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Preface

The purpose of this supplement is to give some additional topics not cov-
ered in the main text as well as to provide some additional details and
sometimes, alternative approaches. For example, §2.9 provides the proof of
the Cartan structure equations which were just stated in the text and the
supplement to §5.3 gives an alternative approach to the geometric founda-
tions of nonholonomic systems.

The supplement is organized using the same structure as the book itself,
namely material most relevant to a section in the book is given the same
section number in this supplement.

This supplement will be updated from time to time, so check back for
updates and please do let us know of any comments or corrections.
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2

Mathematical Preliminaries

2.1 Vector Fields, Flows, and Differential
Equations

Existence of Solutions for a Particle in a Potential Field. This
supplement gives some conditions based on energy estimates, which guar-
antee the existence of long time solutions to the dynamics of a particle in
a potential field.!

Consider a particle of mass m moving in R™ in a potential field V : R® —
R. The equations are, from Newton’s second law,

q(t) = —(1/m)VV(q(t)).
We shall prove that if there are constants a,b € R,b > 0 such that

1
- > a —b||q|]?
mV(q) >a—blq|*,

then every solution exists for all time. To show this, rewrite the second
order equations as a first order system q = (1/m)p,p = —VV(q) and note
that the energy

E(q,p) = f||p||2 +V(q)
is a first integral. Thus, for any solution (q(¢), p(t)) we have

B = E(q(t),p(t)) = E(q(0), p(0)) = V(q(0)).

I This exposition is adapted from Marsden and Weinstein [1970].
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We can assume 8 > V(q(0)), i.e., p(0) # 0, for if p(¢) = 0, then the

conclusion is trivially satisifed; thus there exists a to for which p(ty) # 0
and by time translation we can assume that ¢ty = 0. Thus we have

la@®l < lla(®) = a) + [la()] < [a(0)]] +/0 lals)ll s

— la(0)]| + / t \/2 [ﬁ - jan(s))] ds

< [la(O)]l + /0 V2(6 — a+blla(s)[|?) ds

or in differential form

%Hq(t)n < V2(8 —a+0b|a®)]?)

lae)]l
t> / du . (2.1.3)
la)l /2(8 — a+ bu?)

Now let r(t) be the solution of the differential equation

whence

d*r(t) d
e

which, as a second order equation with constant coefficients, has solutions
for all time for any initial conditions. Choose

r(0) = la(O)]l, [*(0)]* = 2(8 — a + blla(0)|*)
and let r(t) be the corresponding solution. Since

% (;m)Q +a— br(t)Q) =0,

- brz)(t) = 2br(t),

it follows that (1/2)7 ()2 4+ a — br(t)2 = (1/2)7(0)2 + a — br(0)? = B, i.e.,

dr(t) 5
2 = V2B —a+br(t)?)

whence

r(t)
t= / S (2.1.4)
la©1 v/2(8 = a + bu?
Comparing these two expressions and taking into account that the inte-
grand is > 0, it follows that for any finite time interval for which q(¢) is
defined, we have ||q(t)|| < r(t), i.e., q(¢) remains in a compact set for finite
t-intervals. But then q(¢) also lies in a compact set since

la®)ll < 28 — a+ blla(s)[)-
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Thus by Proposition 2.1.11 (a criterion for completeness) of the main book,
the solution curve (q(t),p(t)) is defined for any ¢ > 0. However, since
(a(—t),p(—t)) is the value at t of the integral curve with initial conditions
(—q(0), —p(0)), it follows that the solution also exists for all ¢ < 0.

The following counterexample shows that the condition V(q) > a—b||q||?
cannot be relaxed much further. Take n = 1 and V(q) = —e2¢*+(4/2) /8 ¢ >
0. Then the equation

G=¢e(e+2)g"t4/9) /4

has the solution q(t) = 1/(t — 1)/2, which cannot be extended beyond
t=1.

2.9 Fiber Bundles and connections

In this supplement we provide a number of additional topics and details on
principal connections.

The Cartan Structure Equations. We begin with the details of the
proof of the Cartan structure equations, which were just stated in the text.
We use the notation and set up given in the text.

2.9.13 Theorem (Cartan Structure Equations). For any vector fields
u, v on Q we have

B(u,v) = dA(u,v) — [A(u), A(v)]

where the bracket on the right hand side is the Lie bracket in g. We write
this equation for short as

B=dA—[A A

To prove this theorem we prepare a lemma.

Lemma. We have the identity dA(hor(u), ver(v)) = 0 for any two vector
fields u,v on Q .

Proof. Since this identity depends only on the point values of u and v,
we can assume that ver(v) = &g identically. Then, as in the preceding
proposition, we have

dA(hor(u), ver(v)) = (hor(u))[A(£q)] — {gl[Alhor(u))] — A([hor(u), &q])
= hor(u)[¢] — {o[0] + A[¢q, hor(u)]
= A[¢g, hor(u)]
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since ¢ is constant. However, the flow of £ is ®Peyp(re) and the map hor is
equivariant and so

d *
(. hor(u)] = & L_o &y 1e) hor ()

d .
= hor dt‘t_ ¢exp(t€) (u)
= hOI“[fQ, ]

Thus, [£q,hor(u)] is horizontal and so it is annihilated by A and so the
lemma follows. |

Proof of the Cartan structure equations. Use of the lemma and writ-
ing u = hor(u) + ver(u) and similarly for v, shows that

dA(u, ver(v)) = dA(ver(u), ver(v))
and so we get
B(u,v) = dA(u,v) — dA(ver(u), ver(v)).

Again, the second term on the right hand side of this equation depends
only on the point values of u and v and so we can assume that ver(u) = &g
and that ver(v) =g for £ € g and n € g. Then

A(qsnq) = §olAnQ)] — nolA(¢Q)] — All¢q: 1)
= A([¢,nlq) = [&:n]
= [A(u), A(v)]. [

The following Corollary shows how the Cartan Structure Equations yield
a fundamental equivariance property of the curvature.

2.9.14 Corollary. For all g € G we have ®;B = Ad, o B. If the G-action
on @ is on the right, equivariance means ®;B = Ad,-10B.

Proof. From the definition of [A,A], we get for any u,,v, € T,Q and
geqG

(®5[A, A)) () (g, vg) = [A, Al(g - q) (TyRg(uq), TyPq(vg))
Alg) (Ty®y(uq)) ; Alg) (T4 Py (vg))]

[
= |
[(<I> A) (@) (uq), (25 )(q)( l
= [®
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that is, ®;[A, A] = [@;A, @7 A]. Thus equivariance of the connection gives
DI[A A = [@)A, @) A] = [Ady oA, AdgoA] = Ad, o[ A, A]
and hence

;B =) (dA—[A A]) =d (P, A) — Adgo[A, A]
=d (Ady0A) — Adyo[A, A = Adgo(dA — [A, A]) = AdgoB

as required. The case of right actions is proved in a similar way. |

Curvature as a Two-Form on the Base. We now show how the cur-
vature two-form drops to a two-form on the base with values in a bundle
called the adjoint bundle.

The associated bundle to the given left principal bundle 7g ¢ : @ — Q/G
via the adjoint action is called the adjoint bundle and is defined as follows.
Consider the free proper action

(9:(¢,€) €Gx (Qxg)— (9-¢,Adg§) €Q x g

and form the quotient

g:=Qxgg:=(Qx9)/G,

which is verified to be a vector bundle 73 : g — Q/G, where 73(g,§) =
7Q,c(¢). This vector bundle has an additional structure: it is a Lie algebra
bundle; that is, a vector bundle whose fibers are Lie algebras. In this case
the bracket is defined pointwise:

[75(9,€), m5(g,m)] == 75(g, € 1))

for all g € G and &, n € g. It is easy to check that this defines a Lie bracket
on every fiber and that this operation is smooth as a function of 7o .¢(q).

The curvature two-form B € 922(Q; g) (the vector space of g-valued two-
forms on @) naturally induces a two-form B on the base Q/G with values
in g by

B(7q.c(0) (Tymq,c(u), Tymq.¢(v)) := 75 (¢, B(u,v)) (2.9.1)

for all ¢ € Q and u,v € T,Q.
We need to check that B is well defined. If ¢ = g - ¢ and «/,v" € T, Q
are such that

Tq/”Q,G(UI) =Tymq,c (14P4(u)) = Tymq,c(u)

and
TymqQ.c(v) = Tymq.c (Ty®y(v) = Tymg,c(v),
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then u' — T, ®4(u),v' —T,;®4(v) € Vg and hence by Corollary 2.9.14 we get

=75 (9 @ B(Tg®g(u) + (v — TPy (u)), Ty Py (v) + (v — TPy (v)))
=5 (9 ¢ B(Ty®y(u), Ty®y(v)))

=5 (94, (P;B)(u,v)))

=5 (9 ¢ Ady (B(u,v)))

=73 (¢, B(u,v))

which shows that the right hand side of (2.9.1) is independent of the choices
made to define B.

Since (2.9.1) can be equivalently written as 7, ;B = 75 o (idg xB) and
TQ.G is a surjective submersion, it follows that B is indeed a smooth two-
form on /G with values in g.

Associated One-Forms. Since A is a Lie algebra valued 1-form, for
each ¢ € @, we get a linear map A(q) : T,Q — ¢ and so we can form its
dual A(q)* : g* — T;Q. Evaluating this on y € g* produces an ordinary
1-form:

au(q) = Al9)" (w)- (2.9.2)

This 1-form satisfies two important properties given in the next Propo-
sition. (Here J is the cotangent momentum map that is discussed in §3.7
of the main text).

2.9.15 Proposition. For any connection A and p € g*, the correspond-
ing 1-form o, defined by (2.9.2) takes values in J~*(u) and satisfies the
following G-equivariance property:

* = *
égaﬂ = QAd;pu-

Proof. First of all, notice that from the definition of o, and then using
first property of a connection,

Since ¢ € g is arbitrary, we conclude that J(a,(q)) = u and therefore,
indeed, o, takes values in I~ ().

To establish invariance of the form «,,, we compute in the following way.
Let v € T,Q and g € G, and first use the definition of o, and the definition
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of the adjoint to get

(Pga,)(v) = aulg - )(T;Py(v))
= (A(g-9)" (1), Ty®@4(v))
= {m,

Alg - (T, ( ) -

Next, make use of equivariance of A and convert the preceding expression
back to one involving o, to get:

(®ga,)(v) = (1, Adg(A ( )(©)))
= (Adgp, Ag)(v))
= (A(g)"Adgp, v)
= aad:u(q)(v)
so that we get the required equivariance property. |

Notice in particular, if the group is Abelian or if p is G-invariant, (for
example, if ¢ = 0), then «, is an invariant 1-form.

Associated Two-Forms. Since B is a g-valued two-form, in analogy
with (2.9.2), for every u € g* we can define the u-component of B, an
ordinary two-form B, € Q%(Q) on @, by

B,.(q)(ug, vg) = (11, B(q)(uq; vq)) (2.9.3)

for all ¢ € Q and uq,vq € T,Q.

The adjoint bundle valued curvature two-form B induces an ordinary two-
form on the base Q/G. To obtain it, we consider the dual g* of the adjoint
bundle. This is a vector bundle over Q/G which is the associated bundle
relative to the coadjoint action of the structure group G of the principal
(left) bundle mg.¢ : @ — Q/G on g*. This vector bundle has additional
structure: each of its fibers is a Lie-Poisson space and the associated Poisson
tensors on each fiber depend smoothly on the base, that is, 73+ : g* — Q/G
is a Lie-Poisson bundle over Q/G.

Given p € g*, define the ordinary two-form B, on Q/G by

B, (1q,c(2) (Tymq,c(uq) Tymq,c(vq))
= (5 (q. 1), B(m0,c(0)) (Tymq,c(uq), Tymq,c(vq)))
= (1, B(Q)(quvq» = B,LL(Q)(UQ7U(1)7 (2.9.4)
where ¢ € Q, uq,vq € T4Q, and in the second equality (,) : g* x g — R is

the duality pairing between the coadjoint and adjoint bundles. Since B is
well defined and smooth, so is B,.

2.9.16 Proposition. Let A € QY(Q;g) be a connection one-form on the
(left) principal bundle 7g.q @ Q — Q/G and B € Q*(Q;g) its curvature
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two-form on Q. If u € g*, the corresponding two-forms By, € 0%(Q) and
B, EﬁQQ(Q/G) defined by (2.9.3) and (2.9.4), respectively, are related by
76 6B = By In addition, By, satisfies the following G-equivariance prop-
erty:

o8B, = Bad; -

Thus, if G = G,, then day, = B, = 77227(;?;“ where o, (q) = A(q)* ().

Proof. The identity WZ),GEM = B, is a restatement of (2.9.4). To prove
the equivariance of B,,, note that for g € G, Corollary 2.9.14 yields

;B = (p, ®3B) = (1, Ady oB) = (Ady p, B) = Bads .

as required.

The last relation is a consequence of Proposition 2.9.15. Indeed, if G =
G, then @y, = o, for any g € G so taking the derivative of this relation
relative to g at the identity yields £¢,c, = 0. However, we also know that
a,, takes values in J=!(p) and hence

(iéQO‘u)(Q) = <O‘M(q)’§Q(q)> = <J(0¢M(q)),§> = </’('a §>7
that is, i¢, oy, is a constant function on Q. Therefore,
iEQda# = ‘EEQQM — dnga# =0.

Now let ¢ € Q, ug,vq € T,Q. Then uy — [(A(g),uq)]o(q) is the horizontal
component of u, and similarly for v,. Therefore,

B,(q)(ug, vg) = (1, dA(q) (ug — [(A(2), ug)l@(q), vq — [(A(2), uq)]@(2)))
= dA(q) (ug, vq)

since each of the remaining three terms in the expansion is of the form
i¢,day, = 0, as was shown above. |
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Basic Concepts in geometric Mechanics

3.7 Momentum Maps.

Singularities and Symmetry. The following is a basic link between
symmetries and singularities.

3.7.8 Proposition. Let (P,Q) be a symplectic manifold, let G act on P
by Poisson mappings, and let J : P — g* be a momentum map for this
action (J need not be equivariant). Let G, denote the symmetry group of
z € P defined by G, = {g € G | gz = z} and let g, be its Lie algebra, so
g. ={C €g|Cp(z) =0}. Then z is a reqular value of J if and only if g,
is trivial; i.e., g, = {0}, or G, is discrete.

Proof. The point z is regular when the range of the linear map DJ(z)
is all of g*. However, ¢ € g is orthogonal to the range (in the sense of the
g, 9" pairing) if and only if for all v € T, P,

(¢;DI(z)-v) =0

i.e.,

which is equivalent to
Q(X(3,)(2),v) =0,

that is,
ACp(2),v) = 0.
As Q is nondegenerate, ¢ is orthogonal to the range iff (p(z) = 0. |
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The above proposition is due to Smale [1970]. It is the starting point
of a large literature on singularities in the momentum map and singular
reduction. Arms, Marsden, and Moncrief [1981] show, under some reason-
able hypotheses, that the level sets J=1(0) have quadratic singularities. In
the finite dimensional case, this result can be deduced from the equivariant
Darboux theorem.!

The convexity theorem states that the image of the momentum map of
a torus action is a convex polyhedron in g*; the boundary of the polyhedron
is the image of the singular (symmetric) points in P; the more symmetric
the point, the more singular the boundary point. These results are due to
Atiyah [1982] and Guillemin and Sternberg [1984] based on earlier convexity
results of Kostant and the Shur-Horn theorem on eigenvalues of symmetric
matrices. The literature on these topics and its relation to other areas of
mathematics is vast. See, for example, Goldman and Millson [1990], Bloch,
Flaschka, and Ratiu [1990], Bloch, Brockett, and Ratiu [1992], Sjamaar and
Lerman [1991] and Lu and Ratiu [1991].

3.8 Symplectic and Poisson Reduction.

The text developed some of the basics of reduction theory. An important
ingredient that ties this theory to the theory of connections in §2.9 is that
of the mechanical connection which we develop in this supplement.

The Mechanical Connection. As an example of defining a connection
by the specification of a horizontal space, suppose that the configuration
manifold @) is a Riemannian manifold. Of course, the Riemannian struc-
ture will often be that defined by the kinetic energy of a given mechanical
system.

Thus, assume that @ is a Riemannian manifold, with metric denoted ({ , )
and that G acts freely and properly on @) by isometries, so mg.¢ : Q — Q/G
is a principal G-bundle.

In this context we may define the horizontal space at a point simply
to be the metric orthogonal to the vertical space. This therefore defines a
connection called the mechanical connection.

Recall from the historical survey in the introduction that this connection
was first introduced by Kummer [1981] following motivation from Smale
[1970] and Abraham and Marsden [1978]. See also Guichardet [1984], who
applied these ideas in an interesting way to molecular dynamics. The num-

n the infinite dimensional case, things are more subtle. In fact, the infinite dimen-
sional results were motivated by, and apply to, the singularities in the solution space
of relativistic field theories such as gravity and the Yang-Mills equations (see Fischer,
Marsden, and Moncrief [1980], Arms, Marsden, and Moncrief [1981, 1982] and Arms
[1981]).



3.8 Symplectic and Poisson Reduction. 11

ber of references since then making use of the mechanical connection is too
large to survey here.

In Proposition 3.8.5 we develop an explicit formula for the associated
Lie algebra valued 1-form in terms of an inertia tensor and the momentum
map. As a prelude to this formula, we show the following basic link with
mechanics. In this context we write the momentum map on 7'Q simply as
J:TQ — g*.

3.8.4 Proposition. The horizontal space of the mechanical connection
at a point ¢ € Q consists of the set of vectors vg € T, Q) such that J(vy) = 0.

Proof. This follows directly from the formula for the momentum map
for a Lagrangian that is given by the kinetic energy of a given Riemannian
metric, namely (see equation (3.7.4) of the text),

(J(vg), &) = (g, € (@)

and the fact that the vertical space at ¢ € @ is spanned by the set of
infinitesimal generators {g(q). |

For each g € Q, define the locked inertia tensor I(q) to be the linear
map I(g) : g — g* defined by

(I{g)n, €) = (ne(a), e (@) (3.8.6)

for any 7, € g. Since the action is free, I(¢q) is nondegenerate, so (3.8.6)
defines an inner product. The terminology “locked inertia tensor” comes
from the fact that for coupled rigid or elastic systems, I(q) is the classical
moment of inertia tensor of the rigid body obtained by locking all the joints
of the system. In coordinates,

Iy = gi; KL K7, (3.8.7)

where [£o(q)] = K (q)¢® define the action functions K.
Define the map A : T'(Q) — g which assigns to each v, € T,Q the corre-
sponding angular velocity of the locked system:

Ag)(vg) = 1(q) " (J(FL(v,))), (3.8.8)
where L is the kinetic energy Lagrangian. In coordinates,
A = 1%g, Kiv? (3.8.9)
since Ju(¢,p) = piK;(q)-
We defined the mechanical connection by declaring its horizontal space

to be the metric orthogonal to the vertical space. The next proposition
shows that A is the associated connection one-form.
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3.8.5 Proposition. The g-valued one-form defined by (3.8.8) is the me-
chanical connection on the principal G-bundle 7o ¢ : Q — Q/G.

Proof. First notice that A is G-equivariant and satisfies A({q(q)) =
£, both of which are readily verified. In checking equivariance, one uses
invariance of the metric and hence equivariance of FL : TQ) — T*Q, where
L is the kinetic energy of the metric, equivariance of J : T*Q — g*, and
equivariance of I in the sense of a map I: Q x g — g*; that is,

(g q)(Adg &) = Adg—1 I(g)(S).

Thus, A is a connection.
The horizontal space of A is given by

H, = {v, € T,Q | J(FL(v,)) = 0}. (3.8.10)

Thus, by Proposition 3.8.4 and the fact that any two connections with the
same horizontal spaces are equal, we get the result. |

Given a general connection A and an element p € g*, we can define the
p-component of A to be the ordinary one-form «, given by

au(q) = A" peTyQ; e, (au(q),vq) = (1, Alq)(vg))

for all v, € T;Q. Note that o, is a G-invariant one-form. It takes values
in J71(u) since for any ¢ € g, we have

(I (@), €) = (aula): €@) = (1 A(9) (€ (9))) = (1, €) -

In the case of the mechanical connection, Smale [1970] constructed
by a minimization process. Let ozg € T,@Q be the tangent vector that corre-
sponds to o, € T;Q via the metric ((,)) on Q.

3.8.6 Proposition. The 1-form a,(q) = A(q)*n € T, Q associated with
the mechanical connection A given by (3.8.8) is characterized by

K (0 (q) = inf{K(8,) | B, € 37 (1) N T, Q}, (3.8.11)

where K(8,) = 5[|B4I|? is the kinetic energy function on T*Q. See Figure

3.8.3.

The proof is a direct verification. We do not give here it since this propo-
sition will not be used later in this book. The original approach of Smale
[1970] was to take (3.8.11) as the definition of ay,. To prove from here
that «, is a smooth one-form is a nontrivial fact; see the proof in Smale
[1970] or of Proposition 4.4.5 in Abraham and Marsden [1978]. Thus, one
of the merits of the previous proposition is to show easily that this vari-
ational definition of «,, does indeed yield a smooth one-form on @ with
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I (w)NT,Q

FI1GURE 3.8.3. The extremal characterization of the mechanical connection.

the desired properties. Note also that «,(¢) lies in the orthogonal space
to T;Q N J=1(u) in the fiber T;Q relative to the bundle metric on 7*Q
defined by the Riemannian metric on Q. It also follows that a,(q) is the
unique critical point of the kinetic energy of the bundle metric on T*Q
restricted to the fiber T;Q NJ ™" ().

3.13 Coupled Planar Rigid Bodies

In §3.13 of the text we studied some of the basic properties of the system
of coupled rigid bodies. Here we give some additional information on this
system and its extension to multibody problems.?

Equilibria and Stability by the Energy-Casimir Method. We now
use Arnold’s energy-Casimir method, to determine the equilibrium points
and their stability for the system of two coupled rigid bodies. An equiva-
lent alternative to this method is to look for critical points of H given by
(3.13.42) in the text, which is an expression in (6, v)-space and then to test
02H for definiteness at these equilibria.

To search for equilibria, we can look directly at Hamilton’s equations on
P. The conditions fi; = fio = 0 give

OH

25 =0 (3.13.45)

that is,
- %(Ml,m)rlgrl ( Z; ) =0. (3.13.46)

Clearly,
fl—‘; — ( Eg, 83/ ) (3.13.47)

2This section is based on Sreenath, Oh, Krishnaprasad, and Marsden [1988] and on
Oh, Sreenath, Krishnaprasad, and Marsden [1989].
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so we get
1 0 e I751 Y
_ 5(w1,u)2) ( N0 ) ( 42 ) = 0; (3.13.48)

— eXNwywy = 0. (3.13.49)

that is,

The equilibrium condition 6 = 0 becomes 131#1 — Ao = fgug — e\ or,
equivalently, w; = ws. Thus, the equilibria are given by

(i) w1 =wa =0, or
(11) W1 = W2 75 O,)\/ =0.

For simplicity, choose the reference configuration so that dis and dg; are
parallel. Then
)\/(0) = d12 . d21 sin 6

so the equilibria in case (ii) occur when
(ii") either (a) dig = 0 or do; = 0, or (b) 8 = 0 or 7. The case in

which 0 = 7 corresponds to the case of folded bodies, while 8 = 0
corresponds to extended (stretched out) bodies.

The first step in the energy-Casimir method is to realize the equilibria
as critical points of H + C. We calculate that

oH
o0

OH oH

T =W 5 —wa,

8u1 ! 8/12 2

(w1):J—1</J1>:1 Tapn — €A
w2 2 A f1u2*€>\u1

= 6)\’0)1&)2
(3.13.50)

where

The first variation is

OH OH OH
= 4 —— 4+ 9 .13.51
d(H +C) 36d9+(am+ )d“1+<am+ )d,ug, (3.13.51)

from which we see that critical points of H + C' correspond to equilibria

provided
OH 0H
S (p)=—=— ) =— | =— 1 , 3.13.52
(1e) <5M1)e <3M1>e ( )

where the subscript e means evaluation at the equilibrium. Here, ®" (1) is
arbitrary.
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The matrix of the second variation of H + C' at equilibrium is

0’H 0’H 0’H
062 898#1 898;@
0’H 0’H 0’H
PHA+C) = o' ——— 4+ 9" |, (3.13.53
H+O =\ 20om o2 By (8.13.53)
0’H 0?’H , O*H Lo
000ua  Op1Ops o3
where
0*H 0’H
out Op10p2 31 1 I —eA
0’H 0’H A\ —eX L ’
1 Opa )T
0*H eN - 0’H eN -
= = 2 (fwy — = = 2 I
000, A2< 2wz — EAw), 0002 A2< eAwz + fwn),
and
0’H 0 ,0H O0H 0’H 0*H
— | o — _ )\/l _ )\/ _ )\/ .
90z ~ 90 [ c aﬂlauz} AW A o, 2 T S Y 900,
At equilibrium, A = +dydy (+ if § =0, — if § = 7) and so
Jl 1 [ jz :Fffghdz }
(I1 Iy — e2d3d3) | Fedids 5L ’
0’H 0? 0’H
=0= d = —e)N'w? = tedidaw?
900, T doop, M4 ggr T TN we = Fedidwr,
where w, = w1 = w9 # 0 at equilibrium. Thus we get
:l:é”)\dldgwg 0
*(H+C) = 0 314 o ( } 1 ) ) (3.13.54)

This matrix is clearly positive definite if d; # 0,dy # 0 if § = 0 (4 sign)
and ®”(u.) > 0 and is indefinite for any choice of ®”(p.) if = .

Another way to do the stability analysis is to use the reduced Hamilto-
nian on T*S'. After completing squares, H will have the form of kinetic
plus potential energy with effective potential given by

5 B _f j 2,2
V(0) h+5-%»+—gi£DLf. (3.13.55)
4([1 + ]2 + 25)\)

_ = | =,2
= o |1

Minima of V' are then the stable equilibria while maxima are unstable. The
following theorem summarizes the situation.
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3.13.2 Theorem. The dynamics of the 2-body problem is completely in-
tegrable and contains one stable relative equilibrium solution (8 = 0—the
stretched-out case) and one unstable relative equilibrium solution (0 = 71—
the folded-over case). The reduced dynamics contains a homoclinic orbit
joining the unstable equilibrium to itself.

For three or more bodies, this method of looking for minima of the poten-
tial will not work in a naive way because the symplectic structures on the
symplectic leaves will have magnetic terms. The general theory for dealing
with this situation is given in Simo, Lewis, and Marsden [1991]. See the
internet supplement for further details on the case of multibody problems.

Multibody Problems. The Hamiltonian formulation of that section
extends to systems of N planar rigid bodies connected to form a tree
structure. Since the general statement of this result requires significant
additional notation we limit ourselves to the special case of a chain of N
bodies.

3.13.3 Theorem. The total kinetic energy (Hamiltonian) for an open
chain of N planar rigid bodies connected together by hinge joints has the
form

H=u"- I p (3.13.56)

where 1 = (py, pa, ..., un)7 is the momentum vector and J is the corre-
sponding N x N inertia matriz which is a function of the set of relative
(or joint) angles between adjacent bodies. The reduced dynamics takes the
form

. OH
ST

. OH  0H
1= 9055 902,
. OH OH
Hi= 89i+1,i a 00,1
) |

N = 00N, N-1

g, — OH _OH
41,0 — 39i+1 a/Jz

for i=1,...,N—1) (3.13.57)
where 0;41,; is the joint angle between body i+ 1 and body i. The associated
Poisson structure is given by
N—-1
{fg}Z(af _of ) ag  Of (09 _ 0Og )
7 p Op;  Opiyr) 0041, 00;01,5 \ O Opiga

=0
(3.13.58)
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This is proven in a way similar to the two-body case. The structure of
equilibria and the associated stability analysis become quite complex and
interesting as the number of interconnected bodies increases. A mixture
of topological and geometric methods may be necessary to extract useful
information on the phase portraits.

In the remainder of this section, we illustrate some of the complexities
of multibody problems by discussing of the equilibria and stability for a
system of three planar rigid bodies connected by hinge joints (see figure
3.13.1).

FI1GURE 3.13.1. Planar three-body system.

The Hamiltonian of the planar three-body problem is given by equation
(3.13.56) with the momentum vector u and the coefficient of inertia matrix
J being defined as follows:

= (p1, p2,p3)",
I M2(f21)  Asi(B21 +632)
J= A2(62,1) L Aoz (63.2) : (3.13.59)

5\31(92,1 +032) 5\23(93,2) I3
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Here 05 1 and 05 o are the relative angles between bodies 2 and 1, and bodies
3 and 2, respectively. The coefficients of inertia I; and \;; are given by

I = [11 + (e12€31) (d12,d12)],
I = [I2 +e12 (d21, d21) + €23 (d23 — d23)
+ €31 ((d23 — d21), (d23 — d21))]
[5 = [I3 + (e23 + €31) (d32, ds2)]
Ai2(62.1) = [E12A(—dar,dia) (02,1) + €31 N\ (dag,—da1,d1s)) (02,1)]
A23(03.2) = [£23A (—dy.das) (03.2) T €31\ (—ds.das.day)) (03.2)]
A31(02,1) + 03.2) = €31\ dg.di) (02,1 + 03.2)
£ij = % i#j and i,j=1,23
Ay (@) =x-ycosa+ [x x y]sina,

where the m; and I; are the mass and inertia respectively of the body i,
and the d;; are defined as in the figure.

The dynamics of a three-body system of planar, rigid bodies in the Hamil-
tonian setting is given by:

)

M= 90,

. O0H oH

R T

i3 = _aaoi (3.13.60)
oy = 2L 00

’ 8/@ 8u1
by = 2L 00

’ Ous  Ous

Using Equation 3.13.60 note that the sum u; + po + p3 of momentum
variables is constant in time.

In Sreenath, Oh, Krishnaprasad, and Marsden [1988] and Oh [1987], it
is shown that for three coupled rigid bodies there are either 4 or 6 relative
equilibria and the bifurcations between these are determined as a function
of the system parameters. It is also shown that near the stable stretched
out relative equilibrium, there are relative periodic orbits distinguished
by symmetry type. This is done using the Montaldi, Roberts, and Stewart
[1988] symmetric version of the Moser-Weinstein theorem (Weinstein [1973,
1978a] and Moser [1976]). Also, it is shown that the dynamics is, in general,
not integrable by using the Poincaré—Melnikov method.
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4

Introduction to Aspects of Geometric
Control Theory

4.7 An Alternative View of Hamiltonian
and Lagrangian Control Systems

This supplement presents an alternative point of view from that discussed
in Section 4.6 of the text for defining Hamiltonian (or Lagrangian) systems
with external forces, such as controls. More precisely, the section discusses
briefly how one might characterize Hamiltonian control systems among a
suitable class of general nonlinear control systems with inputs and outputs.
This is an approach which is developed in detail in the book of Crouch and
van der Schaft [1987]. This generalizes the work of Brockett and Rahimi
[1972] which characterizes linear Hamiltonian systems among the set of
linear input-output maps. The approach here is variational.

One generalizes the definition of a Hamiltonian vector field as a param-
eterization of a Lagrangian submanifold, as discussed in section 3.3. If in
system

= f(x,u), (4.7.1)
y = h(z,u),

N =P =R", set
k
w® = Zdui A dy;
i=1

as a symplectic form on R?* parameterized by coordinates (u1, ..., ug, Y1,
.., Yk). Assume that M is symplectic with symplectic form w, then TM &
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R?* is a symplectic manifold with symplectic form & + w®. (The notation
w was defined in §3.7).

If H(z,u) is a function on M @& R¥ € TM @ R?*| we may consider the
following system generated by H

= Xp(zu) () (4.7.2)
OH
Y= %(1‘7 U)

where Xy is the Hamiltonian vector field on M (with symplectic form
w). System (4.7.2) defines a Lagrangian submanifold N of TM & R?* with
symplectic form w 4+ w®, N = {(x,u), (X, (0H/0u))}. (Lagrangian sub-
manifolds were defined in Section 3.3). It follows that one may define a
Hamiltonian control system (4.6.4), with N = P = R*, as globally pa-
rameterized Lagrangian submanifolds of TM @ R?* with symplectic form
w + w®. See van der Schaft [1982, 1983] for a detailed discussion.

If H is affine in the coordinates u;, the vector field Xy is also affine in
u;, and so one can directly compare Xy with Xy, (and Lp. X = Xg) in
(3.6.0), where M = TQ and F(t) has the form

k
F(t) = an‘ui(t)v ni € D(T7Q). (4.7.3)

Unfortunately, the restrictions imposed by the structure (4.7.2) do not
make for direct comparisons, except in some special cases. However, the
model (4.7.2) has some added attractions when studying the input-output
properties of systems (4.7.1).

In the work of Brockett and Rahimi [1972] , it was shown that one could
characterize initialized, linear, time invariant, Hamiltonian systems (4.7.2)
with input-output maps

t
y(t) = / W(t — o)u(o)do (4.7.4)
0
by the additional symmetry property of the impulse response
W(t) = -Ww(-t)T. (4.7.5)

This result was generalized to nonlinear systems (4.7.2) by Crouch and
van der Schaft [1987] , using a variational property. Specifically, if (u,y) is
the input response of a system (4.7.1), with N =V = RF, P = V* = RF,
and defined on the infinite interval (—oo, 00), then we define an admissible
variation of (u,y) to be a mapping

(t,€) = (ult, €), y(t,€)), (¢, €) € (—00,00) x (=0,0)

satisfying
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(i) (u(t,0),y(t,0)) = (u(t), y(t))

(ii) (u(t,€),y(t,€)) is an input-output response of a given system (4.7.1)
for each € € (=6, 0)

(iii) Eéu(t))ﬁy(t)) = (0/0€)|c=0(u(t,€),y(t, €)) has compact support along
u,y).

We define a manifold My, of maps consisting of all input-output behav-
iors (u,y) of systems (1), corresponding to the same input-output space
N =V = RF, P = V* = RF'. The set of all admissible variations of
(u,y) € My defines a set of variational fields (du,dy) along (u,y), which
may be interpreted as the tangent space to My at (u,y). There is a skew
form on this tangent space defined by

o0

W(uy) (011, 61Y), (d2u, d2y)) = / (82y(81u) — Ory(du))dt.  (4.7.6)

— 00

The notion of isotropic, co-isotropic and Lagrangian submanifolds can be
defined as it is for finite dimensional manifolds. It is shown in Crouch and
van der Schaft [1987] that the set of input-output behaviors for Hamiltonian
systems (4.7.2) form a Lagrangian submanifold of the manifold My .

It is interesting to note that this variational characterization of Hamil-
tonian systems is related to the classical inverse problem in mechanics,
(see, for example Anderson and Duchamp [1980], Santilli [1978], and refer-
ences therein.) In its most basic version, this problem considers an implicit
system of second order equations

Rl(q7Q7q>:O7 1§’L§n7 qeRn7

where [0? Ry, /0§;0d;]1<i,j<n is an invertible matrix for all values of (g, ¢, ),
and asks: “when this system is equivalent to a system of Lagrangian equa-
tions for some choice of Lagrangian function L?” This problem is in fact
a special case of the problem of determining when there exists a function
H(z,u) such that system (4.7.1) coincides with the Hamiltonian system
(4.7.2). This problem is answered in detail in Crouch and van der Schaft
[1987]. Clearly the conditions that are developed in this work ensure that
the symplectic form (4.7.6) vanishes and, for linear systems, they are equiv-
alent to the condition (4.7.5) of Brockett and Rahimi [1972]

We shall return to systems of this type. Good discussions are given in
Krishnaprasad [1985] and Sanchez [1989].

21
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5

Nonholonomic Mechanics

5.2 The Lagrange—d’Alembert Principle

The Equations of Motion in terms of the Constrained Lagrangian.
Here we give some of the calculations necessary to derive the equations of
motion for a nonholonomic system in terms of the constrained Lagrangian
that were stated in §5.2 of the text, namely as

doL, oL, 0L _ 9L
dt ore  Ore S R F

BYi”, (5.2.17)

where

oAb OA) dAY dAL
BY, = o _ 0 qe_B_ pea) 5.2.18
of ((%5 ore t4a 0sa B 9sga ( )
The derivation of these equations of motion proceeds as follows: using
the relationships
OL. _ 0L 0L
ore g T 9sh
oL, oL 0L (6/1% .ﬁ>

ore  ore b arar

oL. oL 0L <8A% .5>

- 0s? "

dst  9st b
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and substituting L. into the nonholonomic Lagrange equations yields
dOL. 0L, 4o 0L,
dt ore  Ore *Dsa
_(49L _OLN_ . (doL oL
- \dtore  ore *\dt9s*  Os¢
b b
oL d ,, ~ OLOAL 40 oL 0Ay

dsbdt e 9 are aPsb Psa
(4oL oL\ _ . (dor oL
T \dtore  Ore “\dt 9s¢  Ose
b b
(9711 aAB _ 8‘4?1 + Aa aAZz _ Aa aAﬁ ’I"B
st \ are  orP P Hsa o Pga

Hence the equations of motion can be written as claimed.

Note that L. is a degenerate Lagrangian in the sense that it does not
depend on §. Also note that thinking of s as a cyclic variable does not lead
to conservation laws in the usual way because of the constraints.

To see how the right hand side of the constrained Lagrange d’Alembert
equation is related to the curvature of the Ehresmann connection of A =
w(0/0s%), let dw® be the exterior derivative of w’:

dw® = d(ds® + Ab dr®)

Ab Ab
- grg drf A dr® — —%Sg Abdr® A dre. (5.2.19)

Contracting dw® with ¢ yields

0AY 0A? 0AY oAb
brs ) — a B .0 oeAaﬂ a a a0 a Aarpa 8
dw’(q, ) o8 " dr Baa 18" dr o8 " dr” + aa 18" dr

0Ab, | 0A} 0Ah oAb

_ « Ae — o a pa ﬁd a
(87“5 T s o T Gra T gge A8 T

= B grdrP. (5.2.20)

Combining all of these calculations, we can write the equations of motion
for the constrained system as

d 8Lc 6Lc aaLc o 6L o . i
Fore ore TAege = T gadw (q, aw) : (5.2.21)

The left-hand side of (5.2.21) may be checked to be the variational deriva-
tive of the constrained Lagrangian. The right-hand side consists of the
forces that maintain the constraints. In the special case that the constraints
are holonomic, dw® = 0 since dw® represents the curvature and the cur-
vature measures the lack of integrability of the constraints; when they are
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integrable, we have, by definition, the holonomic case. In this case, equa-
tion (5.2.21) reduces to the usual form of Lagrange’s equations. This verifies
that for holonomic systems it is appropriate to “plug in the constraints”
before applying Lagrange’s equations.

5.3 An Invariant Approach to
Nonholonomic Mechanics

In this section we consider an invariant approach to Lagrangian mechanics
in general and nonholonomic mechanics in particular. We follow here the
approach of Vershik [1984] (see also Wang and Krishnaprasad [1992]). A
general invariant approach to Lagrangian mechanics is also discussed for
example in Marsden and Ratiu [1999].

Lagrangian Mechanics. We consider firstly a general invariant formu-
lation of Lagrangian mechanics without constraints.

Let T'Q be the tangent bundle of @), an n-dimensional manifold, with its
canonical projection and let it be locally co-ordinitized by (q,q) ~ (g,v).
Here ¢, v represent n-vectors. We consider here notions of verticality and
horizontality with respect to the trivial connection on T'Q, i.e., combina-
tions of vectors 8%1‘ are horizontal and combinations of vectors % are
vertical. (It is important to bear this in mind when discussing constraints
below, so as not to confuse this discussion with the connection given by the
constraints discussed elsewhere.)

Since Lagrangian equations are second order we also need the second
tangent bundle T(T'Q) with projection Tr, : T(TQ) — TQ locally co-
ordinitized by (g, v,v,7). (A useful refererence in this regard is Marsden,
Patrick, and Shkoller [1998].) In fact we want vector fields of the type

i = flg.9) (5.3.1)
or
g=v
0= f(q,v). (5.3.2)
Written as a vector field a second order equation takes the form
Xgo=Xs =0 a% + f % ) (5.3.3)

(with the obvious summation notation).

Invariantly we may write this as T, Xy = v—its projection onto the
tangent space to @ is just v. We call such a vector field X, a “special”
vector field.
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Now one can formulate Lagrangian mechanics in an invariant fashion by
defining fields on T'Q) as follows: Let T,Q) and T} ,T'Q) define the tangent
space to @ at ¢ and TQ at (g,v) respectively. We set up a canonical map
from T,,Q to T, ,TQ which takes the fiber over ¢ (locally vectors of the form
aa%) into the fiber over T, ,7Q (vectors of the form aa% + ba%). Locally
this map is defined by

0 0
Ta. (a 8q> “Bo ( )
Define a tensor field on T'Q), called the principal tensor field, by
Pq,v = Yq,v TTq,,U- (535)

So locally we have

0 0 0 0
Po,la=—4+b=—])="v.,T- — 4+ b—
@ (aaq + 81)) ", @y (aﬁq + 81})

0 0
= Yq,v <a(9q> = a%- (5.3.6)

The dual tensor field P* acts locally on forms as follows
P*(adq + bdv) = bdgq. (5.3.7)

This can be easily checked: we have

. o 9
<P (adg + bdv), e+ d%>
9 9
= <adq + bdv, P (Caq + dav) >
)
- <adq + bdv, c%> = be. (5.3.8)
Hence
P*(adq + bdv) = bdg. (5.3.9)

Now we define another key concept—the fundamental vector field on T'Q:
this is a field with coordinates

Dy = 'yq,vva—q =0 e

Clearly a vector field X is special if and only if PX = &, since in local
coordinates a special vector field is of the form

.0
Xow =vigite (5.3.10)
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Now let L be the Lagrangian—as usual a smooth function on 7'Q). We note
that locally

OL
oq*

P*(dL) = P* ( dq" + oL dql) _ oL dq’ (5.3.11)

o3’ g’

—<clearly a horizontal 1-form since it annihilates vertical vector fields a%
(Vershik calls this form the impulse field of the Lagrangian.) One can iden-
tify horizontal 1-forms in Lagrangian mechanics as forces—see later).

We define the Lagrangian 2-form to be

Qp = —d(P*dL)
oL .
= —d ~ dq’
(8@1 q)
0%L , .92 , .
- _ 7 i j i
9700 dg’ Ndq" + S0l D0 dg’ A dv*. (5.3.12)

Recalling the Legendre transformation p; = qu we see that the image of

Q7 under the Legendre transformation is the canonical symplectic form on
the cotangent bundle. Similarly the Hamiltonian (energy) is

Hy =dL(®) — L. (5.3.13)

Note that in local coordinates

i =pit, (5.3.14)

dL(®) = dL (vi 0 > oL

ovi ) ovi v

(with the summation convention).
Now we can formulate the Lagrange d’Alembert principle as follows:

5.3.1 Definition (The Lagrange D’Alembert Principle). The vector field
Y describing the mechanical trajectories of motion is given by

OL(X,Y) = dHL(Y) +w(Y) (5.3.15)

where w is the 1-form describing the exterior forces and X is a special
vector field.

In the absence of exterior forces we recover the Lagrange equations as
follows. Let
0 0

o .0
X=vg 4, Y=ag +bo (5.3.16)
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Then
2L .. .. 2L ..
= _ Jat — alvt Jpt i
QL(X,Y) 800 (vVa' —d?v") + Soi D (Wb —a’0*), (5.3.17)
OL
dHL(Y) =d (Wul —L) (Y) (5.3.18)
oL ..  O*L , . 2L ..
_ 1 ) J ? J
(8vi vt 8qjavivdq + vidvi * dv
oL .. OL
— ~dq' — ~dv' ) (Y
O B
oL 62Lij oL , . OL , OL
a’ +

~ o 0qj8viv uigui - 87qia O

Equating coefficients of a* and b* which are arbitrary we get:

0’L 0*L . 0’L . oL 0*L
— 0/ — ) - —— = —— + ———
dqi Ov? dqtovI oI vt ¢ O0q'0vI

9’°L  ,  OL 0*L . 0L

J_ e
OvtovI v vt + OvtovJ v vt

The second equation is an identity while the first equation is just

d (0L oL
AN 219

as required.

Constrained Dynamics. We now consider the invariant formulation of
dynamics with constraints.

As in Vershik [1984], we assume a slightly more general form of the
constraints—we assume that they define a distribution on T'Q), i.e., they
define at each point a subspace of TT'Q(q, ). This fits naturally with the
definition of 2nd order systems, although it is more general than needed.
Hence we can define the constraints to be 1-forms on T'Q (a codistribution
of TQ) and they thus take the form

0; = YP_iai(q)dg” + X7 b (q)dv®, i=1---m. (5.3.20)

A constrained dynamical system is then a special (2nd order) vector field
compatible with these constraints. The case of interest to us is when the 6;
are differentials of functions on T'Q i.e., of the form df(q,v) — in particular
the case f(q,v) = >, ai(q)vF so

Oa; »

o ) k ik L

0; = apdv® + Z o dg’ . (5.3.21)
k k,j

We now want to define reaction forces—the forces that keep the system on

the constraint manifold and to show that in the “ideal” case such forces do
no work.
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5.3.2 Definition. Given constraints 0; as in (5.3.20) we define P*0;(=
> birdq®) to be the reaction forces.
Note that in the case (5.3.21) this is just

PO = apdq". (5.3.22)
k

5.3.3 Definition. A set of constraints is said to be admissible if

Dimspan P*6; = Dim span 6;.

(This is equivalent to saying that the codistribution given by the 6; has
no horizontal covectors at any point, since the kernel of P* is horizontal
1-forms. Another way to think of this: since horizontal vectors are linear
combinations of vectors a%i’ the vectors a; = (a1, - , @) must be linear
combination of the vectors b; = (b;1, - - , by, ) so that if one has some vectors
in the span of the a%i there is also a component in the span of the %.)

5.3.4 Definition. A constraint is said to be ideal if it annihilates the
fundamental vector field

.0
o(= E vzwlocally).
Then we have

5.3.5 Theorem. If a set of constraints is admissible there exist special
vector fields satisfying the constraints.

Proof. Recall that the special vector fields are those satisfying 7X = .
Therefore we need to ask if the system

PX=® 6;(X)=0, i=1---,m (5.3.23)

is solvable.
Let

i 9 .0

Since the constraints are admissible, by the argument above the vectors a’
are in the span of the vectors b*. Now we require

0:(X) = birf*+ ) auv® =0. (5.3.24)
k k
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Thus we wish to know whether the system of linear equations
D bift == aud”
k k

in the f can be solved. But this is clear by the admissibility argument.
In fact, since there are m conditions on the f* there are at least n — m
independent special vector fields. |

A force is said to do no work if [ F - dq = 0 along any curve in the
configuration space.

5.3.6 Theorem. If a constraint is ideal the corresponding constraint
forces do no work (i.e., they are virtual forces.)

Proof. Let & be a closed curve in Q, i.e., a map from S* to Q and let &

be its lift to T'Q.
/gT*Qi = /Sl <T*91‘,§> = /sl <¢9i77-§;>

Then
where <, > is the natural pairing between forms and their duals.
But if £ = ¢(t) and £ = (¢q(t),¢(t)) then

£= Q% + q% (5.3.25)
Hence o o
T(E)ZQ%:U%:‘I)
Thus we get

/ 0:,8) = 0 (5.3.26)
Sl

by ideality.
The usual arguments imply this integral is zero along any curve. |

Now we can show

5.3.7 Theorem. Let 0;, i = 1...m define a constraint distribution on

TQ and let L be a nondegenerate Lagrangian with positive definite Hessian
2

%. Then there exists a special vector field X satisfying the Lagrange

d’Alembert principle

ixQp =dHp +w; (5.3.27)

that is,
Qp(X,Y)=(dHL +w)(Y) V vector fieldY,
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where w is the constraint force that ensures 0*(X) =0, i = 1,...,m. Locally
the equations of motion are

d oL oL

— | =] - - = Aib;. 5.3.28

Proof. Since {2y is nondegenerate there is a map from 1-forms to vector
fields 71, such that
Qy (m(p), ) = p(Y) (5.3.29)

for Y an arbitrary tangent vector and p an arbitrary 1-form. Then
X =7 (dHL + w) (5330)

and we require
<9i,7TL(dHL)+7TL(w)> =0 i1=1,...,m. (5331)

Now w, by definition of the constraint force, needs to be a linear combina-
tion of 70, i.e., of the form ), Aja;rdgy.That is, we have

<9i ,ﬂL(dHL)> - —<9i,ZAmT*9i> i=1,...,m. (5.3.32)

Since the constraints are admissible, 7* preserves the dimension of the span
of 6;, but since 7y, is positive definite the restriction of 7y to the span of
the 776, is also positive definite and thus nondegenerate. Since the operator
7w, 7* is thus of full rank, we can solve the system for A;.

The local form of the equations follows from the general Lagrange theory
above and of course agree with the coordinate form derived elsewhere. W

5.5 The Momentum Equation.

The Nonholonomic Connection and Reconstruction

Here we discuss the application of the momentum equation to the problem
of reconstructing paths on configuration space @ given a path in the base
space Q/G. Many of the things already given in Chapter 5 will be given
here from a slightly different point of view and with some additional details
given.

In many systems the base space Q/G corresponds to the set of variables
which are directly controlled by the application of control forces, and hence
we can follow any path in Q/G by application of appropriate forces. It is
therefore natural to focus on how these paths lift, as described by the
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constraints, the generalized momenta, and the momentum equation, to the
full configuration space. The main tool tool to be discussed here is that
of the monholonomic connection, a synthesis of the mechanical and the
kinematic connections.

The Unconstrained Case. We will begin by recalling the reconstruc-
tion procedure for unconstrained mechanical systems. As we discussed ear-
lier for unconstrained mechanical systems with symmetries, the equations
of motion are naturally described in using the principal bundle @ — Q/G.
In essence, the dynamical equations split into two pieces by using Hamil-
ton’s principle L = 0 and dividing the variations into vertical variations
and a set of complementary variations. The vertical variations lead to a set
of conservation laws of the form

d

—(FL, =0,

7 \FL. Q)

for all n € g. These equations are equivalent to the Euler-Poincaré equations
when the Euler-Lagrange equations are written in a local trivialization. As
we mentioned above, the mechanical connection is related to the momentum
map and the locked inertia tensor by

-A(Q) * Vg = H_l(Q)J(Uq)-

Given a path in the base space Q/G, we can now use the connection to
reconstruct the motion of the system in the full space . The conservation
law can be written as

where p € g* is a (constant) momentum. If we choose a local trivializa-
tion of the bundle with coordinates ¢ = (r,g) € (Q/G) x G (locally), the
conservation law becomes

A(Q) g = Adg(gilg + Aloc(r)f’) = (Adgﬂgi(T)Ad;) T
where I, is the local expression for the locked inertia tensor written as
a function over @Q/G. Rearranging this equation, we see that the group
variables evolve according to

g =g (=Apc(r)r +Q) (5.5.16)

where 2 = 1[1;(1: (r)p is the body angular velocity and where p = Ad; -1 is the
body angular momentum. Note that the variables p (or Q if one is doing
the Lagrangian point of view) are to be included amongst the variables in
the reduced phase space. Thus, given a path r(t) in the base variables, a
motion in the body angular momentum (p) space or velocity (£2) space, and

an initial condition for the group variables, we can reconstruct the motion
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in the group and hence on the entire space, as in Marsden, Montgomery,
and Ratiu [1990]. Finally, we reiterate a basic fact from this discussion:
the body angular velocity Q@ = & + Aie(r)r (where & = g=1g) is the local
representative of the vertical part of the velocity vector q.

If nonholonomic constraints are present, it is still possible to reconstruct
the path in the group variables given the path in the base. This is use-
ful in control applications since it allows us to study the motion of the
system without considering the full equations of motion. We break the fol-
lowing discussion into three cases: purely kinematic constraints, horizontal
symmetries, and the general case. The purely kinematic case occurs when
the constraint distribution complements the symmetry group orbit. In this
case, it is clear that we do not get any nontrivial components to the momen-
tum equation and that the constraint distribution itself defines a principal
connection.

The Principal or Purely Kinematic Case. Recall that a set of non-
holonomic constraints is said to be purely kinematic if the constraints define
a connection on a principal bundle and that this situation occurs when the
constraint distribution is G-invariant and the tangent space to the group
orbit forms a complement to the constraint distribution; that is, the sub-
bundle with the fibers S, = D,NT,(Orb(g)) = {0} for all ¢ € Q. What this
really means is that there are no momentum equations in this case and that
correspondingly there is no analogue of the body angular momentum or ve-
locity, as there was in the preceding discussion of unconstrained systems.
In particular, relative to a local trivialization ¢ = (r, g) the constraints can
be written as

Al = [Adylg™9 + Aucl)D)] =0
The motion in the fibers is thus given by
g = _gAloc(r)’r.‘

and we can reconstruct the group motion given the trajectory in @Q/G.
In this case, as we saw previously, the equations reduce to second order
equations for r; that is, to second order equations on @)/G. The motion on
the full space is then determined by the solution to these reduced equations
followed by first order equations for the group variables.

This can be said a slightly different way: in the case of purely kinematic
constraints, the kinematic connection replaces the mechanical connection
to determine the motion in the fibers. This situation occurs only when the
constraint distribution D and the vertical subspace T,(Orb(g)) are such
that T,Q = T,(Orb(q)) & Dy, so that D, can be taken as the horizontal
space for a connection. Thus the conservation law which would govern the
motion in the group variables if no constraints were present is replaced
by the motion dictated by the constraints. See Koiller [1992] for a further
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discussion of the purely kinematic case, including a description of reduction
in that context. This reduction result can be obtained as a special case of
the results of Cendra, Marsden, and Ratiu [2001b], where it is shown how
to reduce the horizontal part of the variational principal relative to any
connection.

The Case of Horizontal Symmetries. A second case in which it is
possible to lift the motion from the base /G to the fibers using a connec-
tion is when there are enough horizontal symmetries such that they and the
constraints interact in a complementary fashion. This situation occurs, for
example, when there is a subgroup of G whose action on the configuration
space satisfies the constraints. We call a symmetry of this type a horizontal
symmetry (relative to the kinematic constraints). When horizontal symme-
tries are present, the motion in the group variables can be reconstructed
by combining the kinematic constraints with the conservation laws corre-
sponding to the horizontal symmetries. This is the case for the ball on the
rotating plate.

We begin by restricting ourselves to the case when D, + T,(Orb(q)) =
T,Q for all ¢ € @ and we assume that there exists a a subgroup H C G
such that {g € D for all £ € h and D, N T,(Orbg(q)) = T,(Orby(g)). We
call H the group of horizontal symmetries and define the momentum map
Jg :TQ — h* C g* as

(Jr(vg), §) = (FL(vg), €@) £ €D

For a Lagrangian of the form kinetic energy minus potential energy we can
write the generalized momenta as linear functions of the velocity and these
generalized momenta are constant along solution curves since £€4 = ¢ € b is
constant. Thus we have

(Ju(q) - ¢,€) = (m.&)  €€bh

where 1 € h* is a constant and we see that the generalized momentum has
the form of an affine constraint

Ju(q) -4 = p. (5.5.17)
To reconstruct the motion in the fibers, we build a connection on Q —

Q/G by augmenting the kinematic constraints with the conservation law.
Let I(q) : h — b* be the locked inertia tensor relative to §, defined by

I()&m) = (€a:me))  &meb.
We define a map A%™ : TQ — S as

A (vg) = (I71(q) T (vq)) o (5.5.18)
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and the conservation law (5.5.17) can be rewritten as an affine constraint
A (g) = (I ()n) . (5.5.19)

The one-form A®Y™ takes values in S; = T,(Orbg(¢)) and is equivariant
with respect to the full group action since the kinetic energy metric is
invariant and the momentum map is equivariant. It also follows from the
definition of the momentum map that A%Y™ is a projection onto S and
hence it maps vectors on S; to themselves.

By assumption, the constraint distribution D is invariant and if we choose
a subspace U, C T,(Orb(q)) such that T,(Orb(q)) = U, ® S, then we can
represent the constraints using a U valued one-form A" : TQ — U, where
AKI™ satisfies the following conditions:

A¥n(y,) =0 if and only if v, € D,
Alin () = v, forall v, €U, (5.5.20)
(I)Q*Akin — Akin(I)g*.

We now combine the two mappings to form a new mapping A : TQ —
T Orb, where T Orb denotes the union of the tangent spaces to the group
orbits, that is, to the vertical bundle for the projection @ — Q/G, as
follows:

A= Akin p gsvm, (5.5.21)

The mapping A : TQ — T Orb is an equivariant Ehresmann connection
on the bundle Q — Q/G and hence we can write

A(vg) = (A(vg))qs

where A : TQQ — g is a principal connection. To see that A is an Ehres-
mann connection it suffices to show that it is a projection on U, and ;.
This follows immediately from the fact that A™ and AX™" are equivariant
projections onto S and U respectively and T;,(Orb(q)) = S; & U,. Equivari-
ance follows directly from the equivariance of U, and S; and the existence
of A follows from general properties of equivariant Ehresmann connections.

5.5.9 Definition. We call the map A : TQ — T,(Orb(q)) defined by
equations (5.5.19)—(5.5.21) the nonholonomic connection (in the case
of horizontal symmetries).

Notice that the nonholonomic connection in the case of horizontal sym-
metries reduces to the kinematic connection in the purely kinematic case
and the mechanical connection in the unconstrained case. See Figure 5.5.1

The overall motion of the system satisfies

Ag) - 4= (T g)n)e (5.5.22)
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constraint space = D g
T,0rb(q)

' = horizontal lift of #

horizontal space for the
nonholonomic mechanical
connection

FIGURE 5.5.1. The decomposition of ¢ into vertical and horizontal pieces relative to the

nonholonomic connection.

which has the form of an affine constraint. The locked inertia tensor relative

to b satisfies
I(g - q) = Ady-11(q)Ady-

and hence in general the affine part of the constraint (5.5.22) is not equiv-
ariant since

I (g - ) = AdgI " (q)Adyp # Ady (I (g)p).

This lack of invariance of the affine portion, as in the unconstrained case,
would cause problems in the construction of a principal connection if one
tried to make full use of the conservation laws by holding p fixed. On the
other hand, the actual reduced variables correspond to the body angular
velocity or momentum, and in these variables, equivariance is restored. Let
us be more specific: Equation (5.5.22) describes how to lift paths from the
base space /G to the full space ). This is most easily seen relative to a
local trivialization ¢ = (r, g), where the constraints can be written as
A(q) - 4= Adg(g7" g+ Awc(r)r) = Adgl L (r)Ad}

loc

where Adg]Ilf)i(T)Ad;,u is the gP-valued function associated with the con-

stant momentum p € h*. This equation can be rewritten as
9= 9(—Aioe(r)i + Te (r)Adyp)
which shows how the path r(¢) € Q/G lifts to the fibers.
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Noting that Ad;u = p is the body angular momentum and ]Ilz)i(r)p =0
is the corresponding body angular velocity, which may be regarded as a
dynamical variable in its own right, then the reconstruction equation takes
the form

9= g(=Aioc(r)r + Q). (5.5.23)

This equation again has the form § = g¢ and where £ = —Ajo.(r)7 + Q has
been determined by equations of motion that themselves are independent of
the group variable. This form, rather than the form in which the momentum
has been set equal to a constant shows the decoupling from the group
variables most clearly. As we saw before, and will do more generally below,
it is the variable ¢ rather than the body angular velocity variable that
evolves by means of a component of the Euler-Poincaré equation. On the
other hand, it is 2 that is the vertical variable relative to the nonholonomic
connection

vergq = Q = Ao (r)r + g kg,

which is an instance of the general coordinate expression for the vertical
part of a principal connection. As we shall see in a moment, this point of
view generalizes to the case of nonhorizontal symmetries.

The preceding equations only hold when D,+T;(Orb(g)) = T,Q and D,N
T,(Orbg(q)) = T4(Orbg(q)). If we drop the second restriction, then the
reconstruction procedure must be modified to account for the interaction
between the constraints and the symmetries. The developments below will
include this more general situation.

Finally we end with a notational remark. In the general nonholonomic
case, as we have seen, the momentum map need not be conserved. In any
case, even if it is, the momentum in body representation, p is not constant.

The Nonholonomic Connection

We now consider the most general case, where the symmetries are not
necessarily horizontal. Although it is not needed for everything that we
will be doing, the examples and the theory are somewhat simplified if we
make the following assumption:

Dimension Assumption. The constraints and the orbit directions span
the entire tangent space to the configuration space:

Dy + T4(Orb(q)) = T,Q (5.5.24)

If this condition holds, we shall say that we are in the principal case.

In this case, the momentum equation can be used to augment the con-
straints and provide a connection on Q — Q/G. Let J*'¢ : TQ — (gP)*
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be the nonholonomic momentum map,
<Jnhc(q) ! Qa €q> = <]FL3 52?>
and define, as before, a map A3™ : T,Q — S, = D, NT,(Orb(q)) given by

AT (0,) = (I7L™(0,)g (5.5.25)
This map is equivariant and a projection onto S;. Here I : gP — (gP)* is
the locked inertia tensor relative to gP; it is defined in the same way as
before.

If we now choose U, C T,(Orb(g)) such that T;(Orb(q)) = Sy & U, then
we can synthesize a connection which encodes both the constraints and
the momenta, as before. Let AX™ : T,Q — U, be a U, valued form that
projects U, onto itself and maps D, to zero; for example, it can be given
by orthogonal projection relative to the kinetic energy metric (this will be
our default choice). The constraints plus momentum equation can thus be
written as

Akn(g).¢ = 0 (constraints)
q

A¥(q) ¢ = (I7(@)p)e (momenta),

where p € (gP)* is the time dependent momentum defined by
p= <Jnhc(q) : qa§q> .

5.5.10 Definition. Under the dimension assumption in equation (5.5.24),
and the assumption that the Lagrangian is of the form kinetic minus po-
tential energies, the nonholonomic connection A is the connection on
the principal bundle Q@ — Q/G whose horizontal space at the point ¢ € Q
is given by the orthogonal complement to the space S, within the space Dy.

Under the assumption that the distribution is invariant (condition (S1)),
and from the fact that the group action preserves orthogonality, it follows
that the distribution S and the horizontal spaces transform to themselves
under the group action. Thus, we get:

5.5.11 Proposition. Under the assumptions in the previous definition
and the condition (S1), the nonholonomic connection is a principal con-
nection.

Using the preceding expressions, an expression for the nonholonomic con-
nection as an Ehresmann connection (and hence also as a principal con-
nection) is given by our earlier calculations. In fact, one can readily check
that the following proposition holds:
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5.5.12 Proposition. The nonholonomic connection regarded as an Ehres-
mann connection is given by

A= Akn . gsym, (5.5.26)

When the connection is regarded as a principal connection (i.e., takes values
in the Lie algebra rather than the vertical space) we will use the symbol A.

The nonholonomic connection defined here agrees with the definition in
the horizontal case. (In making this comparison, note that in the general
definition of the connection, we do not fix the value of p but rather let it
be determined by the point v, at which the connection is evaluated.)

The affine constraint A(q)-¢ = (I"*(g) - p)g describes the lifting of paths
from the base. The formula for the nonholonomic connection is given in
terms of A¥™ which depends on the choice of complement U, to Sy within
the tangent space to the orbit. However, it is easily seen that A : TQ —
T Orb is independent of this choice, as it must be since the definition of
the nonholonomic connection was manifestly independent of this choice.

Special Cases. Various special cases can be conveniently classified by
the generic and extreme ways the subspaces in the preceding figure in-
tersect. For example, the purely kinematic case is when the space S, is
zero dimensional. The extreme case in which the tangent space to the or-
bit is a subset of the space of constraints is itself an extreme case of that
of horizontal symmetries, etc. These different cases we have discussed are
summarized in Table 5.5.1.

Case Conditions Connection
Unconstrained D, =T,Q A (q) =T-1J(4)
Purely kinematic | D, N T,(Orb(q)) = {0} AKn(g) =0
Horizontal D, NT,(Orbe(q)) AV () + AR (§)
symmetries = T,(Orbg(q)) =T"1Ju(q)
General principal | D, + T,(Orb(q)) = T,Q | A¥™(4) + AX1(g)
bundle case = [-1Jmhe(q)

TABLE 5.5.1. Special cases of the nonholonomic connection (principal case).

In addition to these possibilities, one can also consider the case where
D, + T,(0rb(q)) # T,Q. When this happens the base space for the Ehres-
mann connection can no longer be chosen as Q/G and hence a bigger base
space must be chosen. However, the basic constructions still hold with the
momentum augmenting the constraints to give a synthesized connection.

Within this overall framework, reduction is also possible in certain cases.
For example, in the purely kinematic case, Koiller [1992] showed that the
dynamics of the system drop to the base space Q/G. Similarly, in the
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case of horizontal symmetries, we have discussed the situation above. The
general case will be discussed below and the reduced equations computed.
In the general case, the reduced equations will define a dynamical system
on the space D/G, and the reconstruction problem, which we have largely
discussed already, will be the problem of lifting the dynamics from D/G
back to the space D C T'Q.

5.8 Computation of the Reduced Lagrange
d’Alembert Equations

Here we compute explicitly the nonholonomic equations on the reduced
space D/G. The strategy is to explore the equations of motion, split accord-
ing to the nonholonomic connection that was constructed above. Through-
out this section we make the dimension assumption of §5.7 of the main text,
so that the nonholonomic connection is a principal connection. Without this
assumption, one would have to assume an additional bundle structure. We
avoid this for simplicity and because the dimension assumption holds in all
our examples and other related ones we know about (such as the bicycle,
the rolling ellipsoid, etc.).

The Momentum Equation in an Orthogonal Body Frame. We
shall first compute the reduced form of the momentum equation that will
be one of the sets of equations comprising the reduced Lagrange d’Alembert
equations. This splitting of the equations is associated with breaking up the
variations that go into the Lagrange d’Alembert principle into vertical and
horizontal parts relative to the nonholonomic connection. To do this, we
make the assumption, that the initial Lagrangian is of the form of kinetic
minus potential energy; in particular, the metric structure defined by the
kinetic energy will be used. Using the kinetic energy metric, we choose our
moving basis e.(q) to be orthogonal; that is, the corresponding generators
[ec(q)]o are orthogonal in the given kinetic energy metric. (Actually, all
that is needed is that the vectors in the set of basis vectors corresponding
to the subspace S; be orthogonal to the remaining basis vectors.) The
metric tensor will be denoted by g;;.

We begin by recalling the decompositions defined by the nonholonomic
connection described earlier. Given a velocity vector ¢ that satisfies the
constraints, we orthogonally decompose it into a piece in S; and an or-
thogonal piece denoted 7. We regard 7" as the horizontal lift of a velocity
vector 7 on shape space; recall that in a local trivialization, the horizontal
lift to the point (r,g) is given by

i = (F, = Awe) = (P, —AL*)

where A% are the components of the nonholonomic connection (recall that
it is a principal connection) in a local trivialization.
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We will denote the decomposition of ¢ by

i =Qq(q) + 7",

so that for each point ¢, w is an element of the Lie algebra and represents the
spatial angular velocity of the locked system. Note that in this expression,
the constraints are implicitly included. In a local trivialization, we can
write, at a point (r, g)

Q= Ady(Qoe)

so that Q. represents the body angular velocity. Thus,
Qloc = -Aloc'f' + §
and, at each point ¢, the constraints are that  belongs to g4, i.e.,

Q € span{ei(r),ea(r),...,em(r)}.

As noted above, the vector 7" need not be orthogonal to the whole orbit,
just to the piece S;. Even if ¢ does not satisfy the constraints we can
decompose it into three parts according to the figure and write

q = Qqlg) +7" = Q' (a) + Qg (g) + 7",

where Q‘éh lies in the space &;, that is, it satisfies the constraints, and is
perpendicular within 7, Orb to Qé The relation Qo = Ajoer + & is valid
even if the constraints do not hold; also note that this decomposition of
Q corresponds to the decomposition of the nonholonomic connection given
by A = AK» 4 Asym,

We begin with the momentum equation in body representation, which
we recall here for convenience:

d /ol Oey .
P = <E)§’ €, ep] + ra’ > . (5.8.1)

This equation is one of the reduced equations since it manifestly decouples
from the group variables. We shall now work out this equation in coordi-
nates.

As above we make the following index and summation conventions

1. The first batch of indices range from 1 to m corresponding to the
symmetry directions along constraint space. These indices will be
denoted a, b, ¢, d, ... and a summation from 1 to m will be understood.

2. The second batch of indices range from m + 1 to k corresponding to
the symmetry directions not aligned with the constraints. Indices for
this range or for the whole range 1 to k will be denoted by a’, ¥, ¢/, ...
and the summations will be given explicitly.
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3. The indices a, 3, ... on the shape variables r range from 1 to o. Thus,
o is the dimension of the shape space Q/G and so ¢ = n — k. The
summation convention for these indices will be understood.

We shall need the following calculation:

5.8.6 Proposition. In a local trivialization we have

k k
81 Lo c a -«
<6€777> — Iac(r)ﬂanc + Z )\a’oﬂ?a 7Y = pen + Z >\a/a77 re.

a’'=m+1 a’=m+1
(5.8.2)

In this equation, the partial derivatives of I are evaluated at a point (r,7,§)
satisfying the constraints (that is, the corresponding Qoc = & + Ajoct lies
in g7) and n is an arbitrary element of g. Also,

Py = Lap(1)Q°,

where Iy, (1) are the coefficients of the locked inertia tensor I (r) in a local
trivialization (recall from the last section that the locked inertia tensor has
indices that range only over the first batch), and where

k
= l / Z l ’b' = i — Z LAH (583)
a [ a’ o 85“’87‘“ e 85“'85”' >

b=1

forad =m+1,... k.

Proof. We denote the kinetic energy metric on 7,Q by ((, )),- The corre-
sponding metric on g restricted to the subspace g? gives the locked inertia
tensor as we saw before.

The kinetic energy is given as follows, without the assumption that ¢
satisfies the constraints:

K(q,4) = %((Q“h+QQ+r L+ QG+ )
%<<th th>> _|_<<Q$’7Ah>>
% (% 2), + 3 <<7" ), (5.8.4)

where we have suppressed the ¢ dependence of Q¢(g) for simplicity.

Now we pass to a local trivialization and remove the explicit g depen-
dence. We change variables to (r,7, Q) by the transformation Q = £+ Ajoer,
which is valid even if the constraints are not satisfied. The partial deriva-
tives with respect to €2 equal those with respect to £ (evaluated at the
corresponding points).
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To form the reduced Lagrangian, we substitute 7" = (#¢, —.A27%) into
the second term and arrive at

k k
1 a c a' e a' C/ el
5 1ac2Q + I I e N T o A L

a’=m+1 a’,c/’=m+1

where Q% and Q% are the components of Q™ and QL respectively, where
the subscripts on the | denote the corresponding partial derivatives, as
above, and where  corresponds to the last two terms in (5.8.4), which will
vanish when the partials are taken with respect to Q at Q+ = 0. It should
now be clear that the derivatives of this expression evaluated at Q+ = 0
are as stated in the proposition. |

The coefficients A, measure the failure of the horizontal space for the
nonholonomic connection to be orthogonal to the tangent space to the
orbit.

Next, for each b such that 1 < b < m, we write out the components of
the remaining expression in (5.8.1):

dey .o . Oey .o
[67 eb] + a?’r - [Q Alocra eb] + %7‘

k k
/ / !
= 5 Co Q% — g ConAg 7%ee
/=1

a’,c'=1

k
+ ) e (5.8.5)

c'=1

where the symbols such as C’g;b are the corresponding components of the
structure constants in the given basis and where we have written

k
aeb <!
FE > Yinee (5.8.6)
/=1
and
k
At = > AL %eq. (5.8.7)
a’'=1

Substituting (5.8.2), (5.8.5), (5.8.6) and (5.8.7) into (5.8.1), we arrive at
the following.

5.8.7 Proposition. The momentum equation in an orthogonal body frame
s given as follows:

d
= C I Depy + Dip 7D 4 Dappi 7P, (5.8.8)
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where
k k
Dga = Z _Cg’b'Agc/ + ’Ylfa + Z Aa’anll)Iaca (589)
a’=1 a’=m+1
k
Dagp= D Awa (—Cldl+115). (5.8.10)
a’=m-+1

In the case of the snakeboard, the subspace g? is one dimensional as we
shall see, and the following corollary applies.

5.8.8 Corollary. If the subspace g? is either one dimensional or abelian,
then the first term on the right hand side of (5.8.8), which is quadratic in
P, 1S zero.

Another notable special case is the following, which will be used in the
example of a constrained particle in R? to produce a nontrivial parallel
transport equation.

5.8.9 Corollary. If g is abelian, and if the horizontal space is (kinetic
energy metric) orthogonal to the group orbit, then the momentum equation
is in the form of a parallel transport equation over the curve r(t) in shape

space:
d

%pb = Vgafapv

We observe that the parallel transport form of the equations is charac-
terized by the vanishing of the terms in the momentum equation that are
purely quadratic in 7 and in p. This situation is important in understanding
the complete integrability of some systems, such as Routh’s problem of the
rolling ball in a surface of revolution; cf Zenkov [1995].

The Reduced Equations. We now are in a position to put several parts
of the preceding discussions together. As we saw above, the momentum
equation in body representation decouples from the group variables them-
selves, which is important for the reconstruction strategy. On the other
hand, this is a local representation for the intrinsic equations on the space
D/G. As we mentioned before, it is convenient to write them in local rep-
resentation in terms of the variables 2 and 7 for several reasons:

1. This split of the equations corresponds to a global intrinsic split of
the Lagrange—d’Alembert principle according to the nonholonomic
connection (we emphasize that there is some freedom here; other
connections can be used in its place).

2. This split enables us to use the (locked) body angular velocity 2
as a basic variable instead of ¢ since it has better diagonalization
properties for the kinetic energy and will ultimately be more useful
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for purposes of stability analyses; these two variables are related by
the velocity shift given by the nonholonomic connection:

Qloc = -Aloc"; + 5

We will show that the equations of motion can be written (using a local
trivialization) as three systems of equations, namely

e The constraint equations

e The reduced Euler-Lagrange equations using the nonholonomic con-
nection for the variable r

e The momentum equation (of Euler-Poincaré type) in body represen-
tation.

We formulate the reduced Lagrange—d’Alembert equations under the as-
sumptions of Proposition 5.5.11. In this context, the Lagrange—d’Alem-
bert principle may be broken up into two principles by breaking the vari-
ations dq into two parts, namely parts that are horizontal with respect
to the nonholonomic connection and parts that are vertical (but still in
D). We will use as variables, (r*, 7%, Q%) where (r,7) are variables in
the base and where ) is the vertical part (the locked body angular ve-
locity). Let l.(r,7,Q) denote the reduced Lagrangian written in terms
of these variables as before; the subscript ¢ is used to indicate the fact
that Q is confined to the constraint subspace g9. Use the orthogonal ba-
sis e1(r),e2(r), ..., em(r), emi1(r), ... ex(r) introduced for the momentum
equation in body representation (recall that this means that the first m
elements are orthogonal as are the second k —m elements but that the two
sets need not be orthogonal to each other). Let

. ol,
py(r, 7, Q) = <aQ,eb(r)>, b=1,...,m.

(We repeat here the earlier statement of this result.)

5.8.10 Theorem. The following reduced nonholonomic Lagrange-
d’Alembert equations or Lagrange-d’Alembert-Poincaré equations
hold for each 1 < a <o and1<b<m:

d ol. 0l ored ¢ bd e .3
T ore " pra = ppa Pepa = Dial ™ pepa — Bogper

- Dﬁablbcpc";ﬁ - Kocﬁ'y"ﬂiﬁa

= 1" pepa + Dippet™ + Dopyi 7.

Here l.(r®, 7%, p,) is the constrained Lagrangian; r*,1 < « < o, are coordi-
nates in the shape space; pq, 1 < a < m, are components of the momentum
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map in the body representation, pg = (0l./0Noc, €a(r)); 1°¢ are the com-
ponents of the inverse locked inertia tensor; Bfw are the local coordinates
of the curvature B of the nonholonomic connection A; and the coefficients
Di.s Doy, Kapy are given by the formulae

ba’

k k
Diy = —Cop AL 495+ D AwaClI™,

a’=1 a’=m-+1
k k
D= 3 (i Yootk
a’'=m+1 b =1
k
Kocﬁv = Z )\a'ng@,
a’'=1
where
k k
/ ol ol /
_ _ v _ b
)\a’a - la/a blz::lla/b’Aa - 85“’87"“ b,z::l 650‘/85[)/ Aa
fora’ =m+1,...,k. Here C%,, are the structure constants of the Lie al-

gebra defined by [eq,e] = Cgic/eb/, a b, =1,...,k; and the coefficients
Vi, are defined by

aeb k <!

ore > Yialer

c'=1

Proof. The second set of equations, which are the momentum equations,
were derived in the preceding proposition. To get the first set of equations,
one can proceed in three ways. First, one can invoke the calculations for
the motion relative to a general Ehresmann connection, restricting oneself
to the variations that are horizontal; this is a straightforward, although
somewhat tedious calculation. Alternatively, one can make use of the hor-
izontal part of the calculations in Marsden and Scheurle [1993b], which as
we remarked, are valid for any choice of connection. In particular, one can
use the nonholonomic connection. A third method is to write the equations
in a “vector” form similar to those for the momentum equation in body
representation that we derived earlier by using the local form of the equa-
tions regarding the momentum terms as affine constraints (see equation
(5.2.9) of the text):

—5lc = — <g§, dA]OC(f, (57’) - [.Aloc(f‘), A]OC(&”)]>

— <g§, (D]Ilgip)(ar)> . (5.8.11)
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When these equations are converted to coordinate form and the basic dy-
namical variables are taken to be (r,7,Q = Hgip), one recovers the coordi-
nate form above. n

The above equations become the reduced Euler-Lagrange equations, also
called the Lagrange-Poincaré equations in case there are no constraints. No-
tice also that the reduced equations are decoupled from the group variables,
which is important for the reconstruction process. We summarize what we
have already established on reconstruction as follows:

5.8.11 Proposition. The group variables are reconstructed by means of
the equation

g=9-§
where & = Q — Ajper.

Of course we could also write this equation in terms of the nonholonomic
momentum py. As before, let A : T'Q — g be the Lie algebra valued one-
form corresponding to A, : T,Q — T,(Orb(g)). Since the nonholonomic
momentum map is equivariant, we can write it in a local trivialization, as
before:

Jnhc(gv T, 9, ’I“) = Ad;*l (Jlrtl)léc(n T, 5))

This is a form similar to that for the local expression for a connection and
its curvature. Then the reconstruction equation becomes

g= g(_-Aloc(r)”; + Hl?)i (T)p)

where Ajo. : T(Q/G) — g is the local version of A and I,_} is the local
version of the locked inertia tensor, as was defined before.

Note that ¢ depends linearly on 7 and also linearly on p. In the case of
horizontal symmetries, the term —Aj,.7 defines the geometric phase and
the term Qe = ]Ilf)i(r)p := I'(r)p determines the dynamic phase. We adopt
the same terminology in the general case. If the dynamic phase term is
zero then the motion in the group variables is determined solely by the
path in the base space, not its time parametrization. On the other hand,
the dynamic phase determines the motion of the system when » = 0 and
hence corresponds to unforced motions of the system. For a system with
horizontal symmetries, p is a constant.

As we have shown, it is possible to choose a basis of sections for S, = D,;N
T,0rb such that the momentum map and the locked inertia tensor is group
invariant (independent of g). This was also shown by Ostrowski, Burdick,
Lewis, and Murray [1995] , who write the momentum and reconstruction
equations in the form

g =g(—Awe(r)i +1(r)"'p)
p=o(r,7,p)



48 5. Nonholonomic Mechanics

To reiterate, the reconstruction process now decouples as follows: given
an initial condition and a path in the base space, we first integrate the
momentum equation to determine p(t) for all time. We then use r(t) and
p(t) to determine the motion in the fiber. This decoupling is only possible
when p is independent of g, since otherwise the equations for p and g are
coupled. Of course, this whole process can be read in many different ways
depending on the dynamics and control objectives.

The intrinsic geometry of the Lagrange-d’Alembert-Poincare equations
is studied in detail in Cendra, Marsden, and Ratiu [2001b]

5.9 The Lagrangian and Hamiltonian
Comparison.'

This section compares the Hamiltonian approach to systems with non-
holonomic constraints (see Weber [1986], Arnold, Kozlov, and Neishtadt
[1988], and Bates and Sniatycki [1993], van der Schaft and Maschke [1994]
and references therein) with the Lagrangian approach (see Koiller [1992],
Ostrowski [1995] and Bloch, Krishnaprasad, Marsden, and Ratiu [1996]).
There are many differences in the approaches and each has its own ad-
vantages; some structures have been discovered on one side and their ana-
logues on the other side are interesting to clarify. For example, the mo-
mentum equation and the reconstruction equation were first found on the
Lagrangian side and are useful for the control theory of these systems, while
the failure of the reduced two form to be closed (i.e., the failure of the Pois-
son bracket to satisfy the Jacobi identity) was first noticed on the Hamil-
tonian side. Clarifying the relation between these approaches is important
for the future development of the control theory and stability and bifur-
cation theory for such systems. In addition to this work, we treat, in this
unified framework, a simplified model of the bicycle (see Getz and Marsden
[1995]), which is an important underactuated (nonminimum phase) control
system.

Review of the Hamiltonian Formulation. Bates and Sniatycki [1993],
hereafter denoted [BS], developed the Hamiltonian side, while Bloch, Kr-
ishnaprasad, Marsden, and Murray [1996], hereafter denoted [BKMM], ex-
plored the Lagrangian side and that approach has been reviewed in the
preceding sections. It was not obvious how these two approaches were equiv-
alent because, for example, [BKMM] developed the momentum equation
and the reduced Lagrange-d’Alembert equations and it is not obvious how
these correspond to the developments in [BS]. Our aim is to establish links
between these two sides and use the ideas and results of each to shed light

I This section is based on Koon and Marsden [1997b]
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on the other, with the goal of deepening our understanding of both points
of view.

We illustrate the basic theory with the snakeboard, the well known ex-
ample treated in [BKMM].

The approach of [BS] starts on the Lagrangian side with a configuration
space Q and a Lagrangian L of the form kinetic energy minus potential
energy, i.e.,

La.d) = 5{{d.0) — Via),

where ((, )) is a metric on @ defining the kinetic energy and V is a po-
tential energy function. We do not restrict ourselves to Lagrangians of this
form.

As above, our nonholonomic constraints are given by a distribution D C
TQ. We also let D° C T*(Q denote the annihilator of this distribution.

As above, the basic equations are given by the Lagrange-d’Alembert
principle.

The Legendre transformation FL : TQ — T*(@Q, assuming that it is a
diffeomorphism, is used to define the Hamiltonian H : T*Q) — R in the
standard fashion (ignoring the constraints for the moment):

Here, the momentum is p = FL(vy) = 0L/0q. Under this change of vari-
ables, the equations of motion are written in the Hamiltonian form as

.. OH
q'=5—
Ipi
. OH
Di = _aq’ + A11("')7?7
where i = 1,...,n, together with the constraint equations.

The preceding Hamiltonian equations can be rewritten as
ixQ=dH + \mHw?, (5.9.1)

where X is the vector field on T*@Q governing the dynamics, € is the canon-
ical symplectic form on T*Q, and g : T*Q — @ is the cotangent bundle
projection. We may write X in coordinates as X = qiaqi + PiOp, -

On Lagrangian side, we saw that one can get rid of the Lagrangian mul-
tipliers. On the Hamiltonian side, it is also desirable to model the Hamil-
tonian equations without the Lagrange multipliers by a vector field on a
submanifold of T*@Q. We do this in what follows.

First of all, we define the set M = FL(D) C T*Q, so that the constraints
on the Hamiltonian side are given by p € M. Besides M, another basic
object we deal with is defined as

F = (Tng) (D) c TT*Q.
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Using a basis w® of the annihilator D°, we can write these spaces as
M= {peT"Q|w*((FL)"}(p) = 0}, (5.9.2)

and
F={uveTT*Q| (mHw", u) = 0}. (5.9.3)

Finally, we define
H=FNTM.

Using natural coordinates (q*,p;,q%, p;) on TT*Q, we see that the dis-
tribution F naturally lifts the constraint on ¢ from T'Q to TT*Q. On the
other hand, the space M puts the associated constraints on the variable p
and therefore the intersection H puts the constraints on both variables.

To eliminate the Lagrange multipliers, we regard the Hamiltonian equa-
tions as a vector field on the constraint submanifold M C T*@Q which takes
values in the constraint distribution H. Next we recall from [BS] how to
construct these equations intrinsically using the ideas of symplectic geom-
etry.

A result of [BS] is that 4, the restriction of the canonical two-form §2
of T*@ fiberwise to the distribution H of the constraint submanifold M,
is nondegenerate. Note that 4 is not a true two form on a manifold, so
it does not make sense to speak about it being closed. We speak of it as
a fiber-restricted two form to avoid any confusion. Of course it still makes
sense to talk about it being nondegenerate; it just means nondegenerate
as a bilinear form on each fiber of H. The dynamics is then given by the
vector field X3 on M which takes values in the constraint distribution H
and is determined by the condition

iy, = dHy (5.9.4)

where dH7y is the restriction of dH g to H. We will be exploring the coor-
dinate meaning of this condition and its comparison with the Lagrangian
formulation in the subsequent sections.

Lagrangian Side. We now construct the geometric structures on the
tangent bundle T'Q) corresponding to those on the Hamiltonian side from
the preceding subsection and formulate a similar procedure for obtaining
the equations of motion. By doing this, it will be easier to made comparison
with the geometric constructions and analytic formulations in [BKMM].
First of all, we can define the energy function E simply as £ = H o FL
and pull back to T'Q the canonical two-form on 7% and denote it by Q.
We define the distribution C = (T'rg)~'(D) C TTQ, where 7¢ : TQ —
Q. In coordinates, the distribution C consists of vectors annihilated by the
form 75w
C={ueTTQ| (rHw* u) =0} (5.9.5)
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When C is restricted to the constraint submanifold D C T'Q, we obtain the
constraint distribution KC:
K=CnTD. (5.9.6)

Clearly M =FL(D) and H = TFL(K).
The dynamics is given by a vector field Xx on the manifold D which
takes values in IC and satisfies the equation

ix. Qi = dEx, (5.9.7)

where dEx and Qi are the restrictions of dED and Qp respectively to the
distribution K and where Ep and Qp are the restrictions of E and €p, to
D.

The Equivalence of the Hamiltonian and the Lagrange-d’Alembert
Formulations. The Lagrangian procedure on T'Q) formulated in the pre-
ceding subsection acts as a bridge between [BS] and [BKMM]. We can show
the correctness of the Lagrangian procedure given above by (carefully) in-
voking the results of [BS] (generalized to arbitrary Lagrangians and with
some gaps filled in), or by checking the methods against the results of
[BKMM]. We choose the latter method.

5.9.1 Theorem. Consider a configuration space Q, a hyperreqular La-
grangian L and a distribution D that describes the kinematic nonholonomic
constraints. The KC-valued vector field X on D given by the equation

ix, QU = dEx (5.9.8)

defines dynamics that are equivalent to the Lagrange-d’Alembert equations
together with the constraints.

Proof. Consider the following form of the equations: ¢x,, Q2am = dHq on
‘H; that is,
<7:XH QMa U> = <dHMa ’LL> )

for all u € H. If we rewrite this in the form (dHa — ix,, Qam, u) = 0, then
on the Lagrangian side, this is nothing but

(dEp —ix,(2)p,v) =0,
where v € K. With appropriate interpretations, this is equivalent to Lagrange-
d’Alembert principle:
d OL 0L .
—_— = — = 6 Y = 0
(dt g’ 3q’> (5)

w*(¢) =0

where w(dq) =0. N
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Example: The Snakeboard. As in §5.8, the snakeboard is a modified
version of a skateboard in which the front and back pairs of wheels are
independently actuated. The extra degree of freedom enables the rider to
generate forward motion by twisting their body back and forth, while si-
multaneously moving the wheels with the proper phase relationship. For
details, see [BKMM] and the references listed there. Here we shall include
some of the computations shown in that paper both for completeness as
well as to make concrete the nonholonomic theory.

The snakeboard is modeled as a rigid body (the board) with two sets
of independently actuated wheels, one on each end of the board. The hu-
man rider is modeled as a momentum wheel which sits in the middle of
the board and is allowed to spin about the vertical axis. Spinning the mo-
mentum wheel causes a counter-torque to be exerted on the board. The
configuration of the board is given by the position and orientation of the
board in the plane, the angle of the momentum wheel, and the angles of the
back and front wheels. Let (x,y,6) represent the position and orientation
of the center of the board, ¢ the angle of the momentum wheel relative
to the board, and ¢; and ¢- the angles of the back and front wheels, also
relative to the board. Take the distance between the center of the board
and the wheels to be r. See figure 5.9.1.

FIGURE 5.9.1. The geometry of the snakeboard.

In [BKMM], a simplification is made which we shall also assume here
namely ¢1 = —¢2, J1 = Js. The parameters are also chosen such that
J+ Jo + Ji + Jo = mr?, where m is the total mass of the board, J is the
inertia of the board, Jy is the inertia of the rotor and .J;, Jo are the inertia
of the wheels. This simplification eliminates some terms in the derivation
but does not affect the essential geometry of the problem. Setting ¢ = ¢1 =
— @9, then the configuration space becomes Q = SE(2) x S! x S! and the
Lagrangian L : TQQ — R is the total kinetic energy of the system and is
given by
1

. 1 . .. .
2mr292 + §J0w2 + Jorhf + J1 2.

1
L= §m(j:2 +9%) +

The Constraints. The rolling of the front and rear wheels of the snake-
board is modeled using nonholonomic constraints which allow the wheels
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to spin about the vertical axis and roll in the direction that they are point-
ing. The wheels are not allowed to slide in the sideways direction. The
constraints are defined by

—sin(f + ¢)i + cos( + @)y — rcos pf = 0 (5.9.9)
—sin(f — @)@ + cos(f — @)y + rcospf = 0 (5.9.10)
and can be simplified to
i = —r cot ¢ cos 06
7 = —rcot ¢ sin 66.

Since the constrained Legendre transform FL|D on the constraint sub-
manifold D and its inverse are given by
Pr = —mr cot ¢ cos 06
Dy = —mr cot ¢sin 06

po =m0 + Joip

pd, = J(ﬂb + J(]é
po =2J1¢
P _W+_JO cot ¢ cos 0(py — py)
,
T in6(py —
i R cot ¢sinB(ps — py)
§— Po Py
mr2 — Jy
= m"py — Jov
Jo(mr2 — Jp)
i Po
2J;°

the constraint submanifold M is defined by

M= {(xay797w7¢7pzapyap97pw7p¢) |

mr
Py = =T cot ¢ cos O(po — py), Dy
mr
=——  cot¢sind - :
mr2 — Jy ? (po =Py ).}

Notice that M may be thought of as a graph in T*@Q and we can use the
induced coordinates (z,y, 0, v, @, pg, py, Pe) as its local coordinates. Hence
the distribution H of M is

H = ker{dx + r cot ¢ cos 0df, dy + r cot ¢ sin db}

= span{— cot ¢ cos 00, — 7 cot ¢sin 00y, + 9, Oy, Oy, Opy, Op,,, Op,, }-
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The Hamiltonian. The corresponding Hamiltonian is given via the Leg-
endre transform by

1
Hzi 2 2
5 P2 +Py) +

—ps, + ;(pe )t 2
200" 2(mr? — Jy) vt

Now if we restrict the Hamiltonian H to the submanifold M, we get

2
mr 2 2 2
- t — -
2(mr? — Jy)? cot™ élpo = pu)” + oY
1 2 L,
+ 2(mr2 — JO) (pe pw) + 4J1p¢

Hp =

After computing its differential dH 4 and restricting it to H, we have

2

mr
AHr = — g7 ot #esc” (b0 — py)*do
2
o 2 _ B
+(mr2 AP cot” ¢(pg — py)(dpe — dpy)

1
)(Pe — py)(dpg — dpy) + Py dps.

- pydpy +
Jopw pw (mr2 — JO 2J1

The Two Form. After pulling back the canonical two-form of T*Q to
M, we have

Qm =dzx ANdpy + dy N dpy 4 dO A dpe + dip A dpy + do A dpg
= kdx A [csc? ¢ cos O(pg — py)de + cot ¢sin O(pg — py,)dO
— cot ¢ cos 0(dpg — dpy)]
+kdy A [csc? ¢sinO(pg — py )de — cot ¢ cos O(pg — py)do
— cot ¢ sin (dpg — dpy)]
+d0 A dpg + dip A dpy, + do A dpy,

where k = mr/(mr? — Jo). If we restrict Qaq to the distribution H, we get

Qy = —kr cot ¢ cos 0dO A [csc? ¢ cos B(py — Do)
+ cot ¢ sin 8(pg — py)dO — cot ¢ cos O(dpg — dpy)]
—kr cot ¢sin 0dO A [csc? ¢ sin 6(pg — py)do
—cot ¢ cos 8(pg — py)dO — cot @ sin §(dps — dpy)]
+df A dpg + dip A dpy + dé A dpg
=dO A [—kr cot ¢ csc? d(pg — py)de
+kr cot? ¢(dpg — dpy) + dpg] + dip A dpy, + dé A dpy.
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Equations of Motion. Notice that any vector field X is of the form
X =30y + 9y + 00 + Y0y + ¢ + PoOpy + PyOp, + Doy, -

But X3, also lies in H = ker{dx + r cot ¢ cos 0df, dy + r cot ¢ sin 8df} and
hence must be of the form

Xo =6(—r cot ¢ cos 0, —  cot ¢ sin 09, + Dp)
+ 10y + $Oy + Doy, + POy, + PO,
which gives us the first set of relationships
i = —rcotpcosf f
= —rcot¢sinb 0.
Moreover,
ix, Q¢ = — krcot ¢ csc? ¢(pp — pw)é deé + kr cot? qbé(dpg —dpy) + 6 dpg
+ ) dpy, + krcot g esc? ¢p(pg — py )P dh + ¢ dpg — kr cot? ppg df
—po df + kr cot® ¢py db — py db — py do,

and if equated with dH7; and after simplification, we have

cot ¢
hy = — 5.9.11
Do 2J1(1 — 77{22 Sin2 ¢)p¢<p9 pw) ( )
py =0 (5.9.12)
Py =0 (5.9.13)
A Po — Dy
0= .9.14
mr? — Jy (5.9.14)
i mrpy — Jope

= —-—-—m—_———— . -1
d) Jo(m’l“2 — J()) (5 9 5)
=2 5.9.16
o=57 ( )

Notice that the last 3 equations are nothing but the inverse of the con-
strained Legendre transformation FL|D written in local coordinates. The
first equation is equivalent to the momentum equation (discussed below and
in [BKMM]) written in Hamiltonian form and the 2nd and 3rd equations
are the reduced equations on the shape space, again in their Hamiltonian
forms.

Moreover, the corresponding Lagrangian procedure gives the equations
of the motion on the Lagrangian side as

Jo
mr?
Jotb + Jobfl = 0 (5.9.18)
2J16 =0 (5.9.19)

6 — cot gl + sin® ¢i) = 0 (5.9.17)
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and it can be shown that both systems of equations are equivalent via the
Legendre transform FL|D.

Nonholonomic Mechanical Systems with Symmetry Now we add
the hypothesis of symmetry to the preceding development. We have already
studied this situation from the Lagrangian side. Recall that the momen-
tum equation extends the Noether Theorem to nonholonomic systems by
deriving an equation for the momentum map that replace the usual con-
servation law. Recall that if the Lagrangian L is invariant under the group
action and that £9 is a section of the bundle gP, then any solution q(t) of
the Lagrange-d’Alembert equations must satisfy, in addition to the given
kinematic constraints, the momentum equation:

i nh(¢q(t) ) — 87[’ [d q(t) Y

g (7)) = 5o | ) g (5.9.20)
When the momentum map is paired with a section in this way, we will just
refer to it as the momentum. As we have seen earlier the nonholonomic mo-
mentum map may or may not be conserved. Recall also that this equation
can be conveniently written in body representation.

Recall that with the help of the nonholonomic mechanical connection,
the Lagrange-d’Alembert principle may be broken up into two principles by
breaking the variations d¢q into two parts, namely parts that are horizontal
with respect to the nonholonomic connection and parts that are vertical
(but still in D), and the reduced equations break up into two sets: a set
of reduced Lagrange-d’Alembert equations (which have curvature terms
appearing as ’forcing’), and a momentum equation, which have a form gen-
eralizing the components of the Euler-Poincaré equations along the sym-
metry directions consistent with the constraints. When one supplements
these equations with the reconstruction equations, one recovers the full set
of equations of motion for the system.

Hamiltonian Reduction. In working out the nonholonomic Hamilto-
nian reduction, [BS] also starts out with a simple nonholonomic mechanical
system. Recall that the Legendre transformation FL : TQ — T*Q is used
to define the constraint submanifold M C T*Q where

M =TFL(D). (5.9.21)
On this manifold, there is a distribution H
H=FNTM, (5.9.22)

where
F = (Tr) (D), (5.9.23)

and 7 : T*Q — Q. Also recall that 4, the restriction of the canonical
two-form Q of T*(@ to the distribution H of the constraint submanifold M,
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is nondegenerate and that the dynamics is given by a vector field X2, on
M taking values in ‘H and satisfies the equation

ixy 0 = dHyg (5.9.24)

where dHy, is the (fiberwise) restriction of dH g to H.

Now let G be the symmetry group of this system and assume that the
quotient space M = M /G of the G-orbit in M is a quotient manifold with
projection map p : M — M. Since G is a symmetry group, all intrinsically
defined vector fields and distributions push down to M. In particular, the
vector field X ¢ on M pushes down to a vector field Yﬂ = p«X M, and
the distribution H pushes down to a distribution p,H on M.

However, Q4 need not push down to a two-form defined on p,H, despite
the fact that 2 is G-invariant. This is because there may be infinitesimal
symmetry &uq that lies in H such that i,y # 0, To eliminate this
difficulty, [BS] restricts Q3 to a subdistribution U of H defined by

U={ueH|U(u,v) =0 forall veVNH}=HNVNH), (5.9.25)

where V is the distribution on M tangent to the orbits of G in M and is
spanned by the infinitesimal symmetries and (VNH)* is the Q-orthogonal
complement of (VNH). Clearly, i and V are both G-invariant, project down
to M and p,V = 0. Define H by

H = pld. (5.9.26)
It is proven in [BS] that

1. The vector field X4, which satisfies the above Hamiltonian equation
of motion (5.9.24) lies in the distribution U.

2. The restriction (% of 2 to the distribution ¢ pushes down to a non-
degenerate 2-form Q77 = p.{ly on H, which is modeled by the sym-
plectic space (WNH)-/(VNH)N(VNH)..

3. Furthermore,
ingg = dh, (5.9.27)

where h; = p.Haq is the pushdown of the restriction to M of the
Hamiltonian H and dhz; is the restriction of dhz; to H. This is be-
cause the equation ix,, 2y = dHy, restricted to U C 'H, vanishes on
vectors in V, and is G-invariant. Hence both sides push down to H.

Note that the original equations of motion are
ix,, Oy =dHy (5.9.28)

where H is a distribution in the constraint manifold M. After the reduction
of symmetry we obtain equations of the same type

i, QO = dhay, (5.9.29)

where H is a distribution in the reduced space M = M/G.
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Lagrangian Side. By using the Legendre transformation FL, we can
construct dual geometric structures on the tangent bundle T'QQ and for-
mulate a similar Lagrangian reduction procedure. This allows us to better
compare with the geometric constructions and analytic formulations on the
manifold @ in [BKMM], and in the course of doing this, we realize that
the requirement that the vector field Xy lies in the subdistribution U is
equivalent to the extended Noether Theorem; that is, that any solution of
the Lagrange-d’Alembert equations must satisfy the momentum equation.
We consider D as a constraint submanifold of T'(Q and then construct

the distribution
K=CNnTD, (5.9.30)

on TT(, where
C=(Trg) ' (D), (5.9.31)

and 7 : TQ — Q. Clearly D = (FL)~'(M),K = (I'FL)~'(H). The motion
is then given by a vector field Xx on the manifold D which takes values in
K and satisfies the equation

ix, Q= dEx, (5.9.32)

where dFx and i are the restrictions of dEp and €)p respectively to the
distribution K.

Now let G be the symmetry group of this system and assume that the
quotient space D = D/G of the G-orbit in D is a smooth quotient manifold
with projection map A : D — D. Since G is a symmetry group, all intrinsi-
cally defined vector fields and distributions push down to D. In particular,
the vector field Xp on D pushes down to a vector field Yﬁ = \Xp, and
the distribution /C pushes down to a distribution A& on D. Here we use
the push forward symbol A, to mean that the vector fields are A-related.

For the same reason as the Hamiltonian side, Qx need not push down
to a two-form defined on A, /C, despite the fact that Qi is G-invariant. We
can restrict Q to the subdistribution W of K defined by

W={weK|Q(w,v)=0forallveTNK}=Kn(TND)*, (59.33)

where 7 is the distribution on D tangent to the orbits of G in D and
is spanned by the infinitesimal symmetries. Clearly, W and 7 are both
G-invariant, W projects down to D and A\,7 = 0. Define K by

K= AW. (5.9.34)

Since the above constructions are dual to those in the Hamiltonian side,
we also have

1. The vector field Xx which satisfies the above equation (5.9.32) takes
values in the distribution W.
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2. The restriction yy of €, to the distribution W, pushes down to a
nondegenerate 2-form Qr = A on K, which is modeled by the
symplectic space (T NK)* /(T NK)N (T NK)*.

3. The reduced equations of motion are given by

ix O = dBg, (5.9.35)

where Eﬁ = A FEp is the pushdown of the restriction to D of the
energy function E. This is because the equation ix, Qx = dEx, re-
stricted to W C K, vanishes on vectors in 7, and is G-invariant.
Hence both sides push down to KC. All these will become clearer in
the subsequent computations.

The Equivalence of Hamiltonian and Lagrangian Reductions

5.9.2 Theorem. Consider a simple nonholonomic mechanical system
with symmetry and assume that it is in the principal case. Then the reduc-
tion procedure on T'Q gives the constrained reduced nonholonomic equations
of motion (as in [BKMM]).

Proof The first difficulty is how to represent the constraint submanifold
D C TQ in a way that is both intrinsic and ready for reduction. The
comparison with the geometric constructions in [BKMM] and the desire
to have the dynamics break up in a way that is ready for reconstruction
give hints that we should use the tools like nonholonomic momentum p
and the nonholonomic connection A in [BKMM] to describe the constraint
submanifold D

Recall that in [BKMM], the nonholonomic constraints together with the
basic identity of the nonholonomic momentum map are used to synthesis
a nonholonomic connection A and the nonholonomic constraints are then
written in the form

979 =—A(r)i +T(r)p, (5.9.36)
where p is G-invariant. Hence, the constraint manifold is nothing but
D ={(g9,r,9,7) | g = g(—=A(r)i + T(r))p)}. (5.9.37)

It is a submanifold in T'Q) and we can use (g,r,7,p) as its induced local
coordinates. Then, clearly, the corresponding coordinates for D = D/G are
(r,7,p). From now on, we will use A(r) to abbreviate AR (r).

The next difficulty is to find the corresponding representations for the
distribution K, the subdistribution 7 N X and its annihilator distribution
W where

W=Kn(Tnk)*. (5.9.38)

Recall that in [BKMM], a body fixed basis e,(g,7) = Ad, - €5(r) has been
constructed such that the infinitesimal generators (e;(g,7))qg of its first m



60 5. Nonholonomic Mechanics

elements at a point ¢ span S; = Dy N T,(Orb(g)). Assume that G is a
matrix group and e? is the component of e;(r) with respect to a fixed basis
{by} of the Lie algebra g where (b,)g = 94, then

(ei(9,7))q = g4ed0ge

Since K = (T't)~}(D) where D, is the direct sum of S; and the horizontal
space of the nonholonomic connection A", it can be represented in the
induced coordinates by

K = span{g}eldye, —g5 AL Oya + Opa, Di, Oy} (5.9.39)
Also, we have
T NK = span{gieddya}. (5.9.40)
To find the distribution W, we have to compute i, 2990 Qp, for all ¢ =
1,...,m. Since L is G-invariant, we have

oL oL
Qp = dg* /\d(ag )+d /\d(ara>
ol ol
_ a —1\b
=dg /\d((g )aagb>+d Ad(ara)

CAgh)h . al ol
= =gy gede" Mg+ (97 idg” /\d(afb)—i-d /\d(ar>.

Hence

. a(g=1) Al o(g~1) ol ol
_ ,a,f a f b
apel o, P = 93¢ agc a?bdg i T g pg 0 el g

oo L\ ol ol
(( T oy g>8€”d +d<8€f>)

agf T 89@ T al —1\a 6l
G ( %+ g1 ) g e+ (7))

I ol
( “fafb g )eds’ ”(agf))

d( D)= Clpmpel (971)edg".

= dp; — agf

Here, C? 7 Is the structural constants for the Lie algebra g and

ol
pi = Tffei'

Therefore, the subdistribution W C K is

ol

0
serdlel) = Cly e

be 6§b

W = ker {dpi H(g™h)2dg® } (5.9.41)
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Since the constraint manifold D has the induced local coordinates (g, r, 7, p),
any vector field Xp on the manifold D is of the form

XD = gaaga + f'aarpa =+ 7'"'0‘37:.1 —|—p23p1

If Xp lies in the distribution K, then we have § = g(— A7 + I'p). Moreover,
if Xp lies in the distribution W, then for each j, we have

.ol o€l a , ,
Dj — §d3 ir - gda£b§ ed—o ie., pj:<a€ [§7ej]+ej>
(5.9.42)

which gives the momentum equation. Therefore, any vector field X,y taking
values in W must be of the form

Xy = gg€%0ge + ¥ Opa + ¥ O + Pi0p,, (5.9.43)
where

E=—-Ar+TIp p; = < 6 NI +e]> (5.9.44)

Now we are ready to do the reduction. But before that, we need to
compute all the ingredients of the equation

ixe Q0 = dEx. (5.9.45)

Notice first that since E is G-invariant, we have

8L oL (9L
E= — L= 7% — L
aq 9g+9 T ora”
ol
@ 7 —1.
8{“5 ara”
After restricting it to the submanifold D, we have
ol ol ol
E Aa (Xe s Faz ; c A . lc
D = 86(1( 4+ 23 ) (afa aa€a>
ol _ ol
= I'p; e R
oge P o
Therefore,
ol [or -
dEp = — sdr® 4+ T dp;
P aga(arap Tt p)
; 02l 0%l 02l
I'p; | =—==dr® dre dp;
T (araaga "t Giagea ™ T gp,0e pf)

o & L. Bl al,
i <_drP < _diP dp; | — == < dp;.
o (arﬁaw "t oo oo > e o, P
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Furthermore,

ix,Op

aa()alc 3()3la
=956’ =5 g ag g5¢’! ag° oev %

ol
aefr —1
+g 3 ( ) d(afb)
0 ol 0 o\ .o 0 (0N “1Nb g a
(w(a&b) +8fa<a£b>’" o (68’)“) ™ edg
) o ol
100,047 0ra +5i0pi) <dr Nd <5a)>

ol ol
=¢1d (g7 ) + (o - 5 (ags) ) e

. ol
+ Z(?‘”aara +72 D0 +p;Opi) (d'l" Ad (a’ro‘ )) (5946)
Clearly, both sides of the equation
ix,Qx =dEg (5.9.47)

are G-invariant, and when restricted to the subdistribution W C K, they
vanish on the distribution 7 N C. This can be shown to be true either by
invoking how W has been constructed or by direct calculation, noticing

that when o
( Cla ébff - (a&)) (9 )edg® (5.9.48)

is paired Withﬁfef in 7 N K, it is equal to zero on W. Hence both sides
push down to K where

X = 1O + 70 + POy, (5.9.49)
with 5
pi = <a§ € el + el> : (5.9.50)

To find the remaining reduced equations, notice that the restriction of
(5.9.48) to the subdistribution spanned by {—gfA%dya + Ora, i, Dp, } is

equivalent to
—(ch ff O\ as e, (5.9.51)
fa oeb oga a
If we compute

) . az)) e (az)
(Cf“agbg <8§“ ASdr® +£%d dea

‘ ol
+ L(12 00+ Do +p; Op;) <d7‘ Nd (ara >)
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and equate its terms with the corresponding terms of dEE which is the
same as dFy, we have the following equations after some computations

d 816 alc b 3l d 81 . 8Ag 6Paipi
—_ — = — — %A% A® — el el 20 I
dt(a?““) ore o gi A aga( « " B T g

After plugging in the constraint & = —Ar + I'p and simplify, we get the
desired reduced equations

d (Ol l, ol . i
dt (8%&) Coore —8—?(3357«5 + Fpy), (5.9.52)
where
0Ab QAL
b o— o B b ga gc

Baﬁ T orB ora CacAﬂAa (5953)

bi
Fil = ?)F = CoaAaT ™. (5.9.54)

r]nOt

In an orthogonal body frame where we choose our moving basis ey (g, )
to be orthogonal, that is, the corresponding generators [e;(g,r)]o are or-
thogonal in the given kinetic energy metric (actually, all that is needed is
that the vectors in the set of basis vectors corresponding to the subspace
S, be orthogonal to the remaining basis vectors), the momentum equation
(5.9.42) can be written as (see [BKMM)])

d

5iPi = CLI" pjp1 + D],i°pj + Dagii 7, (5.9.55)

where
DI, = —CJ, A% + 7L, + AaraCf) 1V (5.9.56)
Dagi = Aara(—C4 AL + 7). (5.9.57)

Here ~;,, and Ay are defined by

865 c
= hace (5.9.58)
Aara = ol ol AL (5.9.59)

dEa e DY Db

Notice that while the summation range of a, b, ¢, d... are over all Lie algebra
element (1 to k). those over i, 7,1, ... are the restricted (constrained) range
(1 to m) and those over o', ¥, ... run from m + 1 to k (which correspond to
the symmetry directions not aligned with the constraints).

Similarly we can rewrite the above reduced Lagrange-d’Alembert equa-
tions as in Theorem 5.7.3 of the text.
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Remarks

1. A careful reading of the proof of Theorem 5.9.2 shows that the Hamil-
tonian reduction procedure still works as long as the constrained Leg-
endre transform FL|D is invertible. This is important because in some
examples like the bicycle the Legendre transform FL is singular, but
its restriction to the constraint submanifold D is invertible and the
Hamiltonian reduction procedure is also applicable.

2. In many examples like the snakeboard and the bicycle, the constraints
satisfy a special condition, namely, they involve only the velocities of
the group variables ¢ and are independent of the velocities of the
shape variables 7 (see equations (5.9.9) and (5.9.10)). Under this spe-
cial condition, the distribution X in equation (5.9.39) can be repre-
sented by

K = span{g3efdya, Oy, 0y, 0, }. (5.9.60)

This representation simplifies the computation for finding the reduced
equations because the restriction of the one-form (5.9.48) to the sub-
distribution K spanned by {0,,9:,9,} will equal to zero. Hence in
pushing down ix, Qp in (5.9.46) to K, we can simply omit the one-
form (5.9.48). Below we will use this simplified procedure for the
examples of the snakeboard and the bicycle.

3. Since the momentum equation is central to the theory of nonholo-
nomic mechanical systems with symmetry, we make a few additional
remarks about it. Before that, we state the following proposition:

5.9.3 Proposition. For a nonholonomic mechanical system with sym-
metry, we have

(cjt (2;) - g;) (&) = % ((qu) (§%>i> - g; (jtéq); (5.9.61)

where {1 € g?.

Proof: Choose a section of gP and apply the chain rule to give

d (oL, .\ d (9L . 0L o (d L\
dt <aqi (§é) > T dt (aqz) (gé) + o ((ng; )" + <dt€q)Q> .

Invariance of the Lagrangian implies that
L(exp(s§?) - q,exp(s€?) - ¢) = L(g, q).
Differentiating this expression and evaluating it at s = 0, we get

oL oL
¢ ¢t

) +

(T¢h - 4) = 0.
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oL ,
After eliminating the term W(T{‘?Q -¢)" from the above two equations, we
q

arrive at the desired result. W
The above equation can be rewritten as

(a8 - ixouio €)= 5 ((57) €) - 52 (jtg)Q (5.9.62)

where (£5)" € TN K and Tq((§4)") = £ Since both the energy function
FE and the submanifold D are G-invariant, the left hand side of the above
equation reduces to Qp(Xp, (£5)’) and hence any vector field Xp which

takes values in W = K N (7 N K)* will make the left hand side zero and
hence must satisfy the momentum equation (5.9.20)

dt ((W) (€) ) - 9g (dtfq>Q =0, (5.9.63)

as we have already seen in the proof of Theorem 5.9.2.
In showing that the vector field X4, which satisfies the equation

ix, S = dHyy,

must lie in the subdistribution ¢/, one might think that any vector field Y €
YV N'H can be expressed as a linear combination of infinitesimal generators
(generated by fixed Lie algebra elements). But this is not the case, as we
have pointed out earlier in the Lagrangian side, in general (fgg)’ is the
(vertical) lift of a section of the bundle S (generated by a section of the
bundle gP). This is also true on the Hamiltonian side.

Example: The Snakeboard Revisited Now we return to the snake-
board and discuss the role of the symmetry group G = SE(2). Recall from
our earlier discussion that the Lagrangian is

1 1 . 1. .. .
L(g,) = 5m(@® + %) + 5mr?0® + +5Jo0% + Jog0 + Jigt,  (5.9.64)
which is independent of the configuration of the board and hence it is

invariant to all possible group actions.

The Constraint Submanifold. The condition of rolling without slip-
ping gives rise to the constraint one-forms

w1(q) = —sin(0 + @)dx + cos(0 + ¢)dy — r cos pdf
wa(q) = —sin(0 — ¢)dx + cos(f — ¢)dy + r cos pdb,

which are invariant under the SE(2) action. The constraints determine the
kinematic distribution Dy:

Dy = span{ 0y, 0y, a0, + b0y + cOp},
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where a = —2rcos?¢cosf,b = —2rcos® ¢sinf,c = sin2¢. The tangent
space to the orbits of the SF(2) action is given by

T,(Orb(q)) = span{d,, 0y, g}

The intersection between the tangent space to the group orbits and the
constraint distribution is thus given by

Sy = Dy, NT,(0rb(q)) = span{ad, + b0y, + cdy}.

The momentum can be constructed by choosing a section of S = DN
TOrb regarded as a bundle over Q. Since D,NT,Orb(g) is one-dimensional,
the section can be chosen to be

¢ = ady + b0, + cdy,

which is invariant under the action of SE(2) on . The nonholonomic
momentum is thus given by

oL | 4.
p= Tqi(gQ)z
= maz + mby + mr2ch + Jocz/}.
The kinematic constraints plus the momentum are given by

0= —sin(f + @)z + cos(f + ¢)y — r cos ¢f

0= —sin(f — )& + cos(f — @)y + 7 cos ¢

p = —2mr cos? ¢ cos O — 2mr cos? ¢ sin 0y
+mr? sin 2¢0 + Jy sin 2¢1L.

Adding, subtracting, and scaling these equations, we can write (away from
the point ¢ = 7/2),

Jo . . -1
cos 0 + sin 0y oy S 209 2P
—sinfi + cosfy | + 0 = 0 . (5.9.65)
0 Jo .o tan ¢
mr2 O a4 2mr?
These equations have the form
9~ g+ A(r)r =T(r)p
where
A(r) = _Jo sin 2¢e,, di) + Jo_ sin? geg dip
2mr mr?2
—1 1
I'(r)= —e; + —— tan g ey.

2mr 2mir2
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These are precisely the terms which appear in the nonholonomic connection
relative to the (global) trivialization (r,g).

After applying the constrained Legendre transformation and its inverse
to the constraint equations (5.9.65), we have

mr sin ¢ cos ¢

cos Op, + sin py - (mr2 — Jo sin? qﬁ)pw
—sinfp, + cosfp, | + 0
mr? cos?
Po _ L,
(mr? — Josin® ¢)
—mr
2 P
2(mr? — Jysin® ¢)
= 0 , (5.9.66)
(mr? — Jy) tan ¢
2(mr2 — Jy sin? ng)p
where
p = —2rcos® ¢ cos Op,, — 2r cos ¢ sin Op, + sin 2¢py
and is SE(2)-invariant.
Therefore, the constraint submanifold M C T*Q is defined by
mr sin ¢ cos ¢ P mr 0

r = cosf — cos

b (mr2 — Jysin? ¢) b 2(mr? — Jj sin? ¢)p

mr sin ¢ cos ¢ o mr o

= sinf — sin

Pu (mr? — Jysin® ¢) Py 2(mr2 — Jy sin? qb)p

mr? cos? ¢ (mr? — Jo) tan ¢
Po =

+ .
(mr? — Jysin? ¢) Py 2(mr2 — Jy sin? ¢)p

It is a submanifold in 7%Q and we can use (z,y,6,v, ¢, py,Pg, D) as its
induced local coordinates.

The Distributions H,VN'H and 4. With the induced coordinates, the
distribution H on M is

H = span{—2r cos? ¢ cos 9, —2r cos” ¢ sin 00, +sin 290y, Oy, g, Op,,, Op,,, Op}
(5.9.67)
and the subdistribution V N'H is

V N'H = span{—2r cos? ¢ cos 00, — 2r cos® ¢ sin 09, + sin24Jp}. (5.9.68)
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As for the subdistribution U, we first calculate the two form Qa. After
pulling back the canonical two-form of T*Q to M, we have
Qam =dx ANdpy + dy A dpy + df A dpe + dip A dpy, + do A dpyg
mrsin 2¢
2(mr2 — Jysin? ¢)

= (cos Odx + sin Ody) A ( dpy

mr p
B 2(mr2 — Jysin? ¢) p)
mr(mr? cos 2¢ + Jo sin? ¢)
(mr2 — Jysin® ¢)2

+(cos Odx + sin Ody) A ( pydd

~ mrJysin2¢ d¢>
2(mr2 — Jysin? ¢>)2p
mr? cos? ¢ (mr? — Jp) tan ¢
do N d
* ((mr2 — Josin? ¢) Py + 2(mr? — Jysin® ¢) p)
mr?(Jy — mr?)sin 2
( d . )2 2¢p¢d¢
(mr? — Josin® ¢)
(mr? — Jo)(mr?sec? ¢ + Jo tan? ¢ cos 2¢) d(b)
2(mr2 — Jysin? ¢)2 P

waon

mr sin 2¢
2(mr2 — Jysin? gb)pw

+(—sin 8dx + cos Ody) A (

mr
— do
2(mr2 — Jy sin? ¢)p>
+diyp AN dpy + do A dpg .

Since U = (V N'H)* = ker{i(ynr)x}, we need to calculate i(yrm)Qum,
and restrict it to H:

tvar) S =
— 2rcos? ¢ (2(m:;Lr_SIJIL2S?n2 ) dpy — 2(mr? _m;o sin? @) dp)
— 2rcos® ¢ (mr(?:;i; O_S zjf ;ni(;js)lf & Pudo = z(mzriojiﬁ ¢)2pd¢>
+ sin 2¢ < (m:;rj ?]OOS:ifQ %) dpy + 2((:;:22 : ﬁ)siig Z) dp>
+ sin 2¢ (m(;iio—_z;?;:zgf ¢ Dy dd

(mr? — Jo)(mr?sec? ¢ + Jo tan? ¢ cos 2¢) d¢)
2(mr2 — Jysin? ¢)2 P
2mr? cos? ¢ (mr? + Jo cos 2¢) tan ¢

=dp— —————pypdop +

dep .
mr2 — Josin? ¢ pdo

mr? — Jysin® ¢
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Hence,

2myr? cos? 24 20)t
mr? cos? ¢ Pwd¢+(mr ) €OS 2¢)) tan ¢

U = ker {dp— pd(b}.

(5.9.69)

mr2 — Jysin® ¢ mr2 — Jysin? ¢

The Reconstruction and Momentum Equations A vector field X,
taking values in ¢ must be of the form

Xu = 20y + 90y + 00 + Yy + $0yp + POy, + PsOp, + P,  (5.9.70)

where
. 1
= o sin 2¢1) cos — ——pcos f
2mr 2mr
Ji . 1
=% gin 2¢sinf) — ——psin 6
mr 2mr
. Jo .2 . tanqb
0= e O W+ 9mr2?
and
2mr? cos? ¢ . mr? 4+ Jycos2¢)tang .
=— —5 Py — ( 5 . 2) po. (5.9.71)
mr? — Jopsin® ¢ mr? — Jgsin® ¢

The equations for #, ¥y and 6 are the same reconstruction equations as
equations (5.9.65) and the last one for p is the momentum elution on the
Hamiltonian side. As noted in [BKMM], the momentum p is the angular
momentum of the system about the point P shown in figure 5.9.2.

FIGURE 5.9.2. The momentum p is the angular momentum of the snakeboard system
about the point P.

It can be checked that the momentum equation (5.9.71) is equivalent to
the equation (5.9.11) via a change of variables with

p = —2rcos? ¢ cos Op, — 2r cos? ¢ sin Opy + sin 2¢pg

2(mr? — Jgsin? ¢) cot ¢ 2mr? cos? ¢ cot ¢
= 2 Po —
mr< — J()

mr2 — Jy Py
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as the key link. Similarly the two full sets of equations of motion in both
section 5.9 and this section are also related in the same way.

The Reduced Hamilton Equations. To find the remaining reduced
equations, we need to compute

ixy v = dH g, (5.9.72)

restrict it to the subdistribution ¢ and then push it down to the reduced
constraint submanifold M. Let us first compute ix,, Q2

ix,, O =

(2 cosf + ysin ) (

mr sin 2¢ dor — mr i >
2(mr? — Jysin® ¢) Py 2(mr? — Jgsin? ¢) b
mr(mr? cos 2¢ + Jy sin® ¢
( - = ) pydo
(mr? — Josin® ¢)

+(& cos @ + ysinb) (

~ mrJysin2¢ d¢>
2(mr2 — Jy sin? ng)Qp
. 2 a2 2 _
W < mr? cos .¢2 dpys + (mr* — Jo) t'a121¢ dp)
(mr? — Jysin® ¢) 2(mr2 — Jysin® ¢)
- (mr?(Jy — mr?)sin2¢
0 d
* ( (mr? — Jysin? ¢)2 Pudd
(mr? — Jo)(mr?sec? ¢ + Jo tan? ¢ cos 2¢) d¢>
2(mr2 — Jysin? ¢)2 P
+ibdpy + ddps — pydi — pdd
. mrsin 2¢ mr
—0 - —sin fdx + cos 0d
<2(m7’2 — Josin? @) i 2(mr2 — Jy sin® (i))p) (= sinfdz + cos bdy)
<mr2 cos 2¢ + Jy sin? ¢
—mr
(mr? — Jysin? ¢)2

Py

Jo sin 2¢ . )
— 0d 0d
2(mr? — Jy sin? ¢)2p¢) (cos6dz + sin by)
B (er(Jo — mr?)sin 2¢

(mr2 — Jysin? ¢)2

Py

(mr? — Jo)(mr? sec? ¢ + Jo tan? ¢ cos 2¢) ¢> 20
2(mr? — Jysin? ¢)2 b
mr sin 2¢ . . mr?cos®¢ .
- 0d Ody) — df
2(mr2 — Jy sin? ¢)pw (cos fd + sin Ody) (mr2 — Jo sin? gb)pw
mr (mr? — Jo)tang .

(cos Odx + sin Ody) — pdb.

Jr
2(mr? — Jysin? ¢) 2(mr? — Jysin? ¢)
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As for dHy, recall that the constrained Hamiltonian H 4 is

mr? 1 1 1,

Hy=————cot? V2 a2t 2 _
M 2(m7’2 — J0)2 o (b(p@ pw) +2J0pw+2(mr2 — Jo) (p6' pw) +4J1p¢

Notice that Huy is SE(2)-invariant and hence H ¢ = hy; where

2

b — mr? ( 1 sin? ¢ ) N 1 5
MT 2 \omrz — Josin2 ). 2(mr — Josinze) ) T 2p Y
2

+mr2 —Jo < tan ¢ sin’ ¢ ) N 5
2 2(mr? — Jy sin? qb)p mr2 — Josin® (bpw 4., Po-

Computing dHa = dhyy, we get

mr?(p — sin 2¢py,)
dhyg = —
2(mr2 — Jysin® @)

y < 1 dp - sin 2¢ i )
2(mr2 — Jysin? ¢) 2(mr2 — Jysin? ¢) v
mr?(p — sin 2¢py)
2(mr2 — Jysin® ¢)

1 sin 2¢
) <pd <2(m7"2 — Josin® ¢)) byl <2(mT2 — Josin® ¢)>)

n (mr? — Jo)(tan ¢p — 2 sin? OPy)
2(mr? — Jysin® ¢)

" < tan ¢ dp - sin? ¢ dp )
2(mr2 — Jysin? ¢) (mr? — Jysin? ¢) v
(mr? — Jo)(tan ¢p — 2sin® épy,)
2(mr? — Jysin? ¢)

tan ¢ sin? ¢
. (pd (2<mr2 ~ Jo sin? ¢>) by <<mr2 ~ Josin? ) ))

+ L pydpy + o pod
PPy 457 Podpo.

It is easy to check that ix,, Qxm = dHaq is SE(2)-invariant, and vanishes on
VY N'H when restricted to U. Hence both sides push down to H. The push



72 5. Nonholonomic Mechanics

down of iy, a is given by

Ji . 1
x5y = (27727“ sin(2¢)y — p)

mr sin 2¢ mr
X 2 2 d’ - 2 .2 dp
2(mr? — Jp sin® ¢) 2(mr? — Jp sin® @)
Jo 1
) -
* (2mr sin( b 2mrp>
" (mr(mr2 cos 2¢ + Jo sin? )
(mr? — Jysin? ¢)2

E
mr

2mr2

mr? cos? ¢ (mr? — Jp) tan ¢
d d
8 ((mr2 — Josin? ¢) Py ¥ 2(mr2 — Jysin? ¢) p)

+ (mig sin?(¢)d) + tan:; p)

pypdo —

mrJy sin 2¢ >
d
) ¢

2(mr2 — Jysin? ¢)2

2m
r2(Jo — mr?)sin 2
(20 . )2 2¢p¢d¢
(mr? — Josin® ¢)

+ (_J sin (qﬁ)d) —i— tanq& )
mir?
o (mr? — Jo)(mr? se(32 ¢ + Jo tan? ¢ cos 2¢)
2(mr? — Jysin? ¢)2
+ ddpy + Gdps — pudiy — pydo.

Equating the terms of dhz = dhy; with those of the push down of
ix,,Qm gives the remaining reduced Hamilton equations:

pde

. tan ¢ mr?
_ + b 5.9.73
(4 2(mr2 — Josin® ¢)p Jo(mr?2 — Jy sin? ¢)pd ( )
h— Lo .9.74
¢ = 2,]1 (5.9.74)
Py =0 (5.9.75)
5o =0. (5.9.76)

Notice that both the momentum equation (5.9.71) and the above set of
reduced equations are independent of the group elements of the symmetry
group SE(2). If we add in the set of reconstruction equations (5.9.65), we
recover the full dynamics of the system, and in a form that is suitable for
control theoretical purposes.

Finding the Reduced Equations on the Lagrangian Side We can
derive the reduced Lagrange-d’Alembert equations as follows: Here we will
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use the equations (5.9.52).

d (0l ol ol ;
(a2 =55 = - (Bbyr” + FVip; 9.
(aw) T (5.9.77)
where
81424 8A% b pa pc bi aF b a d’L
Baﬂ 98 o - O AGA, and F.' = S — P AT
From the Lagrangian L, we find the reduced Lagrangian
. 1 1 1. . . .
Ur,7,8) = 5ml(€1)* + (€)7) + 5mr*(€)? + 5Jov” + +Jot (&) + 167,
(5.9.78)

where ¢ = g~1g. After plugging in the constraints (5.9.65), we have the
constrained reduced Lagrangian

2
2m
Let us find all the mgredlents of the above equations:

5 sin 2 ) + 5 sec 2 op? + Joz/) ++J1¢%. (5.9.79)

ZC(T7 Tvp) = -

ol 1
a—gl =me! = (2m sm2¢w — erp)
% =m&2 =0

since 8812 = 0, we do not need to compute B?xﬁ and F? (notice that i = 1).

Also it is straightforward to find

B, J J
Bl, = — (—277?” sin2d)> = —m—(; cos 2¢

O¢
o ([ J J
3 _ Y [Z0 .2 _ J0
Biy; = 90 (mr sin (b) . sin 2¢
3 0 (tang _ sec®¢
2709 \2mr2 ) 2mr?’

and F} = F? = F} = 0. Substituting into (5.9.77), we get the reduced
equations after some computations

(o
mr

It is easy to check that these two equations are equivalent to the set of
reduced equations (5.9.73)-(5.9.76) on the Hamiltonian side through the
constrained Legendre transformation FL|D.

(5.9.80)

bln2 gb) 1/) =
J16=0. (5.9.81)
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Example: The Bicycle. Control of the bicycle is a rich problem offering
a number of considerable challenges of current research interest in the area
of mechanical and robotic control. The bicycle is an underactuated system,
subject to nonholonomic contact constraints associated with the rolling
constraints on the front and rear wheels. It is unstable (except under certain
combinations of fork geometry and speed) when not controlled. It is also,
when considered to traverse flat ground, a system subject to symmetries;
its Lagrangian and constraints are invariant with respect to translations
and rotations in the ground plane.

Here a simplified bicycle model will be considered. The wheels of the
bicycle are considered to have negligible inertia moments, mass, radii, and
width, and roll without side or longitudinal slip. The vehicle is assumed to
have a fixed steering axis that is perpendicular to the flat ground when the
bicycle is upright. For simplicity we concern ourselves with a point mass
bicycle. The rigid frame of the bicycle will be assumed to be symmetric
about a plane containing the rear wheel.

Consider a ground fixed inertial reference frame with x and y axis in the
ground plane and z-axis perpendicular to the ground plane in the direction
opposite to gravity. The intersection of the vehicle’s plane of symmetry with
the ground plane forms a contact line. The contact line is rotated about
the z-direction by a yaw angle 6. The contact line is considered directed,
with its positive direction from the rear to the front of the vehicle. The yaw
angle 0 is zero when the contact line is in the z-direction. The angle that
the bicycle’s plane of symmetry makes with the vertical direction is the
roll angle ¢ € (=%, 7). Front and rear wheel contacts are constrained to
have velocities parallel to the lines of intersection of their respective wheel
planes and the ground plane, but free to turn about an axis through the
wheel /ground contact and parallel to the z-axis. Let o € (=%, %) be the
steering angle between the front wheel plane/ground plane intersection and
the contact line. With o we associate a moment of inertia J which depends
both on ¢ and 0. We will parameterize the steering angle by ¢ := tano/b.
For more details, see Getz and Marsden [1995]. See figure 5.9.3.

The configuration space is Q = SE(2) x S! x S! and the Lagrangian
L : TQ — R is the total kinetic energy minus potential energy of the
system and is given by

1 .
L = —mga COS'I# + §J(wa ¢)¢2
m . P . N2
+ > ((cos 0% + sin 0y + a sinf)
+ (—sin0i + cos 0 — acos i) + cf)? + (—asin WJ)Q)

where m is the mass of the bicycle, considered for simplicity to be a point
mass, and J(1, ¢) is the moment of inertia associated with the steering
action. The nonholonomic constraints associated with the front and rear
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FIGURE 5.9.3. Notation for the bike.

wheels, assumed to roll without slipping, are expressed by
0 — ¢(cos 0 + sin ) = 0
—sin 04 + cos 0y = 0.

Clearly both the Lagrangian and the constraints are invariant under the
SE(2) action.

Notice that the Legendre transform FL is singular but by remark 1 fol-
lowing Theorem 5.9.2 the Hamiltonian procedure still works because the
constrained Legendre transform FL|D is invertible.

The Constraint Submanifold. The constraints above give rise to the
constraint one-forms

w1(q) = df — ¢ cosbdx — ¢sin Ody
wa(q) = — sin fdx + cos Ody

which determine the kinematic distribution Dg:
D, = span{0y, 0, cos 00, + sin 00, + ¢0p }.
The tangent space to the orbits of the SE(2) action is given by
T4(Orb(q)) = span{dx, 0y, Dy},

and the intersection between the tangent space to the group orbits and the
constraint distribution is thus given by

Sq =Dy N Ty(Orb(q)) = span{cos 00, + sin 69, + ¢y }.

The momentum can be constructed by choosing a section of S = DN
TOrb regarded as a bundle over Q. Since D,NT,Orb(q) is one-dimensional,
the section can be chosen to be

£ = cos 00, + sin 00, + ¢y,
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which is invariant under the action of SE(2) on (. The nonholonomic
momentum map is thus given by

— oL q\i

=m(z + asin ) cos 00 + a cos Y sin O — csineé) cos 6

+m(y + asint sin 00 — a cos ) cos By + ¢ cos 99) sin 6
+m(cos 0% + sin 0y + a sin wé)aqb sin v
+m(— sin 0z + cos 0 — a cos Y + ch)co.

The kinematic constraints plus the momentum are given by
0=¢"— gt
0=¢?
p=m(&' + asinye®) + mapsin (€ + asine?)

ma(c€? — cacos i) + 2€3)
where

& = cos O + sin 0y
&2 = —sinfi + cos Oy

£ =0
Adding, subtracting, and scaling these equations, we can write
capcosy - 1
¢ —r Y mk?
e | + 0 = 0 (5.9.82)
¢ _cag?cos) o
K ¥ mK P
where
K = (1+agsin)? + 242 (5.9.83)

These equations have the form
979+ A(r)i =T (r)p.
Next find the Legendre transform FL and restrict it to the constraint
submanifold D C T'Q, we get
pe = m(1 + agpsiny)et cos§ — m(cpt' — acos ¢¢) sin
py =m(1l + agsin )& sin 6 + m(coét — acos ww) cosf
po = masiny(1 + apsinth)e! + m(c2pet — ca cos wi/z)
Dy = ma2¢ — mac cos hpet

po = J(, ).
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After applying the constrained Legendre transformation FL|D and its in-
verse to the constraint equations (5.9.82), we have

_cpcosp(l + apsiny) py

251 F a
us |+ (1 + agsing))? cos i py

F . a
M3 ccos (1l —|—a¢sm1/))pi,
F a
14+ apsiny
ot
_ b b? Yo : (5.9.84)
(1+ agsiny)asing + cpsin® 1)
Ia p
where
p1 = cos 0p, + sin p,,
po = —sin Op, + cos Op,
K3 = Po
and
F = (1 +apsine)? + c2¢? sin? 1) (5.9.85)
D = Pg cos 0 + py sin 6 + pyo. (5.9.86)

Therefore, the constraint submanifold M C T*@Q is defined by
Py = 1 €0s O — posinf
Dy = 1 5in 60 + pp cos §
Py = 3.

It is a submanifold in T*Q and we can use (z,y,0, 9, @, py, Dy, p) as its
induced local coordinates.

The Distributions H,V N'H and . Using the induced coordinates,
the distribution ‘H on M is

H = span{cos 00, + sin 00, + 0y, Oy, g, Dp,,, Op,, Op} (5.9.87)
and the subdistribution V N'H is
VY N'H = span{cos 80, + sin 60, + ¢y }. (5.9.88)

Notice that in the case of the bicycle, the constraints are independent
of the velocities of the shape variables and hence the simplified procedure
employed in the snakeboard is also used here.
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As for the subdistribution U, we first calculate the two-form Qa. After
pulling back the canonical two-form of T*Q to M, we have

Q= dx A dpy + dy A dpy + dO A dpe + dip A dpy, + do A dpg
= (cos 0dx + sin 0dy) A dus + pa (— sin@dx + cos 6dy) A d
+(—sin@dz + cos 0dy) A dug — pa(cos Odz + sin Ody) A df
+df A dus + di A dpy + do A dpg .

Since U = (V N'H)* = ker{i(ynp)Qx}, we need to calculate iqyrmQa,
and restrict it to H:

i(vrr)n = dpy — prd(—sin Odz + cos Ody)
—2df + pad(cos Odx + sin 0dy) + ddus
=dp1 + ¢dus
ccos (1 + agsinp)
F
asiny(1 + agsine)) + 2¢psin?
F

= dp + P g
a

pda.
Hence,

1 .
Uzker{dp—&—ccosqb( —l};agbsmw)@d(b
a

_asin (1 + apsiny) + Cosin® ¥
F

pdo}. (5.9.89)

The Reconstruction and Momentum Equations. A vector field X,
taking values in ¢ must be of the form

Xy = £0, + 90y + 00 + 00y + ¢y + Py0Op, + PeOp, + 0y  (5.9.90)

where
i =€ cosh — £2sinf = (C“¢;°Sw¢ + m1Kp> cos f
y=¢&"sinf + €% cosf = <ca¢;(08wz/} + lep> sin 6
. 2 .
b= gt = (G L)

and

_ceosy(l —;aquin@/J) &¢ n asiny(l + aqbsi;w) + 2 sin? wm
a
(5.9.91)
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The p equation is the momentum equation on the Hamiltonian side. Similar
to the example of the snakeboard, the momentum p equals the angular
momentum of the system about a fixed point P that can be determined in
the same way as in the case of the snakeboard. Notice also that the last
equation can be written simply as p = uggi).

The Reduced Hamilton Equations. To find the remaining reduced
equations, we need to compute

ix,, 0 = dH pq, (5.9.92)
restrict it to the subdistribution ¢ and then push it down to the reduced
constraint submanifold M. Let us first compute ix,, Q2
ixyn M =

(cos 0 + sin 0g)dpy + p1(— sin 0 + cos 05)dl — p16(— sin Odzx + cos Ody)
+(— sin 04 + cos 09)dpg — o (cos 02 + sin 05)d6 + po6(cos Odzx + sin Ody)
+0dus + Pdpy + ddpy — pydp — peded

*(Wawéawmapw 560, H)ap)d,ul)(cos Odx + sin Ody)
_(i(¢8¢+¢33¢+m3pw +z>¢8p¢+ﬁ8p)d“2)(_ sin fdx + cos 6dy).

As for dHy, we can find the constrained Hamiltonian H 4 via the con-
strained Legendre transform and have

1
Hp = —p’
M mgacosz/J+2Jp¢
1 9 9 Ksiny py = cosiny cosp 2
+2m<u1+u2+( ) |

Notice that H  is SE(2)-invariant and hence H g = hy;. Compute dH yq =
dhzz and we have

dhyp =

. 1 1 5 /0J oJ
—mgasinydy + jp¢dp¢ ~ 572P% <awdij} + &bd¢>

1
+— (padpr + padps
m

Ksinypy = cpsinycosp Ksinty py  cosiniycosy
(B (S ) ).

It can be checked that ix, Qa = dH g is SE(2)-invariant, and vanishes
on ¥V N 'H when restricted to &. Hence both sides push down to H. The
push down of ix, Qaq is given by

ix, Q7 = (cos 0 + sin 09)dpu + Odps + Ydpy + ddpy — pydip — pede

=&l dpy + Edps + pdpy + ddpy — pydi — ped.
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Equating the terms of dhs; = dhy; with those of the push down of
ix,,Qm gives the remaining reduced Hamilton equations:

L (Kpo, cpeosy
P = o (F o + I p) (5.9.93)
i Pe
¢= (5.9.94)
Py = mgasiny + Lp2 9t +m(1 + apsintp)ap cosp(£h)?
b 2]2 ¢3¢
+mcag sin el (5.9.95)
i 1 9J ,
Py = ﬁ%pW (5.9.96)
where b costp ) bcostp )
1 cpcosy _cpcosppy 1
&= K 1/)+pr_ mF a+mF

as defined earlier in (5.9.82). The first two equations are nothing but the
inverse of the constrained Legendre transform. Notice that both the mo-
mentum equation (5.9.91) and the above set of reduced equations are inde-
pendent of the group elements of the symmetry group SE(2). If we add in
the set of reconstruction equations (5.9.82), we recover the full dynamics
of the system, and in a form that is suitable for control theoretical pur-
poses. Methods developed in Koon and Marsden [1997a] and will be used
to study the optimal control of the bicycle whose equations of motion have
been found in this section.
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Control of Mechanical and
Nonholonomic Systems

6.3 Stabilization of the Brockett Canonical
Form in the Case so(n)

Here we illustrate the stabilization algorithm of §6.3 of the text. We consider
the so(n) systems (6.1.2—6.1.3). Let g = so(n+1). Instead of working with
(n4+ 1) x (n 4+ 1) matrices, we identify h with so(n) and we identify the
subspace m with R™. Since g is of compact type, ¢ = —1. For z € R"”, the
operator M (x) : so(n) — so(n) is given by

M(z)Y = —[z,[2z,Y]] = 22TY + YaaT. (6.3.50)
This satisfies a minimal polynomial equation:
M(z)?Y = (zT2)M(2)Y. (6.3.51)
For Y € so(n), the operator N(Y) : R™ — R™ is given by
NY)r=Y"Yx. (6.3.52)
The control (6.3.11) of the text in this setting is given by
u=—axr+BYz+~Y Yz, (6.3.53)
for x € R™, Y € so(n), and thus the system (6.3.12-6.3.13) in the text is
i=—ar+pfYr+Y Y (6.3.54)

Y = —B(xz’Y + YaaT)
49 (YTY 22” — 22TYTY). (6.3.55)
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In Case III, with o = v = 0, we know from equation (6.3.32) of the text
that the matrix M (z)Y — (z72)Y evolves with constant spectrum. Since
272 remains constant throughout this case, this means that

1
Y — EM(J))Y (6.3.56)
has constant spectrum.
Assume now that the system is in its initial configuration for Step 3 of
the algorithm in §6.3. Then Y7Yz = A,z where )\, is the largest eigenvalue
of N(Y) = YTY. Observe that

M(z)Y = 227 4+ Yaz' = z2Y + %YxxTYTY

*

*

1
= (me + )\Yxa:TYT> Y.

We claim the symmetric operator —1—(zz” + =Y z2TYT) is actually an
orthogonal projector onto the subspace of R™ spanned by x and Yz. Indeed,
using the antisymmetry of Y, we compute

2
1 1
(xxT + )\yxxTyT> = (a"2)z2” + Y22 TYTYa2TYT

*

= (27x)(w2” + %YxxTYT).
This establishes our claim. It follows that the operator given by (6.3.56) is
the composition of the orthogonal projector onto the orthogonal comple-
ment of the subspace spanned by x and Yz with Y.

In particular, suppose v is an eigenvector of YTY corresponding to a
nonzero eigenvalue A # A,. Then Yz is also such an eigenvector, and Yv +
M/24y are complex eigenvectors of Y itself corresponding to the eigenvalues
+\1/2;, respectively. Both v and Yv are orthogonal to the subspace spanned
by = and Yx. The preceding discussion shows that

(Y - %M(@Y) v="Yv

It follows that

1
(Y - TM(I)Y) (Yo £ AV%0) = £AV2i(Yo £ AV 200),
T

and thus £\!/2i are eigenvalues of

1
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(Similarly, if v is an eigenvector of Y'Y corresponding to the possible
eigenvalue 0, then consideration of Yv shows that 0 is an eigenvalue of
Y — —1=M (z)Y.) On the other hand, we have

(V= sz M@)Y)z = 0
(Y —4=M(@)Y)Yz = Y2r+Az=0.

We see that the eigenvalues of Y other than +, Y2 are also eigenvalues
of Y — —#— M (z)Y with the same multiplicities. It follows that throughout
Step 3, the other eigenvalues of Y, and hence Y'Y, will remain constant.
(While the preceding discussion seems to assume implicitly that A, has
multiplicity 1, it is easy to see that the same result applies if there are
additional eigenvectors corresponding to A..)

In Step 3, the eigenvalue of Y7'Y whose initial value is A, is the only one
that is evolving nontrivially, and it will in fact converge to 0. To see this,
recall that Y converges to Y%, the projection of Y onto the nullspace of
M (z). Tt follows that

M@Y= 1 (uo¥o £+ ;)

will converge to 0, for if Yx = Yy # 0, then pp = 0. But as we have just
seen, +\, /% are the only nonzero eigenvalues of ﬁM(w)Y at time ¢ = 0,
and thus they must converge to 0 asymptotically.

These considerations also tell us how many times we can expect the
stabilization algorithm to iterate. Indeed, since Y7V can have at most | % |
distinct positive eigenvalues, stabilization will be achieved in at most | % |
iterations.

Specializing further, let us consider the case so(3). Here Y'Y has only
one nonzero eigenvalue, which has multiplicity 2. It follows that after one
execution of Step 3, Y will converge to 0. Thus the algorithm will stabilize
the system with just one iteration of the while loop.

As a numerical example of this, consider the 6th order system

d=u (6.3.57)
Y =aul — ux? (6.3.58)

where z,u € R3, Y € so(3) with the following initial conditions:

0.2
z(0)=1 1.1
1.1

0 01 —02
v)y=[ —01 0 30
02 -30 0
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The spectrum of Y (0)7Y(0) is {9.05,9.05,0}.
After we apply Step 1 (with u = —\.z + YTYx) over the interval [0, ;]
with t; = 2 sec, x and Y become respectively

~0.1076
z(ty) = | 1.0966
1.0726

0 0.4359  0.1346

Y(t)=| —04359 0 29738

—0.1346 —2.9738 0

The spectrum of Y (t1)TY (¢1) remains constant {9.05,9.05,0} with good
accuracy, but as expected, the vector x(¢1) is now the eigenvector corre-
sponding to the eigenvalue A = 9.05.

Application of Step 3 (with u = Y ) over the interval [t1,t2] (t2 = 4 sec)
results in the fast decay of ||Y (¢)]| to zero as ||z (¢)|| remains constant. At
the end of this interval, the eigenvalues of Y (t2)7Y (t2) become very small:
{0.0007,0.0007,0}.

Finally, Step 4 is executed (with u = —x). As expected, = converges to
0 as the value of Y remains unchanged.

Time plots of ||z(t)||? and ||Y (¢)||? are shown in Figure 6.3.1. The decrease
in these magnitudes is clearly seen. This provides an illustration of the
discontinuous switching control for stabilization developed in §6.3.

------ Step 2 | Step 3 | Step 4b------
3 T T T T T

Ixt1
o

v

FIGURE 6.3.1. Numerical Example.
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6.6 Nonsmooth Stabilization

Control of the Knife Edge Using Steering and Pushing Inputs.
Here we describe a further application of the nonsmooth stabilization al-
gorithm of §6.3 of the test (see also Bloch, Reyhanoglu, and McClamroch
[1992].) We consider the control of a knife edge moving in point contact on
a plane surface. Let x and y denote the coordinates of the point of contact
of the knife edge on the plane and let ¢ denote the heading angle of the
knife edge, measured from the z-axis. Then the equations of motion, with
all numerical constants set to unity, are given by

Z = Asinp 4+ uycosy (6.6.14)
= —Acosp+upsing , (6.6.15)
G =us, (6.6.16)

where u; denotes the control force in the direction defined by the heading
angle, us denotes the control torque about the vertical axis through the
point of contact; the components of the force of constraint arise from the
scalar nonholonomic constraint

Zsing —gcosp =0 (6.6.17)

which has nonholonomy degree two at any configuration. It is clear that
the constraint manifold is a five-dimensional manifold and is defined by

M = {(¢,z,y,9,%,9)|Zsinp — gcosp = 0}

and any configuration is an equilibrium if the controls are zero.

Define the variables z; = xcosp + ysinp,zy = @,23 = —zxsing +
Ycosp,zq4 = Zcosp + ysing — p(rsing — ycosy),z5 = ¢, so that the
reduced differential equations are given by

Z =24, (6.6.18)
Zo =25, (6.6.19)
Z3 = —2125, (6.6.20)
Zy = uy +upzz — 2128, (6.6.21)
Z5 = Ug. (6.6.22)

We have:

6.6.4 Proposition. Let 2¢ = (25, 25, 25,0,0) denote an equilibrium solu-
tion of the reduced differential equations corresponding to uw = 0. The knife
edge dynamics described by equations (6.6.14)-(6.6.15) have the following
properties:

1. There is a smooth feedback which asymptotically stabilizes the closed
loop to any smooth one dimensional equilibrium manifold in M which
satisfies the transversality condition.
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2. There is no smooth feedback which asymptotically stabilizes z€.

3. The system is strongly accessible at z¢ since the space spanned by the
vectors

g1, 92, g1, f)s [g2. f1, g2, [f, g1, f]]

has dimension 5 at z°€.

4. The system is small time locally controllable at z¢ since the brackets
satisfy sufficient conditions for small time local controllability.

Note that the base variables are (z1, z2). Consider a parameterized rect-
angular closed path - in the base space with four corner points of the form

(0’0>7 (21,0), (21722)’ (0522)7

ie., a = (21,0) and b = (0, z2) following the notation introduced in the
general development. By evaluating the holonomy integral in closed form
for this case, the holonomy equation is

Zg = Z129 .

This equation can be explicitly solved (inverted) to determine a closed path
~v* = ~v(a*,b*) which achieves the desired holonomy. One solution can be
given as follows

a* = (\/|z3Tsignz3T,O> , b= (O7 \/|z3T|) .

Note that the previously described feedback algorithm can be used to
asymptotically stabilize the knife edge to the origin.
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Optimal Control

7.7 Optimal Control on Lie Algebras and
Adjoint Orbits

An interesting class of optimal control problems are those which lie natu-
rally on adjoint orbits of compact Lie groups. Analysis of problems of this
type may be found in Brockett [1994], Bloch and Crouch [1995, 1996],
Bloch, Brockett, and Crouch [1997] and Bloch, Crouch, Marsden, and
Ratiu[1998, 2002].

In this section we will set up the variational problem on the adjoint
orbits of compact Lie groups and derive the corresponding Hamiltonian
equations.

Let G be a compact Lie group (e.g. SO(n)) and g its Lie algebra. In this
case a natural drift free control system on an adjoint orbit of G takes the
form

& = [z,u] (7.7.1)

(An arbitrary tangent vector to the adjoint orbit at the point x is of the
form [z,u].)

Let the pairing between vectors x in g and dual vectors p in g* be written
(p, ) = —k(z, p) where £ is the Killing form. (We choose the negative sign
here to ensure positive definiteness.)
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7.7.1 Definition. Let T > 0, xg,x7 € O, the orbit in g through xy, be
giwven and fized. Then we define the optimal control problem

T
1
min/ —||u||* = V(z)dt (7.7.2)
ueg Jo 2
where ||-|| = (-,)1/? is the norm induced on g by the negative of the Killing

form on g, V is a smooth function on g, subject to the constraint on u that
there be a curve x(t) € g such that

& = [z,u] 2(0) = xo, x(T) = z. (7.7.3)

We have

7.7.2 Theorem. The equations of the mazximum principle for the varia-
tional problem with functional (7.7.2) subject to the dynamics (7.7.1) are

[z, [p, ]
[, [p, 2] = Va . (7.7.4)

T
p
Proof. The Hamiltonian is given by

H(z,p,u) = (p, [z,u]) — %HUII2 + V(). (7.7.5)

Hence,

OH
Ou = —<[1‘,p]7 > - <u7 >
and thus the optimal control is given by

u* = [p,x]. (7.7.6)

Substituting this into H, we find that the Hamiltonian evaluated along
the optimal trajectory is given by

H*(p,2) = 3 (. [p. Ip.al]) + V(2). (77.7)

. (oH"\" . foH*\T
= Uop P=7 oz

gives the result. n

Computing

A particularly interesting special case of this problem is that of Brockett
[1994]. His result in this case is as follows:



7.7 Optimal Control on Lie Algebras and Adjoint Orbits 89

7.7.3 Corollary. The equations of the mazimum principle for the varia-
tional problem (7.7.2) subject to equations (7.7.1) with V (z) = —3||[z, n]||?
are

[z,

[p,

, 7]
s @] = [n, [n, z]] . (7.7.8)

SRS

T
P
The proof of the corollary follows immediately, setting

V(a) = 3o, n, In, )
Note that with this functional the equations lie naturally on an adjoint
orbit. In addition, these equations are interesting in that the optimal flow
may be related to the integrable Toda lattice equations (see below and
Brockett [1994].)

We next show that these equations may be recast as the Euler-Lagrange
equations found by Brockett.

To do this, we introduce the following notation (see e.g. Bloch, Brockett,
and Ratiu [1992]): Let = and [ lie in g. Then = may be decomposed as
x = x'+x; where ; € Ker(ad,;) and 2! € Im(ad;) and where ad,.(y) = [z, y].
Further, given any [ € g we may decompose g orthogonally relative to —k(, )
as g @ g; where g' = Im(ad;) and g; = Ker(ad;).

Now any velocity vector is tangent to the orbit of the adjoint action and
hence is of the form & = [z, a] for some x € g. Hence & € Im(ad,). The
inverse of operator ad, which, following Brockett [1994], we will denote by
ad, !, is well defined on Im(ad,) and hence on i.

Then we have

7.7.4 Proposition. The equations (7.7.8) are equivalent to the Fuler-
Lagrange equations (Brockett [1994])

i = [&,ad, ! (i)] + adZad? (z). (7.7.9)

Proof. Eliminate p from the two equations (7.7.8). The computation is
straightforward but somewhat lengthy. |

The proof of this proposition may of course be obtained also by the
Legendre transformation. In terms of the operator ad, the integrand of
(7.7.2) with the given V (x) may be written as the Lagrangian (see Brockett
[1994])

. 1 _1.
L(w, &) = 5 (|[fad; "2 + [, n]][*). (7.7.10)
Then, since 3|lad; '4||? = —4(ad;* i, %) we have
oL
p= = —ad_ %i.

=5; = —ad;
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Substituting in (7.7.10) gives the (optimal) Hamiltonian H*.

We remark that the kinetic energy in (7.7.10) is given by the so-called
normal metric (see e.g. Bloch, Brockett, and Ratiu [1992]). This is defined
as follows: Let O be an adjoint orbit of g and suppose & = [z,a] and
n = [x,b] are tangent vectors to the orbit at x then g,(£,n) = (&, 1) =
—k(a®,b%) where a* and b” lie in Im(ad, ) as defined above.

We consider now the precise sense in which the equations discussed above
are Hamiltonian. The discussion here is brief—more detail may be found
in Bloch, Brockett, and Crouch [1997].

We have

7.7.5 Theorem. Letw be the standard symplectic structure on T*g. Con-
sider the Hamiltonian

Ha.p) = LIl + V(@) (1.1

where V(x) is any smooth function on g and p is a momentum variable
viewed as lying in g by indentifying g with its dual. The Hamiltonian equa-
tions of motion are

T = [:L‘, [p7 .7;]]
p=[p;[p,z]] = Vs (7.7.12)

Proof. Let & = (dz,dp) denote an arbitrary tangent vector to T*g and
denote the Hamiltonian vector field corresponding to H by Xu = (s, (p)-
We need to solve for Xy from the equation dH - = w(Xpy,&). Now

it € = ([l Bp.a) + (el 0l + (G0

and
W(XH,E) = (e, 0p) — ((ps 0).

Equating these expressions gives the result. |

We now have

7.7.6 Corollary. Let V(z) = 3([x,n], [z,n]) in the Hamiltonian (7.7.11).
Then the Hamiltonian equations (7.7.12) yield the optimal Hamiltonian
equations (7.7.8).

Consider now the case V' = 0. Remarkably, even though these equations
are Hamiltonian with respect to the standard symplectic structure on T*g,
they are in fact Hamiltonian on the cotangent bundle of an adjoint orbit
of G. That is, even though the Hamiltonian structure on the orbit is com-
plicated and is not the restriction of the structure on the Lie algebra, the
equations themselves do restrict. We have
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7.7.7 Theorem. For V(x) =0 the equations

& = [, [p, 2]

p=p,[p,z]]. (7.7.13)

are the Hamiltonian form of the geodesic equations with respect to the nor-
mal metric on an adjoint orbit of g.

Sketch of Proof. From the optimal control calculation above we know
that these are the equations of the geodesic flow. It remains to observe that
this is the geodesic flow with respect to the normal metric. Now for V' =0
the Hamiltonian is just the norm of the velocity in the normal metric.
We now need to check that the equations of motion are Hamiltonian with
respect to this Hamiltonian and a symplectic structure on the cotangent
bundle of the orbit, which may be identified with the tangent bundle. A
tangent vector to the tangent bundle to the orbit at the point (x,[z,£]) is
of the form

(@, [,&]; [z, ), [[z,n], €] + [2,¢]) (7.7.14)

for ¢,7m,¢ € g. Then, using the natural symplectic structure as in Thimm
[1981] gives the result. The details of this standard but lengthy computation
are given in Bloch, Brockett, and Crouch [1997]. |

We may also endow any orbit with the right invariant metric
gu([z, a], [2,b]) = —r(a”, Jb") (7.7.15)

where J is a positive self-adjoint operator on the algebra. Then we have

7.7.8 Corollary. The geodesic equations on an adjoint orbit endowed
with the right invariant metric (7.7.15) are

p=[p.J 7 [p,a]]
i =[x, J p,x]]. (7.7.16)

We shall consider this right invariant case from the optimal control point
of view in the next paragraph.

We note also that, as expected, in the bi-invariant case with V' =0 it is
possible to explicitly compute the solutions of (7.7.13) despite their strong
coupling. This follows from

7.7.9 Lemma. [p,x] is conserved along the flow of (7.7.13).

This is proved by a simple computation. However proving complete inte-
grability in the Hamiltonian sense, i.e., finding a complete set of commuting
integrals, is by no means easy. This is the content of Thimm [1981] and
Bloch, Brockett, and Crouch [1997].
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Optimal Control on Symmetric Spaces. The equations discussed
above are not only well defined on adjoint orbits but also on general sym-
metric spaces where the tangent vectors to the space are given in the form
a suitable bracket—this includes the complex and real Grassmannians of g-
planes in n+1-space Gg.5+1(C) or G4 n+1(R) and in particular the spheres.
This may be seen as follows: The complex Grassmannian is given by

Un+1)/U(q) xU(p), q+p=n+1,qg<p (7.7.17)
and the real Grassmannian by
SO(n + 1) SO(q) x SO(p), g+p=n+1,¢<p (7.7.18)

where U(n) is the unitary group and SO(n) the special orthogonal group. In
either case let g = €@ m be the Lie algebra decomposition corresponding to
G /K. We may thus represent a point in the complex (real) Grassmannian
by a matrix
A 0 Q

in m where @ is a complex (real) p x ¢ matrix of full rank and Q* is its
Hermitian conjugate (transpose). A point in € may be represented by the
matrix

K= [ gl ?(2 ] (7.7.20)

where K, € u(p)(so(p)) and Ky € u(q)(so(q)). Define P to be a similarly
partitioned matrix. Then we have

7.7.10 Proposition. Tangent vectors to the Grassmannian are repre-
sented by matrices of the form

Q. K.

Proof. A curve in the Grassmannian through the point Q may be given
by ) R

e Ktk
Note that the given curve simply provides an orthogonal (or unitary) trans-

formation of the rows and columns of @). Differentiating at ¢ = 0 gives the
result. |

Since tangent vectors are given by brackets, just as in the case of orbits,
a normal metric may be defined as follows: Given two tangent vectors
& = [Q.K1] and & = [Q, K»] define < &,& >y to be —K(K{, K)
where KlQ denotes the projection of K; onto the image of adQ in the

decomposition s = Ker(adQ) &) Im(adQ). As in the case of orbits we thus
obtain
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7.7.11 Proposition. The geodesic equations on the real or complex Grass-
mannian are given by

Q=10.[7.Q)
P=[P,[P,Q]. (7.7.21)
where Q 1s given by 7.7.19 and similarly for P.

For a symmetric space we have [¢, €] C ¢ [¢,m] C m. Thus, [m,m] C ¢
and since Q, P € m the equations are naturally well defined.

In fact the formalism developed here can be combined with the work
of Thimm [1981] to give an explicit proof of complete integrability of the
geodesic flow on symmetric spaces such as the real and complex Grass-
mannians. In particular it is possible to derive explicitly a complete set
of commuting flows and to prove their involutivity. This is the subject of
Bloch, Brockett, and Crouch [1997].

This should be contrasted with the observation of Brockett regarding the
optimal control equations for (7.7.2) with V(z) = 3||[z, n]||?. He observed
that the optimal flow under suitable conditions was given by & = [z, [z, n]]
and in the particular case of x being tridiagonal one obtains the integrable
Toda lattice equations in Flaschka’s form but written as a double bracket
equation (see Bloch [1990]). Integrability of optimal control problems is a
rich subject (see, for example, Faybusovich [1988]).

As in the variational problem on adjoint orbits the double, double bracket
equations on Grassmannians are solutions to a natural optimal problem.

7.7.12 Definition. Let u(n) denote the Lie algebra of the unitary group
U(n). Let Q be a p x g complex matriz and let U € u(p) and V € u(q). Let
Juy and Jy be constant symmetric positive definite operators on the space
of complex p X p and q X q matrices respectively and let (-,-) denote the
trace inner product (A, B) = 1 trace(A'B), where AT is the adjoint; that
18, the transpose conjugate.

Let T > 0, Qo, Q1 be given and fized. Define the optimal control problem
over u(p) x u(q)

1
min © / (U, JoU) + (V, Jy V)t (7.7.22)
subject to the constraint that there exists a curve Q(t) such that

Q=UQ-QV, QO0)=Qn Q) =Qr (7.7.23)

7.7.13 Theorem. The optimal control problem (7.7.12) has optimal con-
trols given by

= J; ' (PQ" — QPY)
=J,'(PTQ - Q'P). (7.7.24)
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and the optimal evolution of the states QQ and costates P is given by

Q=J; (PQ" - QPHQ - QJ,; ' (PTQ - QTP)
P=J;'(PQ" - QP")P - PJ; (PTQ - Q'P).
(7.7.25)

Note: Jy and Jy are in general different operators acting on different
spaces. In certain case (see the rigid body below) the spaces and the oper-
ators may be taken to be the same.

Proof. Form the Hamiltonian
1 1
H(Q,P,UV)=(PUQ—-QV) - §<U, JuU) — §<V, JvVy. (7.7.26)

To find the optimal control we differentiate the Hamiltonian with respect
to U and V in the directions Y and Z respectively and set equal to zero.
This yields

(RY@—%WJMD—%M&J%&

and ) )
(P,—QZ) — Z<Za JyV) — 1<V7 JvZ)=0.

We have (Y, JyU) = (U, JyY) and (U, JyY) = (Y, JyU) and thus along
the optimal trajectory

(PYQ)=(PYQ). (7.7.27)
Now ) )
(P,YQ) = 5V, PQT) — 5 (¥, QP")
and )
<RY@=§WP@ﬂ—5WQﬂ%

Thus, using the fact that (P, Y Q) is real, along the optimal trajectory
we have

(PYQ)= 3 (PYQ) + 5(PYQ)
= {0 PQT = QPT) + (Y, PQ' - QP

1 1
= 1<Y, JuU) + Z<Y, JuU). (7.7.28)

Hence
JuU = PQt — QP".

Similarly for V.
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Now the equations for @) and P are given by

(Z,Q)=VpH(Z)=(Z,UQ - QV)
(P,Z)y = -NoH(Z)=—(P,UZ—ZV) = (UP — PV, Z), (7.7.29)

and hence the result. | |

We remark that this result does not preclude the existence of conjugate
points.
We have the immediate corollary:

7.7.14 Corollary. For Jy and Jy equal to the identity, the optimal con-
trol equations for the problem (7.7.22) subject to (7.7.23) are

Q=PQ'Q+QQ'P —2QP'Q
P=2PQ'P—- QPP - PPIQ. (7.7.30)

Further, in the general case we have

7.7.15 Corollary. The equations (7.7.25) are given by the double double
bracket equations

Q=1Q.77'P.q)
P=[P,J7P, Q. (7.7.31)
where J is the operator diag(Jy, Jy ),
O— [ _221 %9 ] culp+q), (7.7.32)

Q is a complex p x q matriz of full rank, Qt is its adjoint, and similarly

for P.

The proof is a computation.

Note that the equations (7.7.31) or (7.7.25) give the geodesic equations
on the complex Grassmannian (or real Grassmannian in the real case) with
respect to the right invariant “normal” metric.

As an example in the current setting, we next write explicitly the geodesic
flow on the sphere S™. Recall (see e.g. Moser [1980]) that the geodesic mo-
tion on S™ may be written as follows: Let q = [q1, -+ , gny1]? € R with
Euclidean norm ||q|| = 1, represent an element of S™. Then the geodesic
flow can be found by setting § = Aq where \ is chosen so that ||q|| is com-
patible with the flow. This follows from the constrained optimization of the
free particle Lagrangian. This implies (q,¢) = 0 and {(q,q) + ||q||* = 0.
Thus A = —||¢|? and the geodesic flow is given by

q=—lal*a. (7.7.33)
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Letting p = [p1,-+ ,pns1]T € R™L this may be viewed as a Hamilto-
nian system restricted to ||q|| = 1,{(q,p) = 0. With Hamiltonian H =
%||q|\2\|p||2, we get the flow

oH\" oI\ " )
q <8p> P P (8q> IplI*a ( )
In our current setting we have

7.7.16 Proposition. Let

0 e 0 n 0 e 0 m
p—|: : : : O=1|: : : :
0 o0 0 Pn+1 0 cee 0 dn+1
P10 —Pat1 O —¢1 o —quyr O
(7.7.35)

where we normalize ||q|| = 1 and (q,p) = 0. Then the flow (7.7.13) yields
the geodesic flow (7.7.33).

The proof is a straightforward computation.

Exercises

7.7-1. Formulate the geodesic flow on a sphere directly as an optimal
control problem

This flow is completely integrable and again provides an example of an
integrable optimal control problem. Details of the proof of integrability can
be found in Thimm [1981] or Bloch, Brockett, and Crouch [1997].

The rigid body as an optimal control problem.!

We now discuss the SO(n) rigid body equations in the optimal control
setting.

For convenience we shall use the following pairing (multiple of the Killing
form) on so(n), the Lie algebra of n x n real skew matrices regarded as the
Lie algebra of the n-dimensional proper rotation group SO(n):

&mn) = —% trace(&n).

The factor of 1/2 in this formula is to make this inner product agree with the
usual inner product on R? when it is identified with so0(3) in the following
standard way: we associate the 3 x 3 skew matrix @ to the vector u by
@ -v =u x v, where u x v is the usual cross product in R3.

1Based on Bloch, Crouch, Marsden, and Ratiu [2002]
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We use this inner product to identify the dual of the Lie algebra, namely
so(n)*, with the Lie algebra so(n).
We recall from Manakov [1976] and Ratiu [1980] that the left invariant
generalized rigid body equations on SO(n) may be written as
Q = QQ
M = [M,Q], (7.7.36)
where @) € SO(n) denotes the configuration space variable (the attitude
of the body), 2 = Q~'Q € so(n) is the body angular velocity, and M :=
J(2) € so(n) is the body angular momentum. Here J : so(n) — so(n) is
the symmetric (with respect to the above inner product) positive definite
operator defined by
J(Q) = AQ + QA,
where A is a diagonal matrix satisfying A; +A; > 0 for all i # j. Forn =3
the elements of A; are related to the standard diagonal moment of inertia
tensor I by I = AQ 4+ Az, Io = A3+ Ay, I3 = Ay + As.
The equations M = [M, Q)] are readily checked to be the Euler-Poincaré
equations on so(n) for the Lagrangian

) = 5 (9, (@)

It follows from general Euler-Poincaré theory (see, for example, Marsden
and Ratiu [1999]) that the equations (7.7.36) are the geodesic equations
on T'SO(n), left trivialized as SO(n) x so(n), relative to the left invariant
metric whose expression at the identity is

(€, Q2)) = (21, J(22)) - (7.7.37)

According to Mishchenko and Fomenko [1978], there is a similar for-
malism for any semisimple Lie group and that in that context, one has
integrability on the generic coadjoint orbits.

The Symmetric Rigid Body System. By definition, the left invari-
ant symmetric rigid body system is given by the first order equations

Q=QQ
P =PrQ (7.7.38)
where (2 is regarded as a function of @) and P via the equations
Q:=J M) €so(n) and M:=Q'P-PTQ.
Tt is easy to check that this system of equations on the space SO(n) x SO(n)
is invariant under the left diagonal action of SO(n).

7.7.17 Proposition. If (Q,P) is a solution of (7.7.38), then (Q, M)
where M = J(Q) and Q = Q~1Q satisfies the rigid body equations (7.7.36).
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Proof. Differentiating M = Q7 P— P Q and using the equations (7.7.38)
gives the second of the equations (7.7.36). W

It is because of this proposition that the equations (7.7.38) are called the
left invariant symmetric rigid body equations on SO(n) x SO(n).

Recall that the spatial angular momentum for the standard left in-
variant rigid body equations (7.7.36) is defined to be the value of momen-
tum map for the cotangent lifted left action of SO(n) on T* SO(n) (see, for
example, Marsden and Ratiu [1999] for these basic notions).

7.7.18 Proposition. For a solution of the left invariant rigid body equa-
tions (7.7.36) obtained by means of Proposition 7.7.17, the spatial angular
momentum is given by m = PQT — QPT and hence m is conserved along
the rigid body flow.

Proof. If we start with a solution (Q(t), P(t)) of the symmetric rigid body
system, and map this solution to (Q(t), M(t)) where M(t) = QTP — PTQ,
then as we have seen, M satisfies the rigid body system, and so M is the
body angular momentum, that is, it is the value of the momentum map
for the right action. By general Euler-Poincaré and Lie-Poisson theory, m,
which is the value of the momentum map for the left action, is obtained
from M using the coadjoint action of SO(n) on so(n)* = so(n), namely

m=QMQ" =Q(Q"P - PTQ)Q" = PQT — QP

It follows by Noether’s theorem that m = 0; one can also verify this directly
by differentiating m along (7.7.38). |

Local Equivalence of the Rigid Body and the Symmetric Rigid
Body Equations. Above we saw that solutions of the symmetric rigid
body system can be mapped to solutions of the rigid body system. Now we
consider the converse question. Thus, suppose we have a solution (Q, M)
of the standard left invariant rigid body equations. We seek to solve for P
in the expression

M=Q"P - PTQ. (7.7.39)

For the following discussion, it will be convenient to make use of the
operator norm on matrices. We recall, for notational purposes, that this
norm is given by

[Allop = sup [|Az]
ll=ll=1
where the norms on the right hand side are the usual Euclidean space
norms.

Since elements of SO(n) have operator norms bounded by 1 and since the
operator norm satisfies || AB||op < ||Allop||Bllops We see that if M satisfies
M = QTP — PTQ, then |M||op < 2. Therefore, || M||op < 2 is a necessary
condition for solvability of (7.7.39) for P.



7.7 Optimal Control on Lie Algebras and Adjoint Orbits 99

7.7.19 Definition. Let C denote the set of (Q, P) that map to M ’s with
operator norm equal to 2 and let S denote the set of (Q, P) that map to
M ’s with operator norm strictly less than 2. Also denote by Sys the set of
points (Q, M) € T* SO(n) with || M||op < 2.

Note that C' contains pairs (Q, P) with the property that Q7 P is both
skew and orthogonal.
Recall that sinh : so(n) — so(n) is defined by

One sees that indeed sinh takes values in so(n) by using, for example, its
series expansion:

_ 1, 1.
smh§:§+§§ +a€ + ...

Recall from calculus that the inverse function sinh™'(u) has a convergent
power series expansion for |u| < 1 that is given by integrating the power
series expansion of the function 1/v/1 + u? term by term. This power series
expansion shows that the map sinh : so(n) — so(n) has an inverse on the
set U = {u € so(n) | |lullop < 1}. We shall denote this inverse, naturally,
by sinh™!, so

sinh™" : U — so(n).

Example of SO(3). As an example, let us consider s0(3) which we pa-
rameterize as follows: we write an element of s0(3) as ué where ¢ is an
element of 50(3) of unit operator norm (so ¢, the corresponding 3-vector
has vector norm one) and p is a positive scalar. One checks that the opera-
tor norm of ¢ is equal to the Euclidean norm of c¢. Hence, the set U consists
of the set of elements ué¢ where c¢ is a unit vector and u is a real number
with 0 < p < 1. From Rodrigues’ formula (see e.g. Marsden and Ratiu
[1999]) one finds that

et =T +sin(u)é+ (I —cc”) (cosp — 1). (7.7.40)

Thus, one sees that
sinh(ué) = sin(p)é.

Notice that from this formula, sinh is not globally one to one. However, it
has an inverse defined on the set U explicitly given by

sinh ™! (ué) = sin ™! (p)é.
7.7.20 Proposition. For | M|, < 2, the equation (7.7.39) has the so-

lution o
P=Q (esmh M/2) . (7.7.41)
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Proof. Notice that

M = esin}f1 M/2 - sinh = M/2 m
Similarly, in the right invariant case, we obtain the formula

P = (esi“h‘l MV?) Q.. (7.7.42)

Example of SO(3). We now show that for SO(3) the set C' is not empty,
even though there are no points @, P such that QTP is both skew and
orthogonal (because in SO(3) there are no skew orthogonal matrices, as all
three by three skew matrices are singular). Let QT P = e#¢ where p = /2.
Then by equation (7.7.40) QTP = I + ¢ and hence is not skew. Now for z
such that ¢z = 0 we have

QTP — PTQ)z|| = 2||éx|| = 2||||

and thus [|(QTP — PTQ)|op = 2.
In fact, reversing the argument above shows that for SO(3) the set C
consists entirely of elements of form QTP = I + ¢ for some c.

7.7.21 Proposition. The sets C' and S are invariant under the double
rigid body equations.

Proof. Notice that the operator norm is invariant under conjugation;
that is, for @ € SO(n) and M € so(n), we have

1QM Q™ lop = |M ] op-

This is readily checked from the definition of the operator norm. Recall
that under the identification of the dual so(n)* with the space so(n), the
coadjoint action agrees with conjugation. Thus, the map f : s0(3) — R;
M — ||M]|op is a Casimir function and so is invariant under the dynam-
ics. In particular, its level sets are invariant and so the sets S and C are
invariant. W

One can see that the operator norm is invariant under the dynamics
by a direct argument as well. This is done by writing the operator norm
as |M|op = VA, where \ is the maximum eigenvalue of M7 M (by the
Rayleigh-Ritz quotient). Then one differentiates the equation MT Mv =
Av along the flow of the rigid body equations, subject to the constraint
|v]|? = 1 to see that A = 0.

Example of SO(3). For the rotation group, the trace norm (up to a
factor of 2) and the operator norm both agree with the standard Euclidean
norm under the identification v € R — % € s0(3). The standard norm is
indeed a Casimir function for the rotation group and is invariant under the
rigid body equations by conservation of angular momentum.
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We can obtain these equations from the optimal control viewpoint as
follows:

7.7.22 Definition. Let T > 0, Qo,Qr € SO(n) be given and fized. Let
the rigid body optimal control problem be given by

1 T
i — t 74
min 2 / U, J(U))d (7.7.43)

subject to the constraint on U that there be a curve Q(t) € SO(n) such that

Q=QU, QO0)=Qo, QT)=Qqr (7.7.44)

7.7.23 Proposition. The rigid body optimal control problem (7.7.22) has
optimal evolution equations (7.7.38) where P is the costate vector given by
the maximum principle.

The optimal controls in this case are given by

U=J1Q"P-PTQ). (7.7.45)

Remark The proof (see Bloch and Crouch [1996]) simply involves writing
the Hamiltonian of the maximum principle as

H=(P.QU) - % U, J(U)) (7.7.46)

and maximizing with respect to U in the standard fashion.

Exercises

7.7-2. Show that if instead of the Hamiltonian (7.7.46) one formulates
the Hamiltonian in Proposition 7.7.23 as

1
H = (QP,QU) = 5 (U.J(U)) (7.7.47)
where QP is now a left invariant vector field and P is in so(n) one obtains

the rigid body equations in the standard rather than symmetric form

Now we show that the rigid body equations may be given as singular
case of the double double bracket equations discussed earlier for the general
optimal control problem. To see this, let

Q= [ (iQT 32 } (7.7.48)

as before and similarly for P. Note that these matrices now lie in s0(2n)
and each block lies in SO(n).
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7.7.24 Corollary. The generalized rigid body equations on SO(n) are
given by the double double bracket equations (7.7.31) in the case Q and P
lie in SO(n), Juy = J, and the operator J;l =0.

Note that the reduced generalized rigid body equations (the dynamics)
are completely integrable (see e.g. Ratiu [1980]).

There is also a fascinating symmetric discrete rigid body system which
can also be obtained via the (discrete) maximum principle and which is
connected with the discrete integrable Moser-Veselov equations for the rigid
body Moser and Veselov [1991]. We just mention this briefly here and refer
the reader to Bloch, Crouch, Marsden, and Ratiu [1998, 2002] for details.

The Discrete Symmetric Rigid Body. We now define the symmetric
discrete rigid body equations as follows:

Qr+1 = QiUy
Piy1 = PUg, (7.7.49)
where Uy is defined by
U — AUL = QE P, — PEQr = TP (U). (7.7.50)

We can then obtain the discrete symmetric rigid body equations as fol-
lows:

7.7.25 Definition. Let A be a positive definite diagonal matriz. Let
Qo, Qr € SO(n) be given and fized. Define the optimal control problem

in 3" trace(AU 7.7.51
rgtnzk: race(AU,) (7.7.51)

subject to dynamics and initial and final data
Qri1 =QrUx,  Qo=0Qy Q) =Qr (7.7.52)

for Qi, U, € SO(n).

7.7.26 Theorem. The optimal control problem 7.7.25 yields the optimal
evolution equations

Qr+1 = QrUyg
Pisr = PUp, (7.7.53)

where Py is the discrete covector and Uy is defined by

Uph — AU = QL P, — P Q- (7.7.54)
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Optimal Control and the Full Toda Flow.

In this section we introduce an optimal control problem which yields the
full Toda flow as described originally in Faybusovich [1988]. We follow here
the treatment in Bloch and Crouch [1997]. This problem may be viewed as
a control problem on an adjoint orbit of lower triangular matrices.

We begin by introducing some specialized notation. Let G = gl(n) denote
the Lie algebra of n x n matrices (with corresponding Lie group GL(n) of
invertible n X n matrices).

7.7.27 Definition. For A € gl(n), let A= Ay + Ag+ A_ where Ay is
the strictly upper part of A, Ag the diagonal part, and A_ is the strictly
lower part. Let

m(A)=A_ + AT + Ay (lower)
me(A) = Ay — AL (skew)
mes(A) = A_ + Ag + AT (symmetric)
(4)

= A, — AT (strictly upper).

The reason for the above notation is as follows (see Symes [1980]):
Endow G with the inner product (A, B)7 = TrAT B. We observe

G=LTK

where L is the subalgebra of lower triangular matrices and /C the subalgebra

of skew-symmetric matrices. £ is the Lie algebra of L, the lower triangular

group and /C is the Lie algebra of K, the group of orthogonal matrices.
Denote by L the perpendicular subspace under the scalar product. Then

Lt ={z:Tr(zTy) = 0,Vy € L}
is the algebra of strictly upper triangular matrices and
Kt ={z:Tr(z"2) =0,Vz € K}
is the space of all symmetric matrices. Hence we can write
G~G =L oK
and we can make the identification
£~ Kt
K*~ Lt

We now give some preliminary results that will be useful in the main
theorem.
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7.7.28 Lemma. For any matriz S € G and L inL
T L (LTS) = T L (LTT(]CL S)
T L (SLT) = TpL (7TkJ_ (S)LT)

Let F: G — G be analytic and consider
f(PQT) = TeF(PQT).
Let

f(A+hR) - f(A)
h

Faf(A)(R) = lim
for A, R € gl(n). Hence
Fof(PQT)(R) =

= (R, V[(4))

<PRT ViPQT))
= (RPT,Vf(PQT)")
= (R, Vf(PQT)TP>
(RQT,Vf(PQT))
= (R, VF(PQT)Q).

Frf(PQT)(R) =

Hence, we have
7.7.29 Lemma. Let f(PQT) = TrF(PQT). Then the Hamiltonian flows
with respect to the canonical structure on T*G are given by
Q=Vf(PR")Q
P=-Vf(PQ")"P,
respectively.

The main result in Bloch and Crouch [1997] can now be stated in the
following way. Consider the optimal control problem

T
mUin/ LU, U)rdt

0 .
subject to: X = m (U)X, X(0) = Xo, X(T) = X7,
where X € L, U € G.

(7.7.55)

7.7.30 Theorem. For the optimal control problem (7.7.55), the optimal
controls are given by
U= T L (RXT)

where R is the costate vector and the corresponding extremal flow is given
by

X = m(mer (RXT)) X (7.7.56)
R=—m. (nf (mo (RXT))R).
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Equations (7.7.56) are Hamiltonian with respect to the canonical structure
on T*G, with corresponding Hamiltonian function

H(R,X) = 3(m. (RXT), mpr (RXT))r. (7.7.57)

From this result, and Lemma 7.7.28, we observe that if S = 7. (R) we
may rewrite H in (7.7.57) in the form:

H = 3{mpo (SXT), mpr (SXT)) 7. (7.7.58)

Using Lemma 7.7.28 once more, the Hamiltonian equations may be rewrit-
ten in the form

X =m(mpe (SXT))X (7.7.59)
S = —mpr (nf (m2 (SXT))S).

Now set
A=m(SXT). (7.7.60)

Then the equations (7.7.59) are of the form

X =m(Vf(A)X
S = —mps (] (Vf(A))S)

where f(A) = 1Tr(A2).

-2
Now we compute
A=m (8XT 4+ 8XT)
= mps (—mpe (] (V) S)XT)
+mee (SXT7 (V)
= —m (n] (Vf)SXT)
+1p (SX Tl (Vf))
(by Lemma (7.7.28)
= mes ([A, 7 (V)]

Hence
A=m ([A, 7 (VF)]). (7.7.61)

But since

Vf(A) =m(Vf(A)) +m(VF(A))

and Vf(A) € Kt (for any invariant polynomial in A), we have

VI(A) =al (Vf(A)) — m(VF(A)).
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Observing also that [4, Vf(A)] = 0, we obtain

A=m[Am(VF(A)]
= [A,m(Vf(A))]
(since [K1, K] € K1)
=[A, Vf(A) —mVf(A)
=

m(Vf(A)), Al
Thus for f(A) = $Tr(A?), we obtain from (7.7.59) and (7.7.60) the follow-
ing set of equations which are equivalent to the extremal flow (7.7.56), and
represent the (augmented) full Toda flow:

X =m(A)X (7.7.62)

A= [A,m(A)] = [m(A), A].

The equations (7.7.56) and (7.7.59) were originally derived in a completely
different fashion in the work of Symes [1980] . We note the special form of
the full reduced Toda flow equation (7.7.61)

A=m([A 7 (V). (7.7.63)

We observe that this evolves naturally in a coadjoint orbit of L. We can
see this by considering tangent vectors to an orbit. These are of the form
adjyAfor W e Land A € L* ~K+. Let A= (S, )7 for S € K+, and let
V e L. Then

ady, (A)(V) = —A(adw V) = —A([W,V])
= (S, W, V])r = —(W",S),V)r
= _<[WT’S]77UV>T
since V € L
= (m [S, W], V.

Hence indeed the right hand side of (7.7.63) is a tangent vector to a coad-
joint orbit. The classical tridiagonal Toda flow lies on a low rank nongeneric
orbit of this type.
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Energy-Based Methods for
Stabilization

9.4 Stabilization of a Class of Nonholonomic
Systems

Example: Stabilization of Unicycle with Rider

Stabilization of the unicycle with rider is discussed in Zenkov, Bloch, and
Marsden [1999], Zenkov, Bloch, and Marsden [2002a]

We now present the dynamical model of a homogeneous disk on a hori-
zontal plane with a mass and pendulum attached. The pendulum is free to
move in the plane orthogonal to the disk, while the attached mass stays in
the disk’s plane. We view this as a simplified model of a rider on a unicycle
in which only the sideways motion of the rider (such as the rider’s limbs)
is modeled, without pedaling control.

Configuration Space. The configuration space for the unicycle with
rider as described in Chapter 1, is Q@ = S x S x St x SE(2), which
we parameterize with coordinates (0, 5,1, &, x,y). As in Figure 9.4.1, 0 is
the tilt of the unicycle itself, s is that of the limb, and % is the angular
position of the wheel of the unicycle. The variables (¢, z,y), regarded as a
point in SE(2), represent the angular orientation and position of the point
of contact of the wheel with the ground.

The Symmetry Group. This mechanical system is SO(2) x SE(2)-
invariant; the group SO(2) represents the symmetry of the wheel, that
is, the symmetry in the ¢ variable, while the group SE(2) represents the
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FI1GURE 9.4.1. The configuration variables for the unicycle with rider.

Euclidean symmetry of the overall system. The action by the group element
(a, B,a,b) on the configuration space is given by

(07 %’ 11[}’ ¢’ I7y) =
(0,5, + a, 0+ B,z cos B —ysin B+ a,xsin 3+ ycos 5+ b).

Lagrangian. The Lagrangian of this system has the standard form of
kinetic minus potential energy:

m
L = Kgiex + 5072” + gvi - U,

where,
%[A(éz + ¢? cos® 0) + B(psinf + ¢)2]
+ % [R292 + 2R(y cos ¢ — & sin c;b)@ cosf
+ (& — R sin 6 cos )% + (i — Rpsin fsin 0)?],
02 = (R+1)%6% + 2(R+ 1) (3 cos ¢ — i sin ¢)6 cos 0
+ [& — (R+Ddsinbcos ¢)” + [ — (R + )dsinOsin ¢,
v: = (R+ 72602 + p?(5c — 0)% 4+ 2p(R + 1) (3¢ — 0)0 cos 3¢
+2[(R+ r)0cos® + p(3c— 6) cos(s — 0)] [ cos ¢ — i sin ¢]
+ [&— ¢ cos ¢((R+7)sinb + psin(s — 0))]2
+ [y — dsing((R+7)sin 6 + psin(sc — 9))]2,

Kaisx =

and

U= MgRcosf +mg(R+1)cosf + ug [(R+1)cosd — pcos(s — )] .
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Constraints. The constraints are given by the standard conditions of
rolling without slipping:

T = —¢R cos @, Y= —z/}R sin ¢.

Here M is the mass of the disk, R is the radius of the disk, A and B are
the principal moments of inertia of the disk, m is the rider mass, r is the
rod length, [ is the distance from the center of the disk to the mass m, u
is the limb mass, and p is the limb length.

Lagrange-d’Alembert Equations. The equations of motion with a
control torque u on the pendulum are those derived in the standard way
from the Lagrange-d’Alembert principle:

doL. oL

dt 96 = 90’

dOL. 0L

dt 93 9k

d 8L, . o
7 99 = Acos0 6y + Beos(x — 0)(3c— 0)1,
d oL, - L
7 o5 —Acosf0p — Bceos(se — 0)(5c — 0)9,

where L. (0, 5,0, 5¢,0,$) = L(0, 5, ¢, 0, 52,9, b, =) R cos ¢, —p R sin ¢) is the
reduced Lagrangian, A = MR?> + mR(R+1) + uR(R + r), and B = uRp.
These equations are supplemented, of course, with the constraints so that
one has a well posed initial value problem.

Nonholonomic Momenta and Routhian. The nonholonomic momen-
tum and the constrained Routhian are given by

OL. S oL, o
p1 99 119+ L2 D2 % 210 + Io27)

and

. . ) 1.,
R = (91192 + 2g1203 + 922%2) - 5—7 "papy — U (0, ),

1
2
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respectively. Here,

g =MR*+m(R+1)*>+p[(R+7)* —2(R+r)pcossx+ p*| + A,
gi2 = p[(R+r)pcoss—p?],
922 = pp’,
Iy = MR?sin? 0 + m(R + 1)*sin? 0
+ w[(R+7)sin6 + psin(sc — 0)]° + Acos® 0 + Bsin? 0,
Iy = MR?sin@ + mR(R +1)sin 6
+ pR[(R+ r)sinf + psin(s — 0)] + Bsiné,
Iyo = MR?* + mR? + uR? + B.

As usual, I® are the components of the inverse inertia tensor.

Reduced Equations. Using the symmetry of the system, the variables
x,y, P, can be eliminated by taking the quotient by the action of the
group SO(2) x SE(2). Carrying this out, the resulting reduced equations
of motion may be written in terms of the Routhian as

d OR

dt 99 4.

diog ~ V% (9.4.9)

d OR

dtox - Rt (9.4.10)
% = [1%'py + )] [.Acos&é + Bcos(s — 0) (3¢ — 9’)]’ (9.4.11)
% = —[1"'py + 1'%p,] [.Acos@é + Bcos(s — 0)(5c — 9)] (9.4.12)

The covariant derivatives in equations (9.4.9) and (9.4.10) are defined by

0
Vo = 20 + |:ACOS93COS(%9):|

0
121 122 = Ill 112 v
X [( p1+ p2) opr ( p1+ pg) 6p2] ,
V.= 9 + Beos(sc — 0) | (I*'p1 + I**ps) o (I"'py+1"%po) 9
T O ! 2 op1 ! 2 Opa |’

The first two of these equations describe the tilting motion of the disk-
pendulum system, while the second two model the (coupled) wheel dy-
namics. The full dynamics is governed by equations (9.4.9)-(9.4.12) cou-
pled with the reconstruction equation for the group variables x,y, ¢, ¥. This
reconstruction equation is not needed here as it does not affect the evolu-
tion of the shape and the momentum variables, and thus is not used in
our stabilization analysis. This is because our stabilization is done mod-
ulo the group action, which is natural for the problem. See Zenkov, Bloch,
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and Marsden [1998] for additional information about the formalism we are
using here.

Feedback Law. Now we introduce the following form of the linear feed-
back control
u = k10 + kose + k30 + kyse.

We can then show that we can achieve linear stability of the pendu-
lum system for a suitable range of parameters and this, coupled with the
Lyapunov-Malkin theorem, give overall stability of the system. We omit
details here and refer to Zenkov, Bloch, and Marsden [2002a] for the de-
tails.

Example: Matching and Energy Methods for Unicycle
with Rider

We can also carry out stabilization using the matching techniques of Bloch,
Leonard, and Marsden [1998], Bloch, Leonard, and Marsden [2000], Auckly,
Kapitanski, and White [2000], Hamberg [1999], see Zenkov, Bloch, Leonard,
and Marsden [2000].

Structure of the nonholonomic system. For the unicycle with rider,
the symmetry group is SO(2) x SE(2) and falls into the general class of
nonholonomic systems of the form:

1. The shape space Q/G is a smooth two-dimensional manifold.
2. The curvature of the nonholonomic connection equals zero.

3. The momentum equation is of the form of a parallel transport equa-
tion.

The reduced equation of motion in this case are

d OR d OR

—_—— — — .4.

priEw ViR, 572 VoR + u, (9.4.13)
Do _ b pyie a=1,..,m (9.4.14)
dt - a,apb 9 - 3t 9 k.

where R is the Routhian, r® are the shape variables, p, are the components
of the nonholonomic momentum, and the covariant derivatives in equation
(9.4.13) are defined by

Vo = 0pa + D8 00, . (9.4.15)

The term w in the shape equation (9.4.13) represents the control input. The
full dynamics is governed by equations (9.4.13) and (9.4.14) coupled with
the reconstruction equation for the group variables. This reconstruction
equation is not needed here as it does not affect the evolution of the shape
and the momentum variables, and thus is not used in our stabilization
analysis.
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The Steady States. The equilibria
r =Ty, p=p° (9.4.16)

of equations (9.4.13) and (9.4.14) represent the steady state motions of or
system. These equilibria are distinguished by the conditions

ViR =0, VaR =0

and thus are labeled by the p’. We assume that equilibria (9.4.16) are
unstable in the direction of unactuated shape variable.

Matching and Controlled Lagrangians. Matching in this setting pro-
ceeds as follows (see Zenkov, Bloch, Leonard, and Marsden [2000], Bloch,
Leonard, and Marsden [2000], Hamberg [1999]).

Consider an underactuated system with the Lagrangian L : TQ — R.
Suppose that the configuration variables split into two groups (¢*,. .., q™)
and (¢™*1,...,¢") in such a manner that only the equations corresponding
to the second group' are affected by the control forces:

ddL 9L

——— = i 9.4.17

aog og " (94.17)

where u; represent the control inputs and u, = 0 for a = 1,...,m. The
uncontrolled system has an unstable equilibrium

q = qo, (9.4.18)

which we want to stabilize using the control inputs. The controlled La-
grangian approach requires a new function L, the controlled Lagrangian, to
be constructed such that the equations

doL _ oL
dt 9¢t  Ogt’

(9.4.19)

are equivalent to (9.4.17). We assume that both L and L are of the form

T ~ 1. . =
L=359i4'¢ = Ula), L =39i4'¢ —Ula),
with gs5, gi5, U, and U representing the kinetic energy metrics and the
potential energies of the initial and the controlled Lagrangians.
Following Hamberg, we introduce the following tensors:

T;k: = f;k - F;‘k» hf = girg™, ﬁf = Ging™ (9.4.20)

LOne can think of this grouping of generalized coordinates more intrinsically as as-
suming there is a bundle structure Q — Q, where the fibers of the bundle represent the
control directions.
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where F;k and T ;k are the Christoffel symbols of the metrics g;; and g;;.
The indices 4, j, and k range from 1 to n, and a summation over repeated
indices is understood.

The conditions for equivalence of (9.4.17) and (9.4.19) are called the
matching conditions. They generalize the conditions in Bloch, Leonard,
and Marsden [2000] and are given in the following theorem:

9.4.7 Theorem. (Hamberg) Fquations (9.4.17) and (9.4.19) are equiv-

alent iff the following two conditions hold fora =1,... ,m:
oU U
wll =0, I = ) 9.4.21
Gal Jk aaqj aqa ( )
The explicit formulae for the controls are
ou . oU iy
ua:@_hi@_gazﬁkqjqk, a=m+1,...,n. (9.4.22)

Of course, the controls provided by Theorem 9.4.7 cannot accomplish
asymptotic stabilization, which can be gained by adding dissipative terms
to Uq, i.€. by controls of the form

U oU

o = 55~ Mages — 9 Tud 4" — dagd’. (9.4.23)

For a two degree of freedom system, one can use the following coefficients
dajl ~ _
do1 = dh%, dog = dh%, d>0. (9424)

Feedback Stabilization. Now we use matching techniques or stabiliza-
tion of of steady state motions

r=rg, p=7p° (9.4.25)

Il
i)

that satisfy the following condition:
VaRp=po = OraR|p—po- (9.4.26)
Controlled Routhian. In order to define the constrained Routhian, we
introduce an auxiliary holonomic system whose Lagrangian is
Lpo = Rip=po-

The steady state motion (9.4.25) is dynamically equivalent to the equilib-
rium of the corresponding auxiliary system. We then apply the holonomic
matching technique and obtain the controlled Lagrangian £,0. This involves
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the new metric g, and the new potential energy, which we construct in
the following form:

1 -

§Iabpgpl? +U(r).

Next, we “unfreeze” the nonholonomic momentum in the above formula.
This gives us the controlled amended potential

- 1 -
Us = S1*"papy + U(r).
Finally, we define the controlled Routhian

~ 1 .
R = 79&67‘()‘7“& —U,,

2
the controlled covariant derivatives
~ 0 ~ 0
Vo=—-——+D" ,
Ire + aapba

ZZZ VR, a=12 (9.4.27)

The controlled energy corresponding to this controlled Routhian can be
chosen, with appropriate choice of gains, to be positive definite at equilib-
rium (9.4.25).

Nonholonomic Matching. One can then show:

9.4.8 Theorem. The equations (9.4.27) associated with the controlled
Routhian R and the controlled covariant derivatives V coupled with the mo-

mentum equations (9.4.14) are equivalent to the original equations (9.4.13)
and (9.4.14) iff the following matching conditions hold:

+ 56 Iab

5 Ira ax + D;llab'

(9.4.28)

glfyT;IB = O,

T2 0!

OV _ov Lo
Lore = gr1’ !

} 1o

The control u is given by

ou . oU

U= o g el

1 91be 191  ~
+ (2(97’2 + Dg2lab — h§ |:2 o + D;alab:| ) pope- (9.4.29)

One can rewrite the control using the controlled covariant derivatives as

u= VU — gopg®*VaU — g2y T 777, (9.4.30)
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Nonholonomic Stabilization. In order to stabilize the steady state
motion (9.4.25), we will use the results of Zenkov, Bloch, and Marsden
[1998] and in particular, the Lyapunov-Malkin theorem. First, we choose
the values of gains that produce the controlled Routhian with positive
definite at (9.4.25) controlled energy.

One can check that the linearized equations of motion have four pure
imaginary and m zero eigenvalues. For the Lyapunov-Malkin theorem to
be used, we need to move all the nonzero eigenvalues to the left half plane.
We accomplish that by adding the dissipative control terms (9.4.24) to
(9.4.30):

u= VU — g2Vl — goy T 5777 — dh2i. (9.4.31)

A direct computation shows that all nonzero eigenvalues of the linearized
equation, after the dissipative terms were added, are forced to the left half
plane. By the Lyapunov-Malkin theorem, the constructed control stabilizes
the steady state motion (9.4.25) along with nearby steady states.

This stabilizes the pendulum system and use of the Lyapunov-Malkin
theorem produces stability for the full system. For the details see Zenkov,
Bloch, Leonard, and Marsden [2000].
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