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Abstract

We develop a method for the stabilization of mechanical systems with symmetry
based on the technique of controlled Lagrangians. The procedure involves making
structured modifications to the Lagrangian for the uncontrolled system, thereby con-
structing the controlled Lagrangian. The Euler-Lagrange equations derived from the
controlled Lagrangian describe the closed-loop system, where new terms in these equa-
tions are identified with control forces. Since the controlled system is Lagrangian by
construction, energy methods can be used to find control gains that yield closed-loop
stability.

In this paper we use kinetic shaping to preserve symmetry and only stabilize
systems modulo the symmetry group. In the sequel to this paper (Part II), we extend
the technique to include potential shaping and we achieve stabilization in the full
phase space.

The procedure is demonstrated for several underactuated balance problems, in-
cluding the stabilization of an inverted planar pendulum on a cart moving on a line
and an inverted spherical pendulum on a cart moving in the plane.
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1 Introduction

In this paper we develop a constructive approach to the derivation of stabilizing
control laws for Lagrangian mechanical systems where the Lagrangian has the form
of kinetic minus potential energy. The method is Liapunov-based and thus yields
large and computable basins of stability, which become asymptotically stable when
dissipative controls are added. The methods are designed to be effective for the
stabilization of balance systems, such as inverted pendula, as well as for systems
with gyroscopic forces such as satellites and underwater vehicles with internal rotors.
These examples are worked out in this and companion papers.

The guiding principle behind our methodology is to consider a class of control
laws that yield closed-loop dynamics which remain in Lagrangian form. This has
the advantage that stabilization can be understood in terms of energy. In particular,
we can make use of energy methods which provide a Liapunov function which gives
information on how to choose the control gains to achieve closed-loop stability.
Further, even though work is done by the control forces, there is a modification of
the mechanical energy of the system that is exactly conserved by the closed-loop
dynamics; one can think of it as a combined energy available to the mechanism and
the control forces. This can be used to show that, for fixed gains, the control inputs
will never need to become large (in time) to achieve stabilization.

Closed-loop dynamics are guaranteed to be Lagrangian by first choosing the
closed-loop Lagrangian from a class of controlled Lagrangians that we will explicitly
describe. The controlled Lagrangian then provides the control law: the closed-loop
dynamics are the Euler-Lagrange equations derived from the controlled Lagrangian



and the new terms that appear in the dynamic equations are identified with the
control forces. The method ensures that the new terms in the equations of motion
only appear in the desired control directions. The associated theory provides suffi-
cient (matching) conditions under which this approach will provide such a control
law that yields a closed-loop system in Lagrangian form.

The approach is motivated by a result in Bloch, Krishnaprasad, Marsden and
Sanchez de Alvarez [1992] for stabilization of unstable middle axis rotation of a rigid
spacecraft using a single internal rotor. There, the framework was Hamiltonian and
it was shown that the chosen rotor control law was such that the closed-loop system
was still Hamiltonian. The new Hamiltonian was a modification of the kinetic energy
(Hamiltonian) of the uncontrolled spacecraft. The energy-Casimir method was used
to choose the control gain and thereby guarantee closed-loop stability.

The objective of this paper is to demonstrate how the approach of Bloch, Kr-
ishnaprasad, Marsden and Sanchez de Alvarez [1992] can be generalized and made
algorithmic. We switch to a Lagrangian framework from a Hamiltonian framework
which helps us to systematize the modification of the uncontrolled Lagrangian to
get our controlled Lagrangian. The basic idea behind our approach was introduced
in Bloch, Marsden and Sénchez de Alvarez [1997] and in Bloch, Leonard and Mars-
den [1997], [1998]. We remark, however, that there is no reason that our procedure
cannot be carried out on the Hamiltonian side. This leads to interesting questions
regarding the modified symplectic structures involved and we shall look at this in a
future publication. The matching conditions derived in this paper are explicit; for
more general, but less explicit conditions, see Hamberg [1999] and Auckly, Kapitan-
ski and White [2000].

In this paper, we confine ourselves to controlled Lagrangians that only involve
modifications to the kinetic energy of the system. Thus, our approach is comple-
mentary to that of, for example, van der Schaft [1986] and Ortega, Loria, Kelly, and
Praly [1995]. We can, however, also consider modifications to the potential energy
for stabilization and tracking purposes and this is done in the sequel to this paper,
Part II (Bloch, Chang, Leonard and Marsden [2000]).

The results of the present paper create an energy extremum in the reduced phase
space and, accordingly, allow one to deal with stability modulo the symmetries,
that is, stability on a reduced phase space. This is clearly a limitation, but this
problem is addressed by the introduction of potential shaping, which allows one to
achieve stabilization in the full phase space rather than simply modulo the symmetry
directions. (For early results in this direction, see Bloch, Leonard and Marsden
[1999Db].) In addition, Part IT extends the study of dissipative controllers to the case
of potential shaping and, correspondingly, achieves asymptotic stability in the whole
phase space, not just the reduced space.

In a forthcoming related paper, Bloch, Leonard and Marsden [2000], we consider
the application of our methods to Euler-Poincaré systems which we illustrate with
the problems of stabilization of rotation of a rigid spacecraft about its unstable
intermediate axis using a single internal rotor and stabilization of the dynamics of
an underwater vehicle.

In this paper we restrict ourselves to a class of systems satisfying special match-



ing conditions. This class includes balance systems, such as the inverted planar
pendulum on a cart and the inverted spherical pendulum on a cart in the plane,
which are mechanically flat, i.e., they lack gyroscopic forces. In a future paper we
analyze a more general class of systems which includes examples with gyroscopic
forces such as the inverted pendulum on a rotating arm also known as the whirling
pendulum (see Bloch, Leonard and Marsden [1999a]).

Other relevant work involving energy methods in control and stabilization in-
cludes Krishnaprasad [1985], Wang and Krishnaprasad [1992], Koditschek [1989],
Koditschek and Rimon [1990], Baillieul [1993] and Leonard [1997]. Related ideas
on mechanical control systems may also be found in Brockett [1976], van der Schaft
[1982], [1986], Crouch and van der Schaft [1987], Lewis and Murray [1997], and
Jalnakurpar and Marsden [1999], [2000].

Organization of the Paper. In §1.1, we describe the controlled Lagrangian ap-
proach to stabilization. In §1.2, we apply the approach to stabilization of an in-
verted pendulum on a cart. In §2.1 we describe the structure of the general class
of controlled Lagrangians we consider. In §2.2 we prove the first matching theo-
rem showing that for certain kinds of systems with Abelian symmetry groups and
with controls applied to these symmetry directions, one can always find a suitable
controlled Lagrangian whose Euler-Lagrange equations give the desired controlled
equations. The proof is constructive and shows explicitly how to choose the con-
trolled Lagrangian and identifies the free gain parameters that are needed to achieve
stabilization. The control law itself is derived in §3.1 and in §3.2 we give a suffi-
cient condition for closed-loop stability. This is a stabilizability result in the context
of the controlled Lagrangian approach and it provides a construction for choosing
control gains for stability. In §4, we apply the approach to stabilization of inverted
pendula, including the case of an inverted spherical pendulum on a cart. In §5 we
show how to modify the control laws to simulate dissipative effects of the right sort
to achieve asymptotic stability.

Part II (Bloch, Chang, Leonard and Marsden [2000]), extends the results herein
to include potential shaping and tracking. It is shown that one gets asymptotic
stability in the full phase space and it deals with such examples as the inverted
planar pendulum (and spherical pendulum) on a cart that moves on an incline.
Bloch, Marsden and Leonard [2000], proves a matching theorem designed specifically
for the case of the Euler—Poincaré equations. This case, not covered by the first
matching theorem, is applied to a spacecraft with an internal rotor and to the
problem of stabilizing an underwater vehicle using internal rotors. In a further
paper we prove a third matching theorem that includes the preceding as two special
cases and apply it to a whirling pendulum (motivated by Astrém and Furuta [1996)).
This is discussed in Bloch, Leonard and Marsden [1999a].

1.1 The Controlled Lagrangian Approach

In this section we describe in broad terms the mathematics, intuition, and calcula-
tional procedure for the method of controlled Lagrangian. This provides a general



setting both for the current paper and related papers as described above.

The controlled Lagrangian approach begins with a mechanical system with an
uncontrolled (free) Lagrangian equal to kinetic energy minus potential energy. We
then modify the kinetic energy (given by a metric tensor) to produce a new controlled
Lagrangian which describes the dynamics of the controlled closed-loop system. (As
mentioned above the method can be extended to the case of modified potentials and
this is described in the forthcoming Part IT of this paper.)

The Setting. Suppose our system has configuration space @) and that a Lie group
G acts freely and properly on Q. It is useful to keep in mind the case in which
Q = S x G with G acting only on the second factor by acting on the left by group
multiplication.

For example, for the inverted planar pendulum on a cart (which we consider
in detail in §1.2), @ = S! x R with G = R, the group of reals under addition
(corresponding to translations of the cart), while for a rigid spacecraft with a rotor
(which we treat in a companion paper), @ = SO(3) x S', where now the group is
G = S, corresponding to rotations of the rotor.

Our goal will be to control the variables lying in the shape space Q/G (in the
case in which @ = S x G, then Q/G = S) using controls which act directly on the
variables lying in G. We assume that the Lagrangian is invariant under the action of
G on @, where the action is on the factor G alone. In many specific examples, such
as those given below, the invariance is equivalent to the Lagrangian being cyclic in
the G-variables. Accordingly, this produces a conservation law for the free system.
Our construction will preserve the invariance of the Lagrangian, thus providing us
with a controlled conservation law.

The essence of the modification of the Lagrangian involves changing the metric
tensor g(-,-) that defines the kinetic energy of the system %g(q', q).

Our method relies on a special decomposition of the tangent spaces to the con-
figuration manifold and a subsequent “controlled” modification of this split. We can
describe this as follows:

Horizontal and Vertical Spaces. The tangent space to ) can be split into a
sum of horizontal and vertical parts defined as follows: for each tangent vector v,
to @) at a point ¢ € (), we can write a unique decomposition

vy = Hor vy + Ver vy, (1.1)

such that the vertical part is tangent to the orbits of the G-action and where the
horizontal part is the metric orthogonal to the vertical space; that is, it is uniquely
defined by requiring the identity

9(vg, wq) = g(Hor vg, Hor wg) + g(Ver vy, Ver wy) (1.2)

where v, and w, are arbitrary tangent vectors to ) at the point ¢ € ). This choice
of horizontal space coincides with that given by the mechanical connection - see,
for example, Marsden [1992]. One can think intuitively of this decomposition of



vectors as a decomposition into a piece in the symmetry, or group direction (the
vertical piece) and one in the shape, or internal direction (the horizontal piece). For
example, in a vibrating molecule, this would correspond to a decomposition into
rotational and vibrational modes. However, it is important to realize that even when
@ = S x G, while the vertical space consists of vectors with a zero first component,
the horizontal space need not consist of vectors with a zero second component. In
examples, deviations from this are important and correspond to the interaction of
the dynamics of the shape and group variables.

The Controlled Lagrangian. For the kinetic energy of our controlled Lagrangian,
we use a modified version of the right hand side of equation (1.2). The potential
energy remains unchanged. The modification consists of three ingredients:

1. a different choice of horizontal space denoted Hor,
2. a change g — g, of the metric acting on horizontal vectors and
3. a change g — g, of the metric acting on vertical vectors.

To explain these changes in detail, we will need a little more notation. First
of all, we let {g denote the infinitesimal generator corresponding to a Lie algebra
element ¢ € g, where g is the Lie algebra of G (see Marsden [1992] or Marsden and
Ratiu [1994], Chapter 9 for the relevant elementary definitions and properties of Lie
groups and group actions). This may be thought of intuitively as infinitesimal group
motions of the system. Thus, for each £ € g, { is a vector field on the configuration
manifold @ and its value at a point ¢ € @Q is denoted {g(q).

Definition 1.1 Let 7 be a Lie-algebra-valued horizontal one form on Q; that is,
a one form with values in the Lie algebra g of G that annihilates vertical vectors.
This means that for all vertical vectors v, the infinitesimal generator [T(v)]g cor-
responding to T(v) € g is the zero vector field on Q. The T-horizontal space at
q € Q consists of tangent vectors to Q at q of the form Hor;vy, = Hor vy —[7(v)]o(q),
which also defines vy — Hor,(v,), the T-horizontal projection. The T-vertical
projection operator is defined by Ver,(vqy) := Ver(vq) + [7(v)](q).

Notice that from these definitions and (1.1), we have
vg = Hor,(vq) + Verr(vq) (1.3)

just as we did with 7 absent. In fact, this new horizontal subspace can be regarded
as defining a new connection, the 7-connection. The horizontal space itself, which
by abuse of notation, we also write as just Hor or Hor, of course depends on 7 also,
but the vertical space does not—it is the tangent to the group orbit. On the other
hand, the projection map v, — Ver,(v,) does depend on 7.

Definition 1.2 Given g,,g, and 7, we define the controlled Lagrangian to be
the following Lagrangian which has the form of a modified kinetic energy minus the



potential energy:

1
Lo p(v) = 5 (9o (Horrvy, Horrvg) + g,(Verrug, Verrvg)] — V(q), (1.4)

where V' is the potential energy.

The equations corresponding to this Lagrangian will be our closed-loop equa-
tions. The new terms appearing in those equations corresponding to the directly
controlled variables are interpreted as control inputs. The modifications to the La-
grangian are chosen so that no new terms appear in the equations corresponding to
the variables that are not directly controlled. We refer to this process as “matching”.
This matching problem will be studied in detail in subsequent sections.

Another way of expressing what we are doing here is the following. A principal
connection on a bundle @ — @/G, may be thought of as a Lie-algebra-valued one
form and one can obtain a new connection by adding to it a horizontal one form
7. The new horizontal space described in the preceding definition is exactly of this
sort.

Special Controlled Lagrangians. In this paper we consider controlled Lagrangians
in which we take g, = g so that the formula (1.4) describes a controlled Lagrangian
of the form L. ,. In certain examples of interest, including the inverted planar or
spherical pendulum on a cart, we not only can choose g, = g (i.e., there is no g,
modification needed), but we can also choose the metric g, to modify the original
metric g only in the group directions by a scalar factor o. As we shall see in section
2 the general formula for the controlled Lagrangian then takes the simplified form

Lro(v) = L(v + [T(v)]o(q) + %9([7(?1)]@7 [7(v)]q)- (1.5)
We will develop a formula like this for the more general case of L;,, (1.4) in
§2.1. For the satellite with rotors, for example, and for stabilization in the full phase
space one must include the effects of g, as well; this modification, consistent with
(1.4), is given by formula (2.2). Applications of the general case are discussed in
the companion papers mentioned above. We remark in passing that the controlled
Lagrangian is a modification of the Kaluza-Klein Lagrangian for a particle in a
magnetic field, (see, for example, Marsden and Ratiu [1994]).

The General Strategy. In outline, the general procedure that one goes through
to achieve stabilization is given in the following steps.

1. Start with a mechanical system with a Lagrangian L of the form kinetic minus
potential energy and a symmetry group G. (In the pendulum-cart example
below the symmetry group is translation in the horizontal direction).

2. Write down the equations of motion for the uncontrolled system.

3. Introduce 7, g, and g, to get the controlled Lagrangian (1.4).



4. Write down the equations of motion corresponding to the controlled Lagrangian
and read off the control law u from the equations in the symmetry variables
(this will be a conservation law).

5. Choose 7, g, and g, so that the controlled Euler-Lagrange equations for the
original system (i.e., the Euler-Lagrange equations for the Lagrangian L with
the control) agree with (that is, match) the Euler-Lagrange equations for the
controlled Lagrangian L;, ,. Determine a feedback law for u by using the
Euler-Lagrange equations to eliminate accelerations; then the control law be-
comes a feedback that is configuration and, possibly, velocity dependent. The
general matching theorem can be used to guide these calculations.

6. The stability of an equilibrium is determined by linearization or by the energy-
momentum (or, when appropriate, the energy-Casimir-Arnold) method, using
any available freedom in the choice of 7, g, and g,.

We use this strategy to prove general matching and stabilizability theorems. The
matching theorems provide sufficient conditions for successful completion of Steps 1
through 5 and an explicit construction of the controlled Lagrangian and the control
law. In the case that matching is achieved, the stabilizability theorems provide
sufficient conditions for closed-loop stability according to Step 6. Again the theory
is constructive, providing an explicit choice of control gains for closed-loop stability.

We must emphasize that in doing concrete examples, it can be quite complicated
to go through the preceding procedures directly, although we shall do so in the next
section for the relatively simple case of the inverted pendulum on a cart. Using the
general matching theorems in examples, however, is relatively straightforward.

1.2 The Inverted Pendulum on a Cart

Before developing the theory further, we will give an example to show how the ideas
work in a concrete setting and to show that the ideas lead to interesting results.

The system we consider is the inverted pendulum on a cart. (The linearized case
of this problem was considered in Bloch, Marsden and Sdnchez de Alvarez [1997].)
This example shows the effectiveness of the method for the stabilization of balance
systems. Related examples we will treat later are the inverted spherical pendulum
on a hockey puck, the satellite with rotors, the underwater vehicle with internal
rotors and an inverted pendulum on a rotating arm.

Other examples that we hope will eventually be amenable to these methods
include the bicycle (see, for example, Getz and Marsden [1994] and Koon and Mars-
den [1997]). For these nonholonomic systems, it is hoped that one can use the
nonholonomic energy-momentum techniques of Zenkov, Bloch and Marsden [1998]
to achieve stabilization.

The Lagrangian. First, we set up the Lagrangian for the pendulum-cart system.
Let s denote the position of the cart on the s-axis and let ¢ denote the angle of the
pendulum with the upright vertical, as in Figure 1.1.



| = pendulum length
Y m = pendulum bob mass
M = cart mass

g = acceleration due to gravity

Figure 1.1: The pendulum on a cart.

The configuration space for this system is Q@ = S x G = S x R, with the first
factor being the pendulum angle ¢ and the second factor being the cart position s.
The velocity phase space, T'Q) has coordinates (¢, s, b, 3).

The velocity of the cart relative to the lab frame is s, while the velocity of the
pendulum relative to the lab frame is the vector

Vpend = (§ + Lcos ¢ &, —Isiné ¢). (1.6)

The system kinetic energy is the sum of the kinetic energies of the cart and the
pendulum:

: 1. 2 '
Kb =g bl | e ] (17)

The Lagrangian is the kinetic minus potential energy, so we get

L(¢757¢‘57 3) :K(d)asﬂz’sv 3) _V((b)? (18)

where the potential energy is V' = mgl cos ¢.

The symmetry group G of the pendulum-cart system is that of translation in the
s variable, so G = R. We do not destroy this symmetry when doing stabilization in
¢; we would, however, use symmetry-breaking potentials to track in the variable s if
tracking were our goal. In this paper we are focusing on stabilizing this and similar
balance systems.

For notational convenience we rewrite the Lagrangian as

L(¢,5,0,$) = %(o«b2 + 2B cos ¢3¢ + 75%) + D cos ¢, (1.9)

where o = mi%, 3 = ml,y = M +m and D = —mgl are constants. Note that
ay— 3% > 0, reflecting the positive definiteness of the mass matrix (i.e., the metric).
The momentum conjugate to ¢ is

Do = g—z = a¢ + B cos ps



and the momentum conjugate to s is
oL ) .
ps = 52 =75+ eos 6.
5
The relative equilibrium defined by ¢ = O,d) = 0 and $ = 0 is unstable since D < 0.

Equations of Motion. The equations of motion for the pendulum-cart system
with a control force u acting on the cart (and no direct forces acting on the pendu-
lum) are, since s is a cyclic variable,

doL oL _
dtog 0o
doL
dtos
1.€.,
d o :
Ep¢+ﬂs1n¢s¢+Dsm¢:O,
that is,
d, : o .
E< &+ B cos ¢ps) + Bsinpsp + Dsing = 0 (1.10)
and
d

Cpy = S5+ feospd) = u.
The Controlled Lagrangian. Next, we form the controlled Lagrangian by mod-
ifying only the kinetic energy of the free pendulum-cart system according to the
procedure given in the preceding section. This involves a nontrivial choice of 7 and
go, but in this case, as we have remarked, it is sufficient to let g, = g.

The most general s-invariant horizontal one form 7 is given by 7 = k(¢)d¢ and
we choose g, to modify g in the group direction by a constant scalar factor o (in
general, o need not be a constant, but it is for the present class of examples). Using
(1.5), we let

L.y, := %(ad? + 2B cos ¢($ + k)b + (5 + kp)?) + %’yk‘%ﬂ + Dcos¢.  (1.11)

Notice that the variable s is still cyclic. Following the guidelines of the theory,
we look for the feedback control by looking at the change in the conservation law.
Associated to the new Lagrangian L;,, we have the conservation law

d <6Lm

d : :
dt \ 93 >_$(5COS¢¢+’Y(S+’€¢))—O, (1.12)

10



which we can rewrite in terms of the conjugate momentum pg for the uncontrolled
Lagrangian as

d d .

705 = ui= = (7R(9)9). (1.13)

Thus, we identify the term on the right hand side with the control force exerted on
the cart.

Using the controlled Lagrangian and equation (1.12), the ¢ equation is computed
to be

9 2
<a - % cos® ¢ + 07k2(¢)) o+ <% cos ¢sin ¢ + ayk:(cb)k'((b)) ¢*
+ Dsing =0. (1.14)

Matching. The next step is to make choices of & and o so that the equation
(1.14) using the controlled Lagrangian agrees with the ¢ equation for the controlled
cart (1.10) with the control law given by equation (1.13). The ¢ equation for the
controlled cart is

<a _& cos” ¢ — Bk(¢) cos ¢> ¢+ (5_2 cos ¢sin ¢ — [Fcos ¢k,(¢)> ¢’
0% y
+ Dsing=0. (1.15)

Comparing equations (1.14) and (1.15) we see that we require (twice)

o [k(9)]* = —Bk(¢) cos ¢. (1.16)
Since o was assumed to be a constant we set
_ B
k(¢p) = /1; cos ¢ (1.17)
where £ is a dimensionless constant (so o = —1/k).

The Control Law. Substituting for ¢ and %k in (1.13) we obtain the desired
nonlinear control law:

kB sin ¢ (aqﬁg + cos qZ)D)
a— %2(1 + k) cos? ¢

(1.18)

u =

Stabilization. By examining either the energy or the linearization of the closed-
loop system, one can see that the equilibrium ¢ = ¢ = § = 0 is stable if
ay — 32 M

= >0. (1.19)

K >
3 m

11



In summary, we get a stabilizing feedback control law for the inverted pendulum
provided k satisfies the inequality (1.19). As mentioned in the introduction, this
means stability in the reduced space, that is, modulo translations. Concretely, this
means that one has stability in the pendulum position, but not in the cart position,
even though, as we shall see, with dissipation, one can bring the cart velocity to
zero. Our work on potential shaping (Part II; see also Bloch, Leonard and Marsden
[1999b]) demonstrates how to obtain stability in the cart position also.

A calculation shows that the denominator of u is nonzero for ¢ satisfying sin? ¢ <
E/F where E = k— (ay — 32)/3? (E is positive if the stability condition holds) and
F =k + 1. The range of ¢ tends to the range —7/2 < ¢ < 7/2 for large k.

The above remark suggests that the region of stability (or attraction when damp-
ing control is added) is the whole range of non-downward pointing states. In fact,
we assert that this method produces large computable domains of attraction for
stabilization.

This approach has advantages because it is done within the context of mechanics;
one can understand the stabilization in terms of the effective creation of an inverted
energy well by the feedback control. (Our feedback in general creates a maximum
for balance systems, since for these systems the equilibrium is a maximum of the
potential energy which we do not modify). As discussed in §5, the system is then
robustly stabilized by the addition of appropriate dissipation. Note also that the
linearized feedback is just proportional feedback.

Remark. The matching procedure does not involve the actual value of the new
conserved quantity for the controlled system—this is also true for all three of the
matching theorems in this paper. The value of the conserved quantity was used in
Bloch, Krishnaprasad, Marsden and Sanchez [1992] because a symmetry reduction
was performed.

2 The First Matching Theorem.

In this section, we prove the first of three major matching theorems: the case of
9p = 9-

The main goal is to abstract what was happening for the case of the inverted
planar pendulum and prove a general matching theorem that applies to such exam-
ples. We apply the matching result to the more sophisticated case of the inverted
spherical pendulum in

§4.2. As shown in companion papers, more general results (e.g., where g, # g)
are needed for the case of the satellite and the underwater vehicle as well as the
whirling pendulum.

2.1 The Structure of L., ,

As we have mentioned, while we needed only L;, for the inverted pendulum, we
will eventually need L, . , for the satellite with a rotor, the underwater vehicle and
the inverted pendulum on a rotor arm.

12



In this section we prove a structure theorem for L , , that proves and generalizes
formula (1.5). Recall that this formula was already helpful in the case of the inverted
pendulum; likewise, the formula below will be useful in our first matching theorem
and in the case of the satellite and the underwater vehicle, etc.

We begin by recalling the definition of the controlled Lagrangian:

1
Lrop(v) = 3 (9o (Horrvy, Horrvg) + g,(Verrug, Verrvg)] — V(q), (2.1)

and we make the following assumptions on the metric g, (these assumptions are
also appropriate for the case of L, , that we considered earlier):

1. ¢ = g, on Hor,
2. Hor and Ver are orthogonal for g,.

Keep in mind that Hor denotes the horizontal space for the given uncontrolled
system and that Hor; denotes the horizontal space as modified by the one form 7.
Note also that the new metrics g, and g, will modify g on Ver, the vertical space
(or group directions), which is independent of any modification due to 7. On the
other hand, also recall that the wvertical projection operator

Ver,(vg) := Ver(vy) + [7(v)](q)
does depend on 7.

Theorem 2.1 We have the following formula:

Lrop(v) =L(v+7(v)Q) + %ga(T(v)Qa 7(v)q) + %W(U) (2:2)

where v € T,Q and where w(v) = (g, — g)(Ver(v), Ver-(v)).

Note that if g, = g (so that w = 0) and if g, is a scalar times g in the group
directions, then this formula reduces to (1.5).

Proof. We begin by manipulating the first (“kinetic energy”) term of L, ,, (2.1),
using the given properties of g, and the definition of the r-horizontal operator
Hor,(vy) = Hor(vg) — 7(vg)q :

[95(Hor(v) — 7(v) @, Hor(v) = 7(v)q)]

[g(Hor(v), Hor(v)) + g5 (7(v)q, T(v)Q)] -

1
3 (90 (Hor;vg, Horrvg)] =

NN -

Write the second term of (2.1) as

[g(Vervg, Verrvg) + w(v)]

DO | =

1
) [gp(VerTvq, VerTvq)] =

13



Now write
5 lo(Ver,u, Verru)] = 1 [g(Ver(u) + (v)q, Ver(v) + 7(0)q)]

g(Ver(v), Ver(v)) + g(Ver(v), 7(v)q) + %Q(T(U)QJ(U)Q)

| =N =N =

1
= 59(Ver(v), Ver(v)) + g(v, 7(v)q) + 59(7(v)q. 7(v)Q),
since v = Hor(v) 4+ Ver(v) and the horizontal space is g-orthogonal to the vertical
space. Substituting this last expression into the second term of (2.1) and adding it
to the first term gives

£9(0,0) + (0, 7(0)g) + 39(r(v)a, T(0)Q) + 3o (TN, T(0Q) + 5@ ()

which equals

1 1 1

29+ 1()Q, v+ 7(v)Q) + 590 (T(v)Q, T(v)Q) + Fw(v).

Subtracting the potential gives the desired expression. W

2.2 The First Matching Theorem.

Introduction. Motivated by the inverted planar pendulum on a cart, in this
section we prove the first matching theorem for mechanical systems such as the
inverted pendulum for which we can take g, = g. The group G associated with the
control directions will be assumed to be Abelian. We illustrate this case in §4 with
inverted pendula, including the inverted spherical pendulum on a two-dimensional
“cart”.

Roughly speaking, the class of systems covered by the first matching theorem
are those whose control forces are in the direction of an Abelian symmetry group,
(such as the translation direction for the pendulum on a cart), whose inertial prop-
erties are independent of the internal configuration of the system (such as the total
translational inertia of the cart pendulum system is independent of the angle of the
pendulum) and whose gyroscopic structure satisfies a certain symmetry condition.
The exact hypotheses are spelled out in assumptions M-1, M-2 and M-3 discussed
hereunder.

All of the matching theorems are constructive; they show ezplicitly how to pick
the controlled Lagrangian to achieve the desired matching in a way that generalizes
the example of the inverted planar pendulum on a cart.

The Controlled Lagrangian Identity. Let Hor be the horizontal space for the
given kinetic energy metric as explained earlier, let 7 be a horizontal one form and
let Hor; be the new horizontal space as explained earlier. Define L, ; , according to
Definition 1.2. Theorem 2.1 for our controlled Lagrangian says that

Lerpl®) = L(w + 7(0)0) + 300 (r(0)a, T(0)q) + 5 (0)
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where @w = g, — g on the vertical space. For this section, we choose g, = g, so @w =0
and we get

1
Lrg(v) = L(v +7(v)Q) + 59-(1(v)Q, 7(v)q). (2.3)
This formula will be extremely useful for the first matching theorem, which we
shall perform using a coordinate calculation.

Notation. Locally, we write coordinates for @} as z%,0% where z% a = 1,...n
are coordinates on the shape space /G and where 6%, a = 1,... ,r are coordinates
for the Abelian group G. For the uncontrolled system, the variables ¢ will be
cyclic coordinates in the classical sense. We write the given Lagrangian in these
coordinates (with the summation convention in force) as

: 1 N
L(z%, 2,0 = §ga5x'am'ﬁ + aad®0? + 5gabeaab —V(z%). (2.4)

The Conserved Quantity. The conserved quantity, that is, the momentum con-
jugate to the cyclic variable 8% for the preceding Lagrangian, is given by

OL

B 96 = Jaa®” + gabéb- (2.5)

Ja

The Controlled Euler-Lagrange Equations. The equations of motion for the
control system where the controls u, act in the #% directions are the controlled
Euler-Lagrange equations:

doL oL _
dt 9z  dz>
d OL
%8éa = Ugqg- (26)

Coordinate Formulas for the Horizontal and Vertical Projections. We
now embark on the development of coordinate formulas for the controlled La-
grangian. To do this, we first develop coordinate formulas for the horizontal and
vertical projections.

For a vector v = (&%, 0%), and suppressing the base point (%, 0%) in the notation,
its horizontal and vertical projections are verified to be

Hor(v) = (29, —g“bgaba':a); Ver(v) = (0,9“ + gabgabx'a), (2.7)

where, as is standard practice, g?° denotes the inverse of the matrix gq;. Notice that
v = Hor(v) + Ver(v), as it should.

These formulas can also be obtained systematically using the formulas for the
mechanical connection in terms of the locked inertia tensor, as in, for example,
Marsden [1992]. (In the present context, the locked inertia tensor is the tensor

]Iab = gab-)

15



The 7-horizontal and Vertical Projections. We shall write the given horizon-
tal one form 7 in coordinates as 7¢ = 72dz®. Thus,

[7(v)]Q = (0, 752%). (2.8)

The corresponding 7-horizontal and vertical operators are checked to be

Hor;(v) = (29, —g“bgaba’:a —72&%);  Ver,(v) = (0, 0% + g“bgaba}a +752%). (2.9)

Coordinate Formula for L, ,. We shall first develop a useful coordinate formula
for L;,. We write down the coordinate form of the definition followed by the
coordinate form of the identity given in Theorem 2.1.

First of all, we write down the coordinate formula for L, , using the definition,
namely formula (2.1) with g, = g, along with the preceding coordinate formulas for
the horizontal and vertical projections to get:

1 o . . .
Lo = 5004/31'&556 + O'aﬁmﬁ(_gabgabxa — Tad®)

1 . . . .
+ 50ab(9°Goci® +755%) (9" gpad” + 7537)

1 . .
t 590 (0% + 9" Gaci ™ + 7500 + g"'ggai” + 4i7) — V. (2.10)
Remark on Notation. We use the notation o, for the ab components of g, and,

later on, shall likewise use notation py, for the ab components of g,.
Returning to the preceding calculation, formula (2.3) gives

. 1
o = L(z®, i, 0" + 753%) + SoariThi%d’. (2.11)

L., .

The equivalence of these two formulas may also be checked by a direct calculation
in this case.

The Controlled Conserved Quantity. From (2.10) or (2.11), and (2.4), we find
that the associated controlled conserved quantity is given by

T _aLTvU_ oL a o b b«
0= g g T )
= Jaa®” + gap(0° + TLE%). (2.12)
We can also write this as
Jo = Jo + gaptli%. (2.13)
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Matching Euler-Lagrange Expressions. The #°-FEuler-Lagrange equations for
the controlled Lagrangian, which are equivalent to the controlled conservation law,
will be used in §3.2 to determine the control law, consistent with the fact that this
is the direction in which we are assuming we have control actuation.

Thus, our first job is to make sure that the x“—FEuler-Lagrange equations for L
and for L;, agree. To do this, we let

d0L,y OL.,

dt oz Oz

g{E(LT,U) = (214)
denote the r®-component of the Euler-Lagrange expression for our controlled La-
grangian L, ;.

Assume that the Euler-Lagrange equations for L hold. We want to see under
what matching conditions they also hold for L;,. From (2.11), and subtracting the
Euler-Lagrange expression for L (this expression is zero by assumption) from that
for L; ,, we have,

Eo(Lro) = % [%(:&,:‘cé,éa + 75iP) — %(9@5,535,9.“)}
[5[; (a: i°,6° + T4 Ay — %($6,¢67éa)
+ %(m 0 Ga—i-Taa:ﬂ) 5 i’6:|
+ % [30[; (2, 4%,0% + TﬂmB)Tg + UachTgi“ﬁ]
— 8;; [%oangTﬂbi’éd:ﬁ] (2.15)

in which the partial derivatives with respect to L denote slot derivatives, where
summation over repeated indices is understood and where Tg . = 07L/0z%. We are
assuming that the variables 6% are cyclic for the controlled Lagranglan Correspond-
ingly, we are assuming that 5 depends only on z¢ in this calculation and those that
follow.

Using (2.4), we have

oL , .
@ = gaﬁxﬂ + gaag (216)
and
oL 1
e = 998,085 + o ad”0” + ga a070" =V, (2.17)

where we again use commas to denote partial differentiation of the components of
the metric tensor (mass matrix) and V'; again, these are functions only of z® —and
not of A% since the 6 variables are assumed cyclic.
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Using (2.16) in the first line and (2.17) in the second line of (2.15), the Euler-
Lagrange expression &, (L, ) simplifies as follows:

d 1
Eallro) = 5 [gaaTﬁﬂfﬁ} |:95ba1‘ T + 2gaba(2Tﬁx69b + 74alrji 5)]
L
- %(ﬂf i°, 0% + 75i%)7p 4
L d[oL )
T [29’? (2%,8%,6% + 738%)7, +U“bT§chzjfﬁ] B c’)i [ TabT§ Tm%ﬁ] .

(2.18)

Using the controlled conservation law (2.12) in the third and fourth lines, this be-
comes

d . 1
Eallro) = 5 {gaﬂgﬂfﬁ] |:95ba$ Thi’ + 29aba(27ﬁxﬁ9b + 7§30l 5)]
7 d 7..b a_b - ﬁ a 1 .5 ﬁ

— Jb7_6 ax + % |:Jb7_a + O—abTﬁTam i| — a—a UabT5 Tﬁx T . (219)

Since 6 is cyclic for the controlled Lagrangian, the controlled conserved quantity
is actually conserved. Thus, the above expression becomes:

d

gx(LT,a) dt

5 b 1 vy 5 b
[gaaTﬂxﬁ} - |:géb,a$67—g$ﬂ + §gab,o¢(27—g$ﬂeb + T§$BT§$§)]

7 s d . 9 1 5.
+ Dol — Thald’ + i {UangTgxﬁ} ~ 9 [ioabn?rgx‘;a:ﬁ] . (2.20)

Some Assumptions. Now we are ready to introduce some crucial assumptions
that are designed to make the preceding Euler-Lagrange expression vanish. The
first of these is:

Assumption M-1. 78 = —g%g,,.

This condition says, roughly speaking, that 78 are chosen to be the components
of the “mechanical connection” formed out of ¢ and g,. Of course, the condition
can be equivalently written as

OabTe = —Jaa- (2.21)
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With Assumption M-1, the above expression becomes

1
Ex(Lry) = [gab 7537 + 2gaba(2751’59b + 743770 6)]

= . 0 [1
+ Jb[ﬁ;ﬁ - Tga]lﬁ ~ e [2%1)7‘5 Tﬁm%,@}

. . 1
- {géb’ax%bcgﬂcxﬁ 5 Jab, a(QT,@x/Bab-i-T iPrli 6)]

s 0

Rl - rhaif - 0

1
[ 9sb0gped xﬁ}

1
=3 [g(;ba 0 9pcT 93 —i—gada(QTﬁxﬁ@d + T4 Br d 5)}

+ Jb [Ta,é - T(S,a]:bé

Using the controlled conserved quantity we get
6% = g% (jb — [gs6 + gbeTf]ié)

and hence the preceding expression for £,(L; ) becomes

1
2

7 b db .5
+ Jb[Ta,a —Tsa = 9" GadaTs )T

gx(LT,J) = {9550' ,a9Bc — 29ad,a7-lggbdg5b - gad,aTngl)} xaxﬂ

Using the assumption M-1 again to eliminate 7 in the first line, we get

1 5.
gx(LT,a') = _igébgﬁc [ch + 2gad ao_acgbd Yad ao_aco_db):| $6$/8
+ B[l s — 2 — 9" Gad,ad]d’

1 .5
= _gébgﬁcaac [Ubd(gad,a + gad,a) - 2gbdgad,o¢>:| xéxﬁ

2
+ jb [73,5 - Tg,a - gdbgaduﬂ?}x.(s
Now we are ready to state our second two assumptions:
Assumption M-2. abd(aad,a + Gada) = 29" Gad.0
Assumption M-3. 7° as — g gad Ty =0.

The following theorem gives sufficient conditions for matching.

(2.22)

(2.23)

(2.24)

(2.25)

Theorem 2.2 (First Matching Theorem) Under Assumptions M-1, M-2, M-
3, the Euler-Lagrange equations for the controlled Lagrangian L., given by (2.3)

coincide with the controlled Euler-Lagrange equations (2.6).
Simplified Matching Assumptions. Consider the following

1. 04 = 0gqp for a constant o (this defines o),
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2. gap is independent of z® (a condition on the metric tensor),

3. 70 = _(1/0—)gabgaa (this defines 7'3),

«

4. gaa,s = Gsa,a (a second condition on the metric).

If these hold, then all three of M-1, M-2 and M-3 hold, so we have matching.
The second and fourth of the Simplified Matching Assumptions imply that the
mechanical connection ¢g?g,, for the given system is flat, i.e., systems that satisfy
the Simplified Matching Assumptions lack gyroscopic forces. The ¢ in this case is a
free variable and can be interpreted as the control gain. These simplified conditions
hold for the case of the inverted pendulum on a cart discussed in §1.2.

As we have mentioned, this theorem is generalized to incorporate the g, terms
in companion papers, so that we will find a more general matching theorem.

The following remark illustrates that care must be taken in relating the controlled
to the uncontrolled case: if one sets o equal to the identity in the first simplified
matching assumption, the 7-horizontal and 7-vertical projections (2.9) do not reduce
to the uncontrolled projections (2.7), but to the trivial projections. Rather, to
recover the original projections, the one form 7 should be taken to be trivial.

3 The Control Law and Stabilization

Now that we have achieved matching in the Euler-Lagrange equations for the shape
variables, we can proceed to determine the control law and then conditions under
which stabilization is achieved. We continue to restrict to the case in which g, = g.

3.1 Determination of the Control Law

The control law is determined from the difference between the 8% Euler-Lagrange
equations for the controlled and the uncontrolled Lagrangians. In our case we have
arranged to not break the symmetry, and so we may determine the control law from
the difference between the two conservation laws.

To do this, we start with the relation

Jo = Jo + 9728, (3.1)
and since J, is conserved, we may write
d d - d b. d b
Uq = aJa = EJa - E (gabTaxa> = _E (gabTaxa)
_ b b ol b
= — <9ab,5Ta’~’" ° + GabTe sTVE° + GabTo @ ) (3.2)

Our final control law does not depend on accelerations: we eliminate the accel-
erations &% from this expression for the control by making use of the fact that the
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Euler-Lagrange equations for = hold (for both L and L;,). Using (2.4), and the
fact that 8¢ is cyclic, the explicit x“—FEuler-Lagrange equation is

. 1 3. .y
gaﬂ‘rﬁ + <g°‘/377 - 59577‘1) i+ (Jaay — gva,a) g
ov
Oxe
Next, we use the #*—FEuler-Lagrange equation for the controlled Lagrangian to de-

termine 6. That is, we simply write out the conservation law for J,. Setting the
time derivative of J, from equation (2.12) equal to zero, we get

1 .. .
- _gab,aeaeb + gaaea =

> (3.3)

(goza,é + gab,échy + gabT&(S) j;aj:a + gozai'a + gab,5éai‘6 + gabéb + gachbyfia =0 (34)
and hence
gl = —gda ng,é + gab,(sTfi + gabTé’é,é) 950 4 gaad® + gab,éébié} — 73> (3.5)

Substituting (3.5) into (3.3) gives

(ga@ — JadT§ — gadgd“gﬁa> i’

1 .3.
+ |:ga5,7 - Egﬁ%oc - gocdgda <gﬁa,7 + gab,’yTﬁb + gang7»y>:| i
+ (gaa,'y — Gva,a — gadgdbgab,'y) 7% — igab,ozgaeb = _% . (36)

The control law is now determined by substituting this equation into (3.2). So far,
our derivation is rather general, but we can simplify things somewhat by using our
assumptions. Using M-1 and M-3, (3.6) simplifies to

(gaﬁ + Gad [Uda - gda} gﬁa) 1ﬁ

1 . 3.
+ |:gaﬁ,7 - 5967,0: - gadgdagﬁa,'y - gadTgﬁ] xﬂx’Y
.y 1 I oV
+ (gaa,’y — Gya,a — gadgdbgab,'y) 70" — _gab,aeaab = T a9 .o (37)
2 ox®
Now let
Aaﬁ = Jop + Gad [Uda — gda} 9Ba (3.8)
Assume that this matrix is invertible and let A%? denote its inverse. Hence,
r = — 9aB,y — 595%& — 9ad9 9Ba,y — GadTg | LT X
- Aﬁa <gaa,'y — Gya,a — gocdgdbgab,'y) l-,'ye'a
1 . 19)%
d b 4
=+ A a§gab,a9a9 — A aw . (39)
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Notice also that under M-3 gaMTg is skew-symmetric in the §, o indices and
hence the first term on the right hand side of the control law (3.2) vanishes. Sub-
stitution of (3.9) into the control law gives

1 .3 .
Ug = — {gang;y - gabTabAéa |:gaﬁ,’y — 598y, — gadgdagﬁa,'y - gad'rg,fy:| } xﬂlﬁ

2
— gabTE A% [— (gac,'y — Grea — gadgdbgcb,y) #16° + %gcb,aécéb — %} :
(3.10)
One may eliminate 6% if desired by making use of the relation
0> = g™ J, — <g“bgaa - Tﬁi) i = g™ J, — [9‘“’ — U“b} Jaa®® (3.11)

Under the Simplified Matching Assumptions given after the First Matching Theorem
2.2, the coeflicients of the terms multiplying 6 vanish and the formula for the control
becomes

1 1 1 .3.
Ug :g {gﬂa,'y - g&aA(sa [gaﬁ,'y - §gﬁ'y,a - (1 - ;) gadgdagﬁa,'y:| } xﬁx’y
1 oV
— g A% —— 3.12
i oz ( )
where

Ao = Gos — 1) gt 3.13
af = 9aB — Yad pu 9 9dBa- ( . )

Note that the control law only involves position and velocity feedback, not ac-
celeration feedback.

Proposition 3.1 Suppose the conditions of Theorem 2.2 hold (i.e., the First Match-
ing Theorem holds with the controlled Lagrangian L, , defined by (2.3)). Suppose
that A.p defined by (3.8) is invertible. Then, (3.10) provides the corresponding
feedback control law w as a function of positions and velocities only (i.e. there is
no acceleration feedback). Furthermore, in the case that the Simplified Matching
Assumptions hold, this feedback law simplifies to that given in (3.12) which is inde-
pendent of the velocities of the symmetry variables.

The above calculations make intrinsic geometric sense. For example, and we shall
need this remark below, the matrix A,3 may be interpreted as the components of the
horizontal metric (the shape space projected metric) for the controlled Lagrangian.
Under Assumption M-1, the formula for the horizontal part of the metric is given
by (see equation (2.9))

Hor;(vq) = (i:a, (aab - gab> gabg'ca> . (3.14)
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Intrinsically, the calculation of the horizontal kinetic energy expression is as follows
(see the proof of the first matching theorem):

1
Khor, (vg) == 3 (9o (Hor vy, Horrvg)]
1
=3 [9o(Hor(v) — 7(v)g, Hor(v) — 7(v)qg)]
1
= 5 lg(Hor(v), Hor(v)) + go(7(v)q, 7(v)Q)] - (3.15)
In coordinates,
1 1 ReNG) ab ENeBNG] 1 ab Lo 3
59(Hor(v), Hor(v)) = 590522 — gaa g™ 9opi"&” + 5 9aag™ gopd &
1 Co -
= 5 (gaﬁ - gaagabgbﬁ> maxﬁ (316)

while under Assumption M-1 we have

1 1 a1 .
595(T(v)0, 7(1)Q) = 50w (—a“dgda) <_O'begeﬁ) ;%3P = §U“bgaagbﬁm%6 . (3.17)

Adding these gives

Proposition 3.2 The T7-horizontal kinetic energy is given by

1 o
Knor, (vg) = 5 Aapi i (3.18)

3.2 Stabilization of Relative Equilibria.

Recall that a relative equilibrium for a mechanical system with symmetry is a solu-
tion of the equations that is simultaneously a one-parameter group orbit. When the
symmetry groups are Euclidean groups, examples of these are uniformly rotating
and translating solutions. A general introduction to and basic facts about relative
equilibria can be found in Marsden [1992].

Since 7 is horizontal, for any Lie algebra element £ € g, we have 7({g(q)) = 0.
This implies the identity L(£g(q)) = Lr.0(£q(q))-

Given a Lagrangian L and a Lie algebra element £ € g, the function L¢(q) :=
L(£g(q)) is called the associated locked Lagrangian. Thus, from the identity L(£g(q)) =
L;,(£q(q)) noted in the preceding paragraph, we conclude that L and L;, have
the same locked Lagrangian.

It is known that relative equilibria are the critical points of the locked Lagrangian
(see Lewis [1992], Prop 2.3 and Wang and Krishnaprasad [1992]); this is a general-
ization of the classical criterion, going back to Routh around 1850, which states that
relative equilibrium are critical points of either the amended or augmented potential.*
Intuitively, the modification of the Lagrangian to the controlled Lagrangian, while
affecting the kinetic energy, does not affect the augmented potential. Therefore, we
conclude the following:

!The amended potential is recalled below in Equation (3.19). The augmented potential is given
by a similar formula using generalized angular velocities rather than angular momenta.
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Proposition 3.3 The relative equilibria for L and L;, are the same.

One can now use the energy momentum method (Simo, Lewis, and Marsden
[1991], Marsden [1992]), especially its Lagrangian formulation (Lewis [1992], Wang
and Krishnaprasad [1992]) to ascertain stability.

From general considerations, we know that a relative equilibrium is a fixed point
of the reduced dynamics on shape space. As such, it must satisfy 2¢ = 0. To
emphasize that this corresponds to an equilibrium value, we shall sometimes write
the equilibrium point as xe, or in coordinates, . Consequently, from equation
(2.13), the momentum at a relative equilibrium is the same for the free and for the
controlled system. We call this value p, with components p,, or if there is danger
of confusion, by pf, where the superscript e refers to the equilibrium value.

Next, we give a criterion for stability of control systems that are described by a
controlled Lagrangian of the form L., given by (2.3).

Theorem 3.4 Suppose the conditions of Theorem 2.2 hold (i.e., the First Matching
Theorem holds with the controlled Lagrangian L. ). A point x& is a relative equilib-
rium if and only if it is a critical point of V), where p is the value of the equilibrium
momentum and where V), is the amended potential defined by

1
Vala®) = V(@) + 59" paptp- (3.19)

Then, the system is stabilized about the given equilibrium if the second variation

Of
w 2 affl T o ( . )

(as a function of the variables x® and where Ayp is defined in equation (3.8)) eval-
uated at the equilibrium is definite.

Proof. The proof proceeds in a standard way following the energy-momentum
method by showing that E,, is the reduced expression for the energy of the system.
This calculation is done for a general Lagrangian in, for example, Marsden [1992],
and is here applied to L;, using the fact, proved earlier (see equation (3.18)) that
the horizontal part of the 7-kinetic energy is, under Assumption M-1, %Aag:i‘“;tﬁ to
get the result. W

Remarks.

1. In the special case when g, is constant, the extra term in the amended po-
tential is a constant and so does not contribute to the second variation.

2. One has stability modulo the (Abelian) group G in the unreduced space. (See
Leonard and Marsden [1997] for more sophisticated applications in which one
gets stability modulo a subgroup.) Note further that since the equilibrium of
interest for a balance system is a maximum of the potential energy and we
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are not modifying the potential here, our controller will in general lead to a
local maximum in the reduced space. As discussed in §5 the addition of active
dissipation then leads to a robust asymptotically stable equilibrium.

3. Note that the energy momentum function E,, depends on the system gains.

4. If the system has an additional symmetry group, then one can, of course, use
the energy momentum method to study stability of relative equilibria for that
group. We shall see an example of a system with another symmetry group in
the inverted spherical pendulum below. The controlled Euler—Poincaré equa-
tions may also be viewed this way—these are studied in companion papers.

4 Inverted Pendula

In this section we illustrate the results of the preceding sections with two examples.
In the first subsection, we re-examine the inverted pendulum on a cart and show
that a direct application of the matching theorem of §2 and stabilization theorem of
§3 produce the stabilizing control law derived in §1.2. In the second subsection we
show how to apply these techniques to the case of the inverted spherical pendulum.

4.1 Reprise of the Inverted Pendulum on a Cart

Recall that the configuration space is Q = S x G where S = S' describes the angle
¢ of the pendulum and G = R describes the position s of the cart. When using the
general theory, keep in mind that x in the general theory corresponds to ¢ here and
that € in the general theory corresponds to s here.

The Lagrangian. The Lagrangian is

[ 6 $] ﬁc?;sgb ﬂc;sqﬁ] [f]—i—Dcosgb

N =

L(,6,$) =
where a, # ;v and D are as defined in §1.2.
Controlled Lagrangian and Matching. We apply Theorem 2.2 to get the con-
trolled Lagrangian that matches the controlled Euler-Lagrange equations (1.10).
Since G = R is one-dimensional, both g, and o, are scalars. We have that g., = 7.

Let o4 = 0y where o is a dimensionless scalar. Since g, is a constant, to satisfy
M-2 we should also take o to be a constant. To satisfy M-1, we choose

1
Ty = —U—ﬁcosqﬁ.
Y

M-3 is then trivially satisfied, and the controlled Lagrangian provides matching.
In fact, the Simplified Matching Assumptions hold. Following (2.2) the controlled
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Lagrangian is

2
Lo = L(¢,¢,5— U% cos ) + %07 <£cos ¢>¢3) + Dcos ¢

oy
1 . .. . 1 32 .
= L(ag? +28c0s0(5 — L cos 6d)d+ (5 — - co569)?) + 22— cos? pi?
2 oy oy 207
+ Dcos¢. (4.1)
Note that defining x := —1/0 and substituting for ¢ in (4.1), we recover the con-

trolled Lagrangian of (1.11), where k(¢) is defined by (1.17).

Control Law. Using (3.2), the control law is
d (8 . d .
u=— (; cos <Z><Z>> = _E(Rﬁ CoS PP).

We can use the general formula (3.12) to calculate this control law with the accel-
eration term ¢ eliminated.
In this case, —gab7375$”¢5 = Kkf3sin p¢? , the matrix (3.8) becomes the scalar

2
A:a—7(1+/€)0082¢,

and

1

b b CU .

GabTs |:<g,u1/,'y - 591/7,;1 - gucTzify - g,ucgc gubq) &Y + V,u:|
2 2

= (kB cos @) [(% cos ¢ sin ¢ + %cosqbsin(b) 2 —|—Dsin¢] .

Substituting into the general formula (3.12), we obtain the nonlinear pendulum-cart
control law (1.18).

Stabilization. Following Theorem 3.4, the relative equilibrium ¢ = gf) =5=0is
stable if the second variation of

(or e (-)) -

is definite when evaluated at this equilibrium. This requires that the matrix

D 0
(¢ eenzp)

be positive or negative definite. Since D = —mgl < 0, the matrix will be negative

definite if
1 1
o+ B <___) <0.
oy 7
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ie., if

12—
1 _fF-oy

o 32

Equivalently, using kK = —1/0, the relative equilibrium is stable if

S ay—p> M
K> ——— = —

p? m’
which is the stability condition (1.19).

4.2 The Spherical Pendulum

In this section we consider the controlled spherical pendulum on a cart in the zy-
plane. This generalizes the planar pendulum example and provides a highly nontriv-
ial example of matching and stabilization in the case where we only need a controlled
Lagrangian of the form L;,. In this case we have independent controls that can
move the cart in the z and y directions.

Consider then a spherical pendulum with bob of mass m on a movable base of
mass M, as in Figure 4.1. The base is idealized to be a point (or a symmetric planar
body) as this simplifies the calculations without affecting the essential dynamics.

‘A

Figure 4.1: The inverted spherical pendulum on a cart.

The Lagrangian. The free Lagrangian for the spherical pendulum on a cart is

1 1 . . .
L = §M(m2 +9%) + 3™ <x'2 + 92 4+ r2p? + r? sin® p62 + 2r cos (i cos O + 1sin 6)
21 sin ¢(—i: sin @ + 7 cos 9)) + mgr(1 — cos ¢) (4.2)
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where ¢ and 6 are spherical coordinates measured in a frame with origin fixed on the
(point) cart, but with orientation that remains fixed with respect to inertial space.
¢ represents the deflection from the vertical while 8 represents the angle between the
pendulum and the z-axis. The controlled equations are the Lagrangian equations
with control forces u, and u, in the x and y equations respectively. Note that the
Lagrangian is cyclic in « and y. However, the system is in fact SFE(2) invariant, as
one would expect physically.
Consider the action of SE(2) on R? x St given by

(z,9,0) = (xcosa —ysina + a,rsina + ycosa +b,0 + o) (4.3)
with induced action on T'SE(2)
(i,9,6) — (& coso — gsina, @sin o + g cos o + b, 0) . (4.4)

A computation shows that the Lagrangian is indeed invariant under this action (thus
giving rise to three conservation laws).

However, for the purposes of applying the theory discussed above we will assume
the symmetry directions are the x and y directions ignoring for the moment the
additional S' symmetry. We shall return to this later in this section. The key point
here is that the controls act in the & and y directions and pick out the part of the
symmetry group to be used in the matching theory. The remainder of the group is
dealt with when doing stabilization.

Controlled Lagrangian and Matching. Note that twice the kinetic energy for
the spherical pendulum on the cart can be written as

0 r mr? sin? ¢ 0 —mrsingsingd mrsin ¢ cos 0

b 0 mr? mrcos¢cosf mrcos@sinf qﬁ

T —mrsingsingd mr cos ¢ cos 0 m+ M 0 T

v mrsin¢cosf  mrcos¢@sind 0 m+ M v
(4.5)

So, it can easily be seen that g, is constant and, in addition, since

0 0 . .
%(COS(ﬁCOS 0) = 8—¢(—smqﬁsm0),
%(cosd)sin 0) = %(Sinqﬁcos 0),

Jaa,5 = Y9sa,n holds. We choose o4, = 0gqy, where o is a constant, and Tg =
—(1/6)9®gaq. Then, Assumptions M-1, M-2 and M-3 all hold (since the Simplified
Matching Assumptions hold) and we get matching by Theorem 2.2. In this case, we
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have

mr

Ty = —m cos ¢ cos
Ty = —ﬁ(—sirubsin@)
7';“; = —ﬁ cos ¢ sin 6
Tg = —% sin ¢ cos 0

Using Theorem 2.1, the controlled Lagrangian is given by the free Lagrangian with
velocity shifts

mr

T — - m(cosgbcos 0¢p — sin ¢ sin 606)
. . mr . y . ;
y o= y— m(cosqbsm O¢ + sin ¢ cos 66)

and with the addition of the term

m {(cos ¢ cos 9¢3 — sin ¢ sin 99')2

cos ¢ sin O¢ + sin ¢ cos 99)2 }

m?r?

o(M +m)

o= 4 ol
—

(cos® pg? + sin® p6?) . (4.6)
Control Law. Using (3.2), the control law is

Uge = _£<gxa:7—§x.a+gmy'rg?)a)

d mr ; . Y.
= %7(cos¢cos ¢ — sin ¢ sin 60),

Uy = _ﬁ(gy:chia"’_gnygya)

d mr .o . ;
— E7(cos ¢sinf¢ + sin ¢ cos 60).

We can use the general formula (3.12) to calculate this control law with the accel-
eration terms eliminated. We begin by computing the matrix (3.8) and find

1 2,.2
mr? sin? ¢ — <1 — —) mf sin?

1 2,.2
0 mr? — <1—;) ]\Zz:mcos%b
(4.7)

Aap =
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We now compute successively the terms in (3.12). Consider firstly gagﬂjzﬁzﬁ. We
have

gm/gﬁjcﬁ:'c“’ = —mr (sin ¢ cos 9(92 + ¢2) + 2 cos ¢ sin 90¢>

9yBy dotz?i7 = mr <— sin ¢ sin 9(92 + ¢2) ~+ 2cos ¢ cos 90¢) ) (4.8)

We next consider the expression

1 1 .3.
B, = |:ga,6,7 - §gﬁv,a - <1 - ;) gozdgdagﬂa,'y:| xﬁx’Y . (49)

For o = 6 this yields the expression

.. 1\ 2m2r2 ..
By = 2mr? sin ¢ cos ¢ph¢g — <1 - ;) Mm+rm sin ¢ cos PO, (4.10)
and for o = ¢ we obtain
By = —mr?sinpcos pf® 4+ (1 — 1 mt? sin ¢ cos ¢ (92 + <;52> (4.11)
¢ = o) M+m ' ’
Finally, we consider the expression gagA‘s"‘V,a. We have
2,.2
gngéaVa = - mAr 9 cos ¢ sin ¢ cos
¢9
2,2
gy(;A‘SO‘V,a = _mAr g cos ¢ sin ¢ sin 6. (4.12)
ol

Using equations (4.7)—(4.12) we obtain the complete control law:

—m2yr3 . .
Uy = UTZ(Z; sin ¢ cos 0 (sim2 o0% + ¢* — gcos (;S) (4.13)
Uy = —m*r sin ¢ sin 0 (sim2 0% + % — 9 cos gb) (4.14)
Y UA¢¢ r ’ '

Stabilization. We now use Theorem 3.4 to analyze stability of the pendulum
about its upright state, modulo motion in the plane. We have

1 1 m 1—0 .
ZA B _ o2 1 2 2
5 Aagd" e +V 5T {<+M+m< . )cosgb )

+ (1 4 MT - <1 ; U) sin? ¢> 92} —mgr(1l —cos¢). (4.15)
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Note that this is independent of , reflecting an additional rotational symmetry
in this case. Consider the relative equilibrium ¢ = ¢ = 0. Then, modulo the 6
directions, the second variation of (4.15) is given by the matrix

9 m l1-0o
1 0
" ( +M+m< o >>

1—
0 mrQ(Mﬂlm( UU)>,u2—mg7“
Whereézﬂ.

Setting 0 = —1/k as in the planar pendulum we thus have the following criteria
for stability:

e If 4y =0, we require

(1—M”jm(n+1)) <0

ie. k> M/m,

o If > 0, we need

(k + 1)) and  mr? (Mm —(r+ 1)) 12 — mgr

[__m
M+m
to have the same sign.

Remark. In this analysis, the extra S' symmetry is simply ignored, even though
it does lead to an additional conservation law. This is because the straight upright
solution is a relative equilibrium for just the translation group. If we were trying
to stabilize an inverted uniformly rotating equilibrium then we would have to take
this extra S' symmetry into account. In principle this is straightforward.

5 Asymptotic Stabilization

We now undertake to modify our stabilizing control laws to obtain asymptotic sta-
bilization. This is done, roughly speaking, by using the controls to simulate dissi-
pation. However, this is not entirely straightforward, primarily because the energy
for the controlled system we consider has a mazimum at the relative equilibrium
in the x, & variables, but the 6 direction is still a symmetry direction as discussed
above. We will use the feedback controls to give active dissipation. (Note that one
can easily adjust the theory below if the controlled system has a minimum at the
relative equilibrium in the x, & variables).
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5.1 Theory

To achieve our goal of converting a relative equilibrium that has been stabilized by
the method of controlled Lagrangians into an asymptotically stable one, we proceed
in the following step-by-step manner. The general technique here is, at least philo-
sophically, closely related to that of Astrém and Furuta [1996]. Related ideas on
asymptotic stabilization may be found in Fradkov [1996] for example.

1. Start with the original controlled system

doL 9L _

dt 0z>  dr>
d 0L
Eag'a = Ugq- (51)

2. Choose a relative equilibrium, say « = z. for L that is to be stabilized. Let it
have momentum g and velocity vector &, so that £ = g%,

3. Break the control into a conservative and dissipative piece: g = uSoms 4 ydiss,
each piece of which will be defined as we proceed.

4. Assume that the hypotheses of the First Matching Theorem (2.2) hold and

choose uS™ = —(d/dt)(gapr22®) according to the controlled Lagrangian sta-

bilizing techniques developed so far.

diss

<85 in terms of the con-

5. Rewrite the system system (5.1) with u, = u"™ + u
trolled Lagrangian. In fact, one has the following

Proposition 5.1 Using the procedure just outlined, the system (5.1) is equivalent
to

d aLT#T 8LT,U _ 7_budiss

dt 0i® Qx> P
doL., 4
et o 188 2
& oge Ve (5.2)

The explicit formula for the control law with accelerations eliminated is given by

g = (rhs of (3.10)) + gape A% gaag®eudi™ + udiss, (5.3)

Proof. The strategy is to repeat the derivation of the matching equations. First
of all, notice that the second equation in the set (5.2) can be equivalently written
as



shows that the second equation in (5.2) is equivalent to the equation

ues = (g, 7.)

which, as in §3.1 determines the control law ui®s. The explicit formula (5.3) is

derived following the same steps as in §3.1 but with the zero on the right hand side
of (3.4) replaced with udiss.

Now one goes through the computation of the Euler-Lagrange expression £(L; )
given in the proof of the First Matching Theorem. The critical thing is that in
equation (2.19) one does not replace the time derivative of J, with zero, but rather
with ugiss. All other terms disappear, as in the proof of the First Matching Theorem,
leaving the first equation in (5.2) as stated. W

The Controlled Liapunov Function. The next step in the procedure is
6. Find a candidate Liapunov function (to be called V,).

Of course, it is natural to make use of the function that we employed to give us
stability. However, as we shall see, this function must be modified in a nontrivial
way.

Let E;, be the energy function for the controlled Lagrangian L, and let Eﬁ,g
be the controlled augmented energy function defined by

Ef, =E.;— Jy& (5.4)

The augmented energy has the property that its restriction to a level set of the
momentum gives the energy function

1 .
E, = §Aaﬂfc%5 +V, (5.5)

used in the stability test (this is seen by a direct calculation or by using facts from
the energy-momentum method or Routh reduction). Here, p is the value of the
momentum at equilibrium and V,, is the amended potential (see equation (3.19)).
Note that at equilibrium, the value of J, is thesame as that of Jy;: i.e., = .

A direct calculation using the system (5.2) shows that

d s (4 '
EET’U = ’U,alss <0a + Tgl’a) ;

and therefore that
d 13 diss a a a ;.o
%ET’U = Uy, ([9 —& } + 75T ) .
This can be rewritten in the following way:

d e .
aEﬁ,a = g Pudss (Jb - — gabwa) .
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We also note that

d ~ .
%EM — _gabuglssgab:ra.

Here is a crucial point: as we have seen in the examples, the function E%g has a
maximum in the variable x at the relative equilibrium in question. However, it will
typically have a minimum in the variable 6. To create a function with a maximum
in the variables (z?, %, g — £?) at the equilibrium, we form the following controlled
Liapunov function:

1 - -
V=E,— 5)‘9% <Ja - ,U«a> (Jb - Nb) (5.6)
where A is a positive constant.

The Time Derivative of V,. The next step is
7. Compute the time derivative of V,, and examine its definiteness.

We will compute the time derivative of V), under the simplifying hypothesis that
g is independent of z®. One gets

d . .
EVM — _gabuglssgabia - )\gabuglss (Jb . Nb)

= —g"Pug™ <>\ [jb - ,U«b} + gabia)
This leads us to the last step.

8. Define the dissipative control law

ug = b (A |y = pan) + goi®) (5.7)

b

where c,,

is a positive definite, possibly z“ dependent, control gain matrix.

Note that the dissipative control law depends linearly on 6% since J, does.

We are now ready to formulate our main result on asymptotic stabilization. We
will make the following assumption that is essentially a condition on the nontriviality
of the coupling terms g, between the control variables §* and the internal variables

.

AS. Along no trajectory other than relative equilibria of the original
uncontrolled Fuler-Lagrange equations for L is gaqt® a constant.

Theorem 5.2 (Asymptotic Stabilization) Assume that the hypotheses of the
Stabilization Theorem 3.4 as well as the Simplified Matching Assumptions hold. As-
sume that the relative equilibrium ., . = 0 is a mazimum of E, given by (3.20).
In addition, assume condition AS and that the dissipative control law is chosen as
in (5.7). Then the given relative equilibrium is asymptotically stable modulo the
action of the group.
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Proof. We have organized things so that the time derivative of V), is everywhere
nonnegative and it vanishes on the set M defined by

udis = b ()\ [jb - ,,Lb} + gab:t‘o‘> —0.

The Invariance Principle (see Barbashin and Krasovskii [1952], LaSalle and Lefschetz
[1961], and Krasovskii [1963]) shows that all trajectories tend to the subset of M
that is dynamically invariant.

We claim that the dynamically invariant subset of M consists only of equilibria
(note that this set is group invariant). Suppose there is an invariant trajectory in
M. Then the time derivative of the above expression along such a trajectory is

d
()\udlss pn (gapt®™ )) =0

and since we have a trajectory in M, this implies g,,2® is a constant along these
trajectories. Thus, J, is also constant. Under the simplified matching hypotheses,
J, and J, differ by terms that are constant along the trajectory, so the conservative
control is also zero. (One can check this directly for the pendulum). Thus, the
trajectory is a solution of the original Euler-Lagrange equations for L and so by our
assumption, this curve must be an equilibrium point. W

We remark that assumption AS can easily be checked in specific examples as
is done below. Part II of this paper examines in greater depth the theory behind
conditions like AS that guarantee that the Invariance Principle holds.

5.2 Example

We illustrate our control law design by using it to asymptotically stabilize the in-
verted pendulum on a cart of §1.2 and §4.1. The relative equilibrium of interest is
¢=¢=0and §=¢ (where £ = u/v and p is the desired momentum).
The explicit control law with dissipation is calculated according to (5.3) and
(5.7). For the pendulum we have that
B% 2
gangAaagadg ud1ss + udlSS — O; v cos” ¢
a— —(1 + k) COSZQf)

diss

and from (5.7)

ul™ = —c(M(J — p) + B cos )
—c(A(B cos ¢ + v5 + KB cos pp — 1) + [ cos pp)
—c((A(r + 1) + 1) B cos ¢ + Ay (3 — €))
where A > 0 and ¢ > 0 and p = €. Substitution into (5.3) gives

kB sin p(ag? + cos ¢D) — ¢ (a — %2 cos? (b) ((/\(:‘i +1) +1)Bcos po + My(s — §)>

u =
oz—’%2(1+/i)cos2¢)

(5.8)
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We have already shown in §4.1 that the hypotheses of Theorem 3.4 hold with
the Simplified Matching Assumptions, and the relative equilibrium is a maximum
of E,,. Condition AS holds since along no trajectories other than relative equilibria
of the uncontrolled system is d/dt(/3 cos (M)) = u®™ = 0. Thus, by Theorem 5.2 the
control u defined by (5.8) makes the equilibrium of interest asymptotically stable.

Simulation. We demonstrate the control law with a MATLAB simulation of the
pendulum-cart system where m = 0.14 kg, M = 0.44 kg and [ = 0.215 m. We let the
desired cart velocity be £ = 0 m/s and choose control gains to be k = 135(M/m),
A = 0.01 and ¢ = 50. Figure 5.1 shows plots of pendulum angle and velocity and
cart position and velocity for the system subject to our stabilizing controller with
dissipation added. The pendulum starts from a nearly horizontal position (¢(0) =
m/2 — 0.2 rad), showing the large basin of attraction for the upright pendulum. We
have even given the pendulum an initial positive (downward) velocity of ¢(0) = 0.1
rad/s. The cart’s initial position is s(0) = 0 m and initial velocity is $(0) = —3
m/s. Note that the cart comes to rest as desired, but due to the large initial
acceleration needed to bring the pendulum to vertical, the cart drifts far from its
initial position. In Part II, we present the methodology for adding another term
(that breaks symmetry) to the control law in order to drive the cart position as
desired. We also address more general tracking problems.

At the bottom of Figure 5.1 we have included a plot of the control law u and
the Liapunov function V), as functions of time. The control law has an initial peak
to provide the initial large acceleration. The Liapunov function can be seen to be
initially negative and to strictly increase until it reaches zero at the equilibrium.
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