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Abstract

Planning and Feedback Control
for Mechanical Systems
with Nonholonomic Constraints
by
~ Gregory Charles Walsh
Doctor of Philosophy in Engineering-Electrical Engineering and Computer Sciences
University of California at Berkeley

Professor S. Shankar Sastry, Chair

N

S. ghankar Sastry
Chair

The goal of this dissertation is to present a complete strategy for controlling a class
of mechanical systems with nonholonomic velocity constraints. Examples considered in this
dissertation include a simple wheeled mobile robot, a front wheel drive car, a tiller truck, a
satellite. fnounted with thrusters, and a robot with one unactuated joint called the planar
acrobot. Control objectives are limited to achieving some desired configuration. Several
new methods are presented to achieve these objectives in efficient ways.

The process of control is broken down into three stages. Given a large initial offset
between the configuration and its desired value, first an (optimal) path planner generates
an admissible trajectory connecting the initial and desired configurations. Second, an expo-
nentially stabilizing tracking law is applied, insuring that the desired trajectory is followed
closely even in the presence of disturbances and modeling errors. Finally, when the config-
uration variable is near the desired value, we switch to a feedback law which renders the
desired configuration asymptotically stable.

The five example mechanical systems, when examined in detail, are shown to have

certain structural properties in common. In particular, all except the satellite mounted with



thrusters may be transformed locally into a form called the “Control Canonical Form”. The
planning, tracking, and regulation problems are solved for this canonical form. The results
are then applied to the example systems. The satellite with thrusters, representative of a

large class of mechanical systems, requires a different approach.
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Chaptér 1
Introduction

The goal of this dissertation is to present a strategy for controlling a class of me-
chanical systems with nonholonomic velocity constraints. Control objectives are limited to
reaching the neighborhood of a goal configuration and remaining in it despite disturbances.
Several new methods are presented to achieve these ends in efficient ways.

The process of control is broken down into three stages. The initial configuration
space error is, in general, large. First a path planner, optimal or suboptimal as detailed in
chapter six, generates a valid trajectory connecting the initial and desired configurations.
Second, the exponentially stabilizing tracking law described in chapter five is applied, in-
suring that this desired trajectory is followed closely even in the presence of disturbances
and modeling errors. Finally, when nearby the desired configuration, we use the feedback

law of chapter four which renders the desired configuration asymptotically stable.

1.1 Overview of the Dissertation

The dissertation is organized as follows. Chapter two considers methods for build-
ing first principle models of a certain class of mechanical systems and Lagrangian mechanics
[2, 27) is used as the primary tool. Under certain structural assumptions found in almost
every example system considered, the equations of motion are shown to have a canonical
form (2.1). This canonical form is the kinematic model (2.3) with integrators attached to
the velocity inputs. The inputs of these integrators, the accelerations, are related to the
input torques and forces by a memoryless map. The example of the asymmetric satellite

fails to fit this form, and is representative of a large class of mechanical systems. We keep



track of the example satellite throughout the dissertation.

Chapter three presents the example mechanical systems used. These systems in-
clude Hilare, a wheeled mobile robot, a car, a tiller truck, a satellite mounted with rockets,
and a robot with one unactuated joint called the planar acrobot. All of these systems,
except for the asymmetric satellite, may be written in a special set of coordinates where
the dynamics take the power form (4.2).

Chapter four presents a general theory for explicitly constructing feedback control
laws which render goal configurations asymptotically stable. The theory is applied to the
car, the fire truck, and finally the satellite. Because the asymmetric satellite does not fit
into the power form fra,mework,‘the theory does not apply and an alternative approach is
employed. '

These point stabilization laws could be used essentially as large motion planners
but are highly inefficient. The remaining two chapters focus on planning and executing large
motions. First we address the tracking control problem. Given a desired trajectory, we wish
to follow it reliably. The point stabilization laws may be adapted for tracking purposes by
handing them a time series on goal configurations spaced along the desired trajectory. With
nonlinear systems of this form, this modification tends to be both inadequate and inefficient.
Consequently, we construct control laws especially suited to tfa.cking in chapter five.

The final chapter addresses the problem of finding the feasible path. Path planning
is inherently a kinematic problem for this class of systems and is studied in that context.
Chapter six presents a collection of ad-hoc planners, each exploiting the particular geometry
of the examples. A general method for power form systems is also discussed. Chapter six
also considers a general method for producing optimal solutions. Optimal methods require
the solution of a two-point boundary value problem, and in general are computationally
intensive. Because the trajectory is computed before the motion (off line) and not during
the motion, there is not a pressing need for computational simplicity.

In summary, we present a complete strategy and results for feedback control of
mechanical systems with nonholonomic constraints. Modeling, path planning, tracking and
point stabilization issues are addressed for a specific subclass of systems. The original work
of the dissertation is concentrated in chapters four, five and six. Needless to say, there
is much room for improvement. Point stabilizing control laws would be more robust with
respect to disturbances if they had faster convergence rates. Generalizing these laws to

larger classes; for example, a class of systems which includes the asymmetric satellite; is a



rich area of great promise. Tracking laws and optimal paths are numerically intensive to
compute. By limiting their application to only a small subclass of relevant systems, we may

be able to more explicitly solve these problems.

1.2 Notational Conventions

Traditionally the configuration space for a mechanical system is labeled Q with
elements ¢g. The configuration space is assumed to be a smooth n-dimensional manifold,
with an associated atlas {®/}. A chart & maps elements of Q to R", as long as ¢ € U/,
where U7 is an open set in . Sometimes the set U/ does not cover all of @. This presents
little difficulty when considering local issues like feedback control. Path planning, however,
suffers when several charts must be used. The local view and coordinate chart changes
obscure the path planning task.

The fact that all of the configuration spaces for the systems considered in this
dissertation may be globally represented as matrix Lie groups gives us an alternative. In
summary, for path planning we will use Lie group notation, for feedback control we will use
local coordinates. Coordinate vectors in R™ will typically be written as lower case letters
late in the alphabet like z,y, 2. Lower case letters in the middle of the alphabet, like i, j,
and k, will be indices. Lower case letters early in the alphabet, like a,b,g and h will be
used to represent members of Lie groups. The groups themselves are represented by a script
capital letter G and sometimes by .A. We often identify T'G with G x g, and T*G with G x g°,
where g is the Lie algebra of G and g* its dual. The spaces g, g* are finite dimensional vector
spaces, hence isomorphic to R".

Elements of g are denoted ¢ or ), with basis elements ;. The hat distinguishes
the matrix from its corresponding vector representation, denoted E. More explicitly, the
vector E is equal to (Ej,...,E,)T and given some E € R", the corresponding matrix in g
is € = 37I_, E:é;. Elements of g* are denoted j, with basis elements ;. Thus given é € g,
we have E; = p;(é). Again the hat distinguishes the linear operator on matrices, 5, from
its corresponding co-vector, denoted P with respect to a basis. We write P as a covector
equal to (Py,...,P,) where P, = p(é;). Symmetries play an important role in some of the
example systems. Symmetries in this dissertation are parameterized by a Lie group A, with
elements a and Lie algebra a. Elements of a are labeled a.

Partial and total derivatives pose notational challenges. We often take partials



of the Lagrangian, L with respect to vector arguments. Consider the Lagrangian writ-
ten in coordinates z = ®(g). The Lagrangian L(z,z) is a function of two vectors z =
(z15-.-,2a)T,& = (£1,... ,%,)7. For the sake of clarity, we use a standard notation for

writing the partial derivatives. Given the function L(z,%), the partial with respect to the

vector T is %’= Note that both 4% and 2% are row vectors. For example, the row vector 2&

is (& FoTre e 81: 2L). For the function M(z,y,%,7), the expressmn %M is a row vector equal

to (g—g, a2, ‘An example double application would be Z£ a , which in this case can be

thought of in coordinates as a matrix. The ij** element of this matrix with respect to some

%L
8%,0%; "

We now write the familiar Euler-Lagrange equations on R” in this notation in

basis is equal to

order to see it in use. Consider the Lagrangian L(z, %) with z € R".

doL 0L

dt 0z Oz =0 (1.1)

Note that this is a row (co-)vector equation. Expanding the full time derivative using the
chain rule makes the need for the regularity condition clear.

5T 0%’L 43T 0’L : B_L
010z dz0t Oz

=0 (1.2)

To solve for # we need to invert the mass matrix £==. A mechanical system always has a
positive definite symmetric mass matrix. This COIldlthll is referred to as regularity.

A chart summarizes the notational conventions.

Symbol | Description Elements
Q Configuration Space q
R" local coordinates of @ X

R(*-m) | alternate coordinates, “outputs” y
R™ alternate coordinates, “zero dynamics” z
G Lie Group g
g Lie algebra of G é, 7
R" Vector representation of g
' dual of g P,

(R")* | co-vector representation of g* P
A Symmetry group a
a Lie algebra of A a




Chapter 2

Mathematical Préliminaries

In this chapter we develop the tools needed for building models of the mechanical
systems considered in this dissertation. To this end, we use the notions of Lagrangian
mechanics with controls and actuators modeled as force producing mechanisms. A basic
understanding of differential geometry, as presented for example in [38], is assumed.

The description of 2 mechanism M consists of four parts, (Q, L,D, 7). The con-
figuration space Q is an n-dimensional smooth manifold. The Lagrangian L is a real-valued
function on TQ. The regular n — m dimensional constraint distribution D is represented
in terms of m linearly independent sections of T*Q, Q@ = {w',...,w™}. Given any vec-
tor field f € D, W'(f) = 0 for all i. Actuators and forces are written as p sections of
T"Q,{r',...,7"}. The force applied at some given instant is 7 = 3°?_, 7%9;, where 9 € R?
is the control input.

The chapter is organized into three sections. The first section considers how to
write the Euler-Lagrange equations in the different representations used in the dissertation.
The second section studies how velocity constraints arise and how they affect the equations
of motion. Finally, the third section presents two special sets of coordinates under which
the example mechanical systems have a unified structure. These coordinates are valid if
certain rank conditions on the input actuators 7* are met.

The first special set of coordinates we call control canonical form:

(n-m)

i = Y fix)w

i=1

» = u, (2.1)



where the f; € D are linearly independent. The configuration variable z is in R”, and the
velocity v is in R™=™). The input u € R("~™) are the accelerations, which together with z
and v determine the input forces and torques ¥J. The second special set of coordinates we

denote control reduced:

i = u

: = A(y,2)y. (2.2)

The vector y is in R("=™) and the vector z is in R™. The matrix A(y, 2) € Rm*(n-m)) jg
referred to as the conﬁection matrix. As in the previous case, the inputs « € R(®~™), along
with y and gy determine the input forces and torques ¥. That is, there exists a feedback law
¥y, ¥, u) under which the equations of motion take this form. 7

When planning trajectories, we dispense with the acceleration inputs and assume
that we have direct control over the velocities v or . The reduced model is called kinematic.

The equations of motion become

(n-m) -

& = Y fiz)m

i=1

(2.3)

where v is considered the input. The control reduced equations have an analogous form.

There is a hidden assumption of interest. Our model of the actuators assumes we
have unlimited control authority, which implies we can arbitrarily chose 9. In a real control
system, 9 is limited to a compact set. For our example systems, as long as the commanded
acceleration is not too high and as long as the velocity of the vehicle is sufficiently low, we
may ignore this constraint. However, outside of this regime, the feedback laws may demand
a ¥ which exceeds the abilities of the actuators to deliver. For this reason it is not realistic
to think of, for example, a front wheel drive car, in kinematic terms (2.3) if it moves at high
speeds.

We assume the example mechanical systems are operated so that the constraints on
9 are not violated. The dynamics of mechanisms and Lagrangian dynamics in general have
long been [2] and currently are subjects of study [3, 27). Results relevant to our example

mechanical systems have been collected in this chapter for the reader’s convenience.



2.1 Variational Calculus

It is assumed that the reader is familiar with variational calculus on R" [2, 27]. This
section is divided into three parts. We first consider diffeomorphisms of the configuration
space, and how they affect the computation of the equations of motion. Second we examine
which modifications are required when the configuration space is a matrix Lie group and
the tangent bundle has been left trivialized. Finally, immersions into higher dimensional
spaces are studied. It will be shown that restricting the allowable variations to those which

satisfy the induced velocity constraints produces valid solution trajectories.

2.1.1 Diffeomorphisms

In this section we examine the effects of applying a diffeomorphism z = f(y) to the
equations of motion. We apply such diffeomorphisms for two reasons. First, the coordinates
z = ®(q) are in general only valid locally. Coordinate chart changes are required when q(t)
leaves the open region were the coordinate chart @ is valid. Second, we sometimes change
coordinates in order to change the equations of motion into, for example, the special forms
(2.1), (2.2).

We write the forces, constraints, and Lagrangian in terms of the coordinate vector
z and its time derivative £. Thus for a fixed value of z, %, and 4, L(z,) is a real number
and 7 is row vector. The solution trajectory z(t) satisfies

g L o 8L 0L _
T 950z "% Bz0z 0z

(2.4)

accordivng to the Lagrange-d’Alembert principle. Provided that -a%’-‘; is non-singular, a fixed

, 7 and & uniquely specifies #. The nonsingularity condition is referred to as regularity.
We may write the Lagrangian and forces in terms of the coordinate vector y and

its time derivative y. We now prove that if we apply the Lagrange-d’Alembert principle

to the new Lagrangian and the new forces, the solution y(t) produced solves the equation
z(t) = f(y(t)) for z(t) solving (2.4).

Proposition 1 (Lagrangians under Diffeomorphisms)

Given: L : TR™ — R regular, a set of forces T and a diffeomorphism z = f(y),
Define: the mapped Lagrangian L, L(y, ¥) = L(f(y), %53'/), and mapped forces ¥ = 1‘%5,
Then: the trajectories generated by the application of the Euler-Lagrange



operator to L,7 are the same as those generated by the application of the

Euler-Lagrange operator to L,T.

Proof: We compute the application of the Euler-Lagrange operator to L in terms of the

previous Lagrangian L.

oL _ oLof
.8y ~ 040y
oL _ OLof oL (dof
& = 53yt 5 i) (25)
Now compute %%ﬁ—‘.
ddL _ (dOdL\df , L (ddf
ay = (as) o+ s (o) (2.6)
The resulting Euler-Lagrange equations, written in terms of L, are then given by:
doL 8L |\ _ (ddL dL af
('(Ea_y - a—y - 1') = (d—ta_i‘ - %' - r(:c)) a—y (2.7)

Since f is a local diffeomorphism, the matrix %{; is nonsingular. This implies that the Z
which satisfies the equations derived from applying Euler Lagrange to L is the same # which

satisfies the equations resulting from the application of Euler-Lagrange to L.

—"

2.1.2 Variational calculus on matrix Lie groups

Viewing the configuration spaces of the mechanical systems considered in this
dissertation as matrix Lie groups (see [34, 48] for more details of Lie groups) has two
advantages. First, this representation is global in the examples considered, making this
formulation attractive for path planning. Second, a matrix Lie group G has a trivial tangent
bundle. This implies we may write second order differential equations which are valid for
every configuration.

To clarify, we identify T'G with G x g, where g, a finite dimensional vector space,
is the Lie algebra of G, using the left (body) identification of TG. The velocity of the
system is represented by é € g. The Euler-Lagrange equations imply a formula for the time
derivative of é given é and g € G. This representation of the implicit differential equation

is on a finite dimensional vector space and is valid for every configuration g. In summary,



Figure 2.1: A small variation §(t) of some nominal trajectory g(t) is shown. Any variation

. may be expressed as v(t), and for v(t) close to e, there exists 7(¢) close to zero such that
Exp(n(2)) = v(2).

by exploiting the triviality of the tangent bundle, we have found a globally valid coordinate
chart in which we may write the differential equations describing the motion. The difficulty
with coordinate charts is minimized.

Some definitions are required. Elements g of an n-dimensional matrix Lie group G
will be represented by (k¥ x k) matrices with matrix multiplication as the group operation.
An element é € g, the Lie algebra of G, is also represented by a (k x k) matrix. The time

derivative of the matrix g is written
g = gé. ' (2.8)

We write the Lagrangian, the constraints, and the forces in terms of G and g. The La-
grangian L(g,€), when evaluated at a particular g and é, is a real number. The applied
force 7 as well as partial derivatives of L with respect to its arguments are elements of g*,
the space of linear operators on g.

A small variation of a nominal trajectory g(t) is denoted §(t). The variation may
be represented by v(t) = g~'(¢)§(t). Since the variation is small, the matrix v(t) is close to
the identity. Therefore there exists a unique 7(t) close to zero such that v(t) = Exp(#(t)).
The trajectory 7(t) € g will represent the variation of g(z).

We now compute the Euler-Lagrange equations in this special representation. We
do so by first considering coordinate charts of G. Note that %:4 is a matrix valued linear

function. Given some point z,v € TR", written z = (z,,...,2,)T and v = (vy,...,v,)T, the
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Figure 2.2: A local coordinate chart ® of G.

derivative of ® at z in the direction of v is given by the sum of matrices 7., &2 3= Vi- While
the discussion below uses a local coordinate chart g = &(z) for G to compute the equations
of motion, it demonstrates how this may be done in terms of the matrices representing the

Lie group and the Lie algebra.

Proposition 2 (The Euler-Poincaré Equations [27])

Given: L : G x g — R regular, applied forces 7 € g*, implicitly defining a set of
FEuler-Lagrange equations, and a coordinate chart g = ®(z), for G,

Define: the mapped Lagrangian L, L(z,%) = L(®(z), (2)~'%24), and the
mapped applied forces ¥ = 7((®)™* 22),

Then: the trajectories generated by applying the Euler-Lagrange
operator to L are the same as implied by (2.9) if

we allow 7 to be arbitrary.

@ (- @e-@Dea e

Proof: We will compute the application of the Euler-Lagrange operator to I in terms of

the previous Lagrangian L.

8L _ 8L _1a<1>
% '—.(‘I’) e
dL aa oL d 8% 0% .

% = —“’)'—+ 707 (55) - @5
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, 4oL _ oL .
Now we need to compute £ 3= — 2=, Note that:

d oL _ (daL) 02 4L 09 0L (dai)) (2.10)

attad alihdiad -1Y= _Z7s -127 i -1 2=
dt 0z 79e) ¥ 5 "5 5t (g
Notice that two terms will cancel each other, another two will form the Lie bracket. The

Euler-Lagrange equations are therefore
ddL oL .\ _ (daL . oL .. ... ._,
(E%" a—x—.‘r) = (g%e) @08 - 3 [e,(2) o8]
oL .. _, . -1 09
-35®) 6@—1’((@) 8—:1:) (2.11)

which is equivalent to (2.9). Given any arbitrarily chosen 7 there exists a unique v € R®
with v = (v, ... ,%)7 such that = (2)! (Th, v 22).

Example (The Rigid Body): The configuration space for the rigid body is its orientation,
which we represent by a three by three rotation matrix g. The space of all such rotation
matrices is the Lie group SO(3) with Lie algebra so(3). Traditionally, the velocity of a rigid
body is left (body) identified. The coordinate vector in R® of the left identified Lie algebra
element is referred to as the body angular velocity.

The body angular velocity is traditionally written w and is regarded as a vector in

R3 We write the corresponding Lie algebra element as &. The map relating the two is

0 —W3 W
w= w3 0 —wi
—Wy W 0

Since & is the left identified element, the time derivative of the matrix g is given by
g = gw. - (2.12)
The Lagrangian has a particularly simple form,
L(g,w) = wlw (2.13)

where J is a positive definite symmetric matrix. Because it is symmetric, there exists an
orthonormal basis in which it is diagonal. We assume w is represented in terms of one of

this basis (the principal axes). We label the diagonal elements of J by J;.
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Figure 2.3: An immersion of the configuration space @, seen in local coordinates.

First we need to calculate some terms,

oL, .
'3_9(9 ,w) =0
oL, . —
-a—é(g,w) = Jw.
We now apply the Euler-Lagrange operator to this Lagrangian.
..o _ (d0L .. OL,. OL, . ..\_
w) = (- 52— 32(@.1)
We now map the Lie algebra so(3) to R3, and compute the equations of motion by chosing

7; = e;, the standard basis elements in R3. We write,
o= Jwi-(Jw)T (wxe),
which is, using vector identities,
Jw = Jwxw+T. (2.14)

These are the Euler equations for the rigid body.

2.1.3 Immersions of @)

Suppose we have an immersion of ¢ into a higher dimensional manifold M. In
coordinates, it is given by a map f : R” — RP, where p > n, written y = f(z). Given a y(t)
in the image of @ under f, there exists locally a unique z(t) such that y(t) = f(z(t)) for
all time ¢. The time derivative of z(t) is equal to %,;L’g(t) = (%T%)_l gﬁTg(t). Because f
is an immersion the matrix 2 is full rank, the matrix inverse is well defined. Using these
observations, we define a mapped Lagrangian L(y, ), using the lift of f-!, and mapped

- -
forces ¥ = T%.
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The equations of motion in higher dimensional space are found by taking variations
only in directions which obey the implicit velocity constraints. What follows is a restatement

of the covariance of the Euler-Lagrange equations, as noted by Lagrange.

Proposition-3 (Immersions of Q)

Given: L : TR" — R regular, implicitly defining a set of Euler-Lagrange equations,
and a local immersion y = f(z), where y € R? with p > n,

Define: the mapped Lagrangian L, I-,(y,g'/) = L( f“(y),’—’-f‘,;—lg), and the mapped
applied forces ¥ = r%;—’,

Then: the trajectories generated by a restricted application of the Euler-Lagrange operator to
L are the same as the trajectories generated by the free application of the

Euler-Lagrange operator to L.

Proof: Again we compute the application of Euler Lagrange to L in terms of the previous
Lagrangian L. The formula is identical to the coordinate change case. The resulting Euler
Lagrange equations, written in terms of L, are then given by:
3 T -1
(%%—3—5—1") - (%g—ﬁ—g—f—‘r)% (2.15)
So the only variations éy which restrict the above expression are those which are not con-
tained in the null space of the matrix 2%1‘. Because of the holonomic constraint, the only
allowable variations are given by §y = %6:1:. The product Qayﬂ%ﬁ is the identity map.
We conclude that the restricted application Euler-Lagrange to L is equivalent to the free
application of Euler Lagrange to L.

In conclusion, when computing the equations of motion in the space of the y’s, we
compute the Euler Lagrange equations as before and restrict only for the variations in the
range of %, or if you wish, all directions satisfying (horizontal) the holonomic constraints
implied by the immersion. The remaining degrees of freedom must be solved for using the
constraint equations. This method of restricting the allowable variations is also referred to

as the Lagrange-d’Alembert principle [3].

2.2 Symmetries and Constraints

Two more issues need addressing before writing the final system equations. First,

the systems considered often have externally imposed velocity constraints which are not
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holonomic. Second, the Lagrangian may have symmetries which, in turn, imply velocity
constraints in the form of conservation laws. Understanding how these constraints change

the equations of motion is the focus of this section.

2.2.1 Symmetries

Since we use both a Lie group setting and coordinates, we develop Noether’s
theorem [2, 27] for each. First we define what a symmetry is in coordinates. As before, a
symmetry will be a mapping h : R™ x R” — R" where R" is the configuration space in local
coordinates and R™ is the symmetry group in local coordinates. '

A mapping h is a symmetry of L if
oh .
L(h(y)x)’ a_mi‘) = L(m’m) . (2'16)

The infinitesimal generator of the symmetry is written d,h, which is equal to (-gf T,

There are both left and right infinitesimal generators in the general matrix Lie
group setting. As before, we denote the Lagrangian L(g,¢é), where g € G and é € g. Also
as before, we use the left (boay) identification of the velocities, therefore ¢ = gé.

A symmetry h is an action of a matrix Lie group A on G. This map may be lifted
onto ATG . For example, the map g—;(a,g) : 8 = Tha,9)G. In our context, we need the map
from g — g. The lift of h(a,g) to G x g follows.

h':AG,a = G,g

. -1 0h .
a,g,€ -—’ h(aag)v(h(a’g)) la_g(a"g)e (2°17)
Now we are ready to define a symmetry. A mapping h:.A X G — G is a symmetry of L if
-1 0h . .
L(h(a,g9), (h(a,g))™" %(a,g)e) = L(g,¢) (2.18)

forallae A,g€ G,and é € g.

There are two instances of symmetries deserving attention. Often the map h(a,g)
may be separated, that is, may be written as h(a)g (a right symmetry) or gh(a) (a left
symmetry). For the right (material) symmetry

9.€ — h(a)g,é (2.19)
and for the left (space) symmetry,

g.é — gh(a),h"}(a)éh(a). (2.20)
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2.2.2 Conservation Laws

First we present Noether’s theorem in coordinates [2], then we generalize it to the

matrix Lie group setting [27]. Proofs are included for the reader’s convenience.

Proposition 4 (Noether’s Theorem in Coordinates [2, 27])

Given: L : TR™ — R regular, implicitly defining a set of FEuler-Lagrange equations,
actuators T € T*R", and symmetry h : R™ x R® — R",

Then: the scalar 32(d,h(e;)) is a constant of the motion for every vector e; in R™,
for which r(d,h(e;)) = 0.

Proof: Consider first the meaning of symmetry.

h
0 = di (2(htu + ee..,x),g—w + e, 2)8)) Lo

- & (dlh(e,)) ror ( m)
e))

= 2 (dhe)+ 3z (s
Using the Euler-Lagrange equations; namely, 42(-) + 7(-) = £2%(.), in (2.21) we see

(55 e (g0)

= <%(d1h(e;))) , , _ (2.22)

(2.21)

7(d1h(e;))

which completes the proof.

For the Lie group setting, we first have to express the notion that derivatives of
the Lagrangian with respect to the symmetry group A are zero. To do so, we introduce
the infinitesimal generator of the symmetry. We can generate small left variations of a as

follows:
a(e) = a Exp(ea). (2.23)

where @ € a, the Lie algebra of 4. Right variations can be generated in a similar manner.

Define the left infinitesimal generator of the symmetry h by

1@ = h~(a,0)5 (h(a Exp(c8),)) leco - (2:24)
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To first order, we have h(a Exp(@),g) =~ g Exp(74(@)). Note that 7, is a function of g,a
and @. Right infinitesimal generators may be defined in the same manner, with the first

order approximation of k being Exp(74(é))g.

Proposition 5 (Noether’s Theorem on the Left [27])

Given: L : G x g — R regular, implicitly defining a set of Euler-Lagrange equations,
actuators ¥ € g*, and symmetry h: A x G — G, with left
infinitesimal generator 74(-), mapping G x A x a — g,

Then: the scalar %(fu(é)) is a constant of the motion for every a € a, provided

that #(7.4(&)) = 0

Proof: The derivative of the Lagrangian with respect to a is zero. This and the Euler-

Lagrange equations are all that are needed.

0 = diL (@19, 408, 0))™" 5,908 Lo

oL ( ., ,_,0h _1 0%k
= —-(m) + = (—mh 99 306 th 50" 5 ) (2.25)
Due to the Euler-Lagrange equations, we have along trajectories of the system
dL . d oL - 6h
50+ = (7)O- 23z, (2.26)

So we may write

N d oL 10h . . ._10h 10h, 2
H(ha) = ( )( fla) — ( ageﬂA—ﬂAh 1a—ge) (— pah~1—é + ! Ok é)

dt 0é 8g 3aag
(F58) 0+ 5 ‘”‘ % (Zw)
= 2 (% ww) (2.27)

The proof is then complete.

Remark (Noether’s Theorem on the Right): Suppose we have defined a right in-
finitesimal generator 7. Using the relation that the left infinitesimal generator of the right

action is equal to h~'74h, we see that £2(h~!A4k) are constants of the motion for all & € .
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Example (The Rigid Body): The rigid body has a right (material) symmetry with
symmetry group SO(3). For some a € SO(3), the map h(a, g) is given by

h(a,g) = ag. (2.28)

The lift of A does not change the left (body) angular velocity, and since the Lagrangian
L(g,w) is not dependent on g, it is preserved by the lift of h. We assume that 7 = 0.

To find the conserved quantities, we need to compute the infinitesimal generator
of the action k. The right infinitesimal gener‘;a.tors for the right symmetry can be represent
by the basis elements é; of so(3). As noted before, the left generator in terms of the
right generator is g~'é;g. Thus we have %(g"é,-g) is conserved for each basis element é;.

Expressed in vector form we have

oL, _..
%(g 1&:9)

(Jw )T.‘]Tei
el (gJw) . (2.29)

The vector gJw is the spatial angular momentum of the rigid body. For this reason, the

map generated by Noether’s theorem is sometimes referred to as the momentum map [27).

Remark (Internal Forces): The rate of change with respect to time of the conserved
quantities in the presence of applied forces is equal to 7(74()), where T € g* is the applied
force. Forces for which 7(74(-)) = 0 for all & € a are called internal. They do not affect the

conserved quantities.

Remark (Affine Velocity Constraints): Noether’s theorem normally is viewed as gen-
erating a momentum map, J, mapping TG to a* [27], where the value of J is a constant
of the motion. However, for a fixed momentum in a*, it can also be seen as generating an

affine constraint on the allowable configuration space velocities.

2.2.3 Kinematic Constraints

Not all velocity constraints arise from conservation laws. Some of the systems
studied in this dissertation have nonholonomic kinematic constraints. Such constraints

are generated typically by requirements that a contact not slide. For example, consider
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a rolling wheel: the frictionally induced requirement that it not slide sideways imposes a
nonholonomic kinematic constraint.

In coordinates we may write the constraints as a collection of m row vectors w; =
(wi(2), ... ,wP(x)), linearly independent at each z. A nominal trajectory z(t) is said to
satisfy these constraints if w;Z(t) = 0 for all 7. In the Lie group context, such constraints
may be written as sections of g*, that is, a collection of m functions w; : ¢ — g*. A
trajectory g(t) is said to satisfy the velocity constraints if w; (¢7*(£)§(t)) = 0 for all s and t.

We apply the Lagrange-d’Alembert principle to model the dynamics of the system
[3]. A nominal solution x(t) is considered valid if it satisfies the velocity constraints w; and
if it extremizes the Lagrangian with respect to variations which also satisfy the w;. The
variational argument only produces 2n — m equations, so the constraints must be added to
make a complete description of the system. We will consider computing the equations of
motion in coordinates. ‘

Consider a local diffeomorphism z = ®(y, 2), with z € R™ and y € R®™-™), The
chart is chosen so that we map the constraints w to w = dz — A(y, z)dy. The matrix A(y, z)
is as defined in (2.2). The Lagrangian in these set ‘of coordinates is L(y, 2,9, %), and the
forces divide into 7, which operates on §, and 7, which operates on 2. We can always
construct locally this kind of chart by considering any locally valid set of coordinates z,
reordering the coordinate functions in a non-unique way, and dividing by a nonsingular
coefficients matrix.

Allowable variations are parameterized by éy, and are given by (6y, Ady). Thus

the restricted Euler Lagrange equations are

doL_0ny, (401 oLy,
dtdy Oy dt 9z 9z )
We now expand (2.30) in order to solve for § in terms of y,z,§. Once we have §j, we may

ntnd = ( (2:30)

evolve the system of equations using the connection form. That is to say,
io= Ay, (231)

Expanding the equations above we see
oL o’L 0°L o’L
.T .T T oT
V' oyo5 T % 5207 7Y 5305 T © 9305
2 2 2
6LA+2T6L .y 0°L

9L

.7 oT

Y 550z 52050 TV 55054+ ¥ 55554
dL 0L

—(a—y + EA) . (2.32)

n+ndA =
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Differentiate (2.31) to obtain an expression for # in terms of y,z,9. We find that 5 =

(£ A) ¥+ Aj. Thus we may write that
FM(y,2,9)+ N(y,2,9) = 7 (2.33)

where

e 8L L - 0°L

M(y,z,9) = (ay'ag A "9:0y + agaéA +4 m")
9L #L 9L 9L

T T T

y (33/33'/ A 50 T et A azaz’A)

o(d \T /0L 9L
+y (d—tA) (az_ay-l-m/l)
0L 0L A
| ‘(a—ﬁz )
F = n+1n4 (2.34)

N(y,z,%)

The regularity condition is now explicitly obvious. We require that M(y, z, §) be an invert-

ible matrix in order to solve for §.

2.3 Reduction

In this section we exploit the structure that velocity constraints impose upon a
mechanical system. We find coordinate charts and an actuator feedback which reduces the
dimensionality of the system. The procedure of reduction is well known [20, 27, 28].

First, if the velocity constraints are holonomic, there exists special sets of coor-
dinates, (y, z) in which z = f(y) for a function f. The equations of motion are found by
applying the Euler-Lagrange operator to the Routhian [28], a real-valued function of y and
- In this case the Routhian happens to be the Lagrangian. To reconstruct the trajectory
from y(t), we apply the formula z = f(y).

In the final section we handle the general case which includes possibly nonholo-
nomic velocity constraints. Provided some conditions on the input actuators are met, there
exists special coordinates in which we may solve for y(t) independently of z(¢). Such re-
duction, however, requires feedback control. To reconstruct the trajectory from y() we
integrate the connection. In general, the connection is dependent on y, ¥, and z. If there is

no dependence on 2, well call the reduction principal.
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2.3.1 Holonomic Reduction

Suppose the constraints  are holonomic. Then there exists coordinates z =
®(y, z) for R" where in the position in z space, known as the fiber, is a function of the

position y space, known as the base. Thus we write

z= f(y) (2.35)
and further the velocity constraint maps to

. Of . .

i= 3. | (2.36)

We will substitute these formulas directly into the Lagrangian, forming a reduced La-
grangian L. The implicitly defined differential equation resulting from the application of
the Euler-Lagrange equations to the reduced Lagrangian will be shown to be identical to

the equations implied by the restricted variational principle of the last section.

Proposition 6 (Holonomic Reduction)
Given: L : TR” — R regular, applied forces T, and a set of holonomic velocity constraints w;
Then: there ezists a diffeomorphism z = ®(y, z), a reduced Lagrangian L(y, 9),
and mapped applied forces ¥ = 1, + 1'2%5, such that the trajectories generated by
applying freely the Euler-Lagrange operator to L are the same as those generated
by the restricted application of the Euler-Lagrange operator on L.

Proof: We have already selected a diffeomorphism z = &(y, 2) and shown that we may
lift the map ® and make an equivalent Lagrangian L(y,z,9,2). In these coordinates, the
restricted variational principle states:

Some detail remains to be sorted, of course, because the terms involving 7 have not been
removed. This attention will be proven unneeded.
We now write the reduced Lagrangian L(y,7) by substituting in the formulas for

z and for 2.

Lw.9) = L f@)i, ‘g—im (2.38)
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The Euler-Lagrange equations, in local coordinates, state that 4 gL % =7+ 3% For
comparison, we need to compute this in terms of the unreduced Lagrangian L. First, the

individual terms.

oL _ oL, oves
0y 8y = 0z Oy
oL _ 9L o1os oL (dory
dy dy 0z 0y + 0z (dt Oy (2:39)

Thus we have,

of 0L OdLof 0L OLdf OL (dof
T1+T23 - d( 628y)—6_y_6_z-3—y—5(53—y> ,
_ (d 3L aL) <d oL 8L) of (a_L_ Qﬁ) (d af) (2.40)
dtdy 9y dt 8z 0z 8y 0z 9z/ \dtoy

The term involving (%%ﬁ) is cancelled, making the resulting equations identical to the
constrained variation equations.

Given a set of holonomic constraints, we may simply insert them into the La-
grangian and compute the Euler Lagrange equations on the reduced space. If we did not
notice the constraints were holonomic and applied the Euler Lagrange equations with re-
stricted variations, our solution trajectories would not change. The trajectory z(t) may be
computed from y(t), that is z(t) = ®(y(2), f(¥(2))).

2.3.2 Maximally Actuated Systems

. No matter where the velocity constraints derive from, we will write the equations
of motion for the actuated system in a special form (2.1). Under a set of mild conditions on
the actuators r*, there exists a feedback law 9(z, &, u) such that the equations of motion

take the form

(n=m)
i = Z fi(z)v
? = u (2.41)

where the linearly independent vector fields fi(z) null the row vectors w;(z) for all z, the
vector v(t) € R(®=™) are the velocities, input vector u(t) € R™=™) are the accelerations.
We may also express this differential equation in matrix Lie group notation. Given some
chart g = ®(z), we pick (n — m) g-valued functions of G so that fi(z) = (09)™" ®&i(®)v;.
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The dynamics in the Lie group setting then take the form

(n=m)

9( Y é(g)w)

i=1

v o= u. © (2.42)

«.
]

where v, u are the velocities and inputs of equation (2.41). We state the result in the form

of a proposition, in coordinates.

Proposition 7 (Maximally Actuated Systems)
Given: L : TR"™ — R regular, m 1-form constraint equations w; = 0,
and a collection of actuators 77,
Choose:a basis of (n — m) linearly independent vector fields
functions f satisfying the constraints w;,
Then: if the matriz B;; = 7;(f!), where B(z) € RP*(*=™) js full rank for all z € R", there eziéts

a smooth control ¥(z,,u) such that the system evolves as described in (2.41).

-Systems with a full rank B are called maximally actuated.

Proof: The vector v € R*~™ parameterizes the allowable variations. We have simply
defined an isomorphism of the velocities. We need to compute 9, and pick 7 so that the
theorem is satisfied. First we build a special set of coordinates.

In any particular set of coordinates z, write the form constraints with respect to
this basis. Label the j** coordinate function of w; by w;;(z). The matrix Q(z) describes all

of the form constraints.

win(z) -+ wia(2)

Qz) = : : . (2.43)

Wn1(z) or wma(2)
By regularity we have that §(z) is of full rank. By a non-unique reordering of the basis,
we may assume that Q(z) = [Q!(z)Q?(z)] where Q%(z) is a m x m matrix nonsingular for
some neighborhood U € R". Now we are ready to define our local diffeomorphism. Set
¥=(Z1, " yTn-m)? and z = (Tp—ms1,"** »Zn)? . This clearly defines a diffeomorphisms.

The form constraints can then be written

2 = A(y,2)y (2.44)
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where A(y,z) = - (22)™' Q! and is also known as the connection matrix. Certainly there
exists a locally non-singular matrix C(y,z) so that § = C(y,2)v. Thus we have that
§=C(y,2)0+ (£C(y,2)) v. Substituting this into (2.33), we know that

i)TCT(y, 2)M(y,2,v) - ﬁ’(y,z,v) = F. (2.45)

where N = N + o7 (£C(y,2)M(y, 2, v))T. The force applied, 7, is a row vector with
components
P
#o= Y am( (2.46)
i=1
which may be written as ¥ = 9B(y, 2,v). If the matrix B(y, z,v) € RP*(®~™) is full rank,

set
Wy,z0,0) = (CWMy,2,0)- F(y,2,0)) Bl(3,2,0).  (247)

Under this set of inputs, we see that o = u. The system evolves according to (2.41), whether
written in Lie group form or in coordinates. The rank condition on B can usually be checked

by inspection.

Remark (Controlled Reduction): The set of coordinates (y, z) are special. We could
have chosen ¥ so that §j = u. A system under this set of coordinates with this feedback law

is called control reduced,
i = u
z = Aly,2)y. : (2.48)

We may evolve the equations for y without regards to the variables z. The variables z may

be reconstructed at a later time by integrating the connection matrix. <

Remark (Principal Systems): If the connection matrix 4 is not a function of z, then such
a system is called principal. All systems in chained form are principal, as are all examples

used in this thesis except for the asymmetric satellite, which presents a new challenges.

Remark (Input-Output Linearization): The procedure just outlined is of course input-
output linearization with a very careful choice of output functions, y. All outputs are relative
degree two, which might be expected in a mechanical system. The dynamics z correspond

to the zero dynamics, and are always stable because of the nature of the connection.
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Chapter 3

‘Example Systems

We now introduce a collection of example mechanical systems. Hilare, a mobile
robot developed at LAAS in Toulouse, France, provides us with a simple model of a nonholo-
nomic mechanical system with a three state configuration space and two control torques.
A front wheel drive car is slightly more complicated, having four dimensional configura-
tion space and two input actuators. A fire truck is also considered, with a six dimensional
configuration space and three input actuators. Other applications besides mobile robots
have nonholonomic constraints. We will consider a satellite mounted with rocket thrusters,
providing two input torques, and a three linked robot with a free joint called the planar
acrobot.

Thanks to the work of chapter two, there are no obtuse conditions to check in order
to write the equations of motion. All we need to do is check if the system is maximally
actuated, which is usually done by inspection. We may then write the equations of motion
in control canonical form (2.1) with state z, unless coordinates charts are a problem as is
the case with the satellite. All of the models are second order. However, since controlling
a velocity through an integrator is a well understood problem, the kinematic analysis (2.3)
found in the literature is justified for the systems that can be written in control canonical
form, as long as the mechanism is operated in a regime where the feedback laws demand
attainable 9.

We then choose relative degree 2 outputs labeled y, and input-output linearize the
system with respect to them. The zero (remaining) dynamics (labeled with z) are then
computed. Careful choice of outputs y will ensure the examples are control reduced. For all

cases except the asymmetric satellite, this will also be principal. The equations of motion
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Figure 3.1: Model of the mobile robot Hilare.

will locally reduce to:

i = u

g o= W)y 1<k<, 1<5<p. (3.1)

3.1 Hilare

Hilare is a wheeled mobile robot created at LAAS, Laboratoire d’Automatique et
d’Analyse des Systémes, located in Toulouse, France [23). This robot has two parallel wheels
which can be controlled independently. By commanding the same velocity to both wheels,
the robot moves in a straight line. By commanding velocities with the same magnitude
but opposite directions, the robot pivots about its axis. Although the actual input is the
acceleration, we first perform the kinematic analysis and check for maximal actuation. See
Figure 3.1 for a diagram of Hilare. The control canonical form of Hilare’s dynamics is as

follows. The vector v is the velocity vector of the system.

z, cos(z3) 0
z, | = sin(zg) |1+ | 0 |02
Z3 0 1
b o= u (3.2)

Note from Figure 3.1 that the coordinates (z;,z,) represent the position of the robot in the
plane, and z3 € §! is its orientation. Consequently, the configuration space Q is R? x S?.
The configuration space may also be viewed as the Lie group SE(2). This fact is explained

in more detail in chapter 6. The wheels provide our two input torques, and the system
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is clearly maximally actuated. We can thus find a smooth control law so that v = u, the

inputs.

3.1.1 Input-Output Linearization

We now consider a choice of output functions y.

Yo = cos(z3)z; + sin(z3)z,
B = 23
(3.3)
The dynamics of y can be computed by differentiation.
. 1 -sin(z3)z; + cos(z3)z,
y =
0 1
= D(z)v

¥ = folz,2)+ D(z)u , (3.4)

The matrix D(z) is the decoupling matrix for this choice of outputs. Its determinant is 1.

Under the choice of inputs v = D~!(z) (& — fo(z, %)), the output dynamics decouple.

j=1 (3.5)

This is a four state linear system. The remaining state is a zero dynamic under this feedback,

meaning it is not observed through the outputs.

3.1.2 Zero Dynamics

There is only one state left. We will chose the z coordinate as to make z = &(y, )

a global diffeomorphism.
z = sin(zg)z; — cos(z3)z; (3.6)
The dynamics can be computed by differentiation.

2 = (cos(z3)z) + sin(z3)) v,

= Y% (3.7
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Figure 3.2: The front wheel drive car.

The system is then principal under this choice of feedback. It is in fact a power form,

dynamics given by,

i =

;= g . (3.8)

3.2 The Front Wheel Drive Car

We consider now a front-wheel drive car. This system is also controllable [31],
although two levels of Lie brackets must be taken to show this. We first consider the
kinematic model. A sketch of the car is found in Figure 3.2..

The dynamics, in control canonical form, of the front wheel drive car are

[ z, ] [ cos(z4) ] [0 ]
. . 0
g2 | _ sin(z4) o + o2
I3 0 1
| &4 | | tan(z3) | [ 0
v = wu (3.9)

where (z,,2,) € R?is the position of the car in the plane, z3 € S! is the angle of the front
wheels with respect to the car (or the steering wheel angle), z4 € S! is the orientation of
the car with respect to some reference frame, and the constant L is the length of the wheel

base. The configuration space @ of the car is then R? x T2. The configuration space may
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be viewed as the product of Lie groups SE(2) and S'. The system is clearly maximally

actuated.

3.2.1 Input-Output Linearization

Assume without loss of generality that L = 1. Consider the choice of outputs given

below.

Yo = o

= sec®(z,)tan(zs)

As before, simple differentiation yields the dynamics.

. cos(z4) ' 0
v o= —3sec’(z4) tan(z,) tan’(z3) sec(z,) sec?(z3)
= D(z)v
¥ = fo(z)+ D(z)u (3.10)

The decoupling matrix has determinant sec?(z3) sec?(z4). The determinant is zero when the
front wheels are oriented perpendicular to the body, or when the car is oriented perpendic-
ular to the world frame. Away from this subset of configurations, the matrix is invertible.
In particular, it is invertible near z = 0. Choose inputs v = D~ (& — fo(z)). Under this

choice of controls, the outputs decouple.
i = u . (3.11)
This captures four of the six states of the system. The zero dynamics are therefore two

dimensional.

3.2.2 Zero Dynamics

We now will compute the remaining dynamics, parameterized by z. Again, we

choose z to make the chart z = ®(y, 2) a local diffeomorphism.

z1 = a;sec®(z,)tan(zs) — tan(z,)

2, = Za+ -;-zf sec®(z,4) tan(zs) — z, tan(z,) (3.12)
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It may be verified through differentiation that the dynamics of z are given by

Z = Y

. 1 .
Ho= S 0. (3.13)

The system, in these coordinates and under this choice of feedback, is principal. The

dynamics are in fact power form, given as follows.

j o= u

2 = Yh
. 1 )
22 = 5 (y0)2 (51 (3~14)

This transformation only holds locally.

3.3 The Fire Truck System

The fire truck is the next example system we consider. This system is of interest
because it has more than two inputs. It is shown to be controllable in [6]. A fire truck is
sometimes called a tiller truck, and has a rear set of wheels which may by steered. The

dynamics of the fire truck in control canonical form are

EN .l 1 ] [0 ] [ 0]

Z tanz, 0 0

I3 0 1 0

= n o+ v + V3

i" Lto?o:m 0 0

R 0 0 1 .
| &6 | | pnleansatse) | [0 . L0

v = u (3.15)

The configuration space is six dimensional. The Cartesian location of the center of the rear
axle of the cab is given (z;,z,) € R? the steering angle of the front wheels relative to the
cab’s orientation is z3 € S*; the absolute cab orientation with respect to the horizontal axis
of the inertial frame is 24 € §?; the steering angle of the rear wheels with respect to the
trailer body is 25 € S'; and the absolute trailer orientation is zg € S!. The configuration

space Q is therefore S E(2) X T3. The constants Ly and L, correspond to physical parameters
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Figure 3.3: The fire truck or tiller truck.

of the system. The three scalars v,, v, and vs correspond to the driving velocity, the cab’s
steering velocity and the trailer’s steering velocity, respectively. The system is clearly

maximally actuated. Thus we can find a control law smoothly dependent on u so that

-

D= u.

3.3.1 Input-Output Linearization

We now choose three output functions y.

Yo = &
tanzj

Locos®z4

- sin(:cs — T4+ 235)
L, cos x5 €05 24

nh =

hn

As before, we will differentiate the outputs y and input-output linearize them. They are

relative degree two.

1 0 0
y = * 2‘; sec? zgsecd 4 0 v
* 0 cos(zs—z4+Z6) + sin(Zs~x4+2¢)s8in s

Ljcoszqcosxy CO8T4 COB3 T3

D(z)v
§ = fo(z,)+ D(z)u (3.16)
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Clearly near z = 0 the matrix D(z) is invertible. Choosing v = D~1(z) (& — fo(z,v)), the

dynamics decouple.

i = 4 (3.17)
This captureé six of nine states of the system. The zero dynamics are computed in the next
subsection.
3.3.2 Zero Dynamics

Again, we pick z to make 2 = ®(y,2) a local diffeomorphism. This choice-will

transform the system into power form, a principal system.

1 t + tanz;
z, = —tanzy+z,—7—

2 Lycosdz,

1 ‘tanzs 1, tanz;
3 = Tg— I

——— —z ————————————
Locos3zy 2 'Lycosdzy
sin(zs — z4 + )

Ly coszscoszy

(3.18)

The indices on zJ’-‘ denote the state’s relation to the input variables. Their dynamics may
be verified to be

-1 —

% = %h

3 = Yob

2 = ). (3.9)
Thus the total system dynamics are given locally as a power form system. We will write
them as

i = u

L = b

7:; = Yol

# = 5 (3:20)

3.4 The Planar Acrobot

Consider a planar three linked robot with revolute joints. The two joints between
the links have motors, the joint connecting the machine to earth is unactuated. We assume

there is no friction in this middle joint.
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Figure.3.4: The planar robot can be considered as a planar restriction of a space based

robot.

The configuration. ) of the machine is given by the total orientation of each joint,
and is consequently T3. The variable z; measures the angle of link ¢ with respect to the
inertial frame. The first step in analyzing this system is to write the Lagrangian. From
there we may compute the velocity constraint on the system and hence write the equations
of motion in controlled canonical form. A global diffeomorphism will make this system
principal. The Lagrangian is

' . 1,
L(z,i) = 5&2,@(3) (3.21)

where the functions a;(z) are
a)(z) = ky + kizcos(zy — z2) + ki3 cos(z) — z3)

ax(z) = kacos(zy — x3) + kag + ko3 cos(z, — z3)

k3; cos(z, — z3) + k3p cos(z3 — z3) + ka3 -

as(z)

There is a symmetry h acting on the system which corresponds to rotating the system about

the free joint. The symmetry group is S'. It is expressed as
h(8,z) = z+6I. (3.22)
Now we apply Noether’s theorem. In this case, we see
[ (2) axz) as(a) |2 (3.23)

is conserved. We will not bother writing the equations of motion in terms of z. We
immediately proceed to the input-output linearization since we only have internal actuators

and since this constraint is symmetry induced.
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3.4.1 Controlled Principal Reduction

Chose the internal variables as outputs. That is, pick

h = -2

Yo = Tz—2s. (3.24)
The system is clearly maximally actuated with respect to these outputs, so there exists
a feedback law smooth with respect to u such that § = u. This four state linear system
characterizes all but one of the states of the system. As before, we chose the coordinate
z in order to complete the diffeomorphism z = ®(y,z). We choose z to be the symmetry

group coordinate, represented by z,, total world orientation of the robot. We may use the

velocity constraint to solve for the connection. The equations of motion are
i = u
z = b(y)h + ba(y)de (3.25)

with the following definitions

v(y) = (a1(y) + az(y) + as(y))~"
bi(y) = —v(y)ai(y)
bx(y) = —v(y)aa(y) . (3.26)

3.4.2 Singular Configurations

A kinematic model of the planar acrobot would consider the internal joint velocities

as inputs to the system. We write

% 1 0
| = 0 v+ 1 vz . (3.27)
z bi(y) ba(y)

Which defines two vector fields fields f1(y), f2(y). For our system, their Lie bracket is given
by
0
[£8.02) = | o

£(y)
(3.28)
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Figure 3.5: A plot of £(-) as a function of y. Note the periodic nature. There is a one

dimensional submanifold of singular configurations.

with the function £(y) as

2(v(y))"  (aikoasin(ys) — askyzsin(y;) + askissin(y; — ¥2)) . (3.29)

It may be verified also that £(y) = det(f2, f2,[f}, f2]). Thus f1, f2,[fL, f}] are linearly
dependent on the set where £(y) is zero. At these points, we must take Lie brackets twice
to demonstrate controllability [11]. We will refer to the configurations where £(y) is zero as

singular configurations.

3.5 Satellite Mounted with Thrusters

We finish the examples chapter with a mechanical systeni that does not fit nicely
into the principal bundle framework presented above, the satellite mounted with thrusters.
We model the satellite as a rigid body mounted with thrusters which provide input torques
about the first two principal axes. The Lagrangian exhibits symmetries, but these actuators
do not provide internal forces, thus the conservation laws are not satisfied. Ignoring the
conservation laws, the system is not maximally actuated. A maximally actuated satellite
would have a six state input-output linearization, and consequently would capture the entire
dynamics of the system.

Recall that the configuration space for the rigid body is its orientation, which we
represent by a three by three rotation matrix g. The space of all such rotation matrices is

the Lie group SO(3) with Lie algebra so(3). Traditionally, the velocity of a rigid body is
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left (body) identified. The coordinate vector in R? of the left identified Lie algebra element
is referred to as the body angular velocity. The application of the Euler-Lagrange operator

to this system yields
Jo = T—wxJw. (3.30)

where J is a diagonal matrix with diagonal entries J;. These are the Euler equations for
the rigid body (2.14). The input torque 7; denote the input torque about principal axis .

The control system?! for the satellite is:

Wo = L J_’J W3l + %
dJ3 4 J-,J Wilo 0
g = gw

The dynamics simplify after the following input transformation,

Js—J
Jl (u1+ 3.]1 2(4)2(4)3)

Jy—J
To = J2 (’U.2+ 1J2 30)30)1) .

1

Under these inputs, the equations of motion become:

wy Uy
woy = Uy
wa awyws
g = gw (3.31)

The constant a := i{,‘;—"l At first glance, one can see the standard theory fails because
there is a drift term given by aw,w,. If a is zero, we may write the equations of motion in
locally in power form and apply all of the theory in the following chapters. Such a system
is called symmetric. In general, however, a satellite will not be symmetric. We keep track
of both cases in the sequel to this chapter, noting the modifications that the asymmetric

satellite requires.

!This is nothing more than Meyer’s model[7, 13, 29] of the satellite except we have found it more conve-
nient to evolve the inverse of the orientation matrix they use.
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3.5.1 Input-Output Linearization

In this section we input-output linearize [19] the system (3.31) for both the sym-
metric and asymmetric cases. The most natural choice of output is the pointing direction
given by g(t)es : SO(3) — S? because it is output controllable and because the control
dynamics involving ws and rotations about e; do not appear in these output functions and
their derivatives. We show the outputs are of relative degree two, consequently, the outputs

can capture only a 4 dimensional subset of the full state. Even accepting this limitation
‘ there are further problems, since coordinate charts which cover S? are bound to have singu-
larities. For example, the pt;pular Euler angle parameterizations of SO(3), when projected
to §?, give us familiar longitude and latitude measurements which have two singularities.

Projective plane coordinates of $? have only one point of singularity whose position
we may choose. The north pole corresponds to the identity configuration and as this is our
goal orientation, we choose the singular point to be maximally far away, the south pole. The
south pole is mapped to infinity; adding it to the projective plane is the classic one-point
compactification of R2. 3 -
We can find the output functions by a similar triangles argument. The outputs

are given by:

T
e] ges
=h , 1o
yl l(g OJ) 1+eg'ge3
el ge
— h,) , - 2—3.
v=hog,w) = 7 s

(3.32)

We have scaled the outputs by . Note that for all g € SO(3) of the form g = Exp(tés),

y1 and y. are zero.

Proposition 8 (Outputs for the Satellite)
Given: a control system on TS0(3) whose evolution is described by equation (3.31),

Then: the output y of equation (3.82) is of relative degree two for all ||y|| < oo.

Proof: Apply standard exact linearization techniques [19).

eTgoes el gesel gives
1+efges (1+efges)?

Y
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The derivative of the outputs then becomes

[yJ = A(g)[“"] : (3.33)
Y2 (5

If we denote §i; = €] ge;, the i5* element of the matrix g, the matrix A(g) is

-1 (14 g33)g12 — G13g32 —(1 + g33)g11 + 913951
Alg) = .

(1 + g33)° (14 gs3)g22 — g23gsz —(1 + g3a)ga1+ g23ga

Because w X e3 = e;w; — €;w;, wa does not appear in the deéoupling matrix, A(g).
In computing the determinant, is useful to recall that gs3 = (g11922 — g12921) which
follows directly from ¢g~! = g7 plus the standard formula for the inverse of a matrix in

terms of cofactors. The determinant is then:

' 1
det (A = —
( (g)) (1 +933)2
The determinant is bounded for every y;,y, bounded because having gs; = —1 corresponds

to being at the south pole of $2. In terms of the outputs y;,y,, the determinant? of the
decoupling matrix is 3(1 + ¥} + y3)%.

The chosen outputs are then relative degree two. The second differential is

[zl] = fo(y,w)+A(9)[:1} .

Therefore with the choice of inputs u = A~!(g) (v — fo(g,w)) it may be verified that the

output dynamics become:

h=n

2 = va. (3.34)

This linear system is trivially controllable.

If the outputs were zero, then y; = § = ¥, = 9, = 0. By equation (3.33),
w; = wyp = 0, thus from equation (3.31) we see that ws = 0. The system will be rotating at
the constant rate ws about the ez axis. Thus, the zero dynamics manifold is T'S!. Further,

the trajectories are bounded.

“In the standard Euler angle parameterization, the determinant is given by the formula re=riemay
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3.5.2 Zero Dynamics

To solve for the zero dynamics, we require a coordinate chart for SO(3) which will
keep track of this rotation % a;bout e3 as measured in the body frame.

Euler angles, although a favorite of the literature (7, 13], are not advisable for
this system. The zyz Euler angle chart, when projected down to $2, is not symmetric.
Any Euler angle chart which is symmetric, for example the zyz chart, is singular at the
north pole. Of course, singularities are unavoidable [38]. Recall that by chosing a coordinate
chart, we have implicitly chosen in the tangent space of 52 a direction which is, for example,
the e, axis under 9 = 0. If this could be done smoothly, then we will have constructed a
non-vanishing smooth section on T'S 2, '

An optimal choice of coordinate chart would, therefore, be symmetric and have a
singularity at one point; say, conveniently, the south pole. Such a chart exists but is not
standard. Listing, a psychologist studying the movement of the eye, noted that the eye
moves in a way which minimally twists the optic nerve. Listing’s law [15, 25] describes
this subset of SO(3) which is actually RP?. The same subset of SO(3) describes the
configuration space of a cat which does not twist its spiha.l cord [30]. It can be thought
of as the image under the exponential map of a two dimensional subspace of so(3). We
will use polar coordinates of R? in order to parameterize the subspace. Thus g,(f,¢) =
Exp(¢(cos(0)f;r\-|-sin(0)e2)) for any 6,4 € T?. The formula for g,(6, ¢) is given by

[ cos2(6)(1 — cos(¢))’:i- cos(¢)  cos(f)sin(8)(1 — cos(4)) sin(¢) sin(8)

cos(@) sin(8)(1 — cos(4))  sin®(8)(1 — cos(@)) + cos(¢) — sin(¢) cos(8)

—sin(¢) sin() sin(¢) cos(8) cos(¢)

The complete chart is g(8, ¢, %) = g.(6, #) Exp(1é3). It may be verified that the

equation for the decoupling matrix has the following pleasing form in these coordinates:

_(Q+yi+y3) | —sin(¥) —cos(y)
Ale) = 2 [ cos(¥) —sin(9) ]

In keeping with the previous notation, we identify z, = 9 and 2z, = ws.

Proposition 9 (Zero Dynamics for the Satellite)
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Given a control system on TSO(3) whose evolution is described by equation (3.31)
and has been input-oulput linearized as in Proposition 8,

Then the remaining dynamics, parametrized by z) = v and z, = w3 are given by: *
4 = gromn (V29 — nide) + 2
2 = yriay (5in(220)(93 — 97) + 2 cos(221)4132)

where z, is measured as in the Listing parameterization.

Proof: The derivative of z; may be computed directly using equation (3.33). To compute
the derivative of z,, differentiate the Listing coordinate chart g(8, ¢, ¥), identifying 1 with

2].

g((;’t EXP(Zléa) + élgé3

Q
i
Q
€
I

= g( Exp(-21é3)a*) + 7193
This implies that:
= ol
Z = wst+2z

The quantity w may be computed directly from the derivative of the matrix g,(¢,6). The

equation for 2, is therefore given by:
3 = 2z, — (1 - cos(¢))d

The angles ¢, 6 and their derivatives depend only on y and ¢. It may be verified that the

dynamics are then:

; 2 . .

2 = (a +—y§’ + yg)(?hyl ny2) + 22

3 ——20‘ ; 22 .2 ..

%2 (1+ 92 + 52 (sin(221)(3; — 97) + 2 cos(221)ih 92) (3.35)

We consider the symmetric and asymmetric cases separately. Note that the four
states y1,¥2,% and y. constitute a controllable linear system and are therefore easy to

stabilize to a point. The challenge then rests with the remaining dynamics, =.

Remark (Chained Form Coordinates): Seeing the “area form” appearance of the %

dynamics, one might be tempted to try to find chained form coordinates. This is indeed
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possible. Consider the following transformation.

Y

T = —_—————

: Vityi+42
Y2

Ty = ——

g RYEXEX

T3 = ¢

It may be verified through direct computation that the derivative of z3, in terms of these

new variables, is given by the following.
-'ifa = (82-'!':1 - 3,'13':2

We have found, therefore, chained form coordinates for the two thruster satellite problem.

We include this for interest, since it is not used in what follows.

Remark (Quaternions): By using 4 real numbers to parameterize SO(3), quaternions
avoid the singularities associated with other coordinate charts. The natural split of the
configuration space of the satellite with 2 torque inputs into a point in $? and a rotation
about e3, when mapped to quaternions, produces the Hopf fibration of §3 .

To see this, notice that g, = cos(£) + isin(2) cos(d) + jsin(£)sin(d). The total
rotation is given by g, - (cos(-'zli) + ksin(-gi)), which is

qeq: = cos(%) cos(%) + isin(%) cos(f — %) + jsin(g) sin(6 — %) +k cos(g) sin(%).

The Hopf fibration coordinates are typically given by (cos(%)exp(izb),sin(%)exp(z’z,b + 0)),
which if mapped to quaternions properly are nearly the same as the Listing parameteriza-
tion.

It is also of interest to consider the form as written in terms of these quaternions.
The article [49) uses them to some degree in studying fully-actuated satellite systems. The

form, in these coordinates, is:

1 1 ) 1 ]
Zwa = (Qoql 92 — qoq3 — 5(13) G + (—%9193 + Qf% + qu) a+

1 . 1 .
("10‘1243 + a0 - 5‘11) g+ (111%93 - a3q + 5%) gs -

This is none other than the mechanical connection on 753 [27].
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Chapter 4
Point Stabilization

We are interested in stabilizing control laws for control systems of the form

& = if:(z)vi

v = wu (4.1)

where z in R”, a local set of coordinates for @, along with v € RP*+! are the state of
the system, u € RP*! are the inputs and fi(z) are smooth vector fields in R", linearly
independent for all z. The problem then is, given a nonlinear control system of the form in
equation (4.1), find a control law u(z,v,t) which makes the origin globally asymptotically
stable. s

Mechanical systems with nonholonomic velocity constraints cannot be stabilized
to a point in their configuration space with smooth static state feedback [5]. Consequently,
the traditional techniques of linearization, gain scheduling, and exact linearization fail. It
was shown in [12] that there do exist time periodic smooth feedback laws which render
points asymptotically stable, though their convergence rate was shown to be limited in
[32]. Explicit control laws were soon developed in the author’s work [40, 42], on which this
chapter is based.

We focus on a special class of systems, those which can be transformed locally into
power form. While this condition seems restrictive, all mechanical systems considered in
the dissertation meet this requirement except for the asymmetric satellite. All systems in

chained form, for example, may be transformed into power form. Single generator, multiple
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input power form systems have dynamics

gj = uja OS]SP

" 1 . .
Ho = ) 4 1Sk<E, 1<5<p (4.2)

where y € RP*! are the base coordinates, and z € R("~P=1) are the fiber coordinates.

This particular form of equations is well suited to strategy we employ to explicitly
construct stabilizing control laws. The space is clearly divided into a linear control space,
" covered by y,9, and a nonlinear section 2 whose dynamics are governed entirely by the
movement in the y space. We will perturb a linearly stable control law on the y space. The
perturbation, which will stabilize the zero dynamics, will be higher-order in z. As the z
goes to zero, the perturbation of y goes to zero.

First we present a stabilizing control law for a (p+1)-input, p-chain, single-generator
control systems in power form. We draw heavily on the author’s previous work [42], al-
though the proof and the law are new. Then we apply the theory to several of the example
systems. First we feedback stabilize the car with sbf states, then the fire truck with nine.
Because these systems are locally in power form, applying the theory will be straightfor-
ward. We consider the satellite last, with two input torques and a two dimensional fiber.
While the symmetric case is standard, the asymmetric case requires some new theory, as

seen in [44].

4.1 A Stabilizing Control Law

The control law will be defined as follows. We will pick a new set of outputs e(t)
for the system (4.2) and exponentially stabilize them. The outputs e(¢) will be a perturbed
version of y(t), where the perturbation p(z,t) is chosen to render the zero dynamics stable.

We define the perturbed outputs as,

e(t) = y(t)-p(z,1) (43)

which are relative degree two, since they depend only on the configuration and time. Dif-

ferentiate them.

Op op

(I - -é;A) j-2F (4.4)
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To see the inputs u, we must differentiate again.

é = (1- gpA) u+ foly, 4, 2,1) (4.5)

9z
Notice for small y and small 2, the matrix (I — £2A4) is invertible. We are ready to define

the control law.

Proposition 10 (An Locally Asymptotically Stabilizing Control Law)
Given:  a p+ l-input, p-chain, single-generator control system

whose evolution in time is given by:

Y = ujfor0<j<p L
- %(yo)"y',. for1<k <t and for1<j<p, (4.6)

Define: . the perturbation vector p(z,t) to be

.po(z,t) = po(z) cos(t)

]
pi(z,t) = D pin(2)sin(ht) for 1< i< p (4.7)
h=1

i
and define the error outputs e(t) to be

. 2 .
where po(2) = 35, Y (z’-‘) and p;u(z) = ctz} with each ¢, < 0.

e(t) = y(t)—p(z(t),t) . (4.8)
Then: the control
v = - (1 - %A)- o+ Fre+ Eaé) (4.9)

where ky,k; > 0, renders the origin (y, 9, z) = 0 locally asymptotically stable.

Proof: The outline of the proof is as follows: first we change coordinates to the (e, ¢, 2)

system. In these coordinates the system divides into a linearly stable part parameterized by
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the e, é coordinates, and a higher order time-varying part parameterized by the z variables.
We then apply center manifold theory. The center manifold corresponds to e(t) =¢é(t) =0.
The dynamics on the center manifold are exactly 2 = A(p)p. We then show that p had been
chosen so these dynamics are asymptotically stable. Given that p(0,t) = 0, we have that y
and y goes to zero as z goes to zero, completing the proof.

The coordinate change, (y,z) — (e, 2) is valid globally for the configuration space
variables due to its triangular nature. However, the matrix (I — 2 A) must be nonsingular
in order to solve for § in terms of é. We assume e and p are small enough so that this may

be done. Under the control law deﬁned, the system closed loop dynamics are given by

& = —{kie + k)
(I ~ Ale + p)%) (A(e +p)é+ Ale + p)%%’) (4.10)

z

Note that the # equation is at least of order 2 in z,e,é, and that the dynamics of e are
linearly stable. We may apply a slightly modified version of center manifold theory.
We now introduce the generalization of the center manifold theorem which appears

in [40]. The following statement uses the notation of [9].

Lemma 11 (“Time-varying” Center Manifold)

Given: the system

€ = Bje+ Byé+ g(e,é,z,w)
2 = Az+ f(e,é,2z,w)
W o= Sw. (4.11)

with e € RP*!, z € R*?-), and w € R¥, and k sufficiently large.
Assume: the eigenvalues of A and S have zero real part, and further,
the functions f,g and h are C?. In addition assume
£(0,0,0,w) =0, 8£(0,0,0,w)=0, fori=1,2,3,
9(0,0,0,w) =0 and 8,9(0,0,0,w) =0 fori=1,2,3.
Then: given M > 0, there ezists a center manifold for (4.11),
e = hy(z,w), é = hy(z,w) for ||w|| < M, ||z|| < §(M),



45

for some § > 0 and dependent on M, where
h(z,w) is C? and h(0,w) = 0.

To apply this result to our system, create the vector w, with w] = cos(jt) and
wh = sin(jt). Note that the dimension of w, given by k, is then twice the maximum ¢; of
the chains in (4.2) for 1 < j < p. The differential equation describing the evolution of this
vector may be written as W = Sw, with the eigenvalues of § having zero real part. We
can then substitute an element of the vector w for each of the time-varying terms in the
equations. In this form, we may apply the “Time-varying” Center Manifold theorem [9).

Consequently there exists locally a center manifold given by e = é = 0. The
dynamics on this center manifold determine the asymptotic dynamics of the total system.

We now examine closely the dynamics of z on the center manifold. Recall that

. 1 .
g = )y (4.12)

where on the center manifold, we have that

%(2,1) = po(2)cos(t)
¢;

yi(z,t) = Y pj(z)sin(kt) . (4.13)
k=1

Clearly we need to solve for ;.
¢ 6 .
i = 3 (heosthp(a) +aim(ay 222) - (4.14)
h=1

Using this formula, we may solve for the dynamics of chain j.

# = %(?IO),‘ Yi
= i( (z) cos(t))* lz(h a(2) cos(ht) + Opin sin(ht)é-) (4.15)
= Po 2 Pjhn 9z 5 .

We now expand some of the powers. Note that cos*(t) = Yk, oy cos(it) where ay; > 0,
and ajr > 0. The first term then divides into two parts, a time average zero section and a

steady state section.

k& .
i o= %pg(z) E Z a; (cos(ht) cos(it)p;x(2) + sin(ht) cos(it)%'—éj) (4.16)

i=1 h=1
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Using the identities,
cos(ht) cos(it) = ’-;— (cos((h — 2)t) + cos((h + #)1))

sin(ht) cos(it)

= (sin((h + i)1) + sin((h — §)1)

we see that equations (4.16) for é]’.‘ divides into 3 parts, an average part f(z), a time average
zero part f(z,t) with cosine time variations, and finally a term dependent, time average
zero, with only sine time variations. We label this last term v§(z,1)z. The average piece is

as follows,
} k
Fi(z) = Y Bhpb(=)pin(2) - (4.17)
h=1
with 8}, > 0, and all other 3, > 0. We now examine the dynamics of 3; on the whole.

I-Vi(u1) 4 = fi(z)+ f(z1) (4.18)

We wish to solve for the dynamics of z;, and this requires a matrix inverse. We know that
IVj(2,1)]] < 1, thus we may approximate the inverse in power series form. Recall that the
i'h row of Vj is of order 2i. The i** row of 0;(z,t), the sum of the tail of the power series,

is of order at least 27 + 2. .
G = (T4 V(0+0,(:,) (72) + fant) (4.19)
Note that Vj(z,)f;(z) is of time average zero, V;(2,t)f;(z, ) involves terms of sin(ht) cos(it)
thus will be of time average zero as well. In conclusion, we have
G = fi(2)+ filzt)+ 0i(z1) (4.20)

where fi(z) and f}(z,t) is of order (2¢ + 1), and 0}(z,1) is of order (2i + 2) in =.
Our proof is nearly complete. We need to apply averaging theory in order to move
the time average zero terms up to higher order. This requires a non-standard version of

averaging theory, because we need to preserve the order of each component of f, f;.

Lemma 12 (“Averaging” Transformation)

Consider: the time-varying nonlinear system

i = f(z,1) (4.21)
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where f is of period T , C", and where the i** entry of -
the vector f satisfies f; = O(z)***!, with k > 1.
Then: there ezists a C" local change of coordinates z = y + ¥(y,t) under which (4.21) becomes

g = )+ f(u,1)
where f is the time average of f and f,-(y,t) = O(y)**? and of period T.

Proof: The proof closely resembles a result described in [18]. We will divide f(z,t) into its

time average, given by f(z), and the remainder f(z, t). We make the coordinate change:
zT=y+ lI’(y’t)
with ¥(y,t) specified later. We now solve for the dynamics of y.
. 0y - =
U+D,9)i+ 5 =é=fly+9)+ fly+ 1,

i= 0+ 0,97 (Fw+ 0+ fw+9,0- 20

Set %f— = f(y,1). As f (y,1) has zero mean, ¥ is a bounded function of time. Furthermore,
this implies that ¥ is of higher order, thus the coordinate change is valid locally. Expanding

the terms, we see:

9= +D,%)7" (Fy) + f(y + ¥,2) - f(3,1))
= (I = D,% + O(||D,¥1*) (f + Dy f¥ + O] T||%))
= f(¥) + f(y,1)

Now we will check the order of f;.

f = Dyf‘I" —Dy‘I’ (f(y)+ft(y+ 'I”t)_fi(y,t)) (4'22)

As the order of the element f; is 2k + 1, the elements of the corresponding row of D, f are
of order 2k. The lowest order in ¥, as it is the time integral of f, is 3 from the case k = 1.
We conclude that the first term is of order 2k + 3. The same argument holds for the second
term, as the element ¥; is of order 2k + 1, the elements of the corresponding row of D,V¥is
of order 2k. The product is then at least of order 2k + 3.
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We can apply this averaging theory in order to find a time varying coordinate

chart Z such that
i = fi(3)+6;(z,1) (4.23)

where 6}(z,1) is of order (24 2) and f}(z) is of order (2i + 1). We are almost done. All we
need to do is apply a special case Lyapunov result found in [40, 42].

Lemma 13 (Case Specific Lyapunov Result) Given: the time-varying nonlinear sys-

" tem
i = f)+ fly.1) (4.24)
where y € R". If '

(s < wllylP+)

for all y in some open neighborhood of the origin and

k
@) = A a, ) (4.25)
h=1 -

with y¥* < 0,
Then: the origin of (4.24) is locally asymptotically stable.

In our application, 7}* = ¢}Bf. The proof is finished. Each chain has locally
asymptotically stable dynamics, thus the total system is stabilized.

Remark (Chained-form systems): Chained form systems are locally much like power

form systems. In fact, given a p+ 1 input, p(p + 1) chained form system described by

.’l:;) = u 0<5<p
&j; = zjv; j>1i and zj; = zfz) -z},
j:;". = ;‘"v, 1Skszp OSJJSP; .77917

there exists a global transformation to power form given by

Yy = :z:?0<j<p
3 k n 0\k-n n . .
i = (-1)sj; +Z( )G n).( %) "2 1<k<4,1<5<p, 0<i<p.
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Corallary 2.1 [40] may be easily extended to the multiple input case. We may therefore
conclude that the controls (4.9) will locally asymptotically stabilize the chained form system

as well the power form.

Remark (Globally Stabilizing Laws): Although of little practical interest due to the
local nature of the coordinate charts and due to the poor large motion behavior of feed-
back laws, these laws may be made global with little effort. Essentially, the effect of the
perturbation has to be limited for large 2. This may be done by using saturation functions.
That is, function which for small values of z are identity maps, as to preserve the local
sta;t>iljty properties, but for larger values of z reach at never exceed some limit . The.only
additional difficultly is the matrix inverse of (I — %’}A), which might not be well defined for
large values of y or e. In regions of the state space where y is large, implying that e is large
since p(z,t) is bounded by saturation fuhctions, we may employ the law § = k;y + ko3,
making y dynamics linearly stably. At some point, y will be sufficiently small so that the
matrix will be invertible. There we may smoothly transit to the local (in terms of y and e)

law.

4.2 Applications

The control laws developed in the previous section are directly applicable to every
example system except for the satellite and the planar acrobot. The acrobot requires little
modification and locally is much like Hilare, so we will skip this example. The car and the

fire truck, however, are more sophisticated.

4.2.1 Power form systems

First consider the front wheel drive car. Figure 4.1 shows the results of applying
the stabilizing control law to the four dimensional power system. The constants ¢; were
chosen to be 1 and the initial condition is given by z = (0,0,0,1). This corresponds to a
parallel parking maneuver in the original set of coordinates. The first two plots in Figure 4.1
show the evolution of the state variables as a function of time. Note that the convergence
rate of z4 dominates the convergence of the other variables. The plot in the upper right
shows trace of the back wheel of the automobile and the plot in the lower right shows the

wheel and steering velocities. The effect of saturation functions is illustrated in Figure 4.2.
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Figure 4.1: Stabilization of a four dimensional, two input power system
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Figure 4.2: Phase plane plot, z versus y, of two simulations. Note the effects of the satura-

tion function on the limits of travel in the z direction.
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Figure 4.3: X-Y Trajectory of the Parallel Parking Maneuver

The Fire Truck

We now present the simulation of the fire truck system. The simulation was
performed on the system in power form with the states being stabilized to the origin from a
given initial point. The c;, ¢y, c5 are chosen to be 1, and saturation functions were employed
to insure global convergence. The coordinates in power form were then transformed back
into the original coordinates for analysis and a movie animation. Figure 4.3 shows the x-y
plot for a parallel parking maneuver, starting from an arbitrary initial point that illustrates
the control law. The plot contains Lissajous figures.

Figure 4.4 shows the slow convergence of the y position of the center of the rear

axle of the cab for the same parallel parking maneuver.
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Figure 4.4: Y-Trajectory of the Parallel Parking Maneuver

4.2.2 The Satellite

The symmetric satellite has one uncontrollable state, z,. Under the assumption
that z, is zero, the system has essentially 5 states and looks like a power form system of
the most basic type. The asymmetric satellite does not fit into this simplified picture, so

some new theory is made to fit this spedal case.

The Symmetric Satellite

First we simulate the symmetric satellite. If z, is zero, the angle 2, may be
stabilized. Control of the phase of 2, when wjs is not zero is an identical problem. There is
no need to subdivide this problem into two cases. .

As before we will employ saturation functions. Simulations of the control law have
been run. Figure 4.5 shows the trajectory of the systems in the projective plane space.

Figure 4.6 shows the effect of this trajectory on the coordinate 1.

An Asymmetric Stabilizer

We present, in this final subsection, the regulator for the asymmetric satellite. A
look at the system in the coordinates presented here gives some idea as to how a regulator
may be constructed.

To present the law, first we define some outputs involving a periodic forcing func-

tion, cos(?). The control law stabilizes the outputs exponentially, and in doing so the
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Phase plot in projective plane
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Figure 4.5: The is a phase plot of y;, y» for the symmetric satellite. Notice how the resulting
figure is essentially spiral in the y,,y, space, steadily decreasing in size as the error along

the fiber z, is reduced.

Plot of z versus time

Figure 4.6: This is a plot of z; vs. time for the symmetric satellite. The error reduces

steadily, albeit slowly.
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asymmetric satellite follows albeit somewhat more slowly.

Now we define the relative degree one outputs. The output e is defined to be

. = [wl } + [ (21 + 22) cos(2) ] + [ —sin(z) cos(z;) ] [ % }
wa —a(z; + z;)? cos(t) —cos(2z;) —sin(z;) Yo

" Differentiate the output and notice that:

(4.27)

e = [ul J + fi(h,y,2,1)
U

Proposition 14 (The Asymmetric Stabilizer)
Given a control system on TSO(3) whose evolution

is described by equation (3.31)

with a # 0, _
Then all smooth control laws u(R,w,t) of the form ]

u=—(e+ fi(e,9,2,1))

with k; > 0 as in the definition of y and

render the point R=I,w=10

locally asymptotically stable.

Proof: The outline of the proof is as follows. First, we solve for the dynamics of the systems
under these inputs. Second, we perform a transformation of y, to remove a time-varying
first order dependence. Then, we examine the linearization of the system about 0.

The linearization is time-invariant. Thus, we may apply center manifold theory
[40, 42]. We then solve the dynamics on the center manifold and consider their average.
The average system is shown to be stable.

Let’s first examine the dynamics of w under these controls.

2 .
w = - (21 + 22) cos(t) + sin(z )y, — cos(z;)y,

2
wo > (1 + 22)2 cos(t) + cos(z;)y, + sin(2;)y.
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We know that § = A(y, 2;)w, thus we have:

. 1+y 493,

h o= _yé 22 (= sin(2 Jwn — cos(z1)ws)
: 1+ 93+ 93 -

¥ = # (cos(z1)wy — sin(21)w2)

Which is to say, to a certain order,
. -1 '
ho= —nt— (22(21 + 22)) cos(t) + O(3,1)
. 1
Y2 = - (21 + 22) cos(t) + O(2,1)

We wish to compute the third order terms of #, and & explicitly. To this end, we
need to find expressions for y on the center manifold to a certain order. Start with ys.

Define g, as follows:
Yo = Y2+ Az sin(t) + Bz sin(t) 4+ Cz; cos(t) + Dz, cos(t)
Thus we can say:

4 = - '(3/2 + Az sin(t) + Bz, sin(t) + Cz; cos(t) + Dz, cos(t))
+(A = C)zsin(t)
+ (B + A — D) zy sin(t)
+ (c +A- -i-) 21 cos(2)
+ (D+B+C— -cl;) 25 cos(t)
+0(2,1)
We wish all but the first term to be zero. Thus we have A = C = L. Adding the 3"¢ and

5' lines gives us 2B = 0, which implies that D = 5.
Finally we have,

v = ;—:(z, Sin(2) + (z + 22) cos(2)) + 0(2, 1)

Now solve for ¥, in a similar manner. Define:

§1 = 41 + (A2} + Bz1 22+ Cz3) cos(t) + (D22 + Ez 2, + Fz2)sin(t)
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The dynamics follow.

U, = —(y+ (A28 + B2z, + C22) cos(t) + (Dz} + E2 2, + Fz2)sin(t))
+2% cos(t) (A + D)
+2; 23 cos(t) (B +2A+FE- é)
+22 cos(t) (C’ +B+F- -i—)
+2z¢sin(t) (D - A)
+21298in(t) (E — B + 2D)
+z3sin(t) (F - C + E)
+0(3,1)

This implies that D = A = —A = 0. Then we have that E = B = 5= This means F = 0,

and C = ;. In summary,
-1
¥ = 5 ((22(21 + 22)) cos(t) + (2122) sin()) + O(3,1)
-1
v o= o (asin(t) + (2 + 2) cos(t) + 0(2,)
Recall, to some order,
1
wi = —(21+2)cos(t) + 2191 — v
-1 '
wy = ? (21 + 22)2 COS(t) + Y + 21Y2
This implies,
w = i(z -l-z)cos(t)+i in(t) + 0(2,t
1 = platz 2a21$m()+ (2,t)
-3 2 1 .
wy = o= (21 + 23)" cos(t) — 24 (21 + z2)sin(t) + O(3,1)
(4.28)
We are ready to solve for the dynamics of z,.

22 = Qw1
= 21 (9 (21 + 22)° cos®(t) + 22(z, + 22) sin2(t))
4a !

+£ (21(21 + 23)*sin(2t)) + O(4,1)
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Plot of 21 and 22 versus time

time

Figure 4.8: This plot shows the time history of z, and z, for the asymmetric satellite. Note
they converge at a slower than linear rate. The damping can be improved with different

choice of gains &, and k,.

4.3 Conclusion

We have solved the point stabilization problem for our class of mechanical systems.
Such solutions are basic results. They may be extended to achieve several other standard
control objectives, for example, path planning and trajectory tracking. The performance
with regards to these other tasks is lacking. The trajectories it produces are far from
optimal. For example, see figure (4.3) for the fire truck. The slow convergence rate of the
regulators when they are adapted for the purpose of tracking.

Consequently, these feedback laws are useful for régulation, that is, maintaining
some configuration in the presence of disturbances. For large motions, entirely new strate-
gies are required. The rest of this dissertation is devoted to solving the problems associated

with large motions.



59

Chapter 5
Trajectory Tracking

In this chapter, we develop a set of control laws which stabilize about trajectories
instead of points, using the results found in [47]. For reasons we will explain shortly, the
tracking laws are not generalized from the point stabilization results of chapter 4. Instead,
given a feasible trajectory g(-) (or z(-)) parameterized by time, with velocities v(-), and
nominal inputs u(-) generated by an open-loop path planner, we compute the linearization
of the system about this nominal trajectory. If the linear time-varying system thus obtained
is uniformly completely controllable in a certain sense (to be made explicit), we write a linear
time-varying feedback law which will locally exponentially stabilize the system about the
nominal trajectory. .

We start with a short comparative study of methods for achieving large motions
for our class of mechanical systems. First, do we need to study path planning at all given the
regulators we have developed in chapter 4?7 This may be answered by looking at the kinds of
paths produced by the smooth feedback stabilizers (see figure 4.3). Our experience is that
the regulators make local decisions, moving the robot in the way which will imﬁ:ed.iately
improve the error on the short term. Path planning, one the other hand, produces more
efficient larger-scale paths.

Second, if we do solve the path planning problem, why do we need to study the
tracking problem? In a real world situation there are many types of disturbances which
would lead to great error. For example, the initial configuration of the system might be
slightly in error. Figure 5.1 shows the result of such initial error.

We may adapt regulators for tracking by adding a feed-forward term. Figure 5.2
shows the application of such a strategy to the robot Hilare. The law is applied with twenty
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0.8
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Figure 5.1: The figure shows the path of the robot Hilare with zero initial error, and the

path with some small initial error.

seven different initial condition errors, all near the correct starting point.

Better performance is achieved by the laws developed in-this chapter. For the
purpose of comparison, we simulate the robot Hilare with one of the tracking controllers
developed here. The gains are chosen as to make the control efforts of the two laws roughly
equal. All twenty seven initial condition errors are chosen to be the same as in the earlier
runs.

The problem solved in this chapter is: given a nonholonomic system, a feasible
desired trajectory to follow, a known clearance between obstacles, and a measure of accuracy
of the sensors, find a control law which will stabilize the system to this path, avoiding the
obstacles robustly in the face of disturbances.

In the examples, we focus on mobile robots with an objective of creating a com-
posite controller that will: first, have off-line computation of a trajectory which avoids the
obstacles [24]; second, apply the control law given here to stabilize the system to the open
loop collision-free trajectory; third, while executing, use sensors to detect possible collisions
due to poor a priori information. In this case, new information can be used to update
the model of the environment and restart the process. Such a controller would be able to
reject many types of disturbances including noise in the sensors, initial condition errors,

and errors introduced along the trajectory.
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5.1 Linearizations

Nominally, we are given a desired trajectory as g°(-) with ¢g°(t) € G,v°(-) with
v%(t) € R?, and °(-) with «°(t) € R” in the matrix Lie group setting (see equation (2.42)).
Since linear control theory is written for systems in coordinates, we first need to find a
valid coordinate chart ® for G. The desired trajectory is then, expressed in coordinates,
z°(t) € R", v°(t) € R?, and u°(t) € R” at each time ¢ with dynamics given by (2.1). We then
compute the linearization of the mechanism about the trajectory and apply linear control
theory.to the result.

There is one difficulty to this approach. The nominal tfajectory may or may not
reside completely inside the region of validity of the coordinate chart ®. The feedback
control laws computed in this chapter depend on the choice of coordinate chart, and if we
change regions and charts we change control laws. The effects of switching is outside the
scope of this dissertation.

If a coordinate chart covering the area of interest can be founcf, then the procedure
outlined in the next subsection is used. A general procedure for constructing a coordinate

chart valid in an open region about any C? trajectory is given in the following subsection.

5.1.1 Locally Valid Linearizations

Suppose we have a coordinate chart ® for G which is valid for the entire trajectory.
The state of the system at time ¢ is given by (®(g(t)), v(t)). In general the dynamics are

written

z = f(z,v)

v o= u (5.1)
where z € R" are the coordinates, v € RP are the velocities, » € R are the inputs, 2°(-) is
the desired trajectory, v°(-) is the desired velocity, and u°(-) are the nominal inputs. The

vector field f(z,v) is at least C? with respect to z and v. The linearization may proceed in

the standard way, with the linear time varying system matrixes A(t), B(t) given by:

A = | EEOW) E0,0)
i 0 0
[0

B(t) := I
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5.1.2 Linearizations Valid for Entire Trajectories

A coordinate chart valid for a neighborhood about the trajectory may always be
fouhd, provided that the desired trajectory ¢°(:) is C2. What follows is a constructive
procedure for building such a chart provided one does not already exist.

Recall that the exponential map Exp:g— G is a local diffeomorphism. Thus we
may write g(t) = ¢°(t) Exp((t)), assuming that g(t) is close to g°(t). Using a basis for g
and g, define N;(t) = pi(7(t)). Given ¢t € R and N(t) € R” we may find g(¢). Provided
that g(t) is close to g°(t), we may find N(¢).

Now we wish to solve for the dynamics of N to first order. Consider the dynamics

of g.
1) = o(t) (( Exp(a(1)))™" & Exp(ii(2)) + 1) (5.2)
We need a series expansion of the first term, with respect to 7.

( Exp(i(t)))™" & Exp(i(1)) = &+ [é, ]+ h.ot (5.3)

We can also consider the system equation variation.

90) = o) (2+ Te() + F2 (-9 + o) (5.4
¢ Og ov h ’
By setting the two observations equal to each other, we solve for N; = f;((2)).
: 0e? | 0 o, O o )
(1) = GE0) ~ 7]+ Z=0 - ) + hood (5.5)

As before, we may identify £ = N, and the linearization matrices A(t), B(?).

o -An(t) A
At) = 0 ]
B(t) := Lg] (5.6)

;0

where (4,,)i; = B; (%(éj) - [éS,éj]) and (Aj2)i; = P (%’e).
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5.2 An Exponentially Stabilizing Control Law

No matter what type of chart is chosen, the equations of motion become

v
z
u
(")
v°()
u’(")

with f(z,v) C? with respect to z and u.

Mm M M

f(z,v)

u (5.7)
R" coordinates

R? velocities

R? inputs

desired trajectory

desired velocity

nominal inputs

Inspired by the result on linear systems found in [10], we have picked the following

control law.

Proposition 15 (A Tracking Control Law)

Given: a system of the form (5.7), a desired trajectory z°(-), velocities v°(-), and a

nominal input u°(-), each bounded for all t, define the following:

A(t) =

B(t) :=

[ 20(292),0%(t)) & (2%(2), v°(2))

0 0 -

Define:  ®(t,t,) € R("+P)X(n+P)| 4o be the solution to the
differential equation <i>(t, to) = A(t)®(t,t0) with ®(to,t,) = I Further,

define for some a > 0

H.(t,,t) = /tes"("’")(I)(to,T)B(T)B(T)TQ(to,'r)Td‘r

to

If there ezists a 6 such that H.(t,t + 6) is bounded away from singularity
for all t, then define P.(t) as follows,
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P(t) := HI'(t,t+6).
If: there exist two numbers p™,pM such that
0 < pPI<P(t)<pMI vteR,,

Then:  for any functiony: R, — [%, 00), continuous and bounded, the linear

time-varying feedback law:

v = u°-7(t)B(t)TPc(t)[x_z:}

v—0

locally, uniformly, ezponentially stabilizes the system (5.7)
to the desired trajectory z°(t) and the desired velocities v°(t) at a rate greater
than 2ap™(pM)-! > 0.

Remark: If the linear time-varying system is uniformly completely controllable over inter-
vals of length 6 > 0 then H.(t,t + ) is uniformly invertible.

Proof: First, define the error signal e and error input w as
— 70

e = - € R(r+P)
v—1°

w = u—-u'eRP.
We solve for the dynamics of these error signals using the Taylor series éxpansions

f(z° + €, 0° + %) — f(2°,°)
w
= A(t)e+ B(t)w + h.o.t. .

All terms with dependencies on z° v°, u® will be rewritten as functions of time. In addition
to A(t), B(t), define o(e,v,t) to be the higher order terms

f(z®+ €', 0° + €?) — f(2°,0°)

w

o(e,v,t) = [ ] — A(t)e — B(t)w .

Note that since w = —y(t) BT (t)P.(t)e, we may rewrite o{e, v,t) so it depends only on e, ;
call this 6(e,t). As z°(t),v%(t), u°(t) are bounded for all ¢, B(t) is bounded for all ¢ which
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implies that ||y(2)BT(t)P.(t)e|| < K|le|| for some K < oo as y(t), P.(t) are also bounded for

all t. Given this we may show
: llé(e, )| :
lim sup——7""— = 0. 5.8
0 S22 el (58)

Thus we have

é = A(t)e+ B(t)w + o(e, v,t) .
é = A(t)e+ (e, t) (5.9)

with
A = A®t)-v(®)B@®)B®)P.t) .
Inspired by [10], we pick a Lyapunov function
V(e,t) = €eTP.(t)e. - (5.10)
and calculate its time derivative along trajectories of the system (5.9). One may verify that
P.(t) = —6aP.(t)— P.(t)A(t) — AT()P,(2)
+P.(O[B(W)BT(1) — e *8(1,1 + )B(t + 6)BT(t + 6)87 (2,1 + )| P.(t)
Thus the time derivative of the Lyapunov function is
Vie,t) = —eT[6aP.(t)+ (27(t) — 1)P.(t)B(t)BT ()P.(t))e
—eTe " P(t)®(t,t + 6)B(t + 6)BT (t + 6)®7 (¢, ¢ + 8)P.(t)e
+2eT P.(1)o(e, 1) . (5.11)

Note that if y(t) > ,Vt, then the first two terms in (5.11) are less than or equal to

—6ap|lel|*. Secondly, because of (5.8), there exists a number € > 0 such that

lote, )l < apZ(pe’) " llell, Ve such that |le]| < ¢,

which implies

12¢T P.(t)o(e,t)] < 2ple]|, V]le]| < € .
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Thus, as in [10], we may say
Vie,t) < —dapl|elf” . (5.12)
Further we may state
V(e,t) < —4apl(p¥) 'V (e,t). (5.13)
Finally we conclude
Vie,t) < V(e to)e=tepT @)™ (t-to)
eIl < Nettolly Ere-mere et (5.14)
c
which gives us the specified convergence rate for the error signals.’
5.2.1 Convergence Rate Estimation

This convergence rate may be shown to be independent of p™ and p™. To demon-

strate this, define z,y:

z ey

y € R with

'} ay

Now we wish to solve for the dynamics of z.
2 = (A+al)z+d(et)y

We will pick the same Lyapunov equation and calculate its derivative, using the same

arguments as before,

V(z,t) = 2ZTP(t)z
V(z,t) < —4ap®|2|? + 22' P.(t)é(e,t)y .

Given the exponential convergence of e when it starts sufficiently close to the origin, we

may say that after some time T the last factor may be bounded as follows,

|2zP.(t)é(e,t)yl < 2ap™| 2| .
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Thus we may write, as before,
C V(zt) £ =20p™|2]% .

And following equations (8) and (9) we will obtain the same convergence rate, (p¥)-1.

However, we may note

lzll = et yollle]] -

Thus, if z is exponentially convergent at a rate (pM)~! after some time T, then e is expo-
nentially convergent at a rate (p¥)~! + @ > « after some time T, thus for a sufficiently

large k we may state

lzll < kemt="|z|| .

5.2.2 Causal Control Laws

For some regulator applications, it is desirable for the controller to be “causal”,
that is to not need information on the future desired trajectory of the system. To deal with

this concern, define P,(t), similar to P.(t), again assuming the inverse in the formula exists,
P.(t) = (H.(t,t-8)".

Notice that this matrix is dependent on past values of the trajectory and not on future

values. As before, if there exists two numbers p™ and p™ such that
A < pPI<P(t)y<pMI vteR,,

then for any 7 : Ry — [}, 00), continuous and bounded, the linear time varying feedback

law
v = o —y(t)B@) P.(t)(z - z°)

locally uniformly exponentially stabilizes the system (1) at a rate greater then a.
The proof is similar to the last control law and so will be left to the interested

reader. It is useful to note
B.(t) = =—6aP.(t)— P.(1)A(t) — AT(1)P.(2)
+P.(t)[B(t)B7 (t) — e***®(t,t ~ 8)B(t — 6)BT(t - 6)87(t,t — 6))P.(2) .

Finally, it should be noted that it is equivalent to design a velocity feedback law
for all of these systems.
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5.3 Applications

We apply this control law to three example systems. The first is a kmematlc
system with a sxmple structure, allowing for the explicit computation of the control laws.

The second is the Hilare-like mobile robot and the third example is a front wheel drive car.

5.3.1 The Heisenberg Control Algebra

Here we consider one of the simplest nonholonomic systems: the kinematic system
whose control Lie algebra is the Heisenberg algebra with two generators [4]. Starting with

a simple example will help with what follows. The differential equations are as follows,

I = wu
(lfz = Uy
3:'3 = ToU; . (5.15)

This system’s straightforward structure allows us to compute the control laws in
closed form. We will investigate two trajectories for this system, a “trivial” trajectory which
is just a point, and a straight line.

Much of the control law can be found without reference to the specific form of the

desired trajectory. The first step is to find the matrices A(t), B(t).

A(t) = _(xO’ uO)

B(t) = 0 1 (5.16)
| 23(¢) 0
With these, the state transition matrix associated with this particular A(t) can be
found. Using the fact that ®(25,1,) = I and that ®(2,1,) satisfies the differential equation
®(t,t0) = A(t)®(t,1,), it can be shown that
1 0 0
(t,20)=| 0 1 0
0 23(t) - 2}(to) 1
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Now that we have the state transition matrix, we solve for the derivative of H (t,1) as
follows,

He(to,t) = e*Co=(10,1)B(t)B(2)T 87 (to, 1)
1 0 z3(2)
= el o T g 29(to) — 29(2)
23(t) =%(to) = 23(t) (23(1))° + (=9(t0) — 20(1))*

The first nominal trajectory that we choose is the trivial one, where the system stays fixed
at a given point for all time. Note that stabilizing to this trajectory is equivalent to finding
a point stabilization feedback law. The trajectory is highly degenerate in the sense that
both nominal inputs are zero. We choose our desired point z°(t) to be the origin, (0,0,0).

It may be shown that in this case, H.(to,t) has the following form (for a = 1)

1 — eto? 0 0
H.(1,t) = 0 1—e¢t"t 0
0 0 0
Thus the matrix H.(¢,t+6) is not invertible for any choice of §, we cannot find the

matrix P.(t) = H'(t,t+ 6) which is used in the definition of the control law, and therefore

the method presented in this paper-cannot be usedto stabilize the system (5.15) to a point.

The second sample trajectory will be less trivial. We have chosen the straight line in state
space described by z°(t) = (0,1,0), with nominal input «°(t) = (0,1). This trajectory is
somewhat degenerate in the sense that one of the nominal inputs is.zero. However, since the
matrix H, is invertible, our strategy will work for this trajectory. In fact, the determinant

of H. is independent of time, as can be seen by the following formula (where & = 1):
det (Hc(t,t+6)) = 1-€*+(3+6%)(e? -e7?)

We can choose any value of § for which the previous expression is non-zero. In our sim-
ulation, § = 1 was chosen. (Note: nearly identical simulation results are obtained for the
trajectory given by u°(t) = (1,0)).

The initial error for this simulation was (0.2, ~0.3,0.2). The simulation was run
for 8 seconds, and the results are given in Figures 5.4 - 5.6. Since the graphs of the state
variables were in general difficult to interpret, we have instead shown the error coordinates

e(t) and the error inputs w(t) versus time.
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Figure 5.4: Plot of errors e versus time. The errors all quickly converge to zero for this

path.
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Figure 5.5: Graph of the error inputs w versus time. Note how all inputs are bounded and
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smooth.

Figure 5.6: This z;,z, phase plot shows the actual trajectory, projected onto the (z;,z,)

plane. The desired trajectory is a straight line along the z, axis.
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5.3.2 Trajectory Stabilization for Hilare

Again, one would hope the system’s straightforward structure allows the control
laws to be computed in closed form. The first step is to find the matrices A(t), contained

in R%*5, and B(t) which is contained in R3*%

A(t) = 5:(2%) 5i(a,")

0 0

5 (0 0 — sin(z3)v]

' a—i(’:xo,vo) = [0 0 cos(z3)?
00 o
5 -cos(zg) 0
a—i(xo,vo) = | sin(z) 0
0 1

Now the state transition matrix associated with this particular A(t) may be found.
Using the fact that ®(to,%0) = I and that ®(2,¢,) satisfies the differential equation <i>(t, t) =
A(2)®(t,1y), it may be shown that

(t,1) = -‘I’n((:,to) ‘1’12(;,%)}
(1 0 £,(tt)

Pi(tite) = |0 1 fu(t,t0)
00 1

where
fi(t,te) = /l —sin (z3(7)) ud(7)dr
fe(t, ) = /:‘ cos (z3(7)) w(7)dr .

The expression of ®,2(2,%,) is complicated. Now that we have the state transition matrix,

we can solve for the derivative of H.(,,t) as follows,
H.(t,to) = e**to=0d(t,,t)B(t)B(t)T ®(to,1)

However, for the nominal trajectories z° that we have chosen to simulate, the

integrals f,, f. do not have a closed form. Thus we cannot directly compute the control
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Figure 5.7: Plot of the errors in the trajectory versus time.
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Figure 5.8: Plot of the errors in the velocities versus time.

law, and so we must compute the matrix P, and the control law numerically. In doing so

the following identity is useful:

®(t,t+6) = A@R)®(t,t+6)- (L, t+8)AT(1+6)

The first nominal trajectory for this system (Hilare) is generated by the velocity
v, = sin(t), v, = cos(t). We set a = 0.1,§ = 1.0. After one cycle these velocities steers the
system in the direction given by the Lie bracket of the two input vector fields, or [fi, f2).
The initial condition was chosen to be (-0.1, 0.2, 0.1), and the simulation was run for 27
seconds. See Figures 5.7 - 5.9 for results.

The second nominal trajectory to which we have applied our stabilization proce-

dure is a circular path. This choice was inspired by the work of Reeds and Shepp [36),
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x2
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00} . . )
-0.2 03 «x1 08 13

Figure 5.9: This phase plot shows the nominal and actual-trajectories projected onto the
(z1,2) plane (the orientation of the robot is not shown). The desired trajectory starts at
(0,0) whereas the actual trajectory has an initial offset of (-0.1,0.2). Note how quickly and

smoothly the system converges to the desired trajectory.

who showed that time-optimal paths for Hilare-like robots with actuator limits consist of
straight-line segments and arcs of circles.

The nominal velocity for this trajectory is v = (1,1). We set a = 0.1,6 = 1.0 as
before. We again choose an initial condition error of (-0.1, 0.2, 0.1), and run the simulation
for 27 seconds. See Figures 5.10 - 5.12 for the results.

Although we have used the same values of a, § and initial error as in the previous
example, the convergence.seems less rapid, indicating that the convergence rate depends on

the chosen trajectory. However, the convergence rate is also a function of &, which we are

04
03}
021
0.1 [

0.0 |

0.1 - . . .
0 2 tme 4 6 8

Figure 5.10: Plot of the errors in the trajectory versus time.
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Figure 5.11: Plot of the errors in velocity versus time.
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Figure 5.12: This phase plot shows the nominal and actual trajectories, projected onto
the (z,,z,) plane (the orientation of the robot is not shown). The desired trajectory is

the perfect circle. Note how quickly and smoothly the system converges to the desired

trajectory.
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free to choose. If we needed faster convergence, we could simply choose a larger a.

5.3.3 Trajectory Stabilization for a Front Wheel Drive Car

Now consider the front wheel drive car, since it is a more sophisticated example
with four states and a two level chain when in power form.
The matrix A(t) is
[ 8 8
3L(2% ) §L(2°,0°)

A(t) = ; ; (5.17)

— cos(z]) sin(z3)v) - cos(z3)sin(z9)v? ]

(= )

K
0 —sin(z3) sin(z2)v?  cos(z3) sin(z§)v?
00 0 : 0
| 0

0 1 cos(z3)v? 0

[ cos(z3) cos(z§) 0 ]
cos(z3)sin(23) 0
Ov 0 1

tsin(zd) 0 |

Inspired by [31], we chose the nominal input +° = (sin(z), cos(2t)), roughly corre-
sponding to a parallel- parking maneuver (see Figure 14). Again, we chose & = 0.1,6 = 1.0.
After one period (I' = 2r), this input steers the system in the direction given by the
second-level nested Lie bracket of the two input vector fields (i.e. One write the system
as & = fi(z)v, + fa(z)vs, thus the nested Lie bracket would be [f,[f1, f2]]). Because the
equations for this example are not simple, we have not tried to find H. in closed form; all of
the computations were done by the simulation program. The initial condition was chosen
to be (0.1, -0.1, 0.05, 0.2), and the simulation was run for 27 seconds. Figures 5.13 - 5.15

show the results. Note the rapid convergence to zero in the error terms.

5.4 Conclusion

The control law and simulation results presented in this chapter suggest that for
nonholonomic systems, stabilizing to a trajectory is perhaps a better problem to consider
than stabilizing to a point. It can be noted that for drift-free systems, all points are equilib-

rium points (in the sense that with zero input, the system will remain at any configuration).
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Figure 5.13: Plot of errors in the trajectory versus time.
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Figure 5.14: Plot of the errors in velocities versus time. Note they are bounded, smooth,

and go to zero.
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Figure 5.15: This phase plot shows the desired and the actual trajectories projected onto
the (z;,z) plane (the orientation of the car and the steering wheel angle are not shown).
The desired trajectory is the one which starts at (0,0). Note how quickly and smoothly the

control law stabilizes the system to this trajectory.

However, if one adopts this point of view, one must also face the problem of finding
feasible trajectories; a rich problem which has not been solved for-all systems. Excellent
work has been done [24, 31, 36, 39] in this area, and methods for finding trajectories exist
for a wide range of nonholonomic systems.

The control law presented in this chapter is robust to three types of error: initial
condition errors, perturbations introduced along the trajectory, and noise in the sensor data.
We have only shown the convergence results when there is an error in the initial condition,
but it can be seen that the effects of the other two types of errors also are reduced using

this law.
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Chapter 6

Path Planning

This chapter is devoted to solving the path planning problem for the specific
example systems of chapter 3. We wish to find a trajectory z(¢) or g(t) which satisfies
the constraints w;. If we view the problem in this manner, path planning is inherently a
kinematic problem. We assume direct control over the velocities, using (2.3) to model the
system. In order to find the u(t) which generates the desired trajectory and velocities, we
differentiate the desired velocity. The results of this chapter are based largely on the results

presented in the author’s work with collaborators in [43, 45, 46).

6.1 Steering Power Form Systems

Given that most of the mechanical systems considered can be locally transformed
into power form, it is tempting to write a path planner for this general class. This is,
of course, ignoring the fact that for most systems this transformation to power form is a
local property. Path planning by definition involves large distances; hence, very likely, will
require changes in these local charts.

However, when the coordinate chart changes can be avoided, many planners may
be applied. We present one in this section derived from the stabilizing law of chapter 4. As

in the point stabilization section, the principal nature of the equations inspires a two step
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Initial

Figure 6.1: This figure illustrates a general sub-optimal path planner for power form sys-
tems. The first step corrects for the error on the base coordinates. The second step corrects

for the error on the fiber.
planning process. We write the kinematic system as

gj‘= ’Uj OS]S(p)
. 1 . .
Hy = )y 1Sk<t,1<5<p (6.1)

where v, the velocity of y, is considered the input. Note that these equations are almost
identical to (4.2), except that v controls ¥, not .

Given some goal configuration, for example, (y,z) = 0 and some initial configura-
tion y(0), 2(0), we may set v = —y(0). At the end of one second we have that y(1) = 0 and
z(1) is some nonzero vector. All we must do then is construct some procedure for correcting
this last error without perturbing the y.

First we make some definitions in order to be specific. Define the vector z € R™
as z = (2],27,...27)T where z; = (2},27,.. .,z;" )T. We define the matrices §; as the lower
triangular matrices derived in chapter four, with (8;),, = B},. Recall that 8% > 0, thus
each f3; is invertible. Define the matrix 8 to be the block triangular m X m matrix with

diagonal blocks f;, which is invertible since each diagonal sub-block is.
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Algorithm (Steering for Power Form Systems):

Base Correction, (0,1).

Apply:  velocity v = -2 (y(0) - (1,0,...,0)7) for £ seconds.

Fiber Correction, (%,Z).
Define: c€R™ = (e1,¢2,-..,6)T = -28712(Z) with ¢; = (cks.. cf’)
Apply: velocities vy = & sin($%¢),

v; = YpL, cf cos(kEE¢).

Final Base Correction, (¥,T).

Apply velocity: v = —2y(%) for Z seconds.

Verification: To verify that this planner works, we need to calculate the net movement of
the system under the controls u. Certainly in step one, the error in y is corrected, leaving
¥ = (1,0,0,...)T. What requires checking are the controls for step two. The velocity of 2z

is given by
. .
4 ¢l
# = -,%cos"(%t) (kz_lc}‘ cos(k‘%t)) (6.2)

which is, of course, very similar in form to the control law of chapter 4. If we integrate the
£ equation of a time %‘, all of the periodic terms will be set to zero. The only terms of note

are then the steady state terms. We conclude
2T 3 T
A3) = Fheta3y) (6.3)
and with our choice of constant vector ¢, we have z(T) = 0.

The previous discussion uses a simple general strategy for planning trajectories.
The strategy corrects first the error in the base and next in the fiber. The correction in
the fiber is simplified when the equations are principal. The required motion in the base is

dependent only on the desired change in 2 and not on 2z itself.
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6.2 Applications

We now examine some of the applications in detail. First we consider the car,
and apply the power form planner to it. Planning for the planar acrobot, even though it is
not in power form, is very similar though singular configurations must be avoided. Similar

geometric arguments will motivate a path planner for the symmetric satellite.

6.2.1 The Car

We build a planner based on the general procedure outlined in the previous section.
We will assume that the car will remain in the valid region of the coordinate transformation.

To apply the planner, first we compute the effect of the velocities

v = -l;,—wsm(—t)
= creos(3T1) + c;cos(22t) 6.4)
vy = c¢;cos T + ¢5 cos Tt) - (6.

The derivative of the fiber coordinates is

5 = cos(—t) (cl cos( t) +c; cos(2—t))

3, = % cos’(—t) (cl cos( t) + ¢, cos(2—t)) (6.5)

Now expand the previous expression.

3 = -;— (Cl + ¢, cos( —t) +¢ cos(2 t) + ¢ cos(3—t))
) 1 4r
2 o= 3 (01 cos(?t) + ¢y cos(2-T-t)) +
1 4 4r 4
i (Cg + clcos(Tt) + c,cos(3?t) + 62608(4%t)) (6.6)

In conclusion we have that at the end of step two, the z coordinates are given by the formula

2T T T
a(3) = gata3)
2T T T
al3) = petal3) (6.7)

The planner then corrects the remaining error in yo without affecting the fiber, in step

three. The choice of gains c is clear.
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Shape Space

Figure 6.2: The application of Green’s theorem to the planar acrobot.

6.2.2 The Planar Acrobot

For the planar acrobot, we develop a planner similar in spirit to the power form
steering algorithm, except this time we improve the method by insuring that regions were
planar acrobot cannot be transformed into a power form system are avoided. Not all of
our example systems are globally diffeomorphic to the power form system. For example,
consider the fire truck in the jack knife configuration. Away from this configuration, the
coordinate change holds.

In keeping with the spirit of the power form steering algorithm, we first correct
error in the base variable, then consider how motions in the base changes the fiber coor-
dinate. Although the system is not in power form, it is principal. We will use this fact in
what follows. )

Given some motion in the base y, we reconstruct the change in the fiber z, by
applying Green’s theorem. ‘i‘hé time integral of the derivative of z may be converted into
a line integral in the base space. We start with the case where the path in the shape space
is a simple closed curve. We assume without loss of generality that the trajectory is one

second long,.
1
z(1) - 2(0) = _/; (51(%1, ¥2)91 + b2(91, y2) ) dt

= [ (ulunva)dys + balur, 1))

line
ab; b, )
= —(v1,%2) — —(v1, dA
/area (3:‘/1 (91, 92) 6y2(y1 ¥2)
The integrand been calculated above as £(-). Thus we may write the following.
21)-20) = - [ () (6.8)
area

The shift in z is sometimes referred to as the geometric phase. In general, the
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procedure for finding the geometric phase can be broken down into three increasingly com-

plicated cases

Case 1 The path is a simple closed curve. The positive orientation case has been discussed

above. If the curve is negatively oriented change the sign of (6.8).

Case 2 The path is a self-intersecting closed curve. Divide the curve into simple closed

pieces and apply case 1 to each piece. Add the results together.

Case 3 The path is an open_curve. Join the end points with a straight segment and compute
the line integral over this segment. The resulting figure is a possibly self intersecting

closed curve. Apply case 1 or 2 and then subtract value of the line integral.

Given this analysis, one path planning algorithm becomes evident. The fact that
£(-) = 0 only on a one-dimensional subset of the y space implies that there exists an open
subset of the shape space where £(+) is strictly positive or negative. Any simple closed curve
contained in this region will result in a non-zero geometric phase if it is followed as a path.
The sign of the correction in 2 changes if the direction traveled in this path is reversed.

We will simply pick circles for our loops in the y space. Given any initial configu-

ration (y, z), and a final one, the final one may be reached using this procedure:

Step 1 (Initial Base Error Correction): Using constant inputs v, v,, drive the system
to the desired y ignoring the drift in the z term. Measure the amount of phase shift

in z required to bring the system to the exact desired location.

Step 2 (Singularity Avoidance): Let k be the amplitude of the driving sinusoids for
which one loop will give the desired phase shift of z. Figure (6.3) shows the graph
of this relation for a particular set of parameter values. If the needed phase shift is
larger than the maximum value shown in figure (6.3), then two or more loops may
be required. Again using constant inputs, drive the system to (-7 /2 + k,7/2). The
offset is to ensure the path is centered at y = (—7/2,7/2).

Step 3 (Fiber Correction): Drive the system with v, = ksin(t),v, = k cos(t) for enough
cycles to obtain the desired phase shift.

Step 4 (Final Base Adjustment): By following the same path used in step two, return

the system to the desired y. Because this return route lies on top of the route generated
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Figure 6.3: This graph shows the net phase shift in z as a function of radius k for circular

motions in shape space about the point (-3, ).

in step 2 together they enclose no area. Consequently, the phase shift of the total path
generated in steps 2 through 4 is equal to the phase shift obtained in step 3 only.

Even if there are limits on the joint angles, there still will exist an open subset of
the shape space in which the system is free to move. Thus there will exist a feasible closed
path enclosing an area of shape space where £(-) has only one sign. With this loop and
other similar ones inside of it one may design an analogous path planner for this restricted

system.

6.2.3 The Satellite

The last path planner we consider solves the steering problem for the symmetric
satellite. The angular velocity about the first two principal axes are considered as inputs.

Recall that the control system may be viewed as
g = g(&v +é;) . (6.9)

This may require an input transformation and a change of coordinates if ws # 0.

We again will construct a path planner similar in spirit to the power form steering
algorithm. A good choice for the base space of a symmetric satellite is the sphere. As noted
in chapter three, coordinates for the sphere are bound to have some singularities. We will,
for the time being, avoid these coordinates.

First we check if this base space is free of velocity constraints. Indeed, one may
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examine the allowed velocities as projected down into R3.

d
96 = g((e1vy + €xv3)x) €3

= g(e x e3)v; + g(e; X e3)v,

Note that this velocity is perpendicular to ges for all ¢;,v,. Thus, it is contained in the
tangent plane of the sphere at the point ges. Finally, note also that these two input velocities
are not collinear; thus, they span the tangent plane to the sphere at the point ges.

Now we wish to examine how the orientation of the satellite changes if the path
in shape space is a closed loop. As noted before, the change in orientation is called the
geometric phase. )

Call the starting and ending orientations of the satellite go and g, respectively.
By assumption g,e3 = goes so we may conclude that g7 g,e3 = eg, implying that glgis a
rotation about eg. We wish to compute the angle of this rotation.

The matrix g(t) will represent the orientation of the satellite at time ¢. Attach
at g(t)ez on S? embedded R? an orthonormal frame with one axis collinear with eg. This
frame tracks the true orientation of the satellite. Notice that by construction the inputs
may not rotate this frame only about the axis collinear with es. This implies that the frame
is paralle] transported along this path. Assume that the path is constructed out of finitely
many smooth segments parameterized by arc length. Label each one of these segments C;
and the region they enclose R. By the Gauss-Bonnet Theorem [8],

-

3 3
2rx(R) = E/c lcg(s)ds+./RKda+20,-

i=1 i=1
where x(R) is the Euler-Poincaré characteristic of the region, K being the curvature at each
point, k, being the geodesic curvature of curve C;, and 6; being the exterior angle at each
discontinuity in the path.

In the case of the sphere, x(R) is equal to 1, so we may disregard the term on
the left hand side since it is a multiple of 27. In addition, the curvature of the sphere is
constant and equal to 1 therefore the surface integral is equal to the area enclosed by the
path. Finally the two summations give the net phase shift in the parallel transported frame
and hence the angle of rotation about es of the original system.

This result may be generalized to more complicated paths in exactly the same
manner as with the planar acrobot. As in the case of the planar skater, an algorithm for

steering becomes apparent from the analysis.
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6.3 Optimization

The ongma.l motivation for using the path planners in the previous sectnons was
to ﬁnd paths more efficient, in some sense, than those produced by the regulating feedback -
laws. Further improvement requires a quantitative measure of how a good a path solving
the end point conditions is. Our choice of cost will be the square of the required velocities
integrated over the trajectory. The goal is to find a trajectory g(t) or z(t) which minimizes
this cost. '

cost / Z v2dt (6.10)

j=0 .

This is very similar to the integral of the Lagrangian for mechanical systems, if we label
L(z,v) = I%_ov. The formulation is the same in the Lie group context.

We will apply the calculus of variations to help solve this problem. There are sub-
stantial differences between solving this optimal control problem and standard mechanics.
In particular, the Lagrangian is usually not regular. This has to do with constraints on the
allowable variations: those directions which are disallowed have undefineq cost.

From this point on, we will use the Lie group formulation béca.use we will be

planning large motions. The control system considered is
§ = g(é(g,v)) . (6.11)
with the cost of any given trajectory (g(t), v(t)) being .
J(g(2),0(2)) = / L(g,v)dt | (6.12)

where L(g,v) is called the Lagrangian for the optimal control problem.

6.3.1 The Maximum Principle

Associated with the control system and a particular Lagrangian is a controlled
Hamiltonian. Typically the cost is thought of as an extra state, go, with co-state py. The
derivative of g, is the Lagrangian, L(g,v).

H(g,p,v) = poL(9,v)+ p(ec(g,v)) (6.13)

Notice as there is no dependence on gq, po is a constant of the motion. It is equivalent to

consider all non-zero values of py, so this is typically set to —1. Trajectories generated with
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Po = —1 are called normal extremals. However, if p, = 0 then the nature of the trajectories
changes dramatically. These extremals are called abnormal, and they will not be considered
as viable trajectories in the path planning algorithms.

We now state the maximum principle as it applies to Lie groups. A coordinate

free version similar the this one can be foiind in [21]. For details on a proof, see [16, 17, 50].

Proposition 16 (The Maximum Principle)

Given: a trajectory (g(t), v(t)) of system (6.11), optimal with respect to (6.12) on [0 7],
relative to boundary conditions g(0), g(T),

Then: g(t) is a projection of a curve of Hy(,), given by (6.13), with p, € {0,1}
and H,y > H, for any u, for almost all t € [0,T).

By H,(:) we mean H evaluated on v(t). The Maximum principle provides a recipe
for finding candidate solutions to the optimal control problem. Solutions to (6.13) are called
extremals, and satisfy necessary but not sufficient conditions.

In order to compute the extremals, we need to know how to compute Hamilton’s
equations in the Lie group setting. Given an optimal Hamiltonian H(g,$), recall that
%( g,P) = é.(g,v), which corresponds to the derivative of g. As for the derivative of p, we

may solve for this in coordinates using the natural symplectic two-form on T (G x g*) [1].

W(s)((éarBa)s (&, 5)) = Ba(&) = Bo(éa) = B[, &]) (6.14)

The derivatives of the coordinate functions P;(g,5) = p(é;) can then be computed by ex-
amining the Poisson bracket between the function and H. The Poisson bracket is, in this
case, the symplectic form operating on the partials of the functions on G x g*. Recall that
forafunctionf:Gxg‘—»R,%ﬁeg‘ a-nd%éég

B o= {BH)
wolloa) (56))
- % (%)% (5) "G 5 (615)

We refer to [17, 50] for the proof. However, we will offer a plausibility argument
in the form of a much weaker theorem. It only considers normal extremals; further, it only
considers systems where the optimal (?) satisfies 4Z(g,5,v(¢)) = 0. All of our examples

meet these criteria.
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Proposition 17 (Normal Extremals)

Given: a solution to (6.13) with py(t) = —1, with mazimizing v(t) satisfying
%(g,i’, v(t)) =0,

Then: the solution g(t),v(t) extremizes the functional go with respect to variations

leaving the boundary conditions fized.

Proof: We consider a Lagrangian formulation of the optimal control problem, using La-
grange multipliers to enforce the control system constraint. The reader may be rightly
worried about the lack of regularity. Regularity guarantees that we have well defined Euler-
Lagrange equations, as well as equivalence between Hamilton’s and Lagrange’s formulations.
It is a sufficient but not necessary condition, as will be illustrated in this case.

To enforce the constraint, we expand the space to include a Lagrange multiplier,

A(t) € g". The new Lagrangian is then:

T
cost = [ 1(9,8,0)= A&D) - éulg, )t

T -~
L(g, A, & v)dt (6.16)
=0

Notice that as the argument of A(t) is zero for all trajectories that satisfy the constraint,
this cost is equivalent to (6.12) as long as g(t) is a valid trajectory. Of course, to be a proper
variational argument with side conditions, we should have a Aq and a g, as defined earlier.
As with po, A¢ would be a constant of the motion. In this treatment, however, we will not
consider the abnormal case thus we implicitly set Ao = 1. Now consider the three parts of

the Euler-Lagrange equations.
d (ol - , oL
F (79;) () =A)() =A ([e,(g,v),-]+ 'a—g(')) .

This equation tells us how A(z) evolves as a function of time. Since L is independent of the
time derivative of A, we the following relation.
aL
(i)
= &(t) - éc(g,v)
Thus we have that trajectories extremizing (6.16) satisfy our side condition, é(t) = é.(g,v).

The last specifies conditions for the inputs. Note that I is independent of #. Thus we know
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: aL
something about 3.

ok
v
oL @
= 3o " 5y (Meclg,0))
In all of our examples, the equation % = 0 may be solved uniquely for v for fixed A and g.
Now we show that a solution of (6.13) solves these equations. First, set p = %’;‘- =

" Define the following Hamiltonian:

H(g,p,v)

= p(&l(g,v)) - L(g,v),
= ﬁ(é(ga v)) - L(ga v)
Note that this is simply the controlled Hamiltonian with py = —1. Let us examine the

formula obtained by maximizing this Hamiltonian at a fixed point in 7*G. By assumption,

e 8H _
this unique v sets $Z = 0.

oOH . -
o -
3
= g (Aec(9,0))) - BsL
_ ol
- v

Consequently, at every point g, we have the same controls. Using the canonical two-form
on I*G we may verify, in a similar manner, that the evolution of A agrees with the evolution
of p, finishing the proof.

In general when computing the dynamics of g and p, the formula for the optimal
input v in terms of g, pis substituted in after the computation of the v dependent dynamics.
The formula for the inputs may be inserted before the dynamics computation. We find this

more convenient and do so.

6.3.2 Extremal Characteristics

We have a very special class of systems and cost functional. For all systems without
drift, the two norm of inputs is shown to be a constant of the motion. For left invariant
systems without drift, there exists a right (material) symmetry for the system and at least

n + 2 conserved quantities. We examine these structures in the following,.
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Proposition 18 (Norm Preservation [37])
Given: a drift-free control system G, whose evolution is a normal extremal
described by (6.13),

Then: then two norm of the control inputs v is a constant of the motion.

Remark (Monotonically Related Optimization): This proposition implies
that it is equivalent to minimize the integral of any monotonically increasing functions of

the norm. Examples include the square of the two norm, ||v||%.

Proof: We first will show that ||v||? is a constant of the motion. That the norm

is preserved follows. We assume the control system is linear in the inputs v,
P
éc(g,v) .= Zé':(g)vj .
i=1
Define the control momenta to be

Pi(9,0) = #(el(9)). (6.17)

Note that for left invariant system, P; will be independent of g. The controlled Hamiltonian

for normal extremals is given by
' p

Hg.hv) = Y (P -399) (6.18)

=1
which may be maximized by setting the controls v; = P;. The Hamiltonian under these
controls simplifies to
. 1 &
H(g,p) = E_Z;P,?- (6.19)
1=
Note that 6.19 is G invariant for left invariant control systems. Now we compute the time
derivative of ||v]|2.
P
P = ) P{P,F)} (6.20)
=1

Using this and noting that {F;, P;} = —{P;, P;}, we find
v = S(g,p)v (6.21)

where S(g,p) is a skew symmetric matrix, completing our proof.
Now we consider the consequences of having a left invariant control system in

addition to the drift free property. The symmetric satellite and Hilare are left invariant.
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Proposition 19 (Reduction)
Given: a left-invariant control system on G, whose evolution described by (6.19),

Then: the evolution of the co-state p depends only on its initial conditions and not g.

That is, the evolution of the $’s does not depend on g. This is known in the
mechanics literature as reduction. We can evolve the co-state p separately and later compute
the phase (change in the state of g) if we wish. The real draw back of this approach is that
the only thing we really care about is exactly the geometric phase. For the proof, we pick a

basis for g so that the first p elements correspond to the vector fields of the control system.

Proof:
B, = {P,H)

P
> P{P, P}
i=1

> Pl &)

The next proposition concerns itself with the conserved quantities generated when

symmetries are present.

Proposition 20 (Noether’s Theorem Applied)
Given: a left-invariant control system on G, whose evolution described by (6.19),

Then: there ezists n + 1 ;:onstants of the motion, given by H and B; = p(g™'é;9).
Proof: Certainly H = {H,H} = 0. For the others, simply differentiate the formula. -

Bi = Blgléig)+h(g  eig + g7 :4)

= —p(lg7'6:i9,8]) + +H(—ég™'é;g + g7 é:g€)
= —p(lg™'ég,8) + (g7 &9, ¢])

=0

These constants arise naturally as the left Lagrangian is G invariant. The con-
stants are the left costates mapped to the right. The left co-states change, represented by
the functions P; dependent on G and the constants. For the rigid body, the left (body)
frame Lagrangian is independent of g. An application of Noether’s theorem finds the right-

constants, the total angular momentum. The left translation of these are exactly the body
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angular momenta, which may be solved using the g and the total angular momenta con-

stants.

6.3.3 Applications

In this section we consider several of the examples and discuss solution techniques,
exploiting what ever structure may exist. In general, since one cannot solve the optimal con-
trol problem explicitly, a numerical strategy is required. Numerical optimizatioh concerns
itself with minimizing functions of n variables subject to equality and inequality constraints
[26, 33).

Our problem involves finding inputs u(-) which belongs to a function space. By
using Pontryagin’s maximum principle, we need consider only an n dimensional subset of
this space. These n degrees of freedom are parameterized by the initial co-state values.

How we decide to characterize the path planning problem determines which tech-
niques we use. We could have even ignored the results of Pontryagin and attempted to form
approximate problems, restricting the inputs to lie in some r dimensional function space
and solving a series of sub-problems of increasing dimension 7. Such methods are referred
to as semi-infinite [35].

We, however, have a grea,t. deal of structure. We can find the optimal inputs v
as a function of g,p and numerically compute the resulting phase, g(T', P). This may be

compared in the most natural way to g;, by setting
9.(T, P) = g(T, P)gj-l-

To convert this error term to a vector in R", it is natural to take the logarithm of g.(T, P).
That is to say, we find 5, such that Exp(n.) = g.(T, P). If 5, = 0, then g(T, P) = g;. At
this point we have formed an n dimensional root finding problem. Even with the relatively
simple systems we consider here, this is difficult to solve.

Consider, for example, the positive scalar function f(T, P) = n77.. Many shootihg
methods can be applied with such a function, depending on the amount of information and
computational time one is willing to expend. The simplest approach uses the simplex
method [14]. This method requires no derivative or gradient information and is the easiest
to program, though convergence is slow and not guaranteed.

For the computational price of a gradient calculation, steepest descent methods

offer more speed and reliability. It can be shown to converge linearly [26, 35] in certain
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convex situations. If one is willing to compute the Hessian, quadratic convergence is locally
given by Newton-Raphson [35] methods. Conjugate-gradient methods offer a compromise
between the two by estimating the Hessian using the past history of the algorithm. Local
convergence rate is faster than gradient decent, slower than Newton-Raphson.

Since we have a root finding problem, we use Newton-Raphson methods. The
inherent instability [35] in the technique is handled by using an Armijo step size rule [35].

The methods converge quickly, provided we start with good seeds.

The Symmetric Satellite

As before, we write the kinematics of the symmetric satellite as follows.
g = gév + géav, (6.22)

where the matrices €;, 7 € {1,2,3}, form a basis set for the tangent space of $O(3) at the
identity in this particular representation, and hence form a basic for the Lie algebra so(3).
The norm of the inputs is conserved, and in addition, the system is left invariant. The

optimal inputs are

N ¢1 cos(cat + ¢3)

¢ sin(eat + ¢3) (6.23)

vz
which are a family of sinusoids.

Hilare .

We now embed the configuration of Hilare into the 3-dimensional matrix Lie group

SE(2). The configuration will be represented by a 3 x 3 matrix, g, below:

R =z
01

with R € SO(2), a 2 x 2 rotation matrix, and with z € R%

)
i

The dynamics will be given as:

0 -V Y

9 = glv 0 0
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with v the scalar inputs corresponding to driving and turning velocity. This can be written

more compactly as
g = géivy + gésv, (6.24)

where the é;, 7 € {1,2,3} form a basis set for the tangent space of SE(2) at the identity in

this particular representation, and hence form a basis for the Lie algebra se(2). They are

given by
0 000 0 -1 0
é1 = ) é‘2 = 0 01 ) é3 = 1 0 0
0 00 0 0 O

(6.25)

The maximizing inputs are given by v; = P,v, = P,. Their norm is conserved. The

optimal inputs solve the following equation,

v = o cos(f)
v = ¢ sin(6)
. 2
i = "'2—‘sin(20) (6.26)

where ¢, = 6(0) and cs = theta(0). These equations are those of a pendulum.

The Planar Acrobot

There are only two velocity inputs to the system, and their norm is a constant of

the motion. We can then write the optimal inputs as

v = ¢ cos(6+ ¢p)
v, = ¢ sin(f+ ¢;) .
6 = esb(y), ; (6.27)

where £(y) is as defined in (3.29). These formulae are easily verified by differentiation.
Recall that v, = P, v, = P,. We have,

9 = —P{P,P}

9 = P{P,P) (6.28)
We set § = {P;, P,}, which is related to the bracket of f, f! as before, which picks out c3
and &(y).
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6.4 Conclusion

We have considered a small number of path planners for control systems with
nonholonomic constraints. The literature contains many such planners [31, 46, 22, 41,
24, 33). Optimal planning, while desirable, poses numerical difficulties. Consequently, as
is often the case in engineering, the best approach is determined by the application and
not the engineer. For example, the savings offered by optimal paths may not justify the
- computational expense of finding them. However, the approach of computing off-line a large
set of trajectories and selecting among them at run time is viable as information storage is

inexpensive.
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Chaptér 7
Conclusion

We have presented a strategy for controlling a class’ of mechanical systems with
nonholonomic velocity constraints. There were two control objectives. First, we wished to
reach the neighborhood of a goal configuration in an efficient manner, even with distur-
bances. We also wished to remain in this neighborhood again despite disturbances. Several
new methods were presented which achieve these objectives.

The work of the dissertation included the following results along with examples of

their application.

o In chapter 2, we presented a set of coordinates and a feedback law which when applied

to the example mechanisms transformed them into control canonical form.

e Sets of coordinates and feedback laws under which the example mechanisms appeared

control reduced were detailed in chapter 3, along with
¢ aspecial set of coordinates and a feedback law for the satellite mounted with thrusters.

o Chapter 4 focused on a feedback law which renders the configuration of multiple-input

power form dynamic systems stable.

o A feedback law stabilizing the attitude of the asymmetric satellite was also presented

in chapter 4.

¢ A tracking control law which insured that the desired trajectories were followed was

detailed in chapter 5.



98

¢ A suboptimal path planner for nonholonomic mechanisms was presented in chapter
6, along with

e an optimal path planner for nonholonomic mechanisms.

Many questions remain unanswered. In addition, there is much room for im-
provement in each of the results presented. Some directions for future research include the

following.

o The feedback laws assumed unlimited control authority, and consequently the kine-
matic properties of the example systems dominated the analysis. It would be inter-
esting to study the example systems in regimes where dynamic properties dominated

the analysis.

o The satellite is representative of a large class of underactuated systems. Generalizing
the laws developed for the asymmetric satellite seems a promising avenue of future
research. In addition, it would be good to understand the connections between the

results in the dissertation and the energy-momentum methods found in the literature.

o Point stabilizing control laws would be more robust with respect to disturbances if

“they had faster convergence rates.

e By restricting the optimal path planning problem to a small but relevant subclass
of problems, the nimerical effort required to plan trajectories may be reduced. For
example, consider the problem of planning trajectories for airplanes near airports.
The airplane may be modeled as a left invariant control system on the Lie group
SE(3). The optimal planning problem in such a case has a great deal of structure,

which, when exploited, reduces computational effort.
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