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REDUCTION OF CONTROLLED LAGRANGIAN AND
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Abstract. We develop reduction theory for controlled Lagrangian and controlled Hamiltonian
systems with symmetry. Reduction theory for these systems is needed in a variety of examples, such
as a spacecraft with rotors, a heavy top with rotors, and underwater vehicle dynamics. One of our
main results shows the equivalence of the method of reduced controlled Lagrangian systems and that
of reduced controlled Hamiltonian systems in the case of simple mechanical systems with symmetry.
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1. Introduction. We develop the theory of symmetry reduction for the class of
controlled Lagrangian (CL) and controlled Hamiltonian (CH) systems with symmetry
and show the equivalence of the method of reduced CL systems and that of reduced
CH systems for simple mechanical systems. The phrases “controlled Lagrangian” and
“controlled Hamiltonian” systems were coined in [20], and their technical definition
is recalled below. The concept of a CH system used here is the same as that of a
“port-controlled Hamiltonian system” in [32]. We prefer to use the term “controlled
Hamiltonian” in a way that is parallel to “controlled Lagrangian.” The notion of an
“implicit Hamiltonian system” is related to that of a CH system but is based on the
more general notion of Dirac structures rather than symplectic and Poisson structures,
and a type of reduction theory (different from what is given here) in that context was
developed in [6]. The notion of an “implicit Lagrangian system” is developed, also
using Dirac structures, in [35], and in future work we hope to explore the reduction
theory of controlled implicit Hamiltonian and Lagrangian systems and the relation
between them.

CL systems. We will begin by describing the Lagrangian side. To help design
stabilizing controllers for mechanical systems whose equations are written in Euler—
Lagrange form with control forces, the CL method was developed by a number of
authors, including [3], [4], [7], [10], [11], [12], [13], [14], [15], [19], [20], [22], [23], [33]-
In the study of CL systems, it is important to take into account external forces and
control forces, including gyroscopic forces.

The main idea of the CL method is to proceed in the following steps:

1. Define a (feedback-transformation) equivalence relation among CL systems.

2. Given a CL system, find an equivalent CL system such that the energy of
the second CL system has a minimum at the equilibrium of interest and the
system is forced or controlled by a dissipative (plus gyroscopic) force.
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3. Using the energy as a Lyapunov function, obtain asymptotic stability of the
equilibrium in the second CL system.

4. Since the two systems are equivalent, the equivalence relation gives an asymp-
totically stabilizing controller for the first system.

CH systems. A similar approach has been taken on the Hamiltonian side, too,
where the main governing equations are in Hamiltonian form (see [5], [9], [32], [34]
and references therein).

Equivalence. There have been some recent studies concerning the equivalence of
both methods. First of all, [5] showed that the CH method is more general than
the CL method for simple mechanical systems and used a limited definition of CL
systems. Then [20] extended the theory of CL systems and showed the full equivalence
of the method of CL systems with the method of CH systems for simple mechanical
systems.

Symmetry. The main goal of the present paper is to include symmetry in the dis-
cussion. We do so in a systematic and general way. In previous works, symmetry was
considered in certain cases (see, for instance, [15], [23], and [26]), but a comprehensive
theory has been lacking.

In this paper, we define the notion of G-invariant CL and CH systems and develop
a reduction theory for them. In addition, we trace through the equivalence of the CL
and CH systems under the reduction process.

Reduction theory. Reduction theory for mechanical systems has been studied both
on the Lagrangian side and on the Hamiltonian side. It has proven to be a powerful
tool for studying the dynamics, stability, and control of many mechanical systems,
such as rigid body and spacecraft systems, underwater vehicles, heavy tops, and fluid
systems.

On the Lagrangian side, one reduces variational principles, an idea due to [29]
and [30]. A comprehensive account of this theory is given in [17]. On the other hand,
on the Hamiltonian side, one reduces symplectic and Poisson structures. See, for
instance, [1], [27], and [28] and references therein. We shall merge these ideas with
those of CL and CH systems to develop the notions and basic properties of reduced
CL and CH systems.

Equivalence and reduction. Once we have developed the reduction theory, we
will be in a position to define an equivalence relation among G-invariant CL (resp.,
CH) systems; in this context, we show that two reduced CL (resp., CH) systems
are equivalent if and only if their unreduced G-invariant CL (resp., CH) systems are
equivalent. This is given in Theorems 2.10 and 3.9.

We also show that this reduced equivalence relation is a feedback-transform equiv-
alence relation (see Theorems 2.11 and 3.10). Based on these results and the equiva-
lence of the methods of CL and CH systems for simple mechanical systems proven in
[20], we prove that the method of reduced CL systems and that of reduced CH systems
are equivalent for reduced simple mechanical systems (this is given in Theorem 4.3).

Ezample. In the final section, we review the example of a satellite controlled via
a spinning rotor and show that the Euler—Poincaré matching conditions derived in [8]
and [15] directly in the reduced context can be obtained in a natural way through the
reduction process. We study the stabilization of the heavy top with rotors, using the
reduced CL method as an illustration.

2. Reduction of CL systems with symmetry. We begin this section with
some general notation, then we introduce the notion of a CL system with symmetry,
and finally study the theory of reduction for such systems.
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We first summarize some general notation that will be used. We refer to [2], [17],
[25], and [28] for more details and background information.

Manifolds and bundles. Let Q) be the configuration manifold, and let 7 : TQ — @
and mg : T*Q — @ be the tangent bundle projection and the cotangent bundle

projection, respectively. The second order tangent bundle Tg) : TP Q — Q is defined

as follows. For ¢ € @, elements of Tq(Q)Q are equivalence classes of curves in @,
the equivalence relation being defined as follows: two curves ¢;(t), ¢ = 1,2, with
q1(t) = g2(t) = @, are equivalent, by definition, if and only if in any local chart
we have qgl)(f) = qél)(t_) for I = 1,2, where ¢('(t) denotes the derivative of order
I. The second order bundle has local coordinates given by (¢%, %, §") and may be
thought of as a subbundle of the second tangent bundle TTQ via the embedding
(¢, 4%, ) — (¢, 4", 4", ). As is explained in [28], the second order tangent bundle is
the basic space on which the Euler-Lagrange operator of mechanics is defined; in fact,
given a Lagrangian L, the associated Euler-Lagrange operator £L£ induces a bundle
map EL(L) : TP Q — T*Q.

For a manifold M, F(M) denotes the set of smooth real-valued functions on M.

Symmetry groups. Let G be a Lie group acting (on the left) on @ freely and
properly so that 7¢(Q) : @ — @Q/G becomes a principal bundle. The tangent (resp.,
cotangent) lift of the action of G on @ defines an action of G on T'Q (resp., T*Q),
which is automatically free and proper as well, so that the maps 7/ : TQ — TQ/G
(resp., m/q : T*Q — T*Q/G) also define principal bundles. When M is a manifold on
which G acts, we let [m]e denote an equivalence class of m € M in the quotient space
M/G. Even though we do not explicitly denote the manifold M in this notation, it
will be clear which manifold is meant from the context. The space TQ/G becomes
a vector bundle with base @/G by inheriting the vector bundle structure of T'Q) as
follows:

[ugle + Alvgla = [ug + Avgla,

where A € R; ug,vy € ToQ; and [ug)q, [vg]c are their equivalence classes in the
quotient space TQ/G. The fiber (T'Q/G), is isomorphic, as a vector space, to TQ
for each = = [¢]¢ € Q/G, ¢ € Q (see Lemma 2.4.1 in [17]). In the same manner, the
space T*Q/G becomes a vector bundle with base Q/G.

Vertical lifts. Let V be a vector bundle over a manifold ). The vertical lift of a
vector wy € V4 along the vector v, € V, is the vector, vlift, (w,) € T,V , defined by

vlift,, (wq) = 4

dt —o (Uq + twq)

The vertical lift of a fiber-preserving map F : V' — V is a section, vlift(F) : V —
TV, defined by
(2.1) vIift (F) (vg) = vlift,, (F(vg))-
The vertical lift of a subbundle W of V' is the subbundle of TV defined by
(2.2) vlift(W) = {Vvlift,, (wq) | v € Vg, wq € Wy, q € Q}.

CL systems. We next recall the definition of a CL system from [20].
DEFINITION 2.1. A controlled Lagrangian (CL) system is a triple (L, F, W),
where the function L : TQ — R is the Lagrangian, the fiber-preserving map F :
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TQ — T*Q is the (external) force map, and the subbundle W of T*Q is called the
control subbundle. When one chooses a feedback control law u : TQ — W, the triple
(L, F,u) will denote the closed-loop CL system.

Euler-Lagrange operator. The Euler-Lagrange operator ££ assigns to a Lagran-
gian L : TQ — R a bundle map E£(L) : T®Q — T*Q, which may be written in local
coordinates (and using the index summation convention) as

d oL oL ,
EL(L 1,4) = —==(¢,9 — =—(q,¢) | d¢’
(L)(q,4,4) (dt 90 (:9) a0 (q,Q)) q'
in which it is understood that one regards the first term on the right-hand side as a
function on the second order tangent bundle T Q by formally applying the chain
rule and replacing dq/dt by ¢ everywhere. The equations of motion of a CL system
(L, F,W) with a choice of feedback control v : TQ — W are written as

(2.3) EL(L)(q,4,G) = F(q,q) + ulg,q),

which may be derived from the Lagrange—d’Alembert principle.

CL systems with symmetry. We next define the notion of a G-invariant CL system
on T'Q and the associated notion of a reduced CL system on T'Q/G, where G is a Lie
group acting on Q.

DEFINITION 2.2. Let G be a Lie group action on Q. A G-invariant controlled
Lagrangian (G-CL) system is a CL system, (L, F,W), where L is a G-invariant La-
grangian, F' is a G-equivariant force map, and W is a G-invariant subbundle of T*Q).

Reduction of CL systems with symmetry. Now we can define the notion of a
reduced CL system.

DEFINITION 2.3. A reduced controlled Lagrangian (RCL) system is a triple
(I, f,U), where the function | : TQ/G — R is called the reduced Lagrangian, the
fiber-preserving map f : TQ/G — T*Q/G is called the reduced force map, and the
subbundle U of T*Q/G is called the reduced control subbundle. A feedback control
for an RCL system is a fiber-preserving map of TQ/G into U.

Suppose that we are given a G-CL system (L, F,W). The G-invariance of L
induces the reduced Lagrangian [ on T'Q/G satisfying

(2.4) lorq = L.

The equivariance of F' induces the reduced force map [F|g : TQ/G — T*Q/G satis-
fying

(2.5) [FlgoT/g =7 o F.

Similarly, a G-invariant control subbundle W induces a reduced control subbundle
W/G in a natural way; namely, we have W = w?é(W/G)

These considerations lead to the following definition.

DEFINITION 2.4. The RCL system of a G-CL system (L,F,W) is the triple
(I,[Fla,W/G), where 1 is the reduced Lagrangian satisfying (2.4) and [F|g is the
reduced force satisfying (2.5).

One may ask whether there exists a G-CL system on T'Q) when one is given a RCL
system on T'Q/G. The following proposition proves its existence and uniqueness.

PROPOSITION 2.5. Given a RCL system (I, f,U), there is a unique G-CL system
(L, F,W) whose RCL system is (I, f,U).
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Proof. Define L by (2.4). Define a force map F on T'Q as follows: for vy, wq € T,Q,

(2.6) <F(Uq)a wq> =(fo T/G(Uq)a T/G(wq)>-

One can check the G-equivariance of F'. One can also check that relation (2.6) defines
the unique fiber-preserving map F of TQ to T*Q. Let W := 7T/_é(U) By construction,
(L, F,W) is the unique G-CL system whose RCL system is (I, f,U). d

By Proposition 2.5, we can write an arbitrary RCL in the form of the RCL of a
G-CL without loss of generality. Additionally, the proof of Proposition 2.5 establishes
the following assertion: given a fiber-preserving map f : TQ/G — T*Q/G, there
exists the unique fiber-preserving map F : TQ — T™Q satisfying

fOT/G:ﬂ'/GOF.

Reduced equations of motion. Given a G-CL system (L, F, W), the G-invariance
of L implies the G-equivariance of the bundle map ££(L) : T®Q — T*Q, which
induces a quotient map

REL(l) = [EL(L)]c : TPQ/G — T*Q/G,

which depends only on the reduced Lagrangian ! on T'Q)/G induced from L. The
operator REL is called the reduced Euler—Lagrange operator. The equations of motion
of an RCL (I, [F]g, W/G) with a choice of control [u]g : TQ/G — W/G are given by

RELN(g,4,d)c) = [Flalg,dla) + [ula(lg, dlo)-

To write computable equations of REL, one normally chooses a principal connection
on the principal bundle @ — @Q/G to identify the quotient bundles,

TQ/G with T(Q/G) & g,
T®)Q/G with T®(Q/G) x ¢/ 28,
and
1"Q/G with T*(Q/G) @ g,

where g := @ Xg g is the associated adjoint bundle, g* := Q X g* is the associated
coadjoint bundle, T (Q/G) Xq/G 29 is the product bundle over Q/G, 2g := g @ g,
and @ is the Whitney sum (see Lemmas 2.4.2 and 3.2.2 in [17]). For example, a
principal connection A : TQ — g on the principal bundle 7 : @ — Q/G induces the
bundle isomorphism a4 : TQ/G — T(Q/G) ® g as follows:

(27> OéA([q, Q]G) = Tﬂ-(qa Q) @ [q’ A(Q7 Q)]G

With these identifications, REL induces the Lagrange—Poincaré operator LP as fol-
lows: for a reduced Lagrangian [,

(2.8) LP() : TP(Q/G) g/ 28 — T*(Q/G) @ §".

Hence, the reduced Euler-Lagrange operator REL may be replaced by the Lagrange-
Poincaré operator LP in this paper as far as one chooses a connection on @ — @Q/G.
Further details may be found in [17].
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Let us give the local coordinate expression of the Lagrange—Poincaré operator LP
induced from a connection A on the principal bundle @ — @/G. This will be used in
section 5. We choose a local trivialization of the bundle @ — Q/G to be X xG — X
where X is an open subset of R” with » = dim(Q/G). Then, at any tangent vector
(7,9,%,9) € T(z,9)(X x G), we have

A(m,g,j;,g) = Adg(Ae('r) T +€)a

where A, is the g-valued 1-form on X defined by A.(z)-@ = A(z,e,#,0) and £ = g~ 1g.
The bundle isomorphism « 4 in this case becomes

O‘A([Ivgvi'vg]G) = (IE,.Z’) D (‘er)v

where Q = A.(z) - & + £ and we choose a local trivialization of the associated bundle
g to be X x g — X. The Lagrange—Poincaré operator LP for a reduced Lagrangian
lonTQ/G =T(Q/G) & g gives

d ol ol ol

(B i + CGQ AL)

(29) »CP(Z) _ dt aﬁ[cfla 8[ axa 8l aQa ,
HoP  Be (CHQ* — C ALi™)

where Bj, is the curvature of the connection A. = (Ag), Cp, are the structure
constants of the Lie algebra g, and Q = (Q*) and z = (z) witha =1,...,dimg and
a=1,...,dim(Q/G). More details of the derivation of (2.9) may be found in sections
3.3 and 4.2 of [17]. In particular, if one chooses a local trivial connection, i.e., A, = 0,
then the Lagrange-Poincaré equation in (2.9) is given by

4o o

(2.10) Py = | o dxe
A O g ea O
dtogv TIPS pea

We briefly mention the relation between trajectories of G-CL systems and tra-
jectories of RCL systems. Let (L, F,W) be a G-CL system and (I, [F]g, W/G) its
RCL system. Choose an arbitrary G-equivariant feedback control law u : TQ —
W for (L,F,W). The control u induces a reduced map [u]g : TQ/G — W/G.
Then, if (¢(t),q(t)) € TQ is a trajectory of the closed-loop system (L, F,u), then
7/6(q(t),4(t)) € TQ/G is the trajectory of the closed-loop system (I, [F]q, [u]c)-

Simple CL systems. We define simple CL systems, which include most mechanical
systems in engineering applications.

DEFINITION 2.6. A CL system (L, F,W) on T'Q is called simple if its Lagrangian
L:TQ — R is of the form kinetic minus potential energy as follows:

(211) Lasd) = 5maldnd) = V()

where m is a (generalized) mass tensor, i.e., a nondegenerate symmetric (0,2)-tensor.
A reduced CL system (I, [F|a,W/G) is called simple if the reduced Lagrangian 1 is
induced by a G-invariant simple Lagrangian L on TQ. The acronym (R)SCL will
denote “(reduced) simple controlled Lagrangian.”
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When a simple G-invariant Lagrangian L is given by (2.11), its RSCL [ : TQ/G —
R is given by

(g.d6) = ~mle(a. de [0.d¢) — Ve(de).

2
where [m]g € T'(Q/G, T*Q/G®T*Q/QG) is the reduced mass tensor induced from the
G-invariance of the mass tensor m € I'(Q,T*Q ® T*Q) and [V]g : @/G — R is the
reduced potential energy.
SCL-equivalence. We now recall the fundamental definition of CL-equivalence
from [20] as follows.
DEFINITION 2.7. Two SCL systems (L1, F1,W1) and (Lo, Fo,W3) are said to

be CL-equivalent, or simply, (Li,Fy, Wh) X (Lo, Fo, W), if the following Euler—
Lagrange matching conditions hold:

ELM-1: Wy = mymy (W),

ELM-2: Im[£L(Ly) — F) — mymsy H(EL(Ls) — Fy)] € Wi,
where m; is the mass tensor of L; and Im means the pointwise image of the map in
brackets.

The following proposition from [20] explains the significance of the CL-equivalence
property. It shows that in a very natural sense the two control systems can be made
to correspond by using an appropriate choice of control.

PROPOSITION 2.8. Suppose that two SCL systems (L;, F;, W;), i = 1,2, are CL-
equivalent. Then, for an arbitrary control law for one system, there exists a control law
for the other system such that the two closed-loop systems produce the same equations
of motion. The explicit relation between the two control laws u;, ¢ = 1,2, is given

by
(212) Uy = E,C(Ll) — F1 — mlmgl(EE(Lg) - FQ) + m1m§1u2,

where m; is the mass tensor of L;, i1 =1, 2.
Proof. Recall that the Euler—Lagrange operator is given by

8mij ik 1 8mik ik °1%
24" = S0+
Jq 2 OqJ o¢J

EL(L)(q,4,G); = maG' +
where the Lagrangian L is given by
]- .7 .j
L= imijq ¢ = V().

One can solve (2.3) for §. Denote by §r,, the expression of the acceleration ¢ obtained
from the closed-loop SCL system (L;, F;,u;), i = 1,2. Then,

ml((le - q.L2) =Uu; — m1m§1u2 - [(g»c(Ll) - Fl) - mlmgl(é‘ﬁ(LQ) — Fg)] .

The conditions ELM-1 and ELM-2 imply that (2.12) holds if and only if §r., = §r, if
and only if they produce the same equations of motion. Notice that the term

gﬁ(Ll) — mlmglgﬁ(Lg)

in (2.12) can be regarded as a map defined on T'Q) because the acceleration ¢ cancels
out. ]
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RSCL-equivalence. We now define an equivalence relation among RSCL systems
on TQ/G.

DEFINITION 2.9. Two RSCL systems (I;, [Fila, Wi/G), i = 1,2, are said to be
reduced-CL-equivalent (RCL-equivalent), or simply

(1, [Fle, W1/G) & (12, [Pl e, W2 /G),

if the following reduced Euler—Lagrange matching conditions hold:

RELM-1: Wl/G = [ml]G[mg]E;l(Wg/G)

RELM-2: Im[REL(ly) — [Fi]g — [mi]a[m ](_; (R
where [my;|g is the reduced mass tensor of l;, i =
image of the map in brackets.

Equivalence commutes with reduction. The following theorem explains the rela-
tionship between the CL-equivalence relation among G-SCL systems and the RCL-
equivalence relation among RSCL systems.

THEOREM 2.10. Two G-SCL systems are CL-equivalent if and only if their as-
sociated RSCL systems are RCL-equivalent.

Proof. Let (L, F,W) be a G-SCL system, and (I, [F]g, W/G) its associated RSCL
system. Then, the theorem follows from the G-invariance of W and the following
relations:

o; (l2) — [Fla)] € Wh/G,

and Im means the pointwise

1

Rgﬁ(Z)OT/%) =7/ oEL(L), [FlgoT/g =mgoF,

where 7-/%) :TAQ - TP Q/G is the G-quotient map. O

Hence, one can check the RCL-equivalence of two RSCL systems in two ways; one
is to directly check it, and the other is to check the CL-equivalence of their associated
unreduced G-SCL systems. In practice, it is more convenient to check it directly at
the reduced level; we shall see an example of this in section 5.

The following theorem explains the property of the RCL-equivalence relation.

THEOREM 2.11. Suppose that two RSCL systems (I;, [Fila, W;/G), i = 1,2, are
RCL-equivalent. Then, for an arbitrary control law for one system, there exists a
control law for the other system such that the two closed-loop systems produce the
same equations of motion. The explicit relation between the two control laws [u;]q,
i=1,2, is given by

[urlg = REL(L) — [Fi]e — [ma]almal g (REL(L2) — [Fla)
(2.13) + [mi]g[mal g [us)e,

where [m;]g is the reduced mass tensor of l;, i = 1,2.

Proof. Let [u;]¢ be a control for (I;, [Fi]g, Wi/G), i = 1,2. Let (L;, F;,W;) be
the unreduced G-CL system of (I;, [Fi]a, W;/G), i = 1,2. By Theorem 2.10, the two
G-SCL systems are CL-equivalent. By Proposition 2.8, the two closed-loop G-SCL
systems (L;, F;,u;), i = 1,2, produce the same equations of motion when u; and us
satisfy (2.12). Hence, the two closed-loop RSCL systems (I;, [Fila, [uila), i = 1,2,
produce the same equations of motion when [u1]¢ and [us]g satisfy (2.13), because
each term in (2.12) is G-equivariant. Also notice that, for any choice of [u;]¢, one can
choose the other [u;]g such that (2.13) holds. 0

One can prove Theorem 2.11 by comparing the expressions of “accelerations” of
both equations using (2.9), as in the proof of Proposition 2.8. For this purpose, one
needs to choose a connection on @ — @/G because one has to split the variations
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to write down the equations of motion in coordinates, because the Euler-Lagrange
equations come from the variational principles (see (2.9) of this paper and Chapter 3
of [17] for more detail). In the current proof of Theorem 2.11, we were able to bypass
this route by Theorem 2.10.

3. Reduction of CH systems with symmetry. There is a Hamiltonian coun-
terpart to CL systems called CH systems. We study the reduction of CH systems with
symmetry in this section.

CH systems. We first recall the definition of CH systems from [20].

DEFINITION 3.1. A CH system is a quadruple (H, B, F, W), where the function
H :T*Q — R is called the Hamiltonian, B € T(A\?TT*Q) is called an almost Poisson
tensor (the main point being that it need not satisfy the Jacobi identity) on T*Q,
the fiber-preserving map F : T*Q — T*Q is called the (external) force map, and
the subbundle W of T*Q is called the control subbundle. When a feedback control
law u : T*Q — W is chosen, the quadruple (H, B, F,u) denotes the closed-loop CH
system.

We remark that we choose to use almost Poisson tensors rather than almost
symplectic forms, as it is more general and, moreover, is convenient in performing
Poisson reduction. The vector field Xy g p.) of a CH system (H, B, F,W) with a
control law w is given by

Xu.p,ru) = B*dH + Vift(F) + vlift(u),

where vlift(F) and vlift(u) are the vertical lifts defined in (2.1).

Reduction of G-invariant CH systems. We define G-invariant CH systems on 7% Q)
and reduced CH systems on T*Q/Q as follows.

DEFINITION 3.2. Let G be a Lie group action on Q). A G-invariant CH (G-CH)
system is a CH system (H, B, F,W), where H, B, F, and W are all G-invariant.

DEFINITION 3.3. A reduced CH (RCH) system is a quadruple (h,b, f,U), where
the function h : T*Q/G — R is called the reduced Hamiltonian, b € T(A2T(T*Q/G))
is called the reduced almost Poisson tensor, the fiber-preserving map f : T*Q/G —
T*Q/G is called the reduced force map, and the subbundle U of T*Q/G is called the
reduced control subbundle.

Suppose that we are given a G-CH system (H, B, F, W) on T*Q. The G-invariant
Hamiltonian H : T*@Q — R induces the reduced Hamiltonian h : T*Q/G — R as
follows:

(31) H:hOTF/G.

The G-invariance of the almost Poisson tensor B € T'(A2TT*Q) induces a reduced
almost Poisson tensor [Blg € T'(A?T(T*Q/G)) as follows: for fi, fa € F(T*Q/G),

(32) [B]G[q,p]c (dfl, dfg) = B(q,p) (W7gdf1, W;Gdf2>.

This is well defined since

Byqp(d(fiomc),d(f2a0m/c)) = By (g d(f1om/c),g"d(fa 0 7))
- B(qvp)(d(fl om/gog),d(fzo TG O 9))
= B(q,p)(d(f1 o 7T/G), d(fs 0 W/G))

for any g € G, where we used the G-invariance of B in the first equality. One can
easily check that [B]q is skew-symmetric. The G-invariance of F' induces the reduced
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force [Flg : T*Q/G — T*Q/G satisfying
(33) [F]GOW/G:W/GOF.

This discussion motivates the following definition.

DEFINITION 3.4. The RCH system of a G-CH system (H, B, F, W) is a quadruple
(h, [Blg, [Fla, W/G), where h is the reduced Hamiltonian defined in (3.1), [Blg is the
reduced almost Poisson tensor defined in (3.2), and [F|q is the reduced force defined
in (3.3).

Similarly to Proposition 2.5, the following proposition explains the relations be-
tween G-CH systems and RCH systems.

PROPOSITION 3.5. Given a RCH system (h,b, f,U), there is a (not necessarily
unique) G-CH system (H, B, F,W) whose RCH system is (h,b, f,U).

Proof. Define H by H = homqg. Define a force map F' on T*Q as follows: for
ag € T;Q, vg € TyQ

(F(aq), Uq> = <f°7T/G(O‘q)7 T/G(Uq)>~

Choose a connection on the principal bundle 7*Q — T*Q/G. (See Chapter 2, The-
orem 2.1 in [25] for the proof of the existence.) Then we can split T7T*Q into the
vertical space V and the horizontal space H as TT*Q = V&H. This induces the
decomposition of T*T*Q as T*T*Q = H° & V°, where H° and V° are the annihilators
of H and V, respectively. Let hor : T(T*Q/G) — H be the horizontal lift. Then
its dual map hor* : V° — T*(T*Q/G) is an isomorphism. For simplicity, we use H®
(resp., V°) as the projection of T*T*Q onto H® (resp., V°). Define an almost Poisson
tensor B on T™(Q) as follows: for o, 8 € T,;T*Q

B(a, B) := b(hor™ V° «, hor™ V° ).

One can check that this almost Poisson tensor is G-invariant. We now show that
76 T"Q — T*Q/G is the Poisson map; i.e., b = [B]g. Let hy, ho be two functions
on T*Q/G. Then d(h; om/g) € V°, i =1,2. Thus, hor* d(h; o m/q) = dhy, i = 1,2.
Hence,

[Bla(dhy, dhz) = B(d(h1 o 7/c), d(h2 0 7)c))
= b(dhy, dhs).

It follows that [B]g = b. Let W = W?GI(U) Then one can see that (H, B, F,W) is
a G-CH system and that its RCH system coincides with (h,b, f,U). This completes
the proof. 0

Notice in Proposition 3.5 that there can be more than one B satisfying [Blg =
b, which is the source of the nonuniqueness of the G-CH systems (H, B, F,W) in
Proposition 3.5. By Proposition 3.5, we can write an arbitrary RCH system in the
form of the RCH system of a G-CH system without loss of generality.

Reduced CH dynamics. Given a G-CH system (H, B, F,W), let (h,[Blg, [Fla,
W/G) be its RCH system. The (reduced) Hamiltonian vector field X (5]4.[F¢.[ulc)
of (h,[Bla, [Fla, W/G) with a control [u]g € W/G is given by

(3.4) X (hBlo.[Flefule) = [Blgdh + Viift([F]e) + viift([u)g),

where Vlift([F]g) and vlift([u]g) are the vertical lifts defined in (2.1). Let X (g B ru)
be the vector field of (H, B, F, W) with control u € W. Then we have

(3.5) X(h,[Blo,[Fla,lule) © T/6¢ = TT/c - X(H,B,Fu)-
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The CH-equivalence relation. We shall first recall the CH-equivalence relation
among CH systems on 7*@ from [20].

DEFINITION 3.6. Two CH systems (H;, B;, F;,W;), i = 1,2, are said to be CH-
equivalent, or simply, (H1, By, F1, W) £ (Ha, Ba, F5, W3), if the following Hamilto-
nian matching conditions hold:

HM-1: Wl == Wg,

HM-2: Im[B{dH; + viift(Fy) — BidH, — viift(F)] C vlift(W7),
where v1ift(Wy) is the vertical lift of W1 defined in (2.2).

The following proposition explains the significance of the CH-equivalence relation.

PROPOSITION 3.7. Suppose that two CH systems (H;, B;, F;,W;), i = 1,2, are
CH-equivalent. Then, for an arbitrary control law for one system, there exists a
control law for the other system such that the two closed-loop systems produce the
same equations of motion. The explicit relation between the two control laws u;,
i=1,2, is given by

vlift(uy) = —BIdH; — viift(Fy) + Bid Hy + v1ift(Fy) 4 vlift (us).

Proof. Just compare X g, B, r, u) and X (m, B, Fy,u.) With controls up : T%Q —
Wi and ug : T*Q — Wh. 0

RCH-equivalence. We now introduce an equivalence relation among RCH systems
on T*Q/G as follows.

DEFINITION 3.8. Two RCH systems, (hi,[Bila, [Fila, Wi/G), i = 1,2, are said
to be reduced-CH-equivalent (RCH-equivalent), or simply

(h1, [Bile, [Fila, Wi /G) & (ha, [Bs)a, [Fola, Wa/G),

if the following reduced Hamiltonian matching conditions hold:

RHM-1: Wl/G = WQ/G,

RHM-2: Tm([By]%,dh; + viift([F1]¢) — [Balhdhy — viift([Fa)q)] C viift(W,/G),
where v1ift(W,/G) is the vertical lift of the subbundle W1 /G defined in (2.2).

Reduction commutes with equivalence. The following theorem explains the rela-
tion between the RCH-equivalence relation among RCH systems on 7*Q/G and the
CH-equivalence relation among G-CH systems on 7*Q.

THEOREM 3.9. Two G-CH systems are CH-equivalent if and only if their asso-
ciated RCH systems are RCH-equivalent.

Proof. Use Definitions 3.6 and 3.8 as well as the relation (3.5). ad

THEOREM 3.10. Suppose that two RCH systems (h;, [Bila, [Fila, Wi/G), i = 1,2,
are RCH-equivalent. Then, for an arbitrary control law for one system, there exists a
control law for the other system such that the two closed-loop RCH systems produce
the same equations of motion. The explicit relation between the two control laws [u;]¢,
i=1,2, is given by

vlift([ur]e) = —[Bi)hdhy — viift([F1] @) + [Balhdhg + viift([Fa)a) + viift([us]e).-

Proof. The proof follows from a straightforward computation using (3.4). O

Simple CH systems. Let us review the definition of simple CH systems from [20].

DEFINITION 3.11. A CH system (H,B,F,W) on T*Q is called simple if the
Hamiltonian H has the form kinetic plus potential energy,

Hgp) = 3 (o my'p) + V(a),
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and its almost Poisson tensor B is nondegenerate and is of the form

0 K(g7
(3.6) Blg.p) = [—K(q) J(q(fp)]

in cotangent coordinates (q,p) on T*Q, where K(q),J(q,p) are n x n matrices with
n = dim@Q. We call H the simple Hamiltonian and B the simple almost Poisson
tensor. The acronym, SCH, denotes “simple controlled Hamiltonian.”

One can check that the statement that B has the form (3.6) is independent of the
choice of cotangent bundle coordinates on T*(Q.

Let B be a simple almost Poisson tensor. Then the relation

(3.7) vlift (o) = B o ©

defines a unique ¥z € I'(Aut(7T*Q)), where © is the canonical 1-form* on T*Q and
B is regarded as a bundle map B : T*T*Q — TT*Q. In other words, there exists a
unique ¥ € T'(Aut(T*Q)) such that the following diagram commutes:

T*17*°Q —2— TT*Q

T@ Tvlift
Q - 17Q

See [20] for the proof of the existence of 5. When B is given in coordinates as in
(3.6), the map v p is given in coordinates by

Ye(g,p) = (¢, K(q)p).

Now, we make the following definition of the reduced simple CH system.

DEFINITION 3.12. An RCH system (h, [Blq, [Fla, W/G) is called a reduced sim-
ple CH system (or RSCH system) if it is the reduced CH system of a G-invariant
simple CH system.

Simple almost Poisson tensors and their reductions. Recall that in Definition 3.11
we defined simple almost Poisson tensors on T using local coordinates. Here, we
characterize the reduced simple almost Poisson tensors using local coordinates, so we
may assume that Q = G x X, where G is a Lie group acting on the manifold X
trivially. Recall the following identifications by left translation of G:

T"G=Gxg", TT"G=(Gxg")x(gxg"), T'T*G=(Gxg")x(g"xg).

We use (ga, fta, Ti, i) as local coordinates for T7*Q = G x g* x T* X, and (ua, i, pi)
for T*Q/G = g* x T*X, where a = 1,...,dimG and i = 1,...,dim X. We will use
{eq} as a basis for g, and {e}} as its dual basis. Let B € T'(A?TT*Q) be a G-invariant
simple almost Poisson tensor. Then it is of the following form:

B(g, 1, ,p) = Agp(x)(eq @ € — €5 ® €q) + Eia(2)(0, ® €} — €; ® Oy,)
+ Cui(z)(€q @ Op, — Op; ® €a) + Dij(x)<8mi ® apj - apj ® Oz,)
+ Rap (i, v, p)e;, @ e + Sai(p, x,p)(e; @ Op, — Op, @ ey)
(3.8) + Uij (1, 7, p)Op, ® O, -

IThe canonical 1-form © on T*Q is given by © = p;dq’ in cotangent bundle coordinates (qi,pj) S

Q.
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In the matrix form, B is given by

(0] 0] A(z) C(x)

B 0 0 E(z) D(z)
- (I)T - x)T R(H7I7p) S(/L,Iﬂ,p) ’

~C(@)" —D(z)" —S(p,,p)" Ulu,z,p)

where we used the basis for T,7*@ in the following order: e,, 0s,, e;, 0p,. The
nondegeneracy condition for B is given by

rank {2‘ ZC)] =dim Q.

The reduced simple Poisson tensor [B]g is given by

[Bla (i, 2, p) = Eia(2)(04, @ € — €5 ® 0,) + Dij () (0, ® Op, — Op, @ Oy,)
+ Rab(:uvxvp)e: ® 6; + Sai(u7x7p)(ez ® 0, i 8pi ® 6:;)
(3'9) + Uij (,Ua xap)api ® an'

In a matrix form,

R(/},,Z‘,p) _E(l‘)T S(vavp)
[Ble = E(z) o D(z) |,
7S(.“’3I7p)T 7D(‘T)T U(.uaxap)

where we used the basis for 17.;(T*Q/G) in the following order: e, 0p,, 0p,. The
nondegeneracy condition for B induces the following rank condition for [B]g:

(3.10) rank[F D] = dim X.

Remark. One could argue that it might be better if we could characterize all
the tensors b € T'(A2T(T*Q/G)) for which there exists a G-invariant simple almost
Poisson tensor B such that b = [B]g. Then we could define RSCH systems without
reference to G-invariant SCH systems. This point has to be studied more, and we
think that the use of connections is crucial; see [31] and [17].

4. Equivalence between reduced simple Lagrangian and Hamiltonian
systems. In this section we show the equivalence between the method of RSCL
systems on TQ/G and that of RSCH systems on T*Q/G.

The CL-CH equivalence theorem. In [19] and [20], the equivalence between the
method of SCL systems on T'Q) and that of SCH systems on 7*@) was shown. It is
summarized in the following theorem.?

THEOREM 4.1. The method of CL systems is equivalent to that of CH systems
for simple mechanical systems in the following sense:

1. For any two simple CL systems (L;, F£,WF), i = 1,2, there exist two associ-

K2

ated simple CH systems® (H;, B;, FE, WH) i=1,2, such that

(Ly, FEWEY & (Lo, FE, WE)
(4.1) s (Hy,By, FE Wiy X (H,, By, FE W)

2The statement of Theorem 4.1 is slightly different from that of Corollary 4.1 in [20] in that
there appears an additional term, ¢ pg, o 1/1511 = mHy, (mHl)_l, in statement 2. However, one can
still prove Theorem 4.1 of this paper using section 4 of [20]. For example, see [19] for the proof.
3Refer to section 4 of [20] to learn how to find the associated CH systems.
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2. For any two simple CH systems (H;, B;, F1. WH) i = 1,2, there exist two

K3

associated simple CL systems (L;, F£,WE), i = 1,2, such that

(Hy, By, FI', Wi 2 (Haz, By, Fy',W3")
= (L1, FEWE) X (Lo, FEWE) and ¢, 0 95! = m, (mar,) 7Y,

with my, the mass tensor of H; and ¢p, defined in (3.7) fori=1,2.

In statement 1, one does not need the condition p, o 1/}§11 =mpy,(mpy, )" along
with the CL equivalence condition for the two CL systems, because it automatically
holds for the associated CH systems.

This result implies the following: suppose that we want to find all SCL systems
which are equivalent to a given SCL system. One can directly search for them on the
Lagrangian side using the CL equivalence relation. Alternatively, one can first find
an SCH system which is associated with the given SCL system, secondly search for
all SCH systems which are CH-equivalent to this SCH system, and finally transform
those SCH systems to SCL systems. Those SCL systems are all SCL systems CL-
equivalent to the original SCL system. In the similar way, one can find all the SCH
systems which are CH-equivalent to a given SCH system, directly or with a CL-
equivalence relation. (Refer to [20] and [19] for more detail.) Hence, one can describe
a given simple mechanical system as an SCL system or as an SCH system and then
apply the CL method or the CH method, correspondingly. Both procedures are
equivalent.

We now restrict Theorem 4.1 to G-invariant systems.

THEOREM 4.2. The method of G-invariant SCL systems and that of G-invariant
SCH systems are equivalent. In other words, Theorem 4.1 restricted to G-invariant
simple CL and CH systems holds.

Proof. For the proof, one just needs to keep track of the G-invariance in the proof
of Theorem 4.1 in [20] and the proof of Theorem 3.2.1 in [19]. |

The following theorem explains the equivalence between the method of RSCL
systems on TQ/G and that of RSCH systems on T*Q/G.

THEOREM 4.3. The method of RSCL systems is equivalent to that of RSCH
systems in the following sense:

1. For two given RSCL systems (L;, [FF)a, WE/G), i = 1,2, there exist two asso-

?

ciated RSCH systems (hy, [Bilc, [F#]a, WH/G), i = 1,2, such that

K2

(I, [FEla, WEG) % Iz, [FFla, WE/G)
(4.2) = (h1,[Bile, [Fil)e, Wi /G) 2 (ha, [Bs)e, [Fi)c, WHT/G).

2. For two given RSCH systems (hi,[Bilg, [Ff e, WH/G), i = 1,2, there erist
two associated RSCL systems (I;, [F¥)a, WE/G), i = 1,2, such that

(b1, [Bila. [Fil)a, Wi /G) & (ha, [Bsle, [Fi]e, Wi /G)
= (I, [FHa, WE/G) % (1, [FEa, WE/G) and [4p, o 56 = mm,)almm )"

where [mp,|c is the reduced mass tensor of h;.
Proof. Let us prove statement 1. For given two RSCL systems (I;, [F¥]a, WE/G),

7

i = 1,2, consider their unreduced G-SCL systems (L;, FX, Wk), i = 1,2, with L; =

3

lioT/q (see Proposition 2.5). Theorem 4.2 implies that there are two G-SCH systems
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spinning rotor L

Fic. 5.1. A satellite with a rotor along the third body axis.

(H;, B;, FE, W), i = 1,2, such that (4.1) holds. Let (h;,[Bila, [Ff]e, WH/G)
be the RSCH system of (H;, B;, Ff,WH) for i = 1,2. Then (4.2) follows from
Theorems 2.10 and 3.9 and (4.1). Now we prove statement 2. In this case, use
Proposition 3.5 instead of Proposition 2.5, and then proceed in a similar manner. 0

Hence, one can describe a given simple mechanical system as an SCL/SCH system,
apply the CL/CH reduction, and then apply the reduced CL/CH method, correspond-
ingly. Both procedures are equivalent.

Remark. Notice in (4.2) that ¢p, o ¢§11 is G-equivariant even though each of
1¥p, may not be. This equivariance is a consequence of the following commutative
diagram:

TT*Q 2 T*Q*Q —22 TT*Q

Tv]ift T(—) Tvlift

T*Q VB, TQ PB, T*Q

It follows that for o € T*Q, By By ' (vlift(a)) = vlift(vp, o z/z,}ll(a)). One can easily
check that vlift is G-equivariant, i.e., vlift(ga) = gvlift(a) for g € G. Then the G-
equivariance of g, o 1,&511 follows from the G-equivariance of B, By, and vlift and
from the injectivity of vlift.

5. Examples. We review the example of a satellite with a rotor and the Euler—
Poincaré matching conditions presented in [15] in the framework of the current paper.
We then apply the RCL method to the stabilization of the heavy top with rotors.
This will show the application of CL systems only. For an excellent application of CH
systems to the problem of underwater vehicle stabilization by internal rotors, refer to
[34] and [15].

5.1. Satellite with a rotor and Euler—Poincaré matching.

Satellite with a rotor (see [15]). We consider the example of a satellite with a rotor
aligned along the third principal axis of the body (see Figure 5.1). The configuration
space is Q = G x X = SO(3) x S, with the first factor being the satellite attitude and
the second factor being the rotor angle. The Lie group G = SO(3) acts on the first
factor of @ only. We take a trivial (flat) connection on @ such that TQ/G ~ gx TX.
Use ((1,Q2,3), (¢, ¢)) as coordinates for so(3) x T'S* ~ R? x T'S*. This system is
described by the RSCL system (I, [Fi]¢ = 0, W1 /G) given by

L(Q8) = 5 (MO + X003 + (Is + J3)Q3 + 2J3Q30 + J367)

N —
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and W1 /G = span{d¢}, where \; > Ay > A3 := J3 + I3. Notice that [; does not
depend on ¢. Recall that the reduced Euler-Lagrange operator REL induces the
Lagrange—Poincaré operator £LP in (2.8) with respect to the trivial connection on
Q@ — X. By (2.10), this Lagrange—Poincaré operator LP(l;) is given by

don b o
dt oY 00

dol, 9L ’

dt o6 9o

(5.1) LP() =

where we switched the first and second components of (2.10).
Consider another RSCL system (I2,0, W5/G) with Wa = W5 and

15(2,0) = = (MO + X3 + (I3 + J3)Q + 23030 + pJ3¢?)

N | =

with p € R. Here we allow only one free parameter p as in [15], but one can con-
sider a more general form of CL system. One can check that RELM-1 and RELM-2
in Definition 2.9 are satisfied. Since these two CL systems are equivalent, one has
only to design a controller for the second system, which will give an asymptotically
stabilizing controller for the first system by Theorem 2.11. See [8] for the discussion
on asymptotic stabilization of the rotation about the middle axis in the body-fixed
frame. There, it is shown how to choose p and the dissipative input for stability of the
equivalent system (l2,0, W5/G). This leads to an asymptotically stabilizing controller
for the original system (I1,0, W1 /G).

Euler—Poincaré matching. Here we briefly sketch the proof that the set of Euler—
Poincaré matching conditions in [12] and [15] is a special case of the reduced Euler—
Lagrange matching conditions in this paper. This set of matching conditions can
handle such examples as a satellite with a rotor and underwater vehicles with internal
rotors. Let @ = G x X be the configuration space, where G is a Lie group acting
trivially on the manifold X. We choose the trivial (flat) connection on Q@ — X to
write down the Lagrange-Poincaré equation on TQ/G ~ g x TX with the Lie algebra
g of the Lie group G. We use 1 = (7®) as coordinates for g, and (6,6) = (6%,60%) as
coordinates for TX. By (2.10), the Lagrange—Poincaré operator LP with respect to
the trivial connection is given by

d ol ﬁvﬂ

dtome e oyp
d ol ol

dt 9fa 90

(5.2) LP(l) =

for any reduced Lagrangian [ = I(n®, 6, ), where Cea are the structure constants of
the Lie algebra g. In (5.2) we wrote the vertical part of LP(l) first, while in (2.10)
the vertical part was written in the second component.

Let (1,0,7*X) be the given RSCL system with the reduced Lagrangian

a pa 1 « apa 1 Na
10, 0%) = 59061 0" + gaanl™0" + 59a0"0",

where gog, Jaa, Jap are constant functions on T'Q/G. Notice that this Lagrangian is
cyclic in the variables 8% and that the controls act only on the cyclic variables. Let
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Fic. 5.2. Heavy top with two rotors, each consisting of two rigidly coupled disks. The center
of mass is at CM.

(I+,0,p,0,T*X) be another RSCL system with the reduced Lagrangian of the following
form:

. 1
lrop = 0%, 0 +750°) + SowTargnn’
1 ha ac a a, o\ (N c
(5.3) + = (pab = 9ab) (0" + g°°gean®™ + 74n*) (0" + 9" gesn” + 7417),

2

which is exactly the equation (11) in [15]. See also [14] for the motivation of this choice
of the form in (5.3). [15] proposes the following so-called Euler—Poincaré matching
conditions:

EP-1: 72 = —0%gp,,

EP-2: g9 + pab — gab.
Then one can show that the two assumptions of EP-1 and EP-2 imply the RCL-
equivalence of the two RSCL systems (1,0,7*X) and (l;,,,,0,7*X). Hence, one
can equivalently work with the second system to design controllers. Refer to [15]
for the method of constructing a Lyapunov function using the energy and Casimir
functions.

5.2. Heavy top with rotors. It is well known that an upright spinning top
is unstable if the angular velocity is small. The motion of a heavy top and the
stability of the Lagrange top are well studied in [28] and [24]. We use the CL method
to asymptotically stabilize the upright spinning motion of a heavy top with small
vertical angular velocity, including zero velocity. See Figure 5.2 for the heavy top
system. One can notice that the system dynamics are not SO(3)-invariant because
the gravitational force breaks the SO(3) symmetry, and thus we cannot perform the
usual reduction of the system by the SO(3) group. However, there is a way of doing
the SO(3)-reduction of this system by considering this system as one depending on a
parameter in R3.

In this section, we will first review the general theory of reduction of systems
depending on a parameter and then apply this reduction theory to the design of a
controller for the heavy top system. We will not develop the whole theory of CL
systems depending on a parameter and the reduction theory for those systems with
symmetry because it is a straightforward modification of the theory in section 2 of
this paper. Moreover, the complete theory of reduction for (uncontrolled) systems
depending on a parameter is in [17].
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Systems depending on a parameter. We here review the reduction theory for sys-
tems depending on an advected parameter, as presented in [17]. Consider a Lagrangian

L:T(GxX)xV* =R,

where G is a Lie group, X is a manifold, and V* is the dual space of the vector
space V. The value of L at the point (g, z, g, &, a9) € T(G x X) x V* will be denoted
by L(g,x,g,Z,a0), as usual, and we will think of ap as a parameter that remains
fixed along the evolution of the system. Assume that there is an action of G on V,
so there is an induced action on V* such that (gag, gby) = (ag,bo) for all ag € V*,
bp € V, g € G. Assume that G acts trivially on X and that L is G-invariant,
ie.,

L(hg’ x? hg’ j”’ hao) = L(Q’ x? g’ j"? ao)

for h € G, (9,2,9,%,a0) € T(G x X) x V*. Define the reduced Lagrangian [ :
gxTX xV*—=R by

(5.4) (& x,2,a) = Lie,z,§,2,a)

foré €g, (z,2) € TX, a € V*, where £ =g 1§ and a = g tao.

Fix ag € V*. Let Ly, : T(G x X)) — R be the restriction of L to T(G x X ) x {ag}.
Then, the Euler-Lagrange operator £L£(L,,) induces the reduced Euler-Lagrange
operator

RELN) : 2§ THX x TV — g* x T*X
and the equation in (5.6) as follows:
d ol L oL ol

—— —ad{ - — ——oa
(5.5) REL(I) = dt O § o6 Oa

aa o
dt 0z Ox
and
(5.6) a = —¢&a,

where the map ¢ : V x V* — g* is defined by (boa,n) = —(na,b) forn € g, a € V*,
b € V. One may find the derivation of (5.5) and (5.6) in section 7.4 of [17].

The equations of motion of the reduced Lagrangian [ with a (g* x T*X)-valued
(reduced) force f, are given by

(5.7) RELI)=f and a= —Ea,

where f includes external forces and control forces.

Heavy top with two pairs of rotors. We first describe a heavy top with two pairs
of rotors. We mount two pairs of rotors within the top so that each pair’s rotation
axis is parallel to the first and the second principal axes of the top; see Figure 5.2.
Let Iy, 15, I3 be the moments of inertia of the top in the body-fixed frame. Let Ji, Jo
be the moments of inertia of the rotors around their rotation axes. Let J;1, J;o, Ji3 be
the moments of inertia of the ith rotor with ¢ = 1,2 around the first, the second, and
the third principal axis, respectively. Let L =1+ Ji1+Jo1, I = I+ Jig + Joo,
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and Is = Is + Jy3 + Jas. Let \y = I +J; and \y = I + Jo. Let M be the total mass
of the system, g the magnitude of the gravitational acceleration, and h the distance
from the origin O to the center of mass of the system.

Let G = SO(3), X = S! x S, V* = R3. We use the following notation for
coordinates:

R cSO(3), 6= (01,00)cS" xS acR>

We will use Q = (Q1,Q,Q3) € R? as coordinates for the Lie algebra so(3) under the
Lie algebra isomorphism, V : (s0(3),[,]) — (R3, x),

0 -z v
z 0 —z| =(z,v,2).
-y 0

Let L:T(G x X) x V* — R be the Lagrangian defined by

o\ /0 0 g 0\ [/

- e 0 X 0 0 B[
L(R,0,R,0,a) = 3 93 0 0 I3 0 O 93 — MghR 'a- ¥,

i, o0 0 g o6

0, 0 Jo 0 0 J) \6

where Q = (1, Qs,Q3) = (R™'R)V is the body-fixed angular momentum and y is the
body-fixed unit vector on the line segment connecting the origin O with the body’s
center of mass, i.e., x = (0,0,1) in the body-fixed frame.

Fix k := (0,0,1) € R3. Let Ly be the restriction of L to T(G x X) x {k} as
follows:

L(R,0,R,0) = L(R,0,R, 0,k).

Then one can check that Ly is the Lagrangian of the heavy top system in Figure 5.2.
The actuation is exerted on each pair of rotors, so the control bundle U is given by
U=T*X.

By (5.4), the reduced Lagrangian [ : s0(3) x TX x R® — R is given by

. 1 _ . .
1(9,0,0,T) = 5(/\193 + X203 + [303 + 27,0161 + 2J50005)
1 . .
+ 5(Jlef + Jo03) — MghT - x,

where I' = (I';,T'5,T'3) = R™'k. Physically, the vector I" represents the motion of the
unit vector with the opposite direction of gravity as seen from the body. Recall that
the reduced equations of motion are derived from (5.7) and (5.5).

Let us consider a new reduced Lagrangian [ defined by

- . 1 _ . .
1(2,0,6,T) = 5(/\193 + X202 + I302 + 271916, + 2J5005)
1 . .
(5.8) + §(P1J19% + p2Jab3) — MghT - x,

where p1,p2 € R are free parameters to be chosen later. See [15] and [21] for the
motivation of this choice of the form in (5.8).
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Even though we have not developed the general theory of CL systems depending
on a parameter and the associated reduction theory, one can check that Definition 2.9
and Theorem 2.11 hold for reduced CL systems depending on a parameter where one
should use the reduced Euler-Lagrange operator in (5.5) instead of (2.9) or (2.10).
Notice that the equation in (5.6) is common for all reduced CL systems depending on
a parameter. With these modifications in mind, one can check that

(1,0,7*X) % (1,0, T* X).

By Theorem 2.11, we can work with the RCL system (l~, 0,7*X) to design a controller.
Let us define the angular momentum, IT = (111,115, 1I5), and the control momen-
tum, J = (Jy, Ja2), as follows:

(59) II = 879 = ()\1Q1 + J191, Aoy + JQéQ, 1_393),
_ : .
(510) J = % = (Jlgl + J1p101, JQQQ + szgeg).

By (5.7) and (5.5), the equations of motion of the system (I,0,7*X) with a choice of
control v = (vy,v9) are given as follows:

(5.11) IT=1I x Q4 MghT' x ¥,
(5.12) J=nu,
(5.13) =T xq.

These dynamics have two constants of motion,
II-T and (T =1,

where IT - ' is the vertical component of the space-fixed angular momentum, and
I = |R~1K]| = ||| = 1. )

Since the reduced Lagrangian ! (or [) does not depend on the rotor angle ¢, and
we are not interested in the angle of rotors but in the angular velocity of rotors,
we will remove X from the phase space for the sake of simplicity. Hence, we will
regard s50(3) x R? x R? as a new phase space, where R? is the velocity component of
TX =R? x R2.

Let €(0), (0), and T'(0) with ||T'(0)||> = 1 be an initial condition with

T'(0) Mgh

5.14 Q3 =11(0) - —= =~
(5.14) S=10) 7 <[5

We are interested in the equilibrium e = (€., 6., T.),
(5.15) Q. =(0,0,9%), 6. =(0,0), T.=(0,0,1)
or

Q. =(0,0,93), J. =(0,0), T.=(0,0,1),

which corresponds to the upright spinning top with the rotors at rest. Notice that
this equilibrium lies in the same level set of (IT - T, ||T'||?) as the initial condition.
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We construct a Lyapunov function using the energy-Casimir method (see [8] for
more detail of this method). Set
(5.16) Ey=K+U+®I1-T,[|T|]?) + ¥(J;, J2),

where the potential energy U is given by U(T') = Mghl'- x = M ghT's, and the kinetic
energy K is given by

1 I o 1 BN o 1o o J? J2
K=-( M-+ (h-2)02+ 002+ 21
2(1 p1) 1+2<2 pz) 2+23 3+2J1p1+2J2,027

in the new coordinates (€2, J, I'). Choose the function ¥ as follows:
o s

5.17 U(Jy, o) = —2—
( ) ( b 2) 261J1 262(]2’

where coefficients €; will be determined later. Choose the function ® of the form

B, y) =~ (x — 1595) + 3 (5(03)” — Moh) (y — 1)

+sa(e - HOGP + Saxly - 17,
where the constants a; and as are chosen such that
-1
a1 < i
and
I3(ay 1398 — Qg)2

4&2 + al(I_gﬂg)z + I_g(Qg)z — Mgh < =
1+a1[3

One can check that the equilibrium e is a critical point of Ez. We now find conditions
under which this critical point is a local mazimum. First, choose p; satisfying
I3(95)? — Mgh Ji

<A——<0

(5.18) (%5)° o

for i = 1,2, and then we can choose €; and € such that the second derivative of Eg
becomes negative definite at e, which implies that Eg has a local maximum at e. For
later use, we impose an additional condition on p; and ¢; as follows:

(5.19) Ji(Q5)% + (e + i) ((92)(I3 — Ni) — Mgh) #0.

With (5.19), it is still possible to find p; and ¢; to ensure negative definiteness of the
second derivative of Ky at e.
The following choice of v = (v1, v2),

(5.20) V; = Cj <91 + l

a
L 2
N———

with ¢; > 0 for ¢ = 1,2, implies

d 2 i\’
21 —F: = | 6, ¢ >
(5 ) dt 3] ;C’L <01 + €ZJ1> jatl 07
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which proves the Lyapunov stability of the equilibrium e in the closed-loop system.
The complete control law u for the original system (I,0,7*X) can be obtained from
Theorem 2.11.

Asymptotic stabilization will now be shown by using LaSalle’s theorem. Since
Ej3 has a local maximum at e, it is nondecreasing in time, and I - T and ||T||? are
conserved, there is a number ¢ such that the set

S={r€s0(3)xR*xR* | Eg >¢, I.T =1L - T, |T|* =1}
is nonempty, compact, and positively invariant. Define
E={recS|E;=0}={recS|v=0}

Let M be the largest invariant subset of £. One can show M = {e} by (5.19) after
shrinking the set S if necessary. Thus, by LaSalle’s theorem, e is asymptotically
stable.

Here are the main points in the proof that M = {e}. Let (Q(t),0(t),T(t)) be
a trajectory in M. The condition v = 0 and (5.12) imply that J(t) is constant.
Hence, 0;(t) and §,(t) are constant for ¢ = 1,2. By (5.9), II;(¢), i = 1,2 are constant.
Then the third component of (5.11) becomes A3€3(t) = constant. By the Lyapunov
stability of the equilibrium, it follows Q3(t) = 0. Hence, Q3(t) is constant. The first
and second component of (5.11) imply that I'y(¢) and I'2(¢) are constant. Then the
third component of (5.13) implies that I's(¢) is constant. So far we have shown that
the trajectory (Q(t), 8(t), (), or (II(t), 8(t),T'(t)), is constant for all ¢ > 0. Consider
the map f : R® — R0 defined by

II x Q+ Mghl' x x I
I'xQ T
; J1Q1 + (e1 + Jip1)by €101
0,0,T) = S = ,
g ) J2Qs + (€2 + J2p2)b2 €203
O-T—T,-T, m-T—TI-T,
IT)* =1 IT)* -1

where II is expressed in terms of (979) as in (5.9). Then one can see that all the
trajectories lying in M are contained in the set f~*(O). In particular, the equilibrium
(Q¢,0e,T) in (5.15) is also contained in f~1(0). One can check that the rank of the
Jacobian matrix Df at the equilibrium is the full rank 8 by (5.19). Thus, f is locally
one-to-one around the equilibrium by Theorem 4.12 in [16]. Therefore, the only
possible trajectory totally lying in M is the equilibrium point itself. It follows from
LaSalle’s theorem that the equilibrium is asymptotically stable.

Remarks. 1. The above procedure shows that the choice of control gains depends
on the initial condition. This is unavoidable because we need to know the value of
the constant of motion II - I', which the internal actuation cannot change; however,
our suggested controller is robust to small errors in the measurement of the initial
condition. Let € be the equilibrium of the form (5.15), with Q3 instead of Q3. Suppose
the Qf used in constructing the control law is very close to the value Qg Let E‘i be
the function of the form (5.16), with Q3 replaced by Q3. Then € is a critical point
of E@. By continuity, the second derivative of Eé at € will remain negative definite,
proving Lyapunov stability of é.

2. The same form of controller works for the asymptotic stabilization of the
upright spinning top with QS > \/Mgh/I3, which is the opposite of (5.14). All



REDUCTION OF CL AND CH SYSTEMS WITH SYMMETRY 299

that needs to be done is to choose p; and ¢; to make E3 have a local minimum at
the equilibrium and to choose negative ¢; such that Eg decreases in time. LaSalle’s
theorem argument guarantees asymptotic stability.

6. Conclusions. In this paper we have studied the reduction of controlled La-
grangian (CL) and controlled Hamiltonian (CH) systems with symmetry. We have
shown that the notion of equivalence of controlled systems is preserved by the re-
duction procedure. This leads to a natural derivation of the Bloch—Leonard—Marsden
Euler—Poincaré matching conditions and shows in a precise sense how they are related
to the unreduced Euler—Lagrange matching conditions. The theory also shows how
to do the equivalent matching on the Hamiltonian side. We studied the examples of
a rigid body with rotors (a spacecraft) as well as a heavy top with rotors to illustrate
the theory.

In the future we will study more examples and also see to what extent this the-
ory applies to controlled nonholonomic systems with or without symmetry, following
[18] and [36], and to degenerate and implicit controlled Lagrangian and Hamiltonian
systems, following [6] and [35].
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