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Abstract. The Serret-Andoyer transformation is a classical method for reducing the free rigid body dynamics,
expressed in Eulerian coordinates, to a 2-dimensional Hamiltonian flow. First, we show that this transformation
is the computation, in 3-1-3 Eulerian coordinates, of the symplectic (Marsden-Weinstein) reduction associated
with the lifted left-action of SO(3) on T*S(O(3)—a generalization and extension of Noether's theorem for
Hamiltonian systems with symmetry. In fact, we go on to generalize the Serret-Andoyer transformation to the
case of Hamiltonian systems arf S O(3) with left-invariant, hyperregular Hamiltonian functions. Interpretations

of the Serret-Andoyer variables, both as Eulerian coordinates and as canonical coordinates of the co-adjoint orbit,
are given. Next, we apply the result obtained to the controlled rigid body with momentum wheels. For the class
of Hamiltonian controls that preserve the symmetryTors O(3), the closed-loop motion of the main body can
again be reduced to canonical form. This simplifies the stability proof for relative equilibria , which then amounts
to verifying the classical Lagrange-Dirichlet criterion. Additionally, issues regarding numerical integration of
closed-loop dynamics are also discussed. Part of this work has been presented in [16].

Keywords: Hamiltonian system, canonical transformation, group symmetry, symplectic form, symplectic reduc-
tion

1. Introduction

TheSerret-Andoyer transformatiomas first introduced by Serret [23] as a canonical trans-
formation for the free rigid body dynamics that results in two ignorable (cyclic) coordinates.
Roughly speaking, let the transformation be denoted by

((pv 01 1/[7 q>1 ®3\II) = (gv h»lv Ga Hs L)v

where (p, 6, ¥, ®, ®, V) is the set of 3-1-3 Eulerian coordinates that characterize the
motion, andg, h, |, G, H, L) are the transformed coordinates. Then, the variaptslh

are ignorable, i.eG andH are integral invariants, leaving a Hamiltonian in the remaining
variablesH(l, L). In essence, the transformation reduces the 6-dimensional dynamics of
the free rigid body to two dimensions.
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Serret deduced the transformation by solving the Hamilton-Jacobi equation, where reduc-
tion was achieved by requiring the generating function to take on a special form. Andoyer
[3] showed using spherical trigonometry that the transformation is really a change of Eu-
lerian coordinates that depends on the angular momentum vector. In effect, choosing
a spatial frame such that the 3-axis is parallel to the conserved spatial angular momen-
tum vectorp, and denoting the set of 3-1-3 Eulerian coordinates in this spatial frame as
(¢, 0,1, d', @, L), onefinds that the Hamiltonian depends onlydgn andL. Moreover,

@' is a constant of motion (singg is cyclic) and in fact equalp||, the magnitude of the
angular momentum. Thus, the reduced Hamiltonian above is obtained.

More recently, Deprit and Elipe [11] reconstructed the Serret-Andoyer transformation
using differential forms, and explained that the transformation has the meaning of reducing
the rigid body dynamics b O(3) symmetry, although this connection was not explicitly
formulated as a quotient map on the phase space, which we do in the present study.

The significance of the transformation is that it allows, through further introduction of a
set of action-angle variables, the complete reduction of the free rigid body dynamics onto
the 2-torus, that is, in a form that is integrable by quadrature; see [11]. The notion of
integrability of Hamiltonian systems is well known.

The main purpose of this paper is to extend the definition of the Serret-Andoyer variables
to the controlled rigid body, and to attempt a similar reduction of the closed-loop dynamics
for a certain class of Hamiltonian controls.

To do so, we first explicate the connection between the Serret-Andoyer transformation,
and the notion of reduction of dynamics with symmetry due to Marsden and Weinstein
[2], [20]. In fact, we go on to generalize the Serret-Andoyer transformation to the case
of Hamiltonian systems o *S O(3) with left-invariant, hyperregular Hamiltonians, and
we show that this transformation is the computation in 3-1-3 Eulerian coordinates of the
symplectic (Marsden-Weinstein) reduction associated with the lifted left-acti@gB)
on T*SO(3)—a generalization and extension of Noether’s theorem on the conservation of
momentum maps for Hamiltonian systems with symmetry.

Geometrically, the generalized Serret-Andoyer transformation is rather easy to visualize:
it amounts to choosing a spatial frame so that the 3-axis is aligned with the generalized
angular momentum, and characterizing the momentum level set with the 3-1-3 Eulerian
coordinates. The geometric interpretation of the Serret-Andoyer varidbley, i.e., the
remaining free variables, is two-foldl:.originates as an Euler coordinate due to the above-
mentioned choice of the spatial frame, dnds its conjugate momentum; moreougr,.L)
appear as canonical coordinates with respect tdatidostant-Kirillov symplectic form
for a local chart on the momentum level set. It is well known that this level set is a leaf of
the Poisson manifolgo(3)*.

The generalized Serret-Andoyer transformation is next applied to the controlled rigid body
with momentum wheels. As further investigation of the work of Bletlal. [7], we are in
particular interested in control laws that stabilize stationary rotation about the intermediate
axis while preserving the group symmetry, i.e., such that the closed-loop motion of the
body is again Hamiltonian, left-invariant and hyperregular. A sufficient condition for a
symmetry-preserving control is given in Section 6.1.

For the class of Hamiltonian controls that preserve the symmetiy&0O(3), Noether's
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theorem is applicable to the closed-loop motion of the main body. Thus, one can define a
controlled Hamiltonianwhich is generally different from the classical Hamiltonian. The
generalized Serret-Andoyer transformation for the controlled system then amounts to a
judicious choice of Euler coordinates relative to the momentum which, by design, is con-
served in space. Reduction is thus achieved, and the closed-loop main body motion is
again a 2-dimensional Hamiltonian flow in the generalized Serret-Andoyer variables. A
useful feature of the Serret-Andoyer variables analysis of the controlled dynamics is that,
since the reduced dynamics are Hamiltonian in canonical form, the stability proof can be
done by applying the classical Lagrange-Dirichlet criterion. Finally, we shall investigate
the computational properties of the Serret-Andoyer variables representation. To do this, we
simulate the reduced closed-loop dynamics using a general integration algorithm (Adams’
method) as well as second-order symplectic integrators [9]. We compare the solutions thus
obtained with those simulated with other representations, namely, Euler's equations and
the full (3-degree-of-freedom) dynamics, focusing on the numerical preservation of energy
and momentum. The results show that the reduced representation is more economical by
having fewer (two) dynamical equations, naturally preserves momentum, and allows the
use of symplectic integrators that are accurate energy-wise.

In this paper, we show how a geometric approach to classical mechanics can be applied
to modern control theory. This approach appears to be useful in various settings; see,
for example, [8]. Some preliminary results on the topics discussed hereafter have been
presented in [16].

2. Representation of Free Rigid Body Motion in Eulerian Coordinates

We consider the motion of a free rigid body in inertial space. Byni§’s theorem in
classical mechanics, this amounts to the study of the body’s motion about its center of
inertia which is fixed in space. Let thgpatial framebe the sets,, s, s3) of right-handed
orthonormal vectors fixed in space, and let buely framebe the setb,, by, bs) fixed in

the body sharing the common origin O with the spatial frame. See Figure 1. In terms of the
3-1-3 Euler angles [14], pp. 354—-358 denoted(pyo, v), the attitude of the rigid body
relative to space results from successive rotations of anglsoutss, then of anglé® about

the imagd of s; by the first rotation, and finally of angig aboutbs which is the image of

s3 by the previous rotations. {ky, X2, X3) and(X1, X2, X3) are the components of a vector
relative to, respectively, the spatial and body frames, then the rotation rRatis O(3)

taking (X1, X2, X3) to (X1, X2, X3) IS given by

COSYr COSp — €OSH Sing SinYr  — siny oSy — CoSP Sing cosyr  Sind Sing
R = | cosy sing + cosh cosy sinyr  — sinys sing + c0sH cosy cosyr — sinf cosy |,
sind sinyr sing cosyr cosp

(1)

i.e., (X1, X2, X3)T = R (X1, Xo, X3)T. The classical definition of theody angular velocity
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Figure 1. 3-1-3 Euler angles.

w=¢s3+ 061+ bsyields

6 cosy + ¢ siny sing
w=| —6Osiny + @ cosy sing | . (2)

pcoso +

Thespatial angular velocityQ2 = R w, then has the expression

6 cosy + i sing sind
Q= | §sing + vy cospsing |. (3)
@ + v cosd

The Lagrangian of the free rigid body dynamics equals the body’s kinetic ef¢ugy—
%w -Iw, wherel is the matrix of the inertia tensor. Assume that the body axes coincide with
theprincipal axes of inertial = diag(l1, |2, I3). The associated Hamiltonian functioninthe
configuration variablegp, 6, ¥) and their conjugate momente®, ®, ¥) can be obtained
by the Legendre transform df. Computation yields [19]

® = ly(¢siny sind + 6 cosyr) sind siny

+15(¢ cosyr sing — 6 siny) sind cosy + I3(¢ cosh + yr) coso, (4a)
U = l3(¢cosd + ), (4b)
® = ly(¢sindsiny + 6 cosy) cosy — la(¢ cosp sing — O siny) siny,  (4¢)

and the resulting Hamiltonian function has the expression

i 2
H(p, 0,9, ®,0,¥) = }<5'”2¢+00521/f> (cb—\ycose>

2 I1 I> sing
w2 1 /cofy sty
4 = ®2
+ 2l3 + 2 < I * I2 )

+ <1 _ i) (M) © siny cosy. (5)

L 1, siné



GENERALIZED SERRET-ANDOYER TRANSFORMATION 43

Thebody angular momentuia given classically byn = ITw. Using (4),m then has the
expression

o — ¥ cosd
= [—— |si O , 6
my ( Sng )sm// + © cosyr (6a)
o — W cosh
= (————~ — Osiny, 6b
m; ( <ing ) cosyr siny (6b)
m; = . (60)
Finally, thespatial angular momentumis obtained by transformingn back to the spatial
frame:
= ©cosy + Y- ®cosh sin (7a)
pl - (p SII’19 (pv
v — & cosf
= Osing — [ ———— 7b
P2 sing < Snd ) cosy, (7b)
ps = @. (7c)

Remark 1. Note that the variable is cyclic in the Hamiltoniar{ given by (5), i.e.;H

is invariant with respect to coordinate rotations about the sxidt is obvious that this
symmetry holds for any arbitrarily choseg In fact, as shown later, this property is true
for a more general class of motions.

3. The Classical Serret-Andoyer Transformation

The Serret-Andoyer transformation results from the following geometric operation. Letthe
spatial and body frames be denoted as beforei hethe image of; by a rotatiorh about

s3, and letk be the image of; by a rotations abouti. See Figure 2(a). The body frame is
obtained by successive rotations of angleboutk, then of angles about the image of i

by the first rotation, and finally of angleaboutbs which is the image ok by the previous
rotations; Figure 2(b). Notice thag, 8, |) are the 3-1-3 Euler angles that locate the body
framerelative to the intermediate franfermed byi, k and a third vector. The rotatidR

from the spatial frame to the body frame passing through the intermediate frame can be
represented by the differential [11]

dR = ssdh + ido + kdg + jdB + bsdl. (8)

Instead of relying on spherical trigonometry as did Andoyer [3], Deprit and Elipe [11]
deduced the Serret-Andoyer transformation by requiring that the following differential
equation hold:

m-dR = Ldl + Gdg+ Hdh, (9)

whereL, G andH are the momenta canonically conjugatd tg andh. By choosingk
to be the direction of the angular momentum vector, ne.= ||m| k so thatm -i = 0
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$1

Figure 2. Classical transformation using spherical coordinates.

andm - j = 0, the transformatiofip, 0, ¥, ®, ®, ¥) — (I, g, h, L, G, H) results in the
Hamiltonian
1 /sirfl  cofl L2
H==(2 (G2 — L)+ —, (10)
2 I I 213

with H = Gcoso = &, L = Gcosg = ¥, andG = ||m||. Deprit and Elipe [11] argued
that the above transformation is canonical and results from a reducti8iog). In effect,
we notice that the variablagandh are cyclic, and thu& andH are integrals of motion.
Moreover,H vanishes in (10), hendeis also constant along the flow &f. An additional
integral of motion is obviously the Hamiltonigr. Solutions ofl (t) andL (t) can then be
obtained by integration by quadrature, yielding

dl :G\/(i_si_nzl_co§l><A_sin2I_co§|)’ (118
dt I3 1 P I P)

. A—%sinzl —%co§l
- L Ll — Lcogl’
3 1 2

(11b)

whereA = 2H/G? is an integral of motion. Derivation of (11) and further relevant issues
regarding integration are discussed in [11].

Remark 2. It is now apparent that the axésandk are fixed in space, since the angle

h which located in the space spanned sy ands, is a constant of motion, arklis the
direction of the spatial angular momentum which is conserved. Hence, the Serret-Andoyer
transformation can be viewed as a change of spatial coordinates that depends on a conserved
guantity, namely, the angular momentum in space.
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4. Generalities in Hamiltonian Systems with Symmetry

We recall in this section some general notions concerning Hamiltonian systems on Lie
groups. We shall employ hereafter standard terminology and methodology of geometric
methods in control and dynamics, and we recommend, among others, the texts of Abraham
and Marsden [2], Arnold [5] and Marsden and Ratiu [19] for in-depth syntheses of the
subject. Nevertheless, we shall highlight here some elements of the theory of Hamiltonian
systems or§ O(3) that are relevant to the development of our subsequent results.

Consider the Lie groufs O(3), i.e., the group of real % 3 orthogonal matrices with
determinant equal to 1. Leb(3) denote its Lie algebra, arnd(3)* its dual. Recall that
elements ofo(3) are 3x 3 skew-symmetric matrices, and the algebra bracket is the usual
matrix commutator brackefy, W] = VW — WV.

Let thehatmap™ : R® — so(3) denote the usual Lie algbera isomorphism that identifies
(50(3), [, ]) with (R3, x):

0 —v3 VU2

V=(v,v2,v3) — V=| vz 0 —vy. 12)
—V2 V1 0

By duality, so(3)* is also identified witiR3,

With the above identification, the classical definitions of body and spatial angular ve-
locitiesw and €2, respectively, have the following geometric meaning: the (Rilw) is
thebody representatiqri.e., left-translation to the identity, of tangent vectord i O(3).
Indeed R € TrSO(3) has the forrR = R&. Thus, left-translation giveszLz! - R =
RR® = @. Likewise, the pailR, ’:) is thespatial representationf tangent vectors by
right-translation to the identity. By duality, the body and angular momentum veutarsl
p give the body and spatial representations, respectively, of covectdrs3ax3). The
pairing between tangent vectors and covectors is then given by the usual dot proidct on
((R,m), (R, ®)) = m-w. Arnold [4] gave a clarification of the various representations for
general Lie groups, and showed that they can be applied to fluid mechanics. See also [19]
for an exposition.

A Hamiltonian function on T*SO(3) is said to bdeft-invariantif % o L} = H for
all R € SO(3), whereL* denotes the cotangent lifted action. In the body representation,
left-invariance means th&t depends only on the body angular momentum, ité.;

SO3) x s0(3)* > R : (R,m) — H(m). Thefiber derivativeof H is the mapFH :
SO3) x s50(3)* - SO3) x 50(3) : (R, m) = (R, VnH). H is said to benyperregular

if 'H is a diffeomorphism. The following is an important lemma, materials for the proof
of which can be found in [2, §4.4].

LEMMA 1 LetH : SO(3) x s0(3)* — R be left-invariant, then the associated Hamiltonian
vector field in body coordinates is

X (R,m) = (R- Vi , M x ViH). (13)

Moreover, if H is hyperregular, the associated left-invariant Lagrangidn: SO(3) x
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s50(3) — Ris given in body coordinates by
L(w)=m-w—Hm), (14)

wherem is given in terms ofv by the Legendre transforfAL : SO3) x s0(3) —
SOB3) x 50(3)* : (R,w) = (R, m) = (R, V,,.L), with (FL) "1 = FH.

The second component &f, is sometimes called tieuler vector fieldor the dynamical
equationsh = mx V,'H are calleduler’s equation In particular, the classical Lagrangian
of free rigid body dynamics is given in body coordinates(ds) = %w -Iw. Thus, the
body angular momentum is the image by the Legendre transform of the body angular
velocity, FL : w — m = lw, and the classical spatial angular momentum is its spatial
representation.

In general, given a hyperregular Hamiltonizh (or, equivalently, a hyperregular La-
grangian’), one can define a generalized body angular momentum by the Legendre trans-
form, i.e.,m = V, £, wherew is the classical body angular velociti in our setting will
generally be different from the classical Hamiltonian. For example, for the controlled rigid
body,H can be called theontrolled Hamiltonianand£ the controlled Lagrangian

Remark 3. Note that for a left-invariant Lagrangian in general, the varigbie the 3-1-3
Euler angleqg, 0, ) is necessarily ignorable, singedoes not appear explicitly in the
expression ofv (see (2)). In particular, this is true for the free rigid body dynamics, as
mentioned in Remark 1.

We conclude this section with the following property related to the 3-1-3 Euler angle
representation. This property is crucial for the generalization of the Serret-Andoyer trans-
formation discussed in the next section.

LEMMA 2 LetH € F(SO(3) x s0(3)*) be a left-invariant, hyperregular Hamiltonian, and
let £ be the associated Lagrangian. Then, choosing any arbitrary spatial frame and the set
(p, 0, ¥) of 3-1-3 Euler angles, the conjugate mome(ta ®, W) associated withC are
related to the body representation by

® = (mysiny + mycosy) sind + mg cosh, (15a)
® = mycosy — mysiny, (15b)
v = ms, (15C)

for all (R, m) € SO(3) x s0(3)*. Moreover, in the chosen spatial frame and ignoring the
singular points corresponding ® = 0, the spatial representatiop, = Rm, is then given
in terms of these momenta by

¥ —dcosh\ .
pp1 = ©cosy + (T) sing, (16a)
v — & cosd
= —Osing — [ ———— | cosy, 16b
. ing ( s ) (16b)

ps = ©. (16c)
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Proof: By definition,® = dL/d¢ = V,L - Dgo = m - Dyw. From the expression 2

of the body angular velocity, one easily obtains (15a). (15b) and (15c) can similarly be
obtained. Finally, (16) is obtained by inverting (15) to yieldn terms of(®, ®, W), and
transforming to the spatial frame wik given by (1). [ |

Remark 4. The variablegg, 0, v, ®, ®, V) are a set of local coordinates foiS O(3).

Hence, Lemma 2 simply relates these coordinates with the vectorial representations, both in
the body and in space. Equations (15) and (16) are true for any left-invariant, hyperregular
Hamiltonian. In particular, they are true for the free rigid body Hamiltonian, as can be seen
by comparing (15) and (16) with (4) and (7).

5. Generalized Serret-Andoyer Transformation

In this section, we shall reconstruct the Serret-Andoyer transformation by employing the
notion of symplectic (Marsden-Weinstein) reductiofhis notion is essentially based on
that of momentum mapsvhich are quantities generated by symmetry (group actions) on
a Poisson manifold. BiNoether’'s theoreprmomentum maps are conserved along the tra-
jectories of a Hamiltonian vector field when the Hamiltonian is itself invariant under the
symmetry. The conserved quantity defines a ‘slice’ of the manifold which, under further
assumption oéquivariance can be projected onto a smooth manifold, tbéuced phase
space of lesser dimension equipped with a unique symplectic structure. The trajectories
of the original Hamiltonian vector field are thus projected onto those of a reduced Hamil-
tonian vector field on the reduced phase space. The Serret-Andoyer transformation is none
other than the computation in Eulerian coordinates of this process of reduction. In fact, it
generalizes to rigid motions with left-invariant, hyperregular Hamiltonians. But, first, we
shall introduce materials essential to the discussion.

5.1. Symplectic (Marsden-Weinstein) Reduction©fS O(3)

LetG be a Lie group and and Igtdenote its Lie algebra. Moreover, Igthe aPoisson man-
ifold, i.e., a manifold with &oisson bracket, } on F(P) = C*(P) such that 7 (P), {, })
is a Lie algebraanfFG, H} = {F, H}G + F{G, H} for all F, G andH € F(P). LetG
act onP (on the left) by Poisson map& x P — P : (9,0) — Lg(q) =g-q,i.e., Ly
preserves the Poisson bracket forgat G: {F,G}oLg={Foly Golg}forall Fand
G € F(P). To this action corresponds amfinitesimal actionof g on P, i.e., the vector
field

d

§p(Q) = atl._,

[€% - dq], (17)

qe P, & eg.
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Definition 1. AmapJ : P — g* is called amomentum mag X ¢ = ép forall & € g.
Moreover,J is said to beAd*-equivariantif Jo Lg = Adg o Jforallg € G.

The linear map Al : g* — g* is the co-adjoint actionof G on g* (see [19] for the
definition). ForG = SO(3) one has:

LEMMA 3 The co-adjoint action of S@) onso(3)* ~ R? is the usual coordinate trans-
formation inR3, Ad;_.m =Rmforall R € SO3), m € s50(3)*.

THEOREM1 Let P = T*G be equipped with the canonical symplectic form and, thus, with
the associated Poisson structure. Then, the left-action of G*@ i€ Poisson. Moreover,

the Ad*-equivariant momentum mapping of this action is given in body coordinates by
J(9, n) = Adg.1 (1) [2, pp. 317-318].

Note in particular that fo6 = SO(3), Lemma 3 and Theorem 1 imply that the associated
momentum map is simply the (generalized) angular momentum represented in the inertia
3-space.

THEOREM 2 (NOETHER S THEOREM) If the action of G on P is Poisson and admits a mo-
mentum ma@ : P — g*, and if the smooth functio”l : P — R is G-invariant, i.e.,
Holg="Hforallg € G, thenJ is a constant of the motion for,X i.e.,J o ¢y = J, where

¢t is the flow of %;.

The following specializes Theorems 1 and 2 to left-invariant Hamiltonian vector fields
on cotangent bundles.

COROLLARY 1 LetH : T*G — R be left-invariant. Then, the spatial representation of the
momentum maj is invariant along the trajectories of .

Corollary 1 generalizes the classically known fact that the angular momentum of a free
rigid body is conserved in space. Now, Bt= SO(3), letp € s0(3)* be given, and let
M, = J~1(p) denote thenomentum level sebrresponding tg. In this caseM, is a
smooth manifold. Since the momentum mhjs equivariant (Theorem 1), thstationary
subgroup G C SO(3) given by

Gp={Re SO : Adz:(p) = p}
leavesM,, fixed.

ProPOsITION1 The stationary subgroup gor the rigid body problem is the 1-parameter
subgroup of rotations in the direction of the spatial angular momergum

Proof: LetR € Gp. Then, Ad,.(p) = p, which impliesp - v = p - Ad;..(V) =
p- (R™WR). Hencep-v=p-R v, or(Rp—p)-v=0,forallv e R pis therefore
an eigenvector oR. ]

The quotient manifold=, = M,/ Gp is a symplectic manifold endowed with the unique
symplectic formwp(a, B) = w(a’, B’), wherew is the canonical symplectic form on
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T*S0O(3), and the vectorsr and g tangent toF, at [x] € F, are obtained by projec-
tion of someo’ and g’ tangent toM, at x [5], [20]. F, is known as theeduced phase
space Given a left-invariant Hamiltonian om*S O(3), define thereduced Hamiltonian
bp : Fp > R by Hlmp = bp o 7p, Wherery, is the projectiont, : My, — F,. Then, the
trajectories ofXy, project to those oKy, One therefore obtains, as an image by reduction
of the original Hamiltonian system, another Hamiltonian system on the reduced phase space
with the above-mentioned symplectic structure.

By Lemma 2, givert{ left-invariant and hyperregulay], can be characterized in Eulerian
coordinates by the values @p, 6, v, ®, ©, V) satisfying (16) forp fixed. Moreover, to
factor out the action o6, on My, one recalls thap is ignorable inH (see Remark 3) for
an arbitrarily chosen spatial frame. We may always choose a spatial frame such that the
axiss; is parallel top. In other words, considgr = (0, 0, G) whereG € R is a nonzero
constant. Substituting into (16) and ignoring the singular points correspondthg-=t®
yields the following result.

PROPOSITION2 LetH € F(SO(3) xs0(3)*) be aleft-invariant, hyperregular Hamiltonian,
and letp € so(3)* be fixed. Choose a spatial frame in whigh= (0, 0, G), G being a
nonzero constant. Relative to this spatial frame, denote the 3-1-3 Euler anglesty)
and their conjugate momenta g, ®, L). Then the momentum level se}, I8 locally
given by

0 =0, cosd = L/G, ® =G, (18)

(p,1,L) € (0,27) x (=7, ) x (=G, G). Moreover, the mapr, : M, — F, is the
coordinate projection(e, |, L) — (I, L).

Proof: By the choice of spatial frame, (16c) yields immediatély= G. Renaming
(v, W) (I, L), (16a) and (16b) therefore yietd = 0 andL = G cosf sincep; = p, = 0.
This shows thaM,, is a 3-dimensional manifold with local coordinaigs I, L). Finally,
by Proposition 1, elements of the stationary subgrGygare rotations of angle aboutss
leaving the variabled, L) fixed. This shows that, is the coordinate projection alogg
]

Remark 5. Following the nomenclature in [11], we shall cdll L) the Serret-Andoyer
variables Geometrically, they are the third direction cosine and conjugate momentum in
the 3-1-3 Euler angle representation associated with the specially chosen spatial frame.
In fact, one easily verifies thdt, L) are exactly the same geometric objects as those, by
the same names, that result from the classical Serret-Andoyer transformation described in
Section 3. Moreover, (18) reproduces the classical transformation.

5.2. The Serret-Andoyer Variables as Canonical Coordinates of the Co-Adjoint Orbit

The reduced phase spa€g can be identified with the orbi®), of p € so(3)* under
the co-adjoint action [5]. Indeed, the projectiop has the following expression in body
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coordinates:
mp(R, m) = Adg 0 J(R, m) = Adgp = m,

for all (R, m) e M,. Hence O, is the body representation b,. Schematically, this can
be represented by

Tp J

. co-adjoint action
Fo >~ Op C 50(3) {p} C s0(3)*

More precisely®j is given by
Op={MeR:m=R'p, Re SOM)} ={meR®:m|=|p|}.

i.e.,Op is the sphere traced by body angular momentum vectors that have magjgtyde
classically known as themomentum sphere), is a symplectic manifold with the unique
symplectic formsv*, calledKostant-Kirillov symplectic forms, given by

D (Vso@): (M), Weo(@ (M) = M- (V X W), (19)

me Op,V,We R3, where tangent vectors 09, have the formV,,-(m) = v x m. See
[19] for an exposition; see also [5].

PrROPOSITION3 The Serret-Andoyer variablek, L) given in Proposition 2 define a local
chartlfy : (-, m) x (=G, G) — O, given by

m==U(,L)= (\/G2 — L2sinl, /G2 — L2cosl, L). (20)

Moreover, (I, L) are canonical coordinates with respect to the left (-) Kostant-Kirillov
symplectic form.

Proof: Asremarked above&), is the body representation bf,. Substituting (18), which
definesM,, into (6), which gives the expression of body angular momentum, yields (20)
after eliminating? and renamingy, ¥) (I, L). Differentiating (20) yields

sinl . . sinl . .

¥ - - 2_12 - -

m; = Gz_LzLLJ”/G L2 codl | = Gz_LZLm3+Im2
codl . . cosl . .

¥ - __ = _ 2 _|2qj - = _

my, = Gz_LzLL VG L2 sinl | = Gz_Lszg I my

ms = L,
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1 €0 =acos(L/G)
Al

Figure 3. Two-fold interpretation of the Serret-Andoyer variables.

i.e., tangent vectors @, have the formm = v x m, where

v—( cosl [ sinl [ |.>
V- vee-ee )
Substituting into (19) gives

a),;(vl X M, Vo X M)

=—m- (V1 X V)
. cosl |'_1 cosl LZ
VG2 — L2sinl /L2 Je2_L2
— /G2 _ | 2 . __sinl__[ __sinl__
G LL cosl m Ll X m L2
—lz —I>
=1l1L, — 5L,
=dl AdL ((lll, Ll), (|'2, Lg)) N
which proves thatl, L) are canonical local coordinates. [ |

Remark 6. The Serret-Andoyer variables as geometric objects thus have two meanings. On
the one hand, they are Eulerian coordinates as mentioned in Remark 5. On the other hand, by
Proposition 3, they locally canonically coordinatize the 2-dimensional symplectic manifold
Op. This geometric interpretation is summarized in Figure 3. In particular, as shown in
Figure 3(b),l, L) can be viewed as the ‘longitude’ and ‘latitude’ on the momentum sphere.

In addition, the canonical symplectic form can be viewed as the area eldinedt that is
oriented inward, which corresponds to the) sign of the left Kostant-Kirillov symplectic

form.
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5.3. Main Result

As an immediate result of Propositions 2 and 3, the Serret-Andoyer transformation can be
generalized for any Hamiltonian system &S O(3) with a left-invariant, hyperregular
Hamiltonian. Indeed, identifying the reduced phase space with the co-adjoint orbit, the
reduced Hamiltonian system lives on the latter. Since the Serret-Andoyer variables are
canonical coordinates of the co-adjoint orbit, dynamics of the reduced system are thus
given in canonical symplectic form in these variables.

THEOREM 3 (THE GENERALIZED SERREFANDOYER TRANSFORMATION LetH € F(SO(3)

x 50(3)*) be a left-invariant, hyperregular Hamiltonian, and lpte so(3)* be the con-
served spatial momentum. Under the conditions of Proposition 2, the reduced Hamiltonian
hp is locally given in the Serret-Andoyer variables by

hp(, L) = Holp(, L), (21)

(,L) € (=m, ) x (—L, L), wherel,, is defined by (20). The reduced dynamics are then
given in canonical form, that id, = dbhp/oL, L = —ahp/0l. Moreover, relative to the
spatial frame defined in Proposition 2, the integral solution in(S)s characterized by
the 3-1-3 Euler angle&p, 6, 1), with co® = L/G andy = faH/acb|Mppdt.

Remark 7.

1. The last equalityy = [ 9H/9d®|w,dt, results from the fact tha is ignorable for
left-invariant (recall Remark 3). Note that we are taking the restrictiod?0fa® on
the momentum level sel,, according to (18). Sincé&H/o®|w, is a function solely
of (I, L), faH/8<D|Mpdt is a line integral wheril (t), L(t)) are available.

2. The construction leading to Theorem 3 shows that the Serret-Andoyer transformation is
the computation in Eulerian coordinates of the symplectic reduction associated with the
lifted left-action of SO(3) on T*SO(3). In particular, the choice by Serret for the axis
k to be in the direction of the spatial angular momentum yields precisely the conditions
of Proposition 2.

3. The result of Theorem 3 provides a reduced representation of the class of systems in
question. This representation is given in a two-dimensional phase space which one
can think of as the unit circl&'. As we shall discuss in Section 8, this simplifies
the numerical integration of the equations of motion to thaSbfdynamics. One
then reconstructs the full dynamics diSO(3) by solving, in closed formg =
arccosL /G) on the one hand, and taking the line integrat | dH/3P|mpdt on the
other hand.

Example. [The Classical Serret-Andoyer transformation] One recovers immediately the
results for the free rigid body. Indeed, as mentioned in Remaik,%,) are the same
geometric objects as encountered in the classical transformation which is then reproduced
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by the characterization according to (18) of the reduced phase space. Finally, substituting
the free rigid body Hamiltoniar{ = (I"*m) - m, into (21) yields (10).

Theorem 3 generalizes the Serret-Andoyer transformation to a large class of rigid motions
other than the usual one. In particular, one can consider rigid bodies subject to control by
means of internal torques. The presence of comtnatiori breaks the original symmetry
of the phase space, which now consistd 65 O(3) and the shape space. The basic idea,
then, is that with Hamiltonian controls that preserve the symmetry ‘O(3), so that
the motion of the main body or base of the controlled system becomes that of a new
(controlled) left-invariant Hamiltonian vector field ofi*S O(3), Noether’s theorem still
holds. A controlled momentum vector can then be found that is preserved in space. In
the case where the Hamiltonian is also hyperregular, the results of Section 5 can then be
applied, yielding a set of Serret-Andoyer variables for the controlled motion of the main
body.

6. Rigid Body with Single Symmetric Rotor

Consider now a system consisting of a main body (the base) equipped with a single, sym-
metric rotor aligned with the third principle axis (see Figure 4). et J, and J; be the
moments of inertia of the symmetric rotor, and denote llge angular position of the rotor
relative to the body. The Lagrangian of the free system, i.e., in the absence of control, is
given by [7]

1 1
Liw,y) = Sw- [+ Dw+ 5 J(ws + )2, (22)

wherel = diag(l4, I, 13) andJ = diag(J1, Jo, 0). The corresponding Legendre’s trans-
form is given by

w1 my (J+ oy
) my (X + 1)w2
FLs : = . 2
f w3 || ms 3wz + J3(wz+y) |’ (23)
Y r Js(ws + )

which yields the free Hamiltonian

1/m m: (mg—T)? 2
mD==(—2+2+4+-— 2 )4 _— 24
Hi(m, T) 2(A1+k2+ I )+2J3’ (24)

whereri = I + Ji,i =1, 2.

The configuration space of the present problem is the Lie GBX¥8) x S', with Lie
algebraso(3)* x R. The group action in question Isg ,)(S, ¢) = (RS, y + ¢). Asin
the case of the free rigid body (recall Section 4), the rigid body with rotor admits a body
representation via the mapping T*SO(3) x T*S! — (SO3) x 50(3)*) x (St x R) :
(ar, 7, 1) = (R, TfLr - ar, y, ). As usualso(3)* is identified withR3.
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Figure 4. Rigid body with single symmetric rotor.

LetH € F(so(3)* xR)), in other words, a left-invariant smooth function on the cotangent
bundle. It can be shown, by a result analogous to Lemma 1 for the Lie deoup
SO(3) x S, that the associated Hamiltonian vector field is given in body coordinates by

X3 (R,m,y,T) = (R-DyH, m x DiH, 9H/dT , —9H/dy), (25)

whereD; denotes the derivative with respect to the first argument. In particular, the equa-
tions of motion for the free system are obtained wWith= H;. In addition, let the system

be feedback-controlled by applying a torqu@, m, y, I') to the rotor, which then yields

the following controlled equations of motion.

R = R-DiH;, (26a)
m = m x DiH;, (26b)
y = 9H;/oT, (26¢)
I' = u(R,m,y, ). (26d)

6.1. Structure Preserving Control

Definition 2. We say that the contral(R, m, y, I') preserves the canonical structure
on T*SO(3) or preserves the rigid body structuithere exists a smooth functiok, <
F(s0(3)*) such that the closed-loop equations of the base motion have the form

R = R VmHe, (27a)
m = mx VinHe. (27b)
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Thatis, acontrol that preserves the rigid body structure yields closed-loop Euler’s equation
that is Hamiltonian with respect to the usual Lie-Poisson structure» (8)*. Moreover,
one can easily verify the following lemma which gives a sufficient condition for such a
control.

LEMMA 4 Given the controlled equations of motion (25), a sufficient condition for the
control u to preserve the rigid body structure is that, along the flow of the closed-loop
system,

i. T'isafunction ofm,i.e.,I' =T (m), and

i, Vi Hc(mM) = DyHs (M, T(m)). (28)

Remark 8. Abesser and Steigenberger [1] discussed Hamiltonian control systems that
preserve the structure of the entire phase space. However, for our purpose, Definition 2
suffices.

Blochet al. [7] gave a Hamiltonian control for which the closed-loop reduced equations
are Lie-Poisson omo(3)*. In fact, they satisfy (28). We shall prove in the following a
slightly more general result.

PROPOSITION4 Let¢ : R — R be aC? function. Then, the feedback control

, 1 1
u(m) = ¢'(ms) (A— - —) mym; (29a)
1 A2
preserves the rigid body structure with the closed-loop Hamiltonian
1/m m ms 1
Hom = 5 (T4 52+ ) - - [ @mo+ pram, (20b)
2 )\.1 )»2 |3 |3

where p is a constant.

Proof: Expanding (25b) and (25c), one gets the following:

1 1 1
m = ({———|mm;— —I"my, (30a)
|3 )»2 |3
1 1 1
m = (— —— | mmz+ —I'my, (30b)
)\.1 |3 |3
1 1
my = { —— — )mm 30c
; (Az M) s, (300)
I =u (30d)
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It can thus be seen that, given (29a), the quanity I' — ¢ (m3) is conserved and, hence,
i.in Lemma 4 is satisfied. Next, by (29b),

Vo Ho(M) = (% % ? - Ii(qb(ma) + p))
1 2 3 3
= (ml M2 2 (g~ r(m )))
—_ )\‘_1’ TZ’E 3 3

= DiHi(m, I'(m)),

i.e., (28), which completes the proof. ]

Remark 9. Settingy (v) = kv, wherek is a constant, recovers the resultin Theorem 5.1 of

[7].

6.2. Serret-Andoyer Variables for the Control System

By Proposition 4, the base motion of the system subject to the control (29a) is that of a
Hamiltonian system oif * S O(3) with the left-invariant Hamiltoniart{.. The expression

of the Hamiltonian (and the associated Lagrangian) depend ultimately on the definition of
the functiong. Nevertheless, we are able to proceed implicitly as follows.

THEOREM4 Suppose thap’(v) # 1for all v € R. Then, the Hamiltoniari, given by
(29b) is hyperregular, and the closed-loop main body motion of the system (26) with the
control (29a) is reduced by the generalized Serret-Andoyer transformation to

P L (sm2I +CO§|>+£(L—¢(L)— 0. (31a)
Al Ao |3

_ oo\

L = (G L)<)L2 Xl)smlcosl (31b)

with the reduced Hamiltonian

siré| co§|> L2 1

) g -1 [ e+ L 32

bhp(, L) = %(Gz— L2>(

Moreover, in the spatial frame defined in Proposition 2, the closed-loop motion of the
main body is described by the 3-1-3 Euler angleso, |), with co® = L/G andgp =
[ 3Hc/8®|mpdt.

Proof: We need only to prove théi. is hyperregular, providing which the rest of The-
orem 4 is a direct application of Theorem 3. By the inverse Legendre transform for the
closed loop, i.e.w = Vi H, one gets

w1 = My/Aq,

wz = Mz/Az,
(Mg — ¢ (m3) — p)/ls.

w3
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Since¢’(v) # 1 for all v € R, the above is invertible with differentiable inverse by the
implicit function theorem. Hence, the inverse Legendre transform is a diffeomorphism, i.e.,
‘H. is hyperregular. ]

Example. Let¢ (v) = kv, k £ 1. Then,
sifl  cogl 1-KkL — p)?
n 4_(( ) p).
A1 A2 213(1 - k)
In particular, it can be verified that the case where the rotor is locked correspopds @

andk = Js/(I3+ J3). Substituting the latter expressionltointo (34) recovers the reduced
Hamiltonian for the free rigid body with moments of inertjiat+ J,i =1, ..., 3.

1
hp(, L) = 5(G*~ LY ( (34)

6.3. Spin Stabilization About the Intermediate Axis

Suppose in the following that; > A, > I3 + J3, so that the second body axis is the
intermediate axis of the locked system. An immediate consequence of Theorem 4 is a
simpler stability proof for relative equilibria. First, note that rotation about the intermediate
axis, i.e.m = (0, G, 0), corresponds to an equilibrium point@&tL) in the reduced phase
space. In[7], the energy-Casimir method was used to prove stability of the relative equilibria
m = (0, G, 0) for the closed-loop Lie-Poisson system. However, for Hamiltonian systems
in canonical symplectic form, which is the case of the reduced system (31), the classical
Lagrange-Dirichlet stability criterion suffices. In effect, the palnt.) = (0, 0) is a stable
equilibrium in the sense of Lyapunov if the partial derivativegptanish at(0, 0), and if

the 2x 2 matrixszhp of second partial derivatives evaluated@tO) is either positive- or
negative-definite. See [17] for a statement and proof of the Lagrange-Dirichlet criterion.
The following generalizes Theorem 5.2 in [7].

THEOREM5 Consider the case(0) + p = 0and¢’(0) > 1 — I3/A,. Then, the point
(I, L) = (0, 0) of the reduced system (31) is stable in the sense of Lyapunov and, hence,
the control (29a) stabilizes rotation about the intermediate axis of the body-rotor system.

Proof: From (32),0hp/91 = 0, andah,/dL = —(¢(0) + p)/ls which equals zero if
¢(0) + p = 0. The point(0, 0) is thus an equilibrium point. Next,

2, , o, (1 1\ .

312 ( )()»2 M)(SI s
2

ad bp — 2L i_i sinl cosl,

alaL A2 M

3%hp

_(1 1)Sin2| (1 1) 1o
oz~ e w)M T TR

Hence,

52h,(0, 0) = { -G (A_lz - 711) 0 } ,
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which is (negative) definite fap’(0) > 1 — I3/A,. The Lagrange-Dirichlet criterion is thus
satisfied. m

7. Rigid Body with Three Symmetric Rotors

The Serret-Andoyer analysis can also be applied to a system with three rotors. Indeed,
consider now the rigid body equipped with three symmetric rotors, each aligned with a
principal axis of inertia of the rotor. The Lie group in questiond€(3) x S°, with
(SO3) x 50(3)*) x (S® x R3) as cotangent bundle in body representation. The Lagrangian
of the free (uncontrolled) system is [7]

3
i=

oo
E(a)l'i'yi) (35)

1
Li(w, ) =zw-Aw+
2 1

forw € s0(3) ~ R3, 4 e R3, whereA = diag(A1, A2, A3) is the locked inertia tensor which
is diagonal by the assumption that the rotors are symmetric and aligned with the principal

axes. Jj, 1 = 1,..., 3 are the rotors’ moments of inertia along their respective axes of
rotation. By the Legendre transform, the conjugate momenta are
| o m; )»iwi+~]i(wi+)'fl)} -
FLi:| ' [— = . , iefl,...,3} 36
! [M} |:Fi] [ J(wi + %) { } (36)

and the free Hamiltonian is left-invariant and is given by

(m —Ty? (M =T (ms—F3)2> ;(r_f rs r_§>
J '

MM Ao A3 2 N7 J3
(37)

1
Hf(m,r)zé(

Introducing control inputs in the form of torques on the rotors, the generic controlled
equations are

R = R-DiH;, (38a)
m = m x DiH;s, (38b)
v = DoHjs, (38c)
I = u (38d)

In the following, we consider feedback control of the foun (SO(3) x s0(3)*) x (S® x
R3) — RS,

As in the case of the system with a single rotor, we are interested in controls that pre-
serve the rigid body structure as defined in Definition 2. We recall below a large class of
Hamiltonian controls given in [7] that satisfy the conditions of a straightforward extension
of Lemma 4 for the present system.

PROPOSITIONS Let¢ : R® — R3 be a smooth map such that tBe< 3 matrix Dgp(m) is
symmetric for alin € R3. Then the feedback controls
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u=De(m) - m (39)

for the system (38) preserve the rigid body structure in the sense of Lemma 4.

The proof of the above is based on the properties that the given control conserves the
guantityl" — ¢»(m), and that the symmetry condition guarantees that there exig{s @m)
such thatVhaHe = D1H (m, I'(m)). See [7, Theorem 4.2] for the details.

For the sub-class of (39) wheg¢gm) = (¢1(my), ¢2(mMy), ¢3(M3)), SO that the symmetry
condition in Proposition 5 is satisfied, the Hamiltonian is quite easily obtained. We shall
use this to demonstrate the application of the generalized Serret-Andoyer transformation
for the rigid body with three rotors, bearing in mind that even in the general case, the same
can be done if the expression éfis given.

COROLLARY 2 Let¢; : R — R beC? functions, i= 1, ..., 3. Then, the feedback control
u = (ug, Uy, Uz)(m) for the system (38), defined by

U = ¢>{(mi)mi s i e{l2 3} (40)

preserves the rigid body structure in the sense of Lemma 4, with the closed-loop Hamiltonian

31
Hc<m>=2;f<mi — ¢i(m) — p)dm, (41)

i=1 "

where p, p. and p are constants. Moreover, #(v) # 1,i = 1,...,3, then™, is
hyperregular.

Proof: Observe by expanding (38) that the control (40) conserves the quamgities

i —¢(m),i =1,...,3. Then it can easily be verified by taking partial derivatives of
(41) that (28) is satisfied. The inverse Legendre transform of the controlled Hamiltonian,
w = Vn'Hc, relates the body controlled momentumand the body angular velocity by

wi = (M — ¢ (M) — P)/A
fori =1,...,3. Sincegp{(v) # 1 for allv € R, the above is invertible with differentiable

inverse by the implicit function theorem. Hend@é, is hyperregular. ]

The following are then immediate applications of Theorem 3.

THEOREM6 Supposep/(v) # 1,i = 1,...,3, forall v € R. Let¢; = ¢1 o Uy and

$2 = p20U,. Thenthe closed-loop main body motion of the system (38) with the control (40)
is reduced by the generalized Serret-Andoyer transformatibetoh, /oL, L = —dbp/dl

with the reduced Hamiltonian

Shd co§|> L2 1

_ 1o o v 1
hp(, L) = 2(G' L )< o + " +2A3 P /(¢3(L)+p3)dL

- | - inl
~JG - sz [(¢1(I, L)+ py) % — (@2 L) + p2) %} dl.  (42)
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Moreover, in the spatial frame defined in Proposition 2, the closed-loop motion of the
main body is described by the 3-1-3 Euler anglieso, |), withcosd = L/G andgy =
[ 8Hc/d®|mpdt.

For the particular case whegg = ¢, = 0, that is, control is applied to rotor 3 only, the
momental’; andI', are integrals of motion. We thus have the following.

CoROLLARY 3 Under the conditions of Theorem 6, and choosing= ¢, = 0, the reduced
Hamiltonian is then given by

byl L) = 1( L2 <S|n2I co§|> B (Flsinl N Fgcosl)m

Al Ao A1 A2

+ —_—— = /(453('—) + pa)dL, (43)

wherel';, I'; and  are constants.

8. Numerical Integration of Controlled Equations

We conclude this study by presenting some results in numerical integration of the controlled
equations. It is well-known that integrating the full 6-dimensional equations of motion
presents some distinct disadvantages compared to integrating a reduced set of equations
such as the Euler equations, or the 2-dimensional reduced dynamics presented in this paper.
In addition to confirming this, we shall also present various ways of integrating the reduced
dynamics.

We consider the system of Section 6 with a stabilizing control according to Theorems 4
and 5 and given by:

o) = 2tan(é) , p=0.

The closed-loop system is a left-invariant Hamiltonian system with conserved momentum
of magnitudeG = 1 and Hamiltoniari{. = 0.47.

8.1. Modeling and Integration Algorithms

The closed-loop equations of motion of the main body are integrated in the following five
approaches, differing in representation and integration algorithm:

1. The full 6-dimensional equations in the variables 0, ¥, ®, ©, W), with Adams’
integration method.

2. Euler'sequations,i.e., (27) and Hamilton#gpgiven by (29b), and Adams’ integration
method.

3. The reduced dynamics in the Serret-Andoyer variables, i.e., (31) and reduced Hamil-
tonianh, given by (32), with Adams’ integration method.
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4. The reduced dynamics as above but with a symplectic integrator based on a generating
function.

5. The reduced dynamics as above but with a symplectic integrator based on Euler’'s mid-
point rule.

Adams’ method is well-known to bstrongly stable[15, §2.7-82.8]. However, like
most general integration algorithms, Adams’ method does not respect the structure of
Hamiltonian systems, and long-time simulation may fail to numerically preserve conserved
guantities. Integration errors in the Hamiltonian and momentum functions can thus be
used to discriminate among the above approaches. Note, however, that the Serret-Andoyer
variables already present an advantage by naturally preserving momentum except for some
round-off errors. We note that one may alternatively consider the approach of Crouch and
Grossman [10] that may help preserve momentum by embedding the momentum level set
in some Euclidean space.

Symplectic integrators, on the other hand, approximate the flow of a Hamiltonian system
with a symplectic map. Nevertheless, a theorem found in [13] implies that even such
approximations cannot preserve the Hamiltonian function unless the resulting solution
is exact up to a reparametrization of time. Here, we apply two second-order symplectic
integrators to the reduced dynamics which, as we know, are symplectic. In4., the symplectic
integrator is based on an update léw, Lx) — (Ixy1, Lxy1) of the formly = 9S/0L,

Lxr1 = 0S/0dlx,1, whereSis a second-order generating function. See [9] for more details.
In 5., we discretize the reduced system according to the following mid-point rule:

[l 3_[7p<|k+1+|k Lk+1+Lk>

h oL 2 ’ 2
Liba— Lk 9bp (ha+ T Lisa+ L
h 9l 2 2 ’

whereh is the time step. It was shown in [6] and [12] that Euler’s mid-point rule is a
symplectic integrator. Moreover, following the standard analysis of [15], one can show that
Euler's mid-pointrule is a second-order accurate approximation of the differential equations
it integrates.

We mention in passing that there exist Lie-Poisson symplectic integrators applicable to the
Euler equations representation which we shall omit in the present study; see, for example,
[13] and [22]. See also articles in [18] on other implementations of symplectic integrators.

Remark 10. In the case of a hyperregular Hamiltonian, it can be shown that Euler’s
mid-point rule applied to Hamilton’s equations is equivalent todiserete Euler-Lagrange
equations. In[21], it was shown that these equations addisicaete momentum mayghich

is conserved with further assumption of invariance undiagonal actior—a ‘discrete
Noether's theorem’. For the class of rigid body dynamics considered in this paper, one
might want to first discretize the full dynamics arf S O(3), then perform the reduction.
Unfortunately, when cast in Eulerian coordinates, the resulting discrete equations are not
diagonally invariant. However, such anapproach appearsto be applicable inthe quaternionic
setting.
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Figure 5. Comparison of errors in numerical values of the Hamiltonian function and angular momentum.

8.2. Numerical Results

The following results are obtained using MATLAB simulation tools. The time step is
chosen to béd = 1 ms for all five approaches, with round-off tolerance of 1e-6 for Adams’
method and 1e-8 for the symplectic integrators. Initial conditions are chosen such that the
resulting trajectories are those of stabilized rotation about the intermediate axis.

As shown in Figure 5(a), the mid-point rule gives the best performance in preserving en-
ergy, whereas the reduced representation generally performs better regardless of algorithm.
In addition, one finds in Figure 5(b) that all approaches except the full dynamics preserve
momentum. Further evidence of momentum preservation (or failure thereof) is given in
Figure 6, where it can be seen, especially in Figures 6(b) and 6(c), that discrepancies in the
full dynamics produce trajectoriéssidethe sphere of radius 1. Finally, the reduced flows
in the Serret-Andoyer variables (post-processed for the Euler equations and full dynamics)
are shown in Figure 7.

The above results confirm the numerical advantages presented by the reduced equations
in the Serret-Andoyer variables. Moreover, the symplectic nature of these equations allows



GENERALIZED SERRET-ANDOYER TRANSFORMATION 63

02 0.4

(a) projection alongn, (b) projection alongng

(c) projection alongns

(d) perspective view

Figure 6. Trajectories of body angular momentum: projected and perspective views.
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Figure 7. Reduced flow.

simple symplectic integrators such as Euler’s mid-point rule to be employed. Although sym-
plectic integrators are usually CPU-intensive, this is compensated by the reduced number
of equations—two in the Serret-Andoyer variables.

9. Conclusions

We have shown in this paper that the classical Serret-Andoyer transformation can be un-
derstood in the context of geometric mechanics and, in particular, in that of the symplectic
(Marsden-Weinstein) reduction of Hamiltonian systems with symmetry. This understanding
proves to be useful not only in allowing the transformation to be reconstructed without heavy
computations involving spherical trigonometry or differential forms. It is most valuable in
enabling us to generalize, in a straightforward fashion, the Serret-Andoyer transformation to
a rich class of rigid motions, namely, Hamiltonian system3 68 O(3) with left-invariant,
hyperregular Hamiltonian functions.

The significance of the analysis is made apparent in Sections 6 and 7, where we examine
the dynamics of the controlled rigid body with momentum wheels, for a non-trivial but rich
class of Hamiltonian controls that yields closed-loop dynamics with symmeiry 810(3).

The key point to note is that, although the presence of feedback control deforms the Hamil-
tonian structure of the unforced system, if this deformation is such that the symmetry of
rigid motions (with a different metric) is preserved, then the generalized Serret-Andoyer
transformation is immediately applicable, and reduces the closed-loop motion of the main
body to a 2-dimensional Hamiltonian system in canonical form. This computation proves
to be useful in that the stability proof of relative equilibria becomes simpler, by verifying the
classical Lagrange-Dirichlet criterion. This approach appears to be applicable in various
settings, see, e.g., [8]. For asymptotic stability, one can consider a combination of this
approach with dissipative feedback of a suitable type. The Serret-Andoyer variables may
also be useful for analyzing more complicated coupled rigid body systems.

Additionally, we discuss the numerical integration of the reduced closed-loop dynamics,
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and compare the solutions with those obtained using other representations. We confirm
numerically that the Serret-Andoyer variables naturally preserve momentum; in addition,
for moderately long simulation time, energy can also be preserved using a generic integration
algorithm, without having to resort to special schemes such as symplectic integrators. Since
it requires integration of fewer equations the representation may prove to be advantageous
in time-critical implementations.

In adopting a geometrical approach, we not only give the Serret-Andoyer variables a new
interpretation, but we establish a link between the Serret-Andoyer variable formulation of
classical rigid body motion and geometric control theory. Finally, we note that Deprit and
Elipe [11] reformulated the classical Serret-Andoyer transformation in terms of quaternions,
a representation that is being used increasingly in the controls community. A similar
generalization in the control context also appears to be worth investigating. In view of
Remark 5.7, one may also consider incorporating the discretization discussed in [21].

Acknowledgments

The authors wish to thank Jerrold Marsden for various useful comments and suggestions.

References

1. Abesser, H. and Steigenberger, J., “On structure preserving transformations in Hamiltonian control systems,”
Zeitschrift fir Analysis und ihre Anwendungerol. 10, no. 3, pp. 319-333, 1991.

2. Abraham, R. and Marsden, J. Eoundations of Mechanic#\ddison-Wesley, 2nd edition, 1985.

3. Andoyer, H.Cours de Mcanique @leste Paris: Gauthier-Villars, 1923.

4. Arnold, V. I., “Sur la ggon¥€trie différentielle des groupes de Lie de dimension infinie et ses applications
a I'hydrodynamique des fluides parfaitéyhnales de I'Institut Fourier (Grenobleyol. 16, pp. 319-361,
1966.

5. Arnold, V. I.,Mathematical Methods of Classical MechanicsGraduate Texts in Mathematiddew York:
Springer-Verlag, 2nd edition, 1988.

6. Austin, M., Krishnaprasad, P. S. and Wang, L.-S., “Almost Poisson integration of rigid body syslems,”
Computational Physicwol. 107, pp. 105-117, 1993.

7. Bloch, A. M., Krishnaprasad, P. S., Marsden, J. E. aac8éz de Alvarez, G., “Stabilization of rigid body
dynamics by internal and external torque&itomaticavol. 28, pp. 745756, 1992.

8. Bloch, A. M., Marsden, J. E. ancaBChez de Alvarez, G., “Feedback stabilization of relative equilibria for
mechanical systems with symmetry,"@urrent and Future Directions in Applied Mathematipp. 43-64,
Notre Dame, IN, 1997. Boston: Birkhauser.

9. Channell, P. J. and Scovel, C., “Symplectic integration of Hamiltonian systéveslinearity, vol. 3,
pp. 231-259, 1990.

10. Crouch, P. E. and Grossman, R., “Numerical integration of ordinary differential equations on manifolds,”
Journal of Nonlinear Scienc¢eol. 3, pp. 1-33, 1993.

11. Deprit, A. and Elipe, A., “Complete reduction of the Euler-Poinsot probldmAstronautical Sciences
vol. 41, pp. 603-628, 1993.

12. Feng, K. and Ge, Z., “On the approximation of linear Hamiltonian systelmSgmputational Mathematics
vol. 6, pp. 88-97, 1988.

13. Ge, Z. and Marsden, J. E., “Lie-Poisson Hamilton-Jacobi theory and Lie-Poisson integrysi¢s
Letters Avol. 133, pp. 134-139, 1988.

14. Greenwood, D. TRrinciples of DynamicsEnglewood Cliffs, N.J.: Prentice-Hall, 2nd edition, 1988.



66

15.

16.

17.

18.

19.

20.

21.

22.

23.

LUM AND BLOCH

Hildebrand, F. BFinite-Difference Equations and Simulatigiglewood Cliffs, N.J.: Prentice-Hall, Inc.,
1968.

Lum, K.-Y. and Bloch, A. M., “A Serret-Andoyer transformation analysis of the controlled rigid body,” in
Proc. 36th IEEE Conference on Decision an Contfén Diego, December 10-12, 1997.

Marsden, J. E.lectures on Mechanicd.ondon Mathematical Society Lecture Note Series 174. U.K.:
Cambridge University Press, 1992.

Marsden, J. E., Patrick, G. W. and Schadwick, W. F. (elsiéegration Algorithms and Classical Mechanjcs

in Fields Institute CommunicationBrovidence, R.l.: American Mathematical Society, volume 10, 1996.
Marsden, J. E. and Ratiu, T. $itroduction to Mechanics and Symmetfgxt in Applied Mathematics 17.

New York: Springer-Verlag, 1994.

Marsden, J. E. and Weinstein, A., “Reduction of symplectic manifolds with symmRepdrts on Mathe-
matical Physicsvol. 5, pp. 121-130, 1974.

Marsden, J. E. and Wendlandt, J.,M., “Mechanical systems with symmetry, variational principles, and
integration algorithms,” ifCurrent and future directions in applied mathematieg. 219-261, Notre Dame,

IN, 1997. Boston: Birkhauser.

Reich, S., “Symplectic integrators for systems of rigid bodies,” in Marsden, J. E., Patrick, G. W. and Schad-
wick, W. F. (eds.)Integration Algorithms and Classical Mechani€sovidence, RI: American Mathematical
Society, 1996, pp. 181-191.

Serret, J. A., “Mmoire sur 'emploi de la ethode de la variation des arbitraires dans keotf€ des
mouvements de rotationlémoires de I'acaéimie des sciences de Pan®l. 35, pp. 585-616, 1866.



