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Abstract

The stability of an equilibrium point of a nonlinear system is typically analyzed in two ways:
(1) stability of its linearization, and (2) Lyapunov stability. An unconstrained simple me-
chanical system is a type of nonlinear system with a special structure, and so the methods
for stability analysis can be specialized for this particular class of nonlinear systems. For a
simple mechanical system subject to velocity constraints, the situation becomes more com-
plicated. If the constraints are holonomic, then the problem can simply be reduced to that
of an unconstrained simple mechanical system by restricting analysis to a certain subman-
ifold of the configuration space. If the constraints are nonholonomic, this approach cannot
be taken. In this report we study the differences and additional complexities that arise in
these nonholonomic mechanical systems, and derive results with regards to linearization
and stability of its equilibria.
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Chapter 1

Introduction

In this report, we study the linearization and stability of nonholonomic mechanical systems
at equilibria. Herein, we will refer to mechanical systems without constraints on velocity
as unconstrained mechanical systems, and those with velocity constraints as constrained
mechanical systems. A nonholonomic mechanical system is a constrained mechanical sys-
tem in which the velocity constraints are not integrable (and so are called “nonholonomic
constraints”). Nonholonomic constraints arise naturally, for example, in the rolling of a
wheel, sliding of skates, or in cases where angular momentum is conserved, such as with a
space robot or satellite in orbit.

Nonholonomic mechanical systems have been explored throughout the literature; see
[12] for a classic overview of the kinematics, dynamics, linearization, and stability of these
systems. Investigations into stability via linearization analysis can be found in [9], [13],
and [5], and studies involving Lyapunov stability include [1I] and [8]. With regards to
linearization, there has been much confusion on how to approach the problem due to its
complexity. In the early work of [I4], Whittaker tackled the problem by linearizing the
constraint equations in addition to the equations of motion containing unsolved Lagrange
multipliers, i.e. the equations are linearized before the Lagrange multipliers are actually
solved for. In doing so, he claimed that the nonholonomic constraints give rise to holonomic
ones, and therefore concluded that the integrability of constraints plays no role in stability
analysis. Some maintain that this approach is correct while others disagree. The works
of [2] and [12], for example, attempt to fix this approach while other works such as [4]
appear to argue otherwise. In [6], DeMarco presents a thorough approach to the correct
linearization. It turns out that much of what we derive here has already been explored in
[6]. One key difference is that we now incorporate everything into our geometric mechanics
framework, following [3], and use differential geometric methods to obtain the results in a
cleaner and more concise way. We also examine the concept of linearization more closely
and attempt to apply Lyapunov methods for stability.

This report is organized as follows. In Chapter 2, we review the equations of motion,
linearization, and stability of equilibria of unconstrained mechanical systems. Laying down
these results first provides for a useful comparison when we later study constrained me-
chanical systems. In Chapter 3, we start looking at constrained mechanical systems. Our
main interest is in mechanical systems in which the constraints are nonholonomic. We
study the equations of motion and equilibria for these systems before introducing a more
general framework, that of forced affine connection systems. In Chapter 4, we look at how
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to linearize the equations of motion for nonholonomic mechanical systems. We do this
by first looking at the linearization of forced affine connection systems. We later discuss
the alternative linearization approach which early researchers have used and point out its
shortcomings. Finally, in Chapter 5, we attempt to make statements about the stability of
equilibria of nonholonomic systems using the linearization approach as well as Lyapunov
methods. Chapter 6 summarizes the report and discusses possible future work.



Chapter 2

Unconstrained Mechanical Systems

We begin by looking at unconstrained mechanical systems, i.e. simple mechanical systems
without any constraints on velocity. Reviewing the results for linearization and stability of
unconstrained mechanical systems here will be useful for comparison when we later study
the constrained case.

Definition 2.1 (Forced Simple Mechanical System). A C*°-forced simple mechanical
system is a 4-tuple (Q,G,V, F'), where
(i) @ is a C*°-manifold (called the configuration manifold),
(ii) G is a C*°-Riemannian metric on @ (called the kinetic energy metric),
(iii) V € C*(Q) (called the potential function), and
(iv) F:TQ — T*Q is a C*°-vector bundle map over idg (called the Lagrangian force).

Note that in our above definition, F' is time-independent. We do not consider time-
dependent Lagrangian forces here. Also note that this is our general notion of an uncon-
strained mechanical system; there are no constraints on velocity.

2.1. Equations of Motion and Equilibria

The main proposition in this section (Proposition gives us the equations of motion for
a forced simple mechanical system. We refer to [3] for a detailed treatment of the equations
of motion, in particular how they relate to the Euler-Lagrange equations and the motion of
interconnected mechanical systems.

In order to present the equations of motion precisely, we review the Lagrange-d’Alembert
Principle.

Definition 2.2 (Variation of a Curve). Let Q be a C°°-manifold and consider a C%-curve
7y : [a,b] = Q. A variation of v is a C?>-map v : J x [a,b] — Q such that

(i) J C R is an interval with 0 € int(J),

(i1) v(0,t) = ~(¢t) for all t € [a, b],

(iii) v(s,a) =v(a) for all s € J, and

(iv) v(s,b) = ~(b) for all s € J.
The infinitesimal variation associated with v is the vector field év along v such that
for all ¢ € [a,b], given a local chart (U, ¢) of @ around ~(¢) and the corresponding chart
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(TU, T¢) of TQ, we have

Téodu(t) = <¢ o v(0,1), d% L:Oqﬁ o u(s, t)) .

Note that this is well-defined. With the use of local charts implied, we can write this in a
compact form

ov(t) v(s,t).

s=0

T ds

Definition 2.3 (Lagrange-d’Alembert Principle). Let L be a C*°-Lagrangian on a C'°-
manifold @Q, and let F : TQ — T*Q be a (time-independent) C*°-force. A C2-curve
vt [a,b] — @ satisfies the Lagrange-d’Alembert Principle for the force F' and
Lagrangian L if, for every variation v : J x [a,b] — @ of v, we have

d

o [ 2o rts0)ars [ rereaiona—o

where the use of local charts is implied.
The equations of motion can now be summarized as follows.

Proposition 2.4 (Equations of Motion). Let (Q,G,V, F') be a C*°-forced simple mechanical
system. A curve v : I — @ satisfies the Lagrange-d’Alembert Principle for the force F' and
the Lagrangian L(vy) = %G(vq,vq) —V(q) if and only if v satisfies the differential equation

%Wl(t)’y’(t) = —gradV (y(t)) + G* o F(H/(t)), (2.1.1)

where gradV 2 G#odv.

Let us recall the coordinate expressions for the equations of motion. Consider a C°°-
forced simple mechanical system (Q,G,V, F). For a local chart (U,¢ = (¢,...,q")) of Q,
the equations of motion (2.1.1]) in coordinates are

ov

G'(t) + iq"}z<;(61(7f))6Jj(t)fi’“(t) = —Gij(Q(t))aqu(Q(t)) +GY(q(t) Fy(q(t), 4(t)),

G.
where ¢ o y(t) = q(t) = (¢'(t),...,¢"(t)) for admissible t € I, ') are the Christoffel

G ) ) -
symbols for V in the local chart (U, ¢), G(q) = Gi;(q)dq'(q) @ d¢? (q), [G”] = [GU}_I and
F(vy) = F;(vq)dq'(q). With the time dependence and function arguments implied, this can
be written in a compact form
G, 1% g
.. ik '
q + '’ q" = _GZ]@ + GV Fj.
For studying the equilibria of forced simple mechanical systems, we start with a basic

definition.

Definition 2.5 (Equilibrium Configuration). Let ¥ = (Q, G, V, F) be a C*-forced simple
mechanical system. A point gy € @) is an equilibrium configuration for ¥ if the trivial
curve 7(t) = qo satisfies the equations of motion ([2.1.1]).
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Let ¥ = (Q,G,V,F) be a C*-forced simple mechanical system and consider a local
chart (U, ¢ = (¢*,...,q")) of Q. For a curve v : I — Q satisfiying the equations of motion
, let ¢ oy(t) = q(t) = (¢'(t),...,q"(t)) (again, for admissible ¢ € I; this assumption
will be made throughout). The equations of motion in coordinates are

G OV N

" ik A

¢ +1d’q _—G”@ GYF;,
or : .

q"L:vl

, G, 17 g

. k .

0" = —Tj0lv" — G’”a—qj + GV F,

where v(t) = (v'(t),...,v"(t)) = ¢(t). It can be shown that this gives rise to a well-defined
vector field on T'Q, i.e. X : TQ — TT(Q defined by
G
X (vg) 2 S(v) — vift(gradV')(v,) + vIft(G# o F)(v,), (2.1.2)
where the integral curves of X, projected onto @ (using the canonical projection), are curves

satisfying the equations of motion (2.1.1). We will call X the associated vector field for
3. In coordinates this can be written as

X o) =0 09 + (~Tia(a — 67 325 0) + @y wn) ) )
U ! agi ! gk oqi PN gt 1
where (TU,T¢ = (¢',...,¢", v}, ...,v")) is the corresponding local chart of TQ for (U, ¢).

Now, an equilibrium configuration gop € @ for X gives rise to an equilibrium point O,
for the vector field X. Stability notions can be made for the equilibrium configuration gq
by reference to the equilibrium point 0y,. We will sometimes say “equilibrium” in reference
to either an equilibrium configuration or an equilibrium point; to which should be clear by
context.

The following lemma gives us simple, yet useful characterizations of equilibrium config-
urations. We denote the zero section of a vector bundle by Z(-) (see Appendix D).

Lemma 2.6 (Characterizations of Equilibrium Configurations). Let ¥ = (Q,G,V, F) be a
C*®-forced simple mechanical system. Then,
(i) qo € Q 1is an equilibrium configuration for ¥ if and only if dV (qo) = F(04,), and
(ii) if F(Z(TQ)) = Z(T*Q), the equilibrium configurations are exactly the critical points
of V.

Proof. The proof is immediate by considering the equations of motion (2.1.1)) and setting
G
v,y/(t)’y/(t) =0. O

2.2. Linearization about Equilibria

Here we look at how to linearize the equations of motion about an equilibrium
configuration gy. We do this by linearizing the associated vector field about the equilibrium
point Og4. Doing so will give us a forced linear mechanical system, defined as follows. We
refer to [3] for additional details.
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Definition 2.7 (Forced Linear Mechanical System). A forced linear mechanical system
is a 4-tuple (V, M, K, (F1, F»)), where
(i) V is a finite-dimensional R-vector space,
(ii) M is an inner product on V/,
(iii) K € ¥9(V), and
( ) Fl,FQ S L(V V*)

Let (V, M, K, (F1,F»)) be a forced linear mechanical system. The state space of the
system is V & V and the equations of motion are

@3) B <—Mt1 o Kb(ii- M# o Fy M;Ed“j&) <38> |

or equivalently,
§(t) + M* o K’(q(t)) = M# o Fy(q(t)) + M* o Fa(4(t)).

Now we review a useful lemma for decomposing the state space of the linearization to
a form matching that of a forced linear mechanical system.

Lemma 2.8 (Natural Isomorphism of To,, TQ). There is a natural isomorphism of To,,1Q
with Ty, Q © T4, Q.

Proof. Passing through 04, are two submanifolds of TQ: Z(T'Q) and Ty,Q. We have
To,,(Z(TQ)) = TyQ since g — 0y is a diffeomorphism of @ with Z(T'Q). Also,
note that v — vlftg, (v) is an isomorphism of T,,@ with Tp, (73,Q). Now, since
Tqu (Z(TQ))HTO% (T4, @) = {04, }, we conclude that TquTQ &~ quo (Z(TQ))EBTOqO (T4, Q) =
T4 Q @ Ty Q- [

The tangent lift of a vector field is reviewed in Appendix [C] but it will be useful to recall
the coordinate expressions here as we will use it extensively. Let M be a C°°-manifold and
X € T°(TM). Consider a local chart (U, ¢ = (z',...,2")) of M and the corresponding

local chart (TU,T¢ = (z',...,2", v',...,v"™)) of TM. Let X‘U( — Xi(z)52(z). Then
the tangent lift X” : TM — TTM can be written locally as

0 0X? 0

XT‘TU(UI) = Xl(x) BIY (vg) + 92 (a:)vjw(vx).

Essentially, the tangent lift gives us the desired linearization. We shall apply the tangent
lift to (2.1.2) by splitting the calculation into various lemmas.

Lemma 2.9 (Tangent Lift of the Geodesic Spray). Let ¥ = (Q,G,V, F) be a C*-forced
simple mechanical system and consider an equilibrium configuration qo € Q for 3. Then,
Jor all vi ® vy € Ty, Q & Ty, Q = T, TQ, we have

G
ST (v1 ®va) = (000 @ va B 0)yu,-



LINEARIZATION AND STABILITY OF NONHOLONOMIC MECHANICAL SYSTEMS 9

Proof. Consider (U, ¢ = (q',...,q")), a local chart of Q around qo. The geodesic spray
G
S:TQ — TTQ in coordinates (TU,T¢ = (¢*,...,q"% v',...,v")) is

G .0 G, L0
S TU(Uq) =v aiqi(vq) - ij(‘])”] v (vg)-
The tangent lift ST TTQ — TTTQ in coordinates (TTU, TT¢ = (¢*,...,q% v, ... 0",
gty ..., gm0t . o)) s
; 0 G, e O ox? -0
T T iy or g 2
S TTU(qu) 8 z(qu) ]k(Q)U v l(qu) 8qj (UCI)q ('“)ql (qu)
0X' 0 oY 0 oY 0

- J_— - J_— - J_—
+ avj (UQ)U aqz (w’Uq)+ aq] (UQ)q 8'UZ (w’Uq)+ av] (UQ)U 81}1 (qu)’

. ) . G. .
where X*(vy) = v* and Y'(vq) = —F}k(q)qﬂvk. Hence, given vi @ vo € TyQ ® T,,,Q =
TOqOTQ’

G G
ST(vy @we) =ST|  (v1 ® o)
TTU
0
:O—0~|—0—|—v§8—qi(v1@v2)+0+0

0
= ’1}28 l(’Ul D U2)
= (O ®0d v2 D 0)121691127
where v = v{a%i(qo) and vy = U%a%i(%)' -

Lemma 2.10 (Tangent Lift of the Potential Force). Let ¥ = (Q,G,V, F) be a C*-forced
simple mechanical system and consider an equilibrium configuration qy € Q for X. If qo is
a critical point for V. (i.e. dV(qo) = 0), then, for all vi ® va € Ty, Q ® Ty, Q = T, TQ, we
have

(VI (G* 0 dV))T (v B v2) = (0© 08 06 (G(qo)* o HessV (q0)’ (1)) v, -

Proof. Consider (U, ¢ = (¢',...,¢")), a local chart of Q around qg. The differential of V' in
coordinates (U, ¢ = (q¢',...,q")) is

dV‘U(Q) = g; (9)ddq'(q)-

The gradient of V in coordinates (U, ¢ = (¢*,...,q")) is

ov 0
#od ij —
G*oav| (a) = Gla)5 5 (0)5:(0)
The vertical lift vIft(G* o dV) : TQ — TTQ in coordinates (TU,T¢ =
(¢4, ....q" vt ... 0")) is
ov 0

VIR(EH 0 dV)| () = GY() 55 (@) 5 ()



10 S. D. YANG

The tangent lift (vift(G# odV))? : TTQ — TTTQ in coordinates (TTU, TT¢ = (q¢',...,q",
ol g @ o o) s

2% 0 oxX? 0
1f # T ij
((CH 0 V)| (w,) = GY(@) 57 (@) gz (we,) + 5y () s (o)
X' .9 oyt 9 )N

+ W(UQ)U afqi(qu) + W(%)q W(qu) + w(vq)v W(qu)

where X%(v,) = 0 and Y(v,) = G¥(q )8(1]( q). Hence, given v1 vz € Ty,Q®Ty,Q = Tp, TQ,

(VIft (G o dV)) T (v1 ® vo)

= (VIft(G* o dV))T TU<”1 ® v)
OGY ov g oV g O
_ 1]
=04+0+0+ < o (qo0 )a =(q0) +G (qO)aqkaqj(qO)> 195 —=(v1 ©v2) +0
0
o*V i O

G”(QU)a kg ](C]o) 195 =7 (V1 D vg)

= (08 0& 06 (G(qo)* o HessV (o)’ (v1))) s s

where v = vl (qo) and vy = Uz g (‘IO) -

Lemma 2.11 (Tangent Lift of the External Force). Let ¥ = (Q,G,V, F) be a C*-forced
simple mechanical system and consider an equilibrium configuration qo € Q for 3. If

F(Z(TQ)) = Z(T*Q), then, for all vi ® vz € Ty,Q & Ty, Q = Ty, TQ, we have

(Wt G¥ o )" (11 ®v2) = (0©0©0& (G(g0)* 0 di F(0gy ) (v1) + G (g0)* 0 da F(0gq ) (12)) )y e

where we have defined diF (0q,), d2F(0g,) € L(TyQ; Ty, Q) such that given a local chart
(U, ¢ = (¢*,...,q")) of Q and corresponding local chart (TU,T¢ = (¢*,...,q",vt,...,0"))
of TQ,

0 F O] = | 50000 1220 = [ 550,
Proof. Consider (U, ¢ = ( ,...,q")), a local chart of @) around qy. The external force in
coordinates (U, = (', .., q")) is
F| (v) = Fi(v)dd (0)
and so 9
G*oF|, () = G (@)Fs(vg) 5 :(a)

The vertical lift
VIft(G* o F): TQ — TTQ
vy VIt (G¥ o F(vg))
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in coordinates (TU,T¢ = (q*,...,q¢",v",...,0")) is

vift(G¥# o F) o (Va) = G (q)Fj(v )aaz( q)-

The tangent lift (vlft(G# o F)) : TTQ — TTTQ in coordinates (T'TU, TT¢ = (¢*,...,q",

1 X0
v, g, ¢ ,0™)) is

(UR(GH 0 F)T| ) = G @F(00) g ) + G (o) 5 ()

aXt -0 oY? 0 oY'? .0
) )
+ 6vj (UQ)U 3q1 (qu) a j ( )q a z( ’Uq) + 6’Uj (Uq)v 6’07‘ (qu)

where X*(vy) = 0 and Y'(vy) = GY(q)F}(vq). Hence, given v vy € Ty, QBT Q = To,, TQ,

(VIEE(GH o F)T (01 @ v9) = (VIE(GH o F))T ] (1 &)

or,

; 0
=04+0+0+ ( q0)+GW(qO)8q; (0q0)> 195 z(vl ® v2)

i 0
+GY(q )W(Oqo)v’;av (v1 @ v2)

. OF; 0 ; OF} R,
:GJ(QO)aT,i(Oqo)U]fa -(v1 @U2)+GJ(QO)8UZ (0gy )05 V2 7 (V1 @ v2)

=(090®0® (G(g0)* 0 d1F(0gq)(v1) + Glq0)* © d2F (04 ) (v2))) s @02

where v) = v! 8‘?],- (qo) and vy = Uéa%i(%)- O
Now, putting everything together, we get the following.

Proposition 2.12 (Linearization of a Forced Simple Mechanical System). Let ¥ =
(Q,G,V,F) be a C*®-forced simple mechanical system such that F(Z(TQ)) = Z(T*Q) and
consider an equilibrium configuration qo € Q for ¥ (i.e. we have dV(qy) = 0). Then the

linearization of at O, in the decomposition To, TQ = Ty, Q & Ty, Q is given by

B 0 idr,,Q
AE(QO) - (_G# o H@SSV(qo)b + G# o le(Oqo) G# o dQF(Oq )

and the linearized equations of motion are

<38> - <—G# ° H&‘ssV((m)(z +G7 od1F(0q,) G* iﬁ'ﬁw) <38> '

In other words, the linearization is given by the forced linear mechanical system

(TQOQ7 G(qo),
HessV (qo), (d1F(qo),d2F (q0)))-

Proof. This follows from combining the results of Lemmas [2.8] [2.9] 2.10] and O
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2.3. Stability of Equilibria

In this section, we look at the stability of equilibria. For a nonlinear system, the stability of
an equilibrium point is typically analyzed in one of two ways: (1) stability of its linearization,
or (2) Lyapunov stability. For unconstrained mechanical systems, the same two approaches
can be applied for an equilibrium configuration gy by considering the associated vector field
and its equilibrium point Og4,. Due to the nature of mechanical systems and the structure
of its linearizations, we can obtain specialized results. In particular, for the unconstrained
mechanical systems that we study here, i.e. those subject to dissipative forces, we can
examine more closely the spectrum of the linearization, and for Lyapunov stability, use the
energy function as a Lyapunov function.

Definition 2.13 (Dissipative Force). Consider a time-independent force F': TQ — T*Q.
(i) F is dissipative if, for all v, € TQ, we have (F(vq);vq) < 0.
(ii) F is strictly dissipative if F' is dissipative and (F(vq);vg) = 0 only when v, €
Z(TQ).

Definition 2.14 (Rayleigh Dissipation). A (0,2)-tensor field Rgiss on @ is a Rayleigh
dissipation function if Ry is C°°, symmetric, and positive-semidefinite. If Rgis is
positive-definite, then it is strict. The dissipative force associated with Rgiss is —R'(’Jliss :
TQ — T*Q.

Let us compile some basic results regarding the stability of equilibria via linearization.
We refer to [3] for the proofs and additional details.

Theorem 2.15 (Normal Form for a Symmetric Bilinear Map). Consider a finite-

dimensional R-vector space V. Given B € ¥o(V), there exists a basis {e1,...,e,} for
V' such that
Ly 0 0
[B] = 0 —Iyxq O
0 0 0

Definition 2.16 (Rank, Index and Signature). Referring to Theorem we define the
following.
(i) The rank of B is the number of nonzero elements on the diagonal, i.e. rank(B) =
p+q.
(ii) The index of B is the number of —1’s on the diagonal, i.e. ind(B) = q.
(iii) The signature of B is the number of 1’s on the diagonal minus the number of —1’s
on the diagonal, i.e. sig(B) =p —q.
Proposition 2.17 (Eigenvalues of an Unforced Linear Mechanical System). Let (V, M, K,
. . . 0 idy
(0,0)) be an unforced linear mechanical system and consider A = (—Mﬁ oK' 0 )

(i) The eigenvalues of M* o K are real.
(ii) 1 € R is an eigenvalue of M7 o K’ if and only if X = £v/—1 are eigenvalues of A.

Proposition 2.18 (Stability of an Unforced Linear Mechanical System). Let
(V,M, K, (0,0)) be an unforced linear mechanical system.
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(i) The equilibrium point 0 is spectrally stable (see Definition[A.9) if and only if ind(K) =
0.
(i) The equilibrium point 0 is stable if and only if rank(K) = n and ind(K) = 0.
(ii) If ind(K) > 0, then the equilibrium point 0 is unstable.

Theorem 2.19 (Stability of a Linear Mechanical System with Linear Dissipation). Let
¥ = (V, M, K,(0,—R®)) be a forced linear mechanical system, where R € ¥5(V) and R is
positive-semidefinite. (We call R a linear Rayleigh dissipation function and we say
that ¥ is a linear mechanical system subject to a linear dissipative force.)
(i) If K is not positive-semidefinite, then the equilibrium point 0 is unstable.
(i) The equilibrium point 0 is stable if and only if K is positive-semidefinite and Ker(K”)N
Ker(R’) = {0}.
(iii) The equilibrium point 0 is asymptotically stable if and only if K is positive-definite
and (M# o K°, Im(M# o R*)) = V.

Note that for an F-vector space V', a subset £ C L(V; V'), and a subspace U C V', (L, U)
is defined as the smallest subspace of V' containing U that is also an invariant subspace for
each A € L.

Theorem 2.20 (Stability of a Rayleigh Dissipative Unconstrained Mechanical System via
Linearization). Let ¥ = (Q,G,V,—R’,. ) be a C®-forced simple mechanical system subject

diss
to the force associated with a Rayleigh dissipation function Rgss and suppose qo € Q is an
equilibrium configuration for X.
(i) If HessV (qo) is not positive-semidefinite, then qo is unstable.
(i3) If HessV (qo) is positive-definite and (G(qo)# o HessV (qo)’, Im(G(qo)¥ o Raiss(0)?)) =
T4 @, then qo is locally asymptotically stable.

Now, let us examine the stability of equilibria via Lyapunov methods.

Proposition 2.21 (Time Derivative of Energy for Unconstrained Mechanical Systems). Let
Y =(Q,G,V,F) be a C*®-forced simple mechanical system, and consider a curve y: I — Q

satisfying the equations of motion . Then,

dE(;z(m = (F(y'(t));7/(1)).

Equivalently, let X be the associated vector field for 3. Then,
LxE(vg) = (F(vg); vg)-
Proof. We know that the total energy is
1
E(vq) = §G(Q)(Uqavq) +V(q),

hence

E(y'(t) = %G(v(t))(v’(t)w’(t)) +V(v(®),
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and so taking the time derivative we get

dE(Y (1))
dt

- & (36001600 +V6w)

G(v ())(V 1y ()7 (1))

=G(’v(t))(vy(m’(t),’V’(t)) (d
= G(y(1))(=G¥ 0 dV (y()) + G o F(y' (1)), () + (dV (+(1)); 7 (t))
= —G(y(1)(G* 0 dV (v(t)),7'(t )) G(y(1))(G* o F(Y(£)),7' (1)) + (dV (v(t));7 (1))
—(G(G* 0 dV(v(1))); ¥ (1) + (G (G¥ o F(+/(1)));7/ (1)) + (dV (v(£)); 7 (1))
—<dV( (1); 7' (1) + (F(Y(£));7/(1)) + (dV (v (£)); 7' (1))
= (F(¥();7'(1))-

The equivalence of the time derivative and Lie derivative expressions is Proposition
O

( (£);7'(1)

);
)+

Proposition 2.22 (Dissipative Forces Decrease Energy). Let ¥ = (Q, G, V, Fy;ss) be a C*-
forced simple mechanical system where Fy;ss is dissipative, and consider a curve v : 1 — @
satisfying the equations of motion . Then, the energy E(v'(t)) is non-increasing.
Equivalently, considering the associated vector field X for ¥, we have that Lx E(vg) < 0
for all vy € TQ.

Proof. This follows directly from Proposition [2.21] O

Theorem 2.23 (Stability of a Dissipative Unconstrained Mechanical System via Lyapunov
Methods). Let ¥ = (Q, G, V, Fy;ss) be a C*°-forced simple mechanical system where Fg;gs is
dissipative, and consider an equilibrium configuration qy € @ for ¥, i.e. we have dV (qy) = 0
since F(Z(TQ)) = Z(T*Q).
(i) If V is locally positive-definite about qo, then qo is stable.
(ii) If qo is an isolated local minimum for V and Fgss is strictly dissipative, then qq is
locally asymptotically stable.

Note that gp being an isolated local minimum for V implies that V is locally positive-
definite about gy. The converse is only true for analytic functions.

Proof. (i) Consider the energy function E : TQ — R, E(vy) = 3G(q)(vq,ve) + V(q).
Without loss of generality, assume V' (gg) = 0.
Claim: F is a Lyapunov function for the associated vector field X for 3 at the point
Ogo-
Proof of claim:
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(i)

1. We have E(04,) = 0.

2. E(4/(t)) is non-increasing by Proposition In other words, Lx F is negative-
semidefinite about 0.

3. We need to show that there exists a neighbourhood TU C T'Q) of 0,4, such that
for all v, € TU \ {04, }, we have E(vy) > 0. Since V is locally positive-definite
about qo, there exists a neighbourhood U C @ of gg such that for all ¢ € U\ {qo},
we have V(q) > 0. Now, for all v, € TU \ Z(TU), we have G(q)(vq,vq) > 0.
Hence, for all v, € TU \ {04}, we have E(vy) > 0. Hence E is a Lyapunov
function for the associated vector field at the point 0y, as claimed.

Hence, by the Lyapunov stability criteria (Theorem , qo is stable.
Since qp is an isolated local minimum for V', V' is locally positive-definite about gy and
so (i) applies. E is a Lyapunov function. Also, since ¢q is an isolated local minimum
for V, there exists a neighbourhood W C @ of ¢p such that for all g € W \ {qo}, we
have V(q) > V(qo), and W contains no critical points other than go. We have that
E is positive-definite on TW and E('(t)) is non-increasing. Let A = {v, € TW |
(Faie (v0); vg) = 0} = Z(TW).
Claim: {0g4,} is the only positively invariant set in A.
Proof of claim: Suppose 04, # 04, is another point. Then ¢; # qo implies that
gradV (q1) # 0. Hence the solution will leave A, proving the claim.
Hence the corollary to LaSalle Invariance Principle (Corollary implies that gg
is locally asymptotically stable.

Ul



Chapter 3

Nonholonomic Mechanical
Systems: Equations of Motion and
Equilibria

In this chapter, we begin to study constrained mechanical systems, i.e. simple mechanical
systems subject to velocity constraints. Velocity constraints are modeled as a distribution
on the configuration manifold, and can either be holonomic or nonholonomic. Note that we
only consider linear velocity constraints which are regular C°°-distributions. Afterwards,
we look at how the equations of motion and equilibria change when these constraints are
added.

3.1. Velocity Constraints

Definition 3.1 (Annihilator). Let V' be a finite-dimensional R-vector space and S C V.
We define the annihilator of S by

ann(S) ={a e V" | a(v) =0Vv € S}.

Now, given a distribution D on a C'*°-manifold M, we define the annihilator of D, ann(D),
such that
ann(D), = ann(Dy).

Note that since ann(S) is a subspace of V*, ann(D) is a codistribution on M.

Definition 3.2 (Linear Velocity Constraint). Let @ be a C*°-manifold. A distribution D
on @ is a C*°-linear velocity constraint if ann(D) is a C*°-codistribution. A C*°-linear
velocity constraint D is regular if D is a regular distribution. Alternatively, a distribution
D on (@ is a regular C"°-linear velocity constraint if D is a regular C'**°-distribution.

Remark 3.3. We will only work with regular C'*°-linear velocity constraints and so the
technicalities above involving regularity and smoothness can be ignored.

Often we will say velocity constraints, constraint distribution, regular constraints, or
simply constraints in reference to a regular C°°-linear velocity constraint. Constraints can
either be holonomic or nonholonomic. These are defined as follows.

16
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Definition 3.4 (Holonomic and Nonholonomic Constraints). Let D be a regular C*°-linear
velocity constraint on a C'*°-manifold Q). Then,

(i) D is holonomic if D is integrable, and

(ii) D is nonholonomic if D is not holonomic.

Note that we are not interested in mechanical systems subject to holonomic constraints.
As discussed in [3], if the distribution is integrable, this means that all curves through
a point ¢ € @ satisfying the constraint must lie on the maximal integral manifold for D
through ¢. In this case, we can always restrict our analysis to the maximal integral manifold
of the distribution, and then the results for unconstrained mechanical systems would apply.
It is the nonholonomicity of constraints which introduces additional complexities into the
equations of motion and stability analysis.

Definition 3.5 (Totally Nonholonomic). Let D be a nonholonomic constraint on a C'°°-
manifold . Denote by I'*°(D) the set of C*-vector fields on @ taking values in D and
define Lie* (D) as the smallest subspace of I'*°(T'Q) such that I'*°(D) C Lie> (D) and, for
all X, Y € Lie*(D), we have [X,Y] € Lie®(D). We say that D is totally nonholonomic

if, for all ¢ € @, we have Lie> (D), = {X(q) | X € Lie* (D)} = T,Q.

Essentially, if a constraint is totally nonholonomic, for every point in the configuration
space, although our instantaneous motion is restricted to a subspace of directions, it is
possible to achieve net movement in any direction.

3.2. Equations of Motion

Here, we study the equations of motion for nonholonomic mechanical systems. Although
the results obviously apply for holonomic mechanical systems as well, they do not provide
any additional information of interest to us.

Definition 3.6 (Forced Simple Mechanical System with Constraints). A C*°-forced sim-
ple mechanical system with constraints is a 5-tuple (Q, G, V, F, D), where

(i) (Q,G,V,F)is a C*-forced simple mechanical system, and

(ii) D is a C*°-linear velocity constraint.

Note that since we are only interested in constraints that are regular, we will talk about
C*>°-forced simple mechanical systems with regular constraints. This is our general notion
of a constrained mechanical system.

Definition 3.7 (Curve Satisfying a Constraint). Let D be a C'*°-linear velocity constraint
on a C*°-manifold Q. A C*®-curve v : I — ( satisfies the constraint D if 7/(t) € D,
for all t € I.

Definition 3.8 (Constraint Force). Let D be a C*°-linear velocity constraint on a C*°-
manifold ). A constraint force is a force taking values in ann(D). Given a continuous
curve v : I — @, a covector field o : I — T*(@) along ~ is called a constraint force along
v if, for all t € I, we have a(t) € ann(D))-

A physical motivation for the definition of constraint forces is that they do no work on
curves satisfying the constraint. The converse is in general not true, though.
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Definition 3.9 (Orthogonal Projections). Let D be a regular C*°-linear velocity constraint
on a C*-manifold ). We define two vector bundle maps over idg, Pp : TQ — TQ and
Pﬁ : TQ — TQ, such that, for all v, € T'Q,

(i) vy = Pp(vg) ® Pj5(vy), and

(i) Pp(vq) € Dy and Pf(vg) € Dy

Note that Pp and P7 can be treated as (1, 1)-tensor fields.

Proposition 3.10 (Equations of Motion for Constrained Mechanical Systems). Let
(Q.G,V,

F, D) be a C*-forced simple mechanical system with regular constraints. A curve~y: 1 — Q
satisfies the constraint D and the Lagrange-d’Alembert Principle for the force F' 4+ o and
Lagrangian L(vg) = 5G(vg,vq) — V(q) where o is a constraint force along vy, i.e.

Voo () = —gradV ((t) + G# o F(+(1)) + G* o a(t)

v'(t) € Dy
if and only if there exists a vector field A along 7y such that A(t) € Di(t), and

Vo (7(8) = —gradV (3(1)) + G# o F(3/(1) + A1) (3:2.1)

P5(+'(t)) = 0.

Proof. This follows since
L P5(y'(t) =0 <= 7/(t) € Dy for all t € I, and
2. points in ann(D) are mapped bijectively onto D+ by G¥, i.e. A\(t) = G¥ o a(t).
O

Proposition [3.10] gives us the equations of motion for constrained mechanical systems,
but we still need to solve for the unknown A. Note that A is in fact a “Lagrange multi-
plier”. We introduce the constrained affine connection here, which will help us simplify the
equations of motion after A is solved for.

Definition 3.11 (Constrained Affine Connection). Let @ be a C°°-manifold, G a C*°-

Riemannian metric on @, and D a regular C'°°-linear velocity constraint on ). The con-
D
strained affine connection, V, is

D AG c
VxY =VxY + (VXPD)(Y),

where P[L) :TQ — TQ is thought of as a (1,1)-tensor field. We denote the geodesic spray
D D
associated with V by S.

Proposition 3.12 (Properties of the Constrained Connection). Let @ be a C'*°-manifold,

G a C°°-Riemannian metric on Q, and D a regular C*°-linear velocity constraint on Q.
G D
Consider the Levi-Civita affine connection V and the constrained connection V. Given

X eI®(TQ) and Y € I'*°(D), we have
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D G D
(i) VxY = Pp(VxY) and therefore VxY € T'°(D), and
G G G
(ii) (VxPE)(Y) = —P3(VxY) and therefore (VxP3)(Y) € T>(D4).

Proof. Let X € T®(TQ) and Y € I'*(D). We have that P3(Y) = 0, hence taking the
covariant derivative we get

Vx(PA(Y)) =0,

and by the product rule for the covariant derivative we get
G n n G

G G
Rearranging, we get that (VxP3)(Y) = —P5(VxY) € T(D1). This proves the second
statement. Now,

D G G n
VxY =VxY + (VXpD)(Y)
G N G
=VxY — P5(VxY)
G
= PD(V)(Y) S FOO(D),
which proves the first statement. O

Definition 3.13. Let D be a regular C'*°-distribution on a C*°-manifold . A C'*°-affine
connection V restricts to D if, for all X € I'*°(T'Q)) and for all Y € I'*°(D), we have

VxY € I'*(D).
D
Hence we can say that V restricts to D.

Theorem 3.14 (Equations of Motion for Constrained Mechanical Systems using the Con-
strained Connection). Let (Q,G,V, F, D) be C*-forced simple mechanical system with reg-
ular constraints. A curve v : I — @ satisfies the constraint D and the Lagrange-d’Alembert
Principle for the force F' + o and Lagrangian L(vy) = %G(vq,vq) — V(q) where « is a
constraint force along vy, i.e.

Voo () = —gradV (+(1)) + G* o F((1)) + G* o a(t)

if and only if

D

VoY (t) = =Pp o gradV (y(t)) + Pp o G o F(/(1)) (3.2.2)
and ' (to) € D) for some tg € 1.

Proof. We only consider the forward direction of the proof here. We refer to [3] for a
complete proof.
Applying Proposition it is clear that since P3(7/(t)) = 0, there exists ¢y €

G
I such that +'(to) € Dyy,). By Proposition [3.12) we have that Pﬁ(vwx(t)'y’(t)) =
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)). Now, consider %y(t)'y’(t) = —gradV (y(t)) + G o F(y/(t)) + A(t).

(Vo PRt
t):

We solve for A(

A(t) = Voo () + gradV ((1)) — G# o F((1))
G
= PA(V. 07 (1) + P (gradV (1(2)) — PA(G# o F(v/(2))
(Vo PR (1) + Ph(gradV (1)) — P(G¥ o F((1))).

Hence, substituting this expression for A(t), we get

G G
VoY () = =(VoyuPp) (Y (t) — P5(G* o F(y/(t))) + Pp(gradV (v(t)))
+G¥ o F(+/(t)) — gradV (y(t)),

and so 5
Vo (t) = Po(G o F(y/(t))) — Pp(gradV (y(t))),
using the fact that Pp = idpg — Pl%. O

3.3. Equilibria

In contrast to dissipative mechanical systems without velocity constraints, the critical points
of the potential function do not fully characterize the equilibria of a nonholonomic me-
chanical system. While any critical point of the potential function is still an equilibrium
configuration for the nonholonomic mechanical system, the velocity constraints introduce
new equilibria, which correspond to points in which the gradient of the potential function is
orthogonal to the allowable velocities. In fact, the equilibria tend to no longer be isolated,
and tend to form a manifold of equilibria. However, this is not always the case, contrary
to the claims in [I1] and assumptions made by many researchers. Equilibria can still be
isolated, and the equilibria do not necessarily form a submanifold of the configuration space.
We borrow examples from [6] and rework them here.

Definition 3.15 (Equilibrium Configuration). Let ¥ = (Q,G,V, F, D) be a C*-forced
simple mechanical system with regular constraints. A point gg € @ is an equilibrium
configuration for ¥ if the trivial curve 7(t) = go satisfies the equations of motion (3.2.2)).

Let us characterize the equilibrium configurations of a nonholonomic mechanical system.

Lemma 3.16 (Characterization of Equilibrium Configurations). Let ¥ = (Q,G,V, F, D)
be a C°-forced simple mechanical system with regqular constraints such that F(Z(TQ)) =
Z(T*Q). A point qo € Q is an equilibrium configuration for ¥ if and only if dV(qy) €
ann(Dy,) (equivalently, Pp(G* o dV(qy)) = 0).

Proof. (=) Since qq is an equilibrium configuration we have that () = qo, 7' (t) = 0g,, and

@wm’(t) =0. So —Pp(G*# o dV(y(t))) + Pp(G* o F(+'(t))) = 0. Since F(v'(t)) = 0, we
get —Pp(G¥ odV(q)) = 0, or Pp(G* o dV(qo)) = 0.
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(<) Suppose Pp(G# o dV(g)) = 0. Consider (t) = go. Then +'(t) = 04, and

D
Vo (t) = =Pp(G 0 dV(1(1))) + Pp(G¥ o F(y'(t)))
is satisfied. Hence qq is an equilibrium configuration. O

The following is an example of a nonholonomic mechanical system in which the set of
equilibria do not form a manifold. The original example is found in [6]. For this example
(and subsequent examples), we use Mathematica to aid us in heavy computations and
symbolic manipulations.

Example 3.17. Consider ¥ = (Q, G, V, F, D), a C*°-forced simple mechanical system with
regular constraints such that F(Z(TQ)) = Z(T*Q), where
(i) @ = R? with global coordinate charts (R3,¢ = (x,9,2)) and (TR3,T¢ =
(x7y727u7v7w))7
(ii) G=dr@dr + dy ® dy + dz ® dz,
(iii) V(q) = 5(a® + 5% +2%),
(iv) F(vq) = —udz(q) — vdy(q) — wdz(q), and
(v) D is defined such that D+ = span {x% + ya% +(14+x— y)%}.
Observe that we can write D = span { X7, X3}, where

0 0 0

Xi=(1 +$)% + (—95)87/ + (—35)&,
0 0 0

X9 = (y)87x +(1— Z/)a*y + (—y)&.

Indeed, we have that z- (14+2)+y-(—z)+(1+z—y) - (—z)=0and z-y+y- (1 —y) +
(14+z—y)-(—y) =0, and

T Y 14+2—y
det |1+2 —=x —x =222 — 2zy + 2z 4+ 2y® — 2y + 1,
y 1-y —y

which can be verified is never zero.
Now, let us verify that the constraints are nonholonomic (in fact, totally nonholonomic).
We compute

) ) B
(X1, Xo] = (—2 — y>% + (z + y)afy + (z + y)@,

and get
1+x - —T
det Y -y -y | =z+uv,
—r—Yy T+y Tr+y
so {X1, X2, [X1,X2]} is linearly independent everywhere except on the line x + y = 0.

Hence, one bracket is not enough to show that D is totally nonholonomic. We compute
another bracket

0 0 0
(X1, [ X1, Xo]] = (—1+$+y)%+(1 _x_y)éTy + (1 —1‘—2/)%-
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Here, for {X1, X2, [X1, [X1, X2]]}, we have

1+=x - —T
det Y 1—y -y =—z—y+1,
—14+z+y 1-2—-y 1-x—y
so we have linear independence everywhere except on the line x + y = 1. Now, since the
solutions to x +y = 1 do not coincide with any solutions of x +y = 0, we can conclude that

D is totally nonholonomic.
The equilibria of ¥ are all ¢ € Q such that G o dV (q) € D*. We solve

G* o av(o) = (s5-(0) +ug- () + (L + 2= )5 0)

0
oy
s @) 4y @+ @) =2 (2 @) g @)+ (0 -5 0)

T =z
=y =y
=1 +z—y)A

If x =0 and y =0, then z is arbitrary. If t 0 or y #0, then A\=1andsoz=1+z—y
for all z and y. Hence the set of equilibria is {(0,0,z) | z € R}U{(z,y,2) |z —y—2z = —1},
shown in Figure It is not a submanifold of Q.

The following is an example of a nonholonomic mechanical system which has an isolated
equilibrium configuration. The original example is found in [6].

Example 3.18. Consider ¥ = (Q, G, V, F, D), a C*-forced simple mechanical system with
regular constraints such that F(Z(TQ)) = Z(T*Q), where
(i) @ = R® with global coordinate charts (R3,¢ = (x,9,2)) and (TR3,T¢ =
(z,y,z,u,v,w)),
) G = M®M+@®@+®®m

(iii) V(g) = 5(z — 1)+ 5(y — 1)?,

(iv) F(vg) = —ud:r( ) — vdy(q) — wdz(q), and

(v) D is defined such that D+ = span {—ya% + ma% + ((y —1)2 + 22)%}.
Observe that we can write D = span{Xj, X2}, where

(ii
i

Xi= (@) + (- D+ 22 )5+ (o)
Xo = (=17 + )5 + 05+ W5

Indeed, we have that (—y) -z + z - ((y - 1) +224+y)+ ((y—1)%+2%) - (—x) = 0 and
(—y)- (=12 +2)+2-0+((y—1)2+22) -y =0, and

—y x (y —1)% + 22
det x (y—1)2+22+y -z
(y—1)2 + 22 0 y

=y(—2® =y’ + 3 —y2® —y) + ((y = D? + 27 (=2 = ((y = )* + 2)((y = 1)* +y + 27)),
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Figure 3.1: The set of equilibria for ¥ in Example Points (0,0,0), (0,0,1), and (1,0, 2)
are indicated in red.

which can be verified is never zero.
Now, let us verify that the constraints are nonholonomic (in fact, totally nonholonomic).

We compute

where

and get

0 0 0
[X17X2] - pl(xaya Z)% +p2(907y7 2)% +p3($7y7 Z)&,

i@y, 2)=—(y—1)° =22z — 22 +2(y— 1) ((y — 1)* +y + 2°),
p2(w,y,2) = —2yz,
p3(z,y,2) = 2(y — 1)* +y + 227,

x (y—12+22+y —x
det |(y —1)2 + 22 0 Yy
pl(fE,y,Z) pZ(x7y72) p3(x?y7 Z)

—2(—1+y—22) (1—y+12+22)%

and so it can be determined that {Xj, X2, [X1, X2|} is linearly independent everywhere
except on Uy = {(x,y,2) € R® | y = 22 +1}. Hence, one bracket is not enough to show that
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D is totally nonholonomic. We compute another bracket

0 0 0
[Xla [leXZH - p4(l‘a Y, Z)% +p5($,y, Z)aiy +p6(l‘a Y, Z)&a

where

(—149)% + 2% —z(—22 — 22+ 4(—1 + y)2)

—2(-1+9) (-1 +9)? +y+2°) + (-1 +y)° +y +2°)

(21 2021+ ) (1) +2 (1 +y)P +y + 27)),

ps(x,y,2) = 2zy + 21+ 2(—1 +y))yz — 22 ((—1 + y) +y + 2°)
— 22 (2(-1+y)? +y+22%),

po(r,y,2) = —(=1+y)® =62z — 22 + (1 +4(-1+9) (-1 +9)* +y + 2°)
+2(-1+y) (-1 +y)* +y+2%).

pal@,y,2) =

Here, for { X1, Xs, [ X1, [X1, X2]|}, we have

x (y—1)2+22+y —x
det |(y —1)%+ 22 0 Y
pa(z,y, 2) ps(z,y, 2) pe(,y, 2)
:2(1 —y—|—y2—|—z2) (3—8y—i—1ly2 —8y3—|—3y4+6x2—6xyz—|—2xy2z—|—622

— 10y2% + 8y?2% — 2y32% + 6223 + 321 — 2y2%),
and so it can be determined that we have linear independence everywhere except on
Uy = {(z,y,2) €R® | & = (=3 + 11y — 22> + 279> — 22" + 1135 — 35 — 922 + 24y2>
— 35y2z2 + 28y3z2 — 13y422 + 2y522 — 94 4 15yz4 — 13y2z4 + 4y3z4 — 325+ 2y26)
/(62 — 12yz + 14y?2 — 8yPz + 2yt 2 4+ 1223 — 12923 + 8y22% + 62°), 2 £ 0.

This region is shown in Figure Let us compute yet another bracket

0 0 0
[ Xo, [X1, Xo]] = pr(x, v, Z)% + ps(, y, z)a—y + po(z, vy, Z>E’

where
pr(x,y,2) = 4(=1+y)yz + y(—22 — 22 + 4(—-1+y)z)
—22((-1+y)* +2%) — 22 (2(-1 +y)* +y +22%),

pS(‘Ta Y, Z) = _2y2

pQ(xaya Z) = byz.
Here, for {X1, X2, [X2, [X1, X2]]}, we have
x (y—12+22+y —x

det | (y —1)% + 22 0 Yy
pr(z,y, 2) ps(,y, 2) po(z,y, 2)

=—dyz (1—y+y°+2%) (3—3y+y* +327%),
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Figure 3.2: The region Us.

so we have linear independence everywhere except on
Us={(z,y,2) eR® |y =0} U {(z,y,2) e R® | z = 0}.

Now, it can be verified that U;NUsNUs = @, so we conclude that D is totally nonholonomic.
The equilibria of ¥ are all ¢ € Q such that G# o dV(¢) € D+. We solve

G* oavi) = A (-ugelo) + a7

(= gl + =1 @+ 0520 = (v @

0
- —1)2 2\ 2
b @)+ (= 102425 0)
0 9 9. 0
- -1 il
b @)+ (- 0P+ )
r—1=—y\
=>qy—1=2xA
0=((y—1)2+22)A
Note that A =0or (y —1)2+22=0. If A =0, then z = 1, y = 1 and z is arbitrary. If
(y—1)2+22 =0, then (y—1)2 = —22 = 2 =0, y = 1 and = = 0. Hence the set of equilibria

is {(1,1,2) | z € R} U{(0,1,0)}, shown in Figure We have an isolated equilibrium at
(0,1,0).

We now make use of the well-known implicit function theorem. We state a version of it
along the lines of [10].

Theorem 3.19 (Implicit Function Theorem). Let F : U — R* be a C°-function where

U C R x R¥ is open and consider the standard coordinates (L T ,yk) on U.
Let (zo,y0) € U such that F(xo,yp) = 0. If det<[‘3§j] ( )) % 0, then there exists
0,0
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Figure 3.3: The set of equilibria for ¥ in Example [3.18

neighbourhoods V.C R™ of xy and W C R* of yo and a C®-function ® : V — W such that
F=Y0) N (V x W) is the graph of ®, i.e. F(x,y) = 0 for (z,y) € V. x W if and only if
y = O(x).

Proposition 3.20 (Understanding the Nature of Equilibria via the Implicit Function The-
orem). Let ¥ = (Q,G,V, F,D) be a C*-forced simple mechanical system with regular con-
straints such that F(Z(TQ)) = Z(T*Q), and consider an equilibrium configuration qo for

G
Y. If the map Pp o V(Pp o G* o dV)(qo) : D(q0) — DI(qo) is invertible, then qo is not
isolated and, in a neighbourhood of qo, the set of equilibria forms an (n — k)-dimensional
submanifold of QQ, where n is the dimension of QQ and k is the rank of D.

Proof. Since D is a regular C*°-distribution on @), there exists a local chart (U, ¢) of Q
around ¢p and an admissible vector bundle chart (T'U, 1) for T'Q) such that

1. ¢ : TU — ¢(U) x R¥ x R*=*,

2. ¢pomrg oty Hx,u,v) =, and

3. Y(TUN D) = ¢(U) x R* x {0}"*,
Now consider the map

poPpoG#odVogp: ¢U)CR™F xRF — ¢U) xRF x {0}2F
(z,y) = (2,y, F(z,y),0)

where F : ¢(U) C R"* x RF — R¥. We have that Pp o G* o dV(qy) = 0, so letting
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#(qo0) = (x0,90), we have F(zo,yo) = 0. If det <[g§;} i
Z0,Y0

function theorem, there exists neighbourhoods V' C R** of 25 and W C R¥ of yy and a
C>®-function ® : V' — W such that F~1(0) N (V x W) is the graph of ®. In other words,
the submanifold Qo = ¢~ *({(z, ®(z)) | z € V}) of Q satisfies Pp o G¥ o dV (q) = 0 for all
q € Q. Hence g is not isolated, and in a neighbourhood of ¢g, the set of equilibria forms
an (n — k)-dimensional submanifold of Q.

So it remains to show that det <[g§;}

> = 0 then, by the implicit

( )) =% 0. Without loss of generality, we can
0,Y0

choose the chart (U, ¢ = (¢',...,¢")) such that {3%1((]0), e %(qo)} forms an orthogonal

G
basis for T,,Q and Dy, = Span{a%l(qo), Cee %(qo)}. Now consider the map Pp o V(Pp o

G# odV)(qo). Let us write this out in coordinates (U, ¢):

< #
Pp oV, (PpoG™odV)(q)
—Pyo (a(PD o G# odV)t
oq’

.G, , 0
(@), + Flu(a0) (P o 6% 0 V) (a0) ) (),
or

G
Pp o V(Pp o G* o dV)(qo)
# i
oqJ

(a0) + L (0) (Pp 0 G¥ o dV)S(CJo)> s (a0) ® (o).

Note that since qq is an equilibrium configuration, Pp o G* o dV(go) = 0 and so the term

containing the Christoffel symbols is zero. Also note that we are only interested in the map

G G
PpoV(PpoG#odV)(qo) : D(q0) — D(qo). More precisely, this is 7p(qo) o Pp(qo) o V(Pp o
G#odV)(qo)oip(qo), where 7p is the orthogonal projection onto D and ip is the canonical
inclusion map. In coordinates, we have

dqi

A(Pp o G¥ o dV)? G, s 0 ; .
mpo Ppo ((D".")mo) +T54(q0) (Pp 0 G* 0 dV) (qo>> g7 (0) ©da’ (@), G € {10 k)
0

A(Pp o G* o adV)’ %) ; -
8—qj(qo)8qi (90) ® dq’(qo), 4,5 € {1,... k}.

G
Since we have that Pp o V(Pp o G o dV)(qo) : D(q0) — D(qo) is invertible, equivalently
we have

4 i
det<[a<PDOG,Odv)] )3’&0
og’ 9
Choosing v such that ¢y| = T¢| , the invertibility of the map {%ﬁv)i} at qo is
4o 9 q0

OF!
oy’

equivalent to the invertibility of [ at (xo,y0). Hence det <[g§ ji]

(z0,90)

0,
(%JJO)) 7
O

and so the result follows.
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Example 3.21. Consider again Example We have

1 00 x
{G# =(0 1 0] and [dV]= |y
0 01 z

At (z,y, 2), the projection of a tangent vector (u,v,w) onto D(z,y, z) is

_ o) @y lte—y) (0
Iy t+e=9)l* \14 0y
Y sutyo+ (Ltr—yw 5
w 24+y2+(1+z—vy) | tz—y
v+ (1+z—vy —zy —z(1+z—y)
2 N2 _
Ty >+ (1+z—y) y(l+z—y)
- (1+:1:— Y) —y(l+2—vy) z? +y? v
— v |,
2?2 +y?+ (1+x—y)? "
so we have
] v+ (1+a—y)? , o me(lta—y)
[Pp(z,y,2)] = —xy e+ (1+z—-y)?* —yl+z-y)
R A e R et N e &
Hence,
pl(xvyvz)
[PDOG#OdV}: pa(z,y,2) |,
p3(.’17,y72)
where
( ) —zy +a(l+z—y)?+y?) —z(l+z—y)z
x? 7z: 5
ey 2 i (I+o—y2+y?
(2.5, 2) 2y + (P + (L+z—y)?)y— (1L+z-yyz
x? 7Z: 5
Py P+ (lta—y)?+4°
—2*(l+a—y) - (Q+a—yy*+ (2* +9°) 2
p3($7yaz):

4+ (1+z—y)?+y°
Taking partial derivatives, we get
dp1 _ 2e(l+z—y)+Q+z—y)?—2z—1+z—y)z
ox 22+ (1+z—y)?2+y?
2z +2(1+z—vy)) (—xy2+x((1+x—y)2—|—y2) —$(1—|—x—y)z)
(@2 + (1 +2—y)? +4?)°
opr _ 2wy + (=2(1+z—y)+2y) + 22
Ay 2?24+ (1+z—y)2+y?
(=20 +z—y) +2y) (-oy’ +2 (L +2—-y)° +3°) —a(l+2 —y)2)
(@ + (1 +z—y)?+y?)°

)

op1 _ z(1+z—vy)
0z 22+ (1+z—y)2+y?’




LINEARIZATION AND STABILITY OF NONHOLONOMIC MECHANICAL SYSTEMS 29

Op2 _ 2xy+ (20 +2(1+z—y))y —yz
ox 2+ (1+z—y)2+y?
Qz+2(0+z—y)) (—2y+ (@® + (1 +2-9)*)y — (1 +z - y)yz)
(22 4+ (1+ 2 —y)2 +y?)?
Op2 _ A+z—y)?-20+z—y)y—Q+z—y)z+yz
Ay w24+ (14+z—y)+y?
(2047 —y) +2) (=2’ + (@ + (1+z—-9)°)y— (1 +o—y)y2)
- (@2 + (142 —y)* +y2)°

’

I

Opz _ (I+z—y)y

0z x4+ (1+z—y)?2+y2’

Ips _ —z? —2e(14 2z —y) —y* + 2z2
or 2?24+ (1+z—y)?2+y?
2r+2(+z—y) (=2*(A+z—y) - (A+z -y’ + (2* +1°) 2)
(22 + (1+ 2 —y)? +2)°
Ops _ 2* —2(1+x —yly +y” +2yz
oy >+ (1+z—y)?+y?
(—2(1+x—y)+2y) (—:c2(1+x—y)—(1+:c—y)y2+(m2+y2)z)
@+ (12— 92 + )

k]

)

9ps 2 +y’

0z 22+ (1+z—y)2+y2

G
Let us now compute 7p(qo) © Pp(go) o V(Pp o G# odV)(qo) o ip(qo) at various equilibria o
(shown in red in Figure [3.1)). Note that

9 ) 9
Fx (90) alyl(%) %(QO)

G ox
V(oo 6* oav)(an)| = | Blw) Bw) Bl

o o
Fe(q0) F(a0) F2(a)

1. Atgo = (0,0,1), we have D(qo) = span { 2 (d0), ;(a0) } and D*(ao) = span { £(a0)}.

We can write

1 0 1 00
100
vt = (0 1), [Po@)]=[0 1 0], Fol)= ,
D\q0 0 0 D\40 00 0 D\40 (010)

SO

wlt0) o Po(an) 0 V(Pp o G* 0 dV)(ao) o “’@O)] B <8 8) |

This is not invertible. Hence this is consistent with the fact that there is no manifold
structure at (0,0, 1).

2. At go = (0,0.0), we have D(q0) = span { £ (40). % (d0) } and D*(q0) = spam { 2 (q0)}.

Again, we can write
100
’ [T‘-D(qo)] - (0 1 0) ’

o O =
O = O
o O O

1 0
lin(g)] =10 1|, [Pp(q)]=
0 0
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SO

7p(q0) © Pp(qo) © %(PD ° G¥ 0dV)(q) o iD(QO)] N <(1J (1)> '

This is invertible. Hence, in a neighbourhood of (0,0, 0), the set of equilibria forms a
one-dimensional submanifold of Q.

3. At ¢ = (1,0,2), we have D(qp) = span{28%(qo) — (%(qo) — %(QO),(%(QO)} and

D*(qo) = span {%(qo) + 2%((]0)}. In other words, e; = (2,—1,—1) and ez = (0, 1,0)
form a basis for D(qg) and e3 = (1,0,2) forms a basis for D+(gp). In this basis, we
can write

[iD(QO)]{el,e2,e3} -

S O =

0 1 00
L [Po(@)]eyepeny = (0 1 0,
0 0 0 0

1 0 0
[WD(qO)]{el,62,€3}:<0 1 0>

The transformation matrix from the basis {ej, e2, e3} to standard coordinates {u, v, w}
is

2 01
T=[-11 ,
-1 0 2
and its inverse is
1 2 0 -1
T*lzg 2 5 —1
1 0 2
Hence we have
& # , 1/4 -1
7p(q0) © Pp(qo) o V(Pp o G™ o dV')(qo) ©ip(qo) =:ls 1)
{e1,e2,e3}

This is not invertible. Hence, in a neighbourhood of (1,0,2), we cannot conclude
whether the set of equilibria has a manifold structure. Note that from Example [3.17
and referring to Figure however, we know the set of equilibria around (1,0, 2)
does form a two-dimensional submanifold of Q.

3.4. Forced Affine Connection Systems

We now consider forced affine connection systems, a generalization of forced simple me-
chanical systems with constraints. In the next chapter, we will look at the linearization of
forced affine connection systems, and then apply these results to obtain the linearization
for forced simple mechanical systems with constraints.
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Definition 3.22 (Vector Force). Let @ be a C*°-manifold and consider Y : TQ — TQ. Y
is a C°°-vector force if Y is a C'°°-vector bundle map over idg.

Note that our notion of a vector force is assumed to be time-independent.
Definition 3.23 (Forced Affine Connection System). A C*°-forced affine connection
system is a 4-tuple (Q,V,Y, D), where
(i) @ is a C*°-manifold,
(ii) V is a C*-affine connection on @),
(iii) Y is a C*°-vector force, and
(iv) D is a regular C*°-distribution to which V restricts, and for which Y is D-valued.

Definition 3.24 (Equations of Motion). Let ¥ = (Q,V,Y, D) be a C*-forced affine con-
nection system. The equations of motion for > are

VoY () =Y ('), (3.4.1)
where v : I — Q and 7/(to) € Do(4,) for some (and therefore, all) to € I.

Remark 3.25 (Reinterpreting Constrained Mechanical Systems). For a forced simple me-
chanical system with regular constraints (Q, G, V, F, D), we have the forced affine connection

D
system (Q,V, Pp(G* o F — gradV), D). Note that the equations of motion for the forced
simple mechanical system with regular constraints coincide with the equations of motion
for the forced affine connection system.

Definition 3.26 (Equilibrium Configuration). Let ¥ = (Q, V,Y, D) be a C*-forced affine
connection system. A point gy € @ is an equilibrium configuration for 3 if the trivial

curve 7(t) = qo satisfies the equations of motion (3.4.1]).

Similarly to forced simple mechanical systems, we can consider the associated vector field
for forced affine connection systems. Let ¥ = (Q V.Y, D) be a C*°-forced affine connection
system and consider a local chart ( ,¢ (¢! ,...,q ")) of Q. For a curve v : I — Q

satisfying the equations of motion et g oy(t) = q(t) = (¢*(t),...,q"(t)). Write Y
as Y (vg) = Yi(vq)a%i(q) and let F; be the Chnstoffel symbols for V in the chart (U, ¢).
The equations of motion in coordinates are

i+ T " =Y,

or

it =
= F RELTLEES

where v(t) = (v!(t),...,v™(t)) = ¢(¢). It can be shown that this gives rise to a well-defined
vector field X on D, i.e. X : D — T'D defined by

A
X (vq) = S(vg) + VIt (Y)(vg), (3.4.2)
where the integral curves of X, projected onto @ (using the canonical projection), are curves
satisfying the equations of motion (3.4.1)). We will call X the associated vector field for
3. In coordinates this can be written as

x| ()= Uiaaqi(vq) + (~Thul@ve + Y (v,)) %(vq),
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where (TU,T¢ = (¢',...,q", v}, ...,v™)) is the corresponding local chart of T'Q for (U, ¢).

Exactly as before, an equilibrium configuration gy € @ gives rise to an equilibrium
point Oy, for the vector field X, and stability notions can be made for the equilibrium
configuration gg by reference to the equilibrium point Og,.

Lemma 3.27 (Characterization of Equilibrium Configurations). Let ¥ = (Q,V,Y, D) be a
C*>-forced affine connection system. A point qo € Q is an equilibrium configuration for 3

if and only if Y (04,) = 0.

Proof. The proof is immediate by considering the equations of motion (3.4.1)) and setting
V,y/(t)"}//(t) =0. O



Chapter 4

Nonholonomic Mechanical
Systems: Linearization about
Equilibria

In this chapter, we obtain the linearization of a forced affine connection system and then
apply this to nonholonomic mechanical systems. We then examine the validity of an alter-
native approach to linearization.

4.1. Linearization of a Forced Affine Connection System

We will require Lemma for decomposing the state space of the linearization.

Lemma 4.1 (Tangent Lift of the Geodesic Spray). Let ¥ = (Q,V,W, D) be a C*-forced
affine connection system, and consider an equilibrium configuration qo € Q for X. Then,
Jor all vi ® vy € Ty, Q & Ty, Q = T, TQ, we have

ST (v ®v2) = (0B 0@ v B 0)o, o,
Proof. The proof is exactly the same as that of Lemma [2.9 O

Lemma 4.2 (Tangent Lift of the Vector Force). Let ¥ = (Q,V,W, D) be a C*-forced
affine connection system, and consider an equilibrium configuration qo € @ for 3. Then,
for all vi © ve € Ty, Q © Ty, Q = TquTQ, we have

Ulft(W)T(Ul ©® UQ) = (0 ©000® (le(OQO)(Ul) + d2W(OfI0>(U2)))U1@’U2’

where we have defined diW (0q),d2W (04y) € L(T4Q; T4, Q) such that given a local chart
(U, ¢ = (¢*,...,q")) of Q and corresponding local chart (TU,T¢ = (¢*,...,q", vt ..., 0"))
of TQ,
ow'
W (0y)] = |G- 0)].

W (0] = [ 570,

33
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Proof. The proof is analogous to that of Lemma [2.11 O

Proposition 4.3 (Linearization of a Forced Affine Connection System). Let ¥ =
(Q,V,W,D) be a C*®-forced affine connection system and consider an equilibrium con-
figuration qo € @Q for 3. Then the linearization of at Oq, in the decomposition
1o, TQ = T4 Q @ T, Q is given by

_ 0 1, Q
AZ(QO)— <d1W<OQO) dQW(OQO) ’

and the linearized equations of motion are

(50) = (awton) amissy) (1)

Proof. This follows from combining the results of Lemmas and O

4.2. Linearization of a Nonholonomic Mechanical System

In contrast to the unconstrained mechanical systems we considered where equilibria corre-
sponded to critical points of the potential function, this is no longer true for constrained
mechanical systems. While critical points are still equilibra, they are in general not the only
ones. In other words, we must linearize the equations of motion about a point which is not
necessarily a critical point of the potential function. Before looking at this more general
case, let us first restrict ourselves to equilibria which are critical points.

Proposition 4.4 (Linearization of a Nonholonomic Mechanical System at a Critical Point).
Let ¥ = (Q,G,V,F,D) be a C*>-forced simple mechanical system with regular constraints
such that F(Z(TQ)) = Z(T*Q), and consider an equilibrium configuration qo € Q for X
such that dV'(qo) = 0. Then the linearized equations of motion at Oy, in the decomposition
To,, TQ = T4y Q @ T Q are given by

q(t)) _ 0 idr,,Q q(t)
() —Pp o G¥ o HessV(qo) + Pp o G* 0d1 F(0)) PpoG#odaF(0,)) \v(t))"
Proof. The equations of motion are

D
V@Y (t) = Pp(G7 o F(y/(1)) — gradV (+(1))),

and +/(tp) € D, ,) for some to € I. This can be linearized using Proposition by
D
considering V = V and W (v,) = Pp(G# o F(v,) — gradV(q)).
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Consider (U, ¢ = (¢',...,¢")), a local chart of Q around gy. We write out

W] (o) = W@‘(vq)jqi(q)

TU
= Pp(G# o F(v,) — gradV (q))

G#odV
= PD}0)505(0) @ 40 @) (G D) () = 605 0) 5 )
D]a8 ® dg’ <G5tF aas — GStg;/t828>
= PpiGI* R, ;Z PD;-GJ’CS;E;; .
= (PR @G @ Filra) — Po})G @) e @) ) 10

which gives us that W(v,) = PD}(Q)ij (q)Fk(vq) — PD}(q)ij (q)g—;@(q). Now, we compute

v o,)) =[G 00] = [ (Poics - poie 30 ) (0]

by first computing the derivative

9 v\ orp 0G O
g7 at>_aJGF P} g i+ P0G 5 5

_OPpL OV, OGOV OV

OqJ 0qt ~ 7 Ds 0qJ GTJt Ds 0¢iOqt

<PDiGstFt i Gst

and now evaluating at Og,

0 i s OV
5 (PDSG 'F, - PplG ta t) (Ogo)
aPpi . Lot )
= Tq@(qwe "(@0) Fi(0) +Ppi(a0) 75 5 (00) FtlOan) +P’ (0) G (00) 57 (0ao)
0
oPpi ... AV Gt 9V VO - 7
e CO "(a0) gt ) ~Ppi(a0) 75 5 (%0) 55 (%) —Poi(e0)G t(%)aqjaqt (90)
o Ho’_/
(4.2.1)
s aFt i s 82V
= Pp(a0)G t(QO)a 7(0g0) = Pp(q0)G t(QO)W(QO)-

So we have that
diW(0g,)(v1) = Pp o G# o di1F(0gy)(v1) — Pp o G#o Hesst(qo)(vl).

Next we compute

0] = |G 00)] = [ (PotcrFi - poic 9 ) (00)]
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again by first computing the derivative

0 i st st ov _ 8PDS st oG*! st oL,
w <PD5G Ft G 8 t> — 8/1).7 G F PDS 81} F G 8 ]
0 0
oPpl OV . OGSt 9V i st OV
— = G*— — Pp, — — — Pp! A
ovJ oqt ovl Oqt ovIdqt
0 0 0
OF;
_ st
=Pp G 07

and then evaluating at Og,

0
vi

oV OF;
(PoiceFi = PG ) (0n) = Poa) G an) G O

In this case, we get that
d2W (0gq ) (v2) = Pp 0 G¥ 0 dy F(0g, ) (v2).

Hence the linearization is

(%;) - <—PD oG o Hesst(qo(; + PpoG# odiF(04) Ppo (GliimdgF(OqOQ <38> '

Remark 4.5. This is the same form as the linearization for the unconstrained case, except
that now we have the projection map Pp in front of each term.

Now, let us consider the general case. First, we prove the following lemma.

Lemma 4.6 (Covariant Derivative of the Projected Potential Force at an Equilibrium
Configuration in Coordinates). Consider the D-valued vector field Pp o gradV : Q — D.
Let vy € TQ where q is an equilibrium configuration, i.e. we have Pp o gradV(q) = 0.
Then, for a local chart (U,¢ = (¢*,...,q")) of Q around q and corresponding local chart
(TU, T = (¢,...,q" v, ...,0")) of TQ, we have

G

v”q (PD © gde) (Q)
OPp; j 7t : 2
_ ( 5P G (@) 500(0) + Poj0) ()5 (0) + P @06 (@) 5y o <q)> 200
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Proof. By direct computation, we get

G
Vo, (Pp o gradV) (q)

_ (qu pD> (gadV (@) + Py ( <%q,q gradV. ) (q))

G#odV G#odV

aq*
# o dy)e
+ Poj) (o) 01400 (0) (D555 0! + T (6# o dv>c<q>) 0 <q>)

OPp i Bn 9 i (v OV 9
< o R PDkaj”p> ag 2 (G aqbaqa>

) # G
+PD;-8?11, ® d¢’ ((W b+ Th (G odV)C> 0 )

0q®
Py . . .G L0V 0
B <8qu +PDqF PDkajvp> (GJ dq® ) dq'
AG*odV) , . , ) 9
+ Pp! (ab o+ T (GF o dV) ) 5 ,
OPp} , OV ov ov ) 9
_ ppiri btV p r’“ PGP »
<8q et Jq’“Gi’?q P00 ) og
H(GI V) ovy o
p i O\ 9t/ b P cht i
+ ( D aqb v+ D aq aqz ,
( aqF e W+PD?Fqk & W—PDJ G o s TP g a PG o
cancels with (¥)
. oV \ 0
7 b c
+ PDjF G ta t ) aq
_/_/ Yq
(*)
OPpj 1OV | & v . 0GI 9V it OV 4
G 4 Tk PRlGi? P W’ + PGt 50
<8q ab+ ab+D38b6t 9q"0q 9q'
. q
oPpt oV oGt 9V ity OV g
- Gt P Ppi(0)G" Q) 7 a Foa (@)
( o (q) (q)aqt( )+ DJ( ) dg* ( )aq ( )+ D]<Q) (q)aqkaq <Q)>U 8qz(q>
O

Proposition 4.7 (Linearization of a Nonholonomic Mechanical System). Let ¥ =
Q,G,V,F,D) be a C*®-forced simple mechanical system with reqular constraints such that
F(Z(TQ)) = Z(T*Q), and consider an equilibrium configuration qo € Q for ¥. Then the

linearized equations of motion at Oy, in the decomposition Ty, T'Q = Ty, Q Ty Q are given
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(q(t)) _ . 0 idr,, (qa)).
o)) \=Pp o V(Pp o gradV)(ao) + Pp o G# 0 dy F(0g,) Pp o G# 0 daF(0,)) \V()

Proof. The proof is exactly the same as that of Proposition [4.4] except for the calculation

of diW(0q,). Note that before, when we evaluated at O, in (4.2.1)), we used the fact that

go was a critical point to obtain zeroes in two of the terms. This no longer applies here.
Let us compute

W0 = [ G 0)] = [ (BoieEi— ol L) 0]

by again first computing the derivative, but expanding only the first term to get

aaj (PDSGStFt PplG* th) = a;’?SG“Ft + PD%;%G;B +PDgG8tg—§;? - a%‘ ( : “ng;) .
Now, note that since Pp is idempotent, Pp o Pp o G# o dV = Pp o G# o dV, and so
PplGs! th = PplPpiG™r S;/r
o (701" 5) =3 (702021 55
_ a;gspDiG"gq‘i i <a§’3t G”g;/ DtaanT SVT 4Pl ”afqur> .

Evaluating now at 04,, we get

] s OV
5 (P ‘G*'F, — Pp Gtat>(0q0)
OPp’ . N e
= g (0)G" (40) Fu(0an) +Pp(a0) 5 (40) Fi0u)
v v
; o, L OF OPp'. s L0V
+ Poi(@0) G (90) 55 (0un) = =55 (90) Poi(90) G (90) 5 (40)
0
; dPp; L OV NG N1 N
—PDS((JO)( o0 “(q0)G* (90) 57 (00) + Ppi(g0) 57 (00) 5 = +(90) + Ppi(q0)G* (90) 570" (CIO))
OF,

= Pp(20)G**(q0) 5 7 o Vao)

; dPp? o OV ., OGYT 9V . >*V
—PDS(QO)( g (90)G (qO)aqr(QO)“‘PDt(qO) g (20 )8 T(QO)+PDt(QO)G (QO)aqiaqT(qO) .

So, applying Lemma we have that

G
diW (0gy)(v1) = Pp 0 G¥ 0 d1 F(04,)(v1) — Pp o Vo, (Pp o gradV)(qo),

or

d1W(04y)(v1) = Pp o G¥ 0 dy F(04)(v1) — Pp o %(PD o gradV)(qo)(v1).
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Hence the linearization is

(q(ﬂ) _ . 0 idr,,Q (q(t>> '
o(t) —PpoV(PpogradV)(qo) + Pp o G#* 0 dyF(0y,) Pp o G# 0 dyF(0,,)) \V(*)

O

G
Note that when dV (go) = 0, we have Pp o V(Pp o gradV)(qo) = Pp o G# o HessV* (),
so this result is consistent with Proposition

4.3. Observation: Linearizing Before Solving for Lagrange
Multipliers

Ever since researchers started studying the linearization of nonholonomic mechanical sys-
tems, there has been a debate regarding the correct approach. Whittaker’s original pro-
cedure in [I4] involved linearizing the constraints in addition to the equations of motion.
In other words, using our differential geometric language, the equations in (3.2.1]) are lin-
earized before the Lagrange multipliers are solved for. As discussed in [12], he and other
researchers argued that this approach was valid, and because linearizing the nonholonomic
constraints gave rise to holonomic ones, the nonholonomicity of constraints played no role
in stability analysis. We show here that this approach is in general not valid; it gives us a
linearization with missing information.

Again, let us first consider the case where the equilibrium configuration is a critical
point of the potential function. Actually, for this case, we will show that the approach is
in fact valid.

4.3.1. Direct Linearization of a Nonholonomic Mechanical System at a
Critical Point

Let ¥ = (Q,G,V, F, D) be a C*-forced simple mechanical system with regular constraints
such that F(Z(TQ)) = Z(T*Q), and consider an equilibrium configuration ¢y € @ for X
such that dV'(qp) = 0. The equations of motion are

Voo () = — gradV(4(6) + G¥ o F(+/(£)) + A(t)
G#odV

P5 (v (1) = 0.

We want to linearize these equations about the equilibrium point 04, and then use the
linearized equations to solve for the linearized constraint force.
Consider a local chart (U, ¢ = (q',...,q")) of Q around g, and write

G. . G.
L (0 = (#0) + Fia )P OF ) ) e (2(8) where Ty U Ramd g (1) =
(@0 a0
dv(q) = z(Q) “(q) where g% : U — R,
3. F(vq) (v) i(q) WhereF TU — R,
4. ANt) = )8(11( v(t)) where ; : R — R, and

Qﬁu

'1jQ>

A’L

/-\
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5. G(q) = Gij(¢)dq' (q) @ dg? (q) where Gi; : U — R.
Hence we have

ov

G'(t) + igé-k(v(t))dj(t)dk(t) =-GY (v(®) 578 + GI(y(0))F5 (7 (1) + X'(2).
Let q(t) = (¢*(t),...,¢"(t)) and 4(t) = (¢*(t),...,¢"(t)). The entire equation in coordinates

is now

ov

§'(t) + %k(Q(t))(f (t)d" () = —Gij(Q(t))aqu(Q(t)) +GY(q(t)Fy(a(t),d(t)) + X' (2).
Consider the linearization about the trajectory (q(t) = ¢(qo),q(t) = 0, G(t) = 0, \i(t) =

0) using

q(t) = ¢(qo) + 0q(t)
Q(t) = 0+ 84(1)
i(t) = 0+ (1)
N (t) = 04 S\(1).
Linearizing
v, By ok i OV ij . i
q +15(0)dq" = -G (Q)@(q) + G7(q)Fj(q,q) + N,
we get
o ()F ") (% (g) ")
i+ — R 5q+ — 2T
Jdq a=(q0),4=0 dq a=(q0),4=0
0 0
6 Gij 87‘/ k¥ A 5 ij . 7 .
_ G @5, (4) 5q4 2GY@F(0,0) 5q4 2G@F (0,0) 53+ 62
Jq a=d(q0) Jq a=(q0),4=0 a4 a=(q0),4=0
Hence,
) ij o9V
6@1 - _ oG (Q) 87‘/ q z]( ) dq) (q) 6(]
9q  0q7 " lg=¢(q0) 9q  la=¢(a0)
0
+ | =5 Fi(g, +G (q) ——= 6q + G (q)— 5G+ A
( o0 79D o T DT80 lamatanna=o )% D780 lomstanna=’? T
0
99 () . OF;(q,q) . OF;(q,q) ,
- _GY Oq’ 5q + GV i\q,9q 5q + GY j Qaq 86 + oM\
(@) 0q  lg=¢(q0) e (@) 0q  lg=¢(q0).4=0 e (@) 0¢  la=¢(q0).4=0 e
i 0°V () k i+ OF(q,9) k i O0Fi(g,4) & ;
=-GY : 6q" + G (q)—% 7 6¢" + G (q)—5 3 6G" + 0N’
(@) 08 0¢7 lqa=¢(a0) (@) 00" la=p(an).i=o' | (@) O0F lg=o(a0)i=0 ¢ *
o’V v i, \OF; i, OF; . i
= -G J(QO)W((Io)(gq +G ](QO)Tq;(OqO)(sqk + G ](qo)aTIz(OqO)(sqk + oM.

Hence the linearized equation is

2

y 1% . OF . OF, y
6¢'(t) = -G J(qO)W(QO)‘qu(t) +G J(QO)éTI;(Oqo)(qu(t) +G ](CIO)aT);Z(Oqo)(qu(t) + N (t).
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In first order form, we have

a4’ (t) 3q' (1) 0

5q"(t) | _ ) o Onxn A 3q" (t) 0
5 (1) ‘([—quo)ajk;w(qo)+G“<qO>2§,z:<oqo>] [quo)zﬁ(oqo)]) 5'(t) | | ox'

5 (1) sirry)  \ear(n)

It seems like we could have almost pulled this result out from the standard linearization

AE(QO) = < 0 iquOQ >
~G(qo)* o HessV (q0)” + G(go)* 0 d1F(0gy) G(qo)* 0 daF(0gy))
Now, we have to linearize the constraint equations
P5(+'(1)) = 0.

Let us write P3(q) = P[L);(q) 9 (q) ® d¢’(q) where P[L); : U — R, and so P3(q)(vy) =

) ] g’
P]%; (q)vy 8‘} (q) where vy = v} 8(32- (¢). Hence we have
i N,
P5 (v (1) = Pp,(v()@ (1) g 1) =0,

P (q(t)d (£) = 0.

Consider the linearization about the same trajectory (q(t) = ¢(qo), ¢(t) = 0, G(t) = 0, \é(t) =
0) using

q(t) = é(qo) + dq(t)
q(t) = 0+ d4(t)
G(t) = 0+ 0¢(t)
N (t) = 04 S\ (¢).
Linearizing
Py ()¢’ =0,
we get
AP (@)d) 5 P50 | s
dq a=¢(q0),4=0 1 9q a=9(q0),4=0 1
0
Poy(@)| _, 0# =0

Hence the linearized equation is

Pp ;(90)3¢ (1) = 0.
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Now, we solve for the linearized constraint force. First, differentiate the linearized
constraints to get

P 5(q0)0¢ (t) = 0.

We had

2
ST (1) = =G a0) 5y (@0)36(8) + G a0) 5 2 (00,60 (6) + G an) 52 0,)33(1) + O (),

SO

(40)54"(£) — G (g )—(o%)éq (1) — G (q0) 22 (04,54 1)

XD = 8 () + G a0) s =

Oqkdqi

S @03 () — G (a0) 22 (0004 0) — ¥ a0) St

ovk
(40)84" (¢) — G”(qo)%(%o)&z (t)_GS](‘IO)i(OQO)‘;q ())

= PS5 (40) (aq () + G (qo) (040)53" (t))

i .5 i s 0’V
= P03 )+ ao) (67 a0) s
———

= P5 (q0) (quo) V016 (1) — G%o)—(oqo)aq (1) ~ G (a0) 9t (00033 (t))

9qkoq7

Hence we have

2

i ij 9
5q (lt)=*G](qo)(9 "og

i oV
17 sJ
+ P (6 ) s

(005" (1) + G (a0) 2 (04030 () + G (40) Tt (0 )83 (1)

0q
2

()53 (0) = G a0) 52 (030 )50 (0) = G a0) S (00531 )

dq
2

()53 (0)+ % a0) S

(40)5¢" (£) + G* (40) 23 (040)54* (1) + GSJ(qo)aF (0g9)5¢* <t))

= 6t (~0% (a0 5o (000 )B4*(0) + 67 a0) 32 (00530
2

fPﬁi(qw( G (go) 2

dqF0qi dg~
. i 2 . OF; - OF;
= (312 Pban)) (=0 an) g 001500+ 6 a0) 52 Ouo)oa () + 6 ao) G 0030 )
Pp(q0)
2
= —PDi(qo)GSj(qo)ajk;i;j (40)5g" ()+PDs(qo)G”(qo)65 (0g0)54" (t)+PD5(qo)Gs”(qo)aF (0g0)34" (2)-

In first order form, we have

84" (1) 5q* ()

5qn (t) _ ) ) N O'n Xn ) ] oOF, I" xn 9F 5qn (t)

51 (1) | T\ [~Ppi(a0)G (a0) 527 (d0) + Ppii(a0) G (a0) Gu (Oao) | [Poila0)Go (a0) 5u (0a0)] ) | 834

6G™(t) 64" (t)
ie.

<Z$§> - <—PD oG¥ o Hesst(qo()) + PpoG¥odiF(0,) Ppo GlizmdgF(quQ <38> '

This is exactly what we got using the linearization of a forced affine connection system
when dV(qp) = 0 (Proposition |4.4)).
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4.3.2. Direct Linearization of a Nonholonomic Mechanical System

Now, let us look at the general case. Let ¥ = (Q,G,V,F,D) be a C*-forced simple
mechanical system with regular constraints such that F(Z(T'Q)) = Z(T*Q), and consider
an equilibrium configuration gg € @ for 3. The equations of motion are

V07 () = — gradV(1() + ¥ o F((1)) + A(®)
G#odV

Pp(y(t)) = 0.

We want to linearize these equations about the equilibrium point 04, and then use the
linearized equations to solve for the linearized constraint force. We follow the same steps
as before, except we must now linearize about the trajectory (¢(t) = ¢(qo),¢(t) = 0,G(t) =
0, \(t) = \)) using

q(t) = ¢(qo) + dq(t)
q(t) =0+ 6q(t)
4(t) = 0+ 64(t)
N(t) = N + oAU (t).
Linearizing
i GZ‘ ik ij 4 i . i
¢+ ()¢ = -G (Q)gqu(Q) +GY(q)Fj(q,q) + N,
we get
o ()Fd") (T (0)d ")
5 4 —2 T oq+ — 2 T2
Oq a=¢(q0),4=0 94 a=(q0),4=0
0 0
A(GY (q)2¥ ij o ij o ,
_ G @5, (9) 5q4 2G@F(0,0) 5q4 2G@F(0,9) 5 6
dq a=¢(q0) dq a=¢(q0),d=0 9q 4=6(q0),4=0
Hence,
.. v
0GY (q) OV o O0a5()
St = — A + G (q) 2L 5
1 ( 0q  0q¢’ " lg=¢(q0) (@) 9q  la=¢(a0) 1
G (q) : i, OF;(q,d) i OF;(q,4) . ;
+ | ==Y Fy(q, +G (q) DL 5q+ GV (q) DL 86+ 6A
( dq )@ 4) a=0(40),d=0 (@) 09 la=o(ao)i=o )7 (@) 94  la=o(ao)i=o" !
0
.. v
9G" (q) OV i, 547 (@) i, OF(g,q)
= = 5q—GY 5q + GV
dq  0¢’ " lg=¢(q0) 1 (@) 9q  la=¢(a0) e (@) 0q  lg=¢(q0),4=0
ij 3F-(q,d) . i
+ GY(g) L2 0G + 0
(@) 0¢  lq=¢(q0),4=0 1
8Gij(‘]) oV k ij 82‘/(‘]) k i, OFj(q,49) k
= = 5q" — GY A 5q" +G"
dg*  O¢ (a a=da0) | (Q)aq’“aqf a=b(a0) | (@) 0¢*  lg=0(q0),d=0
i, OF;(q,4) -k i
+ G ()LL) 56" + ox
(@) 0vk  lg=6(q0),4=0 a
_9GY oV >’V OF,

=T o (qO)aqu(qo)‘qu -GY (qO)W('IO)&f +GY (qo)a—qu(oqg)&q’“ +G ](QO)aTi(Oqo)Mk + X"
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Hence the linearized equation is

ij y 2 ij
A1) = =G () 5 a0)3a(0) = G an) s (a0)3a(0)+ G an) 5 2001

. OF}
+ Gw(Qe)w

In first order form, we have

(0go)34"(t) + ON'(2).

5" (t) 5q* () 0

6(1”( _ .y 0n><n 3 o In><n §q"(t) " 0
8¢ (®) | T\ [~ 255 (00) 8% (a0) — G (a0) 5005 (q0) + G (a0) 5k (0ao)|  [G¥(a0) it (0a)] ) | dd* ) | T | ont(®)
51 5]\
Now, we have to linearize the constraint equations P (4/(t)) = 0 about the trajectory
(q(t) = ¢(qo),q(t) = 0,4(t) = 0, A*(t) = Ay). This gives us
Pj5;5(g0)5¢’ () = 0,

exactly as before.
Let us solve for the linearized constraint force. Differentiating, we get

P (q0)6é (t) = 0.
We had

i .. 2
ST (1) =~ S (a0) 5 (0034 (0) — G (an) o a0)34(0) + G (an) 52 045

OF; , .
+ G (q0) 5, (003 (1) + SN (1)

SO
N() = 801(8) + 5 () o (a0)36 1)+ 67 a) 5y (a0)3a"(8) = G ) 5 (00 )34
G (00) 9 (045 (1)

i 0G*I ov - v
_ s ] k s k
= 5 ao) (3°0) + G an) a0+ G o) 5o (0

- G0 G (0 )5 () = 61 (an) 520000 (0))

= P30 () + P a0 o ) 5 ()54 (0) + G a0) 5 o) ()
- G a) 503 054 0) ~ G ) 513 050 1))
=P32<qo><8§;f< o) e a0)5(6) + G a0) 53 ) (0) — G a0) 500, )50 1)

- st((Io)g??Z(Oqo)(Sq'k(t)) .
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Hence we have

BGJ

5ii(t) = (036" () + G (a0) oo (oqmq (1) + G (a0) 90 (04,54 (1)

2
(qo)f(qo)&l (t) - G”(qo)d o
o (a0) 0 (a0)5a" (1) + G (a0)

q

OqF

. 52 ) .
+P5:(qo>( s (qo>aqk<t>fawqo)g—q;(o%)é (0 = G (a0) 522 (000 )64 (1))

s 2 X .
= 01 (2 ) 2 a3 () = G ) g ()6 (0) + G a0) S O 0 (0) + G a0) S 060

i s . 2 X OF;
= b a0 (= S5 a0) o o () — 6% a0) e (a3 (6) + G ) S (020150 () + G (a0) (02541
] i aGSJ v o 92V
:(65—1%53(%))(— o (00) 5 (030 (6 — G (0) 5 (a0)3a" (1)
PD’(qo)
+G”(fm) (0q0)5q ()+GS](‘IO>§F (0q0)5q’“(t))
8G5j
= —PDS(QO) (qo)f(qo)qu () —PDs(tzo)G"J(qo)8 ka = (40)6¢" (1)
+ PDz<qo>st(qo> Zf (000)80" (1) + P (00) G (q0) o (000 )33 (1)
In first order form, we have
54" (t) 5q* (t)
54" () | _ o O Len 54" (t
sit() | = ([Psz’;;‘k o — PoLGY s + PG S| [Pol(a0)GY (a0) 55 (0u0)] | | 56 (1)
6¢" (t) 54" (t)
This is not the same as what we got using the linearization of a forced affine connection

System.

We see here that the two approaches to linearization give us different answers. There
is no ambiguity in the first approach since in that approach we solve for the constraint
force first and then linearize the resulting equations of motion, which is exactly what we
mean by linearization. The second approach is faulty; linearizing the system does not
mean we can linearize the constraints. Now, it is interesting to ask: when do the two
operations, of linearizing the equations and solving for Lagrange multipliers, commute? In
other words, when does this second approach actually give us a valid linearization? Based
on our calculations above, we have at least a sufficient condition. We know this holds at
critical points of the potential function.



Chapter 5

Nonholonomic Mechanical
Systems: Stability of Equilibria

Now, with our knowledge in nonholonomic mechanical systems and its linearizations, we
try to explore the stability of its equilibria. Because the presence of constraints greatly
complicate the nature of equilibria for these systems, we only scratch the surface of this
topic here. The results in this chapter are by no means complete nor comprehensive; there
remains much work to be done.

5.1. Stability via Linearization

We begin by looking at stability analysis via linearization. First, let us examine the structure

of the linearization.

Let ¥ = (Q,G,V,F,D) be a C*-forced simple mechanical system with regular con-
straints such that F(Z(TQ)) = Z(T*Q), and consider an equilibrium configuration gy € @
for 3. The linearized equations of motion about the equilibrium point 04, are

(g(t)) _ . 0 70 (g(t)>
o(t) —PpoV(PpogradV)(qo) + Pp o G#* 0 dyF(0,) PpoG# odyF(0,,)) \V(1))’

(q(t)) _ < . 0 idry, @ ) (g(w).
o(t) —Pp(go) o V(Pp o gradV')(qo) + Pp(g0) © G(g0)# 0 d1F(0gy)  Pp(q0) 0 G(qo)* 0 d2F(0gy)) \V()

G
Let V = T,,Q, D = D(q), M = G(q), Pp = Pp(qo), L = V(Pp o gradV)(qo), F1 =

di1F(04), and Fy = daF'(04,). Hence, we want to study the linear map

_ 0 idy .
A_(—PDL+PDM#F1 PDM#F2>.VEBV—>V@V, (5.1.1)

where V is a finite-dimensional R-vector space, D is a subspace of V', M is an inner product
onV, Pp:V — V is the orthogonal projection of V onto D, and L, F} and F5 are linear
maps from V to V.

46
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Proposition 5.1 (Invariant Subspace of the State Space). Consider the linear map A from
. We have that D & D is A-invariant, i.e. A(D & D) C D & D.

Proof. Note that D is a subspace of V', so D@D is a subspace of V@& V. Given (¢,v) € D®D,
we have

A( U) _ 0 idV q
E —_PpL+ PpM#F, PpM#F, ) \v

—PpLg+ PpM7Fiq+ PpM7™ Fyv

O

Now, consider the decomposition V' = D @ D+. Let us write the linear map A from
(5.1.1) as A: D@ D+ ® D @ D+ - D® D+ @® D @ D*, where

0 0 idp 0
e 0 0 0 id
- WD(—PDL+PDM#F1)1D ﬂ'D(—PDL-i-PDM#Fl)’L‘DL WD(PDM#FQ)iD WD(PDM#FQ)'L‘DL
ﬂDL(—PDL-i-PDM#Fl)iD WDL(_PDL"—PDM#F])?:DL WDL(PDM#FQ)iD WDL(PDM#FQ)iDL
0 0 idp 0
_ 0 0 0 idpL
~ | =7pPpLip + n1pPpM#*Fiip —mpPpLip. +npPoM#Fiipy npPpM#Feip wpPpM¥* Faip.
0 0 0 0
0 0 idp 0
0 0 0 iy
- 77TDLZ.D+TFDM#F11‘D 7TI'DLZ'DL +7TDM#F1iDL ﬂ'DM#FQiD WDM#FQZ‘DL
0 0 0 0

where mp,Tp1,ip,ipL are the obvious projection and inclusion maps. We define the lin-
earization restricted to the invariant subspace, Ap : D ® D — D ® D, as

A — 0 idp
b= —7TDLiD+7TDM#F1iD WDM#FQiD )

Proposition 5.2 (Eigenvalues of the Linearization). The eigenvalues of Ap form a subset
of the eigenvalues of A. All other eigenvalues of A are zero.

Proof. Instead of writing A as a map from D @ D+ @ D @ D+ to D@ D+ @ D @ D+, let
us write it as a map from D @ D @ D+ @ D+ to D& D @ D+ & D+, ie.

0 idp 0 0
A— —7TDL’iD—|—7TDM#F1iD WDM#FQiD —nmpLip. —|—7TDM#F1’L'DJ_ WDM#FQ’I:DJ_
- 0 0 0 idp.
0 0 0 0

We see from here that D @ D is again A-invariant, and

o) =atanyua (104,

so we are done.
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We can also prove this directly. Suppose (q1,q2,v1,v2) € D @ D+ @& D @ D+ is an
eigenvector not in D @ D. Hence g2 # 0 or vy # 0, and there exists A € C such that
A(q1, q2,v1,v2) = Nq1, g2, v1,v2). We have

Aq1 = v1
A2 = v
Avy = Waq + Xq2 + Yo + Zvg
Avg = 0,

where W = —npLip + WDM#FliD, X = WDM#FQiD, Y =—nmpLip. + WDM#Fl'L.DL and
7 = mpM%# Fyipi. Now, if vg # 0, then A = 0 implies that v; = vy = 0, which is a
contradiction. So it must be that ¢ # 0. If ¢o # 0, then from vy = Ag2 and Ave = 0 we
have A\?¢y = 0, which means A = 0. O

Proposition 5.3 (Eigenvectors of the Linearization). Let (q,v) € V@V and A € C. Then,

(q,v) is an eigenvector of A with A as the associated eigenvalue if and only if ¢ # 0 and
q € Ker(\idy + PpL — PpbM#Fy — APpM¥ I%).

Proof. Let (q,v) € V @V be an eigenvector of A and let A\ be the associated eigenvalue.

Then,
—PpL+ PpM#F, PpM#F, ) \v) ~ " \v)’

v = Aq
{—PDLq + PpM# Fyq + PpM# Fyv = M.

or

Now, if ¢ = 0, then v = 0 and so (g, v) cannot be an eigenvector. So it must be that ¢ # 0.
We have

—PpLq+ PpM# Fiq+ PpM¥ Fyv = \v
—PpLq+ PoM# Fyq+ APp M7 Fhq = \2q
Mg+ PpLq— PobM#Fyq — A\PpbM# Fyq =0
(\4dy + PpL — PpM#Fy, — A\PpM# Fy)q = 0

so q € Ker(\%idy + PpL — PpM#F) — A\PpM# F).
The converse is also clear from the above. O

From Proposition [5.2] we immediately see that the eigenvalues of A cannot be restricted
to C_ since we always have eigenvalues at zero. Hence, we can never use Proposition
to conclude local asymptotic stability of an equilibrium configuration for nonholonomic
mechanical systems. This already reveals a severe limitation to the linearization approach.

Remark 5.4 (Trajectories of the Linearization). What do trajectories of the linearization
look like? For an initial condition (qo,vo) € D @ D, the trajectory remains inside D @ D.
For an initial condition (gg,v0) € V @ V but not in D & D:
1. If vg ¢ D, then vy will have a component in D+ which remains constant. Hence ¢(t)
never stops increasing along that direction in D+ and so the trajectory is unstable.
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2. If qo ¢ D, then gg has a component in D*. If vy € D, then this component remains
contant and so the trajectory will not go to zero. If vy ¢ D, then like the first case,
the trajectory is unstable.

Thus the linearized system as a whole is not stable.

It is interesting to ask whether it is enough to study the map Ap, and be able conclude
local asymptotic stability from this since the trajectories that do appear to have physical
meaning are those in D@ D. This is not true, however. Because the constraints only present
restrictions on the velocity, we should really be looking at V & D, not D@ D. The following
is an example of a nonholonomic mechanical system in which the linearization restricted to
the invariant subspace has eigenvalues with strictly negative real part, but the equilibrium
configuration is not locally asymptotically stable.

Example 5.5. Consider ¥ = (Q,G,V, F, D), a C*-forced simple mechanical system with
regular constraints such that F'(Z(TQ)) = Z(T*Q), where

(i) @ = R3? with global coordinate charts (R3¢ = (x,9,2)) and (TR3 T¢ =

(.7?, Y, %z,u,, ’U))),
(ii) G =dr®dr+dy ® dy + dz ® dz,
(iif) V(g) = 2* + ¢,
(iv) F(vq) = —udz(q) — vdy(q) — wdz(q), and
(v) D =span{X1, Xa2}, where X; = a% and X, = a% + (z+ z)%.
We compute [X1, Xo] = %. Note that X; and Xy belong to D, but [X;, X3] does not.
Hence D is not involutive and so is not integrable. Furthermore, {X;, Xo,[X1, X2|} is
linearly independent for all ¢ € @, so D is in fact totally nonholonomic.
Consider the equilibrium configuration gg = (0,0,0). We calculate

2 0 0 1 00
[HessV(go)]=(0 2 0, [G]=]0 1 O
0 0 0 0 0 1
0 00 -1 0 0 1 00
[diF(0g)] =10 0 0O, [d2F(0g)]={0 -1 0|, [Pplg)=|0 10
0 00 0o 0 -1 0 0O
The linearization A is then
0 0 0 1 0 0
0 0 0 O 1 0
0 0O 0 0 o0 1
-2 0 0 -1 0 o0}’
0O -2 0 0 -1 0
0 0O 0 0 0 O
and the restricted linearization Ap is
0 0 1 0
0O 0 0 1
-2 0 -1 0|’
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which has eigenvalues o(Ap) = {—% — gi, —% — gi, —% + gi, —% + gz} All eigen-
values of the map Ap have strictly negative real part. However, since the equilibrium
configuration is not isolated (all points on the z-axis are equilibria), we cannot have local

asymptotic stability.

We cannot conclude local asymptotic stability of an equilibrium configuration, but we
can conclude, to a certain extent, instability. Consider the following definition.

Definition 5.6 (Instability of the Equilibrium Set). Let ¥ = (Q,G,V, F,D) be a C*-
forced simple mechanical system with regular constraints such that F(Z(7TQ)) = Z(T*Q).
Let Qo C @ be the set of equilibrium configurations. An equilibrium configuration gy € Q
is Qo-unstable if there exists a neighbourhood U C T'Q of Z(TQq) such that for every
neighbourhood V' C T'Q of 04, there is a point v, € V such that the integral curve
;X (vy) ¢ U for some t > 0.

The following proposition is due to [6].

Proposition 5.7 (Instability via Linearization Analysis). Let ¥ = (Q,G,V, F, D) be a C*°-
forced simple mechanical system with regular constraints such that F(Z(TQ)) = Z(T*Q).
Let qo € Q be an equilibrium configuration for % and let Qo C @ be the set of equilibrium
configurations. Let As(qo) be the linearization of ¥ at Ogy. If 0(Ax(g0)) NCy # 0, then qo
is Qo-unstable.

Proof. We require the following fact (see Theorem 6.1, Corollary 6.1 and the remark to
Corollary 6.1 in [7]). Since the linearization Ax;(go) has an eigenvalue with positive real part,
for some € > 0 there exists a solution 7 : (—o0,0] — @ to such that /(t) # 0y, for all
t <0, and lim¢,_ o [|[T¢p 07 (t) — T(04,)|le~" = 0 where we have chosen some coordinates.
In other words, we can find a solution on the unstable manifold which converges to 04, as
we move back in time.

Note that we also have ~/(t) ¢ Z(T Qo) for all t < 0. Let U C T'Q be a neighbourhood
of Z(TQy) such that v'(0) ¢ U. Now, for every neighbourhood V' C T'Q of 0y, there exists
a t < 0 such that v/(t) € V but v/(0) ¢ U. O

Corollary 5.8 (Instability via Linearization Analysis in the Absence of Dissipation). In

G
the absence of dissipation, if Pp o V(Pp o gradV')(qo) has an eigenvalue with negative real
part, then qo is Qo-unstable.

Proof. We have the linearization

0 idr, g
As(qo0) = G Sl
*PD o) V(PD ] gradV)(qo) 0
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The characteristic equation is

. 0 id
det | s <lqu0Q ; " ) - v o
0 idg,q —PpoV(PpogradV)(g) 0

( S - iquOQ —iquoQ )
= det G )
Pp oV (PpogradV)(q) s-idr, q

0 —iquOQ
= det G
s2. iquOQ + Ppo V(PD o gradV)(qo) S - iquOQ
G
= det(s” - idg, g — (—Pp o V(Pp o gradV)(gp))) = 0.

G
Hence the eigenvalues of Ax(qp) are the square roots of the eigenvalues of —Pp o V(Pp o

G
gradV')(qo). If Pp o V(Pp o gradV)(qo) has an eigenvalue with negative real part, then
Asx(go) has an eigenvalue with positive real part and so gy is Qp-unstable. O

5.2. Stability via Lyapunov Methods

Now, we look at stability analysis via Lyapunov methods. Though our approach is elemen-
tary, interesting observations and questions arise. First, we prove that the total energy of
a constrained mechanical system changes directly with the external force. The constraint
forces have no overall effect on the total energy. Intuitively, this comes from the fact that
constraint forces do no work on curves satisfying the equations of motion ([3.2.2)).

Proposition 5.9 (Time Derivative of Energy for Constrained Mechanical Systems). Let
(Q,G, V., F,D) be a C*™-forced simple mechanical system with regular constraints, and con-
sider a curve v : I — Q) satisfying the equations of motion . Then,

W = (F( ()7 (1).

Proof. We know that the total energy is

B(vg) = 56(a) (v, v0) + V(a),

hence
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and so taking the time derivative we get

dE(Y'(t))
dt

— & (3800600 + Vo)

1 G G

= 2 (Voo@ O (0.7 (1) + 5O (Vo) (0),7'(0)
——

1 G G
+ 560 (), VoryY (D) + (Vo (V) (1(1))

AV (D7 (1)) + @AV (1(1)): 7 (1))

(v(1))(Pp o G* 0 F(y'(t)) — Pp o G* 0 dV (7(t)) — (%wt)Pﬁ)(v’(t)), V(@) + (dV (y(1); ' (1))
(V(t))(PD o G* o F(v'(t)),7' (1)) = G(y(t))(Pp 0 G¥ 0 dV (+()),7' (1))

Gy (t))(( (0P (),7 (1) + (dV (v(1)); 7 (1))
=G(y(t)(G* o F(v' (1)), PL (7' (1)) = G(Y()(G¥ 0 dV (7(1)), PL (Y (1))

- G(v(t))((vw (0P (),7 (1) + {dV (v(1)); 7 (1))
= (G’ o G¥ o F(v(1)); PH (V' (1)) — (" 0 G¥ 0 dV (y(1)); PH (Y (t)))

- G(v(t))((%w)Pé)(V'(t))a7’(15)) +{dV(y(1); 7' (1)
= (F(Y(); P (' (1)) = (dV (v(1)); PL(Y' (1)) + G(v(t))(Pﬁ(%ww’(t)), 7' (1) HdV (()); 7' (1))

I Il
Q Q @

O

Let us look at how Theorem [2.23] should be adapted, if possible. First of all, in order to
apply the Lyapunov stability criteria, we need a function which is locally positive-definite
about the equilibrium configuration. The obvious choice is the potential function. For
dissipative nonholonomic mechanical systems, we know that equilibria can arise at config-
urations which are not critical points of the potential function. This already presents a
huge limitation; in order to easily apply Lyapunov methods, we need to restrict ourselves
to equilibria which are critical points. We can prove the following theorem, which raises
some interesting questions.

Theorem 5.10. Let ¥ = (Q,G,V, Fyss, D) be a C*-simple mechanical system with dissi-
pation subject to nonholonomic constraints, and consider gy € Q such that dV (go) = 0.
(i) If V is locally positive-definite about qo, then qo is stable.
(ii) If qo is an isolated local minimum for V', Fgss is strictly dissipative on D, and there
exists a neighbourhood U C Q of qo such that dV(q) ¢ ann(D), for all g € U \ {qo},
then qq s locally asymptotically stable.
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Note: there exists a neighbourhood U C @ of gy such that dV'(¢) ¢ ann(D), for all
q € U\ {qo} if and only if Pp(G¥ o dV (q)) is locally non-zero around gy except at qo.

Proof. (i) This part of the proof is analogous to that of Theorem however we only

(i)

need to consider the manifold D, not the entire T'Q). Hence, consider the energy
function E : D — R, E(vg) = 3G(q)(vg,vq) + V(g). Without loss of generality,
assume V' (gop) = 0.

Claim: F is a Lyapunov function for the associated vector field X for 3 at the point
Ogo -

Proof of claim:

1. We have E(0,4) = 0.

2. E(¥/(t)) is non-increasing by Proposition In other words, Lx E is negative-
semidefinite about 0Oy .

3. We need to show that there exists a neighbourhood TU N'D C D of 0,4 such
that for all v, € TU N D \ {04}, we have E(vq) > 0. Since V' is locally positive-
definite about qg, there exists a neighbourhood U C @ of gg such that for all
q € U\ {q}, we have V(q) > 0. Now, for all v, € TUN D\ Z(TU N D), we
have G(q)(vg,vq) > 0. Hence, for all v, € TU N D \ {0y}, we have E(v,) > 0.
Hence E' is a Lyapunov function for the associated vector field at the point 04,
as claimed.

Hence, by the Lyapunov stability criteria (Theorem , qo is stable.
Since qp is an isolated local minimum for V', V' is locally positive-definite about gy and
so (i) applies. E is a Lyapunov function. Also, since ¢q is an isolated local minimum
for V' and there exists a neighbourhood U C @ of ¢g such that dV (q) ¢ ann(D), for
all ¢ € U \ {qo}, then there exists a neighbourhood W C @ of g such that for all
q € W\ {q}, we have V(q) > V(q) and Pp(G¥ o dV(q)) # 0. We have that E is
positive-definite on TW N D and E(4/(t)) is non-increasing. Let A = {v, € TWND |
<Fdiss(1)q), Uq> = 0} = Z(TW N D)
Claim: {04, } is the only positively invariant set in A.
Proof of claim: Suppose 0y, # 0y, is another point. Now, unlike Theorem [2.23] having
go an isolated local minimum is not enough. We now require dV'(q) ¢ ann(D), for
all ¢ € U\ {qo}, which means ¢ is an isolated equilibrium configuration. Hence the
requirement of gy being an isolated local minimum in Theorem [2.23|should actually be
a requirement on the equilibria, i.e. gg should be an isolated equilibrium point. Since
we assumed dV (q) ¢ ann(D), for all ¢ € U \ {qo}, ¢1 # qo = Pp(G¥# 0 dV (q1)) # 0.
Hence the solution will leave A, proving the claim.
Hence the corollary to LaSalle Invariance Principle (Corollary implies qq is
locally asymptotically stable.

O

Remark 5.11 (Questions). 1. We know that isolated equilibria for nonholonomic me-

chanical systems do exist, but do isolated equilibria exist such that they are a local
minimum for the potential function?

. In fact, do locally asymptotically stable equilibria even exist for nonholonomic me-

chanical systems?



Chapter 6

Conclusions and Future Work

6.1. Conclusions

In this report, we studied the linearization of nonholonomic mechanical systems about
equilibria and looked into the stability of its equilibria via both linearization and Lyapunov
methods. Although there are still many unanswered questions, from this investigation we
can summarize the following:

1. While the contraints tend to introduce a manifold of equilibria, equilibria can still
be isolated and the set of equilibria may not form a submanifold of the configuration
space.

2. The proper way to linearize the equations of motion of a nonholonomic mechanical
system about an equilibrium point is to first solve for the constraint force before lin-
earizing. Linearizing the constraints first before solving for the (linearized) constraint
force in general will not give the same result. These two processes, however, do com-
mute when linearizing about an equilibrium point which is also a critical point of the
potential function.

3. Due to the presence of eigenvalues at zero, the linearization of a nonholonomic me-
chanical system can never be used to conclude local asymptotic stability, although it
can be used to conclude a type of instability.

4. Lyapunov methods using energy tend to fail for the main reason that the potential
function may no longer be positive-definite around the equilibrium.

6.2. Future Work

There remains much work to be done. Let us outline some interesting questions:

1. Can we find other conditions such that the two operations of linearization and solving
for Lagrange multipliers commute when linearizing nonholonomic mechanical sys-
tems?

2. Is it possible to conclude stability (but not necessarily local asymptotic stability) by
ignoring the eigenvalues at zero which arise due to the constraint and instead just
studying the part of the linearization restricted to the invariant subspace?

3. Can we find other conditions for when the equilibria form a submanifold, or when
they are isolated?

54
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4. How can we adapt the Lyapunov methods to work in a more straightforward way?
For example, if we assume the equilibria form a submanifold, it is possible to consider
stability with respect to not just a point, but the entire equilibrium manifold. This
is studied in [8], for example.



Appendix A

Nonlinear Systems and Stability
Analysis

This appendix is more or less a quick summary of nonlinear systems and stability analysis
as found in [3].

Definition A.1 (Nonlinear System). Let M be a C°°-manifold and X € I'*°(T'M). The

nonlinear system associated with X is the system of first order ODEs specified by ~/(¢) 2
Tt’y(%(t)) = X(v(t)), where v : I — M. It is often convenient to simply refer to X as the
nonlinear system, with the understanding that what we actually mean is the underlying
differential equation.

Definition A.2 (Equilibrium Point). Let M be a C*°-manifold and X € I'*°(TM). A
point xp € M is an equilibrium point for X if the trivial curve v: R — M, v(t) = zo is
an integral curve for X.

Proposition A.3 (Characterization of Equilibrium Points). Let M be a C*°-manifold and
X € I°(TM). A point zg € M is an equilibrium point for X if and only if X (xo) = 0.

Definition A.4 (Convergence of a Curve). Let M be a C*°-manifold, S C M, and consider
v [to, OO) — M.
(i) v approaches S as t — o if, for all neighbourhoods U C M of S, there exists T > tg
such that for all ¢ > T', we have ~(t) € U. This is denoted by ~(t) — S as t — oc.
(ii) For g € M and S = {x¢}, 7 converges to xy as t — oo if v approaches S as t — oo.
This is denoted by lim;_o y(t) = 0.

Definition A.5 (Stability Notions). Let M be a C*°-manifold, X € I'*°(T'M), and consider
xg € M, an equilibrium point for X.
(i) xo is stable if, for all neighbourhoods U C M of xg, there exists a neighbourhood
W C U of zg such that for all z € W, the integral curve ¢ — ®;*(z) takes values in U
for t > 0.
(ii) x¢ is unstable if z( is not stable.
(iii) x¢ is locally asymptotically stable if z is stable and there exists a neighbourhood
U C M of xq such that for all z € U, the integral curve t — ®{ () converges to g
as t — oo.
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(iv) o is globally asymptotically stable if xg is stable and for all = € M, the integral
curve t — ® (2) converges to xg as t — o0.

Definition A.6 (Linear System). Let V be a finite-dimensional R-vector space and A €
L(V;V), where L(V;V) is the set of linear maps from V to V. The linear system
associated with A is the system of first order linear ODEs specified by #(t) = A(z(t)),
where x : I — V. Note that 0 € V' is always an equilibrium point.

We denote the set of eigenvalues by o, the algebraic multiplicity of an eigenvalue A by
mq(A), and the geometric multiplicity of an eigenvalue A by mg(A).

Theorem A.7 (Stability of Linear Systems). Let V' be a finite-dimensional R-vector space
and A e L(V;V).
(i) If c(A) N Cy # 0, then 0 is unstable.
(ii) o(A) C C_ if and only if 0 is globally asympotically stable.
(ii1) If o(A) C C_ and for all A € o(A) NiR we have mq(\) = mg(N), then 0 is stable.
(iv) If o(A) C C_ and there exists X\ € a(A) NiR such that mg(\) > mgy()), then 0 is
unstable.

Proposition A.8 (Stability from Linear Stability). Let M be a C*°-manifold, X €
I'>(TM), and xo € M, an equilibrium point for X. Consider Ax(xo) € L(TpaM; Ty, M),
the linearization of X at zo (see Proposition[C.§).

(i) If o(Ax(z0)) C C_, then xq is locally asymptotically stable.

(i1) If 0(Ax(z9)) NCx # 0, then xq is unstable.

Definition A.9 (More Stability Notions). Let M be a C*°-manifold, X € I'*°(T'M) and
xo € M, an equilibrium point for X. Consider Ax(xo) € L(Ty,M;T,, M), the linearization
of X at xg.

(i) xo is linearly stable if 0 is stable for the linearization Ax (zo).

(ii) xo is linearly asymptotically stable if 0 is asymptotically stable for the lineariza-

tion Ax (o).

(iii) xo is linearly unstable if x( is not linearly stable.

(iv) m is spectrally stable if o(Ax (7)) C C_.

(v) o is spectrally unstable if z( is not spectrally stable.

Note A.10 (Some Immediate Implications). 1. linear asymptotic stability = local
asymptotic stability
2. spectral instability = instability

Proposition A.11 (Time Derivative of a Function Evaluated Along an Integral Curve).
Let M be a C*°-manifold, X € T°°(TM) and ¢ € C*°(M). Then,

L@ (1)) = Lx (@ (@),

Proof. Consider (U, ¢ = (x!,...,2")), a local chart of M, and let X . X! 82, Let
M

vy: I —
t = OX(x),
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and ¢ o vy(t) = (v1(t),...,7"(t)). Then,

Lxp(® () = Lxp(y(t))
= dp(v (1)) (X ((1)))

= S 0 (0) (105 00)

= 2w

= L@os o pon(t)

= Lwor)
d

= SV @),

O

Definition A.12 (Locally Positive-definite Function). Let M be a C°°-manifold, ¢ €
C*®(M) and zy € M.
(i) v is locally positive-definite about xg if 1(x¢) = 0 and there exists a neighbour-
hood U C M of zg such that for all x € U \ {z}, we have ¢(z) > 0.
(ii) v is locally positive-semidefinite about z if ¥)(x9) = 0 and there exists a neigh-
bourhood U C M of z( such that for all x € U, we have ¢ (x) > 0.

Definition A.13 (Sublevel Set). Let M be a C*°-manifold, ¢ € C>*(M), zo € M and
LeR.
(i) Define the L-sublevel set of 1) by ¢y ~1(< L) = Y H((—o00, L)) = {x € M | ¥(x) < L}.
(ii) Define ~1(< L,zg) as the connected component of ¢~!(< L) containing zg (if
Y(zo) < L), or O (if Y(xo) > L).

Lemma A.14 (Positive-definiteness and Existence of a Compact Sublevel Set). Let M be
a C*®-manifold, ¢ € C®(M) and xzog € M. If 1 is locally positive-definite about xq, then
for all neighbourhoods U C M of xq, there exists a > 0 such that 1< a,z0) C U is
compact.

Definition A.15 (Lyapunov Function). Let M be a C*°-manifold, X € I'*°(T'M), xo € M
and p € C*°(M). 1 is a Lyapunov function for X about z if ¢ is locally positive-
definite about x¢ and Lx1 is locally negative-semidefinite about xg.

Theorem A.16 (Lyapunov Stability Criteria). Let M be a C*°-manifold, X € T°°(T'M)
and zg € M an equilibrium point for X.
(i) If there exists a Lyapunov function v for X about xg, then xg is stable.
(ii) If there exists a Lyapunov function v for X about xoy and Lx is locally negative-
definite about xq, then xg is locally asymptotically stable.

Definition A.17 (Invariant Set). Let M be a C°°-manifold, X € I'*°(TM) and A C M.
(i) Ais X-invariant if, for all 2 € A, the integral curve ¢ — ®;X (z) takes values in A for
all admissible ¢ € R.
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(ii) A is positively X-invariant if, for all z € A, the integral curve ¢ — ®;(z) takes
values in A for all admissible ¢ € R>.

Lemma A.18 (X-invariance and Upper Limit of Definition of an Integral Curve). Let M
be a C*°-manifold, X € T°°(TM) and A C M. If A is compact and positively X -invariant,
then for allx € A, 04 (X,x) = oo.

Definition A.19 (Positive Limit Set). Let M be a C*°-manifold, X € I'*°(T'M) and
x € M. The positive limit set of = for X is

X, z)={ye M| H{tr}tren CR:tp < tp11Vk €N, klim tr = oo,klim q)t)i(:c) =y}
—00 —00

Proposition A.20 (X-invariance of Positive Limit Sets). Let M be a C*°-manifold, X €
I°(TM) and A C M compact and positively X -invariant. If x € A, then Q(X,z) C A
is nonempty, compact, and positively X -invariant. Furthermore, t — ®;X(x) approaches
QX,z) ast — oo.

Theorem A.21 (LaSalle Invariance Principle). Let M be a C*°-manifold, X € T>°(TM),
A C M compact and positively X -invariant, and ¢ € C*°(M) such that for all x € A, we
have Lxi(x) < 0. Let B be the largest positively X -invariant set contained in {x € A |
L‘Xw(l') = 0}.
(i) For all x € A, the integral curve t — ®X (x) approaches B ast — oo.
(ii) If B consists of a finite number of isolated points, then for all x € A, the integral
curve t — ®X(x) converges to a point in B ast — 0o.

Corollary A.22 (Corollary of LaSalle Invariance Principle). Let M be a C°°-manifold,
X e®(TM), zo € M an equilibrium point for X, and ¢ € C*°(M) a Lyapunov function
for X about xg. Let U C M, a neighbourhood of xg on which ¢ is positive-definite and Lx
is negatiwe-semidefinite. Let C = {x € U | Lx¢¥(xz) = 0}. If {xo} is the only positively
X-invariant set in C, then xg is locally asymptotically stable.



Appendix B

Affine Connections and Covariant
Derivatives

Definition B.1 (Affine Connection). Let M be a C*°-manifold. A C*°-affine connection
on M is an object V : I'°(T'M) x I'*°(T'M ) — I'°°(T'M), where notationally we write VxY
instead of V(X,Y’), such that
(i) V is R-bilinear,
(ii) for all X,Y € I'*°(T'M) and f € C°°(M), we have VixY = fVxY, and
(iii) for all X, Y € I'°(TM) and f € C>®°(M), we have Vx fY = (Lx )Y + fVxY.
VxY is called the covariant derivative of Y with respect to X.

Remark B.2 (An Affine Connection Introduces Additional Structure). Unlike the Lie deriva-
tive, property (2) of Definition provides additional structure to the manifold.

Note B.3 (Covariant Derivative in Coordinates). Let V be a C'*°-affine connection on a
C*-manifold M, and let X,Y € I'>*(TM). Consider a local chart (U, ¢ = (z!,...,2")) of

M. Write X| = X'-2 =vi 2
U x U z
VxY =V YJ 0
X Xz 8 8]}]
0
=X ZV Y]
OxJ
, 0 0
= X (5 YJ) LYV,
< a Oz * 5a7 O )
oY’ 0 0
= ——XJ V.o —XV"
Oxd " Oxt + 5.7 OaF
Note that V o aak is a vector field, hence let us write V _o_ % = Fi.k%. Now, we have
D7 547 0T Jk ox
the coordinate formula
oY 0
VxY = (a - X7 +F’kX3Y’“> RIE

The functions I‘;k : U — R are called the Christoffel symbols for V in the chart (U, ¢).
Note that if we are given Christoffel symbols for an affine connection, then we know the
structure of the affine connection, at least locally.
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Note B.4 (Covariant Derivative of a Vector Field with respect to a Tangent Vector). At

a point x € M, we have VxY(z) = (g‘;f (2) X7 (z) + F;k(x)XJ(x)Yk(a:)> a?:i (). Observe
that the value of VxY (x) depends on X only on its value at z, i.e. X(z). Hence, we
define the covariant derivative of Y with respect to v, € T M such that in coordinates

(U, ¢ = (2,...,2")) around x we have

VoY (@) = (G0 + Tl (o) ) o).

where v, = Ui%(l‘). It is sometimes convenient to simply write V,_ Y instead V, Y (x),

with the understanding that V,_ Y is actually just a tangent vector at x, not a vector field.

Note B.5 (Covariant Derivative along a Curve). Let V be a C*-affine connection on a
C*°-manifold M, let Y € I'*°(T'M), and consider a C*®-curve v : I — M. Given t € I, we
know that /() 2 Tt’y(%(t)) € T M. So in suitable coordinates (U, ¢ = (xl,...,2")), we
have

V0¥ (00 = (G GO0 + T GET OV 0)) 500

where ¢ oy(t) = (71 (t),...,7"(t)) and v/ (t) = 4*(t)-2; ((t)). Notice that if we let Y (t) =
Y (~(t)), we have

V¥ () = (ﬁ;m * r;-k(v(t))wtw’“(t)) (0.

Now, given a vector field Y along a curve v, i.e. Y(t) € T,)M for all t, we can define
the covariant derivative of a vector field along a curve such that in coordinates we
have the expression above. In particular, 4/ is itself a vector field along the curve . In this
case, we get

Vo) ) = (50 + TP (0F0)) 5 (1)

or in compact form,

Vo) (0 = (5 + Thi?3*) (1)

Remark B.6 (Acceleration). Essentially, V./(;7/(t) gives us a coordinate-invariant way to
express the familiar yet geometrically complicated notion of acceleration.

In Appendix [C} we will cover additional details regarding V,yl(t)'y/ (t). Here, let us move
on to a more general topic: covariant derivatives of tensor fields.

Note B.7 (Covariant Derivatives of Tensor Fields). Consider a C*°-manifold M. Let us
look at how to define a differentiation operator on (r, s)-tensor fields, which we denote by
D:.
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. (0,0)-tensor fields: The simplest case is D) : C>°(M) — C*°(M). Note that elements

in C*°(M) are (0,0)-tensor fields.
Given X € I'°(T M), D§ can be defined by the Lie derivative

A
or by the covariant derivative
A A
Dof = Vxf=Lxf.

In this case, they are the same.

. (1,0)-tensor fields: For D§ : T>°(T' M) — I'™°(T M), we have the Lie bracket

DY 2 [X,Y],
or the typical covariant derivative
DY 2 VyY.

Since we are interested in covariant derivatives, we shall use D f 2y xfand DY 2
VxY.

. (0, 1)-tensor fields: Now, we want to find the covariant derivative of (0, 1)-tensor fields,

DY T°(T*M) — T°°(T*M).
To do this, we insist that the product rule be satisfied, i.e. given o € I'*°(T*M) and
Y € I'°(TM), we have a(Y) € C*°(M), so
Dy(a(Y)) = (DYa)(Y) + a(DgY),
or
Vx(aY)) = (Vxa)(Y) + a(VxY),

which means

(VXa)(Y) = ﬁx(a(Y)) — Oé(VXY).

This shows how the covariant derivative of a (0, 1)-tensor field acts on vector fields.
Let (U,¢ = (z',...,2")) be a local chart of M. We can write this out in coordinates
as follows:

Vxa = (Vxa)da',

where
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0
ot

0
ot

)73z

0
ozt

)

= Lx (o) — apda? (I‘k X = )

0oy 0

L dad k _ k xrj
8 Jd <X > osz X
_ 9% v 7 — ayTE X,
oxJ

It can be shown that V x« is indeed

a (0, 1)-tensor field.
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. (1,1)-tensor fields: Given t € T°°(T{(TM)), « € T®(T*M) and Y € I'*(TM), we
have t(«a,Y) € C°°(M). Hence, applying product rule,
Vx(#t(a,Y)) = (Vxt)(a,Y)+t(Vxa,Y) + t(a, VxY),
ie.
(th)(a, Y) = Vx(t(a, Y)) - t(VXa, Y) - t(a, VXy)
Let (U, ¢ = (x!,...,2™)) be a local chart of M, and write
0
_ i 9 .
t=t)p ®d
and
Vxt = (Vxt); 0
XA XY g
Hence,
V)i = (Vt) (dat, 2
(Vx )j = (Vxt) | dz o
8 ;, 0 8

. . 9
) ) k

ot o .
_ J k
- —aka — (—r;kX
8] k q 7 k i 1k

0
k
dz ,rpjxpa$k>
0 0 ; 0
q s 2 ) _4r ) s k vp Y
d:z:)dm <8ajj> ts@ (dz")dx <F X p

XP.

)
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5. (r,s)-tensor fields: For the general case, given t € T™°(T7(TM)), o,...,a" €
I>*(T*M), and Y1,...,Ys; € I'°(T'M), we have

(Vxt)(at,...,a" Y1,....Y) = Lx(t(al,...,a" . Y1,...,Y}))

=1
S
_Zt(alv 7aT7Y17 7VXY77 7Y;)
j=1
In coordinates (U, ¢ = (x!,...,2™)), we have
o 1.0y
i1.. zT _ J1---Js vk 1p 7,1...2...7,r k 1. 0p
(Vxt)ji75 = Ok “opk X +Zrk1tm g X Zrkjatjl---]---]s

Note B.8 (Covariant Differential). In general, Vxt(z) depends on X only on its value
at x, i.e. X(x). We call such objects tensorial in X. Hence we can define the covariant
derivative at a point using a tangent vector v,, and write V¢(v;) instead of V,, ¢.



Appendix C

The (eodesic Spray and Lifts of
Vector Fields to the Tangent
Bundle

Definition C.1 (Geodesic). Let V be an C*°-affine connection on a C*°-manifold M. A
curve v : I — M is a geodesic if V./;)7/(t) = 0.

Definition C.2 (Geodesic Spray). Let V be an C*°-affine connection on a C°°-manifold
M. The geodesic spray of V is a vector field on TM, S : TM — TTM, defined such that
the integral curves of S projected onto M (using the canonical projection) are geodesics of
V. It can be shown that such a vector field is well-defined.

Note C.3 (Geodesic Spray in Coordinates). Let V be an C'*°-affine connection on a C'*°-
manifold M. Consider a local chart (U, ¢ = (z!,...,2™)) of M and corresponding local
chart (TU, T¢ = (x!,..., 2", v',...,v")) of TM. The geodesic spray in coordinates is

e O

9 o
=t — — T J
S TU(UI) Vo (vz) = Tiypvlv U.(vx),

where Fé-k are the Christoffel symbols for V in the chart (U, ¢).

Now, let us look at how vector fields can be lifted to be defined on the tangent bundle.
It will be helpful to introduce the following construction. Consider a C*°-manifold M. For
a local chart (U, ¢) around x € M, we define the map 0, 74 : TxM — R"™ such that

O w0y (V) = % %° y(t).

Definition C.4 (Vertical Lift). Let M be a C*°-manifold and consider the tangent bundle
TM. Given v, € TM, define the vertical lift by v, as

vifty, : T,M — T, TM
X = [t v + X,

Now, given X € I'*°(T'M), define the vertical lift of X, vift(X) € I'*°(TTM), by

VIft(X): TM — TTM
vy = vift,, (X (2)).
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Note C.5 (Vertical Lift in Coordinates). Consider a local chart ( N (AN )
of M and the corresponding local chart (TU,T¢ = (z*,...,2" vt ... ,0")) of TM Let
XU( r) = X(x )(,W( x). Then,
d
TT¢ o vift(X) TU(vx) = (To(vs), 2l To(vy +tX(x))))
d
= (T9(a), | (9(a), 0o 1y (02 + £X (@)
d
= (To(vs), & t:0<¢<x>, O (02) + 10 ) (X (1))
= (T9(v2),0,..., 0,0, (X(2))))
= (T'¢(v2),0,...,0, X (2),..., X"(2))),

and so

vlft(X)‘TU(vm) = X'(z) a?ﬂ‘ (0)-

Note that by the same calculations, we also have

(%) = x0-2 (),

1ft
Vi | T Oyt

where X, = X awl( x).

Definition C.6 (Tangent Lift). Given X € I'*°(T'M), recall that the flow along X by t is
a mapping ®X : M — M. Define the tangent lift of X, X7 € I'°(TTM), by

XT. T™M — TTM
ve = [t Te®X (v)]o,

Note C.7 (Tangent Lift in Coordinates). Consider a local chart (U, ¢ = (z!,...,2"))
of M and the corresponding local chart (TU,T¢ = (z!,...,2",vl,...,0")) of TM. Let

X| () = X'(@) (). Then,

ozt

TTéoXT| (v:) = (T(va), (T¢ o T (v2)))

il

= (Tp(ve (60 D7 (), 0% () (1199 © TeP7 (v2)))-

b il
Let ¢ o ®X(z) = (v'(t),...,7"(t)). Then,

L g0 X (@) = (31(0),....4"(0))

dt lt=0
(X109 (1 (0),..-,7™(0)), -, XM 0 671 (41(0), ..., 7"(0)))
= (XY2),..., X™(z)).
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Let v, = [T+ A(7)]z and ¢ o A(T) = (AY(7),...,A"(7)). Then,
d d
7t o Pox @).w.e) o T, (vy) = 7l _oPex @), 0. ([P 0 ANM]ax (1))
d| d N
= il g | (@0 BP0 A(T))
*i d 0odXop logo
Ttliodr|_o( @0 P 097 090 A(T))
d d
=N CIRCIT SRV ARPIRYE)
d 1 d
=2l (pwearoon| od| (oxa)
d
= &l (PoaFos™| o)
:< D(po ®F ¢1)‘¢(m)> (v, ... 0"
— 1 n
_D<dt)t_ $odX 0¢™ )>’¢(I)(v,...,v)
D(Xloqj_ X"og ! (z)( L)
oxlo ) a(X1og~1) .
ot o@) | (v
X"O¢> (X009~ ) U."
% o)
a —1

(2o
(o gﬁgw) |

Hence, we have

oxt ox"
T _ 1 n YA i va )
TToo XT| (1) = (To(v), X' (@), X"(@), S @)l .., S ()0,
and so 5 o 5
T _ i j
X ‘TU(%) X' (@) 5 (00) + 55 (@0 5 ().

Proposition C.8 (Tangent Lift at an Equilibrium Point [3]). Let M be a C*-manifold,

X € I'°(TM), and xo € M such that X(x9) = 0. Recall the tangent bundle projection
mram 2 TM — M. Then, for all vy, € Ty M, we have

Tyt (X (v5)) = 0.

In addition, there exists a unique Ax(xo) € L(TyyM; Ty M) such that for all vy, € Ty M,
we have

X7 (tay) = vlfty,, (Ax(20) - vs,)-

Ax (z0) is called the linearization of X at xg.
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Note C.9 (Tangent Lift and Linearization). The tangent lift is essentially the linearization
of a vector field which is valid over the entire manifold. At an equilibrium point, with the
tangent lift written in coordinates, only the Jacobian term remains, and thus there exists
a linearization which is a linear map such that the tangent lift can be written in terms of
a vertical lift.



Appendix D

Vector Bundles

In this appendix, we give a brief introduction to vector bundles, referring to [3]. The basic
idea of a vector bundle is to attach a vector space to each point of some base manifold.

Definition D.1 (Local Model for a Vector Bundle). Given U C R™ open, we call U x R¥
a local model for a vector bundle.

Definition D.2 (Local Vector Bundle Map). Let g : U x R¥ — V x R!, where U x R* and
V x R! are local models for vector bundles.
(i) ¢ is a C*-local vector bundle map if g(z,v) = (g1(z), g2(x)v), where g; : U - V
and go : U — L(R*; R!) are C>.
(ii) g is a C*°-local vector bundle isomorphism if g(x,v) = (g1(x), g2(x)v), where
g1 : U — V is a C*®-diffeomorphism and g5 : U — L(R*;R!) is C* such that for all
x € U, go(x) is a vector space isomorphism.

Definition D.3 (Vector Bundle). Let A = {(Uq, da)}aca be an atlas for a set S. We call
S a C*-vector bundle if, for all & € A, ¢,(U,) is a local model for a vector bundle, and,
for all o, B € A such that Uy, NUg # 0,

00 @5t 93(UaNU. w(UaNU,
Y S ps( ) = Pal 8)

is a C*°-local vector bundle isomorphism. We call A a C*°-vector bundle atlas. Two
C*°-vector bundle atlases A; and Ay are equivalent if A; U A, is a C°°-vector bundle atlas.
A C*°-vector bundle structure is an equivalence class of such atlases. A chart in one of
these atlases is called an admissible vector bundle chart.

Definition D.4 (Base Space). Let V be a vector bundle. The base space of V is defined
as

B = {v € V| 3 an admissible vector bundle chart (U, ¢) such that ¢(v) = (z,0) € ¢(U)}.

Note that this is well-defined.

Definition D.5 (Vector Bundle Projection). The vector bundle projection is defined
as m: V — B such that for all v € V, we have 7(v) = ¢~ 1(pr;(¢(v)),0), where (U, ¢) is a
local vector bundle chart for V around v. Note that this is also well-defined.
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Definition D.6. (i) The base space B, when thought of as a submanifold of V, is called
the zero section and is denoted Z(V).
(i) Given b € B, the fiber over b is the set Vj, = 77 1(b).

Definition D.7 (Section of a Vector Bundle). Let V' be a C*°-vector bundle, 7 : V' — B
the vector bundle projection, and consider a map & : B — V. We call £ a C"*°-section of

Vif £ is C* and 7o & = idp. Define I'*°(V) = {{: B— V| ¢&is aC>®-section of V}.

Definition D.8 (Subbundle of a Vector Bundle). Let V' be a C*°-vector bundle, 7 : V' — B
the vector bundle projection, and consider W C V. We call W a C"*°-vector subbundle
of V if, for all b € B, there exists a local chart (U, ¢) of B and an admissible vector bundle
chart (m=1(U), ) for V such that

(i) beU,

(ii) ¢ : 7 HU) — ¢(U) x Rf x RF

(iii) pomorp™ (z,u,v) = x, where pomop™! : p(U) x Rl x RF= — ¢(U), and

(iv) Y(r~ Y (U)NW) = ¢(U) x R x {0}.

Note D.9. 1. W is a submanifold of V.
2. The idea of a vector subbundle is that one can smoothly select a subspace Wy, = V,NW
from each fiber V.
. Define the rank of W at b as rank(W;) = dim(W,).
4. The rank of a subbundle is locally constant. This can be too much of a restriction,
so we consider generalized subbundles.

w

Definition D.10 (Generalized Subbundle of a Vector Bundle). Let V be a C*°-vector
bundle, 7 : V. — B the vector bundle projection, and consider W C V. We call W a
(C*°-generalized subbundle of V if, for all by € B,
(i) Vb, N W is a subspace, and
(ii) there exists a neighbourhood U C B of by and a family {{,}sca of C*°-sections of
V‘ (called local generators of W) such that for all b € U, we have V; N W =

U
spang{a(b) | a € A}.

Definition D.11. Let V be a C"*°-vector bundle, and consider a C"-generalized subbundle
WCVofV.
(i) Given b € B, b is a regular point of W if there exists a neighbourhood U C B of b
such that the rank of the fiber is constant on U.
(ii) Given b € B, b is a singular point of W if b is not a regular point of W.
(iii) W is regular if b is a regular point of W for all b € B.

Note D.12. A regular C*°-generalized subbundle is equivalently a C*°-subbundle.

Definition D.13 (Vector Bundle Map). Given C*-vector bundles V and W, with 7 : V' —
Band o : W — A, consider a C*®-map f:V — W. We call f a C*-vector bundle map

if there exists a C*°-map fy : B — A such that fpowr =oco f and f v € L(Vi; W) If
b

f is a C*°-diffeomorphism, we call it a C*°-vector bundle isomorphism.
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Distributions, Codistributions and
Integrability

Definition E.1 (Distribution). Let M be a C'°*°-manifold.
(i) We call D a distribution on M if, for all x € M, D(z) C T, M is a subspace.
(ii) A distribution D on M is C* if D is a C*°-generalized subbundle of T'M.
(iii) A C°-distribution D on M is regular if D is a C*°-subbundle of T'M.

Definition E.2 (Codistribution). Let M be a C°°-manifold.
(i) We call A a codistribution on M if, for all z € M, A(z) C T} M is a subspace.
(ii) A codistribution A on M is C*° if A is a C*°-generalized subbundle of T* M.
(iii) A C*° codistribution A on M is regular if A is a C°°-subbundle of 7" M.

Note E.3. For a distribution D or codistribution A on M, we will often write D, and A,
instead of D(z) and A(z).

Definition E.4 (Involutivity). (i) Given a C*°-distribution D on M and X € I'*°(T M),
we say that X belongs to D if, for all z € M, we have X (x) € D(z).
(ii) Given a C*°-distribution D on M, we say that D is involutive if, for all X, Xy €
I'>°(T'M) such that X3, X5 belong to D, we have that [ X1, Xs] belongs to D.

Definition E.5 (Local Integral Manifold). Consider a C*°-manifold M, and a C* distri-
bution D on M. Given xg € M, and a C°°-immersed submanifold S of a neighbourhood U
of xy, S is a local integral manifold if, for all z € S, we have T,,S C D(x).

Definition E.6 (Maximal Integral Manifold). (i) Given S, a local integral manifold, S
is maximal if, for all x € S, we have T,,S = D(x).
(ii) Given S, a maximal local integral manifold through xp, S is the maximal integral
manifold for D through z( if it contains any maximal local integral manifold
through z.

Definition E.7 (Integrability). D is integrable if, for all © € M, there exists a maximal
local integral manifold through x.

Theorem E.8 (Frobenius). A reqular C*°-distribution D is integrable if and only if D is
involutive.
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Proposition E.9. Let D be an integrable C*°-distribution on M and xqg € M. If xg is a
regqular point for D, then there exists a local chart (U, ¢) of M around xo such that for all
x € U, we have

D(z) = span{;xl(x),...,aik(x)} .

Conversely, if such a local chart exists, then D’U is integrable.
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