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Abstract. The modeling of multibody systems in natural coordinates leads to systems of dif-
ferential-algebraic equations (DAE). Penalty and augmented Lagrangian techniques have
been widely used in order to solve this kind of systems. In both cases, penalty forces propor-
tional to the violation of the constraints are included in the equations of motion.

Consideration of penalty forces proportional to the violation of the constraints at position
level seems to be a convenient option. However, the solutions obtained through such option
show unstable behavior due to the progressive and unbounded growth of the constraints en-
ergy, being this effect even more noticeable in the augmented Lagrangian formulations.

Several methods have been proposed in the literature in order to stabilize the mentioned solu-
tions. In this paper, two of those methods are revised and their respective stabilizing proper-
ties analyzed: an energy-momentum integrator, and the trapezoidal rule along with
projections of velocities and accelerations onto the constraints manifold. In both cases, natu-
ral coordinates are used for the modeling, and the equations of motion are stated through a
penalty formulation, in the case of the energy-momentum integrator and an augmented La-
grangian formulation, in the case of the trapezoidal rule with projections.

The main difference between the two methods of stabilization compared in the paper consists
of the way in which they control the constraints energy: the energy-momentum integrator is
obtained under the condition of the exact conservation of the system energy; on the other
hand, the mass-orthogonal projections directly act upon the velocities and accelerations pro-
vided by the integrator.
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1 INTRODUCTION

Several considerations are important if we try to carry out fast and precise simulations in
multibody dynamics: the choice of modeling coordinates, the choice of dynamical formula-
tion and the numerical integration scheme along with the numerical implementation. All these
matters are very important in order to decide whether a specific method is good or not for a
particular purpose.

Some of the most robust methods for real-time dynamics in multibody systems make use
of natural or fully Cartesian coordinates in the modeling [1]. These coordinates are dependent
by nature, and lead to systems of differential-algebraic equations of motion (DAE) [2] if the
widely known method of Lagrange multipliers is applied.

Different formulations used to solve these equations of motion in natural coordinates were
developed, like the stabilization technique of Baumgarte [3], penalty and augmented Lagran-
gian schemes [5], or velocity transformations [6, 7].

Formulations based on penalty and augmented Lagrangian methods have the advantages of
being very simple, computationally inexpensive and very robust in the presence of singular
configurations or redundant constraints [8].

Generally, it can be said that the choice of the dynamic formulation determines that of the
numerical integrator. In this direction different authors proposed several options to success-
fully integrate the equations arising from constrained multibody systems, using integrators
coming from the field of structural dynamics [1, 4, 9].

In [10, 9] it was proposed the use of augmented Lagrangian techniques with penalty only at
position level along with the trapezoidal rule. In order to guarantee the correct satisfaction of
constraints, different kinds of velocities and acceleration projections were proposed. More
recently [11], proposed the use of augmented Lagrangian techniques with other integrators of
the Generalized-o family along with projections, which provides very good behavior for real-
time applications. The advantages of the projections are the simplicity and the variety of inte-
grators which can be used with them, since the projections are responsible for maintaining the
stability of the formulation.

On the other hand, other authors [12, 13, 14], developed a formulation based on an energy
conserving penalty scheme, enforcing constraints at the position level, and applied it to the
dynamics of multibody systems parametrized with natural coordinates. In this case, the use of
penalty at position level has the advantage that permits to derive the constraint forces from a
potential function: the constraint energy. The formulation includes the employ of an energy-
momentum integrator as integration scheme [16, 17], so that the conservation of the total en-
ergy of the system is imposed by construction of the algorithm. Here, the stabilization of the
penalty equations of motion arises in a natural manner from the integration scheme.

2 PENALTY AND AUGMENTED LAGRANGIAN FORMULATIONS

2.1 Description of the formulations

Let us consider a multibody system, compound by rigid bodies, with a configuration de-
fined by a vector q e R" of natural coordinates. The system will be also subjected to m
holonomic constraints ® € R™, involving the different points and vectors of the system.

Penalty formulations [5] are a simple manner to introduce the constraints in the equations
of motion in the case of dependent coordinates modeling, avoiding to solve a system of

(n +m) equations with the coordinates and the Lagrange multipliers. We can derive a penalty
formulation by adding three terms to the unconstrained Lagrangian [1].
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A fictitious potential:

V, = %(I)Taa)zfl) (1)

where « is a penalty factor representing the stiffness of the constraint.
A fictitious dissipative Rayleigh function:

G, = —2afa® 2)

where ¢£ is a factor equivalent to the damping coefficient of the constraint. Finally, a fictitious
Kinetic energy term:

T, = %dﬂacb ®)

The equations of motion after including these terms are the following,
M+ @ o (®+ 2200 + 0'®)=Q(q.q) (4)

where M is the mass matrix, and Q is the generalized applied forces vector of the system,
which contains all the external forces.

Penalty formulations have, among others, the problem of choosing the penalty factor « .
This choice is very important, since large penalty factors will more accurately enforce the ful-
fillment of the constraint equations but may also lead to numerical problems.

An alternative to overcome the numerical problems associated with penalty formulations,
are the augmented Lagrangian formulations [5], whose equations are,

Mij+ @ 0 (®+ 200 + 0’ ®)+ D1 =Q(q.4) (5)
My =L:+a(fb+2§a)d)+a)2d>) (6)

being A~ a vector containing all the Lagrange multipliers associated to the constraints of the
system.

In the limit, the iterative scheme for the Lagrange multipliers leads to the true Lagrange
multipliers, so the formulation does not need so large penalty factors to guarantee the fulfill-
ment of the constraint equations, improving its numerical behavior.

2.2 Problems reported with penalty and augmented Lagrangian formulations

Several authors have used this approach or some modification of it for many years. One
possibility is to enforce the constraints only, applying penalty or augmented Lagrangian for-
mulations given by the following expressions,

MG+@,a®=Q(q,q); (Penalty) (7)
MG+® a®+®1" =Q(q,q); (Augmented Lagrangian) (8)

These approaches avoid the dissipative term in the equations and the consequence is a
slightly unstable behavior with standard integrators, characterized by a progressive and un-
bounded growth of the constraints energy.
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Figure 1: Spherical compound pendulum

In order to illustrate these difficulties, we will consider a spherical compound pendulum
[14] (see Figure 1) with two particles with masses m, =m, =1Kkg, placed in the center and

end of a massless rod of total length I, +1, with I, =1, =1 m. The system is released from the
position showed in the figure with initial velocity v, =1 m/s.

The system is modeled in natural coordinates with five constraints. The fact that the system
has two degrees of freedom and it is modeled with six coordinates (the absolute Cartesian co-
ordinates of both particles), means that one of the constraints is redundant. The constraint
equations are,

(rl_rO)T (rh-1)-I ©)
(rz _rl)T (rz _rl)_ 1; (20)
(r,—1y)x(r,—1,)=0 (11)

The constraint (9) imposes the constant distance between the origin and the point 1, while
the constraint (10) imposes the constant distance between the points 1 and 2. The constraints
(11) impose the alignment of the origin and both points. Only two out of the three constraints
in (11) are independent.

The simulation is carried out for 20 seconds based on the formulation (7), and integrated
with the trapezoidal rule with 0.02 s. of time step. The penalty factor chosen is 10’

Figures 2, 3 and 4 show the behavior of the energy, and the norm of the constraints at posi-

tion | @], velocity H(I)H , and acceleration level H(I)H along time.
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Figure 2: Constraints and energy behavior (Penalty with trapezoidal rule h =0.02 s).

Figure 2 shows that the position constraints are satisfied quite well, as we can expect, but
velocities and accelerations show an unstable behavior and they don’t satisfy the constraints.
Moreover, this behavior is more and more noticeable as the time grows and the vibration of
the constraints energy continues increasing, up to a point where the total energy of the system
is significantly affected and begins to grow in an uncontrolled manner.

If we increase the time step a little bit up to 0.025 s. these effects are much more evident.
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Figure 3: Constraints and energy behavior (Penalty with trapezoidal rule h =0.025 s).

If we focus now on the augmented Lagrangian formulation given by (8), it can be said that
it works more or less like the penalty formulation given by (7), and we can apply the same
conclusions with the following remarks. Equations (8) does not need so large values of pen-
alty factor as (7) to obtain a good solution and therefore the ill-conditioning problem of the
matrices is avoided. Actually, the results are good as long as we put all the penalty terms in
the scheme as shown in (5). However the augmented Lagrangian formulation performs worse
than the penalty formulation (7), if we only use the penalty term in positions as in (8), as
shown in Figure 4.
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Figure 4: Penalty vs augmented Lagrangian

Figure 4 shows the instability introduced by the iteration of the Lagrange multipliers. It can
be concluded that the resulting formulation shows bad properties and does not integrate the
motion in cases in which the penalty scheme does.

In next sections, we are going to describe two methods that avoid this observed instability,
while enforcing position constraints only.

3 THE PROPOSED DYNAMIC FORMULATIONS I: PENALTY WITH ENERGY
MOMENTUM INTEGRATOR

This formulation was presented in [12,13,14,18] and exactly conserves the energy and the
linear and angular momentum in conservative systems.

The formulation can be found explained in great detail in the cited references; nevertheless,
we present here a brief introduction of the proposed methodology applied to the dynamics of
multibody systems composed by rigid bodies.

The inclusion of the constraints through a potential (1) plays a key role in the formulation
because it preserves the conservative character of the original equations. The form of the
equations of motion is,

Mq=Q,.-VV=Q, +Q4+Q, (12)
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V=V, +V, (13)

where Q,. is the contribution of the non-conservative forces to the generalized forces vector,
V,, is the potential (1) of the constraints and V. is the potential of the remaining conservative

forces of the problem (like springs, gravity loads, etc) and all the remaining terms have the
same meaning explained before.
In the following subsections we are going to explain briefly how can Q,.,Q, and Q. be

introduced in the energy-momentum formulation.

3.1 Formulation of the constraints

To illustrate the introduction of the constraint forces in the formulation, let us consider a
multibody system with a configuration defined by a vector q e R" of natural coordinates af-

fected by a set of holonomic constraints ® € R™, each of them being at most quadratic. We
want to pursue the conservation of the total energy between kinetic plus potential energy of
the constraints by means of the integrator scheme.

The conservative formulation of the constraints can be rigorously obtained based on the
discrete derivative concept introduzed by Gonzalez [19], and the details can be found in [14,
18]. From a practical point of view, the method can be introduced departing from the implicit

midpoint rule,
qn+ = qn + hqn+
ST (14)
dn.1 =4, + hqn+]/2

where h=t_, —t , the subscript n represents magnitudes evaluated at the present time step,

and the subscript n+1 represents magnitudes evaluated at the next time step. The subscript
n+1/2 represents magnitudes evaluated at the midpoint, this is:

9., 4,
e

2 (15)
. [ P I
qn+1/2 = 1T

In this particular case of a system subjected only to the action of holonomic constraint
forces, the equation of motion (12), stands at the midpoint,

qu+]/2 - _(VV‘D )n+]/2 - —((D;—O{(D) (16)

n+1/2

In the expression (16), the term (I)qlT provides the directions of the constraint forces. The

idea is to replace the term a® in (16) by a generic term o, evaluated at some point of the
interval, while keeping the term (I)Z evaluated at the midpoint. The modified equation of mo-

tion, now holds,

qu+]/2 = (I)T Y (17)

- An+1/2
If we pose the balance between kinetic and potential energy at n and n+1,

Tn+1 _Tn = _(V Vn) (18)

n+l
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1,. . . . 1
E(q:ﬂquﬂ - q:qu ) = _E((I)Llaq)ml - (I):]—CZ(I)n ) (19)
Using the second equation in (14) and with (17) the following relation is obtained,

Too-To=—(ar:-q,)®; o= —%((I)Llacpm —®ad, )=—(V

n+.

n+l _Vn) (20)
In this work the modeling of the systems is made with natural coordinates, where the ma-
jority of the constraints are quadratic at most. In this case the following relation holds,

(Dqu]/z (qn+l - qn) =@, -, (21)

which introduced in (20) results,

Tou—T, =—(®], - @ )o= ;((I)Tla(l) ~®a®, )=—(V,

n+ n+l n+1

-V,) (22)

We can see that the equality (22) is true if we make 6 = a®, ,,, =1/2a(®@,,,+®,),

n+1

T

n+1

— 1
_T ((I);Ll (D: ) aq)n+]/2 = 2 ((I):]—Jrlaq)ml + (I)-nrJrla(I) (I)Ta(l) - (I):Jrlaq)ml)

(23)

(I) (D:Jrlaq)ml) (V _Vn)

n+1 n+l

3l

In case we have constraints of order higher than two, the mean value theorem guarantees
the existence of a position q,,,, =q, + £(q,., —q, ) where the following relation holds,

@ (401=0,) =P, -, (24)

and therefore the conservative properties of the algorithm are preserved.

3.2 Formulation of springs

Let us suppose that we have a multibody system with a spring, acting between two points
A and B . The expression of the force exerted by the spring over point A is,

£ =f° (s)@ (25)
Where s =|r, —r;] .

In this case we can proceed in a similar way like we did in the last subsection. The final
expression for the energy-momentum formulation of the spring force over point A, leads to
the following relation,

2 Vns+ —VS
ff\ :_%(

n+1~ °n

r, T, )M/2 (26)

where V., and V_*, are the potential energy of the spring at t.,, and t, respectively. In the

general case of a nonlinear spring, this potential can be defined as follows.

Vs(s):—jszfs(w)dw (27)

n+1
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being s, the position of the spring in which the potential energy is zero, and s the position in

which we want to calculate the potential energy.
With this formulation, the contribution of the spring to the generalized forces vector is,

s f: 2(Vns+l _Vns) r,—Iy
Q=== 2 (28)
fB Sni1 ~ Sn Ig =TIy n+y/2

Despite of the convenience of natural coordinates, it can be very useful to have a relative
coordinate, between the points on which the spring is acting. In this case, the force exerted by
the spring is included as a scalar force to this relative coordinate, so the contribution of the
spring to the generalized forces vector is,

Q =f°(s) (29)
In the case of the energy-momentum formulation, the expression (29) is given by,
ch — _Vn+1 _Vn (30)
Sna1 ~ Sy

The formulae (28) or (30) guarantee that the spring will not remove or introduce artificial
energy in the whole system.

3.3 Gravity forces

The gravity forces can be included as constants in the vector of conservative generalized
forces, Q. , to the corresponding points of each body, without affecting to the conservative

properties of the system.

3.4 Non-conservative forces
Non-conservative forces are calculated with the standard midpoint rule. So the contribution
of general force, f.. to the generalized forces vector Q,., takes the form,

nc’

an = (fnc )n+]/2 (31)

3.5 Final form of the equations of motion

Summarizing the results of the previous sections, the conservative formulation of the dis-
crete equations of motion have the following form,

MqﬂH/Z +(I)qu2a(T)n+]/2 -Q, _(an )n+]/2 =0 (32)
Taking into account the midpoint rule equations.
. L B
gy =
(33)

e = (00 -0)
qn+1/2_h2 9,1 — 4, hqn

and using (33) in (32) we arrive at the following system of nonlinear equations in the time
step n+1.

10
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2 2. —
M (F(qnﬂ —q, ) - Eqn j + q)jl—w/z aq)m]/z - Qc - (an )n+1/2 =0 (34)
The system (34) leads to the following approximate residual and tangent matrix,
h?/ . —
f(a) =5 (M, + @ a®,; - Q. ~(Que), ) (35)
of 2
(a) ;M+h—((l); a®, +Knc+2Kc)+DCnc (36)
0.y A 2
Where.
Knc == aan
aqn+]/2
Cnc == éan (37)
8qn+]/2
K, = _ Q.
aqn+1

Several terms has been neglected in the calculation of the tangent matrix (36), in particular
the derivatives of the jacobian matrix ®, . This term, due to the linear and quadratic character

of the constraints, typically give a very sparse third order tensor which contribution can be
neglected in most cases, as explained in [1].

4 THE PROPOSED DYNAMIC FORMULATIONS II: INDEX-3 AUGMENTED
LAGRANGIAN WITH PROJECTIONS AND TRAPEZOIDAL RULE

This formulation was presented in [9,15]; and it is based on the an augmented Lagrangian
formulation with penalty forces proportional only to the violation of the constraints at position
level.

The idea of this formulation is to take to zero, not the term (<15+2§a)<i)+a)2<1>), but each

one of the terms @, ® and @ separately. It can be seen that this idea improves the precision
and stability of the integration.

4.1 Final form of the equations of motion

Let’s suppose a multibody system which configuration can be defined by a vector q e R"

of natural coordinates, subjected to the action of a set of holonomic constraints ® e R™. The
nullity of the first term, @, is directly imposed through the following motion equations,

MG+@.% +® a®=Q(q.q) (38)
A, =M\ +a® (39)

where 1" is a vector which contains the m Lagrange multipliers and all the remaining terms
are known.
The selected integrator is the single step trapezoidal rule, given by,

11
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. 2 - - 2 .

qn+l:Fqn+1+qn ’ q, :_(Eqn_'_qn]

.. 4 a 2 4 4. . (40)
qn+l=Fqn+l+qn ’ q, =_(Fqn+ﬁqn+qnj

Combining the equations (40) and (38) at the step n+1, we arrive at the following system
of nonlinear equations.

4 * . o
Fqul + (D;nﬂ;\' + (D;mlaq)ml -Q (qn+1’ qn+1) + qu =0 (41)
Which leads to the following residual and tangent matrix.
h?, . .
f(q)= 7(Mq + @) +D,a0-Q) | (42)
of 2
(q);M+DC+h—((I); a®, +K) (43)
aqn+l 2 4 " "
where,
K - _ ZQn+l
qn+l (44)
C=— anl
aqm—l

The equations of motion (38) impose the dynamic equilibrium and the constraint equations
at position level. Theoretically, the enforcement of the constraints at position level guarantees
the fulfillment of their derivatives under the adequate initial conditions. However, velocities
and accelerations are calculated by means of the integrator equations (40), so they are not the
exact derivatives of the positions. Moreover, the numerical errors lead to the non fulfillment
of the constraint equations at velocity and acceleration level. Due to this fact, and as we com-
mented before, this formulation is unstable.

In next sub-sections we are going to see the way to fulfill the constraints at velocity and
acceleration levels, by means of projections in velocities and accelerations onto the manifolds

of ® =0 and ® =0. This projections stabilize also the unstable character of the formulation.

4.2  Projection of velocities

These projections were introduced in [9, 20]. They use the previous factorization of the
tangent matrix (43) to project, saving computational time. The idea is to solve the following
problem of minimization.

min V :%(q—q*)TP(q—q*)
(45)

2

s.t. %@(q,q,t):o

where,

12
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h h?
P=M+-C+—K (46)
2 4

If we use an penalty scheme, analogous to the one seen before, we can arrive at the follow-
ing linear system of equations,

[P + %m;aQqu =Pq —%zmgacl)t (47)
Replacing the weight matrix P, we have,
(M+%C+h72((l);a(1)q+K)jq=(M+gC+hT:qu*—h£(DZa(Dt (48)
and taking into account the equation (43) we have the final form,
(%S')jqz[M%m%szq*—h?:q);amt (49)

4.3 Projection of accelerations

Now the minimization problem is the following,

min V :%(q—q*)TP(Q—q*)

e (50)
s.t. I<'1'>(q,('1,t)=0
Where P is the matrix(46).
The final equations for the projections of accelerations,
of(q)).. h . h* V.. h? o
[TJq:(M_FEC—i_ZK q —?q)q(l(q)qq-Fq)t) (51)

S NUMERICAL SIMULATION

In section 2, the example of the spherical compound pendulum (Figure 1) was presented,
and the problems found with penalty and augmented Lagrangian formulations were reported.
The results solving the same example with the formulations of the sections 3 and 4 are going
to be presented now, to better understand the behavior of the proposed formulations.

5.1 Penalty and energy-momentum integrator

The formulation proposed in section 3 stabilizes the behavior of the equations (7), as
shown in Figure 5. This stabilization is made by means of the control of the energy in the sys-
tem.

13
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Figure 5: Constraints and energy behavior (h =0.025 s)

As we could expect nor the constraints at position neither at velocity level are zero. Never-
theless, the constraints at position level are near to zero because of the penalty term present in
the motion equations. The constraints at velocity level are also near to zero because of the
conservation of energy imposed by the energy-momentum integrator. On the other hand, the
constraints at acceleration level are not imposed by the motion equations neither by the inte-
grator so their fulfillment is quite poor.

If we look at the energy, as we could expect, the sum of kinetic and potential energy shows
an oscillation due to the vibration of the constraints energy, because the satisfaction of the
constraints is not exact and they take and release energy from the system along the simulation.
If we look at the sum of Kinetic, potential and constraints energy, we can see that conservation
imposed by the energy-momentum integration is exact, which leads to a very robust formula-
tion.

14
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5.2 Index-3 augmented Lagrangian with projections and trapezoidal rule

The formulation proposed in section 4, clearly stabilizes the behavior of the augmented
Lagrangian equations.
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Figure 6: Constraints and energy behavior (h =0.025 s)

As shown in Figure 6, the satisfaction of the constraint equations is very good at position,
velocity and acceleration levels.

In this case the energy taken by the constraints is negligible, but the sum of kinetic and po-
tential energy is not conserved, mainly because the augmented Lagrangian formulation along
with the trapezoidal rule introduces instabilities in the constraints which are damped out by
the projections.

In any case, the energy variations resulting from this approach is not very significant in
global terms, as shown in Figure 7.
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Figure 7: Kinetic, potential and total energy (h =0.025 s)

6 CONCLUSIONS

e Two solutions to integrate the equations of constrained multibody systems have been
presented: one based on a specialized integrator which exactly conserves the energy and
the other based in projections of velocities and accelerations onto the constraints mani-
folds.

The conserving penalty formulation shows a very good behavior, specially with long
term simulations in conservative systems, in which the conservation of the energy is one
of the key points in the solution. Nevertheless the fulfillment of the constraint equations
IS not exact, in particular at acceleration, and may motivate future modifications of this
methodology, based, for instance, on the augmented lagrangian formulation. Other dis-
advantage is that this method leads to non-symmetric tangent matrices.

The augmented Lagrangian formulation with projections shows a very robust behaviour
along with an acceptable precision. The formulation is not as adequate for long term
simulations with conservative systems as the previous one, but it is a good candidate for
hard real time simulations, because it is very simple and does not require the use of spe-
cialized integrators to achieve stability [20]. The tangent matrix resulting from the
method is symmetric with integrators of the Newmark family, which is very convenient.
Moreover, the factorization of the tangent matrix can be used to make the projections.
With the present integrator the main drawback is the dissipative character of the algo-
rithm. Improvements can be achieved by changing the integrator, since the scheme is
valid with other integrators, including the energy-momentum integrator. Nevertheless, it
can be interesting to explore futher the relation between the projections and the energy
dissipation.
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