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ON HAMEL’S EQUATIONS

Dmitry V. Zenkov

ABsTrACT. This paper reviews recent results on the extension of Hame’s for-
malism to infinite-dimensional mechanical systems and to variational integra-
tors. Of a particular interest are applications to the dynamics and numerical
integration of systems with velocity constraints.

1. Introduction

This paper surveys some of the contemporary development of the formalism
introduced by Hamel [21] in his habilitation thesis.

Hamel’s formalism is an extension of Euler’s ideas of using nonmaterial velocity
in mechanics. Nonmaterial velocity of a system carries information about system’s
velocity, but is not the rate of change of system’s configuration with respect to
time. For a finite degree of freedom system, nonmaterial velocity is a collection
of velocity components relative to a set of vector fields that span the fibers of the
tangent bundle of the configuration space. In the finite-dimensional setting, this
development was carried out by Hamel himself in [21].

One of the reasons for using nonmaterial velocity is that the Euler—Lagrange
equations are not always effective for analyzing the dynamics, either analytically or
numerically, of a mechanical system of interest. For example, it is difficult to study
the motion of the Euler top if the Euler-Lagrange equations are used to represent
the dynamics. On the other hand, the use of the angular velocity components
relative to a body frame as pioneered by Euler [14] results in a much simpler
representation of dynamics. In a similar fashion, Euler [15-17] uses convective
velocity to represent the dynamics of an ideal incompressible fluid. Euler’s approach
was further developed by Lagrange [31] for reasonably general Lagrangians on the
rotation group and by Poincaré [41] for arbitrary Lie groups (see [35] for details
and history).

The nonmaterial velocity used in [31,41] is associated with a group action.
Hamel obtained the equations of motion in terms of nonmaterial velocity that is
unrelated to a group action on the configuration space. Hamel’s equations include
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both the Euler-Lagrange and Euler—Poincaré equations (for the rigid body for
example) as special cases.

As clearly seen from his paper, Hamel was particularly motivated by nonholo-
nomic mechanics. His formalism features the simplicity of analytic representation
of constraints and the intrinsic absence of Lagrange multipliers in the equations of
motion. It is exceptionally effective for studying (finite-dimensional) constrained
systems and understanding their dynamics, both analytically and numerically; see
e.g. [2,7,25-27,39,51] and references therein.

The paper concentrates on the two recent developments: Hamel’s formalism for
infinite-dimensional mechanical systems and discrete Hamel’s mechanics. The for-
mer is motivated by the importance of nonmaterial velocity in continuum mechanics
as demonstrated by Arnold [1] and Ebin and Marsden [13] as well as by the recent
development of infinite-dimensional nonholonomic mechanics (see e.g. [3,46-48]).
Motivation for the latter includes the development of structure-preserving numer-
ical integrators for mechanical systems with velocity constraints, an attempt to
restore the concept of ideal constraints in the discrete setting, and related struc-
tural stability of variational and nonholonomic integrators. A loss of structural
stability has been recently observed in [32,40].

Being a survey, this paper leaves many technical details out. Interested readers
are referred to [2,44] for such details, applications to systems with symmetry,
etc. We concentrate on the formulation of the Hamilton and Lagrange—d’Alembert
variational principles for Hamel’s equations. In the infinite-dimensional setting,
this is done by computing the velocity variation, which requires a construction of
an infinite-dimensional version of Hamel’s coefficients. Of course, this variation
formula is induced by the Lagrangian formulation of continuum mechanics. In the
discrete setting, the situation is a bit more delicate. For the constraints to remain
ideal after discretization, the velocity variation should be properly defined and in
general cannot be derived from discrete Lagrangian mechanics. This is a reflection
of an intrinsic dependence of an integrator on the discretization mesh.

The results are illustrated with examples, including an infinite-dimensional gen-
eralization of the Chaplygin sleigh and a global energy- and momentum-preserving
integrator for the spherical pendulum.

2. Preliminaries

Lagrangian mechanics provides a systematic approach to deriving the equations
of motion as well as establishes the equivalence of force balance and variational
principles.

2.1. The Euler—Lagrange Equations. A Lagrangian mechanical system is
specified by a smooth manifold ) called the configuration space and a function
L: TQ — R called the Lagrangian. In many cases, the Lagrangian is the differ-
ence of system’s kinetic and potential energies, with the kinetic energy defined by
a Riemannian metric and the potential energy being a smooth function on the con-
figuration space Q. If necessary, non-conservative forces can be introduced. For
instance, gyroscopic forces are represented by terms in L that are linear in the
velocity, but this is not discussed in detail in this paper.
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In local coordinates ¢ = (¢*,...,q") on the configuration space Q we write
L = L(q,q). The dynamics is given by the Euler—Lagrange equations
d OL 0L
—— =, t=1,...,n.
dt 0¢*  Oq*

These equations were originally derived by Lagrange [31] in 1788 by requiring
that simple force balance be covariant, i.e. expressible in arbitrary generalized
coordinates. A variational derivation of the Euler-Lagrange equations, namely
Hamilton’s principle (see Theorem 2.1 below), came later in the work of Hamilton
[22,23] in 1834/35.

Let g(t), a <t < b, be a smooth curve in Q. A variation of the curve ¢(t) is a
smooth map S: [a,b] X [—¢,¢] = @ that satisfies the condition 5(¢,0) = ¢(t). This
variation defines the vector field

dq(t) = Lﬂ{()t; 2

=0
along the curve ¢(t).

THEOREM 2.1. The following statements are equivalent:
(i) The curve q(t), where a < t < b, is a critical point of the action functional

/ ' Lavd)de

on the space of curves in QQ connecting q, to q, on the interval [a, b], where
we choose variations of the curve q(t) that satisfy 6q(a) = dq(b) = 0.
(ii) The curve q(t) satisfies the Euler—Lagrange equations.

We point out here that this principle assumes that a variation of the curve ¢(t)
induces the variation §¢(t) of its velocity vector according to the formula

0q(t) = %5(1@).

For more details and a proof, see e.g. [4,35].

2.2. The Euler—Poincaré Equations. The classical Fuler equations for a
freely rotating rigid body read

JO = JQ % Q,

where  is the body angular velocity and J is the inertia tensor. First derived
by Euler [14], these equations, as well as the Euler equation for an incompressible

inviscid fluid flow,

0
8_115) + Vv =-Vp, dive =0,

were generalized by Poincaré [41,42] to any Lie algebra. These Fuler—Poincaré
equations for a Lagrangian [(§) defined on a Lie algebra g read

d ol . 0l

EE = tad E

These equations are variational, with variations satisfying certain constraints, as
the following theorem clarifies.

(2.1)
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THEOREM 2.2. Let g be a Lie algebra and | : g — R be a Lagrangian. The
following statements are equivalent:

(i) The variational principle

b
5/ @) dt = 0
holds on g, using variations of the form
06 =n+adenm,

where 1 vanishes at the endpoints.
(ii) The Euler—Poincaré equations (2.1) hold.

See [6,9, 24,34, 35] for details, history, and proofs.

2.3. Hamel’s Equations. There are mechanical systems for which the La-
grangian and equations of motion have a simpler structure when the velocity com-
ponents are measured against a frame that is unrelated to the system’s local con-
figuration coordinates. Examples of such a systems include the rigid body and an
inviscid fluid flow.

Let ¢ = (¢*,...,q") be local coordinates on the configuration space @ and
u; € TQ, v =1,...,n, be smooth independent local vector fields on ) defined in
the same coordinate neighborhood. In certain cases, some or all of u; can be chosen
to be global vector fields on Q.

Let £ = (¢1,...,€") € R™ be the components of the velocity vector ¢ € T'Q
relative to the frame u(q) = (u1(q), ..., un(q)), ie.,

G = &'uilg).
The Lagrangian of the system written in the local coordinates (g, &) on the velocity
phase space T'QQ reads
1(g,€) = L(q; €"ui(q))-
The coordinates (¢,§) are a Lagrangian analogue of non-canonical variables of

Hamiltonian mechanics.
Define the Hamel coefficients or structure functions cfj (¢) by the equations

[ui(q), u;(q)] = ¢jj(Qualq), a,i,j=1,...,n.

The quantities cf;(g) vanish if and only if the vector fields u;(q), i = 1,...,n,
commute.

Viewing u; as vector fields on T'Q) whose fiber components equal 0 (that is, tak-
ing the vertical lift of the frame vector fields), one defines the directional derivatives
u;[l] for a function I: TQ — R in a usual way.

The evolution of the variables (g, £) is governed by the Hamel equations

d ol ol

2.2 a0 i
( ) dt aé-] cz] 85“5 + u][ ]7
a,i,j = 1,...,n, coupled with the equation ¢ = £'u;(q). These equations were

introduced in Hamel [21]. See also [7,39] for details, history, and contemporary
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geometric exposition. If u; = 9/dq’, the Hamel equations become the Euler—
Lagrange equations.

2.4. Ideal Constraints. Assume now that there are velocity constraints im-
posed on the system. We confine our attention to constraints that are linear and
homogeneous in the velocity. Accordingly, we consider a configuration space @ and
a distribution D on @ that describes these constraints. Recall that a distribution
D is a collection of linear subspaces of the tangent spaces of @); we denote these
subspaces by D, C T,Q, one for each ¢ € Q.

A curve q(t) € Q is said to satisfy the constraints if §(t) € Dy for all t.
This distribution will, in general, be nonintegrable, i.e., the constraints will be, in
general, nonholonomic.

As discussed in e.g. [11,45], it is assumed in classical mechanics that the con-
straints imposed on the system can be replaced with the reaction force. This means
that after the force is imposed on the unconstrained system, the constraint distribu-
tion D C T'Q) becomes a conditional invariant manifold of the forced unconstrained
Lagrangian system whose dynamics on this invariant manifold is identical to that
of the constrained system.

DEFINITION 2.1. Constraints (either holonomic or nonholonomic) are called
ideal if their reaction force at each g € @ belong to the null space Dy C T7Q of D,.

As shown in [11,45], the reaction forces of ideal constraints are defined uniquely
at each each state (q,q) € TQ satisfying the constraints. For a system subject to
ideal constraints, the forced dynamics is equivalent to the Lagrange—d’Alembert

principle.

Utilizing Hamel’s formalism and assuming the ideal velocity constraints read
gmtl = ... = ¢" = 0, the dynamics of the constrained system is given by (2.2)
for j =1,...,m. The remaining n — m equations serve for computing the reaction

force, and do not affect the dynamics of the system. For the early development of
these equations see Poincaré [41] and Hamel [21].

We refer the readers to |7,35] for the history and development of the concept
of ideal constraints and of variational principles for the Euler—Lagrange, Euler—
Poincaré, and Hamel equations.

2.5. The Chaplygin Sleigh. The sleigh is a vertical blade moving on a hori-
zontal plane. There is a single contact point of the blade and the plane. The center
of mass of the blade coincides with this contact point. The velocity component
of the contact point perpendicular to the blade is set to zero. The sleigh is often
thought of as a balanced platform on the top of the blade. See Figure 1 where the
platform, the blade, and the contact point are depicted as an oval, a bold segment
and a bold dot, respectively.

Let 6 be the angular orientation of the sleigh and (x,y) be the coordinates of
the contact point as shown in Figure 1. The configuration space for the sleigh is the
Euclidean group SE(2), which has the semidirect product structure SO(2) ® R?.

lConstraints are nonholonomic if and only if they cannot be rewritten as position constraints.
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We parametrize the elements of SE(2) as (6, x,y). The body frame is

0 0 0 0 0

20 c059£ +Sin98_y’ —sin9£ +c0598—y
Using this frame,
(2.3) 0=w, &=uv'cosf—v?sinf, 3 =uv'sinf+v%cosb.

That is, w is the angular velocity of the sleigh relative to the vertical line through
the contact point, and (v!',v?) are the components of the linear velocity of the
contact point in the directions along and orthogonal to the blade, respectively.
Thus, the constraint reads v? = 0.

b

FIGURE 1. The Chaplygin sleigh.

It is convenient to utilize the complex configuration variable z = = + iy on
the plane. Similarly, the linear velocity relative to the body frame is written as
v =o' +iv?, and formulae (2.3) become

(2.4) 0=w, z=c¢e’,
whereas the constraint in this complex representation reads
v =".

Denote the mass and the moment of inertia of the sleigh by m and J. The
Lagrangian is just the kinetic energy of the sleigh, which is the sum of the kinetic
energies of the linear and rotational modes of the body:

= 3(Jw? + mov).

The elements of the algebra se(2) = s0(2) ®C in the complex representation
are written as (iw,v), where iw € 50(2), w € R, and v € C. The bracket operation
on the algebra se(2) reads

(25) [(iwl, ’Ul), (iWQ, ’UQ)] = (0, iwlvg — iwgvl).

Using (2.5), the constrained Hamel equations for the Chaplygin sleigh are computed
to be

(2.6) G=0, ©=0.
Recall that in (2.6) the quantity v is real-valued.
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Solving equations (2.4) and (2.6) gives

20 + eyt fw=0

w=const, v=const, 0=0p+wt z= I )
0 {zo—%ew“(e“"t—l) ifw#0

and so generically the sleigh moves along a circle at a uniform rate.

3. Infinite-Dimensional Systems

Here and in Section 4, system’s number of degrees of freedom is not assumed
finite. As the use of frames and bases in the infinite-dimensional setting is unnat-
ural and not always possible, we introduce a coordinate-free approach to Hamel’s
formalism. Thus, instead of frames, we use linear velocity substitutions. These sub-
stitutions, however, are not induced by a (local) configuration coordinate change.

Below, the functional-analytic details are mostly omitted. These details and
can be found in [44]. Tt is safe to assume that all infinite-dimensional configuration
spaces are Banach manifolds, however, the results remain correct for much more
general settings, such as convenient spaces.

3.1. Lagrangian Mechanics. Let M be an infinite-dimensional smooth man-
ifold modeled on a vector space W and let T'M be its kinematic tangent bundle
with the projection wp;: T'M — M. Consider the initial inclusion map i: Q — M
and the pullback vector bundle P = ¢*T'M. The map i satisfies the following prop-
erty: A map f: N — @ is smooth if and only if i o f: N — M is smooth. Note
that @ is usually not a submanifold of M, see [30] for details.

A Lagrangian is a smooth function L: P — R. The dynamics for this La-
grangian is defined in a usual way by Hamilton’s principle: The curve v: [a,b] — @

is a trajectory if
b
5/ Ldt=0

3.2. Hamel’s Formalism and Hamilton’s Principle. Let U be an open
subset of M containing g € () and let

(3.1) UxW 2 (q,8)~ (q,¥,8) emyf (U)CcTM

be a fiber-preserving diffeomorphism that is linear in the second input. Hence, for
each ¢ € U, both W,: W — T,M and ¥_': T,M — W are invertible bounded
linear operators smoothly dependent on ¢ in an open subset i ~1(U) C Q.

As the Lagrangian fails to be defined, in general, on T'M, it is necessary to
consider various forms of equations of motion, such as weak and strong forms.
Further, the objects involved may not even be defined on the entire TM but only
on its dense subset. See [35] for details and references.

For each £ € W, the operator ¥,: W — T,M introduced in (3.1) outputs the
vector W, ¢ € TyM for each ¢ € U. Thus, each £ € W defines the vector field

VE(g) = Wy¢

along ~.

onU.
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Given two vectors £, € W, define an antisymmetric bilinear operation [-, -4 :
W x W — W by
(3.2) Wylg,mlq == W& ¥nl(q),
where [-, -] is the Jacobi-Lie bracket on the manifold M. Next, for arbitrary &, »,
¢ € W, we have

W, ([[& g, Clg + [, Clg» Elg + [[C5 Elgsmlq)
=[[V& ¥nl, ¥ (](q) + [[¥n, W], V() + [[W(,VE], Wnl(g) =0,

implying, in view of invertibility of ¥, the Jacobi identity for the bracket [-, -]4.
Therefore, for each ¢ € U, the space W with the operation [-, -], is a Lie algebra,
denoted hereafter W,.

The dual of [-, -], is, by definition, the operation [-, -]7: W, x W5 — Wy
given by

([&ads )y =, [&nlg)yy EMEW, aeW™

As in the finite-dimensional setting, let ¢ and dg denote the velocity and the
virtual displacement at ¢ € Q). From now on, the inverse images of ¢ and dq are
written as £, € W, that is, ¢ = ¥, & and dg = ¥y 1.

Interpreting £ as an independent variable that replaces ¢ (locally) defines the
Lagrangian as a smooth function of (¢,£) on iU x W:

(3.3) Uq,8) = L(q, ¥4 &).

The equations of motion written when (g, ) are selected as (local) coordinates on
the velocity phase space are called the Hamel equations.

Recall that, given a smooth curve ¢(t) € Q, t € [a, b], its variation is a smooth
one-parameter family of curves

[a,b] x [—e,e] 2 (t,7) = B(t,7) € Q@ such that B(¢,0) = q(¢).

An infinitesimal variation dq is defined by

Sa(t,7) o= (1,7,

When this field is evaluated along the curve ¢(t), we write dq(¢), i.e.,
0

3.4 oq(t) :==6q(t,0) = — t,7).

(3-4) q(t) = 0q(t,0) = 5| _ B(t,7)

Thus, a variation of a smooth curve ¢(t) € @ defines a curve n(t) € W:

3q(t) = Yoy n(t).

THEOREM 3.1 (Hamilton’s Principe for Hamel’s Equations). Let L: P — R
be a Lagrangian and | be its representation in local coordinates (q,&). Then, the
following statements are equivalent:

(i) The curve q(t), where a <t < b, is a critical point of the action functional

/ ' Liard)de
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on the space of curves in QQ connecting q, to q, on the interval [a, b], where
we choose variations of the curve q(t) that satisfy dq(a) = dq(b) = 0.
(ii) The curve q(t) satisfies the weak form of the Euler—Lagrange equations

b
6L d 6L
(3.5) / <5q 5 5q> dt = 0.

If, additionally, 6L/6q € T;M and i.T,Q is dense in TyM for every
q € Q, the curve q(t) satisfies the strong form of the Euler—Lagrange

equations,
d oL oL
3.6 S
(3.6) dt 6¢  dq
(i) The curve (q(t),&(t)) is a critical point of the functional
b

) [ 1@
with respect to variations 6§, induced by the variations
and given by

(3.9) 6 =1+ [& nlq-

(iv) The curve (q(t),£(t)) satisfies the weak form of the Hamel equations
. 0l d 4l

3.10 ——.n)dt=0 voNT,

s [ (g %], ey 1e %)
coupled with the equations ¢ = W, . If 61/0q € Ty M and 1.T,Q s dense
in TyM for every q € Q, the curve (q(t),£(t)) satisfies the strong form of
the Hamel equations

d 9l ol

3.11 \I/* —

(30 ke [ 5} 7

coupled with the equation ¢ = U, &.
For the early development of these equations in the finite-dimensional setting

see [21,41].

PROOF. The equivalence of (i) and the weak form of the Euler-Lagrange equa-
tions (3.5) is proved by integration by parts:

o soivan= [ ((Gpon)+ (Goi)) = | (5 -5 oa)

The strong form of the Euler-Lagrange equations (3.6) follows from a standard
contradiction argument: Skipping technical details,
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implies
b
5 [ L #0
for a certain variation of ¢(t), which finishes the proof of the equivalence of (i)
and (ii).

To prove the equivalence of (i) and (iii), we first compute the quantities 6¢ and
d(dq)/dt. Recall that

0
5Q(t) = E ﬂ(th) = \Ijq(t) n(t)a where n(t) ew.
7=0
Using the definition (3.4) of the field dq,
0
(3.12) W) = 5~ 70‘1’5@,7) =0q(H)[Yy(y] = (Pye) n(O) [P g(r))]-

Hereafter, v[f] denotes the derivative of the function f along the vector filed v; in
particular, in (3.12) an operator-valued function is differentiated.
Similarly,

Yoty = 4O Yqmy] = (T EO)) [P g,

and therefore
3G = (Tgm)[Wel€ + Wy o, GHoq= (Ve E)[Pyln+ Vg1,
From §q = %5(1, we obtain
U, (06 — 1) = (VW] (g) — (Wn)[¥E](g) = [VE Wnl(g) = Yy[€,1lg,

which implies formula (3.9).

To prove the equivalence of (iii) and the weak form of Hamel’s equations (3.10),
we use the above formula and compute the variation of the action (3.7):

[ [ ({fm) o))
:/a (<§TZJ‘I’ > <5§an+[£n] >)dt
[ (mae e «J STk

If 6L/6q € Ty M and i.T,Q is dense in Ty M for every q € @, then for each t the
subspace \I/;é) (i+Tq)@) is dense in W, and the variational derivative vanishes if
and only if the strong form of the Hamel equations (3.11) is satisfied. O

EXAMPLE 3.1. For an incompressible fluid flow in a compact domain D C R3
with a smooth boundary the configuration space is the group Diff (D) of volume-
preserving diffeomorphism of D. Let ¢(t) be a curve in this group, one may think
of q(t) as a particular fluid flow. Following Euler [15-17], one typically uses the
spatial velocity € = Goq~! € T, Diff(D). Selecting W = T, Diff (D) = X (D) (the
space of smooth vector fields on D tangent to the boundary) and ¥, = TR, gives
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G = W4 & Therefore, the use of spatial velocity in fluid dynamics is an instance of
infinite-dimensional Hamel’s formalism. The variation formula (3.9) becomes

where [-, -] is the Jacobi-Lie bracket on D. The dynamics, in the form of Hamel’s

equations, reads
d 6l ol

—— +adf = =0,
datoe 2% 5
which are the Euler—Poincaré equations, as established by [1,41].
REMARK 3.1. The convective representation of fluid dynamics is straightfor-

ward to obtain by setting ¥, = T'L,. See [20] for details on the convective repre-
sentation in continuum mechanics.

EXAMPLE 3.2. For an inextensible string moving in the plane (see Figure 2) the
configuration manifold is the space of smooth embeddings Emb([0, 1], R?). We will
view R? as a complex plane. Given z € Emb([0, 1], C), the inextensibility condition

FIGURE 2. An inextensible planar string.

reads ||zs]] = 1, 0 < s < 1. For simplicity, we assume no resistance to bending.
Therefore, the Lagrangian reads

£ = [ 5O = Al = 1) ds.

where A: [0,1] — R is the Lagrange multiplier (tension). The boundary conditions
for the Lagrange multiplier are a part of the requirement 6 . = 0. For a free motion
of a string, these conditions read

(3.13) Msmo = Als=1 = 0.
Let
(3.14) 2=0,8 =2,

so the velocity components to be used to construct Hamel’s equations are rep-
resented by a complex-valued function & = £(s,t). Geometrically, the real and
imaginary parts of £ are the tangent and normal velocity components of the points
of the string.

The Lagrangian becomes

1
1 _
= /0 5(532355 — AMZszs — 1)) ds,

in which the density should be understood as a function of (zs, Z,, &, €) and the
Lagrange multiplier .
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Next, the formula (3.2) for the string becomes

d
Ve, v 77](2)% ((Z +7258)sm — (2 + 7—2577)55) = 25(&m — ns&) = V[, 1]
=0
That is,
(3'15) [gan]z = 5577_6775-

Instead of establishing the formulae for the dual bracket and dual operator ¥*,
it is more efficient in this example to directly work with the variational principle.
We have:

(3.16) ﬂa +—£5§+ﬂ5 + 5_55,

and since [ is real-valued, the two last terms are obtained from the first two by
conjugation. Thus, it is sufficient to evaluate the last two terms in (3.16):

6l - ol - - d ol _

g f 08 = 2+ —= 5E (‘f 6778) - 55—577

1
_ o - d , B
= /0 ) (()\Zs - Zsff)s(gz =+ Zszsf(gsn - 5775) - E(Zszsg)n) ds
— 35 (- €011
Y100 o B} _od _ 1 ps=t
= /0 3 (2’52’5555 + 2525885 + AsZszs + A2ssZs — E(Zszsg))nds - 52’525)\77 5=0°

which, after imposing the constraint zZsz; = 1, implies

(3.17) €= €& + Ay +ix(N — &)

as well as the tension conditions (3.13). Here s is the (signed) curvature of the curve
[0,1] 2 s+ z(s) € C. The right-hand side of (3.17) gives an explicit representation
of the terms on the right-hand side of Hamel’s equations (3.11) for the string.

REMARK 3.2. Alternatively, one defines the operator ¥ by
Zs
25 e,
|2

Because of the constraint |z5| = 1, the resulting Hamel equations are (3.17). How-
ever, the bracket [, 1] is now given not by (3.15) but by a slightly different formula.
This latter bracket is in fact induced by the (standard) bracket of the Lie algebra
of the infinite-dimensional group

G ={[0,1] 3 s~ g(s) € SE(2)}.

V€=

To see that, the string dynamics should be interpreted as a motion on G specified
by the degenerate Lagrangian

1
1 - -
l:/o 5(55—/\(252571))115
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subject to the constraint

Fs i0
(3.18) 2l e
where (0, z) are the (standard) coordinates on SE(2) = SO(2) ®C and ¢ is the C-
component of the body velocity g~'¢. One then composes the C-component of the
Euler—Poincaré equations on G' and imposes constraint (3.18). This results in the
string equations (3.17). It is worth noticing that the derivation of these equations
using formula (3.14) is simper and more efficient.

)

4. Systems with Constraints

Here we discuss infinite-dimensional dynamics with velocity constraints. To
simplify the exposition, we assume in the rest of the section that 6L /dq € T;M and
1.1, @ is dense in Ty M for every q € @), and thus all results will be stated for strong
equations of motion. Similar statements for weak equations are straightforward
to obtain.

4.1. The Lagrange—d’Alembert Principle. Recall that in this paper the
constraints imposed on the system are assumed linear and homogeneous in the
velocity. Such constraints are specified by a vector subbundle D of the bundle
P =i*T'M. The base of this subbundle is the manifold Q. This subbundle will, in
general, be nonintegrable.

The condition for a curve to satisfy the constraints, (t) € Dy for all ¢, is,
by itself, insufficient for the development of constrained mechanics. One needs
a mechanism for constructing the vector field that captures the dynamics of the
constrained system. For the ideal constraints in the finite-dimensional setting, this
is accomplished by a projection. Thus, constraints define a submanifold of the
velocity phase space and a projection onto this submanifold.

For a projection to be meaningful in the infinite-dimensional case, D is required
to be a locally splitting subbundle of P. That is, for each ¢ € @) there exists a chart
(U, h) of M such that

Th(zgy' (U)ND) = h(U) x WP,

where the closed subspace WP of the model space W is splitting, or complemented,
, there is a closed subspace WY of W such that WP @ WY = W and the
projection 7P uniquely determined by setting (Kern?,Im7?) = (WY WP) is
continuous.
The following Lagrange—d’Alembert principle is known to be equivalent to the
dynamics of systems with ideal constraints:

DEFINITION 4.1. The Lagrange—d’Alembert equations of motion for the system
are those determined by
) / (q,q)dt =0,

where we choose variations dq(t) of the curve ¢(t) that satisfy dq(a) = dq(b) = 0
and 6q(t) € Dy for each t where a <t < b.
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This principle is supplemented by the condition that the curve ¢(t) itself satis-
fies the constraints. Note that we take the variation before imposing the constraints;
that is, we do not impose the constraints on the family of curves defining the varia-
tion. This is well known to be important to obtain the correct mechanical equations
(see [5] for a discussion and references).

The Lagrange—d’Alembert principle is equivalent to the equations

ddL oL
ao% 2 epe jen,.
dioq dq Cw 4T
Here,

D2 = {a €Ty M| (a,0) = 0,0 € Dy}.

4.2. The Constrained Hamel Equations. Given a system with velocity
constraints, that is, a Lagrangian L: P — R and constraint distribution D, select
the operators W,: W — T,Q on U C @ such that there exist closed subspaces
WP, WY cWwW,W=WPaq WY, and v, = \I/qD &) \IIZ’, where \I/qD: wP D, and
\IIZ; WY U, and their inverses are bounded linear operators smoothly dependent
on g € U. One way to choose the operators ¥, is to use the above subbundle chart.
In general, U # @, as numerous finite-dimensional examples demonstrate.

Each ¢ € T M is then uniquely decomposed as

4.1 G=V, P+,  where Y, (P eD,,
q q q q

ie., U, &P is the component of ¢ along D,. Similarly, each a € W* uniquely
decomposes as

a = ap + oy,

where ap and «ay; denote the components of o along the duals of WP and WY,
respectively. We have

ap = (°) oalwr and oy = (id—(77)*) o alyu,
where (7P)* is the adjoint of 7. Using (4.1), the constraints read
(4.2) £=€P or g,
which implies
(4.3) 66 =060 or sY =0.
The Lagrange—d’Alembert principle then implies the following theorem:

THEOREM 4.1. The dynamics of a system with velocity constraints is repre-
sented by the strong form of constrained Hamel equations

d ol AN ol

(4.4) (—— —~ {ED,—] —\11*—) =0, =0, ¢=0,6".
dt 6¢ 0& g %6q) p 4

ExaMPLE 4.1. Consider an inextensible string moving in the plane subject to

the vanishing normal velocity constraint, see Figure 2. This is a nonholonomic

constraint. One may think of a motion of a sharp string on the horizontal ice.
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Using the notations introduced in Example 3.2, the constraint reads £ = &, i.e.,
¢ € R. Equations (4.4) for the constrained string thus become

(45) 5 = 555 + >\S;
(4.6) z=28, &§=¢.
along with the inextensibility condition.
It is geometrically evident (or can be confirmed with a simple calculation) that

the inextensibility condition in the presence of constraint & = ¢ implies & = 0.
That is, all points of the string have the same speed, and (4.5) becomes

E= ).
Using the boundary conditions (3.13), we conclude that
£=0,

i.e., & = const throughout the motion. This is in agreement with the motion of
Chaplygin sleigh for which the velocity of the contact point relative to the body
frame is constant. Unlike the sleigh, the constrained string motion is not completely
determined by the initial state: Any solution of (4.6) is of the form

2= (s + €1),

where ¢ is an arbitrary twice-differentiable complex-valued function. The initial
conditions define ¢ on the segment [0,1]. Outside this segment, the function ¢ is
unknown, unless, for example, the motion of the front end of the string is prescribed.
The motion of the constrained string is therefore purely kinematic: The string
follows its front end, which moves at a constant speed.

This behavior is similar to that of the degenerate Chaplygin sleigh specified by
the Lagrangian [ = %ff and constraint & = &, where ¢ = e~%%. For the degenerate
sleigh, the dynamics reads
£=0, z=¢",
where 6(t) is an arbitrary function. Thus, the motions are not identified by the
initial conditions.

ExaMpPLE 4.2. Consider the Chaplygin sleigh with an inextensible string at-
tached at and allowed to rotate around the contact point of the sleigh and the plane,
as shown in Figure 3. Assume that the string is constrained as in Example 4.1.

This system is SE(2)-invariant. The string position z is measured relative to
the sleigh. Below, w and v denote the angular and linear velocity components of
the sleigh.

The absolute velocity of the string, 7, is computed to be

n=z'(34+v+iwz),

This effectively defines the operator ¥. The Lagrangian, which is system’s kinetic
energy, reads
I =

1 1
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The constraint is given by 7 = 7.

FiGURE 3. The Chaplygin sleigh coupled to a constrained string.

Hamel’s equations for this system become

(4.7) Jir =0,
(4.8) mo = As=o,
(4.9) 1= 1ms + Als,

where ¢ and 7 are real-valued. These equations should be amended with the cou-
pling conditions

(410) Z|s:0 = Oa Zs|s:0 = 1; 77|s:0 =".

These simply state that the string is attached to the blade at the contact point
of the blade and the velocity of the attached string end equals the velocity of the
blade.

Arguing as in Example 4.1, one concludes that 7 is independent of s. Thus,
equation (4.9) becomes

(4.11) 0= As.

Equation (4.7) implies w = const.
The tension A is obtained by integrating (4.11) with respect to s and, since
A s=1 = 0, we conclude that

(4.12) A= (s—1).

Therefore, A\|s—o = —7, which in combination with (4.8) and (4.10) yields v = const.
The velocity coupling condition then implies that the blade moves at the constant
speed n = v. Using (4.12), we conclude that A = 0.

Summarizing, the Chaplygin sleigh with the constrained string attached gener-
ically undergoes uniform circular motion. Nongeneric trajectories are straight lines.
The string (possibly after some period of time) follows the trajectory of the contact
point of the sleigh.

It is interesting to point out that in this example the shape dynamics (string’s
motion) is modulated by the group dynamics (skate’s motion). This is the opposite
of typical reconstruction in finite-dimensional constrained systems discussed in [5].

We note also that the qualitative dynamics of this system—uniform circular
or straight line motion—is consistent with the behavior of integrable Hamiltonian
systems. One may raise the question of whether it is integrable in a more precise
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sense—with infinitely-many conserved quantities. We intend toaddress this issue in
a forthcoming publication.

5. Discrete Mechanics

Discrete mechanics is obtained by discretizing variational principles. See Mars-
den and West [36] and references therein for a more detailed discussion of discrete
mechanics.

5.1. Discrete Lagrangian Mechanics. A discrete analogue of Lagrangian
mechanics is the result of discretization of Hamilton’s principle; this approach un-
derlies the construction of variational integrators.

A key notion is that of the discrete Lagrangian, which is a map L¢: Q x Q — R
that approximates the action integral along an exact solution of the Euler-Lagrange
equations joining the configurations g, qx+1 € @,

h
L qp, ~ ext / L(q,q)dt,
(Qk > Qr+1) e o) (g,49)

where C([0, h], Q) is the space of curves ¢ : [0, h] — @ with ¢(0) = gk, ¢(h) = qr+1,
and ext denotes extremum.

In the discrete setting, the action integral of Lagrangian mechanics is replaced
by an action sum

N-1
Sd(qu qiy. .- an) = Z Ld(qka qk-‘rl)a
k=0

where ¢, € Q, k = 0,1,..., N, is a finite sequence in the configuration space.
The equations are obtained by the discrete Hamilton principle, which extremizes
the discrete action given fixed endpoints ¢o and gy. Taking the extremum over
qi,---,qn—_1 gives the discrete Euler—Lagrange equations

(5.1) Dy L% gk, qrr1) + Dol (qe-1,q5) =0, k=1,...,N —1.

Here and below, D;F' denotes the partial derivative of the function F' with respect
to its ith input. Equations (5.1) implicitly define the update map ®: QxQ — QxQ,
where ®(qgr—1,qr) = (qk, gr+1) and Q x @ replaces the velocity phase space T'Q of
continuous-time Lagrangian mechanics.

In the case that @ is a vector space, it may be convenient to use (qx+1/2, Vk,k+1),
where q;11/0 = %(qk + qr+1) and vk 41 = %(QkJrl — qi), as a state of a discrete
mechanical system. In such a representation, the discrete Lagrangian becomes a
function of (gpi1 /25 Vg k+1), and the discrete Euler-Lagrange equations read

2 (D1 LN (qr—1/2 vi—-1.6) + D1L(qht1/2, Ok kr1))
+ 2 (D2 LY (qr—1/2, vi—1,5) — D2LN(qr+1/2, Viit1)) = 0.

These equations are equivalent to the variational principle
N—1

(5.2) 684 = Z(DlLd(Qk-i—l/%'Uk,kJrl)5‘1k+1/2
k=0

+ Do L (i1 2, Vb 1) 00k ps1) = 0,
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where the variations 6g1/2 and dv 41 are induced by the variations dg, and are
given by the formulae

S@rr1/2 = 5(0qrs1 +0ak), vkt = +(0qrs1 — Oqn).

The discrete Hamel formalism introduced below may be interpreted as a general-
ization of the representation (5.2) of discrete mechanics.

5.2. Discrete Hamel’s Equations. In the rest of the paper we assume that
@ is a finite-dimensional vector space. Start with a sequence of configurations
{qr}_o. Given a parameter 7 € [0,1], define the points gx4r = (1 — 7)qx + Tqr+1
foreach 0 <k < N —1. Given ¥, : W — T,Q, the velocity components introduced
by this operator at gri, are denoted & py1 = (§é7k+1, ook gy1)- Similar to [8]
and [29], the phase space for the suggested discretization of Hamel’s equation is
the tangent bundle T'Q. In local coordinates (g, &) on T'Q, the discrete Lagrangian
17: TQ — R reads 14 = 1%(qrsr, k. kr1). To discretize a continuous-time system,
we suggest the following procedure:
(i) Select operators ¥, : W — T,Q and identify the continuous-time La-
grangian [(gq, £), as in (3.3).
(ii) Counstruct the discrete Lagrangian using the formula

1 Ghsrs €k 1) = P Qrsrs Exr)-

The action sum then is

N—-1
(5.3) sh =3 1 qhgr Cht),
k=0

which is an approximation of the action integral (3.7) of the continuous-time system.
Given 7 € [0, 1], define g4, by the formula

(5.4) Merr = (1= T)0k + TNrg 1

The quantities ng, Mr+1, and Ng4, will be used below to establish the discrete
analogues of the variation formulae (3.8) and (3.9).
Define the discrete conjugate momentum by

(5.5) tege1 = Dol (qrgr, Epy)-
Below, we use the notations
Wy =1 Ehpr1),  Vgar = ‘1’2+7D11d(%+r,€k,k+1),

etc.

THEOREM 5.1. The sequence (Qk+n§k,k+1) € TQ satisfies the discrete Hamel
equations

(5.6) F (k=1 — Piepr1) + TOr—147 + (1 = T)ppr
+ T[€k—1ks —1,6) g o, T (L= Tk kt1, bkt1]g,,, =0
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if and only if

N-1
55t = ¢ Z 1 qhsrs &k 1) = 0,
k=0

where
(57) 5qk+7’ = \IIQk+T77k+Ta
(5.8) 08k k1 = 1 (M1 — M) + [Erkt 1 Mot g,

Here g =nn =0, and ng4, is defined in (5.4), k=0,...,N — 1.

In order to obtain a complete system of equations, one supplements (5.6) with
a discrete analogue of the kinematic equation ¢ = ¥,&. There is a certain freedom
in doing that. For now, we assume this discrete analogue to be
Agy
h
We will use a different discretization of the kinematic equation to construct an
integrator for the spherical pendulum in Section 6.

= Wiy &k kot

REMARK 5.1. Unlike the continuous-time case, the formulae for variations (5.7)
and (5.8) cannot be derived in a manner presented in the proof of Theorem 3.1. The
situation here is somewhat similar to the issue encountered and resolved by Chetaev
in his work [10] on the equivalence of the Lagrange—d’Alembert and Gauss prin-
ciples for systems with nonlinear nonholonomic constraints. Recall that Chetaev’s
approach was to define variations in such a way that the two principles become
equivalent.

PRrROOF. Using formulae (5.7) and (5.8) and computing the variation of the
action sum (5.3), one obtains
N-1
55t = Dl (Grars €k ki) OQrsr + Dol (s k1) Okt

F(k—1k = Mrks1)s 77k>

Il
M
T~

Vktr + (B k15 €1 g, > (L — 7)1 + T77k+1>
_ 1
= <ﬁ(ﬂk—1,k - Mk,k+1)a77k> + <T¢k—1+f +(1 - 7’)¢k+n77k>

Tlk—1k: E—1,klg 1o + (1= 7)1kt 1, Eoot1lg, s 77k>-

+
T~
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Thus, vanishing of §s? for arbitrary nx, k = 1,..., N — 1, is equivalent to discrete
Hamel’s equations (5.6). O

The formulae for variations (5.7) and (5.8) in the discrete setting are motivated
by the following observations. First, recall that in the continuous-time setting the
formula (3.9) for §¢ follows from the formula

d
(5-9) 6(‘Ilq‘£) - E(\Pqn) = 0.
A discrete analogue of 6(,¢) is relatively straightforward to obtain. Indeed, using
the formula

6q}€+7' = lIIQk+q—77k+T = \IIQk+T((1 - T)Uk + T77k+1))
and the interpretation of the operator § as a directional derivative, just like in
formula (3.12), one obtains

5\Ijqk+r = (U017 [V]) ktrs

and therefore

6(\I]‘Zk+7—€k+1) = 6\I]‘Zk+7—§k7k+1 + ‘IIQk+76€k,k+1
= V- 08kt + (Unktr [P bt 1] bt r-

Hereafter, u[f] denotes the derivative of the function f along the vector field w.

However, a discrete analogue of the formula %(\Pqn) is not immediately avail-
able, as the operation of time differentiation is not intrinsically present in the
discrete setting. A workaround that we suggest is to view the transition from ¢ to
qr+1 as a motion along a straight line segment at a uniform rate:

(5.10) Qe+r = (L= 7)qr + Tqr41, 0< 7 <1,

so that gy+r = qx when 7 = 0 and qx4++ = gr+1 when 7 = 1. Since the time step
is h, the analogue of continuous-time velocity is Agy/h. From (5.10),

Age _ 1dgesr

h  h dr’
leading to an interpretation of the operator
1d
hdr

as a discrete analogue of time differentiation of continuous-time mechanics.
The discrete analogue of the term < (W¥,n) thus is

1d 147, 1 dnes
- \p L) == dk+T . \Ij - T
h dT( qk+1 Nk+ ) h dr Nk+ + qk+ h dr

1dnk+'r
Gy g + (W k1 [Nkt r ) kg r

Nk+1 — Nk
= ‘I’qHTT + (UEk k1 [Nkt ] br -

=V

Summarizing, the discrete analogue of (5.9) reads

Nk4+1 — Nk

h + [\ng,kJrla \pnk+r]qk+77

\Ilqk+7' 5§k7k+1 - \Ilqk+7'
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which implies formula (5.8) for variation J¢.

5.3. Discrete Nonholonomic Systems. Discrete nonholonomic systems
(nonholonomic integrators) were introduced by Cortés and Martinez in [12].
Let Q be a configuration space. According to Cortés and Martinez, a discrete
nonholonomic mechanical system on () is characterized by:
(i) A discrete Lagrangian L% : Q x Q — R.
(ii) A constraint distribution D on Q.
(iii) A discrete constraint manifold D? C Q x Q which has the same dimension
as D and satisfies the condition (g, q) € D? for all ¢ € Q.

The dynamics is given by the following discrete Lagrange—d’Alembert principle
(see [12]):
N—1
> (D1L%qk, ar1) + DaL¥(qk-1,0x))0qx =0, S € Dy, (ak,qrs1) € D™
k=1

As pointed out in [18,19], the discrete constraint manifold should be carefully
selected when a continuous-time nonholonomic system is discretized. For the details
on the properties of discrete nonholonomic systems we refer the reader to papers
[12,18,19,38]. In arecent paper [29], a somewhat different approach to discretizing
nonholonomic systems has been suggested.

Cortés and Martinez also study the dynamics of discrete Chaplygin systems.
In particular, given a continuous-time Chaplygin system, they discretize the Euler—
Lagrange equations with constraint reactions, and conclude that, in general, the re-
sulting discrete system is inconsistent with the outcome of their discrete Lagrange—
d’Alembert principle. In other words, the concept of ideal constraints is not ac-
knowledged by their discretization procedure.

Lynch and Zenkov [32,33] proved that the discrete dynamics defined by the
Lagrange-d’Alembert principle of Cortés and Martinez may lack structural stability.
For example, it is possible for the discretization of a continuous-time Chaplygin
system to change the dimension and/or stability of manifolds of relative equilibria
of the said continuous-time system.

Below, we shall show that a different definition of the discrete Lagrange—
d’Alembert principle exists that is free of the aforementioned issues. In particular,
the dimension and stability of manifolds of relative equilibria are kept intact if this
new version of the Lagrange—d’Alembert principle is utilized.

5.4. Hamel’s Formalism for Discrete Nonholonomic Systems. Recall
that the Lagrange—d’Alembert principle for continuous-time nonholonomic systems
assumes that the variation of action is carried out before imposing the constraints.
The outcome is the constrained Hamel equations, as discussed in Section 4.2. In a
similar manner, we accept that the dynamics of a discrete nonholonomic system is
determined by the discrete Lagrange—d’Alembert principle, obtained by first taking
the variation of the discrete action (5.3) using variations (5.7) and (5.8) subject
to the discrete analogue of (4.3), and then imposing the discrete constraints. We
emphasize that the definition of the discrete Lagrange-d’Alembert principle given
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here is not the same as the definition of Cortés and Martinez reproduced in
Section 5.3.

In the continuous-time setting, the constraints are represented by formula (4.2).
We thus suggest that, under the same assumptions on the frame selection as in
Section 4.2, the discrete constraints are

D u
Skt1 = &kr1 O &ppy1 = 0.

The discrete analogue of (4.3) is

ne =1y or i =0.
Arguing like in Section 4.2, one proves the discrete analogue of Theorem 4.1:

THEOREM 5.2. The dynamics of a discrete system with velocity constraints is
given by the constrained discrete Hamel equations

(5.11) F(pk—1,k = pie41)D + (TVk—147 + (1 = T)pgr )
+ (I o =16y + (L= T)Ehksrs k1], D =0,
where g k41 18 given by formula (5.5).

Of a special interest is the value 7 = 1/2, in which case one verifies that the
order of approximation of (5.11) is 2.

5.5. Stability. In this section we link up stability of relative equilibria of
Chaplygin systems with structural stability of nonholonomic integrators.

Let H be a commutative Lie group acting freely and properly on the mani-
fold @. Consider a commutative Chaplygin system characterized by an H-invariant
Lagrangian L: @@ — R and constraint distribution D. It is well-known that the dy-
namics of such systems reduces to its shape dynamics on Q/H. See [5,37] for
details.

Assume additionally that this dynamics on @/H is invariant with respect to
the action of a commutative group G on Q/H. The elements of the group G are
denoted g, and we assume that the action of G on Q/H is free and proper, so that
Q/H is a principal fiber bundle with the structure group G. Thus, locally, there
exist the bundle coordinates (r,g) on Q/H.

Under certain assumptions (see e.g. [28,50]), the dynamics has a manifold of
relative equilibria whose dimension equals dim G. These relative equilibria are the
solutions that in the bundle coordinates (r, g) read

r"=Te, G=Te-
As established in Karapetyan [28], some of these relative equilibria may be par-
tially asymptotically stable. Karapetyan justifies stability using the center manifold
stability analysis, which, for nonholonomic systems under consideration, reduces to
verifying that the nonzero spectrum of linearization of the dynamics on Q/H at
the relative equilibrium of interest belongs to the left half-plane.?

2The stability analysis of relative equilibria of nonholonomic systems has a long history,
starting form the results of Walker [49] and Routh [43]; see [50] for some of this history and for
the energy-momentum method for nonholonomic systems.
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Partially asymptotically stable relative equilibria are a part of the w-limit set
of system’s dynamics. Similarly, relative equilibria that become partially asymp-
totically stable after the time reversal are a part of system’s a-limit set.

It is important for a long-term numerical integrator to preserve the manifold of
relative equilibria and their stability types. Indeed, if the limit sets of an integrator
are different from the limit sets of the continuous-time dynamics, this integrator
will not adequately simulate the continuous-time dynamics over long time intervals.

As shown in [32,33], it is possible for the discrete Lagrange—d’Alembert prin-
ciple of Cortés and Martinez to produce discretizations that fail to preserve the
manifold of relative equilibria. For instance, it may change the dimension of this
manifold, thus changing the structure of the limit sets. Informally, the origin of
this effect can be explained as follows: The discrete Lagrange—d’Alembert princi-
ple of Cortés and Martinez is capable of introducing reactions that correspond to
non-ideal constraints. A typical example would be a reaction force with a dissipa-
tive component, whose discrete counterpart causes the aforementioned changes of
relative equilibria.

Introduce a discrete Chaplygin system by constructing discrete constrained
Hamel’s equations (5.11) for the given continuous Chaplygin system. A relative
equilibrium of this discrete Chaplygin system with commutative symmetry is a
solution

ry = const, Ag, = const.

Assume now that 7 = 1/2 in equations (5.11). Let h > 0 be the time step.

THEOREM 5.3 (Lynch and Zenkov [32]). The introduced discretization pre-
serves the manifold of relative equilibria of the continuous-time Chaplygin system;
that is, T, = Te, Agr = hne is a relative equilibrium of the discretization if and
only if r = re, g = ne is a relative equilibrium of the continuous-time system. The
conditions for partial asymptotic stability of the equilibria of the continuous-time
system and of its discretization are the same.

Summarizing, the discrete Lagrange—d’Alembert principle proposed in this pa-
per ensures the necessary conditions for structural stability of the associated non-
holonomic integrator.

6. The Spherical Pendulum

Here we outline the results of Zenkov, Leok, and Bloch [51] on the applications
of the discrete Hamel formalism to the energy-momentum-preserving integrator for
the spherical pendulum.

6.1. The Spherical Pendulum as a Degenerate Rigid Body. Consider
a spherical pendulum whose length is r and mass is m. We view the pendulum as
a point mass moving on the sphere of radius r centered at the origin of R3. The
development here is based on the representation

(6.1) po=pxE€+mgyxa,
(6.2) y=7x¢§
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of pendulum’s dynamics; that is, the pendulum is viewed as a rigid body rotating
about a fixed point. This rigid body is of course degenerate, with the inertia tensor
T = diag{mr? mr?,0}. Here £ is the angular velocity of the pendulum, g is its
angular momentum, ~ is the unit vertical vector (and thus the constraint ||v|| =1
is imposed), and a is the vector from the origin to the center of mass, which for
the pendulum is its bob, all written relative to the body frame. Throughout the
rest of the paper, the boldface characters represent three-dimensional vectors. The
kinetic and potential energies of the pendulum are

K=3(p, &) =5(T&¢€), U=mgly,a)=mgr’,

and the Lagrangian reads

(6.3) 1(&,~) = HT & € —mg(v,a).

This Lagrangian is invariant with respect to rotations about «, and therefore the
vertical component of the spatial angular momentum is conserved.

There are two independent components in the vector equation (6.1). We em-
phasize that the representation (6.1) and (6.2) of the dynamics of the pendulum,
though redundant, eliminates the use of local coordinates on the sphere, such as
spherical coordinates. Spherical coordinates, while being a nice theoretical tool,
introduce artificial singularities at the north and south poles. That is, the equa-
tions of motion written in spherical coordinates have denominators vanishing at
the poles, but this has nothing to do with the physics of the problem and is solely
caused by the geometry of the spherical coordinates. Thus, the use of spherical
coordinates in calculations is not advisable.

Another important remark is that the length of the vector v is a conservation
law of equations (6.1) and (6.2), and thus adding the constraint ||v|| = 1 does not
result in a system of differential-algebraic equations. The latter are known to be a
nontrivial object for numerical integration.

Equations (6.1) and (6.2) may be interpreted in a number of ways. In the above,
we viewed them as the dynamics of a degenerate rigid body. Since the moment of
inertia relative to the direction of the vector a is zero, the third component of the
body angular momentum vanishes,

and thus there are only two nontrivial equations in (6.1). Thus, one needs five

equations to capture the pendulum dynamics. This reflects the fact that rotations

about the direction of the pendulum have no influence on the pendulum’s motion.
The dynamics then can be simplified by setting

(6.4) £ =0,
which leads to an interpretation of equations (6.1) and (6.2) as the dynamics of the

heavy Suslov top® with a rotationally-invariant inertia tensor and constraint (6.4).

3See [4,39,45] for the Suslov top.
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Summarizing, the dynamics becomes

(6.5) p=mgyxa, y=vx§ (£a)=0.

These equations are in fact the constrained Hamel equations, the reconstruction
equation, and the constraint, written in the redundant configuration coordinates
v = (v1,92,793); see [51] for details. Recall that the length of « is the conserva-
tion law, so that the constraint ||7|] = 1 does not need to be imposed, but the
appropriate level set of the conservation law has to be selected.

Our discretization is based on this point of view, i.e., the discrete dynamics
will be written in the form of discrete Hamel’s equations. The discrete dynamics
will posses the discrete version of the conservation law ||| = const, so that the
algorithm should be capable, in theory, of preserving the length of v up to machine
precision.

6.2. Variational Discretization for the Spherical Pendulum. The inte-
grator for the spherical pendulum is constructed by discretizing equations (6.5).

Let the positive real constant h be the time step. Applying the mid-point rule
to (6.3), the discrete Lagrangian is computed to be

1N kt1, Vit1/2) = 2T &pr1, Erir1) — hU (Vg1 /2)-
Here &k xi1 = (&4 pp1sEhprr,0) is the discrete analogue of the angular velocity
€= (£,€20) and vr41/2 = 2 (Vi1 + k). The discrete dynamics then reads
(6.6) %I(sk,k—i-l —&-1.k) = Mmg(Vrr1/2 + Vh-1/2) X @,
(6.7) F(Yit172 = Ye-1/2) = 3 (Vit1/2 + Ve—1/2) X 3(Ekk+1 + Er—1,k)-
We reiterate that there is a certain flexibility in setting up the discrete analogue
(6.7) of the continuous-time reconstruction equation (6.2). Our choice may be
justified in a number of ways, one of them being energy conservation by the discrete
dynamics.

The structure-preserving properties of the proposed integrator for the spherical
pendulum are summarized in the following theorem.

THEOREM 6.1 (Zenkov, Leok, and Bloch [51]). The discrete spherical pendulum
dynamics (6.6) and (6.7) preserves the energy, the vertical component of the spatial
angular momentum, and the length of ~y.

We refer the readers to [51] for the proof and details.

6.3. Simulations. Here we present simulations of the dynamics of the spher-
ical pendulum using the integrator constructed in Section 6.2. For simulations, we
select the parameters of the system and the time step to be

m=1kg, r=98m, h=.2s.
The trajectory of the bob of the pendulum with the initial conditions
& = .6 rad/s, & =0rad/s,

- 2= 2m, W =—\1- ()= (%)’ m



216

ZENKOV

is shown in Figure 4a. As expected, it reveals the quasiperiodic nature of pendu-

lum’s dynamics.

Figure 4b shows pendulum’s trajectory that crosses the equator. This simula-
tion demonstrates the global nature of the algorithm, and also seems to do a good
job of hinting at the geometric conservation properties of the method.

sases
(T 22

L

et
RIS
eSS o

(a) Small oscillations

(B) Large oscillations

FIGURE 4. Trajectories of the pendulum calculated with the

Hamel integrator.

Theoretically, if one solves the nonlinear equations exactly, and in the absence of
numerical roundoff error, the Hamel variational integrator should exactly preserve
the length constraint and the energy. In practice, Figure 5a demonstrates that
v stays to within unit length to about 10~!* after 10,000 iterations. Figure
5b demonstrates numerical energy conservation, and the energy error is to about
5-107' after 10,000 iterations. Indeed, one notices that the energy error tracks the
length error of the simulation, which is presumably due to the relationship between
the length of the pendulum and the potential energy of the pendulum. The drift
in both appear to be due to accumulation of numerical roundoff error, and could
possibly be reduced through the use of compensated summation techniques.

1.x10714f

-1L.x10

5.x 107 15F

-5.x 10713

0

2000 4000 6000 8000 10000

(A) Preservation of the length of ~

0

2000 4000 6000 8000 10000

(B) Conservation of energy

FIGURE 5. Numerical properties of the integrator for the pendulum.



ON HAMEL’S EQUATIONS 217

For the comparison of the Hamel integrator with simulations using the gener-

alized Stormer—Verlet method and the RATTLE method see [51]. We point out
here that the energy error for the Hamel integrator is smaller than those of the
Stormer—Verlet and RATTLE methods.

Acknowledgments. The research was partially supported by NSF grants

DMS-0604108, DMS-0908995 and DMS-1211454. The author would like to ac-
knowledge support and hospitality of Mathematisches Forschungsinstitut Oberwol-
fach, the Fields Institute, and the Beijing Institute of Technology, where a part of
this work was carried out.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

References

. V.L. Arnold, Sur la géometrie differentialle des groupes de Lie de dimension infinie et ses
applications o Uhydrodynamique des fluids parfaits, Ann. Inst. Fourier 16 (1966), 319-361.

. K.R. Ball, D. V. Zenkov, Hamel’s formalism and variational integrators, Geometry, Mechan-
ics, and Dynamics: The Legacy of Jerry Marsden (D.E. Chang, D.D. Holm, G. Patrick, T.
Ratiu, eds.), Fields Inst. Commun. 73, Springer, NY, 2015, pp. 477-506.

. E. Binz, M. de Leén, D. Martin de Diego, D. Socolescu, Nonholonomic constraints in classical
field theories, Rep. Math. Phys. 49(2/3) (2002), 151-166.

. A.M. Bloch, Nonholonomic mechanics and control, Interdiscip. Appl. Math. 24, Springer-
Verlag, New York, 2003.

. A.M. Bloch, P.S. Krishnaprasad, J. E. Marsden, R. Murray, Nonholonomic mechanical sys-
tems with symmetry, Arch. Ration. Mech. Anal. 136 (1996), 21-99.

. A.M. Bloch, P.S. Krishnaprasad, J. E. Marsden, T.S. Ratiu, The Euler—Poincaré equations
and double bracket dissipation, Commun. Math. Phys. 175 (1996), 1-42.

. A.M. Bloch, J.E. Marsden, D.V. Zenkov, Quasivelocities and symmetries in nonholonomic
systems, Dyn. Syst. 24(2) (2009), 187-222.

. N.Bou-Rabee, J. E. Marsden, Hamilton—Pontryagin integrators on Lie groups part I: Intro-
duction and structure-preserving properties, Found. Comput. Math. 9(2) (2009), 197-219.

. H. Cendra, D.D. Holm, J. E. Marsden, T.S. Ratiu, Lagrangian reduction, the Fuler-Poincaré

equations, and semidirect products, Am. Math. Soc. Transl. 186 (1988), 1-25.

N. G. Chetaev, On Gauss’ principle, Izv. Fiz-Mat. Obsc. Kazan. Univ., III Ser. 6 (1932-1933),

68-71, (in Russian).

, Theoretical mechanics, Springer—Verlag, New York, 1989.

J. Cortés, S. Martinez, Nonholonomic integrators, Nonlinearity 14 (2001), 1365-1392.

D. G. Ebin, J.E. Marsden, Groups of diffeomorphisms and the motion of an incompressible

fluid, Ann. Math. (2) 92 (1970), 102-163.

L. Euler, Decouverte d’un nouveau principe de Mecanique, Mémoires de ’académie des sci-

ences de Berlin 6 (1752), 185-217.

, Principes générauzr de l’état d’équilibre des fluides, Mémoires de I’académie des sci-

ences de Berlin 11 (1757), 217-273.

, Principes généraur du mouvement des fluides, Mémoires de ’académie des sciences

de Berlin 11 (1757), 274-315.

, Principia motus fluidorum, Novi Commentarii Academiae Scientiarum Petropoli-

tanae 6 (1761), 271-311.

Yu. N. Fedorov, D. V. Zenkov, Discrete nonholonomic LL systems on Lie groups, Nonlinearity

18 (2005), 2211-2241.

, Dynamics of the discrete Chaplygin sleigh, Discrete Contin. Dyn. Syst. 2005 Suppl.

(2005), 258-267.

F. Gay-Balmaz, J. E. Marsden, T.S. Ratiu, Reduced variational formulations in free boundary

continuum mechanics, J. Nonlinear Sci. 22(4) (2012), 463-497.

. G. Hamel, Die Lagrange—Eulersche Gleichungen der Mechanik, Schlémilch Z. 50 (1904), 1-57.




218

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

ZENKOV

W. R. Hamilton, On a general method in dynamics, part I, Philos. Trans. R. Soc. Lond. 124
(1834), 247-308.
, On a general method in dynamics, part II, Philos. Trans. R. Soc. Lond. 125 (1835),

95-144.

D.D Holm, J. E. Marsden, T. S. Ratiu, The Euler—Poincaré equations and semidirect products
with applications to continuum theories, Adv. Math. 137 (1998), 1-81.

T.R. Kane, D. A. Levinson, Formulation of equations of motion for complex spacecraft, J.
Guid. Control 3(2) (1980), 99-112.

, The use of Kane’s dynamical equations in robotics, Int. J. Robot. Res. 2(3) (1983),
3-21.

, Dynamics, Theory and Applications, McGraw Hill, NY, 1985.
A.V Karapetyan, On the problem of steady motions of nonholonomic systems, J. Appl. Math.

Mech. 44 (1980), 418-426.

M. Kobilarov, J. E. Marsden, G.S. Sukhatme, Geometric discretization of nonholonomic sys-
tems with symmetries, Discrete Contin. Dyn. Syst., Ser. S 3(1) (2010), 61-84.

A. Kriegl, P. W. Michor, The convenient setting of global analysis, Math. Surv. Monogr. 53,
Am. Math. Soc., Providence, Rhode Island, 1997.

J. L. Lagrange, Mécanique analytique, Chez la Veuve Desaint, Paris, 1788.

C. Lynch, D. Zenkov, Stability of stationary motions of discrete-time nonholonomic systems,
Problems of Analytical Mechanics and Stability Theory. Collection of Papers Dedicated to
the Memory of Academician Valentin V. Rumyantsev (V.V. Kozlov, S.N. Vassilyev, A.V.
Karapetyan, N. N. Krasovskiy, V. N. Tkhai, F. L. Chernousko, eds.), Fizmatlit, Moscow, 2009,
259-271 (in Russian).

C. Lynch, D. V. Zenkov, Stability of relative equilibria of discrete nonholonomic systems with
semidirect symmetry, preprint, 2010.

J.E. Marsden, Lectures on mechanics, Lond. Math. Soc. Lect. Note Ser. 174, Cambridge
University Press, 1992.

J.E. Marsden, T.S. Ratiu, Introduction to mechanics and symmetry, 2nd ed., Texts Appl.
Math. 17, Springer—Verlag, New York, 1999.

J. E. Marsden, M. West, Discrete mechanics and variational integrators, Acta Numerica 10
(2001), 357-514.

J.M Maruskin, A.M. Bloch, J.E. Marsden, D.V. Zenkov, A fiber bundle approach to the
transpositional relations in nonholonomic mechanics, J. Nonlinear Sci. 22(4) (2012), 431-461.
R. McLachlan, M. Perlmutter, Integrators for nonholonomic mechanical systems, J. Nonlinear
Sci. 16 (2006), 283-328.

Ju. I. Neimark, N. A. Fufaev, Dynamics of nonholonomic systems, Transl. Math. Monogr. 33,
Am. Math. Soc., Providence, Rhode Island, 1972.

Y. Peng, S. Huynh, D.V. Zenkov, A. M. Bloch, Controlled Lagrangians and stabilization of
discrete spacecraft with rotor, Proc. CDC 51 (2012), 1285-1290.

H. Poincaré, Sur une forme nouvelle des équations de la mécanique, C. R. Acad. Sci., Paris
132 (1901), 369-371.

, Sur la precession des corps deformables, Bull. Astron. 27 (1910), 321-356.

E.J Routh, Treatise on the dynamics of a system of rigid bodies, MacMillan, London, 1860.
D. Shi, Y. Berchenko-Kogan, D.V. Zenkov, A.M. Bloch, Hamel’s formalism for infinite-
dimensional mechanical systems, J. Nonlinear Sci. (2016), to appear.

link.springer.com /article/10.1007 /s00332-016-9332-7

G. K. Suslov, Theoretical mechanics, 3rd ed., GITTL, Moscow—Leningrad, 1946.

J. Vankerschaver, The momentum map for nonholonomic field theories with symmetry, Int.
J. Geom. Methods Mod. Phys. 2(6) (2005), 1029-1041.

, A class of nonholonomic kinematic constraints in elasticity, J. Phys. A: Math. Theor.
40 (2007), 3889-3913.

, Continuous and discrete aspects of Lagrangian field theories with nonholonomic
constraints, Ph.D. thesis, Ghent University, 2007.



link.springer.com/article/10.1007/s00332-016-9332-7

ON HAMEL’S EQUATIONS 219

49. G.T. Walker, On a dynamical top, Quart. J. 28 (1896), 175-184.

50. D.V. Zenkov, A. M. Bloch, J. E. Marsden, The energy-momentum method for the stability of
nonholonomic systems, Dyn. Stab. Syst. 13 (1998), 128-166.

51. D.V. Zenkov, M. Leok, A.M. Bloch, Hamel’s formalism and variational integrators on a
sphere, Proc. CDC 51 (2012), 7504-7510.



220 ZENKOV
O XAMEJIOBUM JEJHAYMHAMA

PE3SUME. V¥ pajy ce maje mperyies HeJJABHUX PE3YJITATa O POIIHPEIHY XaMeI0-
Bor popMam3Ma Ha OECKOHATHO-IMMEH3MOHE MEXAHUIKE CHCTEME W BapPUjAIOHE
narerparope. O mocedbHOT 3HAYAjA Cy MPUMEHE y NMHAMUIN U HYMEPUIKO] WHTE-
rparuju cucTeMa ca Be3ama o Op3mHaMma.
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