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Abstract—We introduce a new hybrid control strategy, which is
conceptually different from the commonly used synergistic hybrid
approaches, to efficiently deal with the problem of the undesired
equilibria that precludes smooth vectors fields on SO(3) from
achieving global stability. The key idea consists in constructing a
suitable potential function on SO(3) x R involving an auxiliary
scalar variable, with flow and jump dynamics, which keeps
the state away from the undesired critical points while, at the
same time, guarantees a decrease of the potential function over
the flows and jumps. Based on this new hybrid mechanism, a
hybrid feedback control scheme for the attitude tracking problem
on SO(3), endowed with global asymptotic stability and semi-
global exponential stability guarantees, is proposed. This control
scheme is further improved through a smoothing mechanism that
removes the discontinuities in the input torque. The third hybrid
control scheme, proposed in this paper, removes the requirement
of the angular velocity measurements, while preserving the strong
stability guarantees of the first hybrid control scheme. This
approach has also been applied to the tracking problem on SE(3)
to illustrate its advantages with respect to the existing synergistic
hybrid approaches. Finally, some simulation results are presented
to illustrate the performance of the proposed hybrid controllers.

Index Terms—Attitude control, Hybrid feedback, Rigid body
system, Velocity-free feedback, Matrix Lie group,

I. INTRODUCTION

The attitude tracking control problem of rigid body systems
has been widely investigated in the literature with many appli-
cations related to robotics, aerospace and marine engineering,
for instance [2]-[7]. In particular, geometric control design
on Lie groups SO(3) and SE(3), has generated a great deal
of research work [6], [8]-[13]. It is well known that achiev-
ing global stability results with feedback control schemes
designed on Lie groups such as SO(3) and SE(3), is a
fundamentally difficult task due to the topological obstruction
of the motion space induced by the fact that these manifolds
are not homeomorphic to R™ and that there is no smooth
vector field that can have a global attractor [8]. To achieve
almost global asymptotic stability (AGAS), a class of suitable
“navigation functions” has been introduced in [8]. In [9], the
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Riemannian structure of the configuration manifold for a class
of mechanical systems, is used to derive a local exponential
control law, while in [1 1], an almost global tracking controller
has been proposed for a general class of Lie groups via
intrinsic globally-defined error dynamics. It is well known that
for any smooth potential function on SO(3), there exist at
least four critical points where its gradient vanishes [14], and
as such, almost global stability is the strongest result that one
can achieve in this case.

Using the hybrid dynamical systems framework of [15],
[16], a unit-quaternion based hybrid control scheme for global
attitude tracking was first proposed in [17], which led there-
after to other variants such as [18]-[20]. The use of a
“synergistic” family of potential functions to overcome the
topological obstruction to global asymptotic stability (GAS)
on SO(3) has been introduced in [21]. A family of po-
tential functions is “centrally” synergistic, if the identity is
the common critical point of all the potential functions in
the family. This synergistic hybrid approach was successfully
applied to the rigid body attitude control problem in [22],
where a hysteresis-based switching mechanism was introduced
to avoid all the undesired critical points and ensure some
robustness to measurement noise. However, only numerical
examples were provided to construct such a synergistic family
of potential functions via angular warping on SO(3). Inspired
by this, a number of hybrid controllers and observers on
Lie groups SO(3), SE(3) and SE5(3) have been proposed
in the literature [23]-[31]. The work in [26], provides a
systematic and comprehensive procedure for the construction
of synergistic potential functions on SO(3), which is then
applied to design velocity-free hybrid attitude stabilization
and tracking control schemes [26], [27]. Moreover, a hybrid
attitude control scheme on SO(3) using an “exp-synergistic”
family of potential functions, leading to global exponential
stability, has been proposed in [28]. Alternatively, a “non-
central” synergistic family of potential functions has been
considered in [23] to relax the centrality condition. A similar
idea can be found in [25]. Recently, a hybrid control approach
on smooth manifolds, relying on a switching logic between
local coordinates, has been proposed in [32].

Contributions: In this paper, we propose new hybrid feed-
back control strategies for the tracking problems on matrix Lie
groups SO(3) and SE(3), leading to GAS guarantees. Some
extensions are also proposed to smooth out the discontinuities
induced by the control input switching, and to handle the
lack of angular velocity measurements. The main novelty and
strength of our approach is the fact that it can overcome the
compactness condition required in the synergistic hybrid ap-



proaches. Therefore, it can be applied to a general class of non-
compact matrix Lie groups to generate globally asymptotically
stabilizing hybrid feedback laws as demonstrated through the
design of a geometric hybrid tracking control scheme on the
non-compact manifold SE(3). The key idea of our hybrid
attitude control strategy consists in using a suitable potential
function on SO(3) x R involving an auxiliary scalar variable
with hybrid dynamics. This scalar variable is governed by
some appropriately designed flow dynamics when the state
in SO(3) x R is away from the undesired critical points,
and is governed by an appropriately designed jump strategy
when the state is in the neighborhood of the undesired critical
points. The flow and jump strategies are designed to ensure a
decrease of the potential function over the flows and jumps.
In contrast with the synergistic hybrid approaches where a
synergistic family of potential functions on SO(3) is used
[211-[23], [26], [27], our hybrid approach relies on a single
potential function on SO(3) x R parameterized by the hybrid
auxiliary scalar variable. As it is going to be shown later, our
approach on top of the hybrid control design simplification,
allows to overcome the set compactness assumption (stemming
from the diffeomorphism condition of the transformation map)
required in the synergistic hybrid approaches. This important
advantage, makes our approach a good candidate for the design
of hybrid controllers on non-compact manifold such as SE(3)
where the existing hybrid approaches (for instance, [21], [22],
[25]-[28], [32]) are not applicable in a straightforward manner.
A preliminary version of this work has been presented in [I]
without the semi-global exponential stability proof, the control
smoothing mechanism and the velocity-free hybrid tracking
scheme presented in the present paper.

Organization: The remainder of this paper is organized
as follows: Section II provides the preliminaries that will
be used throughout this paper. In Section III, we formulate
our attitude tracking control problem. In Section IV, a new
hybrid mechanism using a potential function on SO(3) x R
is presented. In Sections V-VII, we present our three hybrid
attitude tracking controllers. In Section VIII, we provide a
systematic procedure for the construction of the potential
function on SO(3) x R satisfying all the requirements for the
design of our hybrid attitude tracking controllers. In Section
IX, our hybrid control strategy is extended to the pose tracking
problem on the non-compact Lie group SE(3). Simulation
results are presented in Section X.

II. PRELIMINARIES
A. Notations and Definitions

The sets of real, non-negative real and natural numbers are
denoted by R, R>g and N, respectively. We denote by R"
the n-dimensional Euclidean space, and by S™ the set of unit
vectors in R™*!. Given two matrices, A, B € R™*", their
Euclidean inner product is defined as ((A, B)) = tr(A' B).
The Euclidean norm of a vector x € R” is denoted by ||z||,
and the Frobenius norm a matrix X € R™*"™ is denoted by
| X||r = y/tr(XTX). For a given symmetric matrix A €
R™*", we define £(A) as the set of all the unit-eigenvectors
of A, (A4, v{') as the i-th pair of eigenvalue and eigenvector
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of A, and A4, and A2,  as the minimum and maximum
eigenvalue of A, respectively. Let M be a smooth manifold
embedded in R™ and T, M be the tangent space on M at point
x € M. The gradient of a differentiable real-valued function
f: M — R at point z € M, denoted by V, f(x) € T, M,
relative to the Riemannian metric { , )z : TyM x Ty M — R
is uniquely defined by f(z) = (V. f(z),£), forall ¢ € T, M.
A point x € M is called a critical point of f if its gradient at
x varnishes (i.e., V. f(x) = 0). A continuously differentiable
function f : M — R>g is said to be a potential function on
M with respect to the set A C M if f(z) >0 forall x ¢ A
and f(z) =0 for all x € A

The 3-dimensional Special Orthogonal group is defined by
SO(3) :== {ReR*3: RTR=RR" = I3,det(R) = +1},
and the Lie algebra of SO(3) is defined by so(3) :=
{Q eR¥3: QT = —Q}. The tangent space of SO(3) at any
base point R is defined by TrSO(3) = {RQ € R3*3 :
R € 50(3),Q € s0(3)}. The inner product in the tangent
space TrSO(3) defines the left invariant metric on SO(3)
as (R, RQ9)p = ((21,Q9)) for all R € SO(3) and
01,99 € s0(3). For any R € SO(3), we define |R|; € [0, 1]
as the normalized Euclidean distance on SO(3) with respect
to the identity I3, which is given by |R|? = tr(I3 — R)/4.
Let the map R, : R x S — SO(3) represent the well-known
angle-axis parameterization of the attitude, which is given by
Ra(0,u) := I3 + sin(@)u* + (1 — cos(6))(u*)? with § € R
denoting the rotation angle and u € S? denoting the rotation

axis. For a given vector = := [x1, 22, 73] € R3, we define
X

z* as the skew-symmetric matrix given by
0 —XI3 To

¥ = | 3 0 -z
—T2 1 0

and vec(-) as the inverse operator of the map (-)*, such that
vec(z*) = z. For a matrix A € R3*3, we denote P, (A) :=
2(A — AT) as the anti-symmetric projection of A. Define
the composition map v := vec o P, such that, for a matrix
A = [a;;] € R¥*3, one has 1(A) := vec(P,(A4)) = 3[azs —
23,13 — a31,a21 — az] . For any A € R3*3 z € R3, one
can verify that ((A,2X)) = 2z T (A).

B. Hybrid Systems Framework

Consider a smooth manifold M embedded in R and its
tangent bundle denoted by TM = |, ToM. A general
model of a hybrid system is given as [15]:

2 {x € F(z),

zt e G(x),

reF
xeJ

where = € M denotes the state, T denotes the state after an
instantaneous jump, the flow map F : M — T M describes
the continuous flow of = on the flow set 7 C M, and the jump
map G : M = M (a set-valued mapping from M to M)
describes the discrete jumps of = on the jump set J C M. A
solution x to  is parameterized by (¢, ) € R>o x N, where ¢
denotes the amount of time passed and j denotes the number of
discrete jumps that have occurred. A subset domz C R>gxN
is a hybrid time domain if for every (T,J) € domuwz, the
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set, denoted by dom z (([0,7] x {0,1,...,J}), is a union of
finite intervals of the form U;.]:O([tj7 tj+1] x {j}) with a time
sequence 0 = tg < t; < --- < tj41. A solution z to H is
said to be maximal if it cannot be extended by flowing nor
jumping, and complete if its domain dom x is unbounded. Let
|z| 4 denote the distance of a point x to a closed set A C M,
and then the set A is said to be: stable for H if for each € > 0
there exists 6 > 0 such that each maximal solution x to H
with |2(0,0)|4 < § satisfies |z(t,j)|a < € for all (¢,j) €
dom x; globally attractive for ‘H if every maximal solution x
to A is complete and satisfies lim; ;o0 |2(t,7)|4 = O for
all (t,7) € domx; globally asymptotically stable if it is both
stable and globally attractive for 7. Moreover, the A is said to
be (locally) exponentially stable for ‘H if there exist K, A\, u > 0
such that, for any |z(0,0)|4 < u, every maximal solution x
to M is complete and satisfies |x(¢,7)|a < kexp(—A(t +
N |x(0,0)| 4 for all (¢,5) € domz [33]. We refer the reader
to [15], [16] and references therein for more details on hybrid
dynamical systems.

III. PROBLEM FORMULATION

The dynamical equations of motion of a rigid body on
SO(3) are given by

{R — Rw* -

Jw =-—-w Jw+T

where the rotation matrix R denotes the attitude of the rigid
body, w € R? is the body-frame angular velocity, J = J ' €
R3*3 is the inertia matrix (constant and known), and 7 € R?
is the control torque to be designed.

Let m > 0 and let Wy C SO(3) x R? be a compact (closed
and bounded) subset. Let the desired reference trajectory be
generated by the following dynamical system [23]:

R, =Rw}f
(J.JT =z (Rr7wr) S Wd (3)
z €mB

where R, and w, are the desired rotation and angular velocity,
and mB := {x € R3 : ||z|| < m} is the closed ball in R3.
As shown in [23], every maximal solution to (3) is complete,
and any possible solution component w, of (3) is Lipschitz
continuous with Lipschitz constant m, but not necessarily
differentiable.

Let us consider the left-invariant attitude tracking error
R. = R/ R and the angular velocity tracking error w, =
w — Rl w,. From (2)-(3), one obtains the following error
dynamics [23]:

R. = Rw (4a)
Jwe :Z(Re7we7wr)we _T(Re7wraz)+7 (4b)

where the functions T : SO(3) x R?* x R® — R? and X :
SO(3) x R? x R* — s0(3) are given by

Y(Re,wy,2) = JR! 2z + (RI w,.)* JR] w, (5a)
Y(Re,we, wr) = (Jwe)™ + (JR] w,)™
— ((Rlw,)* T+ J(R,w,)*).  (5b)

Note that 3 is skew-symmetric, and as such, for each u € R?
one has u X(R.,we,w,)u = 0. It is clear that T (R.,w,, 2)
is known, and Y(R.,w,,z) = 0 if R, is constant.

The control objective consists in designing hybrid feedback
laws such that the desired equilibrium of the error dynamics
(4a)-(5b), i.e., (R. = I3,w. = 0), is globally asymptotically
stable.

IV. A NEW HYBRID MECHANISM USING A SINGLE
POTENTIAL FUNCTION ON SO(3) x R

Let V(R) be a potential function on SO(3) with respect to
I3. Let VRV : R — TrSO(3) denote the gradient of V' at
point R. According to Lusternik-Schnirelmann theorem [34]
and Morse theory [14], a smooth vector field on SO(3) can
not have a global attractor, and any smooth potential function
on SO(3) must have at least four critical points. Let the set
of all critical points of V(R) be denoted by ¥y = {R €
SO(3)|[VRV(R) = 0}, and the set of all undesired critical
points be denoted by Uy \ {I3}.

One possible way to make the desired critical point I3 a
global attractor, consists in generating a non-smooth gradient-
based vector field on SO(3) through a switching mechanism
between a family of potential functions as done in [21], [22],
[26]. The potential functions are constructed using a modified
trace function and a transformation map 7 : SO(3) — SO(3)
such that all the potential functions share only the desired
critical point I3. For instance, a transformation map 7 (R) =
exp(J(R)u*)R with 9(R) = kV(R),k € R,u € S?, known
as the “angular warping”, is considered in [21]. As shown in
[21, Theorem 8], 7 is required to be a diffeomorphism, and to
be as such, k has to be chosen sufficiently small in magnitude
(i.e., V2|k| max | VRV (R)||r < 1forall R € SO(3)). A sim-
ilar design of the central synergistic family of potential func-
tions can be found in [26], where a different transformation
map 7 (R) = Rexp(J(R)u*) with 9(R) = 2arcsin(kV (R))
and k sufficiently small, has been considered. Note that the
existence of the parameter k in [21], [22], [260] is guaranteed
mainly due to the fact that SO(3) is compact. Alternatively,
in [23], a non-central synergistic family of potential functions
has been designed based on a modified trace function through
constant translation, scaling and biasing. Unfortunately, it
is not straightforward to explicitly construct such a family
of potential functions, especially when dealing with systems
evolving on non-compact manifolds.

To overcome the above mentioned problems, we propose a
new approach that does not require the generation of a family
of potential functions via a diffeomorphism map, leading to
a much simpler design of hybrid control systems on SO(3)
or other non-compact manifolds. The key idea consists in
using a single potential function U : SO(3) x R — Rx,
with respect to the A, := (I5,0), parameterized by a scalar
variable # € R that has flow and jump dynamics. In contrast
with the previously mentioned synergistic potential functions
approaches, where the potential functions are parameterized
by a discrete variable, our single potential function U is
adjusted through the continuous flows and the discrete jumps
of the auxiliary variable § such that the resulting non-smooth



gradient-based vector field yields a single attractor A,. The
details of the construction of the potential function U and its
properties will be presented later. Let us define the set of all
the critical points of U as

Uy :={(R,0) € SO(3) xR:
VU (R, 0) = 03x3, VoU(R,0) =0} (6)

with VRU(R,0) and VyU(R,0) denoting the gradients of
U(R,0) with respect to R and 0, respectively. Let © C R
be a nonempty and finite real set, and consider the following
basic assumption for our potential function U (R, 6):

Assumption 1 (Basic Assumption). There exist a potential
Sunction U on SO(3) x R with respect to A, and a nonempty
finite set © C R such that A, € Vy and

ﬂU(R, 9) > (5, V(R, 9) S \I/U \ {AO} 7

with some constant § > 0 and the map py : SO(3) x R —
R is given by

ur(R,0) :=U(R,0) — ér/leig U(R,0"). 8)
Remark 1. From the definitions of sets Vi and A,, the set
Uy \{ Ao} denotes the set of all the undesired critical points of
U(R,0). Assumption 1 implies that for any undesired critical
point (R,0) € Uy \ {A,}, there exists another state (R,0’)
with 0" € © such that the value of U(R,0") is lower than the
value of U(R,0) by a constant gap 6. Hence, one can reset
0 (at each jump) to the one leading to the minimum value
of U with a strict decrease such that the state after jump is
away from the undesired critical points. This property, together
with an appropriately designed feedback over the flows, will
guarantee global asymptotic stability of desired equilibrium
point (see an example in Fig. 1). This basic assumption is
motivated from the synergistic family of potential functions on
SO(3) proposed in [21]-[23].

(RO)

(R*, 0) c \I/[//{.AU}

Fig. 1: Hybrid mechanism using a single potential function on
SO(3) x R. The point (R*,0) denotes one of the undesired
critical points of U (R, ¢). The dashed and solid black curves
represent the discrete jumps and continuous flows of (R, 6),
respectively.

Once a nonempty finite set © C R and a potential function
U satisfying the basic Assumption 1 are constructed, as it will
be shown later, the flow and jump dynamics governing the
evolution of § and in turn of U will be designed to avoid the
undesired critical points, leaving A, as the unique attractor. In
fact, 0 flows when the state (R, ) is away from the set ¥y \
{A,}, and jumps to some §’ € O leading to minimum value

of U(R,0")) when the state (R, 6) is in the neighborhood of
the set ¥y \ {4, }. We propose the following hybrid dynamics
Ho for 0:

0 :f(Rva)v (R,Q)GJ:
: 9
o {9+ €g(R,0), (RO €T ©
with 0(0,0) € R. The flow and jump sets are defined as
F:={(R,0) € SO3) xR: uy(R,0) <} (10a)
J ={(R,0) € SO3) xR : uy(R,0) >} (10b)

with p defined in (8), and the flow map f : SO(3) xR — R
and jump map g : SO(3) x R = O are defined as

f(R,0) := —kgVoU(R,0)
g(R,0):={0 € 0O :0=argmingco U(R,0)}

Y
12)

with constant scalar kg > 0. By Assumption 1, the design of
the jump set J implies that all the undesired critical points
are located in the jump set, i.e., ¥\ {A,} C J. Note that the
flow map f in (11) is nothing else but the negative gradient
of U with respect to # contributing to driving the state (R, )
towards the critical points of U. The jump map ¢ in (12) is
designed to drive (through jumps) the state (R, 6) away from
the undesired critical points. From the definitions of the jump
set J and jump map g, it is clear that every (R,0) € J , one
has U(R,0)-U(R,g(R,0)) = U(R,0)—ming co U(R,0') =
pu (R, 6) > 0, which guarantees a minimum decrease of the
potential function U by 6, after each jump.

V. HYBRID FEEDBACK DESIGN

We propose the following hybrid feedback tracking control
scheme:

T = Y(Re,wr,2) — £(Re, 0, we)
0= f(R.,0)

(Re,0)eF

o+ c g(r..0) 1P

(Re,0)€T

where function T is defined in (5a), the flow and jump sets F
and J are defined in (10a) and (10b), respectively, the function
K 18 given by

#(Re,0,we) := 2kr (R VR, U(R.,0)) + kywe  (14)

with constant scalars kg, k., > 0, and the maps f and g (in
terms of R, and ) are defined in (11) and (12), respectively.
The main difference between the proposed hybrid feedback
(13)-(14) with respect to the ones proposed in [23], [27] is
the extended hybrid dynamics of the auxiliary variable § which
modifies (continuously) the potential function in the flow set
F and modifies (through jumps) the potential function in the
jump set J (i.e., in the neighborhood of the undesired critical
points of U). The gradient of the potential function U, with
the extended hybrid dynamics of 6, is used in the control to
force A, to be a global attractor. Fig. 2 illustrates the proposed
hybrid feedback strategy.

Define the new state space S := SO(3) x R x R3 x W, and
the new state x := (R.,0,w,, Rr,w,) € S. In view of (4),
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Fig. 2: Hybrid feedback strategy for global attitude tracking.

(9)-(10) and (13), one has the following hybrid closed-loop
system:

& €F(x), ze€F.:={xeS:(R0) € F} (15)
tteGx), ze€J.:={xeS:(R,0)eT}
where the flow and jump maps are given by
Rew
f(Re,0)
F(I) = Jﬁl(E(ReaweaWT)we — K(Re, 0,we)) (16)
Ryw)X
mB
G(z) := (Re, g(Re,0), we, Ry, wy) 17)

with ¥, f,g and « defined in (5b), (11), (12) and (14),
respectively. One can verify that 7. U J. = S, F. and 7, are
closed, and the hybrid closed-loop system (15) is autonomous
and satisfies the hybrid basic conditions [16, Assumption 6.5].
Now, one can state one of our main results:

Theorem 1. Let kg, k., kg > 0 and suppose that Assumption
1 holds. Then, the set A :={x € §: (Re,0) = Ay, w. = 0}
is globally asymptotically stable for the hybrid system (15)
and the number of jumps is finite.

Proof. See Appendix A. [

Remark 2. As shown in the proof of Theorem 1, Assumption 1
is the key to avoid the undesired equilibrium points and ensure
GAS for the closed-loop system (15). Without a strict decrease
of the potential function over the jumps, the trajectories
may converge to a level set containing one of the undesired
equilibrium points.

Now, under the following additional assumptions on the
potential function U, we will show that the proposed hybrid
controller achieves exponential stability.

Assumption 2. There exist constant scalars oy > ag > 0
such that
VroU(R,0) < aiU(R,0), Y(R,0) € SO3) xR (18)
VroU(R,0) > uU(R,0), V(R,0)€F (19)

with V (p ey U (R, 0) := [¢(RTVRU(R,0))|>+|VeU(R,0)[*
and F defined in (10a).

Assumption 3. Given the dynamics (4a) and (9), there exist
constants cgr,cg > 0 such that
(R, VR, U(Re.,6))ll

< cp||lwell + coko|VoU(Re, 0)], V(Re,0) € F (20)

with F defined in (10a).

Assumptions 2 and 3 impose some bounds on the gra-

dients of the potential function and the time derivative of
Y(R] VR, U(Re,0)). This assumptions are not very restrictive
as it is going to be shown later once we present the construc-
tion of the potential function in Section VIII.
Let |z|% := U(Re,0)+ ||we||. Since U is a potential function
on SO(3) x R with respect to .A,, it follows from the
definitions of S and A that |z|4 = 0 for all x € A, and
|z| 4 > 0 for all z € S\ A. Now, one can state the following
result:

Proposition 1. Let kg, k., kg > 0 and suppose that Assump-
tion 1-3 hold. Then, for every compact set 2. C SO(3) x
R x R3 and every initial condition x(0,0) € 2, x Wy, the
number of jumps is finite, and there exist k,\ > 0 such that,
each maximal solution x to the hybrid system (15) satisfies

|w(t, )4 < kexp(=A(t+7))|=(0,0)% @D
Sorall (t,j) € domx
Proof. See Appendix B. O

Remark 3. Proposition 1 shows that the tracking error con-
verges exponentially to the set A for each initial condition in
the compact set 2, C SO(3) x RxR3 satisfying A C 2.x Wy
(Note that Wy is compact by assumption). It is important to
mention that the exponential stability proved in Proposition
1 is referred to as semi-global exponential stability, since the
parameters k, \ > 0 depend on the initial conditions which are
restricted to an arbitrary compact subset {2, x Wy C S. Since
the number of jumps is finite, the hybrid exponential stability
can be viewed as the exponential stability in the classical
sense (exponential convergence over time). This situation is
sometimes referred to as exponentially stability in the t-
direction [35].

VI. HYBRID FEEDBACK WITH TORQUE SMOOTHING
MECHANISM

In order to remove the discontinuities in the control input 7
(caused by the discrete jumps of #), we propose the following
modified hybrid feedback tracking scheme:

T =T (Re,wy, 2) — 2kr( — kywe

0= f(Re,0) 0+ € g(R..0) (22)
C: h(ReaeaC) C+ :C
(Re,0,0)eF (Re,0,0)€T

where 6(0,0) € R, ((0) € R3, constants kg, k,, > 0, the maps
f and g are defined in (11) and (12), the function Y is defined
in (5a), and the function h is given by

MRe,0,() = —ke(( — (R VR U(R.,0)  (23)

with constant k¢ > 0. In this case, the flow and jump sets are
given by

(24)

{(Re,0,¢) € U: pw(Re,0,¢) <6’}
¢ (25)

R
={(Re,0,0) € U: pw(Re,0,¢) > 0"}

QW



where 0 < §' < 4, U := SO(3) x R x R? and
pw (Re, 0, ¢) == W(Re,0,¢) — min W(R.,0',¢)

W(R.,0.¢) :==U(R.,0) + g||< — w(RI VrU(R.,0))|
27)

(26)

with some ¢ > 0 to be designed later. The main difference
between this hybrid control scheme and the previous one in
(13), is the use of an dynamical variable ( that bears the hybrid
jumps of 6 resulting in a jump-free control signal. As shown
in (22)-(23), the dynamics of ( allow to relocate the jumps
one integrator away from the control torque. This mechanism
leads to a continuous torque input since ( is continuous (not
necessary differentiable due to the discrete jumps of 6 in the
gradient-based term).

Since U is a potential function on SO(3) x R with respect
to A, and Y(R! Vg U(R.,0)) =0 as (R.,0) = A,, one can
show that W defined in (27) is a potential function on U with
respect to A, := (R, = 13,0 = 0,{ = 0), and the set of its
critical points is given by Uy := {(R.,0,¢() € U: (Re,0) €
Uy, ¢ = 0}. To ensure that all the undesired critical points
of W are located in the jump set J in (25), we consider the
following assumption:

Assumption 4. There exists a constant ¢y > 0 such that
[¥(R. VR, U(Re,0))|| < ¢y for all (R.,0) € SO(3) x R

Lemma 1. Ler Assumption I and 4 hold, and 0 < §' < 6 and
0<o<(6— (5’)/65}, then the following inequality holds:

UW(Rea 9, C) > 5/7 V(Re, 07() S\ \ {-/zl\o}'

The proof of Lemma 1 is given in Appendix C. From the
definition of J in (25), Lemma 1 implies that all the undAesired
critical points of W in (27) are located in the jump set J (i.e.,
Uy \ {A,} C J) under Assumption 1, 4 and some small
enough positive constant g.

Define the new state space S :=8 x R? and the new state
Z:= (x,¢) € S. In view of (4), (9)-(10) and (22)-(23), one
has the following hybrid closed-loop system:

(28)

i €F(2), deF,={2e8:(Re.0,() € F} 29)
it eGi), ied.={t€8:(R.0,0) T}
where the flow and jump maps are given by
Rew}
X f(Re,0)
~ JTHE(Re, We, Wr)we — 2kp( — ky,we
mB
—k¢(¢ = ¥(R VR, U(Re,0)))
G(#) == (Re, 9(Re,0), we, Re, wy, C) 3D

with 2, f and g defined in (5b), (11) and (12), respectively.
One can verify that 7. U J, = S, F. and J, are closed,
and the hybrid closed-loop system (29) satisfies the hybrid
basic_conditions [16, Assumption 6.5]. The properties of the
set A:={2€S8:(R.,0,() = Ap,w. = 0} for the closed-
loop system (29) are stated in the following theorem:

Theorem 2. Let kg, k., kg > 0, and suppose that Assumption
1, 3 and 4 hold. Then, there exist constants kz > 0 and
0 < < 6suchthatf0reveryk< > ki and 0 < o <
(6 — 5')/6 the set A is globally asymptotlcally stable for
the hybrid system (29) and the number of jumps is finite.

Proof. See Appendix D. O

Following similar steps as in the proof of Proposition 1,
one can also show that, under the additional Assumption
2, the proposed hybrid feedback, with the torque smoothing
mechanism, guarantees semi-global exponential stability. Note
that the high gain condition on % in Theorem 2 can be relaxed
by considering the following dynamics for (:

(=) —ke ((—¥(R/VRUR.0))  (32)

where ¢(2) := (R Vr,U(R.,0)) + %we with some con-
stants k¢ > 0 and 0 < ¢ < (6 —4")/c},. With this modi-
fication, global asymptotic stability is also guaranteed as in
Theorem 2, and the proof is omitted here.

VII. HYBRID FEEDBACK WITHOUT VELOCITY
MEASUREMENTS

Inspired by the work in [27], [36], [37], we propose a new
hybrid feedback for global attitude tracking without using the
measurements of angular velocity w. In practice, obviating
the need of the angular velocity measurements is of great
interest in applications relying on expensive and prone-to-
failure gyroscopes. In the case where gyroscopes are available,
this velocity-free tracking controller can also be used as a
backup scheme triggered by gyro failure.

Consider the auxiliary state (R,0) € SO(3) x R and the
following hybrid auxiliary system:

R=REp Rr=R (33)
o =f(R6) 07 € g(R0)
\ ) N — e

(R.B)eF (R9)eT

where R(0) € SO(3),0(0,0) € R, R = R" R,, the flow and
jump sets F and J are defined in (10a) and (10b), respectively,
and [ is given by

B=Ty(R"VzU(R,0)) (34)

with a symmetric positive definite matrix I'. The dynamics of
the auxiliary variable R are inspired from [27], [37], and the
maps f and g are given in (11) and (12), respectively.

We propose the following velocity-free hybrid feedback
tracking scheme:

T = Y(Re,w,,2) — R(Re,0, R, 0)
0= f(Rev 9) 0F

(Re,0)eF

cg(R.0)

(Re,0)eT

where the hybrid dynamics of the auxiliary state (R,0) are
given in (33), and the function & is given by

7(Re,0, R, 0) := 2kp(R] Vg U(R.,0))
+2kg(RTV zU(R,0)) (36)



with constants kg, kg > 0. The flow and jump sets F and J
are defined in (10a) and (10b), respectively.

Instead of using the angular velocity tracking error w, as
in the hybrid controllers (13) and (22), a new term generated
from the gradient of U(R 6) is considered in the design of
the control input 7 in (35). This term, relying on the output of
the auxiliary system (33)-(34), allows to generate the necessary
damping in the absence of the angular velocity measurements.
In fact, an appropriate design of the input § of the auxiliary
system, ensures the convergence of 3 to w, as R— 1 3, which
consequently leads to R, — I3 and w. — 0. Fig. 3 illustrates
the proposed velocity-free hybrid feedback strategy.

Hybrid Feedback

Wry 2
[, R "
R w2 6 | control | 7|Dynamical
Input (35)| | Model (2)
R

Auxiliary |R
system (33) —l

Fig. 3: Velocity-free hybrid feedback strategy for global atti-
tude tracking using a hybrid auxiliary system.

Define the new state space S := S x SO(3) x R and the
new state T := (z,R,0) € S. In view of (4), (9)-(10) and
(33)-(35), one has the following closed-loop system:

€EF(), T€F.:=F.xF

{ +€G(i’), jfejc ::701 U7c2

where J.1 := J. x SO(3) x R and Tz := S x J, and the
flow and jump maps are given by

Rew}
) o
JHE(Re, We, wy)we — B(Re, 0, R, 0))
Ryw)X
mB
we = TY(RTVRU(R,0)))"
f(R.0)

é(i‘) = (R67g@(R679)7w87RT7wT7R7gé(R7é)) (39
with ¥, f and g defined in (5b), (11) and (12), respectively.
The function gg(R,,0) is defined as: go(Re,0) = g(R.,0) if
(Re,0) € J (ie, T € Jc1) otherwise go(Re,0) = 0, and the
function gQ(R 0) is defined as: g(,(R 0) = g(R,0) if (R,0) €
J (i.e., T € J o) otherwise g5(R,0) = 6. One can verify that
FUJ. =S, sets F. and J . are closed, and the hybrid system
(37) satisfies the hybrid basic conditions [16, Assumption 6.5].
Now, one can state the following result:

8l

(37

S]]

(38)

R(

Theorem 3. Let kg, kg, ko >0, T =T be positive definite,
and suppose that Assumption 1 holds. Then, the set A := {T €
S : (Re,0) = (R,0) = Ay, we = 0} is globally asymptotically

stable for the hybrid system (37) and the number of jumps is
finite.

Proof. See Appendix E. O

Remark 4. Following similar steps as in the proof of Propo-
sition 1, one can also show that, under the additional As-
sumptions 2 and 3, the proposed velocity-free hybrid track-
ing controller guarantees semi-global exponential stability.
Moreover, similar to Section VI, the proposed velocity-free
hybrid attitude tracking controller (35) can be further extended
with a torque smoothing mechanism by filtering the terms
V(R VR, U(Re,0)) and )(RTV 3U(R, 0)) as in Section VI
to obtain a jump-free torque input.

VIII. CONSTRUCTION OF THE POTENTIAL FUNCTION ON
SO(3) xR

Our proposed designs in the previous sections rely on the
existence of a potential function U on SO(3) x R with
respect to A,, satisfying Assumptions 1-4. In this section, we
will provide a systematic procedure for the construction of
such potential function using the angular warping techniques
inspired by [21].

Consider the following transformation map 7 : SO(3) x
R — SO(3) :

T(R,0) = RR,(0,u)

where R € SO(3), u € S? is a constant unit vector and § € R
is a real-valued variable with hybrid dynamics specified in
Section IV. From (40), T applies a rotation by an angle 6 to
R about the unit vector u. The main difference compared to
the transformation maps considered in [21]-[23], [26], [28],
is that the angular warping angle 6 considered in (40) is an
independent real-valued variable with hybrid flows and jumps.

Consider a modified trace function V(R) = tr(A(Is — R))
with A = AT being a positive definite matrix. It follows from
[23], [38] that the set of all the critical points of V(R) is
given by ¥y = {Is} UR,(m, E(A)) with £(A) denoting the
set of unit eigenvectors of A. Let us introduce the following
real-valued function on SO(3) x R as

U(R,0) =tr(A(I — T(R,0))) +

(40)

7 p2
5 0 41)
with some constant v > 0 to be designed. The first term of
U is modified from the potential function V' inspired by [21],
[22], and the second term is a quadratic term in 6. From the
definition of T in (40), one can easily verify that U(R,0) > 0
for all (R,0) € SO(3) x R, and U(R, ) = 0 if and only if
(R = 13,0 = 0). Hence, U is a potential function on SO(3) x
R with respect to .A,. The following lemma provides useful
properties of the potential function U.

Lemma 2. Let A = A" be a positive definite matrix.
Consider the potentlal Junction U defined in (41), and the
trajectories generated by R = Rw* and 6 = v with
R(0) € SO(3),000) € R,w € R3 v € R. Then, for all
(R,0) € SO(3) x R the following statements hold:

T(R,0) = T(R,0)(Ra(8, 1) "w+ vu)*
QZJ(RTVRU(Ra 9)) = Ra(97 U)w(AT(Rv 0))

(42a)
(42b)



VoU(R,0) = 0 + 2u (AT (R, 6)) (42¢)
A, € Uy =Ty x {0} (42d)
q/J(RTVRU(Rv 6)) = DR(Rv e)w + Dy (Ra 0)’/ (42¢)

where Dg(R,0) := R.(0,u)E(AT(R,0))R} (0,u) € R3*3
with E(A) == 1(tr(A)I;—AT),VA € R®*3, and Dy(R, 0) =
Ra(0,u)E(AT (R, 0))u — (Ra(0,u)(AT (R, 0)))*u € R3.

Proof. See Appendix F. O

Remark 5. Note that in (42a), we obtain a different form of
the time derivative of the transformation map T on SO(3) xR
compared to [2], Theorem 6] and [26, Lemma 1]. As men-
tioned before, the transformation map T in [2]] and [206]
needs to be a (local) diffeomorphism to obtain the new set of
critical points of the potential functions after transformation.
In our approach, the set of critical points of the potential
Sunction U on SO(3) x R with respect to A,, denoted by
Uy in (42d), can be easily obtained from (42b) and (42c)
without any additional conditions. Moreover, from (42d), the
set Wy is given by a simple extension of the set Wy with
0 € {0}. This property allows us to set the state (R,0) away
from the undesired critical points in Yy \ {A,} by resetting
the variable 6 to some non-zero values, which is the key of
our reset mechanism proposed in Section IV.

We define the set of parameters Py := {0, A, u,v,d} with
a finite non-empty real-valued set © C R, a matrix A = AT €
R3*3, a unit vector u € S?, and constant scalars v, > 0. The
following proposition verifies all the conditions in Assumption
1-4 required by Section V-VIL.

Proposition 2. Consider the potential function U defined in
(41). Then, Assumptions 2-4 hold for any v > 0,u € S?
and A = AT being positive definite. Moreover, the basic
Assumption 1 holds given the set Py defined as follows:

©=1{l6;| € (0,7],i=1,--- ,m}
A=AT:0< M <A <\

Py:{ u= alz*;f‘ + agv' + 0[3’03A €s? (43)
7<%
§ 4A* % 0 o 9/
<( g ) 2 UM = bupa/ee| |

where scalars vy, s, a3 and A* are given as per one of the
following three cases:

1 if)\A:AA,agzl—%andA*:/\f( A2,

~ 3k
. A4 A4 .
2) if N > S, o = i, i € {2,3) and AF =\
A3 A1 A2-"_>\3 n
. AANA 2 ATy NS .
3 ifAM < M < S8l =1 - i €
) AT <A < S, S A
o ama
{1,2,3} and A" = 5—~~45aa-
1=1 24k#l M Mk

with (A2, v denoting the i-th pair of eigenvalue-eigenvector

7 7
of matrix A.

Proof. See Appendix G [

Remark 6. As shown in the proof of Proposition 2, As-
sumption 1 holds if there exists a unit vector u € S?
such that one has A* = min,cea) A(v,u) > 0, where
Au,v) = u' (tr(A)f3 — A—2v" Av(I3 —vv")) u. Propo-
sition 2 provides a design option for the potential function U

through the choice of the set Py given in (43). Inspired by
[26], the unit vector u is designed in terms of the eigenvalues
and eigenvectors of the matrix A with 0 < M\ < A5t < 4.
The choice of the unit vector u in Proposition 2 is optimal in
terms of sup,,cgz (min,cg(ay A(v,u)) (see [26, Proposition 2]
for more details).

Remark 7. Note that a decrease in the value of ~ results
in an increase of the gap 0 (strengthening the robustness to
measurement noise). However, it may slow down the conver-
gence of 0 as per (11), leading to lower convergence rates
for the overall closed-loop system. Hence, the parameter -y
needs to be carefully chosen via a trade-off between the
robustness to measurement noise and the convergence rates of
the overall closed-loop system. The performance of the closed-
loop system, in terms of convergence rates, with different
choices of v is illustrated in the simulation section.

IX. EXTENSION TO GLOBAL POSE TRACKING ON SE/(3)

In this section, we extend our previous hybrid control
strategy on SO(3) to the 3-dimensional Special Euclidean
group SE(3), defined as

SE(3) = {X = [R p] eERY™ . ReSOB),pe ]R3}

0 1
with R and p denoting the rotation and position, respectively.
The Lie algebra of SE(3), denoted by se(3), is defined as

X
{U: [w v} e R4 X 650(3),UGR3}

se(3) := 0 0

with w and v denoting the angular and linear velocities,
respectively. The definitions of the maps ()", v, the adjoint
action map Ad and the adjoint operator ad, and their properties
are given in Appendix H.

We consider the following fully actuated system on SFE(3)

X =Xx¢
I =ad! I+ u,

where X € SE(3) denotes the pose of a rigid body sys-
tem, £ = [w',v"]T € RS denotes the group velocity,
[ = diag(J,ml3) € R5*® denotes the inertia matrix, and
u. = [77,f7]" € RS with f and 7 denoting the force and
torque inputs, respectively. Similar to (3), the desired reference
trajectory is generated by the following dynamical system:

(44)

Xr = rgé\
& =z (Xragr) S Wd (45)
z €mB

where mB = {x € R® : ||z]| < m},m > 0, Wy denotes a
compact subset of SFE(3) x R®, and X, and &, are the desired
pose and group velocity, respectively.

Define the pose tracking error X, = X, 1 X and the group
velocity tracking error £, = £ — Ad)}i &,-. From (44)-(45), one
obtains the following error dynamics:

Xe = Xegé\
I = 2(Xe, e, & )6 —

(462)

T (Xe, &y 2) + ue (46b)



where the functions T : SE(3) x RS x R — RS and ¥ :
SE(3) x RS x R® — R6%C are given by

E(Xeag(i)é’f') = adg— a'd];rAd_ &
(adAd . TH_HadAd}i&-) (47a)
Y(Xo b0, 2) = adAd_ IAd;(l & +TAdY 2. (47b)

Note that the error dynamics in (46) have similar structure
as in (4), and the equality £ ¥ (X., &, &,)€ = 0 holds. Let
V(X.) be a potential function on SFE(3) with respect to I4.
Hence, given the following smooth gradient-based feedback

Ue = T(Xeagra Z) - QkX’lr/;(Xe_leeV(Xe)) - kffev (48)

the equilibrium point (I, 0) of the closed-loop system (46)-
(48) can be shown to be AGAS.

Now, we will illustrate the difficulty of the application
of the synergistic hybrid approach on SE(3). Applying the
“angular-warping” technique from [21] directly on SE(3),
one has the transformation map 7 : SE(3) — SE(3) as
T(Xe) = exp(¥(Xe)uM) X, with 9(X.) = kV(X.) and
k € R,u € RS. Repeating the results in [21, Theorem 6],
one obtains T( o) = T(X)(O(Xo)&)" with O(X,) =
Is + 2k Ady! wip(X7'Vx, V(X.))". To guarantee that 7
is a diffeomdrphism as in [21, Theorem 8], one way is
to show that matrix ©(X,) is invertible on SE(3), ie.,
det(O(X.)) = X'V x. V(X)) # 0 for all
X, € SE(3). However, the choice of the scalar & is difficult
due to the fact that SE/(3) is non-compact and the upper bound
of ||Vx,.V(X.)||F cannot be a priori determined. To avoid this
issue, an alternative design for hybrid feedback on SE(3) with
GAS guarantees has been proposed in [24], which combines
a hybrid attitude feedback relying on a synergistic family of
potential functions on SO(3) and a smooth linear feedback for
the vector states. The key of this approach is that it separates
the non-compact Lie group SE(3) into a compact Lie group
SO(3) and a linear space R® and, as such, the control is
designed on SO(3) x R3 rather than on SE(3) directly. Our
approach, however, is not restricted to compact manifolds and
can handle the design of geometric hybrid control schemes
directly on SE(3).

Let U be a potential function on SE(3) x R with respect
to A’ := (I4,0) and © C R be a nonempty finite set. We
propose the following hybrid feedback tracking scheme:

Ue = T(Xe,fr,z) - kfge

C 2kx(XT Vi, U(Xe, 0)) (49)
0 = f(X.,0) 0% € g(X,,0)
(Xe,0)€F (Xe,00€T

where kx, ke > 0,6(0,0) € R, T is defined in (47b), the flow
map f : SE(3) xR — R and the jump map g : SE(3) xR —
R are defined as

f(Xe,0) := —koVoU(Xe,0) (50)

9(Xe,0):={0€0:0=argmingco U(Xc,0)} (51)
with kg > 0, and the flow and jump sets are given as

F:={(Xe,0) € SE(3) xR : uy(Xe,0) <6} (52a)

T ={(X.,0) € SEB3) x R: upy(Xe,0) > 6} (52b)

with some 6 > 0 and the map uy : SE(3) x R — R given as
o (Xe, 0) :=U(X,,0) (53)

The proposed hybrid feedback (49) is modified from (13) and
designed on SE(3), in terms of the geometric tracking errors
Xe, & and a general potential function U on SE(3) xR. Now,
one can state the following result:

- mingfe@ U(Xe, 0/)

Theorem 4. Let kx, k¢, ko > 0 and suppose that there exist
a potential function U on SE(3) x R with respect to A, and
a nonempty finite set © C R such that Al € Uy with Uy
denoting the set of all critical points of U and

po(X,0) > 6, V(X,0) e ¥y \{A}
with some constant 6 > 0 and py defined in (53). Then, the set
A ={r € SEQ)xRxR x Wy : (X,,0) = A, ¢ =0} is
globally asymptotically stable for the closed-loop system (46)

with the hybrid feedback (49), and the number of jumps is
finite.

(54)

The proof of Theorem 4 can be conducted by following
the same steps as in the proof of Theorem 1, and therefore is
omitted here. It is important to point out that the key condition
of Theorem 4 is that the basic Assumption 1 holds for SE(3)
(i.e., inequality (54)). To complete the hybrid feedback design
on SE(3), we need to construct a potential function U on
SE(3) x R such that inequality (54) holds.

Consider the following transformation map 7 : SE(3) x
R — SE(3) :

T(X,0):= (55)

where X € SE(3), i € R® is a constant vector and # € R is
a real-valued variable with hybrid dynamics specified in (49)-
(51). For the sake of simplicity, let Tx o := T (X, 0). Let us
introduce the following potential function on SE(3) x R with
respect to A}

X exp(6u”)

U(X, 9) = %tl‘((h — TX’Q)A(.L; — Txﬂ)—r) + %92 (56)
with a symmetric positive definite matrix A € R*** and
a constant v > 0 to be designed. Let ¥y denote the set
of critical points of potential function V(X) = $tr((Iy —
X)A(I;—X)T) on SE(3), which can be computed as per [30),
Lemma 5]. The following proposition provides some useful
properties of the potential function U on SE(3) x R:

Proposition 3. Let A = AT be a positive definite matrix.

Consider the potential function U defined in (56), and the
trajectories generated by X = X&" and 6 = v with X(0) €
SE(3),0(0) € R, € RC,v € R. Then, for all (X,0) €

SE(3) X R, the following statements hold:

Tx.o = Txo(Ad ) gun) E+ 0" (57a)

Y(X'VxU(X,0)) = Ade‘xp(w)w((l4 Tx.9)A) (57b)

VoU(X,0) =0 + 20" ((Iy — TX,G) ) (57¢)

AL € Uy =y x {0} (57d)



Moreover, choosing @ = [u',0]", A = diag(A, 1) and the set
of parameters Py = {©, A, u,v,0} defined in (43) one has

1
U(X,0) = tr((Is = BRq(6,u)4) + 5 [p|]* + 267
and the condition (54) in Theorem 4 holds.

The proof of this Proposition can be conducted using similar
steps as in the proof of Lemma 2 and Proposition 1, and hence
omitted.

X. SIMULATION

In this section, numerical simulations are presented to
illustrate the performance of the proposed hybrid feedback
controllers. We make use of the HyEQ Toolbox in Matlab [39].
The hybrid controller (13) is referred to as ‘Basic Hybrid’, the
hybrid controller with torque smoothing mechanism in (22) is
referred to as ‘Smooth Hybrid’, and the velocity-free hybrid
controller in (35) is referred to as ‘Velocity-Free Hybrid’. For
comparison purposes, we also consider the following classical
smooth non-hybrid controller, referred to as ‘Non-Hybrid’:

T =T (Re,wyr, 2) — 2kptp(AR,) — Ky we (58)

which is modified from the hybrid controller (13) by tak-
ing & = 0. The inertia matrix of the system is taken as
J = diag(0.0159,0.0150,0.0297) obtained from a quadrotor
UAV in [40]. The reference rotation and angular velocity are
generated by (3) with R.(0) = I5, w,(0) = 0 and z(¢t) =
[sin(0.1¢), — cos(0.3t),0.1] T. For the set Py in Proposition 2,
we choose © = {0/} with 0y, = 0.97, A = diag([2,4, 6]),

v <= B0 < (S - )% u = [0,1/2/5,1/3/5]
and A* = M = 2 as per case 2) in Proposition 2 (i.e.,
A3 > MG/ (A8 = M)

In our first simulation, three different choices of v such as

%, %, % are considered in the hybrid controller (13). For
each +, the constant gap 4 is chosen as § = %(4%* —7)03,.

Moreover, the gain parameters are chosen as kr = 1.5k, =
0.2, kg = 50, and the initial conditions are chosen as w(0) =
0, R(0) = Ru(m — €,u) with e = 1072, u = [0,0,1]T and
6(0,0) = 0, which ensures that initial (R.,6) is close to one
of the undesired critical points of U. Same gains and initial
conditions are considered in the non-hybrid controller (58).
The simulation results are given in Fig. 4. As one can see, for
the basic hybrid feedback, the variable 6 in (9) jumps from 0 to
0.97 at t = 0 and then converges to zero as t — oo. Moreover,
the tracking errors (R.,w.) of both controllers converge to
zero as t — oo. One can also see that the hybrid controller
(13) improves the convergence rate as compared to the non-
hybrid controller (58), and an increase in the value of v leads
to an increase in the convergence rate of the tracking errors.

Our second simulation presents a comparison between the
three proposed hybrid controllers in the presence of mea-
surements noise. The noisy measurements of attitude and
angular velocity are given as R, = Rexp(ny) with zero-
mean Gaussian noise nr ~ N(0,0.0113), and wy, = w + n,
with zero-mean Gaussian noise n, ~ N(0,0.0113). Same
initial conditions for R, # and w are chosen as in the previous
simulation, and in addition R(0) = R(0)T, #(0,0) = 0
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Fig. 4: Simulation results for the hybrid feedback (13) with
different choices of parameter .

and ((0) = 0 are considered. We choose v = -5 and
§ = (48 — 4)03, = 0.324 for U, and &' = 0.162

and ¢ = 0.0146 for W defined in (27). Moreover, the gain
parameters are chosen as follows:

kr | ko | ko | ke | kg r

Basic Hybrid 1510250 | — — —

Smooth Hybrid 15102 |50 | 150 | — —
Velocity-Free Hybrid | 1.5 | — | 50 | — 3 | 3075

Note that kg and T are chosen such that 2kgI'~! = k,,. The
simulation results are given in Fig. 5. For all controllers, the
tracking errors R.,w. and 6 converge to zero, after one second.
Through an appropriate gain tuning, the three hybrid tracking
controllers exhibit a quite similar performance. Note that the
velocity-free hybrid controller is more sensitive to noise as
shown in the plot of the control torque, which is mainly due
to the large gain I' involved in the an auxiliary system (33) to
overcome the lack of angular velocity measurements.

XI. CONCLUSION

Three different hybrid feedback control schemes for the atti-
tude tracking problem on SO(3), leading to global asymptotic
stability, have been proposed. As an instrumental tool in our
design, a new potential function on SO(3) x R, involving
a potential function on SO(3) and a scalar variable 6, has
been proposed. The scalar variable 6 is governed by hybrid
dynamics designed to prevent the extended state in SO(3) xR
from reaching the undesired critical points, while guaranteeing
a decrease of the potential function after each jump. In fact,
embedding the manifold SO(3) in the higher dimensional
space SO(3) xR allows to modify the critical points on SO(3)
by tying them to # = 0. This embedding mechanism provides
an easier handling of the critical points on the extended
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Fig. 5: Simulation results for different hybrid feedback with
noisy measurements.

manifold SO(3) xR through the hybrid dynamics of the scalar
variable 6.

A global hybrid attitude tracking controller is designed from
the gradient of the potential function with the full knowledge
of the system state. For practical purposes, two extensions
have been proposed: A hybrid attitude tracking controller with
jump-free control torque and a velocity-free hybrid attitude
tracking controller. The proposed hybrid strategy, involving a
single potential function on SO(3) xR, on top of being simpler
than the existing hybrid approaches involving a synergistic
family of potential functions, shows a great potential for
other applications involving non-compact manifolds where the
synergistic hybrid approaches may not be applicable. This
fact has been demonstrated through the design of a globally
asymptotically stabilizing (geometric) hybrid feedback for the
tracking control problem on the non-compact manifold SE(3).

APPENDIX

A. Proof of Theorem 1

Consider the following Lyapunov function candidate:

1
L(z) = krU(R.,0) + inJwe. (59)

Since U is a potential function on SO(3) x R with respect to
A,,and J = J7 is positive definite, one can verify that £ is
positive definite on S with respect to A. The time derivative
of L along the flows of (15) is given by

L(z) = krU(R.,0) — w] k(Re,0,w.) (60)

where we used w/! ¥(R.,we,w,)w. = 0. From (4a) and (9),
one obtains

U(R€79) - <vReU(Rea0)vReweX>Re + <<VGU(RE,9),9>>
= ((RI VR U(R,,0),w))) + VoU(R.,0)8

=20 (R VR, U(R.,0)) — ke|VeU(R.,0)|
(61)

where we made use of the property ((A,z*)) = 2xT¢(A).
Substituting (14) and (61) into (60), one can further show that

L(x) = 2kpw W(R] VR U(R.,0)) — krke|VoU (Re,0)|?
—w (2kpY(RI VR, U(R..0)) + kowe)

= —ky|lwel® = krke|VoU(R.,0)]> <0 (62)

for all x € F.. Thus, £ is non-increasing along the flows of
(15). Moreover, in view of (15) and (59), for any x € 7., one
has 2+ € (Re, g(Re,0),we, Ry, w;) and

,C(x"’_) — ,C({E) = —kR (U(Re, 9) — glelg U(Re, 9/))

= _kRMU<Re,0> < —kgrd (63)

where we made use of the fact uy(Re,0) > 4 for all
x € J.. Thus, L is strictly decreasing over the jumps of
(15). From (62) and (63), one concludes that the set A is
stable as per [15, Theorem 23], and every maximal solution
to (15) is bounded. Moreover, in view of (62) and (63),
one obtains L(z(t,7)) < L(z(t;,7)) and L(z(t;, 7)) <
L(z(tj,j—1)) —kgé for all (¢,7),(¢;,7),(t;,7—1) € domz
with (¢,7) = (t;,4) = (tj,7 — 1). Hence, it is clear that
0 < L(z(t,7)) < L(x(0,0)) — jkgro for all (¢,j) € domux,
which leads to j < [£(x(0,0))/(krd)] := Jar, where [-]
denotes the ceiling function. This shows that the number of
jumps is finite and depends on the initial conditions.

Next, we will show the global attractivity of A. Ap-
plying the invariance principle for hybrid systems given
in [41, Theorem 4.7], one concludes from (62) and (63)
that any solution z to the hybrid system (15) must con-
verge to the largest invariant set contained in W :=
{r € F. | VoU(R.,0) = 0,w, = 0} . For each z € W, from
we = 0 one has w, = 0. It follows from (4b), (13) and
(14) that ¢(R] Vg, U(R.,0)) = 0. Using this fact, together
with VyU(Re,0) = 0, one can show that (R.,0) € Uy
with Uy defined in (6). Thus, any solution z to the hy-
brid system (15) must converge to the largest invariant set
contained in W' := {x € F. | (Re,0) € FN¥y,w. =0}.
By Assumption 1, one has A, € ¥y and uy(Re,0) =
—mingcg U(R,,8") < 0as (Re,0) = A,. It follows from (7)
and (10a)-(10b) that A, € FN¥y and FN (T \{A,}) = 0.
Then, applying simple set-theoretic arguments, one obtains
FNUy C(FNTu\{A D)) U(FnN{A})=0U{A} =
{A,}. Tt follows from A, € FN ¥y and FN Iy C {4}
that 7 N ¥y = {A,}. Consequently, from the definitions of
W' and A, it follows that W = A.

Note that the closed-loop system (15) satisfies the hybrid
basic conditions [16, Assumption 6.5], F(z) C Tx(x) for
any ¢ € F.\ J. with T=(z) denoting the tangent cone
to F. at the point z, G(J.) C F. U J. = S, and every



maximal solution to (15) is bounded. Therefore, by virtue of
[16, Proposition 6.10], it follows that every maximal solution
to (15) is complete. Finally, one can conclude that the set A
is globally asymptotically stable for the hybrid system (15).
This completes the proof.

B. Proof of Proposition 1
Consider the following Lyapunov function candidate:

L.(z) = L(z) + ew] JY(R! VR, U(R.,0)) (64)

where € > 0 and L(x) is given in (59). From (18), one has
lv(RIVRU(R.,0)|?> < a1U(R.,0), and consequently,
one can show that

AU z|d < Lo(z) < A2

min max|$|?47

Ve eS (65)
where matrices P, and P, are given as

kR TEVX1 Amax 0qA;ixax
—e VAN Ai.m

2 2

2
VAN Anax
2 2

P = Py =

kR E\/alkmax‘|

To guarantee that P; and P, are positive definite, it is sufficient
to choose € < (1/A]. )V 2kr\L. Jaq == &3,

Since the set (2. x W, is compact by assumption, there exists
a constant scalar £* > 0 such that £* := sup,cq_x, £(2).
We define the following compact set 2, :={z € §: L(z) <
L*}. Tt is clear that (0,0) € 2. x Wy C 2, and A C (2.
As shown in the proof of Theorem 1, £(x) is non-increasing
in both flow and jump sets. Hence, for any z(0,0) € 2. x
Wa C S, one has z(t, j) € {2, for all (¢,7) € domx and the
number of jumps is bounded by Jys := [L*/(kgrd)]. Using
the facts [|[(R, Vr,U(Re,0))|I” < a1 U(Re,0) < £-L* and
wz Jwe < 2L%, it follows that there exist constants ¢y, c,, > 0
such that |[(R] VR U(Re,0))| < ¢y and |we| < ¢, for
all (¢,7) € domuz. Let ¢, = sup,~g ||wr(f)|| since Wy is
compact by assumption. Hence, from (5b), (14)-(16) and (20),
for all x € {2, N F. one obtains

e w. JY(RI V. U(R.,0))
< (B(Rey e, wr)we — K(Re, 0,we)) T W(R) VR, U(R,,0))
+ Moaxlwell (crllwel| + coko|VoU (Re, 0)])
< cpMpaxllwell® + 3cw, Aoy lwe [l (R VR, U(Re,0))]|
— 2kp|Y(R] VR, U(Re,0))|?
+ kullwell[Y (R V R U(Re, 0)
+ Mhaxlwell (crllwell + coko|VoU(Re, 0)])
c J
—2kp 0 3 wﬁ\?,ﬁku)
<n' 0

(Bcw, Mnaxtke) CekS/\mx J
2a )‘max(cw + CR)

0 cokodiax |y (66)

PE

where 1 := [[¢(R, VR U(Re,0))|,|VoU(Re.,0)], [we ]
R3, and the following facts |[)(R] VR U(R.,0))| < cy,
[wrll < co,» and (B(Re,we,wr)we) (R, VR, U(Re, 0)) =
(Jwe)*we+(JRT w,)*we—(RT w,)* Jwe+J (R] wy)*we) T
w(RTVR U(Re.,0)) < 3¢, Maxllwe V(R VR U(Re, 0))|
+ cw)\ 2 were used.

Therefore, from (62) and (66), the time derivative of L.
along the flows of (15) can be written as

L.(x)=L(z) + eiijzp(ReTvReU(Re, 9))

dt
< —ky||well® — krkol|VoU(Re,0)||* —en' Pn

0 0 0
=—n" [ |0 kgk¢y 0| —eP.|n (67)
0 0 ke
Ps

for all z € 2, N Fe. Let n;; = [ni,m;] 74,5 € {1,2,3} with
7n; denoting the i-th element of the vector 7. From (67) and
the definition of P. in (66), one has

3ce,. A k
TP o T 2€kR _ (‘/“M 12nax+ )
53 = 73 | c@ew Apthe)  ko=2eMd, (cyten) | 13
2 2
ECgkeAmdx
T krkg — g
123 | ccokoAha ko 123
2 2

To ensure that Ps is positive definite, it is sufficient to choose
. 4krk 2vVkokrke

e < min{ (Bl Mooy Th) 248k AT ey er)? cokoAha b=

e5. From (19), one can show that for any =z € F,

Inll? = lv(R, VR, U(Re,0)|I* + [VoU(Re, 0)* + [[we|* >
@sU(Re,0)+||well? > ¢p|x|} with ¢, :== min{as, 1}. Hence,
from the definition of |z|% and (67), the time derivative of £,
can be rewritten as

Lo(z) < =2 nl” <

Ps
—Cp >\m1n

2[4, Yo € 2N F.. (68)

Thus, L. has an exponential decrease over the flows of (15).
On the other hand, from (17), (63) and (64) one obtains

Lo(xt) = Lo(x) < L(zT) - L(z) + 2ecycy, )\élax
< —kRd + 26y, N,

max
<0, Vxe2:NnJ. (69)
. . krd
where ¢ is chosen as ¢ < min{e}, 3, m} and we

made use of the facts |[Y(R Vg U(Re,0))| < ¢y and
lwell < ¢u,. Thus, L. is strictly decreasing over the jumps
of (15). Using similar arguments as the ones used at the end
of the proof of Theorem 1, it follows that every maximal
solution to (15) is complete. In view of (65), (68) and (69),
one can show that L£.(x(t,7)) < exp(—At)L:(2(0,0)) <
exp(AJar) exp(—A(t + 7))L (x(0,0)) for all (¢,j) € domz
and z(0,0) € 2, x Wy C 2, with X\ := anr{’gn/Amax
and Jps denoting the maximum number of jumps. Letting
ko= exp(\ar)AE2 /AP and making use of (65), one
concludes that |z(t,7)[% < kexp(=A(t + j))|=(0,0)% for
all (t,j) € domz. This completes the proof.

C. Proof of Lemma 1

From Athe definitions of /To and ¥y, one has ./Zo € Wy and
Ty \ [} = {(Rer0,0) € 0+ (Re,0) € Ui\ {A,},C = 0},
By Assumption 1, it follows from (7) that i (R,, ) > ¢ for
all (Re,0,¢) € w \ {As}. In view of the definitions of W



and pw in (26)-(27), for any (R,,0,¢) € Uy \ {ﬁo} one can
show that

pw (Re, 0, )
= W(R.,0,0) —
— U(R.,0) + QH’(/J(RTVR U(R.,0))?
— min (U(Re,0) + ol (R V.U (Re. 0)|)

> pu(Re,0) — oc, > 6 — oc}, (70)

where we made use of the facts ||(RTV&U(R,))|| = 0 for
all (R,0) € Uy \{A,} and || (RTVRU(R,9))| < ¢y for all
(R,0) € SO(3) xR thanks to Assumption 4. By choosing ¢ <
(6—14"/ ci, one concludes (28). This completes the proof.

mln W(R.,0',0)

D. Proof of Theorem 2

Consider the following Lyapunov function candidate:

L(2) = kW (Re,0,¢) + %WJJ% (71)

where W in (27) is a potential function on U with re-
spect to A,. For the sake of simplicity, we will use the
following notations ¢ := (R} V U(R.,0)) and 1) :=
4o (RI VR U(R.,0)). From Assumption 1, it follows that
¢ =0 for all (R.,0) € A,. Hence, one can verify that L is
positive definite on S with respect to A In view of (5b), (20),
(23) and (30), the time derivative of L along the flows of (29)
is given by

L(3) = 2kpw & — krke|VoU(Re,0)[?
+2kro(C — )T (= —

— w] (2kR¢ + kuwe)
ke(C— 1))

< —ky|lwel? = krko|VoU(Re, 0)] — 2krkcoll¢ — |2
+ 2kpl|Y — Cll[lwell + 2kroll¢ — ¥ |1l
< —n' P (72)
where 1) = [[|wel|, [VoU (Re, 0)|, [ — ¢[lIT
ko 0 —kr(1+ cro)
P4 = 0 kRng —kRCQkQQ
—kgr(1+4cro) —krcokoo 2kgrkco

Similar to the matrix P5 in (67), to guarantee that the ma-
trix P is positive definite, it is sufficient to choose ks >
max {kr(1 + ocr)?/0kw, cgkoo} = k. Hence, the time
derivative of £ along the flows of (29) can be rewritten as
L(i) < AP Vi € Fe.

min

[ml|* <o, (73)

Thus, Z is non-increasing along the flows 0£ (29). Moreover,
in view of (27)-(29) and (71), for any £ € J., one has £+ =
(Re, 0, ¢, we, Ry, wy) with 07 € g(R,,0), and

L(%) - L(2) = —kr(W(Re,0,() — W(Re,0%,C))
= _kR,uW (R67 97 C)

< —kgd’ (74)

where we made use of (28) in Lemma 1. Thus, L is strictly
decreasing over the jumps of the hybrid system (29). It follows
from (73) and (74) that the set A is stable as per [I5,

A is stable as per [

Theorem 23], and the maximum number of jumps is given
by Jar := [L£(£(0,0))/(krd’)]. Moreover, applying the in-
variance principle in [4 1, Theorem 4.7], any maximal solution
to (29) must converge to the largest invariant set contained in
= {2 € F. : VoU(R.,0) = 0,w. = 0,¢ = ¢}. From
we = 0, one has w. = 0, which in view of (4b) and (22),
implies that ¢ = ¢(R] Vg U(R.,0)) = 0. Then, it follows
fom [[C] = (R Vr,U(Re.6))| = VoU(R..6) = 0
that (R.,0,() € Wy . Thus, any solution to (29) must
converge to the largest invariant set contained in W = {z e
Fo | (Re,0,¢) € FN Uy, w. = 0}. Similar to the proof
of Theorem 1, applying simple set-theoretic arguments, one
obtains F N ¥y = {A,} and W = A. Moreover, following
similar arguments as the ones used at the end of the proof
of Theorem 1, one can show that every maximal solutior/l\ to
(29) is complete. Finally, one can conclude that the set A is
globally asymptotically stable for the hybrid system (29). This
completes the proof.

E. Proof of Theorem 3

Consider the following Lyapunov function candidate:

L&) = knU(Re, 0) + ksU(R, 6) + le Jue. (75

Since U is a potential function on SO(3) x R, one can verify
that £ is positive definite on S with respect to A. The time
derivative of £ along the flows of (37) is given by

L(z) = krU(Re,0) + ksU(R,8) — w] #(R.,0, R,0) (76)

where we made use of the fact wl ¥(Re, we, wy)we = 0. From
(4a) and (33), one obtains R = R(we — B)*. From (9), (11)
and (33), one obtains

U(R,0) = 2(we — B)"Y(RTVRU(R,0))
— ko|VgU(R,0))%.  (77)

Substituting (34), (36), (61) and (77) into (76), the time
derivative of £ along the flows of (37) can be rewritten as

L(z) = —krko|VoU(Re,0)[> — ksko|V5U (R, )|
— 2kgp(RTV zU(R,0)) Ty (RTV U (R, 0)) (78)

for all z € F,. Since the matrix I' is symmetric positive
definite, £ is negative semi-definite in the flow set and L is
non-increasing along the flows of (37). For any Z € 7., one
obtains Zt € (R, g(Re,0),we, Ry, wy, R, 0)ifz € jcl\j029
7t € (Re,0,we, Ry, wp, R, g(R 0)) if 7 € T2 » \ Je1, or
It € (Re,g(Re,0),we, Ry, wr, R, g(R,0)) if Z € T N T o
Similar to (63), in view of (37) and (75), one can show that

L(zT) - L(T) < —k*6§ (79)

for all z € J. with k* := min{kg, kg}. Thus, £ is strictly
decreasing over the jumps of (37) on 7. Similar to the proof
of Theorem 1, from (78) and (79) one concludes that the set
, Theorem 23], and the number of jumps
is bounded by Jy; := |f(:f(070))/(k*5)]

Next, we will show the global attractivity of set 4. Applying
the invariance principle for hybrid systems given in [4],



Theorem 4.7], one obtains that every solution Z to (37) must
converge to the largest invariant set contained in W := {7 €
Fe:VoU(Re,0) = 0,(R"V3U(R,0)) = 0,VaU(R,0) =
0}. For each £ € W, it follows that VyU(R.,0) = 0
and (R,0) € F N Uy, Similar to the proof of Theorem 1,
one has _(R 6) ¢ FNUy = {A,}. From R = I3 one
obtains R = 0 and w, — B8 = 0. Recall the definition of
B in (34), it follows from (R,0) = A, that w, = 3 = 0.
From w, = 0, one has w, = 0. Since w, = w, = 0 and
Y(RTVU(R,0)) = 0, it follows from (4b), (35) and (36)
that (R, Vg U(R.,0)) = 0. Using this fact, together with
VoU(R.,0) = 0, one can show that (R.,0) = A,. Hence,
one verifies that W = A from the definitions of ¥V and A.
Using similar arguments as the ones used at the end of the
proof of Theorem 1, it follows that every maximal solution to
(37) is complete. Finally, one can conclude that the set A is
globally asymptotically stable for the hybrid system (37). This
completes the proof.

F. Proof of Lemma 2

From (40), the time derivative of the transformation map T
along the trajectories of R = Rw™ and 6 = v is given by

T(R,0) = Rw*Rq(0,u) + vRR4 (0, u)u™
= T(R,0)(Ra(8,u)Tw+ vu)*

where we made use of the facts: R,(0,u) = exp(fu™) and
Ra(0,u) = 4 oxp(Bu*) = Rq(f,u)ru”. The gradients
VRU(R,0) and VU (R,0) can be computed from the dif-
ferential of U in an arbitrary tangential direction (Rw™,v) €
TrSO(3) x R, which is given as

U(R,0) = (VRU(R,0), Rw™)r + ({(VoU(R,0),v))
= ((RTVRU(R,0),0™)) + ((VoU(R,0),v))
=20 Y(R"VRU(R,0)) + vVoU(R,0)  (80)

where we made use of the property ((A,z*)) = 2z ¢ (A).
On the other hand, from (41) and (42a) the time derivative of
U can be directly obtained as

U(R,0) = tr(—AT(R,0)(Ra(0,u) "w + vu)*) +
= ((AT(R,0), (Ra(6,u) " w + vu)*)) + ~0v
= (P, (AT (R,0)), (Ra(0,u) "w + vu)*)) ++0v
= 2w Ra(8,u)Y(AT (R, H))
+ v (2u"Y(AT(R,0)) ++0) (81)

where we made use of the facts: (z*)T = —2*, tr(ATB) =
(4, B)) and ((A,%)) = 207 5(A) and $(Pa(4)) = ¥(4)
for all z € R?, A, B € R3*3. In view of (80) and (81), one
can easily obtain (42b) and (42c).

In view of (42b) and (42c¢), it follows from |V4U (R, 0)| =0
and [[Y(RTVRU(R,0))| = 0 that ||[(AT(R,0))|| =0 = 0.
Recall the definition of 7 (R, ) in (40), one can further show
that (AT (R,0)) = Y(AR) = 0 since T(R,0) = I3 as
6 = 0. Using the fact ¢/(AR) = 0, one obtains P,(AR) = 0,
which implies that AR = RT A from the definition of the
map P,. Applying [2], Lemma 2], one obtains R € ¥y =
{I3}UR,(m,E(A)) with E(A) denoting the set of eigenvectors

~Ov

of A. Using this result, together with § = 0, one can conclude
that the set of all the critical points of U(R, ) in (8) is given
as Uy = Uy x {0} and A, € Uy, which gives (42d).
On the other hand, applying the properties of v given in
[29, Lemma 1], the time derivative of (AT (R,)) is given
by Y(AT(R,0)) = E(AT(R,0))(R, (6, u)w+vu) along the
trajectories of R = Rw” and 6 = v. Then, in view of (42a)-
(42b), the time derivative of 9(RTVRU(R,#)) is given by
W(RTVRU(R,0))
= 7.zu, (97 u)w(AT(Ra 9)) + Ra (9,
= (Ra(97 u)w<AT(Ra 9))) -
Ra(0,u) E(AT (R, 0))(R
=Dgr(R,0)w + Dy(R, O)v.

w) (AT (R,0))

26, u)w + vu)
(82)

This completes the proof.

G. Proof of Proposition 2
For the sake of simplicity, let 7 = T(R,6). From [29,
Lemma 2], one has the following properties for any 7 €
SO(3):
Nl TIE < 0r(A = T) <4NQLITIE (83)
I (AT)I* = aa(T) tr(A(Is — T)) (84)
where matrices A = 1 (tr(A)I3 — A), A = tr(A?)[; —2A? are
symmetric positive definite as matrix A is symmetric positive
definite, and as(T) = 1 — |T|3 cos? £ (u, Au) with £( , )
denoting the angle between two vectors and u denoting the

axis of the rotation matrix 7. Using the facts 3 (tr(4)Is—A) =
A% and aa(T) < 1,¥T € SO(3), one obtains from (83) that

40(,4(7—)( mln) ‘T|I < ||¢(AT)H2 <4( max) |T|I

From (42b) and (85), one can show that Assumption 3 holds
by choosing ¢, > 202 since that ||¢(RTVRU(R,0))|? <
[Ra(B, (AT < 40T < 4(AA,0)? for all
(R,0) € SO(3) xR

Next, we are going to verify the conditions in Assumption
2. From (41), (42b)-(42c) and (83)-(85), one can show that

[¥(RTVRU(R, 0))|I” + |VoU(R, 0)|?
= [[(AT)II* + Y0 + 4fuT $(AT)|* + 4v6uT(AT)
< T|W(AT)II” + 34716
< 28(Mha) XT3 + 392102

(85)

(Aéax)2 Y 2
< 2B (A1 = T)) + 69 (§|e| )
<oU(R,0), V(R,0) € SO3)xR (86)
where a7 := max{ 7()‘""‘“‘ ,67}, and we made use of the

facts [ul| = 1, \UTw(AT)l < ullllo(AT)|I = [[¢(AT)]|
and 4y0uT Y(AT) < 40| [V (AT)|| < 2170 + 2] (AT
On the other hand, from the definition of F in (10a), one
has (R,0) ¢ Uy \ {A,} for all (R,0) € F. This implies that
T ¢ Uy \{I3} = R,(m, E(A)). Hence, one obtains aa(T) =
1—|T|% cos? £(u, Au) > 0 for all (R,0) € F. Letting o, :=
inf(rp)er aa(T) > 0, it follows from (85) that [|1»(AT)[|* >



4o (A mln) |T|? for all (R,0) € F. From (41), (42b)-(42c)
and (83)-(85), one can show that

[¥(RTVRU(R,0))|?> + |VoU(R,0)
> [Ra(6,)$(AT)|? + 51 + 26T (AT)P
( P2 - 4|M<AT>|2)

*72|9|2

> [[p(AT)? +

| \/

SIADI? +

> 2O‘A( mln) |T|I + 77 |0|2

i Apin)? Y (Y o2
> axU(R,0), Y(R,0)€F (87)
where ay = mln{%,%}, and we made use of
the facts: [u"¢(AT)| < |ullll(AT)II < [[w(AT)I,
A0uTP(AT) = —Ah0|lu"Y(AT)| > —5ho)> —

S\uTq/)(AT)P From the definitions of a1, and using the
fact 6y > X $,Vy >0, it is clear that a; > aa.

Now, we are going to verify the conditions in As-
sumption 4. Applying the definitions of Dg(R,0) and
Dy(R,0), for each (R,0) € SO(3) x R one can show
that [|Da(R0)|r = [EAT(R,O)|r < |Alr and
IDW(R,8)]| < | E(AT(R,0))]| + [$(AT(R,0)] < | 4]l +
204 using the facts: |[ul| = 1, |E(AR)||r < ||A|r and
[ (AR| < 2X\A, . for any R € SO(3) as per [29, Lemma 2].
It follows from (11) and (42e) that

[¥(RI VR, U(R.,0))
< |Dr(Re, O)we| + ko|| Do (Re, 0)|[|VoU (R, 0))|
< | Allpllwll + ko (1Al F + 2Xihax) VU (Re, 0)]

for all (R.,0) € 50(3) x R. By choosing cg > ||Al|r and
co > || A|lF +2A2 ., one can conclude that inequality (20) is
satisfied for all (R,,6) € F.

Finally, we are going to verify the conditions in Assumption
1. From (42d) and Uy = {I3} U R,(m, E(A)), one obtains
that Uy \ {A,} = {(R,0) € SOB) xR: R=Ry(m,v),v €
E(A),H = 0}. Let A2 be the eigenvalue of A assomated to the
eigenvector v € E(A) = E(A). For any v € £(A) and 0 € R,
one can show that

U(Ra(m,0),0) = V(Ra(m,v)) = 40T Av = 422 (88)
U(Ra(m,0),0) = V(Ra(m,v)Ra (8, 1)) + gm
= V(Ra(m,v)) + %02
+ tr(ARq (m,0)(I — Ra(6,1)))

= Ay %92 — 2sin? (g) Av,u) (89)

where A(u,v) = u' (tr(A)] — A —2v" Av(I5 — UUT)) u,
and we made use of the facts: R, (6,u) = Is+sin(§)u*+(1—
cos(0))(u*)2, AR, (m,v) = A(I+2(v*)?) = 2Avv " — A and
tr(AR,(m,v)(I—Ra(0,u))) = —2sin*(§)A(u, v). Let A* =
ming,egay Av,u) >0, v < 47rA; and § < (47? ) % 1n

view of (8), (88) and (89), for any (R,0) € ¥y \ {A,}, one

can show that
pu(R,0) = U(Rqy(m,v),0) — gpeig U(Ra(m,v),0)

. o’ Y o2
2 /
= max <2 sin (2) A(v,u) — 729 )

> 2sin? (93/[) A(v,u) — %912\4

4A* 62

> o\ I

()%

where we made use of the facts 0y = supy ¢ |, | sin(%)| >

1% and 2sin? (£) A(v, u)—26% > 0 for all |6 € [0, 7]. Given

the set Py in (43), it follows from [26, Proposition 2] that
A* > (. This completes the proof.

>4

H. Useful properties on SE(3)

In this subsection, we first introduce some definitions of the
maps (-)", 9, adjoint action map Ad and adjoint operator ad.
For all ¢ = [w',v"]T with w,v € R3, we define the map
()" : RS — se(3) as

(AJX
K

Motivated by [30], we introduce the following map @ :
R*** — RS given as:

7, _ 77&(A) — A b 4x4
w(A)_{%b , VA= T d eR o1
with A € R**3 b,c € R3,d € R. Similar to the map ), one
has the following identities:
((A,yM) =2y "9 (A)
VXTI = X)A) = —o((Is = X7H)A)

for all A € R**% 5 ¢ RS. We define the adjoint operator
ad : RS — R66 ag

¢ = (”)] € se(3). (90)

92)
93)

_jw* 0 66 _|w
adg = L’X wx} e R Ve= L]} 94)
and the adjoint map Ad : SE(3) — R6%6 as
_| R 0 6x6 _ R p
Adx—[pXR R]ER , VX_[O 1]. 95)
One can also verify the following identities:
Adx-1 = Ady! (96a)
Adx Ady = Adxy (96b)
Xz X! = (Adx 2)" (96¢)
det(Ady) = 1 (96d)
adzz =0 (96e)
ad,y = —ady @ (96f)

for all X,Y € SE(3),z,y € R° Moreover, along the
trajectories X = X¢&" with (X, €) € SE(3) x R®, one has

d

- Adx = Adx adg, 4 Ady' = 7

7 —ade Ady*.
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