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Abstract—This paper presents a computer based method for the efficient formulation and solution
of the nonlinear equations of motion for mechanical systems which are modeled as systems of
interconnected flexible bodies and are subject to motion and/or geometric constraints. Flexibility is
modeled through the use of admissible functions obtained from previous finite element analysis of
the component bodies. The procedure then forms the equations of motion and solves for the system
state derivatives associated with the unconstrained system in a highly efficient, order n manner. The
constraint loads required to enforce the constraint relations are subsequently determined through
the use of a constraint stabilization method. The required constraint loads are then used to modify
the state derivatives found previously, resulting in a set of state derivative values which are now
associated with the constrained system. The procedure is efficient and produces simulation computer
code which is highly parallel in form and lends itself well to application on parallel computers.

1. INTRODUCTION

Driven by the needs of the acrospace, robotics and machine design industries, the last three
decades have seen great advances in areas of dynamic simulation and analysis. In the area
of robotics, the modeling of high performance robotic manipulators as systems of rigid
bodies is often insufficient. Joint compliance and structural flexibility of the component
parts must also be considered for adequate dynamic simulation and analysis. In the area
of spacecraft design, many proposed structures are large and limber. Due to their size,
development and verification testing of these structures in the laboratory is, and will likely
continue to be, impractical if not impossible. Even if such tests could be made, results
obtained in the earth’s gravity and air environment could well be misleading or inconclusive
regarding the structure’s in-orbit behavior. For these reasons, analytic modeling and simul-
ation are essential tools in large space system design.

For analytical modeling and computer simulation to be effective tools, they must be
both fast and economical. The design process may require many simulations, and may
thus be limited by time and/or monetary constraints. Much work has been done in the
development of simulation procedures which are sufficiently general to handle a wide variety
of multibody systems. However, the computational cost associated with many of these
methods is considerable, thus limiting the extent to which they may be applied. As a result
emphasis must also be placed on developing algorithms and simulation programs which
are computationally efficient/economical, while remaining general enough to adequately
simulate a wide variety of systems. Presented in this paper is one such approach, based on
a highly efficient Order n, O (n), algorithm for dealing with muitibody dynamic systems,
which considers geometric stiffening (too often neglected in many formulations) and allows
for the presence of closed loops with any or all of the bodies of the system being flexible.

Earlier models of multibody systems, using finite element or assumed mode methods,
were based on the assumption that small deformations of the bodies do not affect the
nominal rigid body motion significantly (Imam and Sandor, 1975; Bahat and Willmert,
1976 ; Sunada and Dubowsky, 1981). In their analysis the inertial and reaction forces were
evaluated from rigid motion of the component bodies of the system and introduced to the
linear elastic problem as external forces for computing the corresponding deflections. The
elastic deformation however does not yield accurate results for situations in which the
dynamic coupling of the rigid and flexible motion is significant.
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Analysis procedures developed by Agrawal and Shabana (1985), as well as Yoo and
Haug (1986), involve formulation of the equations of motion of each elastic body in terms
of its absolute rigid body and flexible degrees of freedom. The rigid body motion and elastic
deformations are then solved for simultaneously. However, the interactions of the bodies
are described by a large set of constraint equations formulated for each type of joint. This
procedure can increase the dimension of the problem considerably and the introduction of
Lagrange multipliers associated with constraint forces from the equations of motion requires
costly computations for updated transformations.

Singh et al. (1984) used a formulation based on “Kane’s Method” as found in Kane
and Levinson (1980). This approach incorporated flexibility through assumed mode shapes
obtained from previous finite element analysis of each body. This approach had some
recursive aspects, but yielded equations of motion which were highly coupled in the gener-
alized coordinates. The approach was limited to clamped-free mode shapes and the analysis
of open tree configurations. More recently, work done by Bae and Haug (1986a, 1987b),
Kim and Haug (1988, 1989), Wehage (1988) and VanderVoort (1988) has placed much
greater emphasis on computational speed, efficiency and the use of parallel processing.

However, with many of these procedures which achieve model reduction through the
use of modal coordinates, the derivation underlying them contains terms which have
been prematurely linearized in the modal coordinates. This can lead to grossly incorrect
simulations as shown by Kane et al. (1987). When corrective terms are added to account
for the premature linearization of expressions, correct dynamic behavior of the system is
predicted (Banerjee and Dickens, 1990 ; Wallrapp and Schwertassek, 1991).

Amirouche and Ider (1989) presented an approach utilizing relative coordinates for
rigid-body degrees of freedom and assumed mode shapes which is also based on Kane’s
formulation. The approach is O(n*) and is applicable to both tree and closed loop con-
figurations. The paper discusses the need for producing geometric stiffening terms to correct
for the premature linearization in the modal terms and presents a method for generating
these corrective terms when dealing with beams.

An alternate approach is presented in this paper. The recursive method uses relative
coordinates for rigid body displacements, and shape functions obtained from finite element
analysis for the representation of elastic body flexibility. In addition, geometric stiffening
corrective terms can be determined for all flexible bodies. The resulting procedure is efficient,
can be applied to both tree and closed loop configurations, and lends itself well to application
on loosely coupled distributed architecture parallel computers.

2. ANALYTICAL DEVELOPMENT

2.1. Notation and geometry

Throughout this paper, scalar quantities will be represented as italics. Vector quantities
will be denoted by bold symbols, while matrices are shown as italics with an underbar.
Dyadics are represented by bold faced symbols with an under tilde, while matrices composed
of either vector or dyadic quantities are represented by bold faced symbols with an underbar.
For example, the symbols 4, A, 4, A and A, represent a scalar, vector, matrix, dyadic and
matrix of vector or dyadic quantities, respectively. Unless stated otherwise, a variable in
the subscript preceded by a comma indicates differentiation with respect to that variable,
and summations are carried out over repeated indices, with indices /,m,o0,p =1,2,3;
g=1,...,21;r,s,t=1,...,4%;andj = 1,..., " For each of these, u* and p’* are the
number of flexible degrees of freedom associated with body B*, and the number of rigid
body degrees of freedom associated with the kth joint, JX.

Consider a multibody system consisting of A" rigid and flexible bodies as depicted by
Fig. 1. The bodies of the system are interconnected by joints allowing from one to six
degrees of freedom. The system may be a tree configuration or may contain one or more
closed loops. If closed loops exist in the system, the bodies of the loop are numbered as
though the system were in a tree configuration with the associated loop being cut at a joint
selected by the analyst.
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Fig. 1. Generic multibody system.

The algorithm to be presented assumes the following rules are obeyed in numbering
the bodies: (i) every body has a higher number than its proximal body ; (ii) consecutive
integers are used in the numbering of bodies, but adjacent bodies need not have consecutive
numbers.

Once the identification number for each body in the system has been properly assigned,
the topology of the system is uniquely defined by identification numbers of the proximal
bodies. The notation Pr{k] refers to the set containing only the proximal body of the B*.
Pris called the proximal body array and the convention that

Prik] =0, ifkisa base body 1)
is used where bodies 0 and N are synonymous labels for the inertial reference frame.

It is useful to introduce additional sets to characterize other aspects of the system’s
topology. The notation An[k] refers to a set of body identification numbers defined as

An[k] & {j|numbers of all bodies lying between body k and body 0} )

and is called the ancestor body set array.
The notation Dist[k] refers to a set of body numbers defined as

Dist[k] & {j|Pr[j] = k}. (3
Dist is called the distal body set array. A body k for which Dist[k] = ¥ is called a terminal

body of the system. The notation Des[k] refers to a set of body identification numbers
defined as

JjeDist[k]

= {j|all bodies which are outboard of body &}. 4

Des is called the descendent body set array.
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The description of system topology given by Pr, An, Dist and Des is redundant because,
given any one of these arrays, one can construct the remaining three.

A typical flexible body of the system is defined as a body B* which undergoes relative
rigid body motion with respect to its proximal body B and deforms elastically (Fig. 2).
Let n*° be the reference frame of B, with respect to which the deformation of the body is
given. Reference frame n*' represents the frame within which the dextral mutually per-
pendicular unit vectors n%’, n§’, n% are fixed and which is itself fixed with respect to point
P*i the ith grid point of the finite element representation of B*. The point for which i = J¥,
is that point of B* which connects B* to B through joint J*.

The position of an arbitrary P*' of B* with respect to P*’ is given by the position
vector

§k'i A phi +$f’iqfk _ (rk,,]k + d;f,ﬂcqfk)’ (5)

where r* is the position vector of P* in undeformed B* and ¢*' is the admissible shape
function matrix associated with the translation of P*. The body B* has u* modal defor-
mation coordinates associated with it, where g2 is the sth coordinate, Similarly, ¢/* rep-
resents the sth of i’ generalized coordinates associated with rigid body degrees of freedom
arising from joint J*.

For ease of notation, define the position vector from P*’* to point P in the undeformed
state as p, ;. Similarly, let ¢** represent the modal deformation matrix at P* with respect
to P&,

Namely,

pra ©®)

and
¢k.i A &k.i_&k,.l“. N
Similarly, the angular position of a particle at P* with respect to P’ *. 0%, arising from
. . . . & »
the deformation of B*, is expressed in terms of modal coordinates, g2, and rotational

————
//

Pk.i
~ =4 {Deformed) \

Fig. 2. Labeling convention for deformable bodies.
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deformation shape functions. If /% is defined to be the rotational shape function associated
. ; . k. ;e .
with g2 at P* with respect to P**, then 6 is given by

g A yligh. ®

Finally, unless otherwise specified, all time differentiations are taken in the inertia
frame.

2.2. Mathematical preliminaries

To reduce the large number of elastic coordinates, a standard component mode tech-
nique as presented by Craig and Bampton (1968) will be utilized. This approach involves
using a relatively small number of mode shapes for each elastic body. The mode shapes
used for each body consist of selected free-vibration free-free modes, all constraint modes
and any necessary static correction modes. The free vibration modes being extracted from
the eigenvalue problem:

MEEAAEE =0 (r,5=1,...,89. )]

Where .#* and X% are the structural mass and stiffness matrices obtained for B* and §* is
the total number of dynamic degrees of freedom associated with the full discretized flexible
model of B*. The approximate solution for eqn (9) is

X dhg® (s=1,...,8; t=1,...,u%), (10)

where ¢* is the matrix of eigenvectors (mode shapes) associated with B*, g** are the modal
coordinates, and p®* is the number of eigenvectors retained.

The free vibration modes selected (retained) are those modes which are anticipated to
have the most significant modal contribution. The static corrections modes are shape
functions associated with the application of a unit load at points of the body (with a
clamped interface) where an external load, such as an actuator force, will be applied.

Partial velocities. Central to this approach is the use of partial angular velocities and
partial velocities (Kane and Levinson, 1985). If we define @” and v” to be, respectively, the
angular velocity and velocity of an arbitrary particle P of the system with respect to reference
frame N, then &’ and v’ can be expressed as

of =) ofu+of 1))

r=1

and

vP= Y viu+v/, (12)

r=1

where, by definition,

u,,...,u,are generalized speeds, quantities which characterize the motion of the system,
! is the rth partial angular velocity of Pin N,
v/ is the rth partial velocity of Pin N.

Differentiating eqns (11) and (12) with respect to time yields
Ndw}’

T wfz'c,+( Y a):’u,+a>f) (13)

r=1

af =

and
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Ndvl’ n
2" == Y v Y e:’u,+e:’) (14)

r=1

for the angular acceleration of P in N, and the acceleration of P in N, respectively.
The quantities &”, &7, a” and &” are then defined to be

& a zt ol (15)
&’ & é ofu, +of, (16)
ara zl vPi,, an
"2 Y Wy 4+, (18)

which will aid in the development and representation of recursive relationships discussed
in the next section.

2.3. Unconstrained systems

Through the extensive use of recursive relationships, the state derivative values can be
determined for general tree system in approximately O (n) operations overall. The algorithm
consists of three primary computational steps: (i) working from the base body outward
toward the terminal bodies of the system, recursively determine kinematical quantities,
specifically the angular velocities, velocities and acceleration remainder terms; (ii) working
recursively inward from the terminal bodies to the base body, generate generalized active
forces, the remainder term contribution to the generalized inertia forces, composite inertia
values and triangularization of the resulting equations; (iii) recursively back substitute to
generate state derivatives, #,,...,#%,.

(i) Determination of kinematical quantities. Some choices of generalized coordinates
lend themselves much better to the production of recursive relationships than do others.
The set of generalized coordinates which has shown itself to be best for the generation of
recursive relationships consists of those coordinates which describe the relative orien-
tation/position of adjacent bodies (Jain, 1989).

The mathematical model is constructed such that the joints between adjacent bodies
are comprised of a series of properly oriented single degree of freedom revolute or prismatic
“subjoints” connected via massless/dimensionless links. Thus, if joint J* is a six degree of
freedom free joint, then it would be described by the set of single degree of freedom subjoints
Jk, ..., J%. The value of each generalized coordinate associated with rigid body motion
descrxbes the placement of the subjoint/body with respect to its proximal subjoint/body.
When joint J¥ is revolute, the generahzed coordinate q, represents the angle between sub-
bodxes J4 and J¥_;, with a joint axis parallel to unit vector MLUIf§ Jomt J¥ is prismatic, then
q} is the translation of sub-body J% measured relative to subjoint J% 1 in the direction of
unit vector A%,

The generalized speeds, u, ..., u, used in this formulation are defined as

u¥ & g% and ul &g/ (19)
With generalized coordinates and generalized speeds so defined, the following recursive

kinematical relationships for angular velocity, velocity, partial angular velocity and partial
velocity hold true:
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w + wk&us , (20)
p P37 if  J% is revolute, 21
o’ = o’ + 0 if J*isprismatic. @1

Similarly,
v =y BRI L B gy ¢f§’£ufk, @2

) ol xy+ul* i xyt if Tt isrevolute,
Vi om it

L . 23
u’i s if J¥ is prismatic, @3
with y¥ representing the position vector from J%_, to Jf.
For @ and & we have
FLARI L +¢k,iub‘" (24)
s 2
& =&+ a0 (25)
and
afh = gB I gt §k: + Q&B{zufk’ | (26)
alf = at @l xyh 2l @7
Similarly, for the angular acceleration remainder terms
g B = g BRI + w7 % lllk"us , (28)
FEe FE I % ;
gty {3 OTXHD I Tt @
0 if Jj isprismatic,
and for &
FLACINES & }"+a8 T ':k:_*_ws T (mak.: ” gki‘)+2m3k L JE x¢sk= 3* (30)
il = a4 @ xyT o x (@ xyT)
&' x y (") [ x (A7 xy™)] if  J%isrevolute,
. L . 31
207 x ul 3t if J* is prismatic. @D

In all relations, the superscript “J5> and “J%”, are synonymous with the superscripts
k .
“Bh[k],f » and “’Jk”, respectlvely.

Geometric stiffening. Linear strain energy theory assumes that the deformation com-
ponents are independent. But in systems involving Aigh rotation rates, high radial forces
can occur and the coupling between radial and transverse deflections becomes significant.
Unfortunately, the use of modal coordinates in modeling flexibility often results in equations
of motion which are incorrectly linearized with respect to these coordinates. For this reason
higher order strain energy terms need to be considered. These terms are used in the
generation of geometric stiffness expressions which are added to the existing equations to
correct for the premature linearization in the modal terms. The procedure used in this paper
for the determination of geometric stiffening terms is that of Banerjee and Dickens (1990).
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However, additions and modifications have been made to allow for multiple interconnected
flexible bodies, and to make this procedure compatible with the O (n) formulation.
As given by Banerjee and Dickens (1990), the element geometric stiffness is

UxxOI_] nyog szot_]
_k§= j[ﬂaﬂgﬁz] GXyOQ ayyOQ Gyzol_]

axzol_] ayzog azzog

dav, (32)

=z 1= 1=

v4

where N(x, y,z) is the (3 x e-ndof’) matrix of interpolation functions, with x, y, z as local
coordinates. The stresses g, (i, j = x, y, z) are those arising from the loads applied to the
nodes of the element, the quantity e-ndof represents the number of element degrees-of-
freedom, and U is a (3 x 3) identity matrix.

As discussed in Banerjee and Dickens (1990), finite element codes, such as
NASTRAN, can compute the geometric stiffness associated with a prescribed distributed
load by first calculating the associated element stresses. These element stresses are then used
in the determination of the element geometric stiffness matrices as per eqn (32). Finally,
the element geometric stiffness matrices are assembled into the body geometric stiffness
matrix K_g'k . Much of the necessary NASTRAN DMAP is available in the buckling analysis
rigid formats and can be applied here with relatively little modification.

The overall geometric stiffness matrix for B, K_gk ,is constructed from 21 time invariant

contributing matrices, 125: (g = 1,...,21), and their associated temporal scalars, A‘G’:, which
arise from the inertia loads in B*. In addition, there are another six contributing time
invariant matrices, Kg; (jeDistlk]; h=1,...,6), and their associated temporal scalars,
F}4, which are affiliated with each distal body to B*, and account for the geometric stiffening
in B* due to loads applied to it by each of these distal bodies. Specifically,

K& =REAZ+AE)+ Y KEF! (¢=1,...,21; jeDistfk]; h=1,...,6), (33)

JjeDistlk)

where A‘G’:, and F’%, with their associated prescribed grid point loads for the generation of
I?S: and Eg;, respectively, given in Table 1.

(ii) Determination of generalized forces and triangularization of equations. In general,
for systems of .4 interconnected bodies, the equations of motion are given by Kane et al.
(1983), as

Ve Ve
Z J‘ v’,"R"dV"+Z j v’,‘-R"'dV"=0 r=1,...,4). (34)
k=1 JV* k=1

yk

The integration over the volume of each body and the indicated summations over all
bodies of the system at each time step can be computationally expensive and the resulting
equations of motion are highly coupled in the state derivatives. Consequently, the equations
of motion must be triangularized and the state derivatives solved for, before the equations
of motion can be temporally integrated.

Key to the reduction in the number of required operations is the removal of summations
which appear above. The indicated summations over all bodies of the system can be reduced
significantly through the use of relative coordinates for rigid body motion. Making full use
of the recursive relations presented previously, the equation of motion can be rewritten as

Z j vieRF AV 4+ Z j v.RdVF=0 (r=1,...,N), (35)
keDesllu {1} JV* keDes(u{l} JV*

where / is the body or joint to which degree of freedom r is associated.
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Table 1. Loadings for the generation of the geometric stiffness matrix

Temporal scalars Load applied to grid §
Acceleration terms Applied force

A2 =@ dg = & mPint st

prgay J"’ 1261 - ég*J‘ n‘.ina JE

2 =al, Ay = at m®ind S

A2 a—l]i"‘.!", AG 2 BF J¥ (pg".:ng*‘l" —p? nB“ J*)mx“l

jg" - ilzz".J"’ A‘g" — gB5r (pg“.i 8%,k —pf nB“ J")mn“.

[qg: - ig“.l“’ Aas - d.;]*l“ (pn"l B —p? .:nl‘P".J")mB i

/;g’; - (w”k J“)z (- p” 4 3‘1“ pgk.ing"..l")mbk.i

Az, = of ol ' 4

(pb",inB"J“ + pﬂkian.l“)mB‘,i

K
= (w’z’k‘ﬁ)z (- pn“l B* sk —pf n”k J*)ms"i
jg’: _ wg".:* e (pn"..nn*.z“ +pf .xngk,l")mﬂ i
k sk .
AG,, = (02?2 (- pn“. Bk ¢ pg“,lng“,l‘*)mn*,.
Fips o= 1,2,3)
Angular acceleration terms Applied moment
Jg“ w g —s".J“ A‘B“ - ‘iflr“J“ 13*. N +IB“/ J‘+1g;,ing",.r*
g‘ -B‘ Tt A‘ = &g".!" 1[2?‘1‘ :nf J‘*+13k.ln J"‘+IB*lng“J*
_pk sk « ¥
5” &, A8 g, =43 a LY R Lt Sy Y
AGM = (Cl)f .J“)z 1 B *J*_'_IB"InB"I*
k k k : k -
A2, = of Vi Pnf " 15+ (1 - 1 g
A pk k k : k . '
Agu — 119 ,J* B I _IB".i BX J* + (If’l‘l __Igg.:)ng*,ll‘ '-Igg"llgk‘,*
- & gk k . ok
Ag” — (CI)B J 2 Ig;‘nfk’&—lfz"ng Ik
- 3 k k . k : pk N
AB —_ wg J“ B" J* (1§3"—I‘2’2")nfk" —If;"llg .J"_Illi;.:ng".l*
k k'- k k‘-
G,‘ = (0f")? —klgs' of + 15yng
F 0 (1=1,2,3)

AP = AL A (=120
ﬁlgk',« _ ast s 'nfk‘ﬁ dfk"* - is".J“.nlB“J* (=123

gt =g et P =@ (1=1,2,3)

This procedure is still computationally expensive in formulating the equations of
motion for all but the terminal bodies of the system and does not avoid the expense of
solution for the state derivatives.

The indicated summation can be eliminated entirely through the recursive shifting of
active and inertia forces to their proximal bodies. The state derivatives can then be deter-
mined inexpensively through the recursive triangularization of the resulting equations
(Rosenthal, 1990 ; Anderson, 1990, 1991). The arguments of the integrals may be split into
spatial and temporal parts, with the indicated spatial integrations needing to be carried out
only once. The temporal quantities are then multiplied by time invariant coefficients result-
ing from the spatial integration.

If n}, n5 and nf form a dextral set of mutually perpendicular unit vectors fixed with
respect to P, then the mass and central inertia dyadics of P, M” and I”, are defined as

M” & M"nfnf, (36)

where M7 is the mass lumped at P, and
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I’ 2 [} n/n}, 37
If p” is written as
p" = pinf+pinf 4+ pin} (38)
then we define the dyadic p”x as
p2s & —pininl +pinfnf+ pininf — pinfnf — pioin{ + p{nfinf 39)
and let U be the unit dyadic given by
U £ nfn{ +nfnf +nin}. (40)

For notational ease Z’,"", (2{/"‘, T, F, g and & are introduced as

s X .
i é[a’};} o2 W and " & [@F,... @], @)
vl P; ¥
| GO | L [P0
B 2 7t a

_yki, gB5i B, yBRE, . BYi B
PN | -4 o’ x1 o +T
S = and

hMB",i,ﬁB",i_{_RB",i
h .tk k rk k rk
M2+ R ’

g3

3

@
“,k], (44)

X ; U ix ] " A
Zﬁ‘””éh "%’5 and g’;"é[g ”’l‘;s ] @5)

The terms T and R appearing in eqn (43) are the torque and force which line of action
passes through P, and which together are equivalent to the set of all distance, contact and
elastic forces (except those arising from geometric stiffness) acting on P.

In addition, from the corrective term matrix, #Z°, of forces/torques which arise due to
geometric stiffness and given by T

RE = KT 5" = KE'oF' ¢¥', (46)

through matrix manipulation (Appendix), one can construct

& TBk Supk ;e pk gk A gk ;
gg i RgBk — [I'B,l.fzﬂ,l _l_g,'GBl,z]

+ ¥ YE[sh- m”+9”+(@f" FHP, q)q;‘-*", 47

je Dist{kl

where the vector quantities T?* and RZ* are the torque/force pair which acts on grid i of
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B* due to geometric stiffness; j‘_ﬁf’_" and T_'ﬁ are matrices of dyadic quantities associated
with the geometric stiffness due to body B* inertia loads and loads due to distal bodies,
respectively ; and #/% = [T/}, RY]".

Starting from the terminal bodies and working inward, the composite inertia values as
well as the active force and inertia remainder term portions of the inertia forces are
determined for the triangularized equations by recursively using the relationships

glﬁ*.x‘ if i JD:‘sr[k]’

Bk A

zfi - y_;lo)m[k] if i = JDist[k]’ (48)

Firagi+F],

. . 5 lﬂk.i lf l# JDist{k]’
BYi & g Bk -

£3 - _‘f_:_l + j‘ggm(k] if l. = JDl'sl[k], (49)
Sh-r gl gl (50)

2 — Y Y3

Where .# B and F 8.7 are defined as
v
!;g’uk A Z ( Z""" . _{g",i . ( gnk,i)T + ( ZB",:‘ . {?",f . q—,f,i) . g}yk + zﬂ",x’ . if",iqlﬂ"
b T TR S, (5D
Je Disy

and

o ) . . ) s ek
g?*.ﬂ A z (g&*,: . zg*,x + (zB"J . {13‘3*,: .Qf,a)df* +g£*.: . .ggi‘,aq:?"
i

+ ¥ [T (F s d_)’g'fdfk)]), (52)

JjeDistik}

with
¥ #
A [z@':»")T-g?"’" 9?"‘]+ ) ([z@f")ﬂ iff-‘]qf“- gé‘-@f"f), (53)
i JjeDistlk} i
and
d” =[af,...,d%]" & (u7)" ', (549)
where

" v i ;s . & pk a : SRk ; k 7
Cf — Z((Qf,;)T.i’:g ,z+(j‘—’§,t)'l‘.§g',xqf )+ Z ([Z(Qf,t)’r.xfj.!:]qf .zg;), (55)

JjeDistli] i

and
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Pl U o) L 07 20 Rl S o) (56)
with

sl ok o ok
74 [ Y(@)T g3 (F )T+ (@) X)gP

+ 2 ([f@’:"}“iff"]qf“'ﬁ"’f’l%9_"””)’)] (57

Jje Distlk}

Equations (51)—(57) contain summations of quantities associated with all grid points
used in the finite element discretization of B*. The spatial summation (integration) is
only performed once, producing time invariant coefficients to the temporal quantities
(Appendix). Substituting the time invariant coefficients and associated temporal quantities
into these equations yields

1,B%
MR CIM Y [(@’:’f—*-[c"y]) q”"-ﬂ"-mf‘*f], (58)
Jebis) L\ G2 -

¥ = CHE — {(CHH "+ [CHF+ Ct o™

+CH+ gt o @B + [ClF el + CEruf ")

. G!B* T . )
sskqg + Z ((Qt.j)‘r,gg, [Gu{}:} B .Z.;’.>, (59)
rt

JjeDistlk]

and

e [ rC] 657
ir = C?S'k G,S,’B}‘ 1

+ X ((m’”)f S &)+ [z{s][ AAF A (Sf”"”')"‘) (60)

JjeDist[k)
Defining intermediate terms x%,...,x"* and ¥"%, ..., %% as
A & [CIP + CLu gl — ([CH* + Clt g
+[CIH+H(CUF+ Cint+ CikaP e 16"
k. k
+[Cink + (Cla + Cliha? Vg o o™
HICH +2CH + Calik gl Nk + Cltha '}, D
K = Ciglt — (RO 4 [CH4 4 C g el
+ICEA +Clttg 0l ol 420 O, (@)

5 = O+ O, (63)
1 = P, (64)
W = CH* +[C3F + CiekgM g™, (65)

x5Z = Calk 4+ CI¥ g™, (66)
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W = Ok Cit e, 67)
and

QLB = GSE 4G g, (68)

@22 = GEM 4G g (69)

@3 = G, (70)

@58 = GLLH, (1)

G = GIET+G g (72)

B85 = G LB GlislgP 3

v =G, (74)

G =G, (5)

G = GG (76)

g0 = G, )

S and F 2" may be written as

P ot B W ol W gl
73 - xs,s* x},sk 43* gf,sk g;w* &g

+ ¥ (Sf’v*z..ﬂ (.9?”*'1')%(9’“*-1'-1’*'*wk‘f)'g"k*[@’af @,ﬁ»”f]q, ) %)
jebon = S T A /8

o xw" X.}'Bk - gs»,xk - " .
Fs- é[ 2,3’=]+{ 43*]‘1 [gwak] A8 q + ¥ (‘Z e FG

y 21 JeDistk}
3,B 6,8%
+(@ g Oar + [g”,k glsi]q?' (Fd *i‘s"%‘i”f"‘df*))- 9
!

For the rigid body degrees of freedom the expressions for #' and &' are

J;}‘—;Qj{f—;+5plf.j§f.(y1f)T~< 1 i k)
T T T T Neygte]

rk JE 3 Jk
x[%F] - PU (LT FT PO (80)

1
(@ )T Iy 9'

FiraghvgtF] -( ){9”*-;’: & @l -# N,

81)

The process is repeated, working recursively inward, to the lowest rigid body degree
of freedom of the base body, at which time it is possible to write
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J! 1
, @) F
W= (82)
@) F3 -2,

providing the value of &' in terms of known quantities.

(iii) Recursive back-substitution. This known value for &} is used to start the back-
substitution process for the determination of the remaining generalized speed derivatives.
The recursive relationships used here are

g’f = ( Z!})T . fzn"-, + Zj{u]ﬂ (83)
and
— @
i = . _I/k Jk.[jgﬂ‘. (PN @ +37;jk] (84)
(g’,ﬁ)T‘-fé”g’,i - o o
Y - -

for rigid body degrees of freedom, and
gx*,i = ( zB".i)T . fzak,ﬁ +d—)l§,idsB" (85)
and
at =dl gl " (86)

for flexible body degrees of freedom. ' is substituted into eqn (83) for the determination
of o’ i, which is in turn used in eqn (84) for the determination of i'. This process is
repeated, working recursively outward to determine the remaining joint accelerations by
the appropriate application of eqns (83) and (84), and the state derivatives associated with
the flexible degrees of freedom by use of eqns (85) and(86). The end result is that the rigid
body degrees of freedom are uncoupled and the relative joint accelerations, 12}"
(k=1,...,/andj = 1,...,u’") are determined in O (4#") operations overall for a general
tree structure. The state derivatives associated with the flexible degrees of freedom, u#®*
(k=1,...,./ands=1,...,u") are only coupled through the flexible degrees of freedom
associated with B*. This coupling manifests itself in .# 2" in eqn (53). However, because the
number of flexible degrees of freedom associated with a single body of a larger muitibody
system is often small in a global sense, the computational effort associated with the for-
mation and inversion of these matrices is generally not the dominant factor in overall
computational cost.

2.4. Constrained systems
The dynamical equations presented so far apply only to tree configurations which are
not subject to either motion or configuration constraints. If a system has one or more
constraints on its geometry or motion, then additional equations must be satisfied.
Consider an unconstrained multibody dynamical system possessing n degrees of
freedom. The motion of the system is fully specified by the generalized speeds, u,,...,u,,
which are independent of each other. If the system is subjected to m conditions of the form

?(q.)=0 and @,(q,4,)=0 (i=1,....,m) (87
for holonomic and nonholonomic constraints, respectively, then the motion of the system

in a Newtonian reference frame is characterized by n generalized speeds u,,...,u, which
are not independent of each other, but must satisfy m simple nonholonomic constraints, or
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holonomic constraints differentiated once with respect to time. Such constraint equations
are of the form

Y Au+B =0 (s=1,...,m), (88)
r=1

where A,, and B, are explicit functions of ¢q,...,q, and time z. As a consequence of the
imposition of these constraints, the number of degrees of freedom of the system reduces
fromntop 2 n—m.

The procedure presented here for the formulation of the equations of motion for
systems subject to constraints is a variation on that presented by Park and Chiou (1988)
and Park ez al. (1989), and applied to an O (n) approach in Anderson (1990).

To illustrate the procedure, the case of nonholonomic constraints will be considered.
As an initial estimate of the generalized constraint forces, ﬂ, required to enforce the
constraint conditions, the generalized constraint forces are approximated as being pro-
portional to the error in (88) and are given by

f=;(du+B), )

where ¢ is a constant chosen by the analyst. This expression is, in turn, differentiated once
with respect to time, yielding

| . .
1=~ (At du+B). ©90)

From the preceding discussion of unconstrained systems, it can be shown that the
equations of motion for the constrained system can be written in the form

utl fo=1n 61
subject to the constraints
AutAut+B=0. 2
Solving (91) for # and substituting this into (90) yields
efe+ AL fe = An+b. (93)

The solution of this ordinary differential equation in f, decays to the constraint load
measure number values. When constraints are present, the procedure follows much the
same course as the basic algorithm presented in the previous section, but now the presence
of the unknown constraint force measure numbers in the equations of motion must be
considered. For instance, in Fig. 3(a), body 3 closes the loop in the system through its
connection with body 8. This algorithm, like most others, requires that the system be a tree
structure. This necessitates that closed loops be cut at the joints connecting appropriate
bodies so that the required open loop structure is produced, Fig. 3(b). The constraint
conditions which insure closure of the loops are then enforced through the addition of
constraint forces and moments of proper magnitude and direction, applied at the connection
points. In general, neither the magnitudes nor the direction of these constraint forces and
moments are constant, which necessitates expressing these loads as the vector sum of their
components in some meaningful basis, say one fixed in the Newtonian frame N. In the basic
algorithm, the set of all distance and contact forces acting on P*‘ are given by the reaction
R and torque T2, The presence of the generalized constraint forces Jepr oo ook, NOW
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joint to
\ be cut

(B) CORRESPONDING OPEN LOOP SYSTEM

Fig. 3. Tree systems associated with closed loop systems.

applied to enforce the m scalar constraint conditions should be included in these quantities.
However, all forces and moments acting on B*, except for the generalized constraint force,
are known. So, it is highly desirable to keep the unknown generalized constraint forces and
the known applied forces segregated. To this end, the resultant applied forces and torques

are given by
k k k k k k
RES =REVPLREYY and T =TF 4+ T2,

respectively, from which we define

FBh L [Tf k’h]

k
REH

where £ is the point of B* through which a coknstraint is applied.
Defining the quantities df", ¥ f: * and g"gf;. as

B B*y—1 T Bt G B*, g B*h
a A (a) | Y@ - FI+ q “Fe
a. =\A e

GZ%
Gr]r'B’k "
+ ) ([ q
jeDistlk] G,Z;B!k

BX |
t

. gt
97531%

%4

(95)

) o
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BXJ* B B B4 A B¢ h B*,h.q,k.h B¢ g's B g”kh B, f B"h
F, —; b Fe +S F2 di+ 9'7,3",1. gBB"h d:

gts ,Elk gf ,Bjk] B" J )
+ k k : .97:0 ’ 97)
je Dzist[k] ([9,7 B s @ T (

k k k k 1 k k
FhLrAFi-+ P -ff3—<-~——k——)[¥’ { (.? )T
- (@ )T SP, —
(98)
the state derivatives for the constrained system are given by
k - (9 )T rk
= 7 (£ (PN -+ Fy o n 99)
(g' )T J’ P
and
i =d¥ 4 dl g 5 (100)
Expressing u as
u=n+{, (101)

where { is that portion of & which is explicit in the constraint load measure numbers and n
is all else, # is simply equal to # for the identical system when no constraints are imposed
and is given by eqns (83)—(85). In a similar manner, the elements of { are given by the
relations

T
e G R R AT 2 (102)
CIARE A & —
= ___i 7L, (103)
where
¢ = T2l (104)
and
P =l gl (105)
—Z T f (106)
where
£ & ()T P b (107)

So, the equations of motion for the constrained system may be written as
SAS 30:7-€
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utlf =1, (108)

where I is defined by (103) and (106), and f; is obtained from eqn (93). The state derivatives
are then calculated from eqn (108), with the total procedure requiring approximately
O(n+m®) operations.

3. NUMERICAL EXAMPLES

Three examples are provided to validate the formulation and offer evidence of the
improved performance possible when using an O (n) formulation for the analysis of systems
containing a large number of bodies.

3.1. Silider—crank mechanism

The slider—crank mechanism is shown in Fig. 4. The crank A is rigid with the distance
from O to P being L,, and moves with constant angular speed . Connecting beam B, from
P to Q, is of uniform circular cross-section, has length L;, and is elastic. The sliding block
Cis connected to B at { and is constrained to motion along the x-axis only. The admissible
functions used in modeling the flexibility for B were obtained from finite element analysis
using MSC NASTRAN “cbar” beam elements. In each of the three cases considered, all
available modes were used which were associated with motion of B in the x—y plane.
Deflections are measured between the centerlines of the deformed and undeformed beam
B at its midpoint. The properties of B used in this example are:

L, = 6.0 in,

L, = 12.0 in,

Young’s Modulus B = 3.0 x 107 Ibf in~?,
Diameter of B = (.25 in,

Mass B = (0.1667 1bm,
Mass C = { Ibm,

Q = 125.6 rad sec™ .

The initial position of the mechanism is with P in (x, y) coordinates (0,6) and no
deformation of B.
The three cases analysed are:

Case 1. B is composed of a single element,
Case 2. Bis composed of two equal length elements,
Case 3. B is composed of three equal length elements.

The results are shown in Fig. 5 and agree almost perfectly with those obtained by Lee
(1988). In his work, Lee used a formulation similar to that in Singh er al. (1984) and
imposed constraints through the implementation of the method presented by Wampler
(1985).

3.2. Cantilever beam with prescribed base motion
The system analysed here consists of a cantilever beam attached to a base with
prescribed angular velocity—an example used as a benchmark test by 2 number of authors

Fig. 4. Slider-crank mechanism.
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Q15 T v T T T T —

Midpoint Deflection (in.]

0.1

0 0.008 0.01 0.015 002 0025 0.03 0.035 0.04

Time [sec)

Fig. 5. Transverse deflection of slider—crank connecting rod.

(Kane ef al., 1987 ; Ryan, 1987 ; Banerjee and Dickens, 1990; Wallrapp and Schwertassek,
1991). The generalized coordinates used in this problem are the four modal coordinates
and the angular velocity of the base is given by

2, E(ﬁ) if t<15
() =<5 z P75 3¢, (109)
6.0 (rad sec™ ") if ¢> 15sec.

The beam geometry and properties which appear in this example were those used by
Ryan (1987), as well as Wallrapp and Schwertassek (1991), and are:

Beam length = 10.0 m,
Cross-sectional area = 0.0004 m?,

Area moment of inertia = 2.0 x 10~ 7 m*,
Young’s Modulus =70x10""Nm?
Shear modulus =30x10'"Nm~?
Mass = 12 kg.

Figure 6 shows the tip deflection of the beam central axis from its undeformed position
during the course of a 20 second simulation. The results agree well with those obtained
using the formulation presented in Kane et al. (1987).

3.3. (n/2)-body chain with constrained ends

The system consists of a chain of rigid bodies with each end of the chain connected to
a point fixed in an inertial reference frame. The n/2 bodies of the chain are connected to
each other and to points fixed in the inertial frame by two degree of freedom Hooke’s joints
(Fig. 7).

If n represents the number of degrees of freedom associated with the unconstrained
system, then the system has #/2 bodies, (n/2)+1 joints, and the actual number of system

degrees of freedom is p = n—2. The motion of the system was simulated for n = 4, 12, 20,
28, 36 and 44.
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0.1 T T v T T T T T v

Time [sec.]

=== With Geometric Stiffening (this paper)

— With Geometric Stiffening (Kane et al. (1987))

. . L . L L . . ) )
0'70 2 4 6 8 10 12 14 16 18
Tip Deflection [meters)

Fig. 6. Tip deflection of rotating cantilever beam.

R R R R .

(A) n/2 body closed loop

A A A RSN

(B) n/2 body unconstrained system

% = Body Belonging to System
@ = 2 degree of freedom Hooke's joint

Fig. 7. Closed loop chain schematic.

20
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Fig. 8. CPU time as a function of n.

Results obtained from simulation codes produced using the O(n) algorithm presented
in this paper were verified through direct comparison with results obtained for identical
systems using simulation codes written from equations of motion derived using the standard
Kane’s method as it is presented in Kane and Levinson (1985), producing an O(n?)
procedure. In this standard formulation, the constraint relations were enforced through the
technique presented by Wamper (1985).

The simulation results obtained by each of the two formulations were effectively
identical. However, as indicated in Fig. 8, the CPU times required in performing a desired
1.0 s simulation differ markedly for each of these formulations when 7 is large. It is readily
seen from the figure that substantial saving in computer time and associated cost are possible
when using an O (n) formulation relative to more conventional O (#*) formulations.

4. CONCLUDING REMARKS

A general formulation is presented for the analysis of transient response of multibody
systems with flexible members. The method uses admissible shape functions derived from
finite element modeling of the component members and thus allows the modeling of
flexibility for general bodies. The formulation treats the general case of coupled large rigid
body displacements, linear elastic deformation, and includes a first order representation
geometric stiffening effects. Not addressed here are the difficulties associated with the
inclusion of additional geometric stiffening terms which further improve simulation
accuracy, or those in selecting the best set of admissible functions.

The formulation presented applies to systems involving three-dimensional motions,
which may be comprised of any joint type which can be modeled as a series of revolute and
prismatic joints. The equations of motion produced in this manner are uncoupled in the
rigid body degrees of freedom, with coupling only existing between the flexible degrees of
freedom associated with the individual flexible bodies. Furthermore, the equations are
generated in a form which exploits the coarse grain concurrency of the mathematical model
to the maximum degree. Thus, the computer simulation code produced from this type of
formulation is particularly well suited for application to some forms of parallel computers.
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APPENDIX: DETERMINATION OF TIME INVARIANT COEFFICIENTS

Summations are carried out over all repeated indices (h=1,...,6; jeDistlk]; l,m,n,0,p,u,v =1,2,3;
g=1,...,21;rst=1,..., u"k) and g,,, is the cyclic perturbation operator.

T
[fk..»]ﬂ“, where Y = KE®%", (A1)

where E,‘,’," *is the rth element of the row of the body k elastic stiffness matrix associated with the hth degree of
freedom of the ith grid.

‘/r
Ci = YT+ Ty (A2)
1
CH = Z (@5im™), (A3)
Ci* = z (Eomls B+ YT B), (A4)
r.rl = Z (slmn m Bk‘)’ (AS)
rlo Z (Elmn moppﬁ‘ fn‘ Bk.i+£mln¢kn'r';1rﬁzk'i)a (A6)
r:la = Z (smln rmp¢rm .r Bk‘i)a (A7)
Cif = z @ a4 e WS Bt WS TS + WA TS ), (A3)
Chf = z CnmWi WS TR, (A9)
9.k v i Bk i
Coi =Y 4'6,,m*"), &,, = Kronecker Delta, (A10)
i=1
k vk ; k
Cont =3, WL, (Al1)
i=1
Ci = Z (B BaBm™ -+ YW E), (A12)
z (T4 + eumpl €57, (A13)
Cit* = z o5 T (A14)
Cit* = Z (Emnp Tm®), (A15)
vk Bk ; 3
C.rln = Epun Z (¢:m.‘mB ")! (A16)
i=1
4 ‘.
Cllmﬁ‘k = z (Ilfn'l+81mn noppa B ‘) (Al7)
i=1
174 _ & LIPY. &
C:Io z (elmnenoppm ’ ¢.vpv ), (A18)
i=1
:llgk Z (slmn noppka sm’ Bk‘) (Alg)
=1

Cot = Z (O A (A20)
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vk
C2% = Y ol 5+ Eignamprou P2 P mP™), (A21)
i
z (Eimnroppeul P P2 i 1 B i 9B ]), (A22)
Chk = z (ClrmEnopEpun @ BE M), (A23)
3213* Z (Emno soI Im +Enlm%algw +8nlm*km1m (A24)
Cith = 2 (OO0 7 CAO (A25)
Ci = ): €% = z (K. (A26)
i=1
Clio = Z (m*iy = (A27)
‘ﬁ . '
lenlk = z (slmnpn "mB “)’ (A28)
i=1
2 (Emnhim®), (A29)
lzmgz;k z (slmn nappp )1 (A3O)
.glr?v‘ﬁ Z (elmn nop¢.sp Bk') (A31)
i = z TP+ el Pim® ), (A32)
V‘ N . k-
CH* = Y Emdlidlim™), (A33)
i=1
33k Z(¢k: B",) (A34)
Cit* = 2 B 4 ity S0l m™), (A35)
= |
Cit = z (EumnEnopOon (P05 + Pl oK M), (A36)
3:2;k Z (slmnsnapéav¢'m p pp Bk I)a (A37)
Vk . k
Clsmlk = Z (slonénmp:"mﬂ ")7 (A38)
i=1
Cci = z (EronOm s ). (A39)

The following are all terms associated with geometric stiffness. The equations hold if the matrices Ii',j-,':"' and

Kg:" represent the six rows of _K'Z: and Kg;, respectively, which are associated with the six degrees of freedom of

ith grid, and in the order;

row [ corresponds to rotation in local direction /, (/= 1,2,3),
row I+ 3 corresponds to translation in local direction /, (/= 1,2,3).

DL = ks“ i 12

2 Gt J)Ic

(A40)

G(m+ I2)Ic)



Modeling of constrained systems 945

D3 = R&®,, (A41)
Digt = (KG(M wem TR G(m+|2)(l+ s)a)d)"” (A42)
Dkt = REY O, (A®3)
r.rl l = (v )TK sw’ (A44)
G = @ )TKGJ(I» ow W (A45)
GE = (0})"RE. 0%, (A46)
G = Z (@ D%+ Y4 DY), A
G55 = ¢ ki y Zhi 4 i py ki
rm ‘Zl (¢rl tim +¢rl tm /s ( A48)
Gr?:rB Z (Dllv +elmnpr’:iD31‘:j)’ (A49)
ula Z (81,,,,,¢k .D 13!‘(’;'1): ( ASO)
Gy = 2 (D3 + el DIED), Asl)
r.vln = z (8[,,,,,¢§,:,D,4,,':" ’ (A52)
lon“ 3k
; D), (AS3)
ne* Dk
llm Z( llm > (A54)
G = z (RE s+ pmmpl KES | D), (AS9)
.vlrI::zB/ = Z (Elmn fn:K MH,],(D* )7 (A56)
i=1
Vk
B85 B, ]
Gat? = 3. (RELOL +oml REY D), (A5T)
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