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Abstract
This work refers to a weak formulation of the equations of motion for a class of mechanical systems,
providing a reliable basis for an efficient numerical determination of their dynamics. The position of

these systems is specified by a finite number of generalized coordinates, ¢',...,q", at any time ¢ [1].
Their motion can then be viewed as motion of a point, say p, along a curve y =y(¢) in an n-
dimensional configuration manifold M . Moreover, the tangent vector v =dy/dt to this curve
belongs to an n-dimensional vector space 7,M , the tangent space at p [2]. At every point p, one

can define another vector space, the dual or cotangent space to 7,M , denoted by 7,M . Also, for any
vector u in 7, M , a covector u” may be identified in 7, M by the dual product

u'(w)=(ww), YweT,M, (1)
where (-,-) denotes the inner product of vector space 7,M . In this way, to each basis {e,} (with

i=1,....,n)of T M, adual basis {¢'} can be established for 7, M by employing the condition

¢'(e)=96,. ()
In addition, the class of systems examined is subjected to a set of £ motion constraints with form
A(qQr =0, 3)

where v is a vectorin 7,M and 4= [a¥] is a known k xn matrix. Considering each of the resulting

scalar equations separately, these constraints can be set in the dual product form

v (q.0)=(@ (@)() =0, (R=1...k), €y
where a”(q) is the R-th row of A(g). When the constraint is holonomic, this can be integrated to
¢"(9)=0.
Based on the above, the equations of motion of the class of systems examined can be put in the form
Iy =1 ©)
on the configuration manifold M [3], with
Iy =g,y = Alg, vV = f1¢ and =37 [y A"y + A" kA" = Flafe,  (6)

where the usual convention on repeated indices applies to all indices, except R . The quantities A" are
appropriate Lagrange multipliers, while the quantities g, and Af] represent the components of the

metric and the connection on manifold M . The coefficients n,,, Cy,, k,, and f, represent an
equivalent mass, damping, stiffness and forcing quantity, obtained through a projection along a special
direction on 7, M , specified by the action of the R-th constraint [3]. Finally, for each holonomic or

nonholonomic constraint, Eq. (5) is complemented by an ordinary differential equation with form

(") + T + ke =0 o1 (gt ) + Ty =0, )
respectively. Taking into account the set of equations of motion (5), one can first write
G B =0, weT,M. (8)

Also, for each holonomic constraint, as expressed by Eq. (7a), the following relation is satisfied

[P (" + T + " 162" dr =0, ©)
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for an arbitrary multiplier 5%, while a nonholonomic constraint equation can be treated in a similar
manner. Moreover, in a weak formulation, it is advantageous to consider the position, velocity and
momentum variables as independent quantities [4]. For this, two new velocity fields, v and x, are

introduced, which are eventually forced to become identical to the true velocity fields v and A. To
achieve this task, Eq. (8) should be augmented by the terms

) [, (80 —8V')+Sr (U —v)dt  and ) "o, (" = A + 0o, (u" — AN (10)

where the quantities 7, and o, represent new sets of Lagrange multipliers. The quantities oz, and
oo, represent components of covectors belonging to the same cotangent space as the covectors with
components 7, and o, respectively, but other than that have no relation to them.

Finally, appending Egs. (9) and (10) to Eq. (8) yields the weak form of the equations of motion for the
class of systems examined as a three field set of equations. This form is convenient for performing an
appropriate numerical discretization, leading to improvements in existing schemes [5, 6]. In particular,
for the purposes of the present work, this form was put within the framework of an augmented
Lagrangian formulation. The success of this formulation is demonstrated by the efficient solution
obtained for challenging benchmark problems [7]. Results from such an example are shown in Fig. 1.
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Figure 1: Numerical results for a planar slider-crank mechanism (a) position of point P,,
(b) mechanical energy error, (c) angular velocity of rods, (d) angular velocity of moving piston.
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