continuing and the forces are
equilibrium as well as the torques are zero in the branched point j, we can
obtain

Zj-1,;(1) = zj41,;(1) = zp41,4(1),

2j-1,j(2) = zj11,;(2) = z2141.(2),

2j-1,;(5) — zj41,;5) + 21411(5) = 0, (51)
2j-1,j(6) — z11,;(6) + 2141,1(6) = 0,

Zj-1,j® =zj41,;4) =2/41,4) =0

where, symbol z(i) means the element of corresponding state vector, the num-
ber i in brackets is the sequence number of the element in corresponding state
vector.
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Substitute Equation (50) into (51), we can obtain

-1
UnUiz2i =UnUy Zuns1t — UniUzngs neos

—1
UpUizo1 = UpU z2n st = UnUnzns3 n2, UpsUrzo1 =0,

UpUy'znne1 =0, UpsUpzassnsz =0 (52)
Upi =[02x4, 15,0511, Upr=[12,0245],
Up=1[0143,1,0143] (53)

So the overall transfer equation can be obtained

T T T r __
Ua“ [ZZJ zn.,nJrl Zn+3,n+2] =0 (54)
where

U,1Uy —UblUﬁ] UpnUy
UpUp —UpUy' (N
UnUs 0.7 U Uy
U,3Uy 017 0.7
0.7 UpUy' (o

| 017 017 UpsUyy |

Ua = (55)

The motion of the branched system can be simulated by using boundary condi-
tions and solving the transfer equations of the system as same as chain system.

5.4.3. Dynamics of the Network System

A network system as shown in Figure 9, can be divided into two subsystems I, and I
respectively, each subsystem can be considered as a chain system and is connected
at network point j by hinge.

There are transfer equations for these subsystem I and 11

zj—1,j =Uzo1, znj=Unzjs1,j (56)
where, U and Uy are the transfer matrix of the chain subsystem I and II.
U=U;\Uj,...UU;, Uu=U,U,_...Ujy (57

If the system moves in a plane and the hinge on the network point j is smooth pin
hinges, because the displacement is continuing and the forces are equilibrium as
well as the torques are zero in the network point j, we can obtain

UnUizon =Upnzjt1,; —UpUyzjyr,j, UpUiza) =0,
(58)
UnUizog =Upzjt1,; =UnUyzjt1,, UpUyzj,; =0
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Figure 9. Network system.

where, Uj;, Upp, and Uz are defined by Equation (53).
So the overall transfer equation can be obtained

T

Ualzy.20,,,;] =0 (59)

where
UnU; Up(I7;—-Up)
UpUy Uy
Uan=| Ox7 Up;—Uy) (60)
UyUy 017
01><7 Ub3U11

The motion of network system can be simulated by using boundary conditions
of the system and solving the transfer equations of the system as same as chain
system.

5.5. COMPUTATIONAL TIME, MEMORY STORAGE AND ACCURACY

Consider the motion of a chain multibody system including rigid bodies connected
with rotary spring hinges, the initial parameters of the system are as follows: the
number of the rigid bodies is n, the length and mass of each rigid body are (1/n) m
and (1/n) kg respectively, the stiffness of each rotary spring hinge is 20N - m/rad,
the initial angles and initial angular velocities of the bodies are all (—m/3) and zero.

The computational time required of the system dynamics using MS-DT-TMM
and ordinary method is shown in Figure 10. And the CPU of the used microcomputer
is an AMD-1.2 GHz. It can be seen clearly from Figure 10 that the computational
time increase very slowly when the number of the degrees of freedom increases
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Figure 10. Computational time vary with number of the degrees of freedom.

if using MS-DT-TMM, and the computational time increases very quickly when
the number of the degrees of freedom increases if using ordinary methods, the
MS-DT-TMM has a higher computational speed.

Of course, now, the building of the global dynamics equations of multibody
systems can also be relatively simple by using some effective methods; and by
using the sparse matrix techniques, the computer time is direct proportion to the
number of the bodies for chain system so that computational speed can also be
increased greatly [37].

There is no general method of exactly estimating the accumulated errors involved
in the computed solution, so far in the authors’ experience with MS-DT-TMM in
solving problems of varied multibody system sizes, with time step properly chosen,
the truncation error accumulation was not significant. On the other hand, the round
off error accumulation is a function of the word length of computing system as well
as the number of elements to be modeled and is very significant for MS-DT-TMM.
It can be seen from numerical examples shown in Section 5.2 that MS-DT-TMM
is also valid for large system. The simulation results of the motion of the large
system got by MS-DT-TMM and by ordinary dynamics methods always have a
good agreement in over thirty periods. In fact, MS-DT-TMM is also valid for
very large system if the Riccati transform is introduced. In authors’ experience in
computing the motion of the system including one hundred thousand rigid bodies
connected by elastic hinges, it is difficult to obtain correct results if only MS-DT-
TMM is used. But by using MS-DT-TMM and Riccati transform, we have not found
difficulty in the computational stability and accuracy for this very large system. The
order of the overall transfer matrix of the very large system is only seven, and the
order of the system matrix will be two hundred thousand if using ordinary method,
which greatly reduces the computational time and the memory storage requirement.
A detailed study of these errors on the accuracy of MS-DT-TMM solutions is yet
to be undertaken and will be discussed in detail in another paper.
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6. Highlights of the Method

1. The method avoids global dynamic equations of multibody system and simplifies
solving procedure of multibody system dynamics.

2. Irrespective of the size of a multibody system, the matrices involved in the MS-
DT-TMM are always small, which greatly increases the computational speed.

3. The method avoids the computing difficulties caused by too high matrix orders
of complex multibody system.

4. In contrast with the conventional TMM and MS-TMM, the matrices involved
in the MS-DT-TMM are always real, even when the damping is included. This
simplifies numerical computation algorithms of multibody system dynamics.

5. Unlike the TMM and MS-TMM, which are restricted to small vibration of system
alone, MS-DT-TMM is capable of analyzing linear time invariant, linear time
variant, nonlinear, multi-rigid-body and multi-flexible-body systems.

6. The method provides flexibility in modeling multibody systems with varying
configuration. That is, by creating a library of transfer matrices for commonly
occurring elements, such as rigid bodies moving in plane, rigid bodies moving
in space, elastic beams moving in plane, elastic beams moving in space, rotary
spring hinges, linear spring hinges, smooth ball-and-socket hinges, smooth pin
hinges, linear damper hinges and rotary damper hinges, etc., and by assembling
these at the required locations, various configurations can be modeled easily.

7. Any suitable numerical integration scheme [32, 33] can be included in this
method, thus providing researchers with flexibility in the computation of multi-
body systems dynamics.

7. Conclusions

A new method, named as discrete time transfer matrix method of multibody system,
is introduced for the study of multibody systems dynamics. The formulation of the
method as well as some numerical examples of multi-rigid-body system dynamics
and multi-flexible-body system dynamics to validate the method are given. Several
possible areas of applications are identified. The proposed method is based on the
TMM, DT-TMM, MS-TMM and the numerical solution procedures of differen-
tial equations. It combines the advantages of these methods. It has the modeling
flexibility, smaller core size requirement of TMM, DT-TMM, MS-TMM and the ex-
tended applicability of numerical integration procedures. It avoids global dynamics
equations of multibody system so that simplifies solution procedure of multibody
system dynamics. This method is simple, straightforward and practical for the sim-
ulation of multibody system dynamics. By developing transfer matrices of flexible
body elements, such as, elastic beam and shell elements etc. this method would be
a more power tool for dynamics of multi-flexible-body system with flexible body
elements; this is one subject that we are studying.
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It should be noted that the propagation of round off error in TMM, and the in-
fluence of time step selection on computational accuracy in numerical integration
procedures will also be important for the proposed method. The numerical difficul-
ties will arise when analyzing very large systems on small computing systems in
using transfer matrices. The accumulation of round off error, which is a function of
the word length of computing system as well as the number of elements to be mod-
eled, is very significant. Sometimes the multiplication of the transfer matrices of the
different elements of the system lead to very large numbers for the larger system,
when several very large numbers are multiplied and several very small numbers are
multiplied successively in nature sequence. Because the word length of comput-
ing system is limited, when computing the multiplication of the transfer matrices,
the solution process probably eventually collapses, if the absolute values of these
numbers are too large or too small. To avoid the problem of numerical difficulties
arising in the multiplication of the transfer matrices, there are some methods can
be chosen, such as the Delta-matrix method [6], Modified transfer-matrix method
[6, 38] etc. One of effective methods to avoid the problem of numerical difficulties
is to adjust the computing sequence of these numbers, so that large absolute value is
multiplied by small absolute value successively when computing the multiplication.
Riccati transfer matrix method [26] provides an effective approach for numerical
stability of the boundary value problem. Riccati transform can be used not only to
decrease the orders of matrices involved in the MS-DT-TMM, but also to overcome
the problem of numerical difficulties, see Section 5.5.
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