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Abstract The convergence of the generalized-« scheme is analysed for constrained mechanical systems
represented by index-3 DAEs. The theoretical background relies on the analogy with linear multistep
methods, which allows elegant developments. Second-order convergence is demonstrated both for the
generalized coordinates and the Lagrange multipliers, and those theoretical results are illustrated by
numerical tests.
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1 Introduction

The generalized-a scheme has been initially developed for the simulation of finite element models in
structural dynamics. It allows a simple and efficient implementation as well as an optimal combination
of accuracy at low-frequency and numerical damping at high-frequency. This last feature is especially
interesting since it allows to eliminate the contribution of non-physical high-frequency modes, which
are generally present in finite element models. The generalized-a algorithm results from successive
contributions by Newmark [18], Hilber, Hughes and Taylor [14], and Chung and Hulbert [9]; an overview
of its properties in the nonlinear regime is also given by Erlicher et al [10].

This work concerns the employment of the generalized-a scheme for the simulation of constrained
mechanical systems. Cardona and Géradin [8] have shown that numerical damping is critical to avoid
numerical oscillations in the Lagrange multipliers. Their theoretical investigations are restricted to
linear problems, but they also report consistent results in nonlinear test cases. However, it is well-
known that the order of an integration algorithm can be reduced due to the presence of algebraic
constraints [4,13], which calls for a rigorous convergence analysis of the generalized-o method in the
context of differential-algebraic systems. Recently, Lunk and Simeon [16] and Jay and Negrut [15] have
proven second-order convergence for regularized index-2 formulations, i.e. algorithms which make use
of kinematic constraints at both position and velocity level.

In contrast, an algorithm based on an index-3 formulation, i.e. solely based on position level con-
straints, is analysed in this paper. This algorithm can deal with a non-constant mass matrix and
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it computes the acceleration variables with second-order accuracy. It extends the approach of Negrut
et al [17] who report on positive practical experience with the Hilber-Hughes—Taylor algorithm applied
to the index-3 formulation of the equations of motion in an industrial multibody system simulation
tool. Recently, Bottasso et al [3] proposed a scaling technique to reduce the numerical instability effects
being typical of such time integration methods for DAEs of index 3, see [4,1,2].

In the present paper, the analogy of generalized-« algorithms and linear multistep integrators helps
to get a simpler and more intuitive convergence proof, see also the rather technical work of Lunk and
Simeon [16] or Jay and Negrut [15]. Second-order convergence is demonstrated both for the generalized
coordinates and the Lagrange multipliers. The remaining part of the paper is organized as follows: The
generalized-a algorithm and its multistep representation are introduced in Section 2. Estimates for local
and global errors are proven in Section 3. Some technical parts of the proof are collected separately in
Section 4. In Section 5 the results of the theoretical investigations are illustrated by numerical tests.
The conclusions in Section 6 summarize essential parts of the paper.

2 The generalized-a method

Let us consider the constrained mechanical system

0 = ®(q,1) (2)

where Equation (1) represents the dynamics of the mechanical system and Equation (2) represents
the kinematic constraints. The mass matrix M is not necessarily constant but it may depend on the
generalized coordinates q, which allows to cover the case of mechanical systems with large rotations. We
note that the present developments could be further extended to mechatronic problems, as suggested
by Bruls and Golinval [6,7].

2.1 Description of the algorithm

We propose an implementation of the generalized-a method which does not rely on a weighted formu-
lation of the residual equation. Instead, the dynamic equilibrium is enforced exactly at every time step,
with three major advantages: (i) the accelerations are computed with second-order accuracy, (ii) the
consistency of the algorithm is not affected if the mass matrix is not constant, (iii) the algorithm is
closer to the physics of the problem, which also simplifies theoretical investigations.

Hence, the numerical variables qn4+1, Qnt1, Gnt1, Ant1 satisfy Equations (1)-(2) at time ¢ = ¢,,41,
whereas the vector a of acceleration-like variables is defined by the recurrence relation

(1 — Qm)ant1 + apa, = (1 - O‘f)é.anrl + aypdn, ag = qo. (3)
We emphasize that a is an auxiliary variable, which is not equal to the true accelerations q. Since M
depends on q, this equation cannot be restated as a weighted form of Equation (1). The generalized-a
scheme is obtained using a in the Newmark integration formulae
) 1
dnt+1 = dn + hay, + h2(§ —Bla, + h2ﬁan+17 (4)
dn+1 = Qo + (1 —7)a, + hya,iq . (5)

Algorithm 1 solves formulae (3), (4), (5) together with the dynamic equilibrium at time ¢,;. The
correction step involves the parameters

1- Qi v
/ ’
= —— = 6
which satisfy the properties
8Qn+1 — 18 8qn+1 _ I'y'. (7)

aQn+1 ’ aanrl
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Moreover, the iteration matrix is given by

s, — | (M5 — 847 —8a) 2q
3, 0]

Compared to a classical algorithm based on a weighted formulation of Equation (1), as described
in [9,14], Algorithm 1 involves similar computational resources. Indeed, it only requires one additional
vector a, and the correction step, which is the most demanding part of the algorithm, is barely modified.

Algorithm 1 [qn+13 (‘1n+1> (':in+17 A’I’L+17 a] = AlphaSteP(Qm (:*ITH Elru a)

Qn+1 := Qn + hén + h2(0.5 — B)a

dn+1 :=qn + h(l —v)a

An+1 =

a:=1/(1 - am)(afgn — ana)

An+1 = Qn+1 + h25a

An+1 = Qn+1 + hya

d7L+1 =0

for i = 1 t0 imae dO

Compute the residuals r? (Equation (1)), r* (Equation (2))
[ra||? + ||r*||? < tol then

reak

end if

Aq R Sfl rq
AXN| T Tt ™
qn+1 3= Qnt1 + A/q
qn+1 = Qn+1 + ’YlAq
Gn+1 := Gnt1 + ' Aq
An-&-l = )\n+1 + AN
end for
a:=a+(1—as)/(1—am)dnt

2.2 Multistep representation of the algorithm

Assuming that the mass matrix is non-singular, the dynamic equilibrium is equivalent to an explicit
form

q= g* (qa q, A, t>7 (8)
0 = ®(q,t) (9)

with g* = M~!(g — ®] X). We also assume that the constrained system (8)-(9) has DAE index 3, i.e.
that the matrix

Pqg) (10)
is non-singular, where g3 is given by g} = —M_ltﬁg. Since the dynamic equilibrium is enforced at
every time step, the algorithm leads to the same solution when applied to the system (8)-(9) and it is
sufficient to analyse this equivalent system. Thus, if we drop the superscripts *, the variable ¢ can be
directly replaced by g in the integration formulae.

It is possible to eliminate a from the integration formulae at time steps ¢,—1 — ¢, and t,, — t,41,
leading to a two-step formulation [10]

2 1 2
> arGnik-1+ 0> Wlniro1 =h>D>  begnin-1, (11)
k=0 k=0 k=0
2 2
> arnih1 =hY | ck8nik-1, (12)
k=0 k=0

0= (I)(qn+1vtn+l) (13)
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with the coefficients

ag = —Qpm, a1 = —1+4+2a,,, as =1 — ayy,
Ug = —Qn, Uy = —14 ap,

bo=as(1/2=0), bp=(1—ap)(1/2=8)+arB, bo=(1—ay)p,
co=a;1-7), a=0-a)d-7)+ar, c=1-af)y

In Section 3 below, we will see that the detailed analysis of the error propagation in the difference
quotients N
q, = w ~ q(t, — 5) (14)
is very useful to study the error propagation for the Lagrangian multipliers A. A two step recursion
for ' is obtained by the difference quotient of Equation (11) in its original form and Equation (11)
with n being substituted by n — 1. In this difference quotient, the velocities ¢ may be eliminated using
Equation (12) resulting finally in the multistep formula

2 3
Zakq;wkq = hzb;cgn+kf2 (15)
k=0 k=0

with coefficients

by = ap(1/24 6 —7), by =(1—ap)(1/2+8—7)+ap(1/2—23+7), (16)
by =(1—ap)(1/2=28+7)+asB, b= (1-ajf)B.

2.3 Choice of the numerical parameters

In the present paper, generalized-a algorithms with fixed step-sizes h are considered. In that case,
the generalized-a algorithm for unconstrained mechanical systems is second-order accurate provided
that [9]

1
v=5 tay - an. (17)

Note, however, that this condition is no more valid for variable step-size algorithms and should be
replaced by an update condition for the parameter v, which means that the value of v should be
adapted at each time step to guarantee second-order accuracy [5].

The numerical solution is zero-stable (i.e. stable for h — 0) if the polynomial

2
0(Q) = axc* (18)
k=0

satisfies the root condition, i.e., if condition |(;| < 1 is satisfied for all roots (;, i = 1,2 of polynomial o.
For multiple roots (;, the stronger condition |(;| < 1 has to be enforced [12]. Since the roots of p
are (1 =1 and (3 = —ay, /(1 — am), zero stability requires o, < 0.5. We note that both roots are
necessarily simple.

The algorithm is strictly stable at infinity (i.e. strictly stable for h — oo, see [13]) if all roots ¢} of
polynomial

3

(€)=Y ¢k (19)
k=0

satisfy |(/| <1, ¢ = 1,2,3. Lemma 1, see Section 4 below, shows that strict stability at infinity is

guaranteed if

1

5y —am) (20)

1 1
am < af < 5 8 > 1 +
and the order 2 condition (17) is satisfied.
For stiff problems, the numerical solution should be computed accurately only in the low-frequency
range, whereas the high-frequency response should rather be damped out by the algorithm. The high-
frequency numerical damping is represented by the spectral radius of the algorithm at infinity po.:
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an undamped scheme is characterized by p., = 1, whereas p,, = 0 means asymptotic annihilation of
the high-frequency response. For a given value of po, € [0,1], Chung and Hulbert [9] have proposed
optimal algorithmic parameters for second-order ODEs

200 — 1 Poo 1 1\?
m — 5 = ) = 7 a 21
=kl YTt 4(“2) )

whereas v is computed according to (17). For ps, € [0, 1), the resulting algorithms are both zero-stable
and strictly stable at infinity. Indeed, po, < 1 implies

O[m<06f<§7

and
g_l< +1)2>1( +1)2_1( _1)2_1 N A
AN A\TT 5 A7) TRV T gl T Am)s

so that both conditions in Equation (20) are satisfied.

3 Convergence analysis
3.1 Local truncation error

By definition, the method is convergent of order 2 in the classical unconstrained case if ||q(t,) — dn||
and ||§(t,) — @l are O(h?). In contrast, the order 2 condition (Equation (17)) means that the local
error, i.e. the error after one time step, is O(h?). It can be demonstrated [12] that this last condition is
satisfied iff 19 and 14 are O(h3), where the local truncation errors 19 and 14 are defined by introducing
the exact solution q(t,), q(t,), A(¢n) into Equations (11) and (12)

2 1 2
19 =" arq(tnie—1) +h > urltnge—1) — B> Y beg(tnsn-1), (22)
k=0 k=0 k=0
2 2
1= ard(tnre—1) —h Y ck8ltntk—1) (23)
k=0 k=0

with the notation g(t,) = (a(ta), &(t), Altn), tn):
For the extension of these results to the constrained case, see Equations (8)-(9), we consider fur-
thermore the local truncation error 19 in Equation (15):

3

’ q(tn k—l) - q(tn k—2)

19 = Z ap—2F W + —h Z V& (tnik—2) . (24)
k=0 k=0

The classical order 2 condition in Equation (17) implies that the new consistency conditions
3

2a _ an 1 2a PN _oyitl) 1 ’ _ o\i—1 .

are satisfied and the estimate [[19']| = O(h3) may be shown by Taylor expansion.
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3.2 Error propagation in the differential solution components

When a zero-stable algorithm is used to solve an ODE, the order condition implies global conver-
gence [12]. The extension of this classical result from the ODE case to the constrained system in
Equations (8)-(9), i.e. to index-3 DAEs, follows the basic lines of the convergence analysis for multi-
step methods applied to DAEs, see [13].

In a first step, let us analyse the error propagation during the integration process for the differential
components q, q and q’. Using the multistep formulae (11), (12) and (15), the defect Equations (22),
(23) and (24) become

2 1 2
q _ § : q § : q 32 § : g
ln - aken+k—1 + h uken+k—1 h bken+k—1’ (25)
k=0 k=0 k=0
2 2
q _ a 2 : g
ln - akenJrkfl —h CkenJrkfl’ (26)
k=0 k=0
2 3
! ’
q _ q 2 : !/ g
ln - a’ken+k—1 - h bken+k—2 (27)
k=0 k=0

where el = (8)(trn) — (o), represent a global error after n steps and

’ tn - tn7 n — Un— gi 37
ed ::q( ) hq( 1)_q hq 1:e he 17 (28)

see Equation (14). Inspired by the identical structure of the first terms in the right hand sides of
Equations (25)-(27), the three differential components q, q and q’ and the corresponding local and
global errors are summarized in

q(tn) Qn ey I
v(tn) = qty) | vai= | dn | eni=]ed |, =19 | = o). (29)
o (t) a, e I

With this compact notation, the error recursion defined by Equations (25)-(27) may be written as

1 3
ao al &
€41 =——€5_1— aex + O(h) Z HeZJrkle + O(h) Z ||e§+k72\| +O(h%)
k=0

G2 k=0
3
ap ar v
— = ey = 2+ O) Y (e ksl +lledssal) + O (30)
k=0

. o 7. . . .
The propagation of the errors ed, ed and e is dominated by the recursion coefficients ag, a1 and as

and it is coupled with the errors e} in the algebraic components A by O(h) coupling coefficients.

3.3 Error propagation in the algebraic solution components

For the analysis of the error propagation in the algebraic solution components A we assume that
throughout integration the numerical solution (qy,qn, An) remains in a small neighbourhood of the
analytical solution (q(t,),q(tn), A(tn)):

lefl]l < Ch, |led|l < Ch, x| < Ch, (n>0) (31)

with a constant C' > 0 that is independent of n and h.
Because of the O(h?) error bounds for |[ed|, |led|, ||e}|| in Equation (38) below, the additional
assumption in Equation (31) is always satisfied if A > 0 is sufficiently small and the initial values of
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the numerical solution are sufficiently close to the analytical solution, see also part c) of the proof of
Theorem VII.3.5 in [13] for a more detailed discussion.
The conditions on |ed]], [ed]], [[e}]| in Equation (31) allow to get an estimate for Y, bj.e, . o
from Equation (27): With
d"(’ﬂ) = g(qn+kf2 + 1962+k72, (':ln+k72 + 19624,;6,27 )‘n+kf2 + 79e2+k727 tn+k72)

we have
1
e, ,=1(1) — (0) = /0 &(9) d9 —

1
= / gx(Qnar—2 +0€d o dnrk—z + el o Anik—z+ V) 4 o tnik—2)en odd +
0
+ O (lleyy ol + lleg i)

= ga(tn) e2+k72 +O(h) Heerkfz” + C’)(l)(||eg+k72|\ + ||e2+k72H) (32)

since quyk—2 + V€ ;o = q(tnir—2) + O(h) = q(t,) + O(h) etc., see Equation (31). As before, the
notation gx(t,) is used as abbreviation for gx(q(tn), A(tn), A(tn), tn).

The matrix product ®4(q(t,),tn)gx(tn) is non-singular by the index-3 assumption, see Equa-
tions (8)-(10). Therefore, the estimate for Y, bje},, , may be obtained multiplying Equation (32)
by [(®qgxr) 1 ®gl(a(tn),t,) from the left and using the error recursion for e& from Equation (27):

3

/A _
E byenth—2 =
k=0

3
= [(®q8A)~ 1‘I’ Zb €2 T o(1 )Z(HGSHPQH + ||eg+k72” + h||ev>;+k—2H)
k=0
— O B (alta)ota) - 1S e+ O 15+ (33)

k=0

3
1) Y (el szl + e ol +hlledyall) -
k=0

With Lemma 3, see Section 4 below, we get

3
1 1 /

ZbkenJrk 2 = (ﬁ) Z @ (Ant+k—2, tntr—2)[ + O(g) 13 1+

k=0 (34)

3
o(1) Z ||en+k ol + ||en+k ol + hllen+k o|l) +0O(1 Z ||e'n,+k -
k=0

The equilibrium conditions at t = ¢,,4,_o enforce ®(qn4x—2,tntrr—2) = 0 and Equation (34) may be
summarized in the compact form

/

3 3
eni = — b9 en_o— b/l en ;- bze:{ +0(1) Z lenr—all +O(R) Z e ol +O(R) . (35)
k=0 k=0

The propagation of the errors e} is dominated by the recursion coefficients bj), b}, b5 and b5 and it is
coupled with the errors ey in the differential components q, q, @' by O(1) coupling coefficients.

We note, that the terms ||®(qnir—2,tnik—2)||/h? in Equation (34) vanish in the formal conver-
gence analysis but may cause severe problems in a practical implementation of the method. Stopping
the Newton iteration in Algorithm 1 with non-zero residuals r9, r» may introduce small errors in
|®(dnik_2,tnik_2)| that are amplified by the large factor 1/h? during time integration [1]. There-
fore, the scaling method of Bottasso et al [3] was used in the numerical tests of Section 5 to keep
|®(an+k—2,tntr—2)| as small as possible, see also the closely related scaling approach of Hairer and
Wanner [13] in the classical general purpose DAE solver RADAUS.
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3.4 Synthesis

The error propagation in multistep methods may be studied in compact form writing the multistep
method as one-step method in a higher dimensional configuration space [12].

With the error vectors
v

ey e,
Ey=|e_ |, Ex=(er:],
€2 en_s
the propagation relations in Equations (30) and (35) get the form
v = AEY+ O (IEY] + [EX]) + O(R%), (36)
E} = B'Ey + O()|[EY|| + O(h) B3| + O(h?) (37)
with error amplification matrices
/ / /
LS S A 7%?1 7%,11 7%91
_ az a2 r_ 3 3 3
0 1 0 0 I 0
In the unconstrained case, zero stability of the multistep method implies || A || = 1 in a suitable norm ||.||

and second-order convergence follows by standard arguments from |EY || < (14 O(h))||EY|| + O(h?),
see [12].

In the constrained case, a similar argument is used to show that strict stability at infinity implies
IB’|l < 1in a (possibly different) norm ||.|| for the algebraic solution components [13]. More precisely,
the method is strictly stable at infinity if the roots ¢/, i = 1,2, 3, of the polynomial ¢ in Equation (19)
are bounded by (/.. := max; |(/| < 1, see Lemma 1 below, and ||B’|| = p < 1 may be achieved for any
p > () . using an appropriate norm ||.|| for the algebraic components [13].

Taking norms in Equations (36) and (37), we obtain

<||Ex+1||><<1+0<h> o(h) )(IIEZII>+<0(h3)>
B2\ o) prom ) \IEXN) T\ ow?)

and we deduce, as in [13], that the global errors after n steps satisfy

Note, that strict stability at infinity allows to prove second-order convergence for all solution compo-
nents despite the local error O(h?) in the algebraic solution components, see Equation (37). Further-
more, p < 1 implies also that errors EY in the initial values of the Lagrangian multipliers are damped
out rapidly.

Summary In the constrained case, the generalized-o method with fixed time step-size h has global
errors O(h?) in q, ¢ and X if the order 2 condition in Equation (17) and the stability conditions in
Equation (20) are satisfied and the errors EY, Ep in the initial values are O(h?). The CH-a algo-
rithm with ps € [0,1), see Equation (21), may be considered as a typical example of a second-order
convergent method for constrained systems.

4 Technical details of the error estimates

In the present section, some technical details of the convergence analysis are summarized. Readers,
who are mainly interested in the basic steps of the analysis, may skip this section and continue with
the results of numerical tests in Section 5 below.

Lemma 1 A generalized-o scheme with parameters that satisfy the order 2 condition in Equation (17)
and the stability conditions in Equation (20) is strictly stable at infinity, i.e., all roots ¢} of polynomial
0(C), see Equation (19), are inside the unit circle: |C]| <1, i=1,2,3.
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Proof: Polynomial ¢({) may be written as

- 1 ) 1
€)= et = (- ar) (¢ 07 T
k=0
with roots
1
r_ af , 3t —28 R 1 1 1/2
=g Gem -ty 2y ad R (GHr-29P-18G-040)

Because of ay < 1/2 we get |(]| < 1, see Equation (20).
If the roots (4, (4 are complex, we have ¢} = ¢} and Vieta’s Theorem implies

%—7+5)1/2 B (ﬂ)W _,

3l = 1651 = (cac) 2 = ( 3 y

since a, < ay = v > 1/2, see Equation (17).
For real roots (%, ¢}, we observe

1 1 1
Rz:(§+v)274ﬁ<(§+7>2 = R<5+7,

R = (18- (G+7) ~86@8-1 < (18- (547) = ~R>-(45-(5+)

since 28—y > 0 and 43 — (5 +7) =2(8 — ;) + (28 —7) > 0, see Equations (17) and (20).
Therefore, real roots ¢4, ¢4 are bounded by

1 1
3tV =28 34y 26 _

(23 < — 28 26 25_1’
C’ >_%+7*2ﬂ_4ﬂ7(%+7)——%__
2,3 23 243 28

and || <1,4=1,2,3is guaranteed also in that case. g

’

Lemma 2 For vectors Quyx—2 with |le) || = O(h), k =0,1,2,3, the terms ®q(q(tn),tn)en 1,
k=0,1,2, satisfy (the arguments t in ® and ®q are omitted for simplicity)

, 1 0

Ba(altn)es s = 3 (Blann-2) ~ lanee)) 5 (Pal@ ety alta) +

qzq(tn) . (39)
+ O (el + llef ol + eyl (h—0).

Proof: To keep notation compact, the proof is given for k = 2 and the argument ¢ in ®(q, t) is omitted.
The extension to k = 0,1 and to ® = ®(q,t) is straightforward.
For linear time-invariant constraints ®(q(¢)) = Cq(t) —z = 0, the proposition of the lemma is

trivial since @4 = C, ®4q = 0 and eglﬂ = (en 1 —ed)/h, see Equation (28):

A(tn+1) —dltn)  Gnir — qn> _z—2z  (®(aqnt1) +2) — (B(dn) +2)
h h h h ’

In the nonlinear case, the identity

Ceg,—i—l = C(

1
—®(q,) = ®(q(tn)) — 2(an) = / ®,(q, + ved)ed dv (40)
0
is used that follows from

(1) — (0) = / W 0)d0 with (D) = B(qy + 969), ¥ (9) = Bo(an + Jed)ell.
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Because of Equation (40) and the corresponding identity with n being substituted by n + 1 we have

+(®(an) — Blanin) =

1t e
E/o @ (an+1 +Vep,)en q dY — E/o D4 (qn + Jep)en dv

1 , 1 !
= /0 ‘I’q(‘lnﬂ + 7992+1)eg+1 dd + I3 /0 ('I’q(QnH + 7963+1) - 'I’q(CIn + ﬁeg))ef{ dv (41)

since (ej , —ed)/h = eg;_l. The first term in the right hand side of Equation (41) may be written as

1
/O By (Quir + 062, 1)e%,, i = Ba(q(ta))ed,; + O e, | (42)

because qn41 +Yen ;= q(tng1) + O(h) = q(tn) + O(h).
The second term in Equation (41) contains curvature terms ®qgq. It vanishes in the linear time-
invariant case but needs special care for nonlinear constraints. The term may be expressed as

i (9(1:9) - $(0:0)) 0 (43)

with (9;9) := ®4(q(J;9))ed and generalized coordinates

(05 0) = @ + V(1 — @) + 0 (e + Vel —ef)) = alt,) + O(h).

With these notations, we get in Equation (43)

h/ (019 dﬂ— // (%zp(ﬁ 9) dd dv =
- ;/;/Jﬁq(@
- [ g (e
-/ / 188(1(<I><q>e3)

o - _
- Z§(0;9) do dv
aﬂq( ;0)

q=q(J;9)

a(0;9) — q(tn) |

@:\
S| =
Q
Q’ol‘ Q@

dd dd + O(|le
oy (1) (el - max |

~4(tn) A9 A0 + O(h) el +

a=q(tn)
tn - tn ! .
+ (e - mase | L= 4 ppes’, — e,
= 2 (@(@ed)| alt) + Omled + O el | (44)
dq "/ la=a(tn) " " i

since ||ed|| = O(h) by assumption and q(t,+1) — q(t,) = ha(t,) + O(h?). The proof is completed sub-
stituting Equations (42)-(44) in Equation (41). g

Lemma 3 With the assumptions of Lemma 2, the first term in the right hand side of Equation (33)
satisfies (the arguments t in ® and ®4 are again omitted):

a(altn) hzakew L= 0(55) ) > (e + 00 (Zuem 2||+Z||en+k ) (45)

k=0
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Proof: The one-step nature of the generalized-« scheme results in a very special multistep representa-

tion of the error recursion in components ¢, because a; = —1 4 2, = —(1 — @) + @ = —a2 — ap :
2 q’ ’ ’ q’
1 / e —ed el —e
2 : q _ n+1 n n n—1
E aken_,’_k_l = (1 - am)? + amT . (46)
k=0

Multiplying Equation (46) by ®4(q(¢,)) and applying Lemma 2 to

’ ql
el el 1 , 1 ,
P4 (a(tn)) Lt h k2 - Ei’q(Q(tn))ez+k—1 - Ei’q(Q(tn))eg+k—2» (k=1,2),
we see that the estimate in Equation (45) is a straightforward consequence of Equation (46), Lemma 2

and

a eq — eq a ’ ’
_“ (e n+k—2 n+k—3 e t,) = — — P q & tn) = q
2o e = 2 ), =0l

for k=1,2.

5 Numerical tests

The following numerical tests have been developed in the formalism described by Géradin and Car-
dona [11], which allows to account for flexible bodies. Hence, the equations of motion are obtained in
terms of absolute nodal coordinates with respect to the inertial frame. Moreover, the scaling method
proposed by Bottasso et al [3] has been implemented in the numerical algorithm in order to avoid
ill-conditioning of the iteration matrix for small h.

5.1 Slider-crank mechanism

The first example is a slider-crank mechanism with a spring-mass system attached to the sliding body,
see Figure 1. A similar benchmark has been considered in [16]. This planar system has two degrees-of-
freedom that can be represented by the crank angle #; and the displacement of the additional mass x4.
The model involves 10 generalized coordinates: the positions of the centers of mass of body 1 and 2,
(z1,y1, T2, Yy2), their orientation (#;,6s), the position of bodies 3 and 4 (z3,x4) and the position of the
hinge connecting body 1 and 2 (x5,ys5). This set of coordinates has to satisfy 8 nonlinear kinematic
constraints.

The spring stiffness is k = 1000 N/m, the length of bodies 1 and 2 are I; = 0.3 m and I = 0.6 m
and the masses are m; = 0.36 kg, mo = 0.15 kg, mg = 0.1 kg and my = 0.7 kg. Initially, 6; = /2,
the spring is undeformed and the mechanism is at rest. A constant torque 7'= 1 Nm is applied to the
crank and the initial conditions are computed so that the constraints are satisfied at position, velocity
and acceleration level. The parameters of the generalized-« algorithm have been selected according to
Equation (21) with a spectral radius po, = 0.7. For a time step h = 5.e-3 s, the numerical results are
given in Figure 2.

A convergence study has been realized for h — 0 and the results are plotted in Figure 3. The
reference solution has been computed using a smaller time step. Second-order convergence is observed
both for the generalized coordinates and the Lagrange multipliers.

Fig. 1 Slider-crank mechanism.
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Fig. 2 Crank angle 6; and position of the additional mass z4.
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Fig. 3 Convergence of relative errors at final time (¢ = 1 s) for a generalized coordinates (61) and a Lagrange
multiplier (A1).

5.2 Andrew’s mechanism

The Andrew’s squeezing mechanism, which is represented in Figure 4, consists of seven articulated rigid
bodies moving in a plane. This standard benchmark, described in details by Schiehlen [19], has been
largely exploited to demonstrate the performance of DAE time-integration schemes. The mechanism
has only one degree-of-freedom, and a constant torque is applied at point O. In the original benchmark,
the equations of motion are explicitly given in terms of relative coordinates. In this work, one absolute
rotation is defined for each body, whereas two translation coordinates are defined for each moving
joint and each center of mass. Hence, the model involves a total of 31 generalized coordinates and 30
kinematic constraints. Initially, the mechanism is at rest, and the initial conditions are computed so
that the constraints are satisfied at position, velocity and acceleration level.

The parameters of the generalized-« algorithm have been selected according to Equation (21) with a
spectral radius po, = 0.7. For a time step h = 3.e-4 s, the numerical results are illustrated in Figures 5, 6
and 7. Numerical damping is quite important to ensure a stable numerical solution, and a stable error
propagation. For instance, Figure 8 gives some results for the undamped algorithm (po, = 1), which
are strongly affected by numerical oscillations.
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Fig. 4 Andrew’s squeezing mechanism.
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Fig. 5 Motion snapshots of the squeezing mechanism.
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Fig. 6 (z,y)-position of point P and angle 3.

The results of a convergence analysis are plotted in Figure 9. In the published benchmark, a reference
solution is given for the body angles at final time. For the multipliers, we have computed a reference
solution using a smaller time step. Second-order convergence is observed both for the generalized
coordinates and the Lagrange multipliers. However, for very small h, the Lagrange multipliers are

more sensitive to numerical errors.
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Fig. 7 (z,y)-accelerations of point P and Lagrange multipliers.
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Fig. 8 Without numerical damping: (x, y)-accelerations of point P and Lagrange multipliers associated with
the (z,y) internal forces in body 1.
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Fig. 9 Convergence of relative errors at final time (¢ = 0.03 s) for a generalized coordinates () and a Lagrange
multiplier (A1).
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6 Conclusions

This paper analyses the accuracy of the generalized-a method for constrained mechanical systems.
We note that the algorithm can deal with a non-constant mass matrix and that the accelerations are
computed with second-order accuracy.

Using the analogy with multistep algorithms, global second-order convergence has been proven both
for the generalized coordinates and the Lagrange multipliers. Those properties have been illustrated
by numerical tests.
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