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Chapter 1

Introduction

The mathematical activity in the last century in dynamical systems, mechanics and related
areas has been extraordinary. The number of applications has grown exponentially and both
basic science as well as several engineering technologies are profiting from this development.
In the 1960s more sophisticated and powerful techniques coming from modern differential
geometry and topology have been introduced in their study, experiencing a spectacular
growth in the last 50 years. Control and optimal control of mechanical systems have not
ignored these developments, becoming now a principal research focus of nonlinear control
theory. In particular, there are an increasing interest in the control of underactuated
mechanical systems (see [I7, BI]). These type of mechanical systems are characterized
by the fact that there are more degrees of freedom than actuators. This type of system is
quite different from a mathematical and engineering perspective than fully actuated control
systems where all the degrees of freedom are actuated.

In control system engineering, the underlying geometric features of a dynamic system
are often not considered carefully. For example, many control systems are developed for
the standard form of ordinary differential equations, namely @ = f(x,u), where the state
and control input are denoted by x and wu, respectively. It is assumed that the state and
control input lie in Euclidean spaces. However, for many interesting mechanical systems
the configuration space cannot be expressed globally as a Euclidean space.

In this work, dynamics and optimal control problems for mechanical systems, and in par-
ticular, for rigid bodies are studied, incorporating careful consideration, of their geometric
features.

Optimal control problems on Lie group are described by Euler-Poincaré systems. An
Euler-Poincaré system is a mechanical system whose configuration manifold is a Lie group,
G, and whose Lagrangian L : TG—R is left or right invariant under the action of that
group. To be specific, in this work assumes that the Lagrangian in left-invariant. Let the
tangent bundle and the cotangent bunlde of G be denoted by T'G and T™*G respectively, and
its Lie algebra and dual are denoted by g and g* respectively. The quotient space TG/G
is called the reduced space and by a left-trivialization of T'G is diffeomorphic to g = T.G.
The restriction of the Lagrangian to the reduced space is called the reduced Lagrangian
[ : g—R. A Lagrangian L : TG—R is left-invariant if its left-trivialization [ : G x g—R
does not deppend of the first entry.

Given an initial condition (go,go) € TG the Euler-Lagrange equations for L on TG
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describe an initial value problem (IVP). This IVP can be left-trivialized to G x g to give

g = &g, gla) =g, (1.0.1)
d ol (5l 5[
— L* — g 1¢ 1.0.2

where £ denotes the left translation on the Lie group G.

If the Lagrangian is left-invariant, these equations becomes

g = &g, gla)=go, (1.0.3)
d ol , 0l 1.
%g = Gdg&; £(a) = gq ' go, (1.0.4)

This equations define an IVP in the body angular velocity £(¢) € g and the configuration
g(t) € G over the interval [a,b]. However, due to the invariance of the Lagrangian with
respect to the action of the Lie group, is decoupled from . is the EP
equation and describes the dynamics reduced to g to recover the configuration dynamics on
G, one solves the EP equations to obtain a curve £(t) for t € [a, b], substitutes the solution
into and then solves the IVP for g(¢) in the interval [a,b], in a procedure called
reconstruction. Consequently, is called reconstruction equation.

So far, the first order case of mechanics on Lie groups is pretty well understand. But
in many optimization problems in mechanics the Lagrangians which appear are of higher-
order (as for instance in optimal control problems, interpolation problems, etc), therefore
it is interesting to find a full geometric setting for these theories, that is when one considers
a Lagrangian L : T®Q—R where T®)Q is the kth-order tangent bundle.

Specifically, this work presents a new global geometric and intrinsic schemes to obtain the
Euler-Lagrange equations when the configuration space is the higher-order space associated
with a Lie group G, T™@G. During the last decades of the past century, there have been
studies and attempts to define the higher-order variational calculus. The main objectives
are to describe the Euler-Lagrange equations for Lagrangians defines on these higher-order
bundles. The standard framework of higher-order mechanics on Lie groups starts by looking
for the extremals of the functional

b
A= / L(&,€, ..., &M at,

for L : kg—R where kg denotes k—copies of the Lie algebra g and &/, j = 1,...,k are the
J time derivatives of £ € g. Variational calculus states that the extremizers of this integral
action must satisfy the higher-order Fuler-Poincaré equations

k—1
d (oL
l —
(=) 20 () =0

Instead of reducing the higher-order space T®)G one can trivialize this bundle as G x
kg and work with the higher-order Euler-Lagrange equations on G x kg and when the



Lagrangian is left-invariant one can obtain the higher-order Euler-Poincaré equations. In
this work, we propose an alternative way, avoiding the use of additional structures, working
only with intrinsic objects from the Lagrangian and Hamiltonian sides. The main results are
published here ([26], [30], [29], [27]). This formalism is strongly based on the one developed
by Skinner and Rusk [65]. In order to deal with singular Lagrangian systems, Skinner and
Rusk construct a Hamiltonian system on the Whitney sum 7'Q) & 7@ of the tangent and
cotangent bundles of the configuration manifold (). The advantages of their approach lies
on the fact the second-order condition of the dynamics is automatically satisfied. This
does not happened in the Lagrangian side of the Gotay and Nester formulation, where
the second-order condition problem has to be considered after the implementation of the
constraint algorithm (see [37]).

For higher-order mechanics on Lie groups we start with a Lagrangian function defined on
the left trivialized tangent bundle of T®G, G x kg. We consider the fibration, after a left-
tivialization, mw,cx -1y : W—G X (k—1)g, where W = G x kg x kg* is a fiber product. In
W we construct the presymplectic 2-form by pulling back the canonical symplectic 2-form
of G x kg* and we define a convenient Hamiltonian from a natural canonical pairing and
the given Lagrangian function. In W we obtain a global, intrinsic and a unique expression
for the Euler-Lagrange equations for higher-order mechanics on Lie groups. Additionally,
we obtain a resultant constraint algorithm.

Apart from the lack of ambiguity inherent in our construction, it is worth to empha-
size that this formalism is easily extended to the case of higher-order mechanics on Lie
groups with higher-order constraints and optimal control problems. Therefore, we intro-
duce constraints in our picture, which are geometrically defined as a submanifold M of
THG ~ G x kg.

The outline of this monograph is the following: First, in Chapter 2 we give the notation
used along this work and the basic mathematical background needed: Lie groups and group
actions, Riemannian and symplectic geometry, Hamiltonian and Lagrangian mechanics, etc.
There is also a sketch of Gotay-Nester-Hinds algorithm and the Skinner-Rusk formalism
for the mechanics.

Chapter 3, is a brief introduction to mechanics on Lie groups, variational principles on
Lie groups, Euler-Lagrange equations on Lie groups, Euler-Poincaré equations and Euler-
Arnold equations. After this we develop the Euler-Lagrange, Euler-Arnold and Euler-
Poincaré equations for the motion of a rigid body on SO(3).

Chapter 4, is devoted to the study of Higher-Order Mechanics. The reader will may find
first a variational approximation for Higher-Order Mechanics and Higher-Order Mechanics
with constraints. The chapter focuses on the geometric derivation of the equations of
motions using and extension to higher-order theories by the Skinner-Rusk formalism for
the mechanics. It is also introduce constraints in the picture.

Chapter 5, the Euler-Arnold’s equations for a hamiltonian system defined on a higher-
order cotangent bundle of a Lie group are developed. After this, we define the Pontryaguin
bundle G x kg x kg* where we introduce the dynamics using a presymplectic hamiltonian
formalism. We deduce the k-order Euler-Lagrange equations and, as a particular example,
the k-order Euler-Poincaré equations. Since the dynamics is presymplectic it is necessary to
analyze the consistency of the dynamics using a constraint algorithm. Finally we introduce
the case of constrained dynamics. We show that our techniques are easily adapted to this
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particular case.

Chapter 6, gives a general background in optimal control theory including basic defini-
tions of controllability, accessibility and the relationship of optimal controls problems and
second-order variational problems with constraints. The normal and abnormal solutions to
the optimal control problem of the position of a rigid body are also studding.

Finally, in Chapter 7, as an illustration of the applicability of our setting, we analyze the
case of underactuated control of mechanical systems. Interesting examples are including in
this Chapter: The optimal control problem of a cart with a pendulum, a planar rigid body,
elastic rods, and a family of underactuated problems for the rigid body on SO(3).



Chapter 2

Basic Tools in Geometric Mechanics

In this chapter we summarize some basic concepts on the geometric mechanics of uncon-
strained Lagrangian and Hamiltonian systems, assuming familiarity with basic differential
geometry [16],[44], [51]. We begin with the traditional variational formulation of mechani-
cal systems in terms of Hamilton’s Principle on the Lagrangian side. Through the Legendre
transform we then summarize the geometric structure behind the Hamiltonian side. After
this, we introduce basic concepts on Lie groups and Lie groups actions that will be used
through this work.

In some sense, symplectic geometry is complementary to Riemannian geometry [9], [22],
[54]. While Riemannian geometry is based on the study of smooth manifolds that carry a
nondegenerate symmetric tensor, symplectic geometry covers the study of smooth manifolds
that are equipped with a non-degenerate skew-symmetric tensor. Although both have
several similarities, by their nature, they also show to have strong differences. In this
section we remember some features of Riemannian geometry and symplectic geometry. In
this latter context we derive the Hamiltonian side of mechanics.

After introducing the Gotay-Nester-Hinds [37] algorithm for singular systems, we shall
give a brief summary on mechanical systems using an unifying framework: the Skinner-
Rusk formalism for the mechanics [65]. Our exposition here is largely based on that found
in [1,[55], [39] and [51], and we wish to remark that the Einstein summation convention is
enforced throughout this thesis unless otherwise is noted.

Let Q be a manifold and T'Q its tangent bundle. Denote by (¢‘) the local coordinates
on @ and by (¢%;¢*) the induced coordinates on T'Q. Define the mechanical Lagrangian
L:TQ — Rgiven by L = T—V, where K (v) = G(v,v); is the kinetic energy associated with
the Riemannian metric § and where V' : ) — R is the potential energy. The trajectories of
an unconstrained mechanical system are then given by Hamilton’s Principle, which states
that among the set of possible motions ¢(¢) of our mechanical system in any time interval
[a; b], the actual trajectories are such that

b
5 / L{qg(t), 4(t))dt = 0. (2.0.1)

We say that a mechanical system (unconstrained or constrained) is variational if its
equations of motion can be derived from Hamilton’s principle. Basic results in the calculus
of variations (see [10],]39] or [55]) show that the condition (2.0.1)) is equivalent to the

9
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requirement that ¢(t) satisfies the Euler-Lagrange equations:

d 9oL 0L _0
dtog ¢

Now, if we define the fiber derivative FL : TQ) — T*Q in coordinates by the map

(¢%;¢") — (¢'; p;), where p; = g—qLi is called the momentum conjugate to ¢ , then assuming

(2.0.2)

that L is hyperregulaxﬂ we can define the Hamiltonian H by H(q;p) = pi¢* — L. The coor-
dinates (¢'; p;) on the cotangent bundle T*Q are called the canonical cotangent coordinates
and FL is called the Legendre transform.

As we shall see below, the Hamiltonian H is related to the total energy of the mechanical
system, and since the cotangent space T*() carries a natural symplectic structure, we will
summarize the rich geometry of Hamiltonian mechanics below and present the analogue of

(2.0.2)), the Hamiltonian equations of motion.

2.1 Lie Groups and Group Actions

First, we give the basic definitions and properties of Lie groups. A Lie group is a differ-
entiable manifold that has a group structure such that the group operation is smooth. A
Lie algebra is the tangent space of the Lie group G at the identity of the group, e € G,
with the bracket [-,-] : g X g — g that is bilinear, skew symmetric and satisfies the Jacobi
identity [31], [39], [55].

A Lie group H is said to be a Lie subgroup of a Lie group G if it is a submanifold of G
and the inclusion mapping i : H < G is a group homomorphism.

Example 2.1.1. Basic examples of Lie groups which will appear in this work include the
unit circle S, the group of nxn invertible matrices GL(n, R) with the matriz multiplication,
and several of its Lie subgroups: the group of rigid motions in 3—dimensional Euclidean
space, SE(3); the group of rigid motions in the plane, SE(2); and the group of rotations in
R3,50(3).

For g, h € G, the left-translation map is defined as Ly, : G — G, by L,g = hg. Similarly,
the right-translation Ry : G — G is defined as Rpg = gh. Given ¢ € g define a vector
field X¢ : G — TG such that X¢(g) = T.L, - £, and let the corresponding unique integral
curve passing through the identity e at ¢ = 0 be denoted by v¢(t). The exponential map
exp : g — G is defined by exp& = 7¢(1). The application exp is a local diffeomorphism
from a neighborhood of zero in g onto a neighborhood of e € G.

Define the inner automorphism I, : G — G as I,(h) = ghg™'. The adjoint operator
Ad, : g — g is the differential of I,(h) with respect to h at h = e along the direction
n € g, that is Adyn = T.l, - h. Roughly speaking, the adjoint action measures the non-
commutativity of the multiplication of the Lie group: if G is Abelian, then the adjoint
action Ad, is simply the identity mapping on G. In addition, when considering motion
along non-Abelian Lie groups, a choice must be made as to whether to represent translation
by left or right multiplication. The adjoint action provides the transition between these
two possibilities.

LA Lagrangian L is hyperregular if FL is a global diffeomorphism.
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The ad operator ad; : g — g is obtained by differentiating Ad,n with respect to g at
e in the direction &, that is aden = T.(Ady€) - . This corresponds to Lie bracket (ie;

We define the coadjoint operator Ad* : G x g* — g* from the paring between vectors

and covectors by (Ad}a,§) = (a, Ady€) for a € g*. The co-ad operator ad” : g x g* — g* is
defined by (adya,n) = (@, ad,§) for a € g*.

The notion of symmetry or invariance of the system is formally expressed through the
concept of action.

Definition 2.1.2. A (left) action of a Lie group G on a manifold Q) is a smooth mapping
® : G x Q—Q such that, ®(e,q) = q for all ¢ € Q and P(g,P(h,q)) = P(gh,q) for all
9:heG qe.

The same definition can be stated for right actions, but we consider here left actions,
which is the usual convention in mechanics. Normally, we will only be interested in the
action as a mapping from @ to @, and so we will write the action as ®, : Q—(), where
®,(q) = ®(g,q), for all g € G. In some cases, we shall make a slight abuse of notation
and write gq instead of ®,4(q). The orbit of the G—action through a point ¢ is Orbg(q) =
{g9qlg € G}. An action is said to be free if all its isotropy groups are trivial, that is, the
relation ®,(q) = ¢ implies g = e, for any ¢ € ) (note that, in particular, this implies that
there are no fixed points). An action is said to be proper if D : G x Q—Q x Q defined
by ®(g,q) = (¢, ®(g,q)) is a proper mapping, i.e., if K C Q x Q is compact, then &~ (K)
is compact. Finally, an action is said to be simple or reqular if the set /G of orbits has
a differentiable manifold structure such that the canonical projection of @ onto @Q/G is a
submersion.

If @ is a free and proper action, then @ is simple, and therefore (/G is a smooth manifold
and 7 : Q—Q/G is a submersion.

Let £ be an element of the Lie algebra g. Consider the R—action on () defined by

D4 (t,q) = Pexp(t),q) € Q.

We can interpret ®¢ as a flow on the manifold ). Consequently, it determines a vector field

on (), given by
d
Sola) = 4| (®(exp(te), ),

which is called the fundamental vector field or infinitesimal generator of the action corre-
sponding to £. Given a Lie group GG, we can consider the natural action of G on itself by left
multiplication ® : G x G—G, (g, h) — gh. For any £ € g, the corresponding fundamental
vector field of the action is given by

d
o) = S| (cap(te) - h) = ToRi,

that is, the right-invariant vector field defined by &.

An action ® of G on a manifold @ induces an action of the Lie group on the tangent
bundle of @, ® : G x TQ—TQ defined by ®(g,v,) = T®,(v,)(= P, (v,)) for any g € G
and v, € T,Q). ® is called the lifted action of ®.
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2.2 Riemannian Geometry

A Riemannian metric G is a (0, 2)—tensor on a manifold () which is symmetric and positive-
definite. This means that G(v,, w,) = G(wy, v,) for all v, w, € T,Q, G(vy,v,) > 0, and
G(vg, vg) = 0, if and only if v, = 0.

A Riemannian manifold is a pair (@, 9), where @ is a differentiable manifold and § is
a Riemannian metric. The metric is locally determined by the matrix (g;;)1<ij<n Where

o 0
(gij) =3 <8_q“ a_qﬂ)

Given a Riemannian manifold, we may consider the “musical” isomorphisms by bg :
TQ—T*(Q) the induced vector bundle isomorphism and by #g : T*Q—T'Q the inverse
isomorphism defined as bg(v) = G(v,-) and #g = bgl, If feC™(Q), we define its gradient
as the vector field grad(f) = #g¢(df).

Every Riemannian manifold is endowed with a canonical affine connection, called the
Levi-Civita connection. In general, an affine connection is defined as an assignment V :
X(Q) x X(Q)—X(Q), (X,Y) — VxY which is R—bilinear and satisfies, for any X,Y, 7 €
X(Q), feC®Q), VixtgvZ = fVxZ + gVyZ and Vx(fY) = fVxY + (df - X)Y, where
df - X is the directional derivative of f along X, or Lie derivative [31].

We shall call VY the covariant derivative of Y with respect to X. In local coordinates

(¢) on Q, we have that

‘ 0
oqt’

oy
vy =

oq?

X7+ F;lkaYk>

where in local coordinates, the n® functions Ffj (Christoffel symbols for V) are given by

o ., 0
Vaiag Vo

A curve ¢ : [a,b]—=@Q is a geodesic for V if Vi ¢é(t) = 0. Locally, the condition for a
curve t — (q'(t),...,q"(t)) to be a geodesic can be expressed as

q + F;’,kq'J'q’f =0, 1<i<n.

Other important objects related to an affine connection are the torsion tensor and the
curvature tensor, which are defined, respectively, by

T: X(Q)xX(Q)—X(Q)
(X,Y) = VxY — Vy X — [X,Y]

R:  X(Q) x X(Q) x X(Q)—X(Q)
(X,Y,Z) — VxVyZ — VyVxZ — Vixy 7.

Locally, these objects are expressed as

orj,  ary,
gt oqJ

k _ 1k k wo_
Tij_Fij_F Rijk—

z Tw z Tw
jio + ijriz - Fik‘rjz'
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Now we consider a Riemannian metric G specifying the kinetic energy of the mechanical
system. Consider the Levi-Civita connection V9 on @ as the unique affine connection which
is torsion-less and metric with respect to G. It is determined by the standard formula

25(VXY.2) = X(S(Y.2)) +Y(S(X,2)) - Z(§(X.Y))
+9(X,[Z2,Y]) + §(Y, [Z, X]) = §(%, [V, X])

for all XY, Z € X(Q).

Fixed a potential function V' : () — R, the mechanical system is defined by the mechan-
ical Lagrangian L : TQ) — R,

1
L(v,) = 59(1)(1, vy) — V(q), where v, € T,Q (2.2.1)

In this Riemannian context, we may write the equations of motion of the unconstrained
mechanical system as

Vf(t)c'(t) + gradgV(c(t)) = 0. (2.2.2)
Here, gradgV is the vector field on @) characterized by

S(gradgV, X) = X(V), for every X € X(Q).

In local coordinates, gradgV (c(t)) , where (¢“) is the inverse matrix of (g;;) an

— g
g By
therefore may rewrite the equations of motion as

ov

1) + () 0 (1) + 6 (e(t) 5 = 0

where t — (¢'(t),...,q") is the local representative of c.

2.3 Hamiltonian Mechanics and Symplectic Geome-
try

We begin our discussion by recalling some basic definitions in symplectic geometry [57],
[54], [51]. Along this section, V' and M respectively denote a real vector space and a smooth
manifold. They do not necessarily have finite dimension.

Definition 2.3.1. Let w : V x V. — IR be a bilinear map and define the morphism
WV — V* by
(W ()w) = w(v, w).

b

We say that w is weakly (resp. strongly ) non-degenerate whenever w’ is a monomorphism

(resp. an isomorphism,).

It turns out that, if V' is finite-dimensional, weak and strong non-degeneracy coincide.
Thus, in this case, we simply use the term non-degenerate. We denote by APV the set of
p—sections on V, then we have that,
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Proposition 2.3.2. Let V be a finite-dimensional real vector space and let w € A2V* be a
skew-symmetric bilinear map. The following holds,

1. w is non-degenerate if and only if V is even-dimensional (dimV = 2n) and the
exterior nth-power W™ s a volume form on V;

2. if w is non-degenerate, then there exists a basis (¢')?, in V* such that

(wij):(_o] é>,

where w = w;; '@ ¢e?, 0 is the n-by-n null matriz and I is the n-dimensional identity
matriz. Equivalently, w = Y"1 e'A ™.

Definition 2.3.3. A weak (resp. strong) symplectic form on a real vector space V is a
weakly (resp. strongly) non-degenerate 2-form w on V. The pair (V,w) is called a weak
(resp. strong) symplectic vector space.

As before, we avoid the use of the terms weak and strong in the case of finite-dimensional
vector spaces.

Example 2.3.4. Let V be a real vector space of dimension n. Let (e;)!, be a basis of V
and let (')}, be its dual counterpart (i.e; €'(e;) = 0%). Then, with some abuse of notation,
w =" e"Ne; is a non-degenerate 2-form in V x V*. Note that w does not depend on the
chosen basis (e;)"_; of V.. In fact, w may be defined intrinsically by the following expression,

w((v1, 1), (v2, a2)) = aa(v1) — an(v2).

In the following we denote by QP (M) the set of p—forms on M.

Definition 2.3.5. Let M be a smooth manifold, a tensor field w € Q?(M) is weakly (resp.
strongly ) non-degenerate if the bilinear map w, : T,M x T,M — TR is weakly (resp.
strongly) non-degenerate, for each x € M.

Proposition 2.3.6. Given a tensor field w over M of type (0,2), let o’ : X(M)—Q(M)
be the mapping defined by the contraction w’(X) = ixw. We have that w’ is C°(M)-
linear. Moreover, if w is weakly (resp. strongly) non-degenerate, then W’ is injective (resp.
bijective).

Definition 2.3.7. Let M be a smooth manifold, a weak (resp. strong) symplectic form is
a weakly (resp. strongly) non-degenerate 2-form w € Q*(M) which is in addition closed.
The pair (M,w) is called a weak (resp. strong) symplectic manifold.

Theorem 2.3.8 (Darboux). Let w be a 2-form over a finite-dimensional smooth manifold
M. Then, (M,w) is a symplectic manifold if and only if M has even dimension (dim M =
2n ) and there exist local coordinates (¢*,...,q", p1,-..,pn) such that w has locally the form

w= dq' A dp;.

Such coordinates are called Darboux or canonical coordinates.
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Let M; and M, be finite dimensional differentiable manifolds, if (M;,w;) and (Ms, ws)
are symplectic manifolds then a C* mapping ¢ : M;— M, is called symplectic if p*ws = wy.
Using this, we can define a Hamiltonian system in general.

Definition 2.3.9. Let (M,w) be a symplectic manifold and H € C®°(M,R) a smooth real
valued function on M. The vector field Xy determined by the condition

ix,w=dH (2.3.1)

is called the Hamiltonian vector field with energy function H. We call (M,w, H) a Hamil-
tonian mechanical system.

Let us now take the case when the finite dimensional manifold is M = T*(@). In this
case there exists a unique 1—form 6 on T*@ such that in any choice of canonical cotangent
coordinates, = p;dq’. Using this we can then define the canonical 2-form w by w = —df =
dq" A dp;. Tt is then clear that (T*Q,w) is a symplectic manifold. A simple computation
then shows that (¢(t),p(t)) is an integral curve of Xy if and only if Hamilton’s equations
holds:

. OH oH
= = — 2.3.2
q ap,L) p’L 8(:21 ( 3 )

Moreover, (2.0.2)) and ([2.3.2)) are equivalent via the Legendre transform.
Embedded in the definition of Hamiltonian system above are the following facts.

Proposition 2.3.10. (Conservation of the Energy) Let (M,w, H) be a Hamiltonian me-
chanical system and let c(t) be an integral curve for Xg. Then H(c(t)) is a constant in t.
Moreover, if ¢; is the flow of Xy then H o ¢, = H for each t.

Proposition 2.3.11. (Volumen Preservation) Let (M,w, H) be a Hamiltonian mechanical
system and let ¢, be the flow of Xy. Then for each t, ¢pjw = w, that is, ¢ is a symplectic
and volumen preserving.

Proposition 2.3.12. Let F;, € Dif f(M) be the flow of Xy, then Ffw = w for each t, i.e,
{F;} is a family of symplectomorphisms.

2.4 The Gotay-Nester-Hinds Algorithm

By definition, if (M,w) is a symplectic manifold then the equation
ixw =« (2.4.1)

has always a unique solution X € X(M), whatever the 1-form o € T*M is (Proposition
(2.3.6])). We suppose that dim M = 2n; then the solution vector field X € X(M) is locally
given by

0
Oz’

X =wi(a) = (@) () = Y wia,

ij=1

(2.4.2)
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where (2!, ..., 2%") are arbitrary local coordinates on M, w" is the inverse coeficient matrix

of w, with w = 37, ., wijdz' Ada!, and a = Z?Zl a;dx?. If we instead choose Darboux

coordinates (¢*,...,q", p1,...,p,) for M and write

.0 0 A .
X=X"—+4+X,— and «a=aq;dq¢" + o' dp;,
oq' Ip;
then ' '
X'=a" and X;,=-—q. (2.4.3)

This equations will appear again in later sections in slightly different ways.

The aim of the Gotay-Nester-Hinds (GNH) algorithm (see reference [37]) is to study the
equation ([2.4.1)) whenever the closed 2-form w is symplectic or degenerate, that is, when w
is presymplectic. It manages to circumvent the degeneracy problems that often appear in
mechanics, even though it is totally geometric and may be studied appart of any physical
meaning. Equation ([2.4.1]) could not be solvable for a presymplectic form w over the whole
manifold M, but it could be at some points of M. The objective of the GNH algorithm is
to find a submanifold N of M such that equation has solutions in NV, more precisely,
to find the biggest submanifold N of M such that there exists a vector field X € x(N)
that satisfies

ij*XW|N = Oé|N (244)

for a prescribed 1-form o € Q(M), where j is the inclusion j : N < M. The manifold N
will, of course, depend on the 1-form a.

Remark 2.4.1. Even though they are quite similar, Equation should not be confused
with the following one

ix(jw) = j .
While the latter must be satisfied for any vector field Y “over” N, that is
(j*w)(X, Y) = (j*oz)(Y), VY € %(N)’

the former is more restrictive and must be satisfied for any vector field Y “along” N, that
18
w(j: X, Y) =aY), VY € x(j)

Given a presymplectic 2-form w over a manifold M, let o« € (M) be any 1-form. We
start defining the subset M; of points 2 of M such that a(z) is in the range of w’(x), that
is,

My={zeM: a(x) € (TM)}.
The subset M; does not need to be a manifold, fact that is imposed, being j; : M; — M
the inclusion. The equation ({2.4.1) restricted to M,
in’Ml = a’M17

is solvable, but this does not imply that X is a solution in the sense of equation . It
could be possible that, at some point x € M, the vector X (z) is not tangent to M;, what
will happen when () is not in the range of w’(z) restricted to j.(TM;). We are then
forced to define a new “submanifold” j, : My < M; by

My :={z €M : a(z)c wb(jl*(TMl))}.
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As before, the solutions of the equation (2.4.1)) restricted to My,
in|M2 - Oé|M2,

may not be tangent to M,, therefore we require |y, to be in the range of w’ restricted to
(j2 o ]1)*(TM2)
We thus continue this process, defining a chain of further constraint submanifolds

Ji Ji
oo M S My > My S M

as follows
My :={z e M : az) € W((jro-- o )« (TM))} . (2.4.5)

At each step, we must assume that the constraint set M is a smooth manifold (an alternate
algorithm for the case when the constraint sets are not smooth submanifolds may be found
in [46]). In the end, the algorithm will stop when, for some k > 0, My1 = M. We then
take N := M), and j := j o --- 0 j;. Mainly, two different cases may happen:

— dim N =0 : The Hamiltonian system (M, w, @) has no dynamics. Furthermore, if N = (),
there are no solutions at all and (M, w, a) does not accurately describe the dynamics
of any system. On the contrary, if N # (), then N consists of (steady) isolated points.

—dim N #0 : (M,w,a) describes a dynamical system restricted to N and we have com-
pletely consistent equations at motion on N of the form

(’ixw —C()’N =0.

2.5 Skinner and Rusk Formalism: An unifying frame-
work

In this section we describe the unifying formalism of the Lagrangian-Hamiltonian mechanics
introduced by R. Skinner and R. Rusk in [65]. This formalism includes the Lagrangian and
Hamiltonian formalism of first order autonomous systems, and allows us to recover the
dynamic equations in one or another, just as we shall see below.

We consider a dynamical system of n degrees of freedom modeled by a configuration
space () of dimension n. The behavior of this is described by the Lagrangian L € C>*(T'Q)
which contain the information of the dynamics associated with the system.

Consider the following phase space,
TQ XQ T*Q ~ TQ @Q T*Q

that is, the Whitney sum of the velocities space and phase space. This space is endowed
with two canonical projections, pri : TQ xXo T*Q—T(Q and pry : TQ xXo T*Q—T"(Q. In
what follows we denote by W the Whitney sum. Using the canonical projections of the
fiber bundle and cotangent bundle over the manifold () we have the following commutative
diagram,
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W =TQ xoT*Q
'4

/ \
TQ T*Q
Q
TQ
Q
Figure 2.1: Skinner and Rusk formalism

If (U, ) is a local chart of @, and ¢ = (¢'),i = 1,...,n; we can obtain natural coordi-
nates of T'Q) and T"Q by Tél(U) andlwél(U) respectively. These coordinates are (¢',v")
and (¢', p;) respectively. Therefore, (¢",v", p;) are natural coordinates in . Observe that
dim(W) = 3n.

Let 6 € Q(T*Q) be the Liouville one-form of the cotangent bundle and w = —df €
O%(T*Q) the canonical symplectic two form on T*Q. From this we can define the 2-form
on W as

Q = pry(w) € B2(W).

Observe that €2 is a closed 2-form, because
Q = pry(w) = pry(—df) = —dpr3(0).

Nevertheless, this form is degenerate and therefore is a presymplectic form. Using the
expression on local coordinates, w = dq' A dp; and pro(q', v, p;) = (¢', p;) we have that

Q = pri(w) = pr;‘(dqi Adp;) = pr;‘(dqi) A pri(dp;)
= dpr3(q') Ndpry(pi) = dq' A dp;.

0
From this local expression, is clear that {—} is a local basis of the kernel for €2, that

ovt

Kem:<aé;i>

is,

and therefore the 2—form (2 is degenerate.

Then, we have a presymplectic manifold (W, €2) and our objective is to obtain a presym-
plectic Hamiltonian system in order to deduce the dynamic equations following the proce-
dure given in [61], [18], [5]. Nevertheless, in this formalism we suppose that the information
of the dynamics is specified by a Lagrangian L € C*(T'Q); which is not enough to directly
define a Hamiltonian system.

To define a Hamiltonian function first consider the function C' € €>°(W), defined canon-
ically in the following way: if p € Q, v, € T,Q is a tangent vector of () at p and o, € T*Q)
is a covector on p, we define C' as

C: TQxoTQ—R

(, vp, Q) = (tp, Vp),
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where (o, v,) = a,(v,) is the canonical pairing between elements of T'Q) and 7*@). In local
i 9

coordinates, if we consider a local chart on p € Q, o, = pdq’ |,, v, = v 3 | the local
p

expression of C' is

0 0 i
C(pa Up7ap) = <apvvp> = <pqu ‘pav 8_qz‘p> = DPiv |p-

Then, we define the Hamiltonian H € C>(W) by
H=C—pri(L) =pv' = L(¢,v")

and therefore we have a presymplectic Hamiltonian system (W,€Q, H). Since we have a
presymplectic Hamiltonian system,the GNH algorithm given in Section [2.4] can be applied
and the equations of motion are given by the solutions of

ixQ = dH,

where X € X(W) is the Hamiltonian vector field of the system.
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Chapter 3

Mechanical Systems on Lie Groups

Poincaré contributions are relevant in the development of mechanical systems involving
Lie groups. First is his work on gravitating fluid problem [63], continuing the line of
investigation begun by MacLaurin, Jacobi and Riemann. Following the historical review
given by D. Holm [39], [40], Poincare’s work is summarized in Chandrasekhar [1967,1977]
(see Poincaré [62] for original treatments). This background led to his famous paper,
Poincaré [62] in which he laid out the basic equations of Euler type, including the rigid
body, heavy top and fluids as special cases.

In this chapter, we give an abstract version of these equations which are determined by a
Lagrangian on a Lie algebra. In the paper by Poincaré [62] these equations have the name
of Fuler-Poincaré equations. This is why now a days the equations of motion for this kind
of mechanical systems are known as the Euler-Poincaré equations.

These equations are characterized by Fuler-Poincaré theorem. This theorem will be
presented in this chapter. Briefly, it stat that if we suppose that the configuration space for
our mechanical systems is a Lie group GG and let L : TG—R be a left-invariant Lagrangian;
denoting by [ : g—R the restriction of L to the tangent space of G at the identity and for
a curve g(t) € G let £(t) = g7 (¢)g(t); then the following are equivalent (see [8], [39], [55]):

(1)  g(t) satisfies the Euler-Lagrange equations for L on G,

(17) The Euler-Poincaré equations hold:

aor_ ol
datoc — CoE’
where adg : g—g is defined by aden = [¢, 7] and adf is its dual.

(3.0.1)

These equations are valid for either finite or infinite dimensional Lie algebras and for
this reason sometimes we use the notation J instead of J to denote the partial derivative.
For fluids, Poincaré was aware that one needs to use infinite dimensional Lie algebras (see
[62]). He was also aware that one has to be careful with the signs in the equations; for
example, for rigid body dynamics one uses the equations as they stand, but for fluids, one
needs to be careful about the conventions for the Lie algebra operation ade. (see [40] and
reference therein).

Moreover, in the finite dimensional case, by making the following Legendre transforma-
tion from g to g* :

21
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ol

= — . h(p) = s —1(¢), 3.0.2
=g () = pg" = U(§) (3.0.2)
it follows that the Euler-Poincaré equations are equivalent to the Lie-Poisson equations:
d
d_f: = adju . (3.0.3)

For example, consider the Lie algebra R?® with the usual vector cross product. For
[ : R®*—=R, the Euler-Poincaré equations become

d ol 0l Q)

o o
which are the Euler equations for the rigid body motion. Here 2 = (€21, Q9,€3) is the body
angular velocity and 1(Q) = 3([1Q] + L,Q3 + I3Q3) the Lagrangian which is the (rotational)
kinetic energy of the rigid body.

These equations were written for a certain class of Lagrangians [ by Lagrange [48], while
Poincaré [62] generalized them to an arbitrary Lie algebra [40].

The rigid body equations are usually written as
L = (I — I5)Q:0s,

Qs = (I3 — 1),
1303 = (I — I5)Q480,

where Iy, I5, I3 are the moments of inertia of the rigid body.

Now, we introduce the angular momenta

ol
o0,
so that the Euler equations become
- I - I
I, = I11
1 12]3 2113,
- L-1
I, = I1511
2 13]1 3411,
: I — I
H —
3 11]2 ;
that is, .
[M=1IIxQ

which are the Lie-Poisson equations for the rigid body motion. These equations are the
Hamiltonian version of Euler’e equations for the Hamiltonian

1 /2 112 I
e e G R A
2([1+12+13)
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3.1 Trivialization of a cotangent bundle of a Lie group

Let G be a Lie group and g its Lie algebra. Given £ € g the differential equation
9=9&  90)=g, ge€G
has an unique solution g(t) = goexp (t£).

Proposition 3.1.1. Given g € G,
T,G =A{9¢,1 € € 9} = g9
Proof: The tangent space at g of G is:

T,G ={4(0) [ 9(t) € G,9(0) = g}

We can translate this curve starting at g to another curve starting at the identity e:

Then

Denoting by £ = ¢(0) we have to

9(0) = g¢
Thus, we deduce that T,G' C gg. Since both have the same dimension, it follows that
T,G = gg. [ |

Definition 3.1.2. Let E a vector space where dimE = dim(Q). A trivialization of a cotan-
gent bundle T*Q of a differentiable manifold M is a diffeomorphism

UV:QxFE—=T'Q
such that

o U(q,): E=T;Q is an isomorphism between vector spaces for each q € Q.

For all points (g, e) we have the following identifications [56]

Tige)(E x Q) T.E®T,Q~ExT,Q
TheoExQ) ~ T/EST;Q~E" xT;Q.

12

2

Now, let G be a Lie group and consider the left-multiplication on itself
GxG—G, (g,h) = £4(h) = gh .

Obviously £, is a diffeomorphism. (The same is valid for the right-translation, but in the
sequel we only work with the left-translation, for sake of simplicity).
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This left multiplication allows us to trivialize the tangent bundle T'G and the cotangent
bundle T*G as follows

TG — Gxg, (9.9)— (9,97'9) = (9. TyLy19) = (9,€) ,
"G — Gxg, (9,09) (9, T. £4(g)) = (9, ) ,
where g = T.G is the Lie algebra of G and e is the neutral element of G. In the same
way, we have the following identifications: TTG = G x 3g, T*TG = G x g x 2¢g*, TT*G =
Gxg'xgxgand T"T*G = G x 3g*.
Now, we will write the as is write the Liouville 1—form © € AY(T*G) as a 1-form
O =L"0 ¢ AY(G x g*). In a similar way, we will obtain the 2-form & = —dO = L*w,
where w is the canonical symplectic two form on T*G.
To compute these forms we need first to find out what is the tangent application of 70L.
Given ¢ € g and § € g* consider the application

o Gxg — Gxg

(9,a) — (g expt&,a+tp)
0\ is the flow of the vector fields X4 on G x g* defined by
X9 (g,a) = (g€, 5)

Therefore, the tangent application of 7o £ is:

d
Tg (70 £)(96,8) = —|

TOL( 56)(g,oz))

gexp t§ = g¢

d]: ‘177’
d

(O (g.0): (95 B) = Ocga) TgaL(9s: B))
= ({ag, T(ga) (10 L)(9, B))
= (ay, g8 = (o, &) = a(§).

To compute the 2-form & we use the formula
—d@( €)X )y =
— X8 g (X(n W)J@> + X0 g (X(EVB)J@> + [X(ﬁﬁ)?X(nr/)]J(:)7

where J denotes the contraction operator.

After some computations, we have
X(éﬂ _Jd( 777 _J@) ( ) = LX(g,B) (X(U/Y)_Jé> (g, Oé)

d ~
= Zlo@ )y (x07.8) (9.0)
d

= 2|y (Blg exp 1€, a4 18), X0V (gexp 16, + 1))

= ) (Blgexp 6,0+ 15), (g exp (1)1, 7))

dt =0
L) attB)(m) = B(n)

a‘t:O(
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The second term is computed in a similar form being this a(¢).
For the third factor we observe that

d , B , B
[X(§75)7 X(ﬁv’)’)](gj a) — E’t:(} <S0(_n\’/yi) O SO(_g\/i) (o) 90(\/77;) o Spiii )) (g’ Oé)

= 2] lgexp Vigexp Vinesp — Vigesp —Vin,a)
= (9l€,7],0)

Therefore,

O(IXEA, X)) (g,0) = O(g,a) (g€, n],0) = a([€, )

Finally,
w(g,a)((g€,B), (gn, 7)) = —B(n) + a(§) + a([€,n])

3.2 Euler-Arnold Equations

In this section we find the Hamiltonian equation on the cotangent bundle of a Lie group,
which has been trivialized using a left translation.

We suppose that H : T*G — R is a differentiable function. The Hamiltonian vector
field X5 over the symplctic manifold (7*G, Q) is defined by the equations

Z'X%w =dH

Consider the Hamiltonian function H : G x g* — R defined by H(g, o) = H(L(g,)) =
H(ay). In this way we want to search the vector field

ix, o= dH

We will find the Hamiltonian equations; that is, the equations which characterize the
integral curves of the Hamiltonian vector field Xy on G x g*. In this context the equations
are known as Fuler-Arnold equations.

For each function f : G x g — R denote by g—g and % the partial derivatives of f;
that is

° is the differential of the restriction of f with values o = constant,

is the differential of the restriction of f with values g = constant.
Then %(g,a) € T;G and %(g,a) € (g")* = g. Therefore, for n € g, 5 € g*.

0 0

dH(g,a)(gn,B) = a—ﬁ(g,a)gnﬂLa—i(Q,a)ﬁ
0 0

- Lo arimr sl

of
dg
of
Oa

g

As Xy (g, a) € T,G x g* the, we can write

Xu(g,0) = (9X(g,a), A(g,a)) = (TyLy(X (g, ), Alg, @)
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But, by definition of Xp:

dH(g,a)(gn, B) = w(g,a) (9X(g,@),A(g,)), (g0, B))

foralln € gy B € g*. In other form,

dH(g, ) (gn, B) = =Alg, @) (n) + (X (g, @) + a([X (g, @), 1])
Taking 7 = 0 we obtain that

oH

6(%(970[)) = B(X(ga a))

for all g € g*. Therefore,
OH
X = —
(9,0) = 5~(9,0)
Now, if we take § = 0, then,

%_g[(g, a)gn = —A(g, Oz)n + a([X(g7 a)v 77])

or alternatively

OH
dg
for all n € g. Therefore,

(g, )T.Lgn = —A(g, a)n + (adya)(n)

A(97 Oé) = _(TELQ) a_g(gv CY) + adé)H/@aOé

Then, the Euler-Arnold equations are

) o0H

g = TILQ%(ga @)

. LOH .

a = _(TeLg) a_g(ga OZ) + ad@H/Baa

When the Hamiltonian K is left-invariant, %—ZI = 0 and the Euler-Arnold equations are
written as the Lie-Poisson equations

oH
g%(g,@)

. _ %
a = adyp o0

= T.L

3.2.1 Euler-Arnold equations for the rigid body

In this subsection we compute the Euler-Arnold equations of the rigid body. We refer to
[56],[55],[39] and [50] on the results given in this subsection.

First recall that the Lie algebra so(3) is equipped with the Lie bracket |, | defined by
the relations

[E17E2] = By — EQEy = E37 [E27E3] = El, [E3>E1] = Ey
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where {E1, Fs, E3} is the standard basis of s0(3):

00 O 0 01 0 -1 0
Ey=100 -1, E2=|10 00], EB=(10 0
01 O -1 0 0 00 O

Shortly,
3

[Ei, Ej] = Z €ijk Bk

k=1
where €;;, = 0 if some subindex coincides; €, = 1 if (ijk) is an even permutation of (123);
and €;;;, = —1 if (ijk) is an odd permutation.

Now, consider the linear application i : 50(3) — R3 defined by

0 —as ag
i as 0O —ay | = (a1,a2,a3) =a
—ay Q1 0

Observe that i(F;) = (1,0,0), i(Es) = (0,1,0) and i(F3) = (0,0, 1).
By the identification

3 3
i(€n) =i( Y ambmiBr) = Y epiny = Ex1)
i,5,k=1 i,j.k=1
we have that,
Proposition 3.2.1. i is an isomorphism between the Lie algebras (s0(3),, ]) and (R3, x),

where x denotes the cross product in R3.

Sometimes we denote i~!(a) = a. We shall revisit the last property using this notation.
As a x b = ab then, for all a,b, c € R3? it follows that

[a,blc = (ab)c— (Bg)c
= a(bxc)—Db(axc)
= ax(bxc)—bx(axc)

= (axb)xc= a x bc
Lemma 3.2.2. Let us consider an element g € SO(3). Then for all vectors u,v in R3,
g(u x v) = (gu) x (gv).

Proof. Fix an orthogonal basis oriented to the right in R3. Let {u, us, us} and {vy, vo, v3}
be the components of u and v is this basis. In the same basis denote the components of
g by ¢¥. As g is a rotation then, ¢¥¢" = §* where 6 is the Kronecker delta. The i-th
coordinate of u x v will be equal to (u x v); = Zij:l €j5U;Vg. For the k-th coordinate of
(g-u) x (g-v) it holds that
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((g-u) x(g- Ve = €mrg” g™ ujvn
= 6imlé‘klgijgmnujvn
kr lr ij m

= &mig9 9 9749 nujvn
= ejmdetggkrujvn.

understanding the sum over the same indices. In the last line we use that €, g/"g*" =

Emnr€ijkg G2 g" = €pnr det g. As det g = 1, it follows that

((g-a)x(g-V)e = g"€mulv

|

Proposition 3.2.3. i changes the adjoint action of SO(3) on s0(3) with the usual action
of SO(3) in R3.

Proof: Let g € SO(3) and define the application ¥, : R* — R? by 2 — i(Ad,i () =
i(Ad,z). For all y € R? it can be verified that

(Ug(z),y) = (929 )y =gi(g~'y)
= glzxgly)
= (g92) xy = (97,y)

applying (3.2.2). m

Also, we can identify so(3)* with R® by the standard scalar product in R3, therefore
a € s0(3)* is identified with an element & € R? such as

a(a) =: (&,a), for all a € R
Consider the Hamiltonian H : SO(3) x s0(3)* — R defined by

H(g,o) = 1(

L (@B, (B, eEF)

L P I3

which express as a Hamiltonian H : SO(3) x R® — R as: if @ = (II;, [, I13) € R? then

1 /112 12 112
H A — (1 -2 -3
(9,3) 2(h+]é+h)

the classical Hamiltonian for the rigid body motion.
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As 91 ¢ 50(3) then, for all € so(3) it follows that

(@d(O0y0,6) = {oad(Tye)
OH

- <a7[a_a7§]>

COH

= ali(50) % i(€)

By (3.2.3), since z(a—g) = (1}—11,1}—22, 1}—5) the Euler-Arnold equations (in this case, Lie-
Poisson) are:

0 -k b
3
A
S I, I, II
(I, 11, IT;) = (IT;, My, IT3) X (==, =2, =)
LIy I3
The last equation can be written as:
. I~ Iy
I, = I,1T
1 LI, 2
. Is— 1
I, = I, 1T
2 I,
: I — I
I; = I, 1T
3 I, 2

3.3 Euler-Lagrange Equations on Lie Groups

The configuration of a satellite can be described by the location of its mass center and
the orientation of this in a three-dimensional space. The location can be expressed in
Euclidean space, but the attitude evolves in a nonlinear space that has a certain geometry.
The attitude of a rigid body (for example, a satellite) is defined as the direction of a body-
fixed frame with respect to a reference frame, considered as a linear transformation on the
vector space R3; the attitude of a rigid body can be represented mathematically by a 3 x 3
orthonormal matrix (in general will be an element of the Lie group configuration). We
require that its determinant is positive in order to preserve the ordering of the orthonormal
axes according to the right-hand rule. These are some of our motivations to study in what
follows the variational derivation of the Euler-Lagrange equations for Lagrangians defined
in the left trivialized space G' x g. These equations generalize the the equations of motion
for the attitude dynamics of a rigid body when the Lie group is SO(3) and they are of
interest in aeronautics and spacial engineering.
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Consider a mechanical system evolving on a Lie group G. We derive the corresponding
Euler-Lagrange equations from a variational principle. We trivialize (by a left trivial-
ization) the tangent space T'G' as G x g. A tangent vector (g,g) € T,G is expressed as
g:TeLg'£:g£~

In the sequel, we assume that the Lagrangian of the mechanical system is given by
L(g,€) : G x g — R and we define the action map as

ly
A= [Trg.9n wiyenTcR
t

0

Hamilton’s principle states that the variation of the action integral is equal to zero,

SA = 5/tf L(g,&)dt = 0.

to

Let g(t) be a differential curve in G defined for ¢ € [to, t¢]. The variation is a differentiable
mapping g.(t) : (—c,c¢) X [to,tf] — 0 for ¢ > 0 such that go(t) = ¢(t),Vt € [to,tf] and
ge(to) = g(to), ge(ty) = g(ts) Ve € (—c,c). We express the variation using the exponential
map (see [2],[39] and [55] for other approaches), g.(t) = gexp en(t), for any arbitrary curve
n(t) € g. These variations are well defined for some constant ¢ because the exponential
map is a local diffeomorphism between g and G, and it satisfies the properties of the fixed
points 7(ty) = n(ty) = 0. Since this is obtained by a group operation, it is also guaranteed
that the variation lies on G for any n(t).

The infinitesimal variation of g is given by,

d

= Gl = TeLoa 2 expen(t) = g(tn(o). (3.3.1)

5g(t) ) dt le=0

For each t € [to, f], the infinitesimal variation dg() lies in the tangent space T, G. Using
this expression and g = g¢&, the infinitesimal variation of £(¢) is obtained as follows (see
[10], [50] for example).

SE(t) = i -+ adeyn(?). (33.2)

The equations (3.3.1) and (3.3.2) are infinitesimal variations of (g(t),&(¢)) : [to,tf] —
G x g, respectively.

The variation of the Lagrangian is written as

oL OL

where ?9_5 € T*G denotes the derivative of L with respect to g, given by

d oL

- L €9 :_57
7| _ L9 6) 97

and ‘g—g(g,f) € g* is defined similarly.
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Therefore,

o206 = (5o 0:01.00) + { G (0.9.0¢)

<8L (9,6), (T.L o Tngl>6g> ¥ <g—§<g, 6. 6§> |

because T'(Lg 0 Ly-1) = T'Ly o T Ly is equal to the identity on T'G. Substituting (3.3.1)
and (3.3.2) we have that

20:6) = (500,72, 0) + (G0, + aden ) (333

_ <T6*Lg.g_§(g7£>—|—adz gg(g £), > <g€(9 &), >

Therefore, the variation of the action integral is given by

ty
6A:/ SL(g,&)dt
to

Substituting (3.3.3) and using integration by parts, the variation of the action integral is

given by
54 = / (71, Sh0.9 + ade- S t0.000) + (e t0.00) ) a
< £(g ,€), > tz /t:f <T§Lg-g—g(g,f)+ad§-g—§(9,§)>n> d

—/to (550.90)

Since n(t) = 0 at t = ¢y and t = ty, the first term of the above equation vanishes, thus we
obtain

t oL oL d 9L
A :/t (<T:Lg "9 98 +ade 8—5(976),n> - <dt o€ (9-€) >> dt.  (3.34)

From Hamilton’s principle dA = 0 Vn € g. Then, the corresponding Euler-Lagrange equa-
tions for L : G x g — R are given by

B iaa[g(g &) - dsgg(g §) — (7 )~g—§(g,§), (3.3.5)
g = 4 (3.3.6)

If the Lagrangian is left-invariant the resulting equation is equivalent to the Euler-
Poincaré egs. and (3.3.6]) is the reconstruction equation (see [55]). Therefore, both (3.3.5)
and (3.3.6) can be considered as a generalization of the Euler-Poincaré equations.
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Remark 3.3.1. If we consider the identification of the tangent bundle TG with G x g by
a right-trivialization, the corresponding Fuler-Lagrange equations for L : G x g — R are
given by

d oL 0L oy OL
0 = e 98+ el (9.6 = (TIRy) - 52(6.6), (33.7)
9= ¢4 (3.3.8)

3.3.1 Legendre Transformation

As before, we identify the tangent space T'G with G x g using a left-trivialization. In the
same way, we can identify the cotangent bundle 7*G with G x g*. For a given Lagrangian,
the Legendre transformation FL : G x g — G x g* is defined as

FL(g,§) = (9, 1),

where p € g* is given by u = ‘Z—é(g,&).

If the Lagrangian is hyperregular; the induced Hamiltonian system on G x g*, via the
Legendre transformation yields Hamilton’s equation that are equivalent to Euler-Lagrange
equations

d . . oL
0 = %M_adﬁﬂ_(TeLg)'a_g(g’g)’
g = 9§

3.3.2 Simplecticity and Momentum Preservation

In this subsection we show two properties, the simplecticity and momentum preservation
of the Lagrangian flow.

Simplecticity: Let © be the Lagrangian one-form on GG x g defined by

oL

o (9.€),9 "6g).

The canonical symplectic 2-form is given by Q; = —dO and the flow map F, : (G X
g) x [0,t; — to] = G X g as the flow of the Euler-Lagrange equations for L : G x g = R

Proposition 3.3.2 ([50],[39],[55]). The lagrangian flow preserves the Lagrangian symplec-
tic 2-form,

(F1)" QL= Q
for T =ty —to.

Proof: Define the solution space Cf, to be the set of solutions g(t) : [to;tf]—=G of the
Euler-Lagrange equations for L over G X g. Since an element of C, is uniquely determined
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by the initial condition (¢(0);£(0)) € G X g, we can _identify €', with the space of initial
conditions G x g. Define the restricted action map A : G x g—R by A(go,fo) Alg(t)),
where ¢(t) € C, with (g(0); g7(0)g(0)) = (go; ). Since the curve g(t) satisfies the Euler-
Lagrange equations we have that

dA -w = ((F1)*0, — 6,)w) =0,

where w = (dgo, 0&p). We take the exterior derivative in previous equality since exterior
derivatives and pull back commute, we obtain

PA - w = ((FL)*dO;, — dO,); w)

Using that d2A = 0 we proof that the Lagrnagian flow preserves the canonical symplectic
2-form.
O

Noether’s Theorem Suppose that a Lie group H with Lie algebra h acts on G. We
consider the left action ® : H x G — G such that ®(e,g) = g and ®(h, P(R, g)) = ®(hH, g)
for any ¢ € G and h,h’ € H. The left trivialization is given by ¢ : TG — G x g as
é1.(9,9) = (9,97'g). The infinitesimal generators (¢ : G — G x g and (g, : G X g —
T(G x g) ~ G x g for the action where ( € b, are given by

d
Calg) = dro EL:JDGXPH%(Q)’

0L 0 Ty®expy ec(9) - (01'(9,6)).

d
CGXg(g7§) = E -

We define the momentum map Jy : G x g — h* as

‘](gaf) : C = @L : CG’Xg(g7§)'

Proposition 3.3.3 ([39],[50],[55]). Suppose that the Lagrangian is infinitesimal invariant
under the lifted action for any ( € h. Then, the Lagrangian flow preserves the momentum
map

JL(F1(9,€)) = Jr(g,€).

Proof: Since dL(g;€) - (gxy = 0 implies that dA - {gxs = 0, where we consider that the
group action ®; is applied to each point of a curve. The invariance of the action integral
implies that the action maps a solution curve to another solution curve. Thus, we can
restrict dA - (gxg = 0 to the solution space to obtain dA - (gxy = 0, and using that

dA - Cang = (FF)*OL — OL) - Cang = 0,

and substituting the definition of the momentum map into this, we have the preservation
of the flow under the momentum map. O
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3.3.3 Attitude Dynamic of a Rigid Body on SO(3)

In this subsection we develop following the ideas given in [[50],[39],[55],[49]] the continu-
ous Euler-Lagrange equations for the attitude dynamics of the rigid body on the special
orthogonal group SO(3) according to the Hamilton’s variational principle.

Taking the control of a satellite as motivation, consider a rigid body that can freely
rotate around pivot point fixed in an element frame. The pivot point may not be located
at the mass center of the rigid body, and it is assumed that there exists a potential field
that depends on the attitude. We consider a body fixed frame whose origin is located at
the pivot point.

The configuration manifold for the attitude dynamics of a rigid body is the special
orthogonal group SO(3). A rotation matrix R € SO(3) is a linear transformation from a
representation of a vector in the body fixed frame into a representation of the vector in the
inertial frame. The attitude kinematics equations are given by

R = RQ, (3.3.9)
where the angular velocity represented in the body fixed frame is denoted by Q € R3,
and the hat map * : R® — s0(3) is an isomorphism between R? and the set of skew-

symmetric matrices, the Lie algebra so(3), for Q = [Q,Q,, Q3] € R®. The Lie bracket on
50(3) corresponds to cross product on R3, that is, [, 2] = Q x ' for Q, ' € R3.

Using these kinematic equations, the tangent bundle T'SO(3) can be identified with
SO(3) x so(3) after a left trivialization. Then we can define the Lagrangian function L
over SO(3) x s0(3).

The Lagrangian L : SO(3) x s0(3) — R is the difference between the kinetic energy
T :50(3) x s0(3) — R and the attitude dependent potential U : SO(3) — R.

L(R,Q) = T(R,Q) — U(R).

Let p € R3 be the vector form the pivot to a mass element represented in the body fixed
frame. The mass element has a velocity €2 x p. Thus, the kinematic energy is given by

1 ~
5 [ 19012dm(p) (3:3.10)
B

where the region of the body is denoted by B. Since Qp = —pf), the equation (|3.3.10]) can
be written as

7(@) = 5 [ IoalFam(e) = [ (50)" (dm(p)
= %/BQTﬁT,éQdm(p) = ;QTJQ,

where the moment of inertia matrix J € R? is defined as J = [}, p" pdm.

T

Alternatively, using the property [|z]|? = 272 = tr(za?) for any 2 € R?, equation

(3.3.10) can be written as

TQ) = %/Btr <QppTQT> dm(p), (3.3.11)

= Lor (007, (3:3.12)
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where a nonstandard moment of inertia matrix is defined as J; = fg pptdm.

In summary, the kinetic energy can be written in the standard form (3.3.11)) or in a
non-standard form . In , the kinetic energy is expressed as a function of
the angular moment of inertia matrix, and in (3.3.12]), it is expressed as a function of the
Lie algebra with the non-standard momenta of inertia matrix. In this thesis we use the
non-standard form. The Lagrangian function of the attitude dynamics of the rigid body is
given by

1 ~ A
L(R,Q) = tr <QJdQT) —U(R). (3.3.13)
Before proceeding to the next step, we are going to study the relationship between the

moment of inertia matrix J and the non-standard moment of inertial matrix J;. If we
express p in coordinates as p = [x,y, z|, the inertia momenta are given by

P+ 22 —ay —2zT
J = fB —zy P+ —yz dm,
—ZITx —yz  xr 4P

22 a2y 2x

Jo= [ | =y v yz | dm.
v oyz 2

Using the property p?p = (p? p)Isxs — pp’, it can be shown that

1
Ja = gtr(Dlscs = . (3.3.14)

Furthermore, the following equation is satisfied for any Q2 € R3.

jﬁ = QJd + JdQ (3315)

Using the expression of the Lagrangian function, the action integral is defined as,

A = / 7 LR )t (3.3.16)

to

_ /t tf (%tr (Qr.07) - U(R)) dt. (3.3.17)

Hamilton’s principle states that this action integral does not vary to the first order for all
possible variations of a curve in SO(3).

ty 1 . R
A = 5/ (5257“ (QJdQT> - U(R)) dt = 0. (3.3.18)
to

Let R(t) be a differentiable curve in SO(3) defined for ¢t € [to,t;]. The variation is a
differentiable mapping R.(t) : (—c,c) x [to,ty] = SO(3) for ¢ > 0 such that Ry(t) =
R(t), Re(to) = R(to), Re(ts) = R(ty) for any € € (—c, ¢). The infinitesimal variation is given
by

d

OR(t) = T e:oRE(t) € TrtySO(3).
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The variation determines a family of neighboring curves for R(t) that have the same end
points parameterized by a single variable e. The infinitesimal variation of the rotation
matrix using the exponential map as

Ri(t) = R(t) expeii(t),

where 7(t) is defined as a differentiable curve in R? so that 7 is a differentiable curve in
50(3). This is well defined since the exponential map ia a local diffeomorphism between
s0(3) and SO(3). Thus for any 7(t), there exists a constant ¢ > 0 such that this variation
is defined for any € € (—c, ¢). The corresponding infinitesimal variation is given by

d d1,,

OR(t) = 7 E:ORE(zf) = R(t) 2 7€, (3.3.19)
= R()1(t) € TrpSO(3).
Since differentiation and the variation commute, we obtain
(1) = SLER() = RO + RO,
The infinitesimal variation of the angular velocity can be obtained from the kinematic
equation as
5Q(t) = S(RT(t)R(t)) = 0RT(t)R(t) + RT(t)0R(t) (3.3.20)
—()2t) + QE)A(E) + (D).
Since Ty — yx = m for any z,y € R3, this can be written as
Q) = n(t) + Qt) x n(t). (3.3.21)

Euler-Lagrange equations: Now, we find the infinitesimal variation of the action inte-
gral using (3.3.19) and (3.3.20)) as follows,

1 A1 AT 1 & AT
bA= | Str(00T, Q") + Str(QI8Q")  SU(R)dt

to

ty 1 A . . 1 A R oA
- /t <—2tr ((77 + 0 — ﬁQ)JdQ) + 5t <QJd(—7'7 i) — Qﬁ)) - 6U(R)> dt
0

ty 1 oA R 1 R A A R
- / <—2tr (ﬁ(JdQ + QJd)) + 5tr (ﬁQ(JdQ +OJg) — (T + QJd)Q>> dt
t
i
— | sUR)at,

to

where we use the property tr(AB) = tr(BA) for any matrices A, B € R™*™ repeatedly.
Substituting (3.3.15)), we obtain

tf 1 - 1 e .
SA = / (——tr (379) + Str (#0702 - 700)) - 5U(R)) it (3.3.22)
to

_ / § (—ltr (772) + %tr (7(Q x JQ) — 5U(R)) dt.
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The infinitesimal variation of the potential energy is given by

*LoU O[R exp en);;

e=0 N = G[R]Z] Oe

i,7=1
ou
_ T
tr <77R 6R>

where [A];; denotes the (4, j) th element of a matrix A, and g% € R?’XS is defined such
Uy _ OUR)
that (W«z)ij — 9[R]

obtain

SURR) = “U(R.)

(3.3.23)

e=0

] 7OU
SA= [ Ztr|n{(JQ+QxJQ) +2R dt. (3.3.24)

From Hamilton’s principle, the above equation should be zero for all variations 7 € s0(3).
Given that 7 is skew-symmetric, the expression in the braces should be symmetric. Thus,
we obtain the Euler-Lagrange equation

. _oUT oU
Q+QxJQ) = —— r
(JO+Qx JO = Z= R~ R =,

or equivalently,

JQ+QxJO=M

where M € R? is determined by S(M) = aUTR RT%Y. More explicitly, it can be shown
that the moment due to the attitude—dependent potentlal is given by

M:7’1XU1+7’2XUQ+T3XU3, (3325)
where 7;,u; € R™3 are the i-th row vectors of R and 2 8R’ respectively.
~ out ou
M = —R-R'—

OR R

T U1

:(u'{ ul u3T) ro —(r{ ry rér) Us

Ts Uusg

= (ufrl — rlTul) + (u2T7’2 — 7“2Tu2) + (ugTrg — rgu;),).

—~ —

Since (u'r — rTu) = r x u, we have
b

~ —~

M:(T1Xu1+7"2><u2+7“3><u3),

which is equivalent to (|3.3.25)).
The Legendre transformation FL : (SO(3) x s0(3)) — (SO(3) x s0%(3)) is defined as

~

1 _
FL(R,Q) - ) = §tr[JQTm —J0 -7
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This gives the expression for the angular momenta expressed in the body fixed frame

1 =FL(R,Q) = JQ and from IT = 9L — JQ € R® we obtain the Euler-Arnold’s equations

M+ J M xII=M.

Example 3.3.4 ([50]). A 3D pendulum is a rigid body supported by a frictionless pivot
acting under uniform gravitational potential. Let p, € R3 be the vector from the pivot to
the mass center represented in the body fived frame, and let e3 = [0,0,1] € R? be the gravity
direction in the inertial frame. The gravitational potential energy is given by

U(R) = —mge? Rp..

The deriwative of the potential is

— = —mgesp.. ,
therefore the potential is M = mgp. x RTes becouse uy; = uy = 0,u3 = —mgesp?.

3.4 Euler-Poincaré Equations

Let G act on T'G by left-translation. A function F': TG—R is called left invariant if and
only if
F(h(g,9)) = F(g,9) for all (g,9) € TG,

where

h(g, ) == (gh, T.Ly(h)).
When the lagrangian is left-invariant, we have the following identities
L(g.9) = L(9™"'9,97'9) = L(e, g™"9) = L(e,¢€) for all (g, 9) € TG,
where £ := g71g. Note that in this case the Lagrangian satisfies
L(g,9) = L(e, &),

so it is independent of g. Then the Euler-Lagrange equations on T'G are rewritten as

d (ol _ .ol
dat \oc) ~ “%se

where [ is defined to be the restriction of L to g :
l:g—=R, (&) := L(e,&) for all € € g.

Now, we give the Fuler-Poincaré reduction theorem [10],]40],[55].

Theorem 3.4.1. (Euler-Poincaré Reduction Theorem)

Let G be a Lie group and L : TG — R a left invariant Lagrangian. We define the
reduced Lagrangian | : g — R as the restriction of L to g. Then for a curve g(t) € G, let
£(t) = TywyLgwy—19(t), the following statements are equivalent:
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(i) g(t) satisfies the Euler-Lagrange equations for L defined on TG,

(ii) g(t) extremize the functional

b
90— [ Lole). i) d
for variations among paths with fixed endpoints.

(iii) The (left-invariant) Euler-Poincaré equations hold:

as _ ol
dtoe ~ “%oe

(iv) &(t) extremize i
e — [ U a

for variations of the form

0§ =1+ (& ]
where n(t) is an arbitrary path in g that vanishes at the endpoints, i.e. n(a) = n(b) =
0.
Proof:

We assume the equivalence between (i) and (i7). The typical proof is given in an arbitrary
configuration space () and therefore valid when () is a Lie group.

Now, we shall prove the equivalence between (ii) and (iv). For this, we need to compute
the infinitesimal variations §¢ where £ = g~'g. Therefore, if we denote by dg = dg./de in
¢ = 0 for variations g, of g and denote by n = g~'dg then the variations verify

and therefore, is easy to deduce the equivalence.

Finally, the equivalence between (iii) and (iv):

5/l(§)dt = /g—éégdt

ol

— [ St + aden) a

d (4l ol
= —— | = dy— | ndt
/ { i (5&) o fé&] !
using integration by parts and the end points condition. O
If we choose a basis {E},. .. E,} of the Lie algebra g such that
[E;, Ej) = C} By,

then any element is written as ¢ = £'F;. In this coordinates, the Euler-Poincaré equations

are written as 4 /sl N
22 ke 20
it (5 ) = 1€ 5
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Observe that if we take

we can define £ = £(a) using this last expression. Then, we define

ha) = (v, &) = 1) -

and therefore,
oh o0& ol 08,
(5_01_§+<a/7(50z> <5§’50_/>_£

Then, we can write the equations of motion in the following form
& = ady, /50
that is, as the Lie-Poisson equations.

Remark 3.4.2. A similar statement holds, with obvious changes for right-invariant La-
grangian systems on TG. In this case the Euler-Poincaré equations are given by

daot a0l
atoe . %se

Reconstruction [39],[55]: The reconstruction of the solution g(t) of the Euler-Lagrange
equations, with initial conditions g(0) = go and g(0) = vy, is as follows: first, solve the initial
value problem for the left invariant Euler-Poincaré equations:

d ol L0l _
qoE = adﬁ% with £(0) = & := gy 'vo.
Second, using the solution £(t) of the above, find the curve g(t) € G by solving the
reconstruction equation
9(t) = g(£)&(t) with g(0) = go,

which is a differential equation with time-dependent coefficients.

3.5 Euler-Poincaré Equations for the Motion of a Rigid
Body

In this section we study in detail an example of mechanical system when defined on the
Lie algebra so(3) of the Lie group SO(3). This system describes the motion of a rigid body
over a fixed point without external forces acting on it; understanding the rigid body as a
system of particles where the distance between them is invariant. We start studying the
kinematic, deducing the equations of motion applying a variational principle.

Consider a rigid body moving without external forces (that is, free) in the Euclidean
space R3.

A configuration reference B consists on fixed the clausure of an open subset of R? with
smooth boundary.
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Fix an orthonormal reference (E;, Eo, E3), then a point X € B (material point) has
coordinates X = (X1, Xy, X3) known as material coordinates.

A configuration on B is an application ¢ : B — R3 which is C!, preserving the orientation
and with invertible image.

Fix an orthonormal reference (e, es,e3) in R?, then a point x = ¢(X) (spacial point)
has coordinates = = (z1, s, x3) called spacial coordinates.

A motion of B is a family of time dependent configurations. We use indistinctly the
following notations

r=@(t, X)=¢(X)=2(tX) = x,(X)
identifying x(0, X) = X.
A rigid body is a collection of particles in such a away the distance between all pair of
particles is fixed, independently of the moving of the body or forces actuating in the body.
We suppose that the rigid body has a fixed center of mass in the origin. All isometry of R?

that leaves fixed the origin is an element of the orthogonal group (this theorem has been
proved by Mazur and Ulam in 1923). Then

(X)) = g(H) X

In coordinates, z;(t) = ¢”(¢)X;, i,j = 1,2,3; where (¢”) is the matrix of g relative to the
basis (E;, Eo, E3) and 2 are the components of z relative to the basis (e;, ey, e3).

We suppose that the dynamics is continua and ¢(0) is the identity, then det g(¢) = 1
and, therefore, g(t) € SO(3).

Then we conclude that:

The configuration space of a rigid body is SO(3), its phase space of velocities is
TSO(3) and the phase space of momenta is T*SO(3).

There are a third type of coordinates which is of our interest, the coordinates of the body
or convective coordinates. They are coordinates associated to a reference which is moving
with the body. We consider the time-dependent basis

The coordinates in the body of an element of R? are coordinates with respect to the basis

{517 527 53}

3.5.1 The Lagrangian of the Rigid Body
The trajectory of a material point X € B is z(t) = g(¢t)X with g(t) € SO(3).

Definition 3.5.1. We define the Lagrangian velocity or Material velocity as:

V(X.0) = DX, 1) = gl

The Eulerian velocity or spacial velocityis given by

v(z,t) = V(X,t) = g(t)g(t) 'z
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and the velocity of the body, V(z,t) is defined by taking the velocity regarding X as
time-dependent and x fived; that is, we write X (t,x) = g~'(t)x and define

VX, 1) =

O ) = o0) " 3(0)g(0)

g(t) " g()X (1)
g(t) " V(X,1)
g(t) " v(z,1)

We suppose that the distribution of the mass in the body is described by a density pod® X
in the reference configuration, which is zero at points outside the body.

The Lagrangian is taken to be the kinetic energy given by the following expression

L =

1

3 [ WOV oPex

5 | WX P

Since g(t) € SO(3), then differentiating with respect to ¢, g(t)7g(t) = e and g(t)g(t)” =
e, it follows that both g(t)~'g(t) and g(t)g(t)~' are skew-symmetric and therefore are in
50(3). Define, the spacial angular velocity w(t):

Observe that, v(z,t) = w(t)z =w(t) x z y V(X,t) = Q)X = Q(t) x X.

Since

then w = ¢f).

&=g¢Qg "' = Adgﬁ

We will see that the Lagrangian L : T'SO(3) — R is left-invariant under SO(3). Indeed,
if h € SO(3), left translation by h is L,g = hg and T'Ly(g, §) = (hg, hg), so

L(gh, hg)

1

= 3 [ w0 X)X

1

= 3 [ mlam0Pax

= L(g,9)

since h is orthogonal. From this L(g, §) = L(g g, g '¢) = L(I,Q) = [(Q)
We study different expressions of the Lagrangian which describe the dynamic of a rigid



3.5. EULER-POINCARE EQUATIONS FOR THE MOTION OF A RIGID BODY 43
body (free)

po(X) V(X t)[*d* X

po(X)[|9X|*d*X

po(X)llgg g X |IPd® X

po(X) QX Pd°X

NI = N = N~ N = N =

T —r—r

po(X)[1Q x X|*d*X
Introducing the inner product on R3:

<ab>= | p(X)(axX,bx X)X

T

then,
1
Q) = 3 < 0,0>

and introducing the linear isomorphism I : R® — R3 given by
(Ia,b) =< a,b >, for all a,b € R?

By definition, (fa,b) = (a,Ib). Then I is symmetric and positive defined (under some
initial hypotheses). Since I is symmetric, can be diagonalized. If we choose an orthonormal
basis (Eq, Eg, E3) in which I is diagonal then (see [55])

Q) =5 <QQ>=(19,9) = S (L0 + L + I,%).
If we denote by II = I€2 the we can define the function:

/2 IR
HOD) == | =L 42, 33
() 2([1+12+I3)

which represents the expression for the kinetic energy in s0(3)*. Note that II = I is
the angular momentum in the body frame.

3.5.2 FEuler-Poincaré Reduction Theorem for the Motion of a
Rigid Body

Roughly speaking in this subsection we prove that a curve g(t) € SO(3) verify the Euler-
Lagrange equations for L(g, ¢) if and only if Q(t) = g(t)~'g(¢) verify Euler’s equations,
namely:

I =1 xQ
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From variational calculus we know that L satisfies the Euler-Lagrange equations if and

only if
5/Ldt:0

Consider [ : s0(3) — R defined by 1(Q) = (1€, Q). Taking a variation g.(t) of a curve
g(t) we have a variation of the curve .(¢) in the Lie algebra so0(3). If denote by

So(t) = o)
50() = o)

differentiating with respect to € the relation g~ '¢ = Q we have
~g7(09)g ™" + 97" (09) = 6.
Define the skew-symmetric matrix S
S = Y
and the vector X = Z(EA]) in R3.

Observe that R
Y=—g"99 69+ g "(69)

Therefore, .
g oG =3 +g'g%
and then, .
S0+ 5+ 05 =60
that is, .
50 =S+[0,5)
or, '
N=YX+0QxX

Then, the variational equations d ftzl L dt =0 in T'SO(3) are equivalent to the reduced
variational principle
t1
) / ldt =0
to

in R?® where the variations dQ have the form 6Q = ¥+ Q x ¥ with X(t) = 0 and X(t;) = 0.
In our case, since 1(Q) = £(I9,(2) then we have

t1 t1
5/ ldt = / (19, 6Q) dt
to

/ (IQ,5 +Q x %) dt
/ (I9),Y) (][Q,QXE)] dt
- [

—(IQ +IQ x Q), 2) dt
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where we integrate by parts and use the conditions (ty) = 0 and X(¢;) = 0. Since ¥ is an
arbitrary element we have

—IO+IQxQ=0,
which are the Euler equations for the rigid body:

Ilﬂl = (IQ - Ig)QQQg
[QQQ = (Il - Ig)Qng
1393 = (Il - 12)9192

This result can be rewritten as

Theorem 3.5.2. (Euler’s Rigid Body Equations [39]) Euler’s rigid body equations
are equivalent to Hamulton’s principle

SA(Q) = /tl 1(Q)dt = 0,

in which the Lagrangian () appearing in the action integral A(€)) = ftzl 1(Q)dt is given
by the kinetic energy in principal axis coordinates,

1 1 1
Q) = S(IQ.Q) = SIQ- Q= S(LO} + LO} + L,OS),
and variations of Q) are restricted to be of the form
N=2+0x3,

where ¥(t) is a curve in R3 that vanishes at the endpoints.

Remark 3.5.3. Reconstruction: The Euler solution is expressed in terms of the time-
dependent angular velocity vector in the body. The body angular velocity vector Q(t) yields
the tangent vector g(t) € Ty SO(3) along the integral curve in the rotation group g(t) €
SO(3) by the relation

9(t) = g(t)Q(t) (3.5.1)
where the left-invariant skew-symmetric 3 X 3 matrix Q is defined by the hat map. FEqua-
tion is the reconstruction equation for g(t) € SO(3). Once the time dependence of
Q(t), and hence Q(t), is determined from the Euler equations, solving as a linear
differential equation with time-dependent coefficients yields the integral curve g(t) € SO(3)
for the orientation of the rigid body.
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Chapter 4

Higher-Order Mechanical Systems

In the last decade many papers and books dealing with higher-order derivatives in Me-
chanics has appeared. An extensive analysis of these systems can be found in, for example,
([15],[510, [9], [201, [36], [47], [24], [25], [23], [58]. This kind of systems appear for example
in electromagnetic theory, elasticity theory, the moving of a particle rotating around a point
which is translated, the relativistic particle, optimization problems, control theory, etc.

The aim of this chapter is to build up the Lagrangian and Hamiltonian formalism for
systems involving higher-order derivatives. The Lagrangian formalism is said to be of
higher-order derivatives if it is described by a real (smooth) function L which depends of
higher-order derivatives. For sake of simplicity, we will say that L is a Lagrangian of order
k, where k denotes the order of the derivative.

We give an introduction of the mechanics in higher-order tangent bundles and a cor-
responding variational principle. From this principle we derive the higher-order Euler
Lagrange equations. Moreover, we also study systems subject to constraints. These con-
straints will be higher-order constraints. Using Lagrange multipliers theorem we can deduce
the variational principle for systems with higher-order constraints. Finally, we study the
Skinner and Rusk formalism for higher-order systems. This framework will be used to
analyze constrained systems throughout this thesis.

Some examples are analyzed in this chapter as application to higher-order theories: An
interpolation problem on Riemannian manifolds and the use of Hamilton’s principle to
construct numerical algorithms.

4.1 Higher-Order Tangent Bundles

In this section we recall some basic facts on the higher-order tangent bundles theory. For
more details, see Refs. [51] and [24].

Let Q be a manifold of dimension n. An equivalence relation is introduced in the set
C*(R, Q) of differentiable curves from R to @). By definition, two given curves in @ ~(t)
and 72(t) where t € (—a,a) with a € R have contact of order k at gy = 71(0) = 72(0) if
there exists a local chart (¢, U) of @ such that ¢y € U and

~(pom®)|_ =5 (pomn()
—_— O = — (]
dats ‘oM im0 dts T =0’

47
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for s = 0,..., k. This is a well defined equivalence relation in C*°(R, @) and the equivalence
class of a curve v will be denoted by [’y](()k). The set of equivalence classes will be denoted
by T™®@Q and it can be shown it is a differentiable manifold. Moreover, 755 : TWQ — Q

where 75 ( [y ) = ~v(0) is a fiber bundle called the tangent bundle of order k of Q.
Q 0

We also may define the surjective mappings Tg’k) TWQ — TOQ, for | < k, given
by Tg’k) <[7]((]k)> = [v]él). It is easy to see that T(WQ = TQ, the tangent bundle of Q,
_ 0,k) &k
TOQ = Q and o = TH
Given a differentiable function f : @ — R and I € {0, ..., k}, its [-lift f&F) to TRQ,
0 <1 <k, is the differentiable function defined as

FR () = 5 (Fo(0)

Of course, these definitions can be applied to functions defined on open sets of Q.

t=0

From a local chart (¢') on a neighborhood U of @, it is possible to induce local coordinates
(@ Wi, W) on TWU = (75)71(U), where ¢ = (¢")®) if 0 < s < k. Sometimes,

0)i — i

we will use the standard conventions, ¢ ¢, ¢V = ¢ and ¢¥' = §.
Given a vector field X on Q, we define its k-lift X® to T®(Q as the unique vector field

on T™Q satisfying the following identities

XB(FER) = (X () 0<1<k,
.0
for all differentiable function f on ). In coordinates, the k-lift of a vector field X = X" 50
q'L
is 9
(k) — i\ (s,k)
X% =(X") PO

Now, we consider the canonical immersion jj, : T®™Q — T(T*~1VQ) defined as jk([v]ék)) =

[7("3_1)](()1), where y*~1 is the lift of the curve + to T*~1Q: that is, the curve y*~ 1 : R —
T*=1Q is given by vk=1(t) = [fyt]ék_l) where v,(s) = y(t + s). In local coordinates

(0)i (1)i

‘7q 7"'7q(k71)i.

\q i)

jk(q '7q ‘7"‘7q

We use the map jj, to construct the differential operator dy which maps a function f on
T(k)Q into a function drf on T("‘“)Q

drf(VET) = e (W) -

In the case when we have a group action ¢ : G x Q—Q), it can be naturally lifted to a
group action ¢ : G x THQ—T®(Q given by

6P (187 = 601 Pr0)-

This action endows T¥)Q with a principal G-bundle structure. The quotient 70 Q /G
is a fiber bundle over the base Q)/G. The class of elements M(()k) in the quotient (T Q/G)

is denoted [[7] ék)} .
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4.1.1 The Case of Lie Groups

Therefore, when the manifold ) has a Lie group structure, we will denote () = G and we
can also use the left trivialization to identify the higher-order tangent bundle TG with
G x kg. That is, if g: I C R — G is a curve in C®(R, G):

TH . TOGE —5 G x kg

glo” — (9(0).971(0)§(0), G| _ (a7 (Dg0)),-. o= | (97 (D(0))).

It is clear that Y™ is a diffeomorphism.
We will denote £(t) = g (t)g(t). Therefore

TE([g]8V) = (g,€,&,...,657),

where g
§00) = LgT W), 0<I<k-1

and g(0) = ¢,£0(0) = €W, 0 <1 < k — 1. We will indistinctly use the notation ¢© = ¢,
¢W = ¢ where there is not danger of confusion.

We may also define the surjective mappings Tg’k) :THG — TOEG, for | < k, given by
Tg’k) ([g]ék)> = [g]él). With the previous identifications we have that

76" (9(0),£(0),€(0), .. .£70(0)) = (9(0),£(0),£(0), ..., £71(0))

It is easy to see that TG = G x g, TG = G and T((;O’k) =78,

Now, We consider the canonical immersion j;, : T®G — T(T*~Y Q) defined as jk([g](k)) =
(gD, where gD is the lift of the curve g to T D@; that is, the curve g*~Y : R —

TEDG is given by g* D (t) = [ where g,(s) = g(t + s). Using the identification
given by T®*) we have that:

A . Gxkg — Gx(2k—1)g
(9,66, 0 D) = (9,66, 60D 66 W)

where we identify T(T*1G) = T(G x (k — 1)g) = G x (2k — 1)g, in the natural way.

4.2 Hamilton’s Principle and Euler-Lagrange Equa-
tions

Let us consider a mechanical system whose dynamic is described by a Lagrangian L :

T*® (@ — R that depends of higher-order derivatives up to order k. Given two points

z,y € T®*Q we define the infinite-dimensional manifold €*(x,y) of 2k-differentiable
curves which connect x and y as

C*(z,y) ={c:[0,T] — Q | cis C**, c*D(0) = z and F(T) = y}.
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Fixed a curve c in €% (z,y), the tangent space to C?*(z,y) at c is given by

T ) = (0T TQ| X 8GR X() € T
X(kfl)((]) =0 and X(kfl)(T) = 0} .

Let us consider the action functional A on C*-curves in @) given by

A: C*(xy) — R

cn—>fOT

L(c®(t)) dt .

Definition 4.2.1. Hamilton’s principle. A curve ¢ € C%*(x,y) is a solution of the
Lagrangian system determined by L : T®)Q — R if and only if ¢ is a critical point of A.

In order to find the critical points of A, we need to characterize the curves ¢ such that
dA(c)(X) =0 for all X € T,C%(x,y). Taking a family of curves ¢, € €?*(z,y) with ¢y = ¢
and s € (—b,b) C R, the stationary condition can be written as

d
—| Alcs) =0 4.2.1
7a|_Aes) (4.2.1)
Since,
A (X) = o] (Aoc)= | A
¢ ~ dsls=0 )= dslemo”
Therefore,
2k d
dA(c) - (X) =0VX € T.C*(x,y) — o Ales) =0,
S 1s=0
Now, we analyze the derivative 4|  A(cy)
s=0
d d [ [ L L& L 9q0i
— Aley) = — L(c™)dt _/—L ) dt_/ |t
dsls=o (c.) ds (/0 (e.”) > s=0 o ds (e )5:0 0 ;3q(1)’ ds ls=0 (%)
and using that the variations are given by dc' = %cg) y oWt = %&i it follows
s=0
that,
0 0
ds ls=0 ¢ ( ) “
g d
_ o (9) 1) = 51 7
ds ls=0 dt© ®) “
gV d
— @) 1) = 5l i
ds ls=0 atl© ®) ’

and, 0Vt = —5t=D¢i,
’ dt
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Returning to (%), we have the following equalities

8L 8q
dqi
) i
_ 0 / 340 50 dt + / 5 cdt

Using integration by parts,
|1 Yd oL :
W =5 Oar
0 /0 dt 9g(M)i ¢ ’

L oL L
/ 0 50(1)’dt 0
0
L oL . L L ANE 2 9
/a—.5c<2ﬁdt:( OL swig_ 49 c@)’) ]O+(—1)2 P
0 0

Ot dt.

s=

That is,

ds

Oq OqW
aq@)l aq@)l dt (9
Making a constructive process over [ we obtain that

/ dtl (6—L) Soct dt

kfl

k—1—1 1

d® oL .

B Ve YO

Z [ Zo ( 1) dts (aq(l+s+1)i>] 0 C]
s= 0

=0

A CIU

+

Observe that the last term of the right side is equal to zero since §®c?(0) = §0ci(1

0<I<k—-—1,and 1<i<n.

From this we have the following theorem,

Theorem 4.2.2. Let L : T®YQ—R be a higher-order Lagrangian and

the action of L defined over G

Then, there exists an unique operator

EL:TPHNQ — T*Q

dt2 a (2)i

——_§cdt

ol

and an unique 1—form O, on T™Q such that for all variations of the form dc, € T.C?*(z,v)

with fived endpoints we have that

d
—A(cy(
ds (c

In local coordinates EL and ©p have the form

/ EL(CP()) - Se(t) dt + (O (- V(8)) - 5 Ve(r))
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k

d oL
!
L= ZIO (=g (aqw) -

x>
—

Or =Y puidg"
l

Il
=)

where the functions pgy;, 0 < I < k — 1, are the generalized Jacobi-Ostrogradski

momenta defined by
k—1—1

d® oL
~ _ l
pl(l) - Z (_1) % (aq(l+s+1)i)
0

s=

The equations of motion are called Higher-Order Euler-Lagrange, and are written

as
k

d [ 0L
l —
2 (g (aqaﬁ) -0

=0

Therefore, it is possible to define the 2-form 0, = —dO. In local coordinates,we have
that (Darboux’s Theorem)

k-1

Qp = qu(”i N dpayi

=0

Is easy to see [51] that €, is simplectic if and only if,

0?L
det (aq(l—l)jaq(l—l)z‘> # 0.

We will say that the higher-order Lagrangian is regular if €1 is symplectic.

In the following, assume that the Lagrangian L is regular. Take now the restriction Ay, of
the action functional A to the subspace Cp, of solutions of Euler-Lagrange equations. This
space can be identified with the space of initial conditions T*~1Q of the Euler-Lagrange
equations. Therefore is easy to show that

dA, = FrO, — O,

where F, is the flow of the Euler-Lagrange vector field X, defined on T®*~DQ by ELo X} =
0. Since d? = 0 we deduce that the flow is symplectic.

Moreover, if G is a Lie group of symmetries preserving the action functional and g its
Lie algebra then

0=1.ce-ndA; =1 (2k—1)<Ft*@L — @L) = E*(l (2k—1)@L) — 1,26-1)0O7,
39 3e) Q 39)

13
where &g is the infinitesimal generator associated with £ € g. Therefore, J; =i 5(2k71)@ 1 1s
Q

a first integral of the flow.
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Interpolation Problem on Riemannian Manifolds This example has been introduce
by Noakes, Heinzigner and Paden in [60] and after studied by Crouch and Leite [34],
Hussein and Bloch [12] for the application in interferometric imaging, and Gay-Balmaz,
Holm, Meier, Ratiu and Vialard [35].

We consider a Riemannian manifold (@, ) where G is the Riemannian metric and - 18
the covariant derivative associated with the Levi-Civita connection V for the metric.

Consider a Lagrangian L : T®®?Q—R defined as,

D . D
L(q,q,q4) == = 4.2.2
i) = 35 (i pyd) (1.2:2)
where in local coordinates on T3 (Q the covariant derivative of the velocity is given by
D . k k i
—G= T i
ppd =4 +Li(@d'ds

and Ffj (q) are the Christoffel symbols of the metric § at point ¢ in the given basis.

The Riemannian cubic polynomials are defined as the minimizers of the action for L.
These Riemannian cubic polynomials has been generalized the so-called elastic 2-splines
thought the Lagrangian

D . D 2
Ladvd) = 55 Gy ) + 590

where 7 is a real constant (see [12], [35] and references therein).

Given N + 1 points in @, ¢ € Q with ¢+ = 0,..., N and tangent vectors v; € T, Q,
j =1, N, the interpolation problem consists on finding a curve which minimizes the action

A= [ a0 (a0 i) (123

among continuous curves on [tg, ty], smooth on [t;,t;41], for tg < t; < ... <ty subject to
some interpolating constraints

q(ti) = g,
for all i € {1,..., N — 1} and boundary conditions

q(to) = q0, q(tn) = an,

Dq Dq
t

o= g

The extension of this problem to higher-order mechanics is giving by minimizing the

mean-square of the k — 1 covariant derivative of the velocity. For this, we consider the
Lagrangian Ly, : T®WQ—R given by

——(tn) = vn.

) 1 Dkfl ] Dkfl ]

Dtk—lq’ Dtkz—lq
for k > 2 (see [35]).
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The higher-order interpolation problem consists on, given N +1 points on () and tangent
vectors vjl) € Tq(j)Q, with 7 = 0, N; minimizing

1 tn Dk)—l Dk—l
Alql = = /s ]| dt,
lal = 5 /to S (Dtqu Dtqu)
among the curves ¢(t) € @), continuous in [tg, ty] and k — 1 piecewise smooths on [t;, t;11],
for to < t; < ... <ty subject to some interpolating constraints

q(t:) = @,
foralli € {1,..., N — 1} and the 2k boundary conditions
q(to) = qo, q(tn) = aw,

DWyg

a0 =
for all 1 <[ < k — 1. For the higher-order Lagrangians Ly, the Euler-Lagrange equations
read

(tn) = V.

D2k—1 k D2k—i-1 Di—2 _
B0+ S (1R (G0, Ti(®) ) =0,

where R denotes the curvature tensor.

The higher-order Lagranglans are functions defined on 7@ and not on curves ¢(t) € Q.
Therefore, the notation —q means the expression in terms of ¢ and ¢ seen as independent
elements in T2 Q).

4.3 Higher-order Mechanical Systems with Constraints

There are two different frameworks for dealing with systems with constraints; the nonholo-
nomic mechanics and the variational calculus with constraints or vakonomic mechanics

The nonholonomic mechanics is based on Lagrange-D’Alembert principle and searches
critical trajectories of the action which are compatible with the constraints. This approach
has proven to be suitable for solving many interesting problems in different areas such as
engineering and control theory.

On the other hand, the variational calculus with constraints is applied in optimal control
problems, economy, physics, etc. Moreover, as we will see in this work, under regularity
conditions, an optimal control problem is equivalent to a higher-order variational problem
with higher-order constraints. Unlike the nonholonomic approach, this approach is purely
variational and consist on finding a critical path which minimize the action restricted to
the curves which satisfy the constraints.

It is well know that a variational problem with constraints is equivalent to a Lagrangian
system defined by an extended Lagrangian with the constraints, but this system is found
to be singular. Then for these kind of system one can use the geometric approach of the
Dirac constraints theory given by Gotay and Nester in [37]
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For the comparison of the equations of motion of these systems, we consider a mechanical
system over a n—dimensional configuration manifold ) subject to linear constraints in
the velocities which define a distribution D of T'(Q and whose dynamics is given by the
Lagrangian L. We assume that D has constant rank and therefore, there exits, at least
locally, n — k := m independent 1-forms {w*} 1 < a < m such that

D, = Ker{w'(q), ...,w”_k(q)}.

All solutions of the constrained system are requiered to satisfy

4.3.1 Lagrange-D’Alembert Principle

In the following, we remember the Lagrange-D’Alembert principle in which is based the
nonholonomic method.

A curve ¢(t) C @ is a solution of the system if

T
(5/ L(q(t),q(t))dt =0, Vq(t) C @ such that 0q(t) € Dy,
0

for all £, 0 < ¢ < T and dq(0) = d¢(T) = 0.
This principle is equivalent to the so called Lagrange -D’Alembert equations. One can

see that a curve ¢(t) € @ is a solution of the nonholonomic system if (¢(t),q(t)) C TQ
satisfying the following equations of motion ([14]),

d oL 0L

- T T N — )\a ('17 v — 17 ) 7

dt 90¢*  0q* “i ! "
Wit = 0, Ya=1,...,m.

Consider a local system of coordinates such that ¢' = (r®, s*) € R*™™ x R™ and
w(q) = ds* + Al(r, s)dr®

with a = 1, ..., m. Then, the variations d¢’ can be written as d¢* = (6r*, 6s*) and if g € Dy
it satisfies that

§s5% + A%r = 0.

Then, the Lagrange-D’Alembert equations are written as

doL 9L\ _ , (d09L OL
dt ore  Ore e\ dtdse Ose
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On the other hand, the variational mechanics with constraints establishes that a curve
(q(t)) C @ is a solution of the system if ¢(t) is a critical point of the action A(q) =

fOT L(q(t),q(t)) dt restricted to

C*(qo, q1, [a, 0], D) = {q : [a,b]=Q | q(a) = qo,q(b) = q1 and ¢(t) € Dywy Vt € [a,b]}.

For sake of simplicity we use the notation

Ap = ‘A‘|62(q0’q17[a7b]79).

Consider Ly = L| D D—R. In local coordinates can be written as
Lo(r®, s*, 1) = L(r®, s*, 7, — A% (r, s)rr?).

If we applying the standard variational principle,
5/L@(r°‘,s“,7'““)dt =0

we obtain the equations

d oL oL oL oL 0
D D+A ‘D_ a(q,%).

dt ore  ore T Pegga T T e ™

In this approach, the well-known Lagrange multipliers theorem is fundamental (see [2]
and [1])

Theorem 4.3.1. (Lagrangian multipliers theorem)

Let N be a differentiable manifold and F a Banach space with g : N — F a smooth
submersion such as g~'(0) is a submanifold of N. Let f : N — R be a differentiable
function, then ¢ € g71(0) is a critical point of fi,-10) if and only if there exits A € F such
that ¢ 1s a critic point of f — Ao g.

From Th. (4.3.1), ¢(t) is a solution of the variational problem with constraints if and
only if IA(¢) such that (q(t), A(t)) verifying the Euler-Lagrange equations corresponding to
the extended Lagrangian

L:T(Q x R"™F =R

given by . |
'C((L Q7 )\7 >\) - L(q, q) — )\aw?q'z.
They are
d OL oL . d aw;z
Y ;= _Aaw? - )\a _CL);I -
dtoq*  O¢' dt oq
wigt = 0.

Remark 4.3.2. As it is well known, if the constraints are holonomic, the equations of
motion of the system derived by the nonholonomic method and the variational calculus with
constraints, are equivalent [see [31)],[14)]].
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Remark 4.3.3. One can see that if D is an integrable distribution, the connection A on
the tangent bundle vanishes. For this reason, in the equations

doLy 0L, ,O0Lp 0L, ,(. O
@ oo e T age = g™ (q’a a)

the term dw® doesn’t appear. Thus they can be written as

d OL 0L _ 4a d OL 0L _1 .
dtore ~ ore )~ Ce\dtose  ase) ¢ T
which are the equations given by the nonholonomic method.
The constraints are generically defined by the vanishing of m independent differentiable

functions & : TQ—R, o = 1,...,m. In this way, the equations of motion become

4oL oL OL
dtog  0¢  0g’

a=1,....m; 1=1,...,n;

which are called Chetaev’s equations.

4.3.2 Higher-Order Variational Calculus with Constraints

In this section we will consider higher-order Lagrangian mechanics for systems with higher-
order constraints from the point of view of the variational calculus with constraints.

Consider the m independent constraints
d= (), ¢: THQ-R™, j=1,..,m

such that 0 is a regular value of ®. These constraints ¢/} define a submanifold M = ®~1(0)
well-known as constraint submanifold.
We assume that the restriction of the projection (Tg_l’k))m M — T*-DQ is a sub-

mersion. Locally, this condition means that the m x n-matrix
( o(DL, ..., &™) )
k k
2(at"”, ..., ai)

Consider now the subset C2*(x, 3, M) of €?*(z, 1) of curves that satisfies these constraint
equations, that is

has rank m at all points of M.

C*(a,y,M) = {c:[0,T] — Q| qis C**,*V(0) =z,
FI(T) =y and P (t) € M for allt € [0,T]}.

Definition 4.3.4. A curve ¢ € C?*(x,y, M) is a solution of the higher-order variational

problem with higher-order constraints if ¢ is a stationary point of A g ;
C2F (z,y,M
As in the case of constraints in T'Q), by the Lagrangian multipliers theorem, a higher-
order variational problem with higher-order constraints is equivalent to solving a variational
problem for the extended Lagrangian.
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Definition 4.3.5. (Higher-order variational problem with higher-order constraints)

Let ¢ € C%*(x,y,M), be a critical curve of the variational problem with higher-order
constraints for the mechanical system given by L : T®Q—R if and only if ¢ is a critical
point of the functional

1
Aoce) = [ Ll @) de = dag(c),
0
where A\, € F([0,1],R)* and g* : C*(x,y) — F([0,1],R) given by {t — ®*(c¥)(t))}.
The stationary condition can be written as %‘ dum(gqs(t)) = 0, for all variations ¢y of
5=0

¢, for s € (=b,b), b € R.

Then we compute,

4 An(gs(t)) = % (/01 Lles)de - )\ag“(cf))

dsls=0

o [ (G- @)

B /1 oL 9qV 99 9q
N — OqWi ds “0qWi ds

1k )i 1k «a
_ / Z( al 8<I>l )aqu :/ ( l 8<I>l ‘)5(%%’
0 = OqDi 8q i | ds ls=o 0 = qi 8q( )i

and integrating [ times by parts,

s=0

k

0P . ! d ([ 0L d 0P> .
) . 1 _ i
15 G ) o= [ 32 [0 (o)~ i (i)
k—1 [k—Il—1 s N 1
Yy (_1>ld_ oL, _o® 50
= - dts aq(l+s+1)i aaq(l+s+1)i
=i s= 0

for all variation ¢, of ¢; and using the condition §¢’(0) = §®ci(1) = 0 we can characterize
the critical curves of the higher-order variational problem with constraints by the solutions

of

+

k k
d [ 0L d' oo
— l_ - — R -
;( 1) ! (8q(1)i> ; i <)\aaq(1)i>

over the curves which satisfies the constraints.

Remark 4.3.6. The equations
k

> (=1 ’Zl( > i%( aqﬂ) i=1,..n

=0

oY) =0, j=1,...m

are called higher-order Euler-Lagrange equations with higher-order constraints.
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4.3.3 Geometric Formulation for Higher-Order Constrained Me-
chanics.

Now, we develop a geometric characterization of higher-order constrained variational prob-
lems using, as an essential tool, the Skinner and Rusk formulation.

Let us consider the Whitney sum T*(T*~YQ) @ T®Q and the canonical projections
pri: THTPDQ) @ TWQ — THTDQ),
pro: TH(T*DQ) o THQ — THQ.

Let us take the submanifold Wy = pry (M) = T*(T*~DQ) x M and the restrictions to
Wy of the canonical projections pri and pro

m=pny,  Wo CTH(TIQ) @ THQ » THTHVQ)

T = p?"Q‘WO . W(_) C T*(Tk_lQ> ) T(k)Q — M.

Now, we consider on Wy the presymplectic 2-form
Qw, = WT(WTU“*UQ)a

where w1 is the canonical symplectic form on T*(T*~1 Q). Define also the function
Hy, : Wy — R given by
HWo(a7p) = <Oé,]k(p)> - L|M(p)

where (a,p) € Wy = T*(T*1Q) x M. Here (-,-) denotes the natural paring between
vectors and covectors on T*~D(Q (observe that ji(p) € TT*~DQ).

We will see that the dynamics of the higher-order constrained variational problem is
intrinsically characterized as the solutions of the presymplectic hamiltonian equation

ixQw, = dHy, . (4.3.1)
Let us consider Q = pri*(wrw-1g) and H : T*(T* Q) ® TWQ — R given by
H = (pry,pra) — pryL = (pri,pra) — L o .
Observe that locally

0
ker Q2 = Span <\72 = W> .

Then, it is easy to show that equations ([7.2.1)) are equivalent to (see [31])

{ ixQ—dH € (TW,)°

X ¢ TW, (4.3.2)

where (TW;)? is the annihilator of T, locally spanned by {d®*}, where ®* : W, — R
denote the constraints ®* = & o pry (for notational simplicity, we do not distinguish the
notation between constraints on M and constraints on Wj).
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Take coordinates (q(©7, ¢V, ... gk=1) ,pgo), . ,pz(k 2 ,¢®Y) on TH(T*DQ) @ TWQ,
then the local expressions of the presymplectic 2-form €2 and the hamiltonian H are
k—1
Q = Y dg" Adp]”

r=0

H — Zq(r—i—l)ipZ(T) _ L(q(O)i’ g ””7q(k)i) .

Consider a vector field X on T™ (T(k_l)Q) @ T™@Q with local expression

k—
(ryi_ Y
X = Z X a (7")1 ZO
and we analyze the equations ixQ) = Q(X,-) = dH(-)+ \, dCI>°‘( ) : Given v € T*(T*VQ)®
e k k—1
.0 — 0
_ (r)i Z ~(r)
V= Zv -+ Vi
r=0 aq( ) r=0 apz( :
we have that
k—1
QXv) = D dg" Adp (X, 0)
r=0
k—1 k—1
= 3 [ (X (w) = dg i ()dp” (X)] = D7 [XOF — o0y ]
r=0 r=0
Therefore, since
k k-1
0OH 0OH
dH(v) = — + ’171.(")
and .
o0P” ,
Aad®®(v) = " Aoz,
— Oq()
From the equation ([7.2.1)) we obtain
k—1 k— k
. 0oH 0P«
XM _ @iy ® ] NG 0 Y Aas e (433
On the other hand,
OH (r+1)0
(0) q Y
op;
oH (r+1)1
(1) - q I
op;
0OH

= q(r"_l)i; T:O,...,k—l.
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And also we have:

oH 0L

oqi  — glo)i

OH o 0L

agi P T g i

OH o (1) oL

g~ P g

oOH . (r—1) oL .

W = D —aq(r)z, 1,. ,k—l

As (4.3.3) holds for every vector v in T*(T*~YQ) @ T™(Q, we obtain that

o oH 0L 0P« B B
Y, = B D + Aa@q(r)i r=0,...,k—1.
Then,
o) oL 0P
YZ o (9q(0)z + Aa aq(o)z
v ey 9L 0o
x0 = O e o gl
i ap(r) ) ) )
 9H oL 00° 4y 0L 0°
0 DqWi — 9qWi + Aa Bg®i D; T g + g’

The solutions of Equation ([7.2.1)) are defined on the first constraint submanifold given
by the set of points x € Wy such that (dH + \,d®)(z)(Z) = 0, for all Z € ker Q(x).
Locally these restrictions are defined from the following relations

1 (k—1) oL oo~

Yi = DPi —W-l- awzo, t=1,...,mn.

The equations ¢} = 0 (primary relations) determine the set of points W; of W, where
(7.2.1) has a solution. W is the primary constraint submanifold (assuming that it is a
submanifold) for the presymplectic Hamiltonian system (W, Quw,, Hw, ). (See, for instance,
[37).

Then, we have two different types of equations which restrict the dynamics on T*(T*~DQ)®
TH®Q

®* = 0 a=1,...,m (constraints determining M) (4.3.4

¢t = 0 i=1,...,n. (primary relations)

Therefore, the equations of motion for an integral curve solution of X are
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el = gt r=0,...,k—1, (4.3.6)
d © oL oD
B A WOt +a dq0i (4.3.7)
: (4.3.8)
d (rn  _ (r—1) oL 0P«
_dtpi o N g + Ao 9qgi’ r=1,...k—1 (4.3.9)

d , d

domi _ xmiyr_ 4w
(@ Y=g

and the constraints equations (4.3.4) and ({4.3.5)).

Differentiating with respect to time the equations ¢}, substituting into (4.3.9)) and pro-

ceeding further, we find the equations of motion for the higher-order variational problem
analyzed in the last section, i.e.

k

d [ 0L oo«
2 (oo ) =0 G

The solution of equation on Wi may not be tangent to W;. In such a case, we
have to restrict Wi to the submanifold W5 where there exists at least a solution tangent to
Wi. Proceeding further, we obtain a sequence of submanifolds [37] (assuming that all the
subsets generated by the algorithm are submanifolds)

e s W= s Wy = W = W

Algebraically, these constraint submanifolds can be described as

W, = {x e T* (T* Q) xpungM | dHyw,()(v) =0 Yo € (T,W;_y)* } i>1,
(4.3.12)
where (T,W;_1)" = {veT,Wo | Qw,(2)(u,v) =0 Vu e T,W;_; }.
If this constraint algorithm stabilizes, i.e., there exists a positive integer £ € N such
that Wy, = Wy and dim W), > 1, then we will have at least a well defined solution X on
W; = Wy, such that

Now, denote by €y, , the pullback of the presymplectic 2-form Qyy, to Wj. In order to
establish a necessary and sufficient condition for the symplecticity of the 2-form Qyy,, we
define the extended Lagrangian

L=L—- )\
Theorem 4.3.7. For any choice of coordinates (¢'°7, ¢")?, . .. ,q(k_l)i;pgo), . ,pl(-k_l), g™
in T*(T* Q)@ TWQ, we have that (W, Qw,) is a symplectic manifold if and only if

9%L _ 0%~ 3%L Y 9P~ _ 0%~
dq(k)J 9q®)7
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Proof:
Let l{S recall that Qyy, is symplectic if and only if T,1W; N (T,W1)" = 0 Yz € Wi, where
(T.W)*" = {v € T(T*TQ) xrq M / Quy(z) (v, w) = 0, for all w € T, W1}
Suppose that (Wy, Qu,) is symplectic and that
A Rap(z) = 0 for some A* € R and x € W .

)

Therefore, A -2 37| € T.W; but it is also in T,,:Wf. This implies that A\, = 0 for all b and
that the matrix (Rab) is regular.

Hence

0

MR (x) = Aodip, () <8_qb

Now, suppose that the matrix (Rgp) is regular. Since

7.

Run() = dipul) (%

then, W ¢ T,W; and, in consequence,

T, W, & span {aiqb )

} =T, Wh.

Now, let Z € T,W, N (T,W;)" with 2 € Wy. It follows that

. 0
0= ZZQWO(QZ’) (a—qa

) , for all a and i,Qw, (z)(Z) =0, for all Z € T,W; .

Then, Z € ker Quy, (z). This implies that

0
Z =X
baq

Since Z € T, W, then

0

0 = diu(2)(Z) = dia(2) <Ab o ) R

and, consequently, \, = 0, for all b, and Z = 0.

Remark 4.3.8. Observe that if the determinant of the matrix in Theorem [5.3.1] is not
zero, then we can apply the implicit function theorem to the constraint equation ¢} = 0
and ¢ = 0, and we can express the Lagrange multipliers A, and higher-order velocities
(k)i : : (0)i (k—1)i ,,(0) (k—=1)y
™" in terms of coordinates (¢\"",... ¢ I R IS W o
A = Aalg © gD o gED O p(k—l))7

gME = WO O D 0 k)
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Thus we can consider (¢, ¢, .. ,q(k_l)",pgo), . ,pgk_l)) as local coordinates in W;.
In this case,
k-1
QW1 _ qu(r)z A de(T)
r=0

which is obviously symplectic.

Application: Numerical algorithm based on Hamilton’s principle [15] In Lewis
and Kostelec [45] is given a discussion of the use of Hamilton’s variational principle to
derive numerical methods for systems of differential equations derived from a variational
principle, in particular, Hamilton-s equations and Euler-Lagrange equations. The compar-
ison between these methods and symplectic algorithms was treated in [45]. In order to
apply numerical methods based in Hamilton’s principle, first, it is necessary to determine
a class of functions with undetermined parameters for approximating the solutions of the
continuous equations over a fixed interval. Finally, Hamilton’s principle is applying exactly.

Consider a Lagrangian function L : TR"—R. The extremals functionals

with boundary conditions ¢(tg) = qo, and ¢q(t;) = ¢; are the solutions of the Euler-Lagrange

equations
d (0L _ oL 0
dt \ 0¢* oq

The numerical approximation is derived by applying at each step Hamilton’s principle over
a particular subset of C2—functions. Usually, they are polynomials taking fixed values
at the initial point. For instance, taking a polynomial of degree m satisfying the initial
conditions; that is,

m—2
t —t t—t, .
P(t) = t1—t)(t—t 1.
() tl—t0q°+t1—t0q1+(1 ) O)jzo%

The constraints are given by
P =gt =0, 1<i<n.

The equations of an integral curve for the system are

d ) )
2 ()i
d oL
dt aq’
d oL
——p = PV - =
dt aq’
d . .
__p() = p'E 1)7 T:27"'7m7
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and the constraints
Jio— q(m-i-l)i _ 1<i
;= pgm) +A=0, 1

The regularity condition given in the last theorem gives us a regular matrix. Then the
constraint algorithm stops in the first constraint submanifold W; and Qyy, is symplectic.
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Chapter 5

Higher-Order Mechanical Systems on
Lie Groups

In the recent years, a strong effect has been put on the study of higher-order mechanical
systems on Lie groups. This kind of mechanical systems (without symmetries) appear for
example in computational anatomy and interpolation problems on Lie groups, where we
need to minimize the mean-square covariant acceleration (these minimal curves are known
as Riemannian cubic splines)(see [35], [34]). Our principal motivation concerns optimal
control problems. If we need, for example, to solve an optimal control problem where the
state manifold is a Lie group, under some regularity conditions, it will be solved as a varia-
tional problem with constraints depends on higher-order derivatives. The geometric point
of view also is treated in this section, that is, a geometric formalism to solve underactuated
mechanical systems can be developed using the Skinner-Rusk formalism. The idea is the
following: to solve an optimal control problem is equivalent to solve a higher-order problem
with higher-order constraints (under some regularity conditions). To solve a higher-order
problem with higher-order constraints is equivalent to solve a presymplectic Hamiltonian
problem. With the Skinner-Rusk formalism we solve a presymplectic Hamiltonian problem
and therefore we solve the optimal control problem for underactuated mechanical systems.

In the case of forced systems, for example, we consider a mechanical system determined
by a Lagrangian L : TG = G x g — R, where g is the Lie algebra of a Lie group G, and
external forces f : G x g — G x g*. The motion of the mechanical system is described
applying the following principle

i [ Lig(t). (1)) dt + / ' F o). @) dt =0

for all variations 0£(¢) of the form d¢(t) = n(t) + [£(t), n(t)], where n is an arbitrary curve
on the Lie algebra with 7(0) = 0 and 7(1) = 0.

These equations give us the forced Euler-Poincaré equations:

d (5L OLY 0L
i (o) e (5) +55 +

where aden = [§, 1] and [} = (TeLy)*.

67



68 CHAPTER 5. HIGHER-ORDER MECHANICAL SYSTEMS ON LIE GROUPS

The force f is chosen in such a way it minimizes the cost functional:

/0 Cly(t),£(), f(g(t),£(1))) dt (5.0.1)

where now C : G x g x g — R. In underactuated systems the forces f are constrained,
and then second-order constraints appear . This kind of forced systems can be seen as
a higher-order variational problem with higher-order constraints, and for this reason is a
motivation to study this class of higher-order systems.

First, we give a variational approach of higher-order systems on Lie groups and we
obtain the higher-order Euler-Lagrange equations for Lagrangians defined on G' x kg. From
Hamilton’s principle, also, in the case when the higher-order Lagrangian is left invariant;
we will obtain the higher-order Euler-Poincaré equations. Next, from the Hamiltonian
point of view, we obtain the equations for the dynamics on 7*(T*~V Q). These equations
are the higher-order Euler-Arnold equations. Finally, we develop the unifying framework
for mechanics using an adaptation of the Skinner-Rusk formalism. We deduce the k-
order Euler-Lagrange equations and, as a particular example, the k-order Euler-Poincaré
equations. Since the dynamics is presymplectic, it is necessary to analyze its consistency
using a constraint algorithm [37].

5.1 Higher-Order Euler-Poincaré equations

In this section we derive the k" —order Euler-Poincaré equations by the variational principle
associated with the Lagrangian L : T®G—R. Let L : T®G ~ G x kg — R be a Lagrangian
function, L(g,d,d,...,9%) = L(g, ¢, g ... , €D where € = g1 ¢ (left-trivialization). The
problem consists on finding the critical curves of the functional

T
— [ L(g.6,EE ... cyg
3 /0 (97€a§7§7 75 )t

among all curves satisfying the boundary conditions for arbitrary variations dg = % le=0 Jes

sWg = j—; <% ge> 0 =1,..., k; where € — g, is a smooth curve in G such that gy = g.
e=0

We define, for any ¢, & := g-'g.. The corresponding variations §¢ induced by dg are
given by 0¢ = n+[¢, 5] where 1) := g7'9g € g (0g = gn). Moreover, 6V¢ = % (% §€> =
e=0

1,...,k — 2. Therefore
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5 / Lig(t), £(8),(t). ... €5 D)t

& / L(ge(t), &(£),&(8), ..., €57Vt

oL 5L LSL d
<8_g ,09) + <E,5§> + ;(W, %5@) dt =

e
[
/T <g—§,5g>+' <6(2L j;éf})dt:
|
[

[ oL &’ SL
2 s (S ) -

-l L d
Flyﬁ@aEﬂ*‘ [5,77]>) dt =

Ty d @Sl T, ror
/0<( dt+ad5);(_1)]@m’n>dt+/o <lg (a—g>,n>dt20,

where we have used integration by parts and the endpoints condition. Thus, the stationary
condition 6J = 0 implies the higher-order Euler-Lagrange equations,

k—1

LOL &' 6L
lga—g+( — + dg)z dtj(% =0

J=0

Observe that when k& = 1, we recover the Fuler-Lagrange equations on Lie groups given
in the previous chapter. If k = 2 we have that,

OL _doL 5L oL L (dOLY | 5.L1)
19y dioe T arge s dt of ‘ o

They are the second-order Euler-Lagrange equations on Lie groups (see [[27] and [28]]).

If the Lagrangian is invariant under an action of the Lie group, the equations of motion
are

k-1 L
( +ad£)z dtﬂ 55

7=0
In the second-order case, we have that
dt2 ¢ dt 6¢ S 5¢ S\dtsé)

These equations are called second-order Euler-Poincaré equations.

(5.1.2)



70 CHAPTER 5. HIGHER-ORDER MECHANICAL SYSTEMS ON LIE GROUPS

In a recent paper [35], the authors studied invariant higher-order problems and obtain
the equations (5.1.2)) working in a reduced Lagrangian setting on g x g.

The results obtained above are summarized in the following theorem.

Theorem 5.1.1. Let L : T®G ~ G x kg — R be a Lagrangian function and let g(t) be
a curve in G and &£(t) = g(t)"g(t) be a curve in the Lie algebra g. Then the following
assertions are equivalent.

(i) The curve g(t) is a solution of the k*"-order Euler-Lagrange equations for L : T®)G —
R.

(ii) Hamilton’s variational principle

to
5/ L(9.G,-.,g®)dt =0
t1

holds upon using variations 8¢ such that 6g%) vanish at the endpoints for j =0, ...,k —
1.

(iii) If L is left-invariant, the k'*-order Euler-Poincaré equations

e

-1

(0 adf) Y (-1)70

oL

<
Il
=)

holds

(iv) The variational principle

(5/:2L (g,g,gf, ...,g<k>) —0

holds for constrained variations of the form 66 = Om=F[€,n], 6V¢ = % (%

1,...,k—2. wheren is an arbitrary curve in g such that nY) vanishes at the endpoints,
forallj=0,....k—1.

5.2 Higher-order Euler-Arnold’s equations on 7*(T*~1 ()

In the previous chapter we have given a geometric approach for a trivialization of a higher-
order tangent bundle. Similarly, we can trivialize the higher-order cotangent bundle in the
following way,

THT* V) =T (G x (k-1)g) =T*G x (k—1)T*g=G x (k—1)g x kg* .

To develop our geometric formalism for higher-order problems on Lie groups we need
to equip the previous space with a symplectic structure. Thus, we construct a Liouville
1-form 0¢x (k—1)g and a canonical symplectic 2-form wgy (x—1)g on T*(G x (k —1)g) after the
left-trivialization that we are using. Denote by &€ € (k—1)g and o € kg* with components
€=(£0 . ¢y and a = (ag, ..., Q1)
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As we work in a vector space, the Liouville 1—form gy x-1)g € A (Gxg*x (k—1)(gxg*))
is expressed as

Oaxk—-1)a = 0 + O—1)g-
We are interested to know 6, ¢ o); this 1-form is applied to elements (&1, ") € T(y¢,a)(G X
9" x(k—1)(gxg*)), where &, € kg and v € kg*, a = 1,2 with components &, = (§§i))0§i§k_1
and V¢ = (V&))Ogigk,l where each component féi) € g and V&.) € g*. Observe that oy comes
from the identification T*G = G x g*.

To calculate ¢ we need to find the tangent application to 7o Pr 2L where Pr(; ) :
G xg"xgxg" — G xg*is a canonical projection of the first and second factors, and
7 :T*G — @G is the fibration which defines T*G. We consider the application

(&5

04 ):Gxg*—>G><g*.

This is applied to an element (g, ) € G x g* and return an element (g exp(t€Y), ap+1tv)) €
0 1/1 .
G x g*. ¢\ is a flow of the vector field X €*0)(g, aq) = (€9, ).

Therefore the tangent application for 7o Pr )L is

d (€0

T(g.a0) (T © PragL)(9€),v5) = o l=0 To PragLie; 19 (g, ag))

d
= = li=o gexp(t&)) = g€

where £ : T*G—G x g* is the left-trivialization.

Now, we can calculate 0

(Otg.00)> (961, 0)) = (OPrirp0)(9,20), Tigan) (Pra2 L) (967, 1))
= (o, &) = ao(&)).

k-1
In the same way as before, we calculate 6(;_1)y. This is given by Z ai(é’y)). Then,
i=1

(Oaxk-1)0) (e (€1, V1) = (e, &1)

In the next, we will find the expression of the 2—form wgy(x—1)g- For this, we will use
the followings formulae

—d0cx(p—1)g = —d(0c + Or-1)g) = —d(0c) — d(O(k-1)g)-

And to calculate —dfs we use the formula

0 Vl 1 lll . .
—do(X D XGD) = i gy (i g e)

T ieahd (lxmg,ugﬁc;)

+ Z[X@?,ué)’X(s?,ua)]@G
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We calculate each term of the equality,

iX(s?,u5>d (iX(ﬁg,u(%)eG) (97060) =

LX@?,V(%) (ix(gg,ug>9(;> (9, a0) =

d {0,V1 *

It =0 <90§ ' 0)) (X(gg u0>9G> (9,0) =

d

dt lio (B (g exp(ted), ap + t1d), X @) (gexp(teD), ap + t1rd)) =

d

7 li=o (069 exp(t&)), o + try), (gexp 1y &3, 15)) =

d
7 =0 (o + 1) (1) = 15 (&3).

The second term is computed in a similar form, and is given by 132(£?). To calculate the
third term, we observe that

d €02
[X(g?’ué)aX(fg’Vg)](ga040) h ‘t 0 (SD(_S\/ o) 90(6\/ SOE/ 0) SDE/ )> (97040)
d
= = li=o (g exp(VEEY) exp(VEEY) exp —VEE] exp —VEEY, o) = (T.Ly[€), €3],0) =
(9[€7, €3], 0).

Then,

e <[X(§g,ug),X(gg,ug)]> (g,00) = = QG(Q,ao)(Q[§?7§g],O)
- O‘O([g(l)afg])

Therefore,
— g (X0 XD = w0 ((980,14). (983,12)) = —VA(ED) + 1R(ED) + o (€], 9)).

Applying, as before, the same formulae we also have

Wk-1)g = Z(V(li)yfél)> + <V(2¢),f1z)>‘

Then, since wgx(k—1)g = Wa + Wk—1)g, We have the identities,

(Oax(k-1)0)@e) (&1, V") = (o, &1),
(Wax () e (1,01, (€2,07)) = —(W', &) + (% &) + (a0, 6], &)

k—1
= =3 [0 &)+ 0867 + oo 7.7,
i=0
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Now, given the Hamiltonian H : T*T*VG = G x (k — 1)g x kg — R, we compute

OH — oH Z
dHeo)(2.v7) = (£ ( (9,€ ) &™)+ 3¢ s (9:6:0) ), &5y
1=0

oH
+<V27 E<97€>a)>

As in the previous section, we can derive the Hamilton’s equations which are satisfied by
the integral curves of the Hamiltonian vector field Xy defined by Xy(g,€&, ) = (€1,v1).
Therefore, we deduce that

& = (;—Z(g,é,a) :
ity = 5 (. 6.00) +ad 0.
Vi) = (Zl)(g&a) 0<i<k-2.
In other words, taking ¢ = g¢®) we obtain the higher-order Euler-Arnold’s equations:
§ = o5(g.60).
df;) = gf(géa) 1<i<k-1,
% = 4 ((;I;(g 3 O‘)> + ads g /50,0
do:;f = ;ﬁ(géa) 0<i<hk-2.

5.3 Higher-Order Unified Mechanics on Lie Groups

In this section, we describe the main results of this chapter. First, we intrinsically derive
the equations of motion for Lagrangian systems defined on higher-order tangent bundles of
a Lie group and finally, we will extend the results to the cases of variationally constrained
problems.

5.3.1 Unconstrained problem

The equations of motion: Now, we will give an adaptation of the Skinner-Rusk algo-
rithm to the case of higher-order theories on Lie groups. We use the identifications

TWG = Gxkg,
T VG = Gx (k—1)g x kg* .

We define as in [28] the higher-order Pontryaguin bundle
Wo =THGE Xpung T'T* VG = G x kg x kg* |
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with induced projections

pri(9,€,€% Y, ) = (g,€,¢%7Y)
pra(9,6,6% V@) = (9,¢ )
where, € = (€@ ... ¢F2) e (k—1)g and a = (g, ..., 1) € kg*.

=G X kg x kg*

/ \

G x kg (k—1)g x kg*

(k—1,k)
\ /ﬂm

To developing the Skinner and Rusk formalism, it is only necessary to construct the
presymplectic 2-form Qyy, by Qw, = priwgxk-1)g and the Hamiltonian function H : Wy —
R by

N
—_

H(g, &%V a) =) (0, &9) — L(g,€,6%V)

1=0
Therefore
(o) (g1, <( v, (&, 6" v )) =~ &)+ (&)
k—1
Hao (67,67 = =2 [y, &) = (4,67 + (a0, 6. 67
=0

where €, € kg, v* € kg*, and 5&” €g,a=1,2. Observe that gé’“) does not appear on the
right-hand side of the previous expression, as a consequence of the presymplectic character
of Qw,. Moreover,

oL
dH(g,E,E(k_U,a)(g%gék)aVQ) = < £y ( (g E f(k b )) 7§§0)>

-2

N

oL

se (9: €65 .8)

+ <Oéi

I5g

I
o

1

+
<
\.M
o

Therefore, the intrinsic equations of motion of a higher-order problem on Lie groups are
now

ixQw, = dH . (5.3.1)
If we look for a solution X (g,&,¢% Y a) = (&, £§k71 , 1) of Equation (| 1-) we deduce:
&) = €9 0<i<k-1,
. [ OL
Vo = ,59( (9,€,€% 1)) +ad,oan .

oL _ .
V(lz'+1) = @(97575k1)—06i7 0<i<k—-2,
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and the constraint functions

oL
Qp—1 — 5§k1(g£§kl) 0.

Observe that the coefficients £ are still undetermined.

An integral curve of X, that is a curve of the type

L — (g(t)a g(t)’ s 7€(k_1)(t)7 aO(t)7 s aak—l(t)) ’
must satisfy the following system of differential-algebraic equations (DAESs):

g = 9&, (5.3.2)

d (i—1) ]
gdt = O 1<i<k-1, (5.3.3)

do . (0L .

d_to = £ ( (g,€, €% 1))+ad§ao, (5.3.4)
dai+1 oL (k—1) .

— —q;, 0<i<k-2, 3.
P = Gpleset ) —an 0<is (5.3.5)
oL
Op—1 = 6£ (k— 1)( € gk b ) : (536)
If £ > 2, combining Equation (5.3.6) with the (5.3.5|) for i = k — 2, we obtain
d oL oL

— k9 .

dt k=1 — §e(h2)
Proceeding successively, now with ¢ = k£ — 3 and ending with ¢ = 0 we obtain the following

relation:
k—1

d' 0L
== —1 Z—.—. .
(&%)) ;( ) dti 56(2)
This last expression is also valid for £ > 1. Substituting in the Equation (5.3.4]) we finally
deduce the k-order trivialized Fuler-Lagrange equations:

k—1 g 5L
— =L =) . 5.3.7
dt adg Z dmgﬂ 9<5g) (5:3.7)
Of course if the Lagrangian L : T®G = G x kg — R is left-invariant, that is
L(Q?&’é""’g(k_l)) :L(h7§7é7"'75(k_1)) Y
for all g, h € GG, then defining the reduced Lagrangian [ : kg — R by
l(€7 57 A 75(]6_1)) - L<e’ 57 5’7 A 7§(k_1)> Y
we write Equations (5.3.7)) as
d L d ol
(& — 40 21 G sEm

7

N

(5.3.8)

I
o

which are the k-order Euler-Poincaré equations (see, for instance, [35]).
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The constraint algorithm

Since yy, is presymplectic, then has not solution along W; then it is necessary
to identify the unique maximal submanifold Wy which possesses tangent solutions
on Wy. This final constraint submanifold Wy is detected using the Gotay-Nester-Hinds
algorithm [?]. This algorithm prescribes that W is the limit of a string of sequentially
constructed constraint submanifolds

s W= = Wy = W — Wy
where
H(z) (&6, v") =0
V(6,01 € (L)t}

W, = {xerkgxk;g*

with ¢ > 1 and where
(Txvvifl) {(517 »V ) (k + )g X kg ’ QWO ((517 7 ) (527 7 )) =0
(52, ) V) e T,W;_ } :

where we are using the previously defined identifications. If this constraint algorithm
stabilizes, i.e., there exists a positive integer k£ € N such that Wy, = Wy and dim W, > 1,
then we will have at least a well defined solution X on W; = W}, such that

(ixQw, = dH)yy,

From these definitions, we deduce that the first constraint submanifold W is defined by
the vanishing of the constraint functions

0L
g1 — —=—=0.

§¢k=1)
Applying the constraint algorithm we deduce that the following condition, if k > 2:

5L PL o1 o 0L
detk—2) k-2 = ek §eh—1) Z 55 h—1) 55 )S + £ ((55(k1)(59) 3

In the particular case k = 1, we deduce the equation

oL 2L 5L
£ d £ )
g<@>+“““ et o Geag) ¢
In both cases, these equations impose restrictions over the remainder coefficients ék) of the
vector field X.

If the bilinear form

2
W:gxg—ﬂl&deﬁnedby

d
t=0ds

62L
SEFDgelD dt
is nondegenerate, we have a special case when the constraint algorithm finishes at the first

step Wi. More precisely, if we denote by €y, the restriction of the presymplectic 2-form
2 to Wy, then we have the following theorem,

L(g, & €*D ¢ + s€)

s=0

9,& 5 ) () =
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Theorem 5.3.1. (Wy, Q) is a symplectic manifold if and only if

6L

15 nondegenerate.

5.3.2 Constrained problem
The equations of motion

The geometrical interpretation of constrained problems determined by a submanifold M
of G x kg, with inclusion 7y : M — G X kg and a Lagrangian function defined on it,
Ly : M — R, is an extension of the previous framework. First, it is necessary to note that
for constrained systems, we understand a variational problem subject to constraints, being
this analysis completely different in the case of nonholonomic constraints (see [10] 32, 21]).

Given the pair (M, Ly) we can define the space
Wo=M x kg*.

Take the inclusion i, : Wo < G x kg x kg*, then we can construct the following presym-
plectic form

Qwr, = (pra o iyp,) " Qax (k—1)gxkg* »
and the function H : Wy — R defined by

H(g7£7€(k71)7a) = <a17£(l)> _LM(g7£7£(k71)) )

i

e
—_

Il
=)

where (g,&,£%Y) € M.

With these two elements it is possible to write the following presymplectic system:
ixQyp, = dH . (5.3.10)
This then justifies the use of the following terminology.

Definition 5.3.2. The presymplectic Hamiltonian system (W, W, H) will be called the
variationally constrained Hamiltonian system.

To characterize the equations we will adopt an “extrinsic point of view”, that is, we will
work on the full space Wy instead of in the restricted space W,. Consider an arbitrary
extension L : G x kg — R of Ly : M — R. The main idea is to take into account that
Equation (5.3.10)) is equivalent to

ixQw, —dH € ann TW,,
X € TWy,

where ann denotes the annihilator of a distribution and H is the function defined in Section

B3Il
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Assuming that M is determined by the vanishing of m-independent constraints
g, 6,€Y) =0, 1<A<m,
then, locally,ann TW, = span {d®4}, and therefore the previous equations is rewritten as

ixQw, —dH = Aad®4,
X(@4) = 0,

where \4 are Lagrange multipliers to be determined.

If X(g,&¢% Y a) = (&, , v!) then, as in the previous subsection, we obtain the
following prescription about these coefficients:
&) = €9 0<i<k-1,
oL 54
1 _ * [ T
7/(0) = £ <5g AA 59 ) + adégo)ao s
oL 54
1 o R
I/(H—l) = 657—)\,455—1.—@1', OSZS]{—Q,
P4 5pA
_ (H—l (k)
0 = < )s Z 5 TeEmh 0 1sAs<m,
and the algebraic equations:
oL sPpA
&k—l—m+)\Am = 0,
P4 = 0.

The integral curves of X satisfy the system of differential-algebraic equations with ad-
ditional unknowns (A4):

g = 9¢,
gt Q) .
dt 5 Y — 1 )
dayg 6L 5PA
— = £ = d
It g((sg Adg)‘l'agava
dOéH_l . oL Y (5(1)‘4 o
R TG
5pA o 54, 5O
_ e[ (i+1) (k—1
0 = 4 ( 5g ) & Z_; (Sg(i)S + 55(1%1)61
5L 5PA
WL T Gl T Mg
= 0.

As a consequence we finally obtain the k-order trivialized constrained Fuler-Lagrange
equations,

k—1 ;
d' [ oL 5P* . (oL oA
~ o) Z @ Lsg(i) - )‘A(;g(z‘)} =4, <@ - AAE) : (5.3.11)
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If the Lagrangian L : TG = G x kg — R and the constraints ®* : G x kg — R,
1 < A < m are left-invariant then defining the reduced lagrangian [ : kg — R and the
reduced constraints ¢ : kg — R we write Equations (5.3.11]) as

k—1

d [ 4l "
_adg Z o { AA(%@} =0. (5.3.12)

The constraint algorithm

As in the previous subsection it is possible to apply the Gotay-Nester algorithm to obtain
a final constraint submanifold where we have at least a solution which is dynamically
compatible. The algorithm is exactly the same but applied to the equation ((5.3.10)).

The first constraint submanifold W is determined by the conditions

oL bet
W1 = el T MGete)
P4 = 0.

If we denote by Qg the pullback of the presymplectic 2-form Qg to W1, we have the
following theorem,

Theorem 5.3.3. (W1, Q) is a symplectic manifold if and only if

§2L 64
5EG-1560-1)  GelhT) (5.3.13)

504
SER=T) 0

1s nondegenerate, considered as a bilinear form on the vector space g x R™.
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Chapter 6

Optimal Control of Mechanical
Systems

As we said in the introduction, the goal of control theory is determine the behavior of a
dynamical system by external forces acting. In this chapter we gives a selection of tech-
niques and results in optimal control theory that are optimization problems for mechanical
systems based on [10], and [56].

6.1 Optimal Control

Given a set of constraints, there are two type of associated problems. One of them is not
variational (Lagrange - D’Alambert principle) but very appropriated to study the dynamics
of certain class of mechanical systems [14], [I3]. The other one is the variational approach.
This framework is the suitable framework to study the class of optimal control systems.

Recall that the variational problems are equivalent to the classical problems of minimiza-
tion,which consist on minimizing the Lagrangian action over a set of curves which satisfies
the condition of fixed endpoints.

That is, let @) be a configuration manifold and T'() its tangent bundle with local coordi-
nates (¢%,¢'). Let L : TQ—R be a Lagrangian function and ® : TQ—R"™™ given smooth
constraints.

Definition 6.1.1. [{(}] The Lagrange problem is given by
T . .
min/ L(¢',q")dt
a(-) Jo

subject to the condition of fized endpoints, q(0) = 0,q(T) = qr, and subject to the constraint
functions,

®(q',¢") = 0.

6.1.1 Optimal Control and Maximum Principle

In this subsection we will discuss the maximum principle, which gives rise necessary condi-
tions for the existence of a solution curve of the optimal control problem. Optimal control

81
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problems include, for example, the minimum time problem given by Bernoulli, which is not
given in a classical variational procedure.

The difference between both, the optimal control problem and the variational problems
with constraints, is the extremal conditions, which are expressed in Hamiltonian form
and Pontryagin’s maximum principle ; nevertheless, the variational approach gives us a
Lagrangian setting.

General Setting of Optimal Control Problems

Suppose that we have a classical optimal control problem,

T
rn(l?/ g(q,u)dt, (6.1.1)

subject to the conditions:

e a differential equation ¢ = f(q, u), and the state space contains ¢ € @ and the
controls in 2 € R¥;

e ¢(0) =qo, ¢(T) = gr

where f and g > 0 are smooth functions, € is a closed subset of R¥, and @ is a
n—dimensional differentiable manifold, called state space of the system. The function g is
the cost function or objective.

Pontryagin’s Maximum Principle Consider a Hamiltonian parameterized on T*(@) and
given by R

H(q,p,u) = (p, f(q,u)) — pog(q, u),
where pg > 0 is a fixed positive constant and p € T*Q). We observe that py is a multiplier of
the cost functional and that H is linear in p. We denote by t — u*(t) a curve that satisfies
the following relationship along the trajectory t — (q(t),p(t)) € T*Q :

H(q(t), p(t), u’(t)) = max H(q(t), p(t), u). (6.1.2)

Then, if u* defines implicitly a function depending of ¢ and p by the equation the equation
(6.1.2), we can define H* by

The time-varying function H* defines a time-varying Hamiltonian vector field X+ on
T*(Q with respect to the canonical symplectic structure on 77Q).

Pontryagin’s maximum principle gives necessary conditions for extremals of the optimal
control problem as follows: An extremal trajectory t — q(t) for the optimal control problem
is a projection onto ) of a trajectory of the flow of the vector field Xy« that satisfies the
boundary conditions ¢(0) = qo, ¢(7') = ¢r and for which ¢ — (p(t),po) # 0 for all t € [0, T.

The extremal is called normal when py # 0. When py = 0 we said that the extremal is
abnormal. Moreover, u* is determined in unique form under the condition

_oH

0= =
ou

(q(t), p(t), u" (1)), t € [0, T].
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That is, ©* minimize the function H.

By the implicit function theorem, there exists a function k such that u*(t) = k(q(t), p(t)).
We establish that

H(q,p) = H(q,p, k(q,p)),

then, along the extremal curves,

H{q(t),p(t)) = H(q(t), p(t), 1).

6.2 Variational Problems and Optimal Control

Variational problems with constraints are equivalent to an optimal control problem under
some regularity conditions.

Consider the modified Lagrangian,

The Euler-Lagrange equations are given by

d 0 ) 0 .

dt 9g (
®(¢q,4) = O. (6.2.3)

We rewrite these equations in a Hamiltonian form and we prove that these equations
are equivalent to the equations of motion given by the maximum principle for a suitable
optimal control problem.

Let

0 )
p= a—q./\(q, q,\) (6.2.4)

and consider this equation with the constraints
(¢, q) = 0. (6.2.5)
Then we wish to solve (6.2.4) and (6.2.5) for (¢, \). We assume that on an open set U C Q,
the matrix
ap a4, ) 50(e.q)"
7 2(a: 9)- 0

has full rank. Then, by the implicit function theorem we can clear ¢ and A as a function
of g and p

¢ = ¢lq,p)
A= (q,p)
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Theorem 6.2.1 (Caratheédory (1967) ,Rund (1966), Arnold, Kozlov and Neishtadt (1988),
Bloch and Crouch (1994)). Under the transformations (6.2.6) and (6.2.7), the FEuler-
Lagrange system (6.2.2) is transformed in the Hamiltonian system

q = %H(q,p)
p = _a% (¢,p),
where
H(q,p) = p-é(q,p) — L(q, ¢(q,p)). (6.2.8)

Proof: The fact that ®(q, ¢(¢g,p)) = 0 implies that

0P | 990

9 " 9gaq "

00 0p
94 0p
Then, using (6.2.4), we obtain that

a_ =0+ — a_L % =q+ A\ 8_@@ —
op P oq) op 1 oG op) e
In a similar form,

OH 8L+< 8_L)@__8L+)\(8<D@)__(8L+Aa<b)_ OA _

9~ og \"Taq) o e M\agaw) T \ag Thag) T e T
[
Definition 6.2.2. Let ¢ € R", u € R™ the Optimal Control Problem is given by
T
Iﬁll)l/o g(q,u)dt, (6.2.9)

subject to
¢ = f(q,u),
with boundary conditions ¢(0) = 0, ¢(T) = qr.

With this definition we have the following theorem,

Theorem 6.2.3. [1(] The Lagrange problem and optimal control problem generate the same
extremal trajectories if and only if,

1. ®(q,q) =0 if and only if there exits wu such that ¢ = f(q,u).

2. L(q, f(q,w)) = g(q,u).
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3. The optimal control u* is uniquely determained by the condition

OH .
%((Lpau ) =0

where

has full rank and

~

H(q,p,u) = (p, f(q,u)) — g(q,u)

1s the Hamiltonian given by the maximum principle.

Proof: By (3), we can use the equation

oH o Of . dg,

85

(6.2.10)

to deduce that, there exists a function r such that u* = r(q,p). The extremal trajectories

are now generated by the Hamiltonian

P A~

H(q,p) = H(q,p,r(x,p)) =p- flg,r(q,p) — 9(q,7(q,p))-

Then, the result follows, and we have

(6.2.11)

(6.2.12)
(6.2.13)
(6.2.14)

6.3 Lagrangian and Hamiltonian Control Systems

The extension of the notion of Hamiltonian and Lagrangian systems to control theory was

formally proposed by Brockett, Willems and van der Schaft, among others.

The simplest form of Lagrangian control system is a Lagrangian system with external

forces: in local coordinates we have

d (0L oL ,
E(aqi)_aqi = u, 1=1,...,m,
d

dt

(8?)_8[{ =0, 2=m+1,... ) n.
G’

aq"
More generally, we have the system

dt I '

(6.3.1)

(6.3.2)
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for ¢ € R" and v € R™ (see [10] and reference therein). When m < n we say that the
system is underactuated.

Similarly, one can define a Hamiltonian control system. In local coordinates, these have
the form

0H (q,p, u)
api
_0H(g,p,u)
8%‘ ’

Y

for ¢,p € R® and u € R™.

6.4 Optimal Control of Mechanical Systems on Lie
Groups

6.4.1 Left-invariant control systems

Let GG be a Lie group and g its Lie algebra. A left-invariant control system I" in a Lie group
G is a subset of g;

I'cg.

The most typical examples are the affine control systems
F:{§+Zui§i|uz (ug,...,um) € U CR™},
i=1

where &, &, ...,&,, are elements of g. The classical form in which are written this kind of
control systems is

g=9§+ Zuz’g&, with g € G.
i=1

6.4.2 Accessibility and Controllability

A trajectory of a left-invariant control system I' on G is a continuous curve g(t¢) in G defined
in an interval [tg, 7] C R such that there exists a partition

t0<t1<...<tN:T

and elements,
&,...,¢v eT

such that the restriction of g(t) in each open interval (¢;_1,t;) is smooth and

g(t) = g(t)&, i=1,...,N.
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Definition 6.4.1. For each T > 0 and g € G, the reachable set at time T' from g of the
left-invariant control system I' € g is the set

Ar(g,T) = {g(T) | g(t) trajectory of ', g(0) = g},

Definition 6.4.2. The reachable set at time less than or equal to T' is defined by

Ar(g: <T)= | Ar(g,1).

0<t<T

Definition 6.4.3. The reachable set is defined as

Ar(g) = J | Ar(g, 7).

>0

Definition 6.4.4. The system I' C g is controllable if for each pair of points gy and g, in
G:
g1 € Ar(go)

6.4.3 Properties of Reachable Sets

First, we observe that for all £ € g and gy € G the Cauchy problem
)= 9&  9(to) = go

has a solution ¢(t) = go exp ((t — t0)<).

Lemma 6.4.5. Let g(t) , t € [to, T] be a trajectory of a left-invariant control system T' C g
with g(0) = go. Then there exists N € N and

Tla--'aTN>07 517"'7€N€g

such that
g(T) = goexp (11&1) - - - exp (Tnén)
andT —to =717+ ... +7n.

Proof:

By definition of trajectory, there exists a partition
to<ti<...<ty=T

and elements,

617"'75N€F7

such that the restriction of ¢g(t) in each open subset (¢;_1,t;) is differentiable and
g(t) = g(t)&, i=1,...,N.
In the first interval, we have that

t e (to,t1), g=9&, 9(to) = go.
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Therefore,
g(t) = go exp ((t —t0)&1), g(t1) = go exp ((t1 — t0)&1),
The next interval, (t1,%3):
g=9&, g(t1) = goexp ((t1 —t0)&1)
then
g(t) = go exp ((t1 — to)&1)exp ((t — t)&2),
and
g(t2) = go exp ((t1 — t0)&1) exp ((t2 — t1)&2),
If we denote by 7, = t; — tg and 7, = t5 — £y we have that
g(t2) = go exp (11&1) exp (12€2),
Proceeding in the same way,
g(tn) = g(T) = go exp (11&1) - -+ exp (Tvén)
Witthzti—ti_l,i:1,...,NYTN+...+T1:T. ]
From this lemma, we deduce that
o Ar(g) ={gexp (t1£1)---exp (tnén) [ & € Tt > 0, N > 0}
e Ar(g) = gAr(e)
e Ar(g) is simply connected .

Then, the control system I' is controllable if and only if Ar(e) = G.
Definition 6.4.6. The orbit of I' in a point g € G is the set
Or(g) = {gexp (t1&1) -~ - exp (tnén) | & €Tt €e Ry N > 0}
Obviously,
Or(g) = gOr(e)
Denote by Liel the Lie algebra generated by I'.

Theorem 6.4.7 (Hermann-Nagano theorem). It is verified by Or(I) C G is a differentiable
submanifold of G with tangent space T,Or(e) = Liel .

Therefore, is easy to deduce that Or(e) is a Lie subgroup of G with Lie algebra Liel.
Theorem 6.4.8. A control system I' C g is controllable if and only if

1. G is connected;

2. Liel' = g;

3. Ar(e) is a Lie subgroup of G

Proof:

The necessary condition is trivial. Then we proof the sufficient condition.

If Ar(e) is a subgroup of G, then for all g € Ar(e) we have that g=' € Ar(e)

Since (exp (£;£;))™ = exp (—t;&) we deduce that Ar(e) = Or(e). Therefore, Or(e) is a
connected Lie subgroup with Lie algebra g. Therefore Ar(e) = G. d.
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6.4.4 Optimal Control of the Position of a Rigid Body

Motivated by the control of a satellite control, we will study the maneuver problem of a
rigid body which moves from a initial position to a desired final position at a fixed time
and minimizing a cost function [66], [56].

Working directly in SO(3) avoids problems that appear when we work with Euler angles
(singularities and ambiguities in the description).

Control Equations of the Rigid Body: Recall that the equations of motion of a rigid
body are

9(t) = Q(t
—5(t) €a(t)
—QQ (t) () O
= Ql( El + (,UQ(t E2 + Qg(t)Eg)

where the angular velocities (£21(t), Q2(t),Q23(t)) verify the Euler’s equations

IlQl(t) (]2 — ]3)Qg(t)93(t) + Tl(t)
L) = (I — [t (t) + To(t) (6.4.1)
LQs(t) = (I — L) (t)Qa(t) + Tx(t)

where [, I5, I3 are the inertia moments and T}, T3 and T3 the torques applied to the body
which allow us to move and control.

Suppose that we want to pass of the matrix g(ty) in a time ¢, to a matrix ¢g(¢;) in a time
t1. The cost functional is:

t1
/ () + (1) + cs (1)) dt
to

with ¢y, ¢, c3 > 0 and py, po, p3 € N.

In our problem, we choose angular velocities (€21, {22, {23) as controls, instead of torques
(Ty,T5,T3). Using the equation (6.4.1) we will obtain the torques from the angular veloci-
ties.

Then, the optimal control problem is
t1
min / () + (1) + es (1)) dt
to
with control equation

9(t) = g(O) () By + wat) Er + Qs(t) E3)

and g(tyg) = go and g(t1) = ¢ fixed.

The Pontryagin Hamiltonian will be a function

H:T*SO(3) x R* — R



90 CHAPTER 6. OPTIMAL CONTROL OF MECHANICAL SYSTEMS

defined by
H = po((Clﬁﬁjl + 6291202 + nggs) + QlHl + QQHQ —+ QgHg

where H; : T*SO(3) — R is defined by H;(g, o) = a(E;), i = 1,2, 3.

Suppose that the optimal control is given by the functions ¢t — (Q7(t), Q5(¢), Q5(1))
then the trajectory t — £*(t) € T*SO(3) verify the maximum principle that

E°(t) = (1) X, (€°(8)) + (1) X, (€°(8)) + 5 (1) Xy (€°(2)) (6.4.2)

Studying the abnormal solutions [50]

Suppose that py = 0 and there exits an optimal solution. Then since,
H(E (1), (1)) > H(€*(t),Q), paratodo Q€ R?
that is,
Q) HL(E7 (1)) + 5(0) Ha(E7(¢)) + Q5(1) Hs(£7(¢))
> O H(E7(1)) + QaHo(€7()) + Q3 H5(E7 (1))

for all 2 = (Ql, QQ, Qg) € R?’
From this, we deduce that H;(*(t)) = 0. If we denote by (¢*(t), a*(t)) € SO(3) x s0(3)*
the trajectory such that £(g*(t),a*(t)) = £*(t) then

— H(S'(1) = a’()(E), i=1,2,3

then a*(t) = 0 and we have a contradiction.

Therefore, we don’t have abnormal solutions.

Studying the regular solutions [50]
Take py = —1.

H, ... ,
o9, (&*(t)) =0,i=1,2,3, that is

Hi(§7(t)) = ety (1)
where ¢; = p; — 1. Then clear the controls in the equation (6.4.2]) we obtain that

H,(&(t)) Hy(£4(t)) Hs(£5(1))

CiP1 CoP2 C3P3

- | ]Umxax€@»+[ ]U%thﬁ&n+[ ]U%Xﬁxﬁ@»

which are the Hamilton equations for the Hamiltonian function

3
Z py/qj
1/‘17

ij

Trivializing we obtain that the Hamiltonian in SO(3) x R? is written as:

g’ — i P]/Qj
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Since

O}~ (ejpy) /a7
the Euler-Arnold’s equations are:

OH 1 1/q;

T T _ 1 g 1 1/g2 1 1/g3
(I, I, Il3) - = (H1,H2,H3)X<WH1 7WH2 7(63p3)1/q3H3

Computing and rewritting the last equation we obtain that

C1P1Q1Q¥17191 = pa0E — c3ps QP
02292(12932_192 = C3P391933 - clplQBQ(fl
03]?3?13933_193 = C1plQ2Q(f1 - 02]?2919%2

Observe that when p; = ps = p3 = 2 we have to minimize

t1
mm/ (c1Q3(t) + c25(t) + 395 (t))dt

to
and obtain the Euler’s equations for the rigid body

au(t) = (eo— c3)(t)Q(t)

CQQQ (t) = (03 — 61)93 (t)Ql(t) (643)
C3Qg(t> = (Cl — CQ)Ql (t)QQ(t>
Finally, when ¢; = ¢3 = c¢3, we obtain that the unique solutions are Q(t) = Q; =

constant. Then we wish to find a curve g(t) verifying

g(t) = g(t) (0 Ey + Qo Ey + Q35 g(to), g(t1) are fixed.

That is,
g(t) = glte)e!' 0"
with )
g(t1) = g(to)e 2.
Therefore

g (to)g(tr) = e,
Denoting by r = /Q% 4+ Q3 + Q32 we have that

sin(t;y —to)r » 1 —cos(ty — to)r

g(t)g(to)™" =

(tl — tg)’l" (tl — t0)27”2
100 . 0 -0, O
N N LG G Rl DL 0 _51
00 1 =t \ _o, o, o

VZ+02 -0 —004
S0y 2402 —0,04
0y~ Q2+ Q2

1 — cos(ty — to)r

which can be solved numerically.
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Chapter 7

Optimal Control of Underactuated
Mechanical Systems

The class of underactuated mechanical systems are abundant in real life for different rea-
sons, for instance, as a result of design choices motivated by the search of less cost engi-
neering devices or as a result of a failure regime in fully actuated mechanical systems. The
underactuated systems include spacecraft, underwater vehicles, mobile robots, helicopters,
wheeled vehicles, mobile robots, underactuated manipulators...

On the other hand, there are many papers in which optimal control problems are ad-
dressed using geometric techniques (see, for instance, [13|[42], 43}, [68] and references therein).
Now, we introduce an optimization strategy in an underactuated mechanical system, that
is, we are interested in studying the implementation of devices in which a controlled quan-
tity is used to influence the behavior of the undeactuated system in order to achieve a
desired goal (control) using the most economical strategy (optimization). Thus, in this
section we develop a new geometric setting for optimal control of underatuated Lagrangian
systems strongly inspired on the Skinner and Rusk formulation for singular Lagrangians
systems [65]. Since in this setting the controlled Euler-Lagrange equation are second-order
differential equations we will need to implement an higher-order version of this classical
Skinner and Rusk formalism [I5]. This geometric procedure gives us an intrinsic version
of the differential equations for optimal trajectories and permits us to detect the preser-
vation of geometric properties (symplecticity, preservation of the hamiltonian, etc.). For
expository simplicity, we restrict ourselves in Section to the so-called optimal control
of superarticulated mechanical systems, in which only some of the degrees of freedom are
controlled directly, with the remaining variables freely evolving subject only to dynamic
interactions with the actuated degrees of freedom (see [3| [67]). Obviously, our theory can
be easily extended to more general class of underactuated Lagrangian systems.

7.1 Optimal Control of underactuated mechanical sys-
tems

After introducing the geometry of higher-order Lagrangian system with constraints in the
previous chapters, we may turn to the geometric framework for optimal control of underac-

93
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tuated mechanical systems. We recall that a Lagrangian control system is underactuated
if the number of the control inputs is less than the dimension of the configuration space.
We assume, in the sequel, that the considered systems are controllable.

Consider the class of underactuated Lagrangian control system (superarticulated me-
chanical system following the nomenclature by [3]) where the configuration space @ is the
cartesian product of two differentiable manifolds, Q = @Q; x Q. Denote by (¢*) = (¢%, ¢*),
1 < A < n, local coordinates on @ where (¢*), 1 < a <rand (¢*), r+1 < a < n, are local
coordinates on ()7 and ()5, respectively.

Given a Lagrangian L : TQ = T(Q, x T(Q)2 — R, we assume that the controlled external
forces can be applied only to the coordinates (¢*). Thus, the equations of motion are given

by
d (8L) oL "
— — =u
dt \ 0¢* 0q° ’
1.1
d (o or Ty
dt \ O¢~ oge
wherea=1,...,r,and a=7r+1,...,n.

We study the optimal control problem that consists on finding a trajectory (¢*(t), ¢*(t), u®(t))
of state variables and control inputs satisfying equations ([7.1.1)) from given initial and fi-

nal conditions, (¢°(to), ¢*(t0), ¢*(t0), ¢*(t0)), (q¢°(tr), q¢*(ts), ¢*(ts), ¢“(ts)) respectively, min-
imizing the cost functional

ty
A= / (g, ™, %, 4 u®) dt.
t

0
This optimal control problem is equivalent to the following constrained variational prob-
lem:
Extremize

A- / "B 0,00, 60,670, 1), (0) de

0

subject to the second order constraints given by

ca o ea e d (0L oL
D*(q*, q%, 4", 4%, G, ):E(a_qa)_a_qazo’

and the boundary conditions, where L: T®Q — R is defined as

~ d [ OL oL
L a (6% Qa X a :C a (6% ~a QL _ o .
(¢, 9%, 4", 4", 4", 4*) (q,q,q,q,dt (aqa) aqa>

Now, according to the formulation given in Section [ the dynamics of this second
order constrained variational problem is determined by the solution of a presymplectic
Hamiltonian system. In the following we repeat some of the constructions given in [4 but
specialized to this particular setting, obtaining new insights for the optimal control problem
under study.

If M C T®Q is the submanifold given by annihilation of the functions ®*, we will see
how to define local coordinates on M.
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From the constraint equations we have

d(8L> oL 0L

.5 A A -a
— (== ) - =—=0+= = F,(¢",¢*, §).
dt \og ) ~ g 93P (¢%,4%d")

Let us assume that the matrix (W,5) = (8;2—;45) is non-singular and denote by (W)

its inverse. Thus,
§* = WF,(¢",¢", §°) = G*(¢",¢", §*).

Therefore, we can consider (¢#, ¢4, G*) as a system of local coordinates on M. The canonical
inclusion 7y : M — TT(Q) can be written as

M 2 7TTQ
(qA’qA7qa) )_) <qA7qA7 q.a7 Ga(qA7 qA7 qa)) *

Define the restricted lagrangian L lve: M — R.

W() = T*(TQ> XTQ M

/ \ T*TQ

TWo,TM

(TrQ)Inm
ﬂ-T*Q

TQ

M

Figure 7.1: Second order Skinner and Rusk formalism

We will consider Wy = T*(T'Q) x7q M whose coordinates are (g%, ¢*; p%, pl, ¢%).
Let us define the 2-form Qu, = 7f(wrg) on Wy and Hyy, (0, v2) = (a, in(vs)) — Lyi(vs)
where x € TQ, v, € M, = ((TS’Q))\M)_l(x) and o, € TXTQ. In local coordinates,

Qw, = dg* ANdpS + di* A dpl,
Hy, = phi* +phi* + G, ¢* q*) — Lu(a™, ¢, §).

The dynamics of this variational constrained problem is determined by the solution of

the equation
ixQw, = dHyy,. (7.1.2)

It is clear that €y, is a presymplectic form on Wy and locally

ker Qu, = span< (9 > .
aG*

Following the Gotay-Nester-Hinds algorithm we obtain the primary constraints
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That is, N
ol = OHyy, — 0G*  OLy _
¢ 0qe Y9 0ge
These new constraints ¢! = 0 give rise to a submanifold 1W; of dimension 4n with local

Consider a solution curve (¢2(t), ¢(t), §(t), p%(t), pL(t)) of Equation (7.1.2)). Then, this
curve satisfies the following system of differential equations

% _ %:q‘a, (7.1.3)
d;g: - @ ’dc(lJt d;t:) ’ (714
% _ _p3%+%7 (7.1.5)
% _ _pg_pi% %, (7.1.6)
)= aava; +%€f. (7.1.7)

From Equations (|7 and we deduce

d aEM L0GH\ 0G DLy
di\ g Pegge | T P Papa T g

Differentiating with respect to time, replacing in the previous equality and using ([7.2.4]) we
obtain the following system of 4-order differential equations

2 T o L @ L “
& (8LM aG )_%(a[m  0G >+8LM , 0G =0. (7.1.8)

a2 \ g age  Popge dge o gge
Also, using ) and - we deduce
d?pl  d (0L 0GP oLy 0GP
— — . 1.
arz ~ dt (8(] ﬂ ol ) (an Ps 0q” (7.1.9)

If we solve the implicit system of differential equations given by (7.1.8)) and (7.1.9) then
from Equations (7.2.5) and ((7.2.6) we deduce that the values of p? and p? are

0L oG d (0L oG
g —pt - = —pl 7.1.10
pa aqa pa aqa <aqa pa 8qa> ) ( )
0Ly 0GP dp?
S —pt — 7.1.11

Since, from our initial problem, we are only interested in the values ¢ (¢), it is uniquely
necessary to solve the coupled system of implicit differential equations given by ([7.1.8)),

(7.1.9) and (7.2.3) without explicitly calculate the values p®(t).
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Now, we are interested in the geometric properties of the dynamics. First, consider the
submanifold W; of W, determined by

Wy ={z € T*TQ x7o M | dHw,(2)(V) =0V V € ker Q(z)}

and the 2-form Qu, = i3y, Qw,, where iy, : Wi — W, denotes the canonical inclusion.
Locally, W is determined by the vanishing of the constraint equations

L 0G OL _

@ @q’a aq'a

o =DL+D

Therefore, we can consider local coordinates (g%, ¢4, ¢, p%, pL) on Wi.

Proposition 7.1.1. (W1, Qw,) is symplectic if and only if for any choice of local coordinates
(qA7 qAa q'ajpghpz) on WO;

PLy  , O*Ge
det (Ryp) = det (8(']'“0(]1’ — D, 9507 o #0 along Wy . (7.1.12)

In the case where the matrix ((7.1.12]) is regular then the equations ([7.1.8]), (7.1.9)) and
(7.2.3]) can be written as an explicit system of differential equations of the form

d4qa N qu d2 qa d3qa L dpl

= I a 7.1.13
dtt < e ae ae P dt) (7.1.13)
d2qa " qu d2qa

= Gqg* —— 7.1.14
72 (q7, e dtQ) ( )
d2p} d (0Ly 0GP Ly 0GP

a _ — — _ . 7.1.15

2 dt ( age PP age o PP o ( )

Remark 7.1.2. The Pontryaguin’s mazimun principle gives us necessary conditions for
optimality for an optimal control problem. In our case, we are analyzing a particular
case of optimal control problem (an underactuated mechanical system) and under some
reqularity conditions, the necessary conditions of mazximum principle are written in terms of
expressions (7.2.9), (7.1.14) and (7.1.15), jointly with constraints. The dynamic evolution
of the problem is determined as the integral curves of a unique vector field determined by
the symplectic Hamiltonian equations:

ixQw, = dHy, .

This is the case of a reqular optimal control problem [4)]. From (7.2.9), (7.1.14)) and

we deduce a unique curve (¢*(t)) (fized appropriate initial conditions) which determine the

controls from
d (OL\ 9oL _ »
dt \ 0¢* ogr

Obuviously, if the boundary conditions are given by a initial and final states then it is not
guaranteed the existence and uniqueness of an optimal trajectory satisfying the transversal-
lity conditions.
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Remark 7.1.3. Now, we will analyze an alternative characterization of the condition
(7.1.12) and its relationship with the matriz condition that appears in Theorem|5.5.1. Using

the chain rule

L oL 0L 0G®

o o ¢ 0
PLy L . 0L 06" | 9°L oG 0L aGaaGﬁ+aQZ G
940~ 9§dgk " 9§e0d® 9 T 0¢eod dqe T 9G0P DG 9P 9 jedq

Define W;; = (%), where ®* = ¢* — G*. Then we can write ((7.1.12) as

B e a B T 2Ho
R 10— 1102 0P 9P O (1 8L> Po

S vog TV gga o T\ P T gaa | e

Consider now the extended lagrangian £ = L — 2D where A\, = % —pL.

Then, the matriz (W;;) = <8i?i28£qj> is equal, along W1, to

—  Wa W
W, = < e e ) (7.1.16)

7 _02L 92pe
where W, = BGa0d — Ao 95305

The elements of the matrixz (7.1.12)) are given by

P 90 . 9P PP
0 Waba 00 0

:Ra :Wa —Waf— A aB A A -
’ ’ 7o oG + Was oG ogb

(7.1.17)

Now, using elemental linear algebra the matriz (7.1.17) is regular if and only if the
matriz of elements ([7.1.16)) is regular.

Remark 7.1.4. Condition implies that the final constraint submanifold is W1
and, moreover, there exists a unique vector field on Wy determining the dynamics of our
wnitial optimal control problem. Of course, this symplectic case is the more useful for many
concrete applications. But it is possible to think in situations where the constraint algorithm
does not stop in Wy and it is necessary to find a proper subset of Wy where there exists a
well-defined solution of the problem. For instance, and as a trivial mathematical example,
consider the following the system determined by the control equations & = uy, §j = us and
cost function C(x,y, &, Y, ui, ug) = %(uf—l—2u1u2+u%). If we apply our techniques we deduce
that Wy is determined by the constraints

pr—(E+i)=0, p,—(E+§)=0.

But the solution of the dynamics is only consistently defined on the submanifold Wy of Wy
determined by the additional (secondary) constraint

py—py=0.
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Example 7.1.5. Cart with Pendulum or Cart-Pole System (see [10] and references
therein). A Cart-Pole System consists of a cart and an inverted pendulum on it. The
coordinate x denotes the position of the cart on the z-axis and 6 denotes the angle of the
pendulum with the upright vertical. The configuration space is Q = R x S'.

First, we describe the Lagrangian function describing this system. The inertia matrix
of the cart-pole system is given by
my = M+m
mia(qa) = mlcos(6)
Mooy = le
where M is the mass of the cart and m,[ are the mass, and length of the center of mass of
pendulum, respectively. The potential energy of the cart-pole system is V' (0) = mgl cos(6).
The Lagrangian of the system (kinetic energy minus potential energy) is given by

1 1 . . _
L(q,q) = L(x,0,%,0) = §Mj:2 + ém(f + 2316 cos 0 + 126*) — mgl cos § — mgh.

where £ is the car height.

The controller can apply a force F', the control input, parallel to the track remaining
the joint angle  unactuated. Therefore, the equations of motion of the controlled system
are

(M 4 m)i — ml6?sin @ + milf cos§ =
Fcosf+10 —gsinh = 0

Now we look for trajectories (z(t),0(t),u(t)) on the state variables and the controls
inputs with initial and final conditions, (x(0),6(0),2(0),6(0)), (x(7),0(T),z(T),0(T)) re-

spectively, and minimizing the cost functional

1 T
A= —/ u?dt.
2 0

Following our formalism this optimal control problem is equivalent to the constrained
second-order variational problem determined by

T
A= / L(z,0,%,0,%,0)
0
and the second-order constraint
@(a:,@,i,@,i:,é) — Fcosf+10—gsinf =0,
where

- . 1 2 . . 2
L(z,0,%,0,%,0) = 5 (% (g—i) — %) = % [(M +m)# — mlf?sin @ + mlf cos 6

We rewrite the second-order constraint as

. gsinf — ¥ cosd
b= l
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Thus, the submanifold M of T®?)(R x S!) is given by
M = {(w,e,:i:,é,i,é) ! Fcosf+10 — gsinh = O} :

Let us consider the submanifold Wy = T*(T(R x S')) X prxst) M with induced coordinates
(z,0,,0; 03, ph, Py P, &)-
Now, we consider the restriction of L toM given by

~ 1 ) s 2
Lln = B {(M +m)i — mi sin 0% + ml cosH(gsme ;i xcose)}

1 . 2
D) [(M +m)i — mlf*sin @ + mg cos 0 sin @ — mi cos? 6]

For simplicity, denote by
_ gsinf — Zcosf
N l

Now, the presymplectic 2-form €y, the Hamiltonian Hyy, and the primary constraint
@l are, respectively

GO

Qw, = dxAdp+doAdp)+di Adp +do A dp)

Hy, = p2f+p39+pii+pé{

gsin 6 —:'U'COSQ]
[

1 : 2
—3 (M +m)i — mlf?sin § 4+ mg cos 0 sin @ — mi cos> 0|
0H 0G® 9Ly
1 1, 1
= - — = O

ie., B
Py = —pla—Ge Ol
v “o0i ' 07

This constraint determines the submanifold W;. Applying Proposition we deduce
that the 2-form Qyy,, restriction of Qyy, to Wi, is symplectic since

BLy  0°GY

oiz 0 ;2

= [(M—l—m)—mcosQH}Q#O.

Therefore, the algorithm stabilizes at the first constraint submanifold W;. Moreover,
there exists a unique solution of the dynamics, the vector field X € X(W;) which satis-
fies ixQy, = dHyw,. In consequence, we have a unique control input which extremizes
(minimizes) the objective function A and then the force exerted to the car is the mini-
mum possible. If we take the flow F; : W; — Wj of the vector field X then we have that
FrQuw, = Qw,. Obviously, the Hamiltonian function

H|W1 = pi+pph + vl irsyrall I b 2 ;i

~ D 0% 0%

L0G? 8EN] . {gsin@—icosq B

: 2
[(M +m)i — mlsin 0% + mg cos 0 sin § — mi cos® 0]

DN | —
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is preserved by the solution of the optimal control problem, that is H |W1 oF, = H ’Wf Both
properties, symplecticity and preservation of energy, are important geometric invariants.
In next section, we will construct, using discrete variational calculus, numerical integrators
which inherit some of the geometric properties of the optimal control problem (symplectic-
ity, momentum preservation and, in consequence, a very good energy behavior).

The resulting equations of the optimal dynamics of the cart-pole system are
d*z 1 .
— = - 4mb cos sin 0
dt* [(M +m) — mcos? )? {[ mf cos §sin 6]
(M +m)% —mlf®cos§ — 2msin 00(gsin  — i cos 0) + mgh cos(26)]
+ 2m[(M + m)i — mlf?sin 6 + mg cos 6 sin  — mi: cos? 0] x
x [6% cos( frm—ef) + cos 0 sin A4

+ 7 (@pglcosﬁ — ZEpéesinﬁ — pol(0* cos O + 981119))}
1 2msinf , . .
+ [(M+m)—m00829]{ l (g0 cos & cosf + 10 sin b))

+ 2mBsinb(gh cos§ — i cos O + 6 sin B) + 4mb? cos H(qsin O — F cos 0)

—  mlf*sin 6§ — 4mg sin 0 cos 0% + g cos(20)(gsin — & cos0)

. . 2
—  4mT0cos b + 2mib* cos(20) + me cosfsinf(gsinf — & cos 9)}

2
le—tf = 7(gsin9—3’ﬁcos9)

2,1 ' o . '
% = {(M +m)& — ml(260sin g(gsme l xcose) + 62 cos ) + mgh cos(26)

—m3 cos® § + 2mif cos O sin 9}
X (—2mlf sin 6 — mg cos(20) + mlb? cos § — 2mi cos A sin 6)
+ {(M + m)i — ml6?sin 6 4+ mg cos f sin 6 — micos@} X

X <—2ml ((g sin 0 _l # cosf) sin 6 + 62 cos 0) + 2mf cos 0(g sin 0 — icosh)

—mlf®sin § — 2m’% cos 0sin 6 — 2mi0 + 2mgh sin 6 cos O(1 + mx))
1

+ 7 [—pg + (M + m)Z — ml sin 0% + m cos 0(gsin 0 — i cos 9)} (—2mlsin0)

+ppl (% sinf + 6 cos§ — gfsin 9)]

7.2 Quasivelocities and Optimal Control of Underac-
tuated Systems

Geometrically, quasivelocities are the components of velocities, describing a mechanical
system, relative to a set of vector fields (in principle, local) that span on each point the
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fibers of the tangent bundle of the configuration space. The main point is that these
vector fields don’t need to be associated with (local) configuration coordinates on the
configuration space. In this section we will use quasivelocities as a tool to describe optimal
control problem for underactuated mechanical systems.

7.2.1 Quasivelocities

Let @ be a n dimensional differentiable manifold, and L : TQ) — R a Lagrangian function
determining the dynamics. Let (¢), 1 < A < n, be local coordinates on @ and choose a
local basis of vector fields Xg with 1 < B < n, defined in the same coordinate neighborhood.
The components of Xp relative to the standard basis -2 will be denoted X7, that is

a7
X = X5(0) 507
Let (y!,...,y") (the quasivelocities) be the components of a velocity vector v on TQ
relative to the basis Xpg, then

0
v=yPXp(q) = yBXS(Q)af#

Therefore, ¢4 = y?X%(q), then

L(q,4) = L(¢,y° X5(q)) == U(q, y).

On TQ we have induced coordinates {(¢*,y*) | A=1,...,n}.

The Lie bracket of the vector fields X4 is [Xa, Xp] = €5 Xp, where CQp are called
Hamel’s transpositional symbols or structure coefficients.

Given a Lagrangian function L : T'Q) — R, the Euler-Lagrange equations in quasiveloci-
ties or Hamel equations are

i = yPXA(q)

d o\ o 4 .p g5l
a(@) = ggp T Can 5p

These equations were introduced by [38] (see also [59]). It is interesting to note that these
equations admit a nice, useful and intrinsic interpretation in terms of mechanics on Lie
algebroids (see [53].

7.2.2 Optimal Control for Underactuated Mechanical Systems

We recall that a Lagrangian Control System is underactuated if the number of the control
inputs is less than the dimension of the configuration space. We assume, in the sequel, that
the system is controllable [10].

Consider a Lagrangian function L : T() — R. Adding external forces and controlled
forces we have that the equations of motion are:

d [ OL oL —a
(=)= =F X
dt (an) ggh AT Meta
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where F = F4(q, §)dg” represents given external forces and X = X 4(q)dg®, 1 <a <m <
n, the control forces.

Complete with independent 1-forms X to obtain a local basis {Ya, 7(1} of A*QQ and take
its dual basis that we denote by {X,, X,}. Now, considering the quasivelocities induced
by the local basis {X,, X}, the control equations are written as

= yPX5(q)

q
d (0l ol ol
Bl o _XB GD B_“° F XA .
di (ay“) ogn e enY gyD Ata s
d (o o g il

2=y 2 xByeb B B XA
dt (3y“) ggF o T teBY 5D A

where 1 <a<m, m+1<a<n,and u(t) = (u(t),...,un(t)) € U where U is and open
subset of R™ containing 0.

To solve an optimal control problem we need to find a trajectory (g(t),u(t)) (called
an optimal curve) of the configuration variables and control inputs satisfying the control
equations from given initial and final conditions: (¢ (¢o), y"(¢)), (¢*(t;),y"(t;)) and min-
imizing the cost functional

a- [ 7 Ol 0, (1), w0

0

On the other hand, a second order variational Lagrangian problem with constraints is
given by
T

min/ L(g*, ¢*, ) at

a() Jo
subject to the constraints

®(g?, ¢4, §*) = 0.

In the sequel we will show the equivalence of both theories (optimal control for underactu-
ated systems and second order variational problems with constraints) under some regularity
conditions (see [I0] and references therein). Indeed, our initial optimal control problem is
equivalent to the following constrained variational problem

_ ty
Minimize A — / L (¢ (6), 5 (1), (1)) dt
to
subject to constraints

d ( 0l ol ol
ar A A <A\ _ B D B A _
o (q Yoy )_a(a_ya> _anXa +eaBy 8yD _FAXa _07

and where L is defined as

) d [ 0l ol ol
Lg* y* 9" =C (qA7yA, - <3ya) - aq—BXf + GaDByBay—D — FAK?) :

More geometrically, we have that (¢4, y?,9*) are coordinates on T (the second

order tangent bundle) and the constraints ®® determine a submanifold M of 7@ and
L:T®Q — R.
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The canonical immersion j, : T®@Q — T(TQ) in the induced coordinates (¢, y4,94) is
T®Q A TTQ
@yt 9t = (@t Xpy®.97)

Assume that the matrix (8—21 is regular, then we can rewrite the con-

ayaayﬁ>m+1§aﬂ§n
straints in the form 7% = G%(¢*, y4, %) and select coordinates (¢4, y*,y*) on M.

Hence,(j2) e : M —= T(T'Q) is
M P o
(@, vh9") = (¢ vy XayP, v G (¢t vy, 9%)

Let us define ZM by ZM =7 Ine: M — R and consider Wy = M xpq T*T'Q) with induced
coordinates (qAa yA7 ya’ pa, ﬁA)

Now, we will describe geometrically the problem based on the Skinner and Rusk formal-
ism (see [65]).

Wo =M xpq T*(TQ)

pri pr2
M ™Wo,TQ T*TQ
(rrQ)|m
T* Q
TQ

Figure 7.2: Skinner and Rusk Formalism

Let us define the 2-form Q = prj(wrg) on Wy, where wrq is the canonical symplectic form

on T*T(Q, and Fl(vmax) = (g, (J2) |m (vz)) — Lo(v,) where x € TQ, v, € My N (Trg |
) (z) and o, € TITQ.
In coordinates
Q= dg* Ndpa + dy™ A dp,
H = paX5(@)y” + Dag® + PaG(a", v 9%) — Laela”, y™, 97).
The intrinsic expression of this constrained problem is given by the following presym-
plectic equation

ixQ=dH. (7.2.1)
0
Observe that ker() = span <8_>
ya
Following the Gotay-Nester-Hinds algorithm [?] for presymplectic Hamiltonian systems
we obtain the primary constraints dH (% =0, that is
0H _9G*  OLy

a — s :~a+ oA~ N
1 oy® Pa D oy® oy®
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Therefore the dynamics is restricted to the manifold W; determined by the vanish-
ing of the constraints ¢, = 0. Observe that dimW; = 4n with induced coordinates
(qA,yA7ya’pA,’p’a).

A curvet — (¢*(t), ¥ (t), 9%(t), pa(t), pa(t)) solution of the equations must verify
the following system of differential-algebraic equations.

dq* - _ X3 (q)yB(t 7.2.2
= Xpla®)y=(®) (7.2.2)
W ety ur ), W W' _
o = Gy ), (1), o = V) (7.2.3)
dpa 0X§ By~ n9G% B B b
g = pelt) g2 (q(t))y” () — pa(t) g (¢7(t),y" (1), 9")
oL .
e CORAONY (7.2.4)
dp . 0Ge
d—tA = —pc(t)X,ff(Q(t))—pa(t)a—A(qB(t),yB(t),y”)
oL .
+—ayjf (a"(t),y"(t),9") (7.2.5)
_ _ oG oL .
Palt) = —Pa(t)g.a(qB( ), 4P (8),5") a.T(qB(t),yB(t),yb) (7.2.6)
Y Y
From Equations ((7.2.5) and ([7.2.6)) we deduce
d (0Ly . 0G* o~ 0G*  BLy
@ e I 2.
dt <aya pa 8ya) pC a pCV aya + aya (7 7)

Differentiating with respect to time, replacing in the previous equality and using ((7.2.4)),
we obtain the following system of equations

& (0Ly G\ d [0y _ 9G°
a2 \ age  Poga | T @t \aye Py

oLy . 0G® 0x¢ 0X¢
o (ﬁ‘fh%)‘”ylg X K| =0 28

Let us consider the 2-form Qyy, = 47y, Q where iy, : Wi — W, is the canonical inclusion.

Theorem 7.2.1. The submanifold (W1, Qw,) is symplectic if and only if for any system of
local coordinates (g, y™, v, pa,Da) on Wy

PLy - OG°
0y'aay'b Pa 3?)“ 6y'b

det(Ryp) = det ( ) # 0 along W;.
mxXm

Under the hypothesis of Theorem [7.2.1] we can rewrite the necessary conditions for
optimality as an explicit system of differential equations where Equation ([7.2.8)) is replaced
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by

d3ya dya d2ya
= (g% — N 7.2.9
753 (q W ,pA,p) (7.2.9)

Example 7.2.2. The Planar Rigid Body

The configuration space for this system on @Q = R? x St and it can be considered as
the simplest example in the category of rigid body dynamics. The three degrees of freedom
describe the translations in R? and the rotation about its center of mass. The configuration
1s given by the following variables: 6 describes the relative orientation of the body reference
frame with respect to the inertial reference frame. The vector (x,y) denotes the position of
the center of mass measured with respect to the inertial reference frame. The Lagrangian
is of kinetical type

1 m 0
L= éq'TS(q)q, where §(g) = | 0 m
0 O

o O

and where m is the mass of the body and J is its moment of inertia about the center of
mass. If we assume that the body moves in a plane perpendicular to the direction of the
gravitational forces being the potential energy zero. For the planar body, the control forces
that we consider are applied to a point on the body with distance h > 0 from the center of
mass, along the body x—axis (see [17] for more details about this example).

The equations of motion are

miI = wuycosl — uysinb
my = wupsiné + ugcosf
JO = —huy

The control fields are

cosf O sinf 0O
_+ -

X; =
! m Ox m Oy
o _sm00 cws6d _ho
S m Ox m Oy JOb’
and we complete the basis of vector fields with X3 = hsin 03% — hcos 98% — %

The nonzero structure functions are

h h?
62 _ — —62 63 - _ —63
12 mh2 + J 20 12 (mh?+ J)J 21
mh? + J J
Cy = 7 = —C3, Oy = R —C3,
h
6:1))3 = _631

Tmh2+J
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Taking the corresponding quasivelocities {y',y*, v*}, we have that

jcosf  ,sinf

T o=y Y + y°hsinf
m m
in 0 6

y = ylsm +y2COS —y’hcosf
m m

: h

0 = —y’=—9y°.

Y 7 Y

The Lagrangian of this system is

111 mh? + J
Uz,y,0,y",y°, y°) = 3 E(ylf + m—J(y2)2 + (mh* + J)(y*)*|,

then the Hamel equations with controls are:

L h J — mh?
u = g+ =% = () + ———%y

J+mh2-2 h 1 1.3
Uy = T?J __jyy — Yy
h2
0 = (J4+mhH)y+ =y + hy'y® .

J

Consider the following cost functional

T
A:—/ (uf +u3) dt.
2 Jo

Following our formalism this optimal control problem is equivalent to the constrained
second-order variational problem determined by:

T

A= / L(z,y,0,y",v*,y°. 9", 9%, ¢°) dt
0
and the second-order constraint

P . h?
(z,y, 0,y v*, v°, 0", 9% 9%) = (J+mh*)y® + —y'y* + hy'y® =0,

J
where
~ 1 h J — mh? 2
L(xayaeay17y27y37y17?)27y‘3) = 5 |:y1+j(y2>2_hm(y3)2+Tmy2y3:|
L[J+mh? , ho1o 132
+ 5{734 Yy Yy

Now, we rewrite the second-order constraint in the form

h2
P =
(J +mh?)J

h
1,2 1,3
YT Ormmy? Y
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Take now WO = MXT*(T(R2X81)) with coordinates (xa Y, 9) yla y27 y37 yl’ y2aplap2ap37ﬁlaﬁ27ﬁ3)‘
Now, the presymplectic 2-form €2, the Hamiltonian H and the primary constraints,

Y1, P2, are:

Q = dx Adp + dy Adps + dO A dps + dyt A dpy + dy* A dps + dy® A dps

cosf sin 6 sin 6 cos 0
H = p [yl —y? — + y3hsin 91 + po {yl - +y*—— —y>hcos 91
m m m

o [P ] 4 e e [y
ki ! 2 S\ (J +mh2)J (J + mh?)

J — mh? 2 1 [J+mh?. h 2

—y2y3} [—zf — ——yly® - yly?’}

! lyl + ﬁ(yQ)2 — hm(y*)? +

2 J J 2 J J
OH a1, b oa g2, J—mh? 5 g
®1 o1 M {y + ) = hm(y’) + ———yy :
_ J4+mh? [J+mh?® , h y o |3
Y2 = P2 — 7 { 7 y——jyy—yy )
1.€.,
3 . h J — mh?
o= U+ j(yz)Q — hm(y*)?* + T?fyg
N J+mh? [J+mh? . h
P = 7 { ¥i y2——jy1y2—y1y3} :

These constraints determine the submanifold Wy. Applying the Theorem|7.2.1|, we deduce
that the 2-form Qy,, restriction of Q to Wy, is symplectic since

Ripw Rp \ _ (1 0
:Rgl :RQQ - 0 (J+mh2)/J

Therefore, the algorithm stabilizes in the first constraint submanifold Wy. Moreover,
there exists a unique solution of the dynamics, a vector field X which satisfies ixQy, =

15 reqular.

dﬁ[wl. In consequence, we have a unique control input which extremizes the objective
function A. If we take the flow Fy : W1 — Wiy of the vector field X then we have
that F}Qw, = Quw,, then the evolution is symplectic preserving. Obuviously, the Hamil-
tonian function I;T|W1 1s preserved by the solution of the optimal control problem, that is

ﬁ|W1 oF; = ﬁ]‘wl' Both properties, symplecticity and preservation of energy, are important
geometric invariants. In [30], we construct, using discrete variational calculus, numerical
integrators which inherit some of the geometric properties of the optimal control problem
(symplecticity, momentum preservation and a very good energy behavior).

7.3 Underactuated Mechanical Control Systems on
Lie Groups

In this section we analyze the case of underactuated control of mechanical systems on Lie
groups and, as a particular example, a family of underactuated problems for the rigid body
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on SO(3). Finally we study the control equation of the Cosserat Rod, an static rod where
the configuration space is the Lie group SE(3), the group of rotations and translations in
the space.

In the following we assume that the controlled equations are trivialized where L : Gxg —

d (LY w(0LY _ 0L _ .
dat \ e )~ %\ 5¢ 99y €

where we are assuming that {e*} are independent elements on g* and (u,,) are the admissible
controls. Complete it to a basis {e?, e} of the vector space g*. Take its dual basis
{e;} = {eq,ea} on g with bracket relations:

lei, e;] = @fjek

The basis {e;} = {eq,e4} induced coordinates (y¢,y*) = (') on g, that is, if e € g then
e = y'e; = y%, + y?ea. In g*, we have induces coordinates (pq, po) for the previous fixed

basis {e’}

In these coordinates, the equations of motion are rewritten as

L . OL L
i(a )—Ggayla—. <£*6—,ea) = U,

dt \ Oy oyJ 98g
d (0L ; ;OL LOL B
dt (ayA) —Ciay By - <°€g 5g’€A> = 0.

With these equations we can study the optimal control problem that consists on finding
trajectories (g(t), u®(t)) of state variables and control inputs satisfying the previous equa-
tions from given initial and final conditions (g(to), y'(to)) and (g(ts),y"(ts)), respectively,
and extremizing the functional

1= | Y Ogt), ' (0),u (1)) dt

Obviously the proposed optimal control problem is equivalent to a variational problem
with second order constraints, determined by the Lagrangian L : G x 2g — R given, in the
selected coordinates, by

o oL 0L 0L
L(g,y’,y)zC(gy,dt(a >—@] oy <£(5 >)-

subjected to the second-order constraints

o d (oL oL 6L
0.0 = () — Cr' g — €350 ea) =0.

which determine the submanifold M of G x 2g.

Observe that from the constraint equations we have that

2L, L 0L 5L

—8yA8yBy +5’yA(9 by G{Ayaj <£*5 ea) = 0.
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Therefore, assuming that the matrix (Wap) = (—ayi%y B) is regular we can write the
constraint equations as
0L o oL
B _ BA b J i *
= —W — = —(£F— ¢
) <3yA8yby iAY 3y3 < gég A))
= G%(9,9",9")

where WBA = (Wp4) L.

WOZMXQQ*

M G x g x2g*
(Té;m))hw
TGxg
G

X9

Figure 7.3: Skinner and Rusk formalism on Lie groups

This means that we can identify 7M = G x span {(e;, 0,0),(0,¢;,0),(0,0,e,)} where
(e;,0,0),(0,€;,0),(0,0,¢,) € 3g.

Therefore, we can choose coordinates (g, y*, %) on M. This choice allows us to consider
an “intrinsic point view”, that is, to work directly on Wy = M x 2g* avoiding the use of
Lagrange multipliers.

Define the restricted lagrangian Ly by Ly=1L lai: M — R and take induced coordinates
on Wy are v = (g,y", 9", pi,pi)- Consider the presymplectic 2-form on Wy, Qp, = (pra o
iw,)" (Wexg)-

Using the notation (e;)g = (e;,0,0;0,0) € 3g x 2g* and, in the same way (e;); =
(0,¢e;,0;0,0), (eq)2 = (0,0,¢e4;0,0), (¢')3 = (0,0,0;€,0) and (e'); = (0,0,0;0,¢") then
the unique nonvanishing elements on the expression of Qg are:

()1 ((e1)os (e)0) = i, |
()2 ((ed)os (€7)s) = _(QWO)’Y(<€Z')37(€]')U>:5;>
()1 (€)1, (€)a) = —(Qu, ) ((e")", (e)1) =67 .

¢,0,0;0,0) € 3g* x 2g and, in the same way (e'); =
), (e;)3 = (0,0,0;¢;,0) and (e;); = (0,0,0;0,¢;) we

Taking the dual basis (e')y = (e,
(0,¢%,0;0,0), (), = (0,¢0;0,0
deduce that

1

QGZpk(e")o A (eh)o

() = ()0 A (ei)s + (€)1 A (ei)a +

Moreover

H=y'p; + 9o + G*9,9",9")Pa — L(g,9", %)
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and, in consequence,

_ Ly . 0GB , 0Ly . 0GB\ .
H = —(£*| — - N et o ‘ ' i
d <£g< 5y TPB 59)7ez>(e)o+<pz g ) (€

8Ly . 0GB . ,
+ (pa - aij:[ + D5 Dy ) (e")2+y'(e:)s + 5" (ea)s + G (ea)s -

The conditions for the integral curves t — (g(t),y'(t),9%(t), pa(t), pa(t)) of a vector field
X satistying equations ix{h = dH are

% = g(y'(t)e:) (7.3.1)
dc?lJta = (7.3.2)
% = Moy (7.3.3)
Cﬁlii = {4 (%_@%) c€5) + Cipry’ (7.3.4)
Cgii = _pﬁaaf;:[_%aacv*; (7.3.5)
Pa = %L;f —1’538335 = %ZT v Jjgya (7.3.6)

(7.3.7)

As a consequence we obtain the following set of differential equations:

dg

o = 9(y'(t)es)
dy* o
% = GYg, v 9"
o _ |0 0GP o o d 0L - 0GY
dt? | oye Dy wd \dqt | ogb ayb
_d (0L 0GP o i (0L OGP
dt \ oy° e oy® v oy be oy
SLy . 0GB o dpc
£ — — Gy tE
+< g( 59 DB 59 >,6a> a dt
Ppa g dps . . |0Lyw - 0GB
0 = BTE +€z‘A?J%—61A ok PRk
d 0Ly . 0GB 6Ly . 0GB
—— — ol = o5
dt ayA PB 8yA +< g( 5g PB Sg 76A>
e 0Ly~ 0GP\ ., |0Ln . OGP
iAY dt ayb bB ayb iAY a b PB 8yb
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which determine completely the dynamics.

If the matrix _
9% Ly
oy Oyb

is regular then we can write the previous equations as a explicit system of third-order
differential equations. It is easy to show that this regularity assumption is equivalent to
the condition that the constrain algorithm stops at the first constraint submanifold W,
(see [5],[30], [29] and reference therein for more details).

7.3.1 Optimal Control of an Underactuated Rigid Body

We consider the motion of a rigid body where the configuration space is the Lie group
G = SO(3) (see [11], 49]). Therefore, TSO(3) ~ SO(3) x s0(3), where s0(3) = R? is the
Lie algebra of the Lie group SO(3). The Lagrangian function for this system is given by
L:S5S0(3) xs0(3) - R,

L(R, 1,0, Q) = = (L + L3 + 1:03) .

DN | —

Now, denote by t — R(t) € SO(3) a curve. The columns of the matrix R(t) represent
the directions of the principal axis of the body at time ¢ with respect to some reference
system. Now, we consider the following control problem. First, we have the reconstruction
equations:

' 0 —Q3(t)  Qa(t)
R(t) = R(t) Q3(t) 0 -4 (1) = R(t) (N (t)E1 + Qa(t)Ey + Q3(t)E3)
—Qs(t)  Q4(1) 0
where
00 O 0 01 0 -1 0
Er=100 —-11, B, = 0o 0 0], Es = 1 0 O
01 O -1 0 0 0 0 0

and the equations for the angular velocities €2; with i = 1,2, 3:

L) = (I — I3)Q(t)Qs(t) 4+ ui(t)
IQQQ(t) = (Ig — Il)Qg(t)Ql(t) + Ug(t)
[3Q3<t) - (]1 - IQ)Ql(t)QQ(t)

where [, Iy, I3 are the moments of inertia and wu;,us denote the applied torques playing
the role of controls of the system.

The optimal control problem for the rigid body consists on finding the trajectories
(R(t),$2(t), u(t)) with fixed initial and final conditions (R(to), 2(to)), (R(ts), Q(ts)) respec-

tively and minimizing the cost functional

T T
A / O, uy, up)dt — / [er(2 +12) + ea(2 + 02+ 02)] dt,
0 0
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with ¢,c0 > 0. The constants ¢; and ¢y represent weights on the cost functional. For
instance, ¢; is the weight in the cost functional measuring the fuel expended by an attitude
manoeuver of a spacecraft modeled by the rigid body and ¢, is the weight given to penalize
high angular velocities.

This optimal control problem is equivalent to solve the following variational problem
with constraints ([10],[33]),

ming = /OT L(Q,Q)dt
subject to constraints I35 — (I — 15)21Q5 = 0, where
L(Q,0) =¢ (Q L — (I — I5)0Q, I, — (I — 11)9391) .
Thus, the submanifold M of G x 2s0(3), is given by
L — I

3

M={(R,Q,0)| Q= ( ) 010,

We consider the submanifold Wy = M x 2s0*(3) with induced coordinates
(gu Qla 927 Q37 Ql? 927p17p27p37ﬁ17ﬁ27ﬁ3>-

Now, we consider the restriction Ly; given by
- ) 2 i 2
Fne = ¢4 {(1191 (I — 13)9293) n (1292 (I — 11)9391) ] te (L4402

For simplicity we denote by G = %Qlﬁg.

Then, we can write the equations of motion of the optimal control for this underactuated
system. For simplicity, we consider the particular case I; = I, = I3 = 1 then the equations
of motion of the optimal control system are:

QQ(t)% —2 (CQ% + 1 Q3(t) d;% — d;%) = 0

—Ql(t)% —2 @% — 15(t) d;gl - d;%) = 0

% - m% - 2@5(:&)% - zlel(t)% =0
Q)

d—:’ =0

If we consider the rigid body as a model of a spacecraft then we observe that this particular
cost function is taking into account both, the fuel expenditure (¢;) and also is trying to
minimize the overall angular velocity (c2). In Figures and we compare their
behavior in two particular cases: ¢; = 1/2 and ¢; = 1/2 and ¢; = 1/2 and ¢y = 0.

In all cases we additionally have the reconstruction equation
R(t) = R(t) (U (t) By + Qa(t) Bz + Qs(t)E3)

with boundary conditions R(ty) and R(ty).



114CHAPTER 7. OPTIMAL CONTROL OF UNDERACTUATED MECHANICAL SYSTEMS

04+ g ~, 1
/. . Casecl=5 and ¢c; =1, RED
03 r4 \,

021 7 )

0.1r

-0.11

-02

Qq(t)

Figure 7.4: Angular velocity values for initial conditions satisfying €2;(0) = €;(4) = 0,
i = 1,2 and fixed values of R(0) and R(4).

Figure 7.5: Comparison of the functions 1/2(Q3(t)+ Q3(¢)+ Q%(¢)) (left) and
1/2 (u3(t) + u3(t)) (right) in both cases

The case ¢; = 0 and ¢ = 1, that is, we only try to minimize the overall angular velocity (see
[66] for the underactuated case) is singular. We obtain the following system of equations:

dps ds)y
()= —2—L = 0
dps dS
— ()2 —2=2 = 0
d’p3 A
—8 98—
dt? dt ’
ds

dt
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Observe that in this case it is not possible to impose arbitrary boundary conditions (R(ty), (o))
and (R(tr),€(tr)) although it is always possible to find a trajectory verifying initial and
final attitude conditions R(t) and R(ty).

7.3.2 Optimal control of a Cosserat rod

A static road corresponds to a Lagrangian system where the energy density takes the role
of the Lagrangian.

Let 7 : [0,7] — R? a vector function and we consider the vector functions d"), d® :
[0, 7] — R3 such satisfies the orthonormality condition (d™M(t),d®®) = 0, [|[d®(t)|, = 1
for i =1,2,t€10,T).

d" describe the orientation of the cross—sectio along [0,7] and r addresses points on
the centraline. Moreover, let d®(¢) = d(t) x d®(t) the normal cross-section.

The deformed configuration can be described taking coordinates on SFE(3) = R?*x.S0(3).
Let us (r,R) : [0,7] — R? x SO(3), where R(t)er = (dV(t),d?(t),d®(t)) € SO(3), is
the matrix representation of R(t) with respect to basis (e, es, e3) and (dM),d®, d®) is the
orthonormal basis for the Euclidean space E3.

We denote by W = Wt 4 West . T(Q — R the potential energy of the mechanical
system and we assume that W is frame independent, that is,

W (R, 7, R,7) = W™ (R, RT'R) = W™ (u,v)

where u = R'R € 50(3), v = R~ € R3, r,- € R®, R € SO(3) and R € TrSO(3)
We assume that W depends only of the position , that is, W = We*(R, r). There-
fore, our new problem is defined in the left-trivialized tangent space SE(3) X se(3) as

W =W (u,v) + W (R, r) = W"(R,r, R,7) + W (R, ).

With some abuse of notation, let define the elements of SFE(3) and se(3) = s0(3) x R3
as )
d=Rr)=( T ") esE®), o=@ = T V) es@), (7.3.8)
03 1 03 0
where 03 is the null 1 x 3 matrix (both ® and ¢ are 4 x 4 matrices).

The potential total energy is
ty o
- / (Wi (u, v) + W (R, 7)] d
to

The equilibrium configurations of any static system coincide with the critical points of
the potential energy. Observe that du = §(RR) = —R '6RR™'R+ R™'dR. We denote by
¥, = R7'R, then

.= —R'RR 'R+ R '(6R) = —uX, + R (6R).

'In geometry, a cross-section is the intersection of a figure in 2-dimensional space with a line, or of a
body in 3-dimensional space with a plane, etc. More plainly, when cutting an object into slices one gets
many parallel cross-sections



116CHAPTER 7. OPTIMAL CONTROL OF UNDERACTUATED MECHANICAL SYSTEMS

Therefore ¥, + uX, = R™'(6R) and
du=—S,u+ul, + %, = [u,Zu]+2u =N, +ux,

Where we identify the Lie algebra so(3) R?® and the bracket with the cross product.
Also, v = 6(R7) = —R"'SRR™'7 + R™'67. Denote by ¥, = R~'6r, then

¥, = —R'RR7'r + R7Y(67) = —uX, + R~ (67).
Finally,
dv = =30+ uX, + 2.

Observe that ¥, € s0(3) and X, € R3. From the definition of ¥, and ¥, we deduce that
RY, = 0R and R, = or.

The equilibrium configurations are characterized by

ty av_[/znt ant oW et O et
= 4] ) 4} O Rdt
0 /to 5 v+ 9 U+ o T+ 7 R
ty aV_Vznt . aWznt . oW ext oW/ ext
= [ S (C-tw-wm) + S (ux T+ 5 RY,) + S (RY,)dt.
/toau< v B )+ = (X Bt D) =5 = (BB + e (B
Taking the redefinition
OW™ (u, v) OW™ (u, v)
and oWt (R, 7) oWt (R, 7)
exr r exr r
_ ’ =2 2/ 7.3.10
/ or OR ’ ( )
which we consider the control forces, we finally arrive to the equations of motion
n+nxu+ f=0,
m4nxv+mxu+l=0. (7.3.11)

For more details see [41]

The optimal control problem consists on finding a trajectory of the state variables and
control inputs that minimize the cost functional
T
C= / (/2 + pil?) dt,
0

where p; is a weight constant. The control problem is subject to the following boundary
conditions ®(0) = (R(0),7(0)), ¢(0) = (u(0),v(0)) and ®&(T) = (R(T),r(T)), ¢(T) =
(u(T),v(T)) belonging to SE(3) x se(2).

As in the rigid body example, from eqs. we can obtain an expression of f and [
in terms of the other variables. Furthermore, differentiating equations with respect
to time, we can find out n and 7 in terms of ((u,v), (i, 0)) if we assume W (u,v) twice

differentiable, i.e., ( :1 ) = H(u,v) ( :j >, where H is the Hessian matrix of W (u,v).



7.3. UNDERACTUATED MECHANICAL CONTROL SYSTEMS ON LIE GROUPS117

Now, setting the function L : se(2) x se(2) — R as L((u,v), (2, 9)) = [f((u,v), (1, 0))]* +
P2 [1((u, v), (i2,9))]?, our problem reduces to extremize the control functional

C= /O L((u,v), (@, 0)) dt = /0 L(¢, ) dt, (7.3.12)

subject to the boundary conditions above. For sake of completeness we can write down the
explicit form of L, namely

L((u,v), (i, 9)) = f((u,v), (4, 9))* + pil((u, v), (4,0))* =
(FHr1 (u, v) @+ Haau, v) & + O,W™ (u, v) X u)2 -

+pT (Har (u, v) @ + Hao(u, v) 0 +

+0, W™ (u,v) X v+ G,W"™ (u,v) x u)?.
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