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Abstract

The development of reliable state estimation algorithms for autonomous navigation sys-
tems is of great interest in the control and robotics communities. This thesis studies the
state estimation problem for autonomous navigation systems. The first part of this the-
sis is devoted to the pose (orientation and position) estimation on the Special Euclidean
group SE(3). A generic globally exponentially stable hybrid estimation scheme for pose
and velocity-bias estimation on SE(3) x RS is proposed. Moreover, an explicit hybrid
observer, using inertial and landmark position measurements, is provided.

The second part of this thesis is devoted to the problem of simultaneous estimation
of the attitude, position and linear velocity for inertial navigation systems (INSs). Three
different types of nonlinear observers are developed to handle the following cases: con-
tinuous landmark position measurements, intermittent landmark position measurements
and continuous stereo bearing measurements. First, a class of nonlinear geometric hy-
brid observers on the Lie group SE»(3), with global exponential stability guarantees,
using continuous inertial measurement unit (IMU) and landmark position measurements
is developed. Then, a class of nonlinear state observers, with strong stability guarantees,
using intermittent landmark measurements is proposed. Finally, a class of state observers,
with strong stability guarantees, directly incorporating body-frame stereo-bearing mea-
surements, is proposed.
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Summary for Lay Audience

The development of reliable state estimation algorithms for autonomous navigation sys-
tems is of great importance in the aerospace and robotics communities. This thesis
studies the state estimation problem for autonomous navigation systems, such as un-
manned aerial vehicles, autonomous underwater vehicles, unmanned surface vehicles and
spacecraft. The first part is devoted to the pose (orientation and position) estimation.
The second part of this thesis is devoted to the problem of simultaneous estimation of
the attitude (orientation), position and linear velocity for inertial navigation systems.
Different types of nonlinear observers are developed to handle the following cases: con-
tinuous landmark position measurements, intermittent landmark position measurements,
and continuous stereo bearing measurements.
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Chapter 1

Introduction

1.1 General introduction

Over the last few decades, there have been increasing demands for developing reliable
state estimation algorithms for autonomous navigation systems. Inertial navigation sys-
tems (INSs), which provide the orientation (attitude), position and linear velocity infor-
mation of the vehicles, are widely used in many applications, such as unmanned aerial
vehicles (UAVs), autonomous underwater vehicles (AUVs), unmanned surface vehicles
(USVs) and spacecrafts [Britting, 1971; Bray, 2003; Grewal et al., 2007]. Recent advances
in micro-electro-mechanical systems (MEMS) have made it possible to build small, inex-
pensive, and accurate Inertial Measurement Units (IMUs). Typically, INSs use an IMU,
including an accelerometer and a gyroscope, to continuously calculate the orientation,
position and linear velocity through integration. More precisely, the orientation can be
obtained by integrating the angular velocity provided by the gyroscope, and the position
and velocity can be obtained by integrating the linear acceleration provided by the ac-
celerometer. However, this type of INSs suffers from integration drift since small errors
in the measurements are integrated into progressively larger errors in attitude and linear
velocity, and then compounded into greater errors in position [Britting, 1971].

Global navigation satellite systems (GNSSs), in particular the Global Positioning Sys-
tem (GPS), are widely used in INSs with low-cost inertial sensors to provide frequent
position corrections and aiding (see for example [Grewal et al., 2007; Bryne et al., 2017],
and references therein). This is due to the fact that INS and GPS have very complemen-
tary error characteristics: short-term position errors from the INS are relatively small,
but they degrade without bound over time; GPS position errors are not good over the
short term (generally speaking about 2 meters error), but they do not degrade with time.
Therefore, stable position and velocity errors are guaranteed by properly combining the
information from INS and GPS. However, the GPS signals are unreliable in indoor en-
vironments and urban canyons. An alternative solution is the Ultra-Wideband (UWB)
range measurement system, which is a radio technology that uses a very low energy level
for short-range, high-bandwidth (greater than 500Hz) communications [Adams et al.,
2001; Zhou et al., 2010; Sachs, 2013; Zwirello et al., 2013; Gezici et al., 2005]. UWB
range systems can provide position measurements similar to GPS, and are suitable for



short-range indoor applications. Another solution for indoor applications is the motion
capture (also referred to as mo-cap or mocap) system, for example Vicon and OptiTrack,
which consist of a set of cameras located in the environment recording the movement of
the objects, for instance [Yuan and Chen, 2013]. However, motion capture and UWB
systems are restricted to the domains where the motion space is expected to be small
and fixed.

In the recent decades, vision-aided inertial navigation systems (VINSs) have made
their appearance in the literature [Ohya et al., 1998; DeSouza and Kak, 2002; Mourikis
and Roumeliotis, 2007; Panahandeh and Jansson, 2014; Santoso et al., 2016]. Unlike the
GPS, UWB, and motion capture systems, vision sensors can be used in outdoor as well
as indoor applications. Moreover, vision systems can provide rich information content
about the environment, including moving targets and obstacles. Generally, an inertial-
vision system consists of a low-cost IMU as an inertial sensor and onboard cameras
as a vision system. In many practical applications, inertial-vision systems either use
a single camera, known as monocular vision [George and Sukkarieh, 2007; Chowdhary,
2013; Qin et al., 2018], or two cameras, known as stereo-vision [Matthies and Shafer,
1987; Kriegman et al., 1989]. In the monocular vision systems, the information about
metric distances (depth) is lost since all the 3-dimensional points are projected onto the
2-dimensional image plane [Hartley and Zisserman, 2003]. However, stereo vision systems
can construct the 3-dimensional position of a landmark from the matched features in the
two image-planes provided by the stereo images [Hartley and Zisserman, 2003; Corke,
2017).

This thesis focuses on the design of nonlinear geometric state observers of INSs.
In the following sections, we provide a general overview on the attitude estimation on
SO(3), pose estimation on SE(3) and full-state (pose and linear velocity) estimation for
autonomous navigation systems.

1.2 Attitude estimation on SO(3)

The attitude estimation problem has been of great interest to the research community
since the early works that appeared in [Wahba, 1965; Shuster and Oh, 1981; Bar-Itzhack
and Oshman, 1985; Markley, 1988]. It is well known that the attitude obtained from
integrating the angular velocity may diverge beyond overtime because of the noise and
bias in the low-cost sensor measurements. Nevertheless, there is no sensor that can di-
rectly provide the attitude of a rigid body system. In fact, only partial information
about the rigid bodys’ attitude can be obtained from, for instance, accelerometers, mag-
netometers, sun sensors and star trackers. Therefore, the attitude is usually determined
from a set of body-frame vector measurements of known inertial directions, by solving
an optimization problem, known as Wahba’s problem [Wahba, 1965]. A great deal of
research work has been devoted to solve Wahba’s problem, such as the quaternion es-
timator (QUEST) [Shuster and Oh, 1981] and its extensions [Shuster, 1993; Crassidis
et al., 2007]. However, this types of static determination algorithms are very sensitive to
measurement noise, since significant errors may be generated from imperfect vector mea-
surements. To overcome this problem, stochastic dynamic estimators based on Kalman



filtering techniques have been proposed in the literature, e.g., multiplicative extended
Kalman filter (MEKF) [Lefferts et al., 1982; Markley, 2003], additive extended Kalman
filter [Bar-Itzhack and Oshman, 1985], intrinsic extended Kalman filter (IEKF) [Barrau
and Bonnabel, 2014a]. Despite their popularity, these Kalman-type filters suffer from
their large computational overhead and the lack of global stability guarantees.
Recently, nonlinear geometric observers on Lie groups have made their appearance
in the literature [Mahony et al., 2008; Bonnabel et al., 2009a; Lageman et al., 2010;
Khosravian et al., 2015b]. The invariant observers on SO(3) proposed in [Mahony et al.,
2008; Hua et al., 2014] are proven to guarantee almost global asymptotic stability, i.e.,
the estimated attitude converges to the actual one from almost all initial conditions
except from a set of Lebesgue measure zero. This is due to the fact that, for any smooth
potential function on SO(3), there exist at least four critical points where its gradient
vanishes [Morse, 1934; Koditschek, 1989]. This is often referred to in the literature as
the topological obstruction to global asymptotic stability. To overcome this topological
obstruction and achieve global asymptotic (exponential) stability, some authors proposed
attitude observers that are not confined to provide estimates that live in SO(3) for all
times [Batista et al., 2012a; Batista et al., 2012b]. On the other hand, motivated by the
recent work in [Mayhew and Teel, 2011a; Mayhew and Teel, 2011b; Mayhew and Teel,
2013], a class of globally asymptotically (exponentially) stable hybrid attitude observers
on SO(3), relying on the concept of synergistic potential functions, has been proposed in
[Wu et al., 2015; Berkane and Tayebi, 2017c; Berkane et al., 2017a]. There are also other
interesting works on attitude estimation, such as the use of time-varying reference vectors
[Grip et al., 2012; Trumpf et al., 2012], velocity-aided attitude estimation [Bonnabel
et al., 2009b; Hua et al., 2016; Berkane and Tayebi, 2017a], and attitude estimation with
intermittent vector measurements [Khosravian et al., 2015a; Berkane and Tayebi, 2019].

1.3 Pose estimation on SE(3)

In many applications, the estimation of the pose (attitude and position) is of great im-
portance. A common solution to the pose estimation problem, for outdoor applications,
is based on the use of an IMU (usually composed of a gyroscope, an accelerometer and
a magnetometer), and a GPS. More precisely, the attitude can be estimated using body-
frame observations of some known inertial vectors obtained from an IMU [Tayebi and
McGilvray, 2006; Bonnabel et al., 2008; Mahony et al., 2008; Hua et al., 2014], and the
position (and linear velocity) can be obtained from a GPS [Barczyk and Lynch, 2013;
Barrau and Bonnabel, 2014b; Grip et al., 2013]. However, these IMU-based nonlinear
attitude observers rely on the fact that the accelerometer provides a measurement of
the gravity vector in the body-fixed frame, which is true only in the case of negligible
linear accelerations. In applications involving accelerated rigid body systems, a typical
solution consists in using linear velocity measurements together with IMU measurements
with the so-called velocity-aided attitude observers [Bonnabel et al., 2009b; Roberts and
Tayebi, 2011; Hua et al., 2016; Hua et al., 2017; Berkane and Tayebi, 2017a]. Moreover,
recovering the position and linear velocity is a challenging task in GPS-denied environ-
ments (e.g., indoor applications). Alternatively, the pose can be determined from points



obtained from vision systems, known as Perspective-n-Point (PnP) problem [Quan and
Lan, 1999; Wu and Hu, 2006; Hesch and Roumeliotis, 2011]. To reduce the effect of mea-
surement noise, dynamical pose estimators based on Kalman filtering techniques , with
local stability guarantees, have been proposed [Wang and Wilson, 1992; Janabi-Sharifi
and Marey, 2010; Chen, 2011; Hamel and Samson, 2018|.

Recently, motivated by the work of [Mahony et al., 2008] on SO(3), nonlinear com-
plementary observers on SE(3) have been proposed in [Baldwin et al., 2007; Hua et al.,
2011]. However, in practical applications, measurements of group velocity (translational
and rotational velocities) are often corrupted by unknown biases. Pose estimation using
landmark position measurements and biased group velocity were considered in [Vasconce-
los et al., 2010; Hua et al., 2015; Khosravian et al., 2015b]. A nice feature of [Hua et al.,
2015] is that the observer incorporates (naturally) both inertial vector measurements
(e.g., from IMU) and landmark position measurements (e.g., from a vision system). In
[Khosravian et al., 2015b], more general invariant observers on Lie groups with biased
input measurements and homogeneous outputs have been proposed. However, these ob-
servers are shown to guarantee almost global asymptotic stability due to the topological
obstruction on SE(3). Similar to the attitude estimation problem, this is the strongest re-
sult one can aim at when considering continuous time-invariant state observers on SE(3).
A solution with global asymptotic stability guarantees has been proposed in [Moeini and
Namvar, 2016] which considers a non-geometric pose estimation problem using biased
body-frame measurements of the system’s linear and angular velocities as well as body-
frame measurements of landmarks. The achieved global asymptotic stability results are
due to the fact that the estimates are not confined to live in SE(3) for all times. The
design of pose observers with global asymptotic and exponential stability guarantees is
an open problem that has been solved in this thesis using hybrid techniques.

1.4 Full-state estimation for INSs

In practice, it is difficult to obtain the linear velocity from low-cost sensors, in GPS-
denied environments. This implies that pose observers based on group velocity are not
implementable in practical applications where the measurements of linear velocity are not
available. Therefore, developing reliable estimation algorithms that provide the attitude,
position and linear velocity is of great importance (from theoretical and practical point of
views) for inertial navigation systems. It is important to point out that the dynamics of
the attitude, position and linear velocity are not (right or left) invariant, and hence, the
extension of the existing invariant observers designed on SE(3) to the estimation problem
considered in this work is not trivial. Most of the existing results in the literature, for
the state estimation problem for INSs, are filters of the Kalman-type (see for instance
[Mourikis and Roumeliotis, 2007; Mourikis et al., 2009; Panahandeh and Jansson, 2014]).
Recently, a stable IEKF', using a geometric error on matrix Lie groups, has been proposed
in [Barrau and Bonnabel, 2017]. As pointed out in [Barrau and Bonnabel, 2017], the
classical EKF may fail when the covariance matrices are not tuned properly. On the other
hand, a Riccati-based geometric pose, linear velocity and gravity direction observer has
been proposed in [Hua and Allibert, 2018]. However, both results are only shown to be



locally stable. This motivates us to design nonlinear observers for inertial navigation
with global stability guarantees, which has been addressed in this thesis using hybrid
techniques.

On the other hand, many practical applications involve different type of sensors with
different bandwidths and communication delays, and as such, irregular sensors sampling
may take place. For example, the landmark measurements from vision systems are ob-
tained at much lower rates compared to IMU measurements due to hardware limitations
of the vision sensors and the heavy image processing computations. In this case, IMU
measurements can be easily considered as continuous compared to visual measurements.
Therefore, the stability is not guaranteed if one tries to implement continuous-time ob-
servers [Hua and Allibert, 2018; Wang and Tayebi, 2019a] in applications involving inter-
mittent measurements combining sensors with different bandwidth characteristics (such
as IMU and vision systems), and as such, the observers need to be carefully redesigned.
In this context, the existing results in the literature, consider either continuous measure-
ments or discrete measurement with a fixed sampling rate. There are very few references
that have dealt with the state estimation problem for INS using continuous (high-rate)
IMU and intermittent (low-rate) landmark position measurements [Barrau and Bonnabel,
2017]. Motivated by the work in [Ferrante et al., 2016; Li et al., 2017; Sferlazza et al.,
2019; Berkane and Tayebi, 2017b; Berkane and Tayebi, 2019] addressing the estimation
problem with intermittent measurements, hybrid nonlinear state estimation for INSs,
using intermittent landmark position measurements, have been addressed in this thesis.

In fact, vision systems do not directly provide the 3-dimensional landmark position
measurements, and as such, additional algorithms are needed for this purpose [Hartley
and Zisserman, 2003; Corke, 2017]. From the model of a pinhole camera, the measure-
ments obtained from images can be seen as a set of bearing vectors (unit vectors pointing
to the landmarks from the optical center of the camera expressed in the camera frame).
Therefore, it is of great interest to design observers for autonomous navigation systems
using bearing-only measurements [Pachter and Porter, 2004; Baldwin et al., 2009; Le Bras
et al., 2017; Hamel and Samson, 2018; Hamel and Samson, 2017]. Attitude and position
observers with local stability guarantees have been proposed in [Baldwin et al., 2009;
Hamel and Samson, 2018]. On the other hand, nonlinear observers with global exponen-
tial stability guarantees for position measurements, using biased velocity measurements,
have been considered in [Le Bras et al., 2017; Hamel and Samson, 2017]. The problem
of attitude, position and linear velocity estimation for INS using IMU and stereo bearing
measurements has been addressed in this thesis.

1.5 Thesis contributions

In this thesis, several contributions to geometric state estimation for autonomous nav-
igation systems are presented. Hybrid pose and velocity-bias observers on SE(3) using
inertial and landmark position measurements are proposed. Three types of estimation
schemes for INSs are proposed depending on the type of measurements, such as contin-
uous landmark position measurements, intermittent landmark position measurements,
and continuous stereo bearing measurements. The contributions of the work presented



in this thesis can thus be summarized as follows:

e In Chapter 3, a new framework for global exponential pose and velocity-bias es-
timation on SE(3) x R® is proposed. Our framework can be seen as a non-trivial
extension to the work of [Hua et al., 2015; Khosravian et al., 2015b] and [Berkane
et al., 2017a]. On one hand, due to the topological obstruction on SE(3), it is im-
possible to achieve global stability with smooth observers designed on SE(3). On
the other hand, since that SE(3) is not compact as the Lie group SO(3), hybrid
techniques, relying on synergistic potential functions, cannot be easily applied on
SE(3). In this context, a new class of hybrid observers, relying on a new reset-
ting mechanism, is proposed with global exponential stability guarantees. First,
we propose a generic hybrid estimation scheme (depending on a generic potential
function) evolving on SE(3) x R for pose and velocity-bias estimation. Thereafter,
the proposed estimation scheme is formulated explicitly in terms of inertial vectors
and landmark measurements. Interestingly, the proposed estimation scheme leads
to a decoupled rotational error dynamics from the translational dynamics, which is
a nice feature in practical applications with noisy measurements and disturbances.
The obtained results have been published in [Wang and Tayebi, 2017; Wang and
Tayebi, 2019b)].

e In Chapter 4, the problem of simultaneous attitude, position and linear velocity
estimation using IMU and landmark measurements, is formulated using the matrix
Lie group SE;(3) introduced in [Barrau and Bonnabel, 2017]. Then, two hybrid
nonlinear observers, leading to global exponential stability, are proposed. The first
observer relies on fixed gains, while the second one uses variable gains depending
on the solution of a continuous Riccati equation (CRE). These observers are then
extended to handle biased angular velocity and linear acceleration measurements.
The proposed observers are endowed with global exponential stability guarantees.
The resetting mechanism considered in the proposed observers is motivated from
our work in [Wang and Tayebi, 2017; Wang and Tayebi, 2019b]. Contrary to the
dynamics on the Lie groups SO(3) and SE(3), the dynamics of the attitude, position
and linear velocity on SE5(3) are not invariant. As a consequence, the application of
the hybrid observers proposed in [Berkane et al., 2017b; Wang and Tayebi, 2019a] to
our problem is not trivial. Unlike the observers on SE(3) in [Vasconcelos et al., 2010;
Hua et al., 2011; Hua et al., 2015; Khosravian et al., 2015b; Wang and Tayebi, 2017;
Wang and Tayebi, 2019a], the observers proposed in this chapter do not rely on
the linear velocity measurements. Moreover, experimental results, using real IMU
measurements and landmark position measurements obtained from stereo cameras,
are presented to illustrate the performance of the proposed observers. This work
has been reported in [Wang and Tayebi, 2018b; Wang and Tayebi, 2019a|

e In Chapter 5, several solutions to the problem of simultaneous estimation of the
attitude, position and linear velocity, for autonomous navigation using intermit-
tent lankmark measurements, are presented. Two hybrid nonlinear observers for
INS, with and without the knowledge of the gravity vector, have been proposed.



For each observer, we provide two different design approaches for the gain param-
eters; a fixed-gain approach relying on an infinite-dimensional optimization, and a
variable-gain approach relying on a continuous-discrete Riccati equation (CDRE).
The proposed observers are endowed with exponential stability guarantees with a
large domain of attraction. The exponential stability results obtained in this work
do not rely on linearizations compared to the recent work in [Barrau and Bonnabel,
2017; Hamel and Samson, 2018]. In fact, the proposed observers do not have any
restrictions on the initial conditions of the position and linear velocity. In contrast
to the present work, the hybrid observers proposed in [Wang and Tayebi, 2019a]
are not designed to handle intermittent landmark measurements. Moreover, the
first hybrid observer proposed in this work does not require the knowledge of the
gravity vector, which was not considered in [Barrau and Bonnabel, 2017; Wang
and Tayebi, 2019a]. Unlike the results of [Berkane and Tayebi, 2017b; Berkane
and Tayebi, 2019], the estimated attitude from our hybrid observers is continu-
ous, which is desirable in practice, especially when dealing with observer-controller
implementations. These results have been published in [Wang and Tayebi, 2019d]

e In Chapter 6, full state estimation problem for INSs using (continuous) stereo
bearing measurements has been addressed, which is motivated from the fact that
vision systems do not provide direct 3-dimensional position measurements. Firstly,
an AGAS result for a class of nonlinear systems on SO(3) xR" is proposed. Based on
this result, an explicit nonlinear observer for INSs using non-biased IMU and stereo-
bearing measurements is developed. To reduce the computational complexity, a
simplified version has been proposed for the case of more than 3 non-coplanar
landmarks. Instead of estimating the positions of all the landmarks, the estimates
of only three axis vectors are considered assuming that there exist at least 4 non-
coplanar landmarks available for measurements. Furthermore, these results are
extended to handle the case of biased IMU measurements. The above results are
reported in [Wang and Tayebi, 2019¢; Wang and Tayebi, 2019¢]
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1.6 Thesis outline

This thesis is organized as follows:

Chapter 2 presents the notations, background and preliminaries used throughout
the thesis. Section 2.1 provides the general notations used in this thesis. Section 2.2 and
Section 2.3 present the basic differential geometry tools and the state representations on
matrix Lie groups. The dynamic model of the autonomous navigation systems considered
in this work, and the measurement model of the inertial vision systems are given in
Section 2.4. Section 2.5 presents the hybrid systems framework used in this work. Finally,
Section 2.6 provides some useful identities and lemmas on the observability and Riccati
differential equation.

Chapter 3 is devoted to the pose and group velocity-bias estimation problem on
SE(3) x R® using inertial and landmark position measurements. Section 3.3 explains the
topological obstruction for global asymptotic stability of gradient-based smooth observers
on SE(3). Section 3.4 presents a generic pose and velocity-bias estimation scheme with
global asymptotic (exponential) stability guarantees. In Section 3.5, these results are
extended to decouple the rotational error dynamics from the translational error dynamics
using modified landmarks.

Chapter 4 is dedicated to the hybrid nonlinear observers design for INSs using IMU
and landmark position measurements. Section 4.3 provides the design of the hybrid
observers in the bias-free case. Both fixed gains and variable gains are considered. These
results are extended to address the problem of biased angular velocity in Section 4.4.
Section 4.5 deals with the case where both the angular velocity and linear acceleration
measurements are biased.

Chapter 5 considers the problem of state estimation for INSs using continuous IMU
and intermittent landmark position measurements. Section 5.3 provides the design of
a hybrid observer with unknown gravity vector. Section 5.4 presents the design of the



hybrid observer with known gravity vector. Both fixed gains and variable gains are
considered for the proposed hybrid observers.

Chapter 6 addresses the problem of state estimation for INSs using IMU and stereo
bearing measurements. Section 6.3 provides two observers for INSs using ideal IMU
measurements. Then, these observers are extended in Section 6.4 to handle biased IMU
measurements.

Chapter 7 summarizes the findings of this thesis and presents some possible future
directions.

Appendix A,B, C, D, E contain the detailed proofs of lemmas and theorems stated
throughout this thesis.



Chapter 2

Background and Preliminaries

2.1 General notations

Given A € R™™, q;; refers to its (i, j)-th entry. For any matrix A := [a;;]; j=1,.. n» € R™*",
the trace of matrix A is denoted by tr(4) = >, a;, and the determinant of A is
denoted by det(A). Given any 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 defined as ||z|| := VaTx, and the Frobenius norm of a matrix A € R"*™ is given
by ||A]lr := /({A, A)). Define A" as the transpose of matrix A. Given any A € R™*"
and B € R™* ™ the Kronecker product is denoted by A ® B € R™*"_ By blkdiag(-),
we denote the block diagonal matrix. For a matrix A € R™" we denote by A\ the
i-th eigenvalue of A, and by M. and A4 be the minimum and maximum eigenvalues
of A, respectively. We also denote by £(A) the set of all eigenvectors of A, and by
E(A) C E£(A) the eigenbasis set of A. Given a vector a € R™, q; refers to its i-th

component. Let é€,--- , €, be the standard basis vectors of the linear space R™, that is,
¢; has all entries equal to zero except for the i-th entry which is equal to 1. Therefore,
a vector a = [ag, - ,a,]" € R™ can be written as a = " | a;€;. For any two vectors

x,y € R3, their vector cross-product on R? can be written as

axb= Zgijkaibje} € R? (21)
ijik
where g;5;, is the Levi-Cevita symbol defined by
+1 if (m,n,l) is an even permutation of (1,2, 3)
gijik = § —1 if (m,n,l) is an odd permutation of (1,2, 3)

0 otherwise

Some of useful properties of the matrix trace tr(-) are summarized as follows:

tr(M) = tr(M"),
tr(M + N) = tr(M) + tr(N),
tr(NM) =tr(MN),

10
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tr(M +M")(N -=NT)) =0, (2.5)
tr(zy') =2y, (2.6)

for all M, N € R¥3 2,y € R3. Let A€ R™™ U,V € R™™ and R € R™™, If A, R and
R™' 4+ VTA™U are invertible, then

(A+URV) ' = AT AWUR T+ VAU tvT A (2.7)
For any A € R™"™ b € R" and d € R, one has the following matrix decomposition:

A b L, bd '] [A=bbTd™ 0, I, Opxa
{bT d} - [om 1 } { O1xn d } [de—l 1 } ‘ (2:8)
For a symmetric matrix P € R™", P > 0 (P < 0) denotes that P is positive (negative)
definite. The time-derivative of a time-varying variable z(t) € R™ is denoted by &(t) =
La(t) := limpo +(2(t + h) — x(t)). For the sake of simplicity, the argument of the
time-dependent signals will be omitted throughout this thesis (i.e., z(t) — z).

2.2 Differential geometry

In this section, some useful concepts of a general differential manifold are presented and
a brief discussion on matrix Lie groups and Lie algebras is provided.

2.2.1 Differential manifold and Riemannian geometry

Let M be a smooth manifold embedded in R™. Consider a smooth map v: R — M as a
curve in M. Defining a derivative of  in the classical sense as §(t) = limy_,o 3 (y(t+h) —
~(t)) fails for a general manifold, since the computation of the difference (¢t + h) — ()
requires a vector space structure [Absil et al., 2009]. Hence, a new definition of the
derivative of a map on a general manifold is necessary and important. Given an open
interval I C R containing 0 in its interior, define a smooth curve v : I — M with
7(0) = . The tangent vector at x € M is defined as

90 = 5|0

Definition 2.1 ([Holm et al., 2009]) The set of all tangent vectors at a given point
x, corresponding to all possible paths in M through x, is called the tangent space to
M at point x, denoted by T, M.

Definition 2.2 ([Holm et al., 2009]) The disjoint union of all tangent space gives the
tangent bundle of M, denoted by TM =, ToM.

Given two smooth manifolds M and N, a map f : M — N is differentiable if it is
differentiable at all points in its domain. The inverse image of a subset Ny C AN under
the map f is the subset of M denoted by f~'(Ng) = {z € M | f(z) € Ng}. The map
f is a diffeomorphism if f is differentiable and has a differentiable inverse.
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Definition 2.3 ([Holm et al., 2009]) Let f : M — N be a differentiable map between
two smooth manifolds M and N'. The tangent map of f at point v € M denoted by
Dfy : TuM — TN is defined as

d

Dfx(l)) = %
t=0

f(y(@))

where, y(t) is a smooth curve in M with v(0) = x and v = §(0) € T, M. All the maps
of Df, for all x € M, together define the tangent map of f.

Consider a smooth manifold M and a point x € M. The Riemannian metric on
manifold M at point z is denoted as ( , ), : T, M x T, M — R.

Definition 2.4 ([Do Carmo, 1992] ) Given a differentiable map f : M — R, the
Riemannian gradient of map f at point x, denoted by V. f(z) € T, M, is the unique
tangent vector satisfies

Df.(v) = (Vof(x),v)s, YveT,M. (2.9)

Throughout the thesis, the argument of x in V, f(x) is omitted (i.e., V. f) for the sake of
simplicity. The mapping V f : M — T M is called the gradient vector field [Bloch, 2003].
Considering a mapping f : M x N/ — R, the notation V, f(x,y) denotes the gradient of
f with respect to z, and the notation V, f(x,y) denotes the gradient of f with respect
to y.

Definition 2.5 ([Palais and Terng, 2006]) Let M be a Riemannian manifold. If f :
M — R is a differentiable map, a point x € M is a critical point of f on M if its
gradient at x satisfies V,f(x) = 0. The set of all critical points of f on M, denoted by
Cmf={xeM|V.f(x) =0} C M, is called the critical set of f on M.

From the Definition 2.4 and Definition 2.5, at each critical point of f (i.e., z € CrM),
it is easy to verify that Df,(v) = 0 for all v € T, M.

Definition 2.6 Let M be a smooth manifold. A continuously differentiable function
f: M — Ry is called a potential function on M with respect to the set A C M if
the following statements hold:

i) f(x) >0 for all z € M/A.
ii) f(z) =0 for all x € A.

A metric (or distance) on a manifold M shows how two points in M are close to each
other. More precisely, a metric on M is a function dys : M x M — Ry that satisfies
the following properties for all x1, z9, x5 € M:

1) Non-negativity: da(z1,x9) > 0.

2) Identity of indiscernibles: dp(z1,x2) = 0 if and only if 27 = .
3) Symmetry: da(z1, 22) = dp(x2, 21).
)

4) Triangle inequality: da(z1,23) < da(21, 22) + daq(T2, 3)
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2.2.2 Matrix Lie groups and Lie algebras

Lie groups, special types of manifold, are the mathematical concept appropriate for de-
scribing continuously varying groups of transformations. A Lie group is a smooth mani-
fold, denoted G, that is a group with the property that the operations of multiplication,
(g,h) — gh and inversion, g — ¢!, are smooth [Holm et al., 2009]. The Lie group con-
sidered in this thesis will often be a matrix Lie group. For example, a group describing
the attitude (orientation) of a rigid body is called the matrix Lie group SO(3), while a
group describing the pose (orientation and position) of a rigid body is called the matrix
Lie group SE(3).

Definition 2.7 ([Bloch, 2003]) A matriz Lie group is a subgroup of the general
linear group, denoted GL(n,R), which is the set of invertible n x n real matrices.

Alternatively, a matrix Lie group is a matrix group that is also a submanifold of R™*"
[Holm et al., 2009]. From Defintion 2.1, the tangent space to G at X € G, denoted TxG,
is defined as the set of all tangent vectors at X, corresponding to all possible paths in G
through X.

The matrix commutator of any two matrices A, B € R™*" is defined as [A, B] .= AB —
BA. For any A, B,C € R™ ", the matrix commutator operation has the properties
[A, Bl = —[B, A] and [[A, B],C] + [[B, C], A] + [[C, A], B] = 0.

Definition 2.8 ([Bloch, 2003]) The Lie algebra of a matriz Lie group G, is the tan-
gent space at the identity I € G, denoted g, with the corresponding Lie bracket.

The Lie bracket on a matrix Lie algebra is the matrix commutator [, ], which means that
the Lie algebra of a matrix Lie group is the space T;G, together with the commutator
operation [Holm et al., 2009].

2.3 State representations on matrix Lie groups

In this subsection, the kinematic equations of the robotic systems considered in this
thesis, including the translational and rotational dynamics, will be derived. In robotics,
multiple frames are commonly used in order to represent vectors and points in three-
dimensional space. In this thesis, we define Z as an inertial reference frame attached
to the origin on R® and associated to the Cartesian coordinate system. Let B be the
body-fixed frame attached to the center of gravity of a rigid body, with respect to the
inertial reference frame. An example of coordinate system is shown in the Figure 2.1.

2.3.1 Attitude on Lie group SO(3)

The attitude (or orientation) of a rigid body can be represented in different ways: Euler
angles, Unit quaternion, and rotation matrix (see reference [Shuster, 1993] for more
details). As pointed out in [Shuster, 1993], only the rotation matrix representation is
unique and global. Therefore, throughout this thesis, we consider the rotation matrix as
the attitude representation. The rotation matrix, also known as the Direction Consine
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Figure 2.1: Coordinate systems: inertial frame Z and body-fixed frame B.

Matrix (DCM), is denoted by R € R**®. From Figure 2.1, the attitude of frame B with
respect to frame Z is defined as

fg . Z)_S"I gg . fz 23 . fz COS(fB, fj) COS<§B, Z)_S"I> COS<ZB, fz>
R=\Zs-Ur Us-yr ZB-Ur| = |cos(Zp,yr) cos(yp,yr) cos(Zg,ijz) (2.10)
T Zr UYp-Zr Zp-Zr cos(Tg, 27) cos(yg, Zr) cos(Zg, Z1)

where we made use of the facts z-y = ||z||||y|| cos(£(x,y)) with £(-,-) denoting the angle
of two vectors, and the norms of the axis vectors are equal to one. It turns out that
the rotation matrix R defined in (2.10) belongs to the Special Orthogonal group of
dimension three, defined by

SOB3):={ReR¥*>®: R"TR= RR" = I3,det(R) = 1} (2.11)

where I3 is the 3-dimensional identity matrix. Note that SO(3) is a matrix Lie group
under the operation of matrix multiplication Ry Ry € SO(3) for any Ry, Ry € SO(3). The
Lie algebra of SO(3) is denoted by

s0(3) ;== {Q e R¥3|QT = —Q}. (2.12)

Let x be the vector cross-product on R? and define the skew-symmetric map (-)* : R* —
$0(3) such that

0 —XI3 i)
¥ = | x3 0 -x|, Vo= [$1,x2,x3]T eR3 (2.13)
—XT9 I 0
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For each z,y € R?, A € R**3 R € SO(3), one has the following identities:

¥z =0, (2.14)

(%)% = — |||z, (2.15)

T Xy ="y, (2.16)

a*y =~y w, (2.17)

ey =yr’ — (xy)ls, (2.18)

(z7y)* = a"y* —y*a”, (2.19)
({z*,y%)) =22y, (2.20)
((Az) x (Ay))* = Az x y)* AT, (2.21)
Ar* +27AT = (( r(A)] — AN)x), ( )
tr(Az¥) =0, VA=AT, (2.23)

(Rz) x (Ry) = R(z x y), (2.24)
(Rr)* = Re*R'. (2.25)

Define the inverse isomorphism of (-)* as vec : s0(3) — R? such that
vec(w™) = w and (vec(Q))* =Q, VYw € R* Q€ s50(3).

Define Pyo(3) : R*** — s0(3) as the anti-symmetric projection of a matrix A € R**® such
that Peo3)(A) = 3(A — AT). For a matrix A = [a;;] € R**3, we define

1 32 — A23
Uso(3)(A) = vec(Poo(3)(A)) = 5 |G~ ] (2.26)

a21 — Q12

Then, for any A € R¥3 z,y € R*, R € SO(3), one has the following identities

((4,27)) = ((Psog3)(A), 27)) (2.27)
({(A,27)) = 22 Thgo(3)(A), (2.28)
Uso3)(AR) = R' ’¢zocs(f3f4)a (2.29)
(X y) = Pz (yz ), (2.30)

xxy—2%o( z'). (2.31)

Let the map R, : R x S? represent the well-known angle-axis parametrization of the
attitude, which is given by

Ra(0,u) := I+ sin Ou™ + (1 — cos ) (u™)? (2.32)

with 6 the rotation angle and u the rotation axis. Note that this angle-axis parametriza-
tion is not unique, for example R, (7, u) = Rq(—m, u) with some u € S?. Let M = M "
be a positive semidefinite matrix, one can show that:

tr((Is — Rq(0,1)) M) = tr(—sin OMu™ — (1 — cos @) M (u*)?)
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= (1 — cos O)tr(—M (uu" —u'uls))
= (1 —cosO)u' (tr(M) — M)u (2.33)

where we made use of the facts tr(Mu*) = 0 from (2.23), u*u* = vu' — u'ulz from

(2.18). Let dso(s) : SO(3) x SO(3) — R>¢ be the Euclidean (Chordal) distance on SO(3),
which is denoted by the Frobenious norm on the embedding Euclidean space R3*3 as
follows:

dso(g)(Rl, RQ) = ||R1 — RQHF, VRl, Ry € SO(S) (234)

One can verify that dso(s) (R, R2) = dso(g)(lg,RlTRg) = dso(g)(lg,RgRlT). From the
definition of Frobenious norm, for each R € SO(3) one can also show that dsos)(I, R) =
113 — R||r = \/2tr(Is — R) < /8, where the fact —1 < tr(R) < 3,¥R € SO(3) has been
used. For the sake of simplicity, we consider the following normalized attitude norm
|R|r € [0, 1] on SO(3) with respect to the identity I3:

dso@) (I3, R) | Is—R|r 1
R|; = = = —+/tr(l3 — R). 2.35
The tangent space of the group SO(3), is identified by TrSO(3) := {RQ|R € SO(3),Q €
50(3)}. Let (-,-)r : TRSO(3) x TrSO(3) — R be a Riemannian metric on SO(3), such
that

<RQl, RQQ)R = <<Ql,QQ>>, Re SO(3), Ql, Qg c 50(3).

Given a differentiable smooth function f : SO(3) — R, the gradient of f, denoted by
Vrf € TgSO(3), relative to the Riemannian metric (-, -) g is uniquely defined by

df - RQ = <VRf7 RQ)R = <<RTVRf7 Q>>7

for all R € SO(3),Q € s0(3). A point R € SO(3) is called critical point of f if the
gradient of f at point R € SO(3) is zero (i.e., Vrf = 0). The set of all critical points of
f on SO(3) is denoted by

Cso@) f = {R € SO(3)|Vrf =0} C SO(3). (2.36)
Throughout this thesis, we make use of the following useful lemmas on SO(3):

Lemma 2.1 ([Berkane et al., 2017b; Berkane, 2017]) Let M = M be a positive
semi-definite matriz such that M := %(tr(M)I — M) is positive definite. Then, for any
x,y € R3, the following properties hold for all R € SO(3):

AN |R|? < tr((I5 — R)M) < 4\M_|RJ3, (2.37)

[¥so(3) (M R)||* = (M, R)tr((Is — R)M), (2.38)
Yso(3)(R) " so(3) (M R) = thso(3)(R) " Mthso(s) (R), (2.39)
2" (Aminls — E(MR))x < 2030 | R[7]|])?, (2.40)
20T (E(M) — E(MR))y < tr((Is — R)M)x"y + ||[(Is — R)M | pllz|||ly], (2.41)
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IE(MR)||r < [|M| (2.42)

where M := tr(M?)I3 — 2M?, E(MR) = §(tr(MR)Is — R" M), and o(M,R) := 1 —
|R|7 cos(£(u, Mu)) with uw € S* denoting the axis of the rotation R and £(-,-) denoting
the angle between two vectors. Moreover, Consider the trajectory of R = Rw> with

R(0) € SO(3) and w(t) € R3. Then the following identities hold:

%tr«[ - R)M) = 2WT¢50(3)(MR>7 ) (2'4?))

%Qﬁsu(g)(MR) = E(MR)w. (2.44)

Lemma 2.2 ([Berkane, 2017]) Let M = Zf\il kirr with N € Nuo, ki > 0 and r; €
R3, i =1,---,n. Then, the following identities hold for any R, R € SO(3)

N
_ 1 _
T _ T T 2
tr((I; — RRT)M) = 5;1@\\3 ri — RTri)?, (2.45)
1 N 1 N
DT\ __ D, T DT _ DT
eoz)(MRRT) = §R;ki(}z ri x RTr;) = 5;/@(33 Ty X 1) (2.46)

From (2.38) and (2.35), one can show that
[Wsas) (R)II* = (1 = [RID)tr(Is — R) = 4(1 — |RI})|RI] < 1 (2.47)
where we made use of the facts |R|? € [0,1] and f(z) = 4(1 — z)z < 1,Vx € [0,1].

Lemma 2.3 Let M € R33 be symmetric and positive semi-definite with three distinct
eigenvalues. Then, the solutions of MR = R" M with R € SO(3) satisfy

Re {3} U{R=R,(mv),ve (M)}, (2.48)
where E(M) is the set of eigenvectors of M.

The proof of Lemma 2.3 is obtained by following the similar steps as in the proof of
[Mahony et al., 2008, Theorem 5.1] and [Mayhew and Teel, 2011b, Lemma 2].

2.3.2 Pose on Lie group SE(3)

The pose of a rigid body is represented by the pair (R,p) with R € SO(3) being the
orientation of the body-fixed frame attached to the center of the rigid body with respect
to the inertial frame, and p € R3 being the position of the rigid body expressed in the
inertial frame. The three-dimensional Special Euclidean group, denoted by SE(3), is
defined as

SE(3) := {g = Tse@s)(R,p) € R |R € SO(3),p e R},
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with the map Tsg3) : SO(3) x R* — SE(3) given by

R
Tse() (R, p) := {leg ﬂ : (2.49)

The inverse of g can be expressed in matrix form as

(2.50)

B RT —RT
9" =Tse(R',—R'p) = {0 1 p}
1x3

It is easy to verify that gg=! = g7'g = I;. The Lie algebra of SE(3), denoted by se(3), is

given by

Q v

3):=U € R™U =
5e(3) { | [0 :

},9650(3),%1&3}. (2.51)

with s0(3) defined in (2.12). Similar to the map (-)* defined on R3, we introduce a wedge
map (-)" : R® — se(3), which is defined as

e = {0“1’:3 g} - m : (2.52)

The tangent space of the group SE(3), is identified by 7,SE(3) := {gU| g € SE(3),U €
se(3)}. Let (-, ), : T,SE(3) x T,SE(3) — R be a Riemannian metric on SE(3), such that

(gU, gUs), = ((U1,Us)), Vg € SE(3),U;,Us; € se(3).

Given a differentiable smooth function f : SE(3) — R, the gradient of f, denoted by
V,f € T,SE(3), relative to the Riemannian metric (-, -), is uniquely defined by

df - gU = (Vyf.gU)g = {{g7' Vo f.U)), (2.53)

for all g € SE(3),U € se(3). A point g € SE(3) is called critical point of f if the gradient
of f at g is zero (i.e., V,f = 0). The set of all critical points of f on SE(3) is denoted by

Cses) f == {9 € SE(3)|V,yf = 0} C SE(3). (2.54)

For any g € SE(3), we define |g|; as the distance with respect to I, which is given by

l9lr = 1l1s = gllr = \/Illz — R[% + llpll* = \/SIRI? + [lpll? (2.55)

Let Pye(3) : R*¥* — se(3) denote the projection of A on the Lie algebra se(3), such that
for all A; € R¥3 ay,a; € R3 and ay € R

A ap o ]Pso(s)(Al) Qg
b ([ 7)o [Proa0 . 50

For all U € se(3), A € R** one has ((A,U)) = ((U,Ps3)(A))) = ((Pee(s)(A), U)). Let
vex : 5¢(3) — RS denote the inverse isomorphism of the map (+)", such that vex(£") = &
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and (vex(U))" = U, for all £ € R and U € se(3). For a matrix A = {fl 22} with
3 Q4
A € R¥3 ay,a; € R3 and a4 € R, we also define the following map:
¢5e(3)(A) = @VeX(Pse(S) (A))
Q32 — A23
¢50(3)(A1) 1 a3 —as
_ _ 1 2.
{ 1b 2 |ag — a2 |’ (2:57)
b

with Ay = [a;;] and © := blkdiag(I3, $13). Then, it is verified that for all A € R***, y € R°

<<A7 y/\>> = 2yT¢5e(3)(A) (258)

Given a rigid body with configuration g € SE(3), the adjoint map Ad,(-) : SE(3) xse(3) —
se(3) is given by

Ad,(U) :=gUg™", Vg€ SE3),U € se(3). (2.59)
The matrix representation of the adjoint map on se(3) is defined as
Ady = | B 0] cRoxo vy = T (R, p) (2.60)
g - pxR R ’ (3)\ 41, .
such that
gr"g™' = (Adyz)", V€ SE(3),xeR". (2.61)

One verifies that Ady, Adg, = Ady,,,, for all g, go € SE(3). Define Ad(-) as the Hermitian
adjoint of Ady(-) with respect to the matrix inner product ((-,-)) on se(3) associated with
the right-invariant Riemannian metric, such that for all Uy, U, € se(3), g € SE(3)

(U, Ady (1)) = ((Ad3(U2),U1)), (2.62)
For each g = Tsg3) (R, p), the matrix representation of the Hermitian adjoint map Ady(:)
is given by

(2.63)

T  _pT,x
Ad;;:[R Rp}.

03><3 RT

For the sake of simplicity, we denote (¢g7!)"T as ¢g~'. Then for any U € se(3) and
g € SE(3), one has

Uee(3) (9 Ug™") = Adythge(s) (U) (2.64)

Given any two vectors r, b € R*) we define the following wedge product (exterior product)
A as

L bv X Ty 6
bAT = [bsm x stv} € R, (2.65)

where r = (r[,r,)", b= (b),b,)" with r,,b, € R® and r,, b, € R.

v
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Lemma 2.4 Consider the wedge product defined in (2.65). For all r,b € R* g € SE(3),
one can verify that

rAr=0, (2.66)
bAT=—1rAb, (2.67)
1
Yee(s) (1 — g)rrT) = 5(97‘) AT (2.68)
(gb) A (gr) = Ady—. (DA T). (2.69)
Proof See Appendix A.1.
Lemma 2.5 Let M} denote the sub-manifold of R***, defined as
Mé= S = | M el e RS g e 3L
01x3 0
Then, for all g € SE(3), M, M € M3 and A € R***, the following properties hold
MA € M, (2.70)
gM € My (2.71)
Pﬁe(fﬂ) (QM) - Pse(3) (g_TM)a (272>
tr(g' gMM") =te(MM?"), (2.73)
Vee(3) (91 GM) = Vae(z) (M), (2.74)
Ad;wse( ( ) %e ( TMg ) (2'75>

Proof See Appendix A.2.

Note that from the definition of se(3) in (2.51), one has se(3) C M. Moreover, one can
show that (2.64) is a special case of (2.75).

2.3.3 Pose and linear velocity on Lie group SE;(3)

We consider the extended Special Euclidean group of order 3 introduced in [Barrau and
Bonnabel, 2017] as SE5(3) := SO(3) x R? x R?* C R%*5 | which is defined as

SE5(3) := {X = Tsey(s)(R, v, p)|R € SO(3),p,v € R’} (2.76)
The map Tsg,) : SO(3) x R?* x R?* — SE,(3) is defined by

R v p
7—SE2(3)<R7U>p) - Ol><3 1 0]. (277)
01x3 01

For every X = Tsg,3)(R, v, p), one has the inverse of X as X! = Tgg,3)(R", —R"v, —R'p).
Denote TxSEy(3) € R**® as the tangent space of SEy(3) at point X. The Lie algebra of
SFE5(3), denoted by ses(3), is given by

Q o v
s5¢5(3) (=< U = € R
c2(3) { |:02><3 Oax3 02><3:|

Qe€s0(3),v,ac R3} ,
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with s0(3) defined in (2.12). Let Py, (3) : R°*® — se,(3) denote the projection of A on
the Lie algebra sey(3), such that, for all A; € R3*3 ay,--- ,a5 € R3 and ag, -+ ,a9 € R,
one has

Ap ay ag IPJso(3) (A1) Gz as
Pﬁe2(3) CL;JLr ag Qry = 01><3 0 0. (278)
a5T ag Qg 013 0 0

For all U € ses(3), A € R>® one has ((A,U)) = (U, Pse,y3)(A))) = ((Poey3)(4),U)).
Given a rigid body with configuration X € SE2(3) the adjoint map Ad : SE5(3) xsey(3) —
se9(3) is given by

AdxU := XUX™', X € SEy(3),U € se5(3). (2.79)

For all Xy, Xy € SE,(3),U € ses(3), one can verify that Adx, Adx,U = Adx, x,U.

2.4 Inertial navigation systems

2.4.1 Dynamic model for INSs

Let R € SO(3) be the rotation that describes the orientation of the body-fixed frame
B with respect to the inertial frame Z. Also, let w € R3 be the angular velocity of the
body-fixed frame with respect to the inertial frame Z, expressed in the body-fixed frame
B. The dynamics of the attitude R are governed by

R = Rw* (2.80)

where (-)* denotes the skew-symmetric map defined in (2.13). Let p € R? denote the
position of the center of gravity of the rigid body expressed in the inertial frame Z, and
let o € R3 denote the liner velocity of the center of gravity of the rigid body expressed
in the body-fixed frame B. The dynamics of p are given by

» = Ru. (2.81)

Let g = Tsg(s)(R, p) € SE(3) be the pose of the rigid body with the map 7Tsg(s) defined in
(2.49). Then, in view of (2.80) and (2.81), the dynamics of the pose g are given by

g=g&" (2.82)

where € = [w',9"]" € R® denotes the group velocity on SE(3) and the map ()" is defined

n (2.52). Let v € R? be the linear velocity expressed in the inertial frame Z. Then, the
relation between v and v is given by v = Rv. Therefore, the dynamics of the inertial
navigation system are given by

R = Rw* (2.83)

p=u (2.84)
o =g+ Ra (2.85)
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where g denotes the gravity vector expressed in the inertial frame, and a € R? denotes
the body-frame “apparent acceleration” capturing all non-gravitational forces applied to
the rigid body expressed in the body-fixed frame. Let X = Tsg,(3)(R, v, p) with the map
Tse,(3) defined in (2.77). We consider the configuration of the rigid body represented by
an element of the matrix Lie group X € SE»(3). Let us introduce the nonlinear map
f 1 SE3(3) x R3 x R? — T'xSE,(3), such that the kinematics (2.83)-(2.85) can be rewritten
in the following compact form [Barrau and Bonnabel, 2017]:

. Rw* g+ Ra v
X = f(X,w,a) = 01><3 0 0] . (286)
O1><3 0 0

Let X1, Xo € SE5(3) be two distinct trajectories. The dynamics of the right-invariant
error 1) := X; X, ! are given by

n=fnwa) —nfll,w,a), (2.87)

which implies that the right-invariant error 1 has a state-trajectory independent propa-
gation [Barrau and Bonnabel, 2017].

2.4.2 Inertial-vision systems

Throughout this thesis, some experimental results are presented using inertial-vision sys-
tems. Hence, the inertial-vision systems considered in this work will be discussed in this
subsection. In GPS-denied environments, such as indoor applications, recovering the po-
sition and linear velocity is a challenging task. Recently, inertial-vision systems combing
a low-cost IMU and on-board cameras have made their appearance in the literature.

Figure 2.2: Examples of inertial-vision system: Visual-Inertial Sensor [Nikolic et al.,
2014] (left) and Intel RealSense Depth Camera D435i (right).

In robotic systems, IMU is instrumental to measure the motion changes with respect
to an inertial frame. An IMU usually consists of a three-axis gyroscope, a three-axis
accelerometer and a three-axis magnetometer. The measurement models of the IMU are
described as follows:

e The gyroscope measures the angular velocity of a rigid body relative to the inertial
frame expressed in the body-fixed frame B:

Wy =w+ b, +ny (2.88)
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where w is the actual angular velocity expressed in the body-fixed frame, b,, and n,
denote the constant (or slowly time-varying) gyro bias and the additive measure-
ment noise, respectively.

e The accelerometer measures the instantaneous linear acceleration of a rigid body
expressed in the body-fixed frame B:

ay = R (0 —g) + by + N4 (2.89)

where R is the rotation matrix, v is the derivative of the linear velocity expressed in
the inertial frame, and b, and n, denote the bias term and the additive measurement
noise, respectively. When the linear velocity is constant or slowly time-varying (i.e.,
0 & 0), the measurements of the accelerometer can be simplified as follows:

a, = R'g + by + ng (2.90)

e The magnetometer provides measurements of the ambient magnetic field, which is

defined by
my = DR mz + by + 0y (2.91)

where D,, is the distortion matrix, mz is the Earth’s magnetic field vector (ex-
pressed in the inertial frame), b,, is the body-fixed frame expression of the local
magnetic disturbance, and n,, is the measurement noise. The distortion matrix D,,
and magnetic disturbance b,, are very sensitive to the local magnetic field. With
the well-calibrated distortion matrix D,, and local magnetic disturbance b,,, the
magnetometer measurements can be corrected as follows:

m, = R'mz + D, 'n,, (2.92)

The calibration of the gyroscope , accelerometer and magnetometer are instrumental in
practical applications, The reader can find more information in [Batista et al., 2010;
Foster and Elkaim, 2008; Barczyk, 2012; Olivares et al., 2009] and references therein.

In the rest of this subsection, a geometric model of the stereo vision system is discussed
and the three-dimensional position reconstruction from stereo images are provided. We
define an image I,,, by a map of a two-dimensional surface of pixels brightness [0, 255].
Define z = [u,v,1]T € R3 as the coordinates of a pixel. The origin zy = [0,0,1]" is
conveniently associated to the top-left pixel of the image. Consider a frame C attached
to the camera’s optical center, and the three-dimensional camera-frame coordinate of a
point p; ( coordinate in the inertial frame) defined by p§ = [pf’x,pﬁy,pf’z]T. Then the
geometric measurement model of a pinhole camera is given by

U; 1 /p. 0 w.]| |f 00
Zi=|vil=—4| 0 1/p, v| |0 f Ofpf (2.93)
1 Pi- | ¢ 0 1 0 0 1
where p,,p, are the width and height of each pixel respectively, f is the focal length
expressed in pixels, and (u., v.) are the coordinates of the camera’s principal point, w.r.t.
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Figure 2.3: Geometric model of a pinhole camera

the center of the image in pixels. We define the following intrinsic matrix parameter of
the camera:

p%; 0O wu [f 00 piz 0 wu.
K=1{0 o v| [0 fO]l=]|0 L v (2.94)
0 0 1]1[0 01 0 0 1

We consider the model of a stereo camera given in Figure 2.4. Let p; be the coordinate
of the i-th landmark expressed in the inertial frame Z. Then, the coordinate of the i-th
landmark expressed in the body-fixed frame B is given by p? := R"(p; — p). Let Cy, and
Cr be the frames attached to the left camera and the right camera, respectively. The
position of the i-th landmark expressed in the left (or right) camera frames is defined
as pi* = R,(PF —pu) (or p{* := R(pF — pr)) with (Rer,pr) (or (Rer,pr)) being
the homogeneous transformation from the body-fixed frame to the left (or right) camera
frame, respectively. Define the pixels measurement of the i-th landmark in the left and
right images as (uF, vl) and (ul*, vi), respectively. The measurement of the stereo camera

’L7Z 7,7’L

is given as follows:

uy u;!
ZZL = VzL = )‘LICL p?? ZzR = VZR = )‘RICR piCR7 (295)
1 1

with some scalars A\;, \gp > 0 and K, Kr € R3*3 denoting the intrinsic matrices of the
left and right cameras, respectively. Let us introduce the following bearing vector:

o P BLP—pr p P Rp(pf —pr) (2.96)
R T [ N [ R e
where i = 1,2,--- , N. From (2.95), the bearing vectors z{ € S? for all s € {L, R} and
1 =1,2,---, N can be rewritten in terms of pixel measurements
1 1
rk Kzl of = ——Kx'2f (2.97)

B e TS



25

{8}
Right Camera PR

I
|
0 {Cr} | {CL}
| LAN]
; -

/{/I }T/L/}’g - /\\“‘ i-th Landmark

Figure 2.4: Geometric model of stereo camera

Figure 2.5 gives an example of stereo images and the results of feature detection and
matching.

— A e e )| O Matched points lef
N +  Matched points right

Figure 2.5: Example of stereo images with features detection and matching.

The stereo camera provides the three-dimensional position measurements of the land-
marks. For the sake of simplicity, let the left camera be the dominant camera and assume
that R.;, = R.r with a proper design. Let by r = RCTL (pr —pr) be the vector from the left
camera to the right camera expressed in the left camera frame, and thus pr = piC Y 4+brR.
Note that (R.r,pr) and byr are available from a set of stereo vision calibrations.

Lemma 2.6 The three-dimensional coordinates pf of the landmark p; expressed in body-
fixed frame B, can be written in terms of the stereo bearing measurements as

Lbrr x ok Rlbrp x aF 1
pfj’ — RCL (xl || LR Z; || + Ly || LR Z; H o _bLR) +pL (298)

2l x | 2

Proof See Appendix A.3.

The procedure for three-dimensional landmark position measurements are summarized

as follows:
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Calibrate the parameters of stereo camera: K, g, Rer, pr, bLR;

Detect and match the landmarks in left and right images, and then read the pixel

measurements (uX, vl) and (ult, vl?);

177 ()

Calculate the stereo bearings =X, 2® from (2.97) using pixel measurements in left

() 7
and right images;

Calculate the three-dimensional landmark position measurements p? from (2.98).

2.5 Hybrid systems framework

2.5.1 Hybrid systems concepts

In this thesis, we consider the framework of hybrid dynamical systems developed in
[Goebel et al., 2009; Goebel et al., 2012]. Let M be a given manifold embedded in
R™ and T’M be the tangent space of M. A hybrid system is a dynamical system that
contains both continuous flows and discrete jumps of the state. A general model of a
hybrid system take the following form:

t € F(x), reF
| 2.99
" {:{;+ € G(x), reJ (2.99)

where
e F C M is the flow set;
e J C M is the jump set;
e The flow map F : M = T M describes the continuous flow on F;
e The jump map G : M = M describes the discrete flow on 7.

Note that = denotes a set-valued mapping, and ™ denotes the value x after an instan-
taneous jump, namely, 7 := xz(t,7 + 1) with x(¢, j) denoting the value of x before the
jump.

The solutions to a hybrid system are obtained on a hybrid time domain parametrized
by the amount of time spent in the flow set ¢ € R, and by the number of jumps of the
state j € N. Define a hybrid time domain as a subset £ C Ry x N in the form

J-1

E = U([tjathrl] x {j}),

J=0

for some finite sequence 0 =ty < t; < --- < t;, with the “last” interval possibly in the
form ([t;_1,t;) x {J}) or ([t;—1,+00) x {J}). On each hybrid time domain there is a
natural ordering of points : (¢,7) < (¢,5') if t <t and j < j'. A hybrid arc is a function
x : domzr — M, where domz is a hybrid time domain and, for each fixed j, t — x(t, j)
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is a locally absolutely continuous function® on the interval I; = {¢ : (¢,j) € domz}. A
hybrid arc z is a solution to the hybrid system H (see examples in Figure 2.6) if

e 7(0,0) € FU J with F denoting the closure of F.
e For all j € N such that I7 has a nonempty interior

{x(t,j) e F for all ¢ € [min I;, sup ;] (2.100)

&(t,j) € F(x(t,j)) for almost all t € I

e For all (¢,7) € domz such that (¢,j + 1) € domz,

x(t,j) €T
{l‘(t,j +1) € G(x(t, j)) (2.101)

Figure 2.6: Examples of solutions to hybrid systems

A solution z to ‘H is maximal if it cannot be extended by flowing nor jumping, and
it is complete if its domain domx is unbounded, and precompact if it is complete and
bounded. We denote Sy as the set of all maximal solutions x to H, and x € Sy means
that x is a maximal solution to H. Three basic conditions/assumptions are introduced
to guarantee the existence of solutions, the robustness of stability to small perturbations
and other useful properties. The hybrid system H satisfies the hybrid basic conditions
if:

e F and J are closed sets in M (embedded in R").

e F': M = TM is outer semicontinuous? and locally bounded? relative to F, and F
is nonempty and convex* for every z € F.

LA function is locally absolutely continuous if its derivative is continuous for almost all time, and the
function can be recovered by integrating the derivative.

2A set-valued mapping F : X = Y is outer semicontinuous (inner semicontinuous) at xq if
limsup,_,, C F(xo) (liminf, ., D F(x0)).

3A function f: X — Y is said to be locally bounded if for every xg € X, there exists an open interval
I containing x( such that f is uniformly bounded on I.

4F () is a convex set if each point on a line connecting two points in F(z) is also in F(z).
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e (G: M = M is outer semicontinuous and locally bounded relative to J, and G is
nonempty for every x € 7.

2.5.2 Hybrid systems stability

Given a closed set A C M and a point x € M, define |z|4 as the distance of x € M
to A, that is |z|4 = infzeq dp(z, Z) with dpy(-,-) : M x M — Ry being a distance
between two points on M.

Definition 2.9 (Uniform global stability concepts [Goebel et al., 2009]) Consider
a hybrid system H in M. A compact set A C M is said to be

o uniformly globally stable for H if there exists a class-Ko® « such that any solution
x to H satisfies |x(t,7)| 4 < a(|z(0,0)|4) for all (t,j) € domz.

o uniformly globally pre-attractive for H if for each € > 0 and § > 0 there exists
T > 0 such that for any solution x to H with |x(0,0)|4 < 0, (t,j) € domz and
t+5 =T imply o(t,j)a] < e

o uniformly globally pre-asymptotically stable for H if it is both uniformly globally
stable and uniformly globally pre-attractive.

Note that the term “pre” indicates that maximal solutions are not required to be com-
plete. Assuming that each maximal solution to H is complete, a compact set A C M is
said to be: globally attractive for H if lim;y; o0 |2(f, )[4 = 0; asymptotically stable if
it is both stable and attractive [Sanfelice et al., 2007]. Asymptotic stability of a closed
set, rather than of an equilibrium point, is considered here since the solutions of a hybrid
system often do not settle down to an equilibrium point. Hence, asymptotic stability of
an equilibrium point is a special case of asymptotic stability of a closed set.

Consider a continuous function V : M — R, continuously differentiable on a neigh-
borhood of F. We introduce the following functions:

V(zt) -V if
() = {maXereg(x){ () =V} ifees 2.102)
—00 otherwise,
v x V 3 ‘f
(@) = {max v (VV().v) if € F (2109
—00 otherwise,

The following theorem provides the invariance principle with pz(x) and p7(x) functions.

Theorem 2.1 (Hybrid invariance principle [Goebel et al., 2009]) Consider a func-
tion V : M — R, continuously differentiable on a neighborhood of F. Suppose that for a
gien set U C M,

pr(z) <0,puy(z) <0,VzeU (2.104)

°A class of function from R>q to R>o that are continuous, zero at zero, strictly increasing and
unbounded.
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Let a precompact * € Sy be such that rgex* C U, with rgex := x(domz) being the range
of x. Then, for some r € V(U), x* approaches the nonempty set which is the largest
weakly invariant subset of

V) 00 (i (0) U (551(0) N Gz (0))) ] (2.105)

The following definition of exponential stability is considered, since most of the sta-
bility results of the observers designed in this thesis are exponential.

Definition 2.10 (Exponential stability [Teel et al., 2013]) A closed set A C M s
said to be (locally) exponentially stable for the hybrid system H if there exist strictly pos-
itive scalars Kk, \ and p such that, each solution x satisfying |x(0,0)|4 < p also satisfies,
for all (t,7) € domz,

(£, j)|a < mexp(=A(t +))]x(0,0)]a. (2.106)
It is said to be globally exponentially stable if one allows p — +o0.

Note that the above definition of exponential stability is uniform exponential stability
when the scalars x and A are independent from the initial conditions. Given pu > 0, define
A+ puB ={x € M: |z|4 < p}. A sufficient condition for exponential stability is given
in the following theorem.

Theorem 2.2 ([Teel et al., 2013]) For the system (2.99), the closed set A is locally
exponentially stable if there exist positive real numbers a, &, Ap, Ay, u, p and a function
V :domV — R, where FUJ UG(J) C domV C M, that is continuously differentiable

on an open set containing F and satisfies

alzly <V(z) <alzly, Vee(FUJUG(T))N(A+uB), (2.107)
(VV(x), ) < =2V (x), FN(A+puB), f € F(x), (2.108)
V(g) < exp(=A,)V(zx), JN(A+uB), g € G(x), (2.109)

If these bounds hold with p = +o0o then the set A is globally exponentially stable.

2.6 Observability and Riccati differential equation

This section reviews some useful observability tools for linear time-varying systems. Con-
sider a generic linear time-varying (LTV) system

&= A(t)r + B(t)u
y=C(t)x (2.110)

with z € R",u € R™,y € RP, and A(t) € R"" B(t) € RP*™ and C(t) € R™*" being
matrix-valued functions of time ¢.

In linear systems theory, the system is said to be observable if for any unknown
initial state x(0), there exists a finite ¢; > 0 such that the knowledge of the input u and
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the output y over [0,¢;] suffices to determine uniquely the initial state z(0); Otherwise,
the system is said to be unobservable [Chen, 1999]. For linear time-invariant systems,
observability is guaranteed if the Kalman rank condition is satisfied. However, for LTV
systems, there exist different types of of observability properties, for instance, differential,
instantaneous, or uniform observability. We are more interested in uniform observability
to ensure exponential stability of the estimators derived in this thesis. Suppose that the
matrix-valued functions A(t), B(t) and C(t) are continuous and bounded for all £ > 0. Let
®(t,7) be the state transition matriz of & = A(t)zx such that L&(t,7) = A(t)®(t, 7),
®(t,t) = I, and ®~1(t,7) = ®(7,t). The following definition formulates the well-known
uniform observability in terms of an associated Gramian matrix:

Definition 2.11 ([Bucy, 1967]) The pair (A(t), C(t)) in (2.110) is uniformly observ-
able if there exist constants 0, > 0 such that

t+6
Wol(t,t+6) = %/ d(r,t) C(r) C(r)®(7,t)dr > pl,, Vt>0 (2.111)
¢

where Wo(t,t + ) is called the Observability Gramian of system (2.110).

Note that the Observability Gramian Wy(¢,t + §) is naturally upper bounded by some
constant since the matrices A(t) and C(t) are bounded for all ¢ > 0 by assumption.

Some special cases for calculating the state transition matrix ®(¢,7) are given as follows
[Aplevich, 2000]:

o If A(t) is a constant matrix, then ®(¢,7) = exp (A(t — 7)).

o If A(t)A(T) = A(7)A(t) for every t 7, then the state transition matrix can be
expressed as ®(t,7) = ex f A(s

, then the state transition matrix can be expressed as

a(t,7) = B L F }8”51 .

The following lemma provides a special case of state transition matrix, which is used
throughout this thesis:

o If A(t) { Ft)

Lemma 2.7 Let A(t) = S(t) + A with A being a constant matriz. If there exist an
invertible matriz-valued function T(t) such that T(t) = S(t)T'(t) and T(t)A = AT(t),
then the state transition matriz ®(t,7) associated to A(t) can be expressed as

O(t,7) =T t)®(t,7)T (1) (2.112)

where ®(t, 7) = exp (A(t — 7)) is the state transition matriz associated to A.

Proof See Appendix A.4.
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Note that finding the matrix-valued function T'(t) such that T'(t) = S(¢t)T(t) is the key
of Lemma (2.7). Two special cases are discussed as follows: If S(¢1)S(t2) = ( ) (t1)
holds for every ¢;,t, > 0, the matrix 7'(¢) can be chosen as T'(t) = exp fo dr); If
S(t) = blkdiag((w(t))*, (w(t))*, -, (w(t))*) with w € R3 and (-)* defined in (2.13), one
can choose T'(t) = blkdiag(R(t), R(t),--- , R(t)) with the rotation matrix R generated by
R = (w(t))*R(t) and R(0) € SO(3).

In some situations, it is difficult to check condition (2.111) since it requires explicit
knowledge of the transition matrix. Suppose that there exists a constant ¢ € N such that
A(t) and C(t) in (2.110) are ¢ and g + 1 times continuously differentiable, respectively.
The following lemmas provide sufficient conditions for uniform observability in terms of
the matrices A(t) and C(t), and their time-derivatives:

Lemma 2.8 ([Bristeau et al., 2010]) The observability Gramian of system (2.110)
satisfies the condition (2.111) if there exists a (strictly) positive constant p > 0 such
that for all t >0

O (H)O(t) > pul, (2.113)

where the matriz-valued function O is defined as
O(t) = ) (2.114)

with No(t) = C(t) and Nipyq(t) = Ni(t)A(t) + Ni(t) for allk =1,2,--- ,¢q

Lemma 2.9 ([Scandaroli, 2013]) The observability Gramian of system (2.110) satis-
fies the condition (2.111) if the matriz-valued function O(t) composed of row vectors of
O(t) defined in (2.114) is well-defined and bounded for all t > 0, and there exist some
(strictly) positive constants d, ju such that

5/ det (O'(1)O(7))dr > pl,, Vt>0 (2.115)

Note that the condition in Lemma 2.8 is stronger than that in the Lemma 2.9, and can be
seen as a special case of Lemma 2.9. Moreover, condition (2.113) is satisfied by checking
that matrix O(t) has full rank for all ¢t > 0.

We consider the following continuous Riccati equation (CRE):

P =A(t)P+ PA'(t) — PCT(t)Q(t)C(t)P + V(t), (2.116)

where P(0) € R™*" is a symmetric positive definite matrix and V' (¢) € R™*"™ and Q(t) €
R™*™ are uniformly positive definite matrices. To establish global existence, uniqueness
and boundedness of the solution to the CRE (2.116), sufficient conditions are presented
in the following lemma:
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Lemma 2.10 ([Bucy, 1967; Bucy, 1972]) If there exist constants 0, jig, pty > 0 such
that ¥Vt > 0

1 t+9

Wy (k£ + ) = 5/ B(t + 0,7V ()T (t+ 6, 7)dr > ], (2.117)
t+6

Wo(t,t+6) = %/+ (1, )O(T) ' Q(T)C(T)®(7, t)dT > pigl,, (2.118)

there exist positive constants 0 < p,, < py < oo such that the solution of the CRE
(2.116) satisfies ppl, < P(t) < papl, for allt > 6.

Matrix Wg(t,t + ) is called the Riccati observability Gramian associated to the
triplet (A, C, Q). Note that if Q(t) > €l,,, > 0, Riccati observability Gramian condition
(2.118) is consequently satisfied from the condition (2.111) since W (t,t+9) > eW, (¢, t+
8) > €uol, for all t > 0. Note that in the traditional Kalman filter, Q~'(¢) and V (¢) are
interpreted as the covariance matrices for the output y and the process.

Assume that there exists a strictly increasing sequence {t;};en with tg = 0 and 7,,, <
tjt1 —t; < Ty with j € N and constants 0 < T;,, < T)y. In this thesis, we also make use
of the following continuous-discrete Riccati equation (CDRE)

P =A{)P+PAT(t) + V(1) tetj,tin),j €N,  (2.119)
Pt =P —PCT(t)(CH)PCT(t) + Q7 (1) 'C(t)P, te{t;},j €Nyg,  (2.120)

where P(0) € R™*" is a symmetric positive definite matrix and V' (¢) € R™*"™ and Q(t) €
R™*™ are uniformly positive definite matrices. Note that if P(¢,7) denotes the solution
of P before a jump, then the solution of P after the jump is denoted as PT = P(t,j+1).

Lemma 2.11 Consider the CDRE (2.119)-(2.120) with P(0) being symmetric positive
definite. If Q(t) is positive definite, and V (t) is positive semidefinite, then the solution
P to the CDRE 1is positive definite and well defined on Rx.

Proof See Appendix A.5.

The following lemma, modified from [Deyst and Price, 1968; Barrau and Bonnabel,
2017], provides sufficient conditions guaranteeing the boundedness and well-conditioning
of the solution P to the CDRE (2.119)-(2.120).

Lemma 2.12 ([Deyst and Price, 1968; Barrau and Bonnabel, 2017]) If there ex-
ist constants I, [y, fbv, [bq, ftg > 0 such that Vj > 0

tjr
phol S/ O(tjsr, V(1) (tj4r, 7)dT < pvl
2

j+I

pal < T (ts,1;)C(1:) QL) C (1) D13, 1) < pgl

i=j
there exist constants 0 < pp, < py < 00 such that the solution of the CDRE (2.119)-
(2.120) satisfies ppmd < P < ppI for all t > tr.



Chapter 3

Hybrid Pose Estimation Using
Inertial and Landmark Position
Measurements

3.1 Introduction

In this chapter, the problem of pose and velocity-bias estimation on SE(3) x R®, using
inertial and landmark position measurements, is considered. Recently, nonlinear invariant
observers on the Lie group SE(3) have made their appearance in the literature [Baldwin
et al., 2007; Hua et al., 2011; Vasconcelos et al., 2010; Khosravian et al., 2015b; Hua et al.,
2015]. These smooth invariant observers are shown to be almost globally asymptotically
stable. To overcome the above mentioned topological obstruction to global asymptotic
stability of SE(3)!, we propose a generic hybrid estimation scheme (depending on a generic
potential function on SE(3)) evolving on SE(3) x R® for pose and velocity-bias estimation.
Unlike the exiting results in the literature, the proposed hybrid observer is shown to be
globally exponentially stable. To the best of our knowledge, there is no work in the
literature achieving such results on the matrix Lie group SE(3). The proposed hybrid
estimation scheme, uses a new observer-state jump mechanism, inspired from [Berkane
and Tayebi, 2017a], which changes directly the observer state through appropriate jumps
in the direction of a decreasing potential function on SE(3). The jump transitions occur
when the pose estimation error is close to an undesired critical point of the potential
function on SE(3). It is important to point out that the proposed observer-state jump
mechanism is different from the approaches used in [Mayhew and Teel, 2011a; Wu et al.,
2015; Berkane et al., 2017a] which consist in incorporating the jumps in the observer’s
correcting term derived from a family of synergistic potential functions.

Next, an explicit hybrid observer for pose and velocity-bias estimation relying on in-
ertial and landmark position measurements is proposed, which is shown to have global
exponential stability guarantees. However, the error dynamics of the rotation and po-

IThis topological obstruction to global asymptotic stability is mainly due to the Lie group SO(3)
which is embedded in SE(3). More details about the topological obstructions on SO(3) can be found in
[Morse, 1934; Ljusternik and Schnirelmann, 1934; Koditschek, 1989].

33
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sition, from the proposed explicit hybrid observer, are coupled when the inertial and
landmark position measurements are used directly. This means that a large position
estimation error may drive the estimated rotation error far away from the identity on
SO(3). To solve this problem, the explicit hybrid observer is re-designed using modified
landmarks, leading to a decoupled rotational error dynamics from the translation error
dynamics in the bias-free case. Finally, to fully solve the coupling issue in the presence
of biased linear and angular velocities, we propose a practically implementable version
of the proposed explicit hybrid observer. These results appeared in our work [Wang and
Tayebi, 2017; Wang and Tayebi, 2018¢; Wang and Tayebi, 2019b].

3.2 Problem formulation

Let p € R3 denote the rigid body position expressed in the inertial frame Z, and R €
SO(3) the rigid body attitude describing the rotation of frame B with respect to frame
Z. The dynamics of the position p and the attitude R of a rigid body are given by

R = Rw* (3.1)
p = R,

where w € R? denotes the angular velocity of the body-fixed frame B with respect to the
inertial frame Z, expressed in frame B, and © € R? is the translational linear velocity,
expressed in frame B. Recall that the pose of the rigid body can be represented by
g = Tse)(R,p) € SE(3), with the map Tsgs) defined in (2.49). Then, the dynamics of
the pose g are governed by

g = ge", (3.3)

where £ := (w',9")" € RS. Note that system (3.3) is left invariant in the sense that
it preserves the Lie group invariance properties with respect to constant translation
and constant rotation of the body-fixed frame B. Let the group velocity be piecewise-
continuous, and consider the following biased group velocity measurement:

§y = &+ be, (3.4)

where b = (b ,b))" € RS denotes the unknown constant group velocity bias, with
b.,b, € R? being the unknown (constant) angular velocity bias and linear velocity
bias, respectively. Moreover, a family of n constant homogeneous vectors r; € R* i =

1,2,--- , N, known in the inertial frame Z, are assumed to be measured in frame B as
bi=h(g,r:) =g 'r;, i=12,--- N. (3.5)

Note that the right group action h : SE(3) x R? — R* satisfies: for all g1, g» € SE(3) and
r € R, one has h(ga, h(g1,7)) = h(g1g2, 7). Assume that, among the N reference vectors,
there are N; € N.g feature points (or landmarks) and Ny € N inertial vectors with the

form

UI

s
Ti:|:p1i:|72.:1a27”'7N1 Tj+N1:|:0j:|’j:1727'”7N2 (36)
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Then, the measurements of the landmarks and inertial vectors defined in (3.5) can be
explicitly expressed in terms of inertial and landmark measurements as

B vB
bi = [1] Vi=1,2,-- N1, bjn, = {5] Vj=1,2,--+ Ny (3.7)
with pP := RT(pf — p) being the i-th landmark measurement and vf = RTU]Z being

the j-th inertial vector measurement. Let us introduce a set of scalar weights {«;} with
a;>0foralli=1,2,---, Ny and >, 11 «; = 1. For the sake of simplicity, we introduce
the following weighted geometrlc center of landmarks:

Ny
= Z aip?. (3.8)
i=1

Assumption 3.1 Among the n measurements, at least one landmark point is measured,
and at least two vectors from the set

Vo= {Ula"' s UN» U157t 7UN—N1}7 vy = —pc’VZ_ 1,2,--- A

are non-collinear.

Remark 3.1 From Assumption 3.1 one verifies that Ny > 1 and N > 3. This assump-
tion is standard in estimation problems in SE(3), e.g., [Vasconcelos et al., 2010; Hua
et al., 2011; Hua et al., 2015], which is satisfied in the following particular cases:

o Three different landmark points are measured such that the corresponding v%, i =
1,2, 3, are non-collinear.

o One landmark point and two non-collinear inertial vectors are measured.

e Two different landmark points and one inertial vector are measured such that the
corresponding v¥ and vF,i = 1,2 are non-collinear.

Some useful properties are presented in the following lemmas whose proofs are given
in Appendix B.

Lemma 3.1 Consider a family of n elements of homogeneous spacer; € R, i =1,2,--- |
defined in (3.6). Given k; > 0 for alli=1,2,--- | N, define the following matriz
b 4x4
A= an [bT d} e R4, (3.9)

where A == SN kpF(pF)T +ZN2 Kjpn vy (07) 7, b= SN kipF and d == YN k;. Then,

under Assumption 3.1 the followmg statements hold
1)d>0.

2) Matriz M := A —bb"d~" is positive semi-definite.

N
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3) Matriz M := L(tr(M)I3 — M) is positive definite.

1
2
Lemma 3.2 Let A = Zfil kirir with k; > 0 and r; € R, i =1,2,--- ,N. Then, for
all g, € SE(3), the following identities hold:

N
tr((Is — g)AIs — 9)") =D killri — g~ 'ral?, (3.10)
=1
1 N
Vise(3) (Poea) (Is — g7 HA)) = 5 Z ki(g~'ri) Ay, (3.11)
=1
N N
ASY “ki(gg ) Ari= Y kilgTlr) A (g ). (3.12)
i=1 i=1

Lemma 3.3 Let M = M be a positive semi-definite matriz under Assumption 3.1 and
U be a nonempty finite set of unit vectors. Consider the map Ay : S* x U — R defined
as

Apr(u,v) = u" (tr(M,) I3 — M,)u, (3.13)

where M, := M (I3 —2vv") and v € E(M). Define the constant scalar
A} = mi A . 14
S L g A () (314

Then, the following results hold:
1) Let U be a superset of E(M) (i.e., U D E(M)), then the following inequality holds:

2 A =N =2 >0
Ay > < min{2AM AMY G A = N LAY > 0. (3.15)
tr(M) — A AT # AN >0,i#

max

2) Let M be a matriz such that tr(M) —2\M >0, and let U be a set that contains

any three orthogonal unit vectors in R3, then the following inequality holds:

A3y > 2(er(M) — 20, (3.16)
Lemma 3.3 provides two approaches for the design of the nonempty finite set U such that
A}y = mingegn) maxyey Apr(u,v) > 0, and the lower bound of A}, exists. Note that
approach 1) can cover most of the cases of matrix M, however it requires the information
about the eigenvectors of M. Approach 2) does not need any information about the
eigenvectors of M, but it requires a stronger condition tr(M) — 2AM > 0. In practice,

one can choose either approach for the design of the set U as long as the conditions are
satisfied.

Assumption 3.2 The pose g and group velocity & of the rigid body are uniformly bounded.

Our objective is to design a globally exponentially stable hybrid pose and velocity-
bias estimation scheme that provides estimates g and 135 of the pose g and the group
velocity-bias bg, respectively, using the available measurements satisfying Assumption
3.1 and Assumption 3.2.
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3.3 Gradient-based smooth observer design

In this section, a gradient-based smooth observer, inspired from [Baldwin et al., 2007;
Hua et al., 2011; Vasconcelos et al., 2010; Khosravian et al., 2015b; Hua et al., 2015], is
considered relying on a generic potential function on SE(3). Consider a positive-valued
continuously differentiable potential function U : SE(3) — Rx¢. From the properties of
potential function on manifolds, one has U(g) > 0 for all g € SE(3) and U(g) = 0 if and
only if g = I;. We define VU as the gradient of ¢ at point g € SE(3).

Let ¢ be the estimate of the pose g, and § = gg~! be the geometric pose estimation
error on SE(3). The geometric error § ensures that g € SE(3) for all § € SE(3), and
g = Iy if and only if g = g. Let g := Tsg@s (R p) with R being the estimate of the
attitude R, and p belng the estimate of the linear position p. Then, g = 7’55(3)(}% D)
implies that R = RR™' = RR" and p=0p— RRTp The first term R denotes the
geometric attitude estimation error on SO(3) and the second term p denotes the geometric
position estimation error. Unlike the classical linear error p — p, the geometric error
p=RMRp— RTp) considers the body-fixed frame estimation error expressed in the
inertial frame. Let bs denote the estimate of the group velocity bias. Define b§ = bf — b
as the bias estimation error. A gradient-based continuous observer, motivated from [Hua
et al., 2015], is generalized as follows

g = 09(& = be + kgB)" (3.17)
be = —Toy (3.18)
B = Adg-11se(3) (g Vilh), (3.19)
op 1= A ees) (57 V), (3.20)

where §(0) € SE(3),b¢(0) € RS, I € R®*¢ and ks > 0. The map Yse(3) is given in (2.57),
Ad and Ad* are the adjoint and co-adjoint maps on se(3). The dynamics of g is essentially
a copy of the pose dynamics (3.3), with a bias compensation term 135, and an innovation
term 3. The design of the dynamics of the bias estimate 35 and the innovation term S,

relies on the gradient of the potential function U.
In view of (3.3), (3.4), (3.17)-(3.20), one has the following closed-loop system:

7 = §(Adgbe — kstsez) (5 Vld))" (3.21)
be = —TAd! Yse(3) (5 V) (3.22)

The equilibrium set for (3.21)-(3.22) is given by

Uy, = {(gj?g) € SE(3) X R’ |thee(s) (97" Vgld) = Oox1, b = O } . (823

Since §~'VU € se(3), one concludes that Vi = 0 if and only if e(3)(g7'V3U) = 0.
Let Csgs)U be the set of all critical points of ¢ on SE(3). Then, the equilibrium set ¥y,
defined in (3.23) can be rewritten as

U, = {(g, be) € SE(3) x R° )g € CsesU, be = Oyt } . (3.24)
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Due to the continuity of the Lie group SE(3) and the fact that the potential function
U has a unique global minimum at I (i.e., U(ly) = 0), one has Iy € Csgd, (i-e.,
V5,U = 0). Hence, one can conclude that (I4,0) € ¥y,. The following result shows that
the equilibrium point (Iy,0) of system (3.21)-(3.22) is locally asymptotically stable.

Proposition 3.1 Consider the closed-loop system (3.21)-(3.22) with the gains I', kg > 0.
Then, the equilibrium point (1y,0) is locally asymptotically stable.

Proof See Appendix B.4.

Remark 3.2 Proposition 3.1 provides a local asymptotic stability result using a general
potential function U on SE(3). As shown in [Koditschek, 1989/, no smooth vector field
on Lie groups, which are not homeomorphic to R"™, can have a global attractor. From the
Lusternik-Schnirelmann theorem [Ljusternik and Schnirelmann, 1934] and Morse theory
[Morse, 1934], there exist at least four critical points for any smooth function on SO(3).
This implies that any smooth potential function on SE(3), has at least four critical points.

Remark 3.3 The best result one can achieve for smooth (time-invariant) observers on
SE(3), is almost globally asymptotically stable. If the potential function U on SE(3) and
the set of critical points of U have been specified, almost global asymptotic stability can
be shown using similar steps as in the proof of [Hua et al., 2015, Theorem 1].

3.4 Gradient-based hybrid observer design

In this section, we redesign the estimation scheme for pose and velocity-bias on SE(3) x R®
to guarantee global asymptotic (exponential) stability using the hybrid dynamic frame-
work discussed in Section 2.5.

3.4.1 Generic hybrid pose and velocity-bias estimation filter

Given a nonempty finite set Q C SE(3), we propose the following generic hybrid pose and
velocity-bias estimation scheme relying on a generic potential function on SE(3) x RS:

G = (&, —be + ksB) 9T =9:,9, € (g
g 9(&y — be + ksP) g+ 94994 v(9) | (3.25)
bg = —FO‘b b{ = bg

(g,ég;re Fo (gfyg)ve To
B = Adg-19us) (G Vald), (3.26)
Op 1= Adg%e(z)@_lvgu), (3.27)

where §(0) € SE(3),b:(0) € RS, T' := diag(k, I3, kI3) € RO*6 and k,, ky, ks > 0. The
set-valued map v : SE(3) = Q is defined as v(g) := {g, € Q : g, = argming cqoU(ggq)}-
The flow set F, and jump set J, are defined by

Fo = {(5.b) € SE(3) x R® : U(g) — minl(gg,) < 0}, (3.28)

94€Q
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To = {(9,b) € SE(3) x R® : U(g) — minU(ggq) > 0}, (3.29)

9q€

for some § > 0. The potential function U, and the parameters ¢ and the set Q C SE(3)
will be designed later. Note that the vector ¢, involved in (3.25) is a known bounded
function of time. Note also that U(g) and U(gg,) involved in (3.28) and (3.29), and
Vee(3)(§7'V5U) involved in (3.26) and (3.27) can be rewritten in terms of § and the
available measurements as it is going to be shown later.

by, - by éy{
o5 b Boy ) =06 btk |9
be = —T'oy
Uug) — ming, cqU(g9,) .
>4 gab&gfj Q+ = g;lg}
b; = b

Figure 3.1: Schematic of the proposed hybrid pose and velocity bias observer.

Let us introduce the extended space and state as S := SE(3) x R® x SE(3) x R® x
R>o and © := (g, be, §,be, t) € S. In view of (3.3), (3.4), (3.25)-(3.27), one has the follow-
ing hybrid closed-loop system:

i eFa) reF={aeS:(jb) e F}
H'{;ﬁea(x) red, ={xeS:(§b)e T} (3.50)
with

G(Adgbe — Egtee(a) (G VUU)) 794

—TAdYse(3) (57 Vald) be
F(x) = | g(&, — be + k?BAd e (TR | G(2) = | 9,9

—TAd; Y3 (§ i, iU) e

1 t

Note that the closed-loop system (3.30) satisfies the hybrid basic conditions of [Goebel
et al., 2009] and is autonomous. Let Ay, be the set of undesired critical points such that
Xy = CsgU/{1,}. Define the closed set A := {z € S: § = I4,be = Ogx1} and let |24
denote the distance to the set A such that |z|% := inf,_, 055, nea(llls — gll% + D¢ |? +
19 = Gl + lba = bell* + l|E = tlI*) = 1317 + [loe]|*.

Now, one can state one of our main results modified from [Wang and Tayebi, 2017]
that provides a hybrid pose and velocity-bias estimation relying on a general potential
function on SE(3).
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Theorem 3.1 Consider system (3.30) with a continuously differentiable potential func-
tion U on SE(3), and choose the nonempty finite Q and the gap 6 > 0 such that

UG — mint(3g,) > 5. Vi € Xy (3.:31)
9q

Then, the number of discrete jumps is finite and the equilibrium set A is globally asymp-
totically stable.

Proof See Appendix B.5.

Remark 3.4 The observers proposed in [Baldwin et al., 2007; Baldwin et al., 2009; Hua
et al., 2011; Vasconcelos et al., 2010; Hua et al., 2015] are shown to guarantee almost
global asymptotic stability due to the topological obstruction when considering continuous
time-invariant state observers on SE(3). The proposed hybrid observer in Theorem 1, uses
a new switching mechanism, inspired from [Berkane and Tayebi, 2017a/, which changes
directly the observer state through appropriate jumps in the direction of a decreasing
potential function on SE(3). The jump transitions occur when the estimation error is
close to the critical points. This resetting mechanism is different from the approach used
in [Wu et al., 2015; Berkane et al., 2016] which consists in incorporating the jumps in
the observer’s correcting term.

The following theorem provides sufficient conditions on a general potential function
on SE(3) for global exponential stability of the hybrid system (3.30).

Theorem 3.2 Consider system (3.30) with a continuously differentiable potential func-
tion U on SE(3), and choose the nonempty finite Q and the gap § > 0 such that:

ai|gl; UG) < aolgli, TES, (3.32)
as|glf < [Wse(a (3 VU)II* < aulgli, = € F, (3.33)
IAdS - Yee() (57 V)| < aslgli, @€ o (3.34)
where ay, -+ , a5 are strictly positive scalars. Let Assumption 3.1 and Assumption 3.2

hold. Then, the number of jumps is finite and for any initial condition x(0,0) € S, the
solution x(t, ) is complete and there exist k > 0 and A > 0 (depending on the initial
conditions) such that

(£, 7)].a < kexp(=A(t +5))[z(0,0)] 4, (3.35)
for all (t,7) € domz.
Proof See Appendix B.6.

Remark 3.5 Theorem 3.2 provides global exponential stability results for the generic
estimation scheme (3.25)-(3.29) relying on a generic potential function U. The flow and
gump sets F, and J,, given in (3.28)-(3.29), depend on some parameters 6 and Q that
have to be designed together with the potential function U such that conditions (3.32)-
(3.34) are fulfilled. It is worth pointing out that condition (3.33) implies that the undesired
critical points belong to the jump set J,. In the next section, we will design U, 6 and Q
such that (3.32)-(3.34) are fulfilled.
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3.4.2 Explicit hybrid observers design using the available mea-
surements
In this subsection, we provide an explicit expression for the proposed hybrid observers

in terms of inertial and landmark position measurements (see an example of landmark
measurements in Figure 3.2). Before proceeding with the design, some useful properties

{7} Ps

“1

€2

€3

Figure 3.2: The landmarks coordinates in the inertial frame and body frame are repre-
sented with gray and blue lines, respectively.

are presented in the following lemmas whose proofs are given in Appendix B.

Lemma 3.4 Let Assumption 3.1 hold and consider the following smooth potential func-
tion on SE(3):

() = Lir((L ~ 9)A(L — 9)"). (3.36)

where the matriz A is defined in (3.9). For any g = Tses) (R, p) € SE(3), one has

Vd(g) = gPus((1s — g~ 1)A), (3.37)
Uy (9) = {I}| {9 = Tses)(R.p) : R = Ry(m,v),
p= (I3 — Ro(m,v))bd ", v € E(M)}. (3.38)

Lemma 3.5 Consider the potential function (3.36) under Assumption 3.1. Define the
following set:
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= {Tsee) (R,p) € SE(3)|R = Ro(0%,u),p = (Is — Ra(0%,u))bd ', u € U}. (3.39)

where a constant 0* € (0,7] and a finite nonempty set U = {uy|u, € S*,q = 1,--- ,m}.
There exist strictly positive scalars aq, as, ag and oy, such that the following inequalities
hold:

ailgl? <U(g) < aslgl7, g € SE(3) (3.40)
as|gl7 < |lhses (97 VU)|I? < aulgl, g€ (3.41)
IAdy 1 vee( (97 V) * < culgli, g€ (3.42)

where T := {g € SE(3) : U(g) — ming,cqU(g99,) < 0} with § < (1 — cos0*)A3},, U and
A}, designed as per Lemma 3.3.

In view of (3.5), (3.10) and (3.36), let us introduce the following potential function
which can be written in terms of the homogeneous output measurements:

N
N 1 1 R
U (9) = 5tr((la = 9)A(Ls — )" = 3 > killri = gbil?, (3.43)
=1

where the matrix A is given in (3.9). Making use of (3.11), (3.12) in Lemma 3.2 and
(3.37) in Lemma 3.4, one has the following identities:

Use3) (G Vglhy) = Zk (Gbs) A 7, (3.44)
Ad; Vee3) (57 Valh) = Zkb A (G 1r). (3.45)

Proposition 3.2 Consider the following hybrid state observer:

é :g(gy_8$+kﬁﬁ)/\ g* _gq ‘9, 9q € 7(9)

x : 3.46

bg = —FO'b \b+ = bf ( )
4, Es)ve Fo (g,bg)ve Jo

= —Ad Z ki(§ (3.47)

Zkb A (G 1r). (3.48)

Choose the set Q as per Lemma 3.5. Let Assumption 3.1 and Assumption 3.2 hold. Then,
the results of Theorem 3.2 hold.

Proof See Appendix B.9.
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Remark 3.6 In view of (3.3), (3.25), (3.47) and (3.48), the rotational and translational
error dynamics in the flow F. are given by

R = R~y (i (MB) + 55 BT3) + (RB.)*, (3.49)
p o= —§k5dpe + R(p*Rb,, + Rb,), (3.50)
b = ko (B (ot (MR) + 50 RT5)) — ZdRT 9" o) (3.51)
by = —%kvdﬁﬁ 5 (3.52)

where pe == p — (Is — R)bd™" and be = [b,b]]7. The error dynamics (3.49)-(3.50)
have the same form as Eq. (23) in [Hua et al., 2011], in the velocity-bias-free case.
Note that the dynamics of R and p are coupled as long as b = dpt # 0. Therefore,
it 1is expected that noisy or erroneous position measurements would affect the attitude
estimation. This motivated us to re-design the estimation scheme in a way that leads to

a decoupled rotational error dynamics from the translational error dynamics.

3.5 Decoupling the rotational error dynamics from
the translational error dynamics

Define an auxiliary configuration g, := Tsg) (I3, pt) with pf = a;pf and o := k;/ SN K.
Consider the modiﬁed inertial elements of the homogeneous space 7;, defined as r; :=
h(ge, i) = g.'ri,i = 1,2, -+, N. Define the modified inertial landmarks as p7 := p? — p..
It is clear that Z U apt = 0, which implies that the centroid of the weighted modified
landmarks coincides with the origin (see, for instance, Figure 3.3). This property is
instrumental in achieving a decoupled rotational error dynamics from the translational
error dynamics. Note that in [Vasconcelos et al., 2010] this property has been achieved
through the choice of the parameters «; assuming that the landmark points are linearly
dependent. Our approach does not put such restrictions on the landmarks and the
parameters «;.

Define the modified pose and pose estimate as g := 9. g = Tse) (R, p — pe) and g =

g. lg = 7§E(3)(R p — pe). Define the new pose estimation error g = gg —l = =9, Lgg71g..

It is clear that g = I if g = I;. On the other hand, the new pose estimation error can
be rewritten as § = Tsgs J(R, p) with R=RR" = R and p=(—pe)— RR™(p —p.) =

— (I3 — R)p,. This shows that the new pose estimation error shares the same attitude
estimation error R as §, while it involves a new transformed position estimation error .
From the definition of p., one can show that p. = bd~" with vector b and scalar d defined
n (3.9). One can also verify that b; = h(g.'g,7;) = g~ 'r; for all i = 1,2,--- , N. Let us
introduce the following potential function: -

Us(3) = 5t (14— DAL - Zk 17 — bl (3.53)
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Figure 3.3: The landmarks coordinates in the inertial frame and body frame are rep-
resented with gray and blue solid lines, respectively. The landmarks coordinates in the
auxiliary frame are represented with dotted lines.

where A :=Y"._ k7] = diag(M, d). In view of (2.73), (3.43) and (3.53), one can show
that, for any g € SE(3 ) Us(g) = Us(9. ' Gge) = Ui (). In the sequel, we will make use of
uz(g) and Uy (§) equivalently. Making use of (3.11) in Lemma 3.2 and (3.37) in Lemma
3.4, one can also show that

N

. 1 . -
¢5e(3) (g 1Vgu2) = 5 Z ki(gc 1gbi) A (gc 1’/“2'), (354)

i=1
Define the extended state 2’ := (g, l;,g,l;g,t) € S and the closed set A" := {2/ €
S:g9= I4,be = Ogx1}. Let |2'| 1 denote the distance to the set A’ such that l2'1% =
infy—1,,0,9.500e (11s = G5 + 10l* + 119 = GlE + l1ba — bell® + I1E = 1) = |g[7 + [1be]*-

Proposition 3.3 Consider the following hybrid state observer:

g = A(ﬁy b + kﬁﬁ) gt = g;1g7gq € 7(9)
A sy g , (3.55)
be = —I'oy, bf = b,
(gvga;re ]:0 (gyi)a)\re «70
1 N
= §Ad§*1gc Z ki(g. 'bi) A (g0 ') (3.56)

Zkb A (G ). (3.57)
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Choose the set Q designed as per Lemma 3.5. Let Assumption 3.1 and Assumption 3.2
hold. Then, the number of jumps is finite and for any initial condition x'(0,0) € S, the
solution x'(t,7) is complete and there exist k > 0 and A > 0 (depending on the initial
conditions) such that

|2/ (t, )4 < kexp(=A(t + 7))[2'(0,0)| &, (3.58)
for all (t,5) € domz'.
Proof The proof is similar to the proof of Proposition 3.2, which is omitted here.
Remark 3.7 Interestingly, in view of (3.11)-(3.12), one obtains the following expression
of B:
Adg‘lgc Z ki(g 9. '73)

1 .
= 5Adg-1Ad, Ad; Zk: (3.59)

It is worth pointing that the sole difference between this new observer and the observer
in Proposition 1 lies in the definition of B (see (3.47) and (3.59)). In view of (3.3),
(3.55)-(3.57), the error dynamics can be written as

E = E(_k,@wso(?))(ME) + (ng))x> (360)
. 1 ~ A~ o
p = —gkadp + R(p™ L, + Rby), (3.61)
5 ~ ~ 1 - ~
bo = —k (ET%O(s)(ME) - 5@5_5*33_5) (3.62)
1 AT
b, — —ékvdETETg (3.63)

It is clear that, in the velocity bias-free case, in contrast to (3.49), the dynamics of R do
not depend on p as shown in (3.60), and p enjoys exponential stability when 55 = Ogx1 as
it can be seen from (3.61). However, when the velocity bias is considered, the rotational
error dynamics is affected by the estimated position p involved in the dynamics of by, in
(3.62). In order to achieve the decoupling property, in the case where the velocity bias is
not neglected, the following modified estimation scheme is proposed.

Let us consider the following modified estimation scheme:

§ = 9(& b+ kB 9T =973 90 €7(9)

B - ~ ; 3.64
bg = —FO’b \bg_ = bg ) ( )
(gJ;&;re Fo (g,i)g‘re Jo
1 N
b= éAdg—lgc Z k(g2 ' gbi) A (g5 'rs), (3.65)
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oy =N kilgs gbi) A (g7 ). (3.66)

where A := blkdiag(R, R). In view of (3.3), (3.64)-(3.66) one can write the closed-loop
system as an autonomous hybrid system.

. (3.67)

, i eF@) o eF={eS:(jb)eF,}
H ~
T eG@) eTJ ={deS:(q,b) € T}

with
G(Adghe — kgthee(s) (7' Vlha))" 994
A—FAT@Dse(g)(g*lVgUg) bg
F(2") = | (& — be + kpAdy10se(a) (§ ' Vo))" | ,G(2') = | 9,5
_FAT#}se(S)(gilng/ﬁ) b§
1 t

Now, one can state the following theorem:

Theorem 3.3 Consider the closed-loop system (3.67) with potential functionUs in (3.53).
Choose the set Q as per Lemma 3.5. Let Assumption 3.1 and Assumption 3.2 hold. Then,
the number of jumps is finite and for any initial condition x'(0,0) € S, the solution x'(t, j)
is complete and there exist k' > 0 and X' > 0 (depending on the initial conditions) such
that

|2/ (t, j)| 4 < K exp(=X(t + 7))|2'(0,0) |z, (3.68)
for all (t,75) € doma’'.

Proof See Appendix B.10.

Remark 3.8 From (3.12), (3.65) and (3.66), one can show that

N
1 « Z .
i=1
1 N
oy = §ATAdZC § Ei(gbi) A (7). (3.70)

=1

In view of (3.46)-(3.48) and (3.64), (3.69)-(3.70), one can notice that the difference
between the observer in Theorem 3.3 and the observer in Proposition 3.2 is related to
the terms (6 and oy. It is worth pointing out that the observer in Theorem 3.3, without
“hybridation” (i.e., in the flow set), is not gradient-based as observers proposed in Section
3.3 and [Lageman et al., 2010; Hua et al., 2011; Hua et al., 2015; Khosravian et al.,
2015b)].
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Remark 3.9 In view of (3.12), (3.37) and (3.67), one has the following error dynamics
in the flows:

R = R(—kgtbaos) (MR) + kb)), (3.71)
p = —=kgdp + R(p*Rb, + Rb,), (3.72)
bo = kR Ve (MR), (3.73)
by = —%kUdETETg. (3.74)

Note that the rotational error dynamics (3.71) together with (3.73) do not depend on the
translational estimation, which guarantees the aimed at decoupling property.

3.6 Simulation results

In this section, numerical simulation results are presented to illustrate the performance
of the hybrid gradient-based pose observer proposed in Proposition 3.2 and the hybrid
decoupled pose observer proposed in Theorem 3.3, referred to, respectively, as HGPO and
HDPO. For comparison purposes, we refer to the smooth gradient-based pose observer
(i.e., the HGPO in Proposition 3.2 without the jumps) as SGPO.

As commonly used in practical applications, to avoid the bias estimation drift, in
the presence of measurement noise, we introduce the following projection mechanism
[loannou and Sun, 1995]:

peli T To, if b€ Tl; or V;PTTo <0 .
(b, To) = (I - Qe(ZA))FVV;’;T—VFB;D;,> Lo, otherwise ’ (3.75)
where b,o € R",T € R™", P(b) := ||b]| — 6, Iy := {b|P(b) < 0}, and g.(b) :=

min{1, P(b)/e} for some positive parameters § and e. Given ||b(0)| < A, one can verify
that the projection map P is locally Lipschitz in its arguments and satisfies the following
properties:

1) b)) <6+ foralt>0:;
2) b'I'P5(b,To) < bTo and ||P5(b,To)|| < ||To].

We consider the case where three inertial vectors v = [0 0 1]7, 02 = [‘/73 207, 0f =

[—3 ‘/73 0]" and one landmark p* = [\/75 ‘/75 2]" are available. The initial pose for all
the observers is taken as the identity i.e., §(0) = I;. The system’s initial conditions are
taken as follows: R(0) = R,(m,v) with v = [1 0 0]" and p(0) = [0 1 4]". The system is
driven by the following linear and angular velocities:

v(t) = 2[cos(t) sin(t) 0]7  w(t) = [—sin(t) cos(t) 0]".
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For the hybrid design, we choose 6* = 27/3, § =1 and U = E(M). The gain parameters
involved in all the observers are taken as follows: k; = 1,¢ = 1,--- .4, kg = 1,k, =
1,k, =1.

Two simulations have been presented using non-noisy output measurements and con-
stant velocity-bias b, = [-0.02 0.02 0.1 0.2 —0.10.01]", and noisy output measurements
output measurements and time-varying velocity-bias b,(t) = cos(0.02¢)[—0.020.02 0.1 0.2 —
0.1 0.01]7, respectively. The simulation results with non-noisy output measurements and
constant velocity-bias are given in Figure 3.4 - Figure 3.5, and the simulation results with
an additive white Gaussian noise of variance 0.1 in the output measurements and time-
varying velocity-bias are given in Figure 3.6 - Figure 3.7. From Figure 3.4- Figure 3.7,
one can clearly see the improved performance of the decoupled hybrid observer, which is
faster as compared to the non-decoupled hybrid observer and non-hybrid observer.

8\
6
— 47
£
N 2‘
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2 10
> 0 0
© 0
15 -10
y(m) 1 z(m)

Figure 3.4: Three-dimensional trajectories in the case of noise-free output measurements
and constant velocity-bias.

3.7 Conclusion

In this chapter, we addressed the problem of pose and velocity-bias estimation for a rigid
body using inertial and landmark position measurements. First, a gradient-based smooth
pose and velocity-bias estimation scheme on SE(3) x R®, relying on a general potential
function on Lie group SE(3), was presented. Proposition 3.1 shows that, for any potential
function on SE(3), the gradient-based smooth observer is locally asymptotically stable.
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Figure 3.5: Estimation errors in the case of noise-free output measurements and constant
velocity-bias.
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Figure 3.6: Three-dimensional trajectories in the case of an additive white Gaussian noise
of variance 0.1 in the output measurements and time-varying velocity-bias.

To overcome the topological obstruction to global asymptotic stability on SE(3), the
gradient-based smooth observer has been extended using the hybrid systems framework.
The proposed hybrid gradient-based observer relies on an observer-state jump mechanism
designed to avoid the undesired critical points while ensuring a decrease of the potential
function in the flow and jump sets. The proposed hybrid observer has been shown to be
globally asymptotically stable in Theorem 3.1, relying on a generalized potential func-
tion on SE(3). Moreover, this result was further extended to achieve global exponential
stability in Theorem 3.2. Then, the proposed hybrid observer is formulated in terms
of homogeneous output measurements of known inertial vectors and landmark points.
Proposition 3.2 shows that this explicit hybrid observer guarantees global exponential
stability.

The attitude and position error dynamics of the explicit gradient-based hybrid ob-
server are coupled, when applying the landmark position measurements directly. This
may deteriorate the performance of the attitude estimation when the position estima-
tion error is large. To overcome this coupling issue, a coordinate transformation on the
landmarks is introduced. A new hybrid observer using the modified landmarks has been
proposed in Theorem 3.3 with global exponential stability guarantees. Finally, a mod-
ified observer, leading to a decoupled rotational error dynamics from the translational
error dynamics, is proposed. This modified hybrid observer is also shown to be globally
exponentially stable in Theorem 3.3. Simulation results with noise-free and noisy output
measurements, illustrating the performance of the proposed hybrid observers, have been
provided.
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Figure 3.7: Estimation errors in the case of an additive white Gaussian noise of variance
0.1 in the output measurements and time-varying velocity-bias.



Chapter 4

Hybrid Nonlinear Observers for
Inertial Navigation Using Landmark
Measurements

4.1 Introduction

This chapter considers the problem of state estimation for inertial navigation systems
relying on landmark position measurements. In the previous chapter, we addressed the
problem of attitude and position estimation using group velocity measurements. How-
ever, obtaining the linear velocity in the body-fixed frame is challenging in low-cost
applications, and obtaining the linear velocity in the inertial frame is difficult in GPS-
denied environments. Hence, it is of great importance, from theoretical and practical
point of views, to develop an estimation algorithm that provides, simultaneously, the
estimates of attitude, position and linear velocity for inertial navigation systems. Due to
the fact that the dynamics of the attitude, position and linear velocity are not (right or
left) invariant, the extension of the existing invariant observers designed on SE(3) [Hua
et al., 2011; Vasconcelos et al., 2010; Hua et al., 2015; Khosravian et al., 2015b; Wang
and Tayebi, 2017; Wang and Tayebi, 2019a] to the estimation problem considered in this
chapter is not trivial. Most of the existing results in the literature, for the state estimation
problem for inertial navigation systems, are based-on the Kalman filter [Mourikis and
Roumeliotis, 2007; Mourikis et al., 2009; Panahandeh and Jansson, 2014], the invariant
extended Kalman Filter (IEKF) on matrix Lie groups [Barrau and Bonnabel, 2017}, and
the Riccati-based geometric observer [Hua and Allibert, 2018]. However, these results
are only shown to be locally stable relying on linearizations.

In this chapter, we formulate the estimation problem for inertial navigation systems
using the matrix Lie group SE5(3) introduced in [Barrau and Bonnabel, 2017]. First,
we propose two nonlinear geometric hybrid observers, using ideal IMU and landmark
measurements, for the estimation of the attitude, position and linear velocity. The first
observer relies on fixed gains, while the second one uses variable gains. Both hybrid
observers, relying on the resetting mechanism extended from the previous chapter, leads
to global exponential stability. These results are also extended to deal with the gyro-bias

52



53

and accelerometer-bias situations, which were not considered in the geometric observers
of [Barrau and Bonnabel, 2017; Hua and Allibert, 2018]. To the best of our knowledge,
there are no results in the literature achieving such strong stability properties for the
estimation problem at hand. Moreover, experimental results using IMU and stereo cam-
era measurements are presented to illustrate the performance of the proposed observers.
These results appeared in our work [Wang and Tayebi, 2018b; Wang and Tayebi, 2019a].

4.2 Problem formulation

Consider a rigid body system, navigating in a three-dimensional space, modeled as (2.83)-
(2.85), i.e.,

R = Rw*, (4.1)
p=u,
o = g + Ra, (4.3)

where g € R? denotes the gravity vector, w € R3 denotes the angular velocity expressed
in the body-frame, and a € R? is the body-frame “apparent acceleration” capturing
all non-gravitational forces applied to the rigid body expressed in the body-frame. Let
X = Tsey(3)(R, v, p) € SE5(3) with the map Tsg,(3) defined in (2.77). Then, the kinematics
(4.1)-(4.3) can be rewritten in the following compact form:

X = f(X,w,a), (4.4)

with the nonlinear map f : SE5(3) x R? x R® — TxSE,(3) defined in (2.86).

We assume that w and a are continuous and available for measurement. Consider a
family of N € N5, landmarks available for measurement, and let p; € R3 be the position
of the i-th landmark expressed in the inertial frame Z. The landmark measurements
expressed in the body-frame B are denoted as

Yi = RT(pi—p), i=1,2,---,N. (4.5)

The three-dimensional landmark position measurements can be obtained, for instance,
using bearing measurements generated from a stereo vision system as (2.98). Let r; :=
[pf 01]T € R® for alli = 1,2,--- , N be the new inertial reference vectors with respect
to the inertial frame {Z}, and b; := [y, 0 1] € R® be their measurements expressed in
the body-frame {B}. From (4.5), one has

bi=h(X,r)=X""'ry, i=1,2--- N. (4.6)

Note that, the Lie group action h : SE5(3) x R® — R® is a right group action in the sense
that for all X;, X, € SE5(3) and 7 € R®, one has h(X,, h(X1,7)) = (XX, 7). For later
use, we define 7 := [r; ro - ry] € RN and b := [by by --- by| € RV,

Assumption 4.1 Assume that there exist at least three non-collinear landmarks among
the N > 3 measurable landmarks.
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Assumption 4.1 is common in pose estimation on SE(3) using landmark measurements
[Hua et al., 2011; Vasconcelos et al., 2010; Hua et al., 2015; Khosravian et al., 2015b;
Wang and Tayebi, 2017; Wang and Tayebi, 2019a]. Define the matrix M := Zfil ki(pi —
pe)(pi — pe) " with k; > 0,4 = 1,2,-+- N, k, 1= Zfil ki and p. = = Zleipi. The
matrix M can be rewritten as M = A; — /{cpcpcT with A; = ZZ 1 k’lplpZ Assumption
4.1 guarantees that it is always possible to have the matrix M positive semi-definite with
no more than one zero eigenvalue, through an appropriate choice of the gains k;.

4.3 Hybrid observers design using bias-free measure-
ment

4.3.1 Continuous observer and undesired equilibra

Let X := Tsg,3)(R,9,p) € SEs(3) be the estimate of the state X, where R denotes

the estimate of the attitude R, © denotes the estimate of the linear velocity v and p

denotes the estimate of the position p. Define the right-invariant estimation error as

X = XX! = Tse,3 (Rvp)\mthR—RRTﬁz—v—Rvandp—p Rp. Note

that the rlght—mvariant estimation error on SE5(3) leads to the right-invariant estimation

error on SO(3) and the geometric estimation errors of the position and linear velocity.
Consider the following time-invariant continuous observer:

X = f(X,w,a) — AX, (4.7)
A= —Ady. (Pm(g)(Xc_l(r - Xb)KanX;UC)) (4.8)

where X (0) € SE3(3) and X, := Tsg,(3)(I3,0,p.) € SE2(3) with p. defined before. The
gain parameters are given by

kR[:S O3><1 03><1
Kn = diag(kl, s ,k’n), K= 01><3 0 0 (49)
O1><3 kv kp

with kg, ky, ko, ki > 0,i=1,2,-++  N.

Remark 4.1 Note that the proposed continuous observer is designed on the matrixz Lie
group SEs(3) directly, which is different from most of the existing Kalman-type filters.
The observer has two parts: the term f(X,w,a) relying on the measurements of w and
a, and an innovation term A designed in terms of the estimated state X and landmark
measurements.

Remark 4.2 A homogeneous transformation matriz X. € SEy(3) is introduced in the
imnovation term A, which intends to transform the inertial vectors to a specific frame.
Considering the transformation 7, = X 'ri;i = 1,2,--- N, the innovation term A
defined in (4.8) can be simplified as A = —Adx, (Pee,3)((F — X_le)K 7TK)) with ¥ =
[F1,- -+ ,7n]. Choosing X, = Tse,3)(13,0,p:) with p, := L ZZ Lkipi and k. Zf\il ki,
leads to a nice decoupling property in the closed-loop dynamzcs which will be discussed
later. Similar techniques can be found in Chapter 3.
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Let y; := pi—ﬁ—fzyi = (I3 —RT)Pz‘—I—RTﬁ foralle=1,2,---, N. From the definitions
of r,b and K, one obtains

N
X = X0) Ko X7 = X0 k(e — Xbg)r) X7

Zz 1 kzyz (pz pC)T O3><1 Z?;l k?zﬂz
== Ol><3 0 0 5
O1x3 0 0

where we made use of the fact (r — Xb)K,r" = S ki(r; — Xb;)r] . Then, from the
definitions of matrix K, the Adjoint map Adx(-) and the projection map Pg,s)(:), the
expression of A defined in (4.8) becomes

kRIP)so(?))(AR) kvAp kpAp - kRP50(3)(AR)pc
A=— 013 0 0 (4.10)
O1x3 0 0

where Ag 1= Zf\il kigi(pi—pe.) " and A, := Zf\il kii. Recall that §; = (Is—R")p;+R'p,
then one can show that

Ar= Z kigi (pi = (Is—R)'™M (4.11)
= Z kigi = keR' (5 — (Is — R)p.) (4.12)

where we made use of the facts §; = (Ig—RT)p +Rp, k. = Yo ki > kipi = kepe and
M =" kipip] —kepep! . Tt is important to mention that Ag = (]3—RT) SN kipip] +
k RTppc when choosing X, = I5. This implies that the position estimation error p will
affect the attitude estimation error R when the weighted center of landmarks p, is not
located at the origin (i.e., p. # 0).

Similar to Section 3.5, we introduce a new position estimation error p, := p—(/ —R)pc.
In view of (2.86), (4.7) and (4.10), one has the following closed-loop system:
R = R(—knPu(y(MR))
p:e - _kpkcﬁe +0 (413)
0 = —kokepe + (I — R)g

where we made use of the facts Pey3)(Ag) = Peoiz) (I3 — RT)M) = Pyozy (M R) and p, =
p— k:R]:?IP’SU(g)(AR)pC. It is clear that Tsg, (3 (R 0,p) = I5 if and only if 7§52 (R 0, Pe) =
I5. Note that the geometric errors v and p, considered here are different from the linear
errors (i.e., v — v and p— p) considered in the classical EKF-based navigation filters. The
modified geometric errors lead to an interesting decoupling property for the closed-loop

system, where the dynamics of R are not dependent on p, and ¥ as shown in the first
equation of (4.13).
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Proposition 4.1 Consider the closed-loop dynamics (4.13). Let U be the set of undesired
equilibrium points (i.e., all the equilibrium points except Is) of the closed-loop dynamics,
which is given by

V= {7'552(3)( 0,De) € SE2(3)|R =R.(mu),u e (M),

1
kck,

ﬁe = (I - R)gaf} = kckpﬁe} . (414)
Proof The proof of Proposition 4.1 is straightforward. From Lemma 2.3, the set of
equilibrium points of the first equation in (4.13) is given by Wy, := {I3} U {R € SO(3) :
R=TRu(m,u),u € EM)} . Note that ¥y, /{I5} denotes the set of undesired equilibrium
points of the rotational error dynamics. Substltutmg R € U, into the identities & = 0
and p. = 0, one can easily verify that p, = kckv — (I — R)g and 0 = kckppe.

Remark 4.3 From the dynamics of R in (4.13), it is easy to verify that the equilibrium
point I3 is almost globally asymptotically stable [Mahony et al., 2008]. It is important
to mention that, due to the topology of the Lie group SO(3) as mentioned in Section
3.3, it is impossible to achieve robust and global stability results with smooth (or even
discontinuous) state observers. Hence, the best stability result one can achieve with the
continuous observer (4.7)-(4.8) is AGAS. This motivates the design of hybrid observers
leading to robust and global stability results as shown in the next section.

4.3.2 Fixed-gain hybrid observer design

Define the following real-valued cost function T : SE5(3) x R3*™ x R5*™ — Ry,
T(X,rb) Zk I (r; X(b; — b,)]|? (4.15)

where r. = valfln = [pl 01" and b. = valzlb = [y} 01" with y. :=

Zi\il ’]z—cyl = R"(p. — p). From the definitions of p., k. and M, one can rewrite T(X, T, b)
as Y(X,rb) = %ZZ]\LI kill(pi — pe) — R(yi — yo)||*> = tr((I3 — R)M). Given a non-
empty and finite transformation set QQ C SE3(3), let us define the real-valued function
pg : SE2(3) x R*™ x R*" — R as

(X, 7, b) == T(X,r,b) — min (X, X,7,b). (4.16)

The flow set F, and jump set J, are defined as follows:
Foi={X €SEs(3) | uo(X,r,b) <6}, (4.17)
T = {X € SE5(3) | pg(X,r,b) > 6}, (4.18)

with some § > 0. The sets F, and 7, are closed, and F, U J, = SE5(3). The transfor-
mation set Q C SE,(3) is given by

Q = {X = 7gE2(3)(R7’U,p)|R = RG(Q,U),U € U,p - ([3 - R)pc,'U = 0}7 (419)



57

with a constant 6 € (0, 7] and a set of finite unit vectors U C S?, which can be chosen as
per one of the following two approaches:

1) A superset of the eigenbasis set of M, i.e., U D E(M), if AM > XM > A\ > 0 or
M > A > A\M = 0.
2) A set that contains any three orthogonal unit vectors in R3, if tr(M) — 2AM > 0.

max

Note that approach 1) considers the case where the matrix M is positive definite or
positive semi-definite with distinct eigenvalues, however it requires the information about
the eigenvectors of M. Note also that approach 2) does not need any information about
the eigenvectors of M, but it requires a strong condition tr(M) — 2AM > 0.

We propose the following hybrid observer:

o X =S Xwa) A X e (4.20)
Xt=X'X, X,ev(X) XeJ,
A = —Adx, (Poeya) (XM (r — XDV K, " X7 TK)), (4.21)
where X (0) € SEy(3) and the map ~ : SEy(3) = SE5(3) is defined by
o B , e
v(X) = {Xq €Q|X, = al"g)I(qulE% T(X, X, b)} . (4.22)

We define the extended space and state as Sf := SE5(3) x SO(3) x R?® x R? x R
and z§ := (X, R, p., 0,t), respectively. In view of (4.13) and (4.19)-(4.22), one obtains
the following hybrid closed-loop system:

Vet =Gila) 25 e Ty

with Fe:= {25 € 8¢ : X € F,}, J¢ = {25 € 8 : X € J,}, and

~f()2',w, a) — A{( nglf(
R(—kpPaogs) (MR)) RR,
Fl(x@ = _kckpﬁe + 0 _ >G1(l€) = ﬁe
_kckvﬁe + (I - R)g v
1 t

where we made use of the facts: Rt = R(RqTR) = RR,, p* =p — RRQR;(ﬁ — (I3 —
R))pe) = p+R(I3—Ry)pe, 0f = pt—(I3— RR,)p. = p— (Is— R)p. = p. and 0" = 0. Note
that the sets F7, J are closed, and 77U Jy = S7. Note also that the closed-loop system
(4.23) satisfies the hybrid basic conditions given in Section 2.5.1 and is autonomous by
taking w and a as functions of ¢.

The main idea behind our hybrid observer is the introduction of a resetting mechanism
to avoid the undesired equilibrium points of the closed-loop system (4.23) in the flow set
F7, 1.e., all the undesired equilibrium points of the closed-loop system belong to the jump
set J¢. The innovation term A and the transformation set Q are designed to guarantee
a decrease of a Lyapunov function in both flow set F and jump set Jy.
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Proposition 4.2 Consider the hybrid dynamics HS defined in (4.23). Consider the
transformation set Q defined in (4.19) with U chosen as per Lemma 3.3. Then, there

exists a constant A%, > 0 as per Lemma 3.3 such that for all § < (1 —cos0)A%,, one has
SEQ(?)) x U x Rzo - jlc.

See Appendix C.1 for the proof. Proposition 4.2 provides a choice for the gap 9,
ensuring that the set of undesired equilibrium points of the flow dynamics of (4.23) is a
subset of the jump set Jy.

Let us define the set A; := {(X,]:Z,ﬁe,@,t) €8¢ R=1I5 p. = 031,70 = 03,1 }. Now,
one can state one of our main results.

Theorem 4.1 Consider the hybrid closed-loop system (4.23). Suppose that Assumption
4.1 holds. Let k; > 0,7 = 1,2,--- N, and choose the set U as per Lemma 3.3 and
d < (1 —cos@)A%, with A%, defined in (3.14). Then, the number of discrete jumps is
finite and the set Ay is uniformly GES.

Proof See Appendix C.2

Remark 4.4 In view of (4.10), (4.19), (4.20) and (4.22), the proposed hybrid observer
can be explicitly expressed, in terms of the available measurements, as follows:

R = EUJX + kRPSO(g)(AR)R

~

D=0+ kP (Ar) (D — pe) + kpA, ¢ X €F
v = g+ Ra + kRPEU(g,)(AR)@ + ]{ZUAP
R*=RIR )

pro= R;(ﬁ — (s = Rype) ¢ X €To

it =R, 0

where Ry € R,(0,U) with R, = ming, cr,o,u) ZZ]L kil (pi — pe) — R;R(yi —y.)|I?, Ar
and A, are defined as per (4.10).

4.3.3 Variable-gain hybrid observer design

In this subsection, we provide a different version of the hybrid observer H{ using variable
gains relying on the solution of a CRE. Let us define the following gain map Py : R —
se(3) inspired by [Khosravian et al., 2015b], such that for all A; € R3*3 ay,--+ a5 € R?
and ag,--- ,a9 € R, one has

Ay ay ag kRPso(:s) (Al) K,a; Kpaa
]P)IC CL;r g Ay = 01><3 0 0 . (424)
a; ag Qg 013 0 0

where K := (kg, K,, K,) with kg > 0 and K, K, € R* to be designed. Then, we
propose the following hybrid observer.

X = f(X,w,a) — AX XeF,

Hs . . . . (4.25)
Xt =X1X, X,eq(X) XeJ,
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A= —Adx, (Pe(X7H(r — Xb)K,r" X)), (4.26)

where X (0) € SE5(3). The map ~ is defined in (4.22) and the flow and jump sets F,, 7,
are defined in (4.17) and (4.18), respectively. The gain map Py is given by (4.24). Note
that the main difference between the hybrid observers ‘H{ and H$ is the innovation term
A. Instead of using constant scalar gains k,, k, as in the observer H{, the new observer
H$ uses variable matrix gains K, K, to be designed later in this subsection.
In view of (2.86), and (4.24)-(4.26), one has the following closed-loop system in the

flows: . 3 )

R = R(=krPs3)(MR))

be = —hkeRI,Rpe+ 0 (4.27)

v = —kRK,R p.+ (Is — R)g

Define the new variable x := [(R"p.)", (R"0)"] € R%. Note that [|x[|* = ||5]|> + [|7]]%,
which implies that p. = v = 034, if and only if x = Ogx;. Let K := kC[RTKpTR RTKUTR]T €
R*3 and v = [01x3 g (R — R)]T € RS. From (4.27) one obtains the dynamics of x as

x=A(t)x — KCx+ v, (4.28)
with .
At) == [—8;(53) —w](?)t)x] . C=[Iy Os]. (4.29)

Note that the dynamics of x are linear time-varying and v can be viewed as a perturbation
term. The variable-gain matrix K can be updated as K = PCTQ(t), with P being the
solution of the CRE (2.116) with P(0) € R°%% being a symmetric positive definite matrix,
and Q(t) € R%*® V(t) € R®*C being strictly positive definite matrices.

Lemma 4.1 The pair (A(t),C) defined in (4.29) is uniformly observable.

See Appendix C.3 for the proof. Given V(t) and Q(t) strictly positive definite, from
Lemma 2.10, there exist two constants p,,, pas > 0 such that p,,Is < P(t) < ppyls.

Remark 4.5 Let K, Ky € R¥3 such that (K], KJ|" = K = PCTQ(t). Then, the gain
matrices K, and K, can be computed as

1. . 1~ -
K, = k—RKlRT, K, = k—RKQRT. (4.30)

Cc C

For the sake of simplicity, one can choose the weights k; > 0,4 = 1,2,--- N such that
kc - Z’fil kz — 1

Define the extended space S§ := SE5(3) x SO(3) x RS x Rs( and the extended state
x5 = (X, R,x,t). In view of (4.19), (4.22), (4.25)—(4.28) and (2.116), one obtains the
following hybrid closed-loop system:

2 ast = Galay) w5 € Ty
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where the flow and jump sets are defined as F3 := (X,R,x, t) e S5 X e F,, } and
Js ={(X,R,x,t) € §5: X € J,}, and the flow and jump maps are given by

f(X,w,a) — AX Xg_lX

ey _ | R(—=KkrPeogz)(MR)) o | RR,
Fy(x5) = Ax — KCx + v , Ga(75) = .
1 t

Note that the sets F3, J5 are closed, and F5 U Jy = S5. Note also that the closed-
loop system (4.31) satisfies the hybrid basic conditions given in Section 2.5.1 and is
autonomous by taking w, a, A and K as functions of ¢.

Let us define the set Ay := {(X, R,x,t) € S5 : R = I, ||x|| = 0, }. Now, one can state
the following result:

Theorem 4.2 Consider the inertial navigation system (4.4)-(4.5) with the hybrid ob-
server (4.25)-(4.26). Suppose that Assumption 4.1 holds. Let k; > 0,i = 1,2,--- | N,
choose the set U as per Lemma 3.3, and choose 6 < (1 — cos0)A%, with A%, defined in
(3.14). Let kg > 0, and Q(t) and V(t) be strictly positive definite. Then, the number of
discrete jumps is finite and the set As is uniformly GES.

Proof See Appendix C.4.

4.4 Hybrid observers design using biased angular ve-
locity

4.4.1 Fixed-gain hybrid observer design

In the previous section, nonlinear hybrid observers have been designed using non-biased
angular velocity measurements. In this section, we consider the case where the angular
velocity measurements contain an unknown constant or slowly varying bias. Let b, be
the constant unknown angular velocity bias, such that w, = w + b,. Define b, as the
estimate of b, and Z~)w = ZA)w — b, as the estimation error.

We propose the following hybrid nonlinear observer for inertial navigation with biased
angular velocity:

X = f(R.w, — bo,a) — AX

: L }(X,Bw)efox]R?’
b, = —k,R %o(s) (AR)

M Xt=X1X, X,evX) 3
- . ) q € v 7 3
it = b, () € TR

A= —Ady, (P(X ' (r — Xb)K,r' X TK)), (4.33)

where X(0) € SE,(3),b,(0) € R?, k, > 0, K,, and K are given by (4.9) and Ay is given
in (4.10). The map + is defined in (4.22) and the flow and jump sets F,, J, are defined
in (4.17) and (4.18), respectively.
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Consider the extended space and state as S5 := S x R? x R? and f§ := (f, b, b.,).
Let us define the set Az := {(z{, by, b.) € S5 : 2§ € A1, b, = 0351} Let [25|4, > 0 denote
the distance to the set As such that |2§|%, = inf,_ 1, 0.0.5..0e4s (IX — X||7 + |R[7 +
1Bl + 11T112 + 1 = 112 + 1o = bull* + [Bl1?) = |RIF + el + 1312 + [1b]1*.

Before stating our next result, the following assumption is made:

Assumption 4.2 The state X and angular velocity w are uniformly bounded.

In practical applications, due the limited motion of the vehicles, the attitude, pose, linear
velocity and angular velocity are naturally bounded. Hence, Assumption 4.2 is practical
and reasonable.

Theorem 4.3 Consider the inertial navigation system (4.4)-(4.5) with the hybrid ob-
server (4.32)-(4.33). Suppose that Assumption 4.1 and Assumption 4.2 hold. Let k; >
0,i =1,2,---, N, and choose the set U as per Lemma 3.3 and 6 < (1 — cos0)A}, with
A%, defined in (3.14). Let kg, ky, ky, ky, > 0. Then, for any initial condition x5(0,0) € S5
the number of discrete jumps is finite, and the solution of x§(t,j) is complete and there
exist k, A\p > 0 (depending on the initial conditions) such that

|25, 5) %, < rexp (=Ar(t + 7)) |25(0,0)[%,, (4.34)

for all (t,7) € domzs.
Proof See Appendix C.5.

Remark 4.6 Note that the parameters A\ and k depend on the initial conditions, which
1s different from Theorem 4.1. This non-uniform type of exponential stability is a con-
sequence of the angular velocity bias (see, for instance, the hybrid observers on SO(3) in
[Berkane et al., 2017b] and the hybrid observers on SE(3) in Chapter 3).

4.4.2 Variable-gain hybrid observer design

We propose the following Riccati-based hybrid nonlinear observer for inertial navigation
with biased angular velocity:

);(:f(f(,wy—l;w,a)—Af(

: ) }(X,Bw)efoxR3
bw - _kaT¢sa(3)(AR)

) X xox x (X) )
— - s E /7 > 7
it —b, (X,b) € 7, x B
A= —Adx, (Pe(X (r — Xb) K, X 7)), (4.36)

where X (0) € SE4(3),b,(0) € R?, k, > 0, K,, is given by (4.9) and A is given in (4.10).
The gain map Pk is given by (4.24). The map + is defined in (4.22) and the flow and
jump sets F,, J, are defined in (4.17) and (4.18), respectively.
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In view of (4.4), (4.10), and (4.35)-(4.36), one has the following closed-loop system in
the flows:

e

= R((Rb,)* — kpPeors (MR))

W = —kw{%%g@)(M R) )

e = —kRK,R"p. + 10— (Rb,)*(p — pe — Pe)

1;] - _chKvRTﬁe + (I3 - R)g - (ng)x(v - f})

S

(4.37)

e

In view of (4.37), from the definition of x and matrix K, one has the dynamics of x as
x=A(t)x — KCx + v, (4.38)

where the matrix C' is defined in (4.29), v = [(RT (p — ) b)) T, (RT0) by + (I5 —
R)g)']", and
—(wy — bw)x ]3

033 —(wy — b))
The gain matrix K can be updated by K = PCTQ(t), with P being the solution of
the CRE (2.116) with P(0) € R%< being a symmetric positive definite matrix, and

Q(t) € R¥*3 V(t) € R* being strictly positive definite matrices. Note that the matrices
K, and K, can be easily obtained from (4.30).

A(t) = (4.39)

Lemma 4.2 The pair (A(t),C) with A(t) defined in (4.39) and C defined in (4.29) is

uniformly observable.

The proof of Lemma 4.2 can be conducted using similar steps as in the proof of Lemma
4.1, by introducing the matrices

T(t) = blkdiag(R(t), R(t), R(t)),
S(t) = blkdiag((—w,(t) + Bw(t))x7 (—wy(t) + Bw(t))x> (—wy(t) + Bw@))x%

and the constant matrix A = A(t) — S(t) with the rotation matrix R(t) generated by
R(t) = (—w,(t) + by (t))*R(t) and R(0) € SO(3). Therefore, given V (t) and Q(t) strictly
positive definite, from Lemma 2.10 it follows that the solution of P(t) is well-defined on
R>¢ and there exist two constants p,,, py > 0 such that p,,Is < P(t) < pale.

Define the extended space and state as S¢ := S5 x R® x R? and x5 := (25, by, by, )-
Define the set Ay := {(25,b,,,b,) € S : 25 € Ag, b, = 031 }. Let 2|4, > 0 denote the
distance to the set Ay such that |z§[%, = inf,_ 1, 075..00e4, (|1 X — X3 + | RJ2 + %[> +
1E—t))2 + [|bw — bol|® + [|0u]|2) = |R]2 + |[x]|? + [|bu]|>. Now, one can state the following
result:

Theorem 4.4 Consider the hybrid observer (4.35)-(4.36) for the system (4.4)-(4.5).
Suppose that Assumption 4.1 and Assumption 4.2 hold. Let k; > 0,1 = 1,2,--- | N,
and choose the set U as per Lemma 3.3 and 6 < (1 — cos0)A%, with A%, defined in
(3.14). Let kr > 0,k, > 0, Q(t) and V (t) be strictly positive definite. Then, for any
initial condition x(0,0) € 8 the number of discrete jumps is finite, and the solution of
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x§(t,7) is complete and there exist k,\p > 0 (depending on the initial conditions) such
that
|25(t )%, < mexp (=Ar(t+ 1)) [25(0,0) . (4.40)

for all (t,j) € domzy.

Proof See Appendix C.6.

4.5 Hybrid observer design using biased angular ve-
locity and linear acceleration

In this section, we consider the case where both the angular velocity and linear accel-
eration measurements are biased. Let b, be the unknown acceleration bias such that
ay = a + b,. Define Ba as the estimate of b, and Ba = Ba — b, as the estimation error.

We propose the following Riccati-based hybrid nonlinear observer for inertial naviga-
tion:

(X = f(X,w, — b ay — by) — AX
bo = kR (s (Ar) (X, by, by) € F, x R x R?
Hs - b= —R'KuA, ) (4.41)
Xt =X"X, X,e~X)
I;j = b, (X, by, bo) € T, x R? x R3
i =
A= —Adx, (Pe(X(r — X0)K,r" X)), (4.42)

where X (0) € SEy(3),b,(0),b,(0) € R, k, > 0, K,, is given by (4.9) and the innovation
terms Ag, A, are given in (4.10). The gain map Py is given by (4.24). The map v
is defined in (4.22) and the flow and jump sets F,, J, are defined in (4.17) and (4.18),
respectively. In view of (4.4), (4.10), and (4.41)-(4.42), one has the following closed-loop
system in the flows:

=

— R((Rby)* — kpPes) (M R))
v = —kaTwsu(S)(MR> R
o = —kRE, R j, + 5 — (Rb,)* (p — pe — ) (4.43)

S

p
6 = —chKvRT ~e + REa + (IS - R)g - (RBW)X(/U o 6)
by = —k.RTK, R p.

\

Define the new variable x := [(R'p.)", (R9)7,b]]T € R’ Note that ||x||> = ||| +
19]|2 + ||ba]|? and [|x|| = 0 if and only if ||pe|| = ||9]| = ||ba]] = 0. In view of (4.43), one
has the following dynamics of x:

x=A(t)x — KCx + v, (4.44)
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with L := k[RTK R, RTK, R, RTEKR)T € RO, v = [(RT(p—pe))*bo) T, (RT0) b+
(Is — R)g)",01x3]" € RY, and

~

_(wy - bw)X I3 R O3><3
A(t) = O3><3 _(wy - bw)x [3 )
03><3 03><3 O3><3
C .= [[3 03><3 ngg] . (445)

The gain matrix K can be updated by K = PCTQ(t), with P being the solution of
the CRE (2.116) with P(0) € R?<® being a symmetric positive definite matrix, and
Q(t) € R¥3 V(t) € R being strictly positive definite matrices. Let K, Ky, K3 € R3*3
such that [K|, Ky, KJ]" = K = PCTQ(t). Then, the gain matrices K, K, and K, can
be computed as
1 ol ’\T 1 oy ’\T 1 A A—l—
K, = k—RKlR VK, = k—RKQR Ky = k—RKgR :
The following assumption is needed in the observability proof of the next lemma.

Assumption 4.3 The time-derivative of w is uniformly bounded.

Lemma 4.3 The pair (A(t), C') defined in (4.45) is uniformly observable under Assump-
tion 4.2 and Assumption 4.3.

See Appendix C.7 for the proof. Therefore, given V' (¢) and Q(t) strictly positive definite,
from Lemma 2.10 one can show that the solution of P(t) is well-defined on R>( and there
exist two constants p,,, py > 0 such that p,, Iy < P(t) < palo.

Define the extended space and state as S¢ := SE5(3) xSO(3) X R? x R x R3 x R3 x R? x
R? and zf := (X,}?,x,t,gw,gw,l;a,ga). Define the set A5 := {(X,fi,x,t, l;w,l;w,l;a,ga) €
S¢:R=1I3,x=0,b, =0,b, = 0}. Let 25|45 > 0 denote the distance to the set A5 such
that [£ 2, = 08, 0050050140 I — X [+ 1B + X2 + [ ] + B, — b+
1Du]? + 11ba = ball? + 10all*) = [RI7 + [IXII* + 16w |* + [[ball*.

Now, one can state the following result:

Theorem 4.5 Consider the hybrid observer (4.41)-(4.42) for the system (4.4)-(4.5).
Suppose that Assumption 4.1 - Assumption 4.3 hold. Let k; > 0,9 = 1,2,--- , N, and
choose the set U as per Lemma 3.3 and § < (1 — cos0)A%, with A%}, defined in (3.14).
Let kr > 0,k, > 0, and Q(t), V(t) be strictly positive definite. Then, for any initial
condition x£(0,0) € S the number of discrete jumps is finite, and the solution of x&(t, j)
is complete and there exist k, \p > 0 (depending on the initial conditions) such that

|25 (8, )%, < wexp (=Ap(t+ 7)) J25(0,0)[%,, (4.46)

for all (t,7) € domzs.
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Remark 4.7 The proof of Theorem 4.5 can be conducted using similar steps as in the
proof of Theorem 4.4, which is omitted here. In view of (4.19), (4.22), (4.41)-(4.44) and
(2.116), one obtains the following hybrid closed-loop system:

T \agt =Gslag) age Jf

where the flow and jump sets are defined as: F5 := {(X R, x,t, by, by, ba, ba ) € 8¢ X
Fo} and JE = {(X, R,x,t, by, by, ba,ba) € SE: X € T,} with F, and J, given in (4 17)
and (4.18), respectively. The flow and jump maps are given by

(X, wy = by, ay — b)) — AX (X, 1X)
R((Rby)* = kpPsogz)(MR)) (RR )
Ax — KCx +v X
F5(l'g) = —k R ¢10 ( é) ;GS(:EE> = [;i
_k R 2/}50 ( ) Ew
—kRK, RT be b
—k.RTK,RTp. ba

Note that the sets F5, JS are closed, and F§U Js = S¢. Note also that the closed-loop
system (4.47) satisfies the hybrid basic conditions given Section 2.5.1 and is autonomous
by taking wy, a,, A and K as functions of t.

4.6 Simulation results

In this section, simulation results are presented to illustrate the performance of the
proposed hybrid observers. We make use of the HyEQ Toolbox in Matlab [Sanfelice et al.,
2013]. We refer to the continuous inertial navigation observer (i.e., observer H$ without
jumps) as ‘CINO’, the fixed-gain hybrid inertial navigation observer H$ as ‘HINO’, the
CRE-based variable-gain hybrid inertial navigation observer ‘H$ as ‘HINO-CRE’, and the
CRE-based variable-gain hybrid inertial navigation observer H¢ as ‘HINO-CRE2'.

We consider an autonomous vehicle moving on a 10-meter diameter circle at 10-meter
height, on the trajectory: p(t) = 10[cos(0.8¢),sin(0.8¢),1]. Consider the initial rotation
as R(0) = I3 and the angular velocity as w(t) = [sin(0.37),0,0.1]". Six landmarks
are randomly selected such that Assumption 4.1 holds. We consider the same initial
conditions for each observer as: R(0) = Ry(0.997, u), u € E(M),5(0), p(0) = by, = Os1.
We consider the gain parameters k; = 1/6,4 = 1,2,--- ,6,kg = 1,ky, k, = 3.k, =
For the hybrid design, we choose U = E£(M), § = 0.87, and § = 0.3(1 — cos#)A3},
with A}, designed as per Lemma 3.3. Two sets of simulation are presented: the first
one considers biased angular velocity measurements and the second one considers biased
angular velocity and linear acceleration. The matrix parameters for the first CRE are
chosen as P(0) = 0.5I5,V(t) = I, Q(t) = 10I3, and for the second CRE are chosen as
P(0) = 1o,V (t) = 0.051y, Q(t) = 1015.
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True trajectory
—CINO
HINO
HINO-CRE

1 I 30
CINO
HINO
HINO-CRE | | =207
~
E 0.5 |
=10

Figure 4.1: Simulation results with biased angular velocity b, = [—0.1 0.02 0.02]" and
additive white Gaussian noise of 0.4 variance in the measurements of w and a, and 0.1
variance in the landmark position measurements.
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Figure 4.2: Simulation results with biased angular velocity b, = [—0.1 0.02 0.02]" and
linear acceleration b, = [—0.01 0.55 0.07] ", additive white Gaussian noise of 0.1 variance

in the angular velocity, linear acceleration and landmark position measurements.

Simulation results are shown in Figure 4.1 and Figure 4.2. As one can see, the
proposed hybrid observers exhibit fast convergence when the initial conditions are large.
Simulation results also illustrate the good performances of the proposed hybrid observers
in the presence of biases in the angular velocity and linear acceleration.

4.7 Experimental results

To further validate the performance of our proposed hybrid observers, we applied our
algorithms to real data from the EuRoc dataset [Burri et al., 2016], where the trajectories
are generated by a real flight of a quadrotor. This dataset includes a set of stereo images,
IMU measurements and ground truth. The sampling rate of the IMU measurements from
ADIS16448 is 200Hz and the sampling rate of the stereo images from MT9V034 is 20Hz.
The ground truth of the states are obtained by a nonlinear least-squares batch solution
using the Vicon pose and IMU measurements. More details about the EuRoC dataset
can be found in [Burri et al., 2016].

4.7.1 Experimental setting

The images are undistorted with the camera parameters calibrated using Stereo Camera
Calibrator App in MATLAB. The features are tracked via the Kanade-Lucas-Tomasi
(KLT) tracker using minimum eigenvalue feature detection [Shi and Tomasi, 1994], which
are shown in Figure 4.3. Since no physical landmarks are available in the EuRoc dataset, a
set of ‘virtual’ landmarks are generated from the stereo images and the ground truth pose
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at the beginning. More precisely, the coordinate of the i-th landmark expressed in the
inertial frame is calculated as p; = Rqy; +pa, where Rg, pe are the ground truth rotation
and position of the vehicle, y; denotes the current three-dimensional position of the i-th
point-feature generated from the current stereo images. For the sake of efficiency, we limit
the maximum number of detected and tracked point-features to a certain number (60 in
our experiments). It is quite unrealistic to track the same set of point-features through a
long time image sequence. Hence, when the number of visible point-features is less than
a certain threshold (6 in our experiments), a new set of point-features is generated using
current stereo images and ground truth again. The three-dimensional coordinates of the
point-features from stereo images expressed in the camera frame (cam0) are transformed
to the frame attached to the vehicle using the calibration matrix provided in the dataset.
To remove matched point-feature outliers the technique proposed in [Hua et al., 2018]
has been used by choosing the thresholds S = 30, D = 6.

Figure 4.3: Example of features detection and tracking in the left and right images from
a stereo camera using the MATLAB Computer Vision System Toolbox. Pictures come
from the EuRoc dataset [Burri et al., 2016].

4.7.2 Realtime implementation

In practice, the IMU measurements can be obtained at a high rate, while the landmark
measurements are often obtained, for example with stereo cameras, at a much lower rate.
Taking into account this fact, we define a strictly increasing sequence {tj}ren/{o} as
the time-instants when the landmark measurements are obtained. Inspired by the work
of continuous-discrete Kalman filter and extended Kalman filter in [Lewis et al., 2007,
page 194] and [Kulikov and Kulikova, 2014], we implement our hybrid observer HINO-
CRE2 as shown in Algorithm 1. The proposed algorithm has two parts: the states are
continuously updated from IMU when no measurements of landmarks are received (i.e.,
t € (tg_1,1)); when the measurements arrive (i.e., t = t;) the state variables are updated
using the landmark measurements. This type of continuous-discrete observers for inertial
navigation has also been considered in [Barrau and Bonnabel, 2017; Hua et al., 2018|.
The CRE is continuously integrated from the time ¢;_; to the next time instant ¢, when
the new landmark measurements arrive, and then a numerical discretization method is
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Algorithm 1 Continuous-discrete algorithm of HINO-CRE2

Initialization: X(to)ﬁ SE»(3), Ew(to) € R3, Z;a(t0> € R3, P(ty) € R > 0.

~

Output: X (t),b,(t),ba(t) for all t > t,

1: for 1 <k do
2:  while t,_; <t <t do
3: Integrate the following equations:
)2 = f(X,wy — I;w,ay — Z)a)
[;w = O3><1
[;a - O3><1
P =A{)P+PA®)" +V(t)
4:  end while R R R R
5 Set Xgjp—1 = X(th), busk—1 = bu(tr), barp—1 = ba(ty) and Pyp_1 = P(ty)
6:  Compute the gain matrices
Ki = P10 (CPyiiCT 4+ Q) 1)
Kp = kLchUcflKl,k’R;k,l
K, = kLCRk|k—1K2,kR;—|k_1
Ka = kLCRMk—IK?),kR;—M_l
from Kj = [KIIW K;:Igv Kg,T,k]T and Xklk—l = 7-552(3)(Rk\k—17@k\k—bﬁk\k—ﬂ
7. Compute the innovation terms Ay in (4.42) with K, and K,, Agy in (4.11) and
Ay in (4.12)
8:  Update the state estimates as
X = exp(—Ap) Xy
lzw,k|k = {?w,k\kq — kR 1 Yeo3) (ARk)
ba,k\k = ba,k|k—1 - R];r‘k_lKaAp,k
Py = Pyp—1 — KpCPyjp—
9: if (MQ(XIC\IC7T7 bk) > (5) then
10: Reset the state Xklk = X;lf(k‘k, X, € ’V(Xk\k)
11:  end jf ) ) R R R
12: Set X(tk) = Xk|k7 bu_,(tk) = bw,k|k7 ba(tk) = ba,k\k and P(tk) = Pk|k

13: end for
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applied at the instant of time ¢;. A first-order numerical discretization method is applied
to the dynamics of the estimated angular velocity bias b, and linear acceleration bias
b However, an exponential map based discrete update of X has been considered, 1i.e.,
Xk‘k = exp(—Ak)Xm_l, which guarantees that Xk“c € SE»(3). Note that the estimated
state X is reset once the condition pug(X,r,b) > 6 (i.e., X € J,) is satisfied. Algorithm
1 can be easily adjusted to other observers proposed in this chapter.

4.7.3 Results

2 -2
1
% — — — True trajectory
0 HINO 0
1 HINO-CRE
x(m)
2 2
y(m) 4
1 : : : : : 3 ‘ ‘ ‘
0.02 25
0.8 2
_2r
_06 0.015 | = 15
= ! |
~ 04 0.01 = 1 |
0.2H 130 132 134 136 | 0 05 ! 15 2
O i, L, A 0
0 20 40 60 80 100 120 20 40 60 80 100 120

‘t(s)

HINO
HINO-CRE

0.15

o =5l

b — bl

0 20 40 60 80 100 120 0 20 40 60 80 100 120
t(s)

Figure 4.4: Experimental results using biased gyro and unbiased accelerometer measure-
ments from the dataset V1_01_easy. The true and estimated trajectories are shown in the

left plot. The estimation errors of rotation, position, velocity and IMU bias are shown
in right plot.
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Figure 4.5: Experimental results using biased gyro and accelerometer measurements from
the dataset V101 _easy. The true and estimated trajectories are shown in the left plot.

The estimation errors of rotation, position, velocity and IMU bias are shown in right
plot.
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Two sets of experiments have been presented with large initial conditions: R(O) =
exp(0.997eX ) Re; and p(0) = 6(0) = b,,(0) = be(0) = 0. The gain parameters are carefully
tuned with a trade-off between the convergence rate and the noise at steady state. Note
that higher gains result in faster convergence but amplify noise at steady-state. As
one can see, in the first plot of Figure 4.4 and Figure 4.5, the estimates provided by
both observers HINO and HINO-CRE, using the biased gyro and unbiased accelerometer
measurements from IMU and stereo vision, converge to the vicinity of the ground truth
after a few seconds. In the second plot of Figure 4.4 and Figure 4.5, the estimates
(including accelerometer-bias) provided by observer HINO-CRE2, using the biased IMU
measurements and stereo vision, also converge to the vicinity of the ground truth after a
few seconds. Note that the ground truth pose is used to validate the performance of the
proposed algorithms and also to generate the virtual landmarks in the experiments due
to the lack of physical landmarks.

4.8 Conclusions

In this chapter, we addressed the state estimation problem of the inertial navigation
systems using IMU and landmark position measurements. The observer design relies on
a resetting mechanism motivated from the previous chapter, where all undesired equilib-
rium points are avoided in the flows, and a decrease of the Lyapunov function after each
jump is ensured. The proposed nonlinear geometric hybrid observers are designed on the
matrix Lie group SE,(3), with global exponential stability guarantees.

We proposed two hybrid observers in Theorem 4.1 and Theorem 4.2, respectively,
using bias-free angular velocity and linear acceleration measurements. The first observer
relies on fixed gains, while the second one uses variable gains depending on the solution of
a CRE. Based on a conceptually similar approach, these results are extended in Theorem
4.3 and 4.4 to handle biased angular velocity measurements. To handle the case of biased
angular velocity and linear acceleration measurements, we proposed a new variable-gain
hybrid observer in Theorem 4.5 with global exponential stability guarantees. All the pro-
posed observers in this chapter are endowed with strong stability properties (i.e., global
exponential stability). Simulation and experimental results are provided to illustrate the
performance of the proposed observers.



Chapter 5

Hybrid State Estimation for Inertial
Navigation Using Intermittent
Measurements

5.1 Introduction

In this chapter, we are interested in the problem of simultaneous estimation of the at-
titude, position and linear velocity of a rigid body using continuous IMU measurements
and intermittent landmark position measurements. In practical applications, the land-
mark position measurements are obtained, usually via a vision system, at a much lower
rate than IMU measurements. Therefore, the stability is not guaranteed if one tries
to implement continuous-time observers in applications involving intermittent measure-
ments combining sensors with different bandwidth characteristics (such as IMU and vision
systems), and as such, the observers proposed in the previous chapter needs to be care-
fully redesigned. In the literature, most of the existing results are based on (discrete)
Kalman-type filter such as extended Kalman filters (EKF) and unscented Kalman fil-
ters (UKF) [Mourikis and Roumeliotis, 2007; Mourikis et al., 2009], and the invariant
Extended Kalman Filter (IEKF) [Barrau and Bonnabel, 2017]. It is well known that
these Kalman-type filters, relying on local linearizations, suffer from large computational
overhead and lack of strong stability guarantees.

Motivated by the recent work in [Ferrante et al., 2016; Li et al., 2017; Sferlazza et al.,
2019; Berkane and Tayebi, 2017b; Berkane and Tayebi, 2019], two types of hybrid non-
linear observers for inertial navigation systems,with and without the knowledge of the
gravity vector, relying on continuous angular velocity and linear acceleration measure-
ments, and intermittent landmark measurements. For each observer, we provide two
different design approaches for the gain parameters; a fixed-gain approach relying on an
infinite-dimensional optimization, and a variable-gain approach relying on a continuous-
discrete Riccati equation. The proposed observers are endowed with strong stability
guarantees and do not rely on linearizations compared to the recent work in [Barrau and
Bonnabel, 2017; Hamel and Samson, 2018]. In fact, the proposed observers do not have
any restrictions on the initial conditions of the position and linear velocity. Moreover, the
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first hybrid observer proposed here does not require the knowledge of the gravity vector,
which was not considered in [Barrau and Bonnabel, 2017; Wang and Tayebi, 2019a]. Un-
like the results of [Berkane and Tayebi, 2017b; Berkane and Tayebi, 2019], the estimated
attitude from our hybrid observers is continuous, which is desirable in practice, especially
when dealing with observer-controller implementations. These results of the this chapter
have been published in [Wang and Tayebi, 2019d].

5.2 Problem formulation

Consider a rigid body system, navigating in a three-dimensional space, modeled as (2.83)-
(2.85), i.e.,

R = Rw*, (5.1)
p =,
U = g+ Ra,

where g € R? denotes the gravity vector, w € R? denotes the angular velocity expressed
in the body-frame, and a € R? is the body-frame “apparent acceleration” capturing
all non-gravitational force applied to the rigid body expressed in the body-frame. We
assume that the measurements of w and a are continuously available.

We consider a family of N landmarks with p; € R? being the position of the i-th
landmark expressed in the inertial frame Z. The landmark measurements expressed in
the body-fixed frame B are denoted as

yi=R'(pi—p), i=12,--- N. (5.4)

Note that the landmark measurements can be directly constructed, for instance, using
bearing measurements generated from a stereo vision system as (2.98). The following
assumptions are needed in our observers design:

Assumption 5.1 Assume that there exist at least three non-collinear landmarks among
the N > 3 measurable landmarks at each instant of time.

Note that Assumption 5.1 is commonly used in the problem of pose estimation on SE(3)
using landmark measurements [Vasconcelos et al., 2010; Hua et al., 2015; Khosravian
et al., 2015b; Wang and Tayebi, 2017; Wang and Tayebi, 2019b].

Assumption 5.2 We assume that the landmark measurements are available at some
instant of time t;,j € Nso, and there exist constants 0 < T,,, < Ty such that T,, <
tj+1 — tj < TM fOT' CL”] S N>0.

Assumption 5.2 givens upper and lower bound on the time differences of two consecutive
landmark measurements. Note that 7}, > 0 is required to be strictly positive to avoid the
Zeno behaviors. Note also that one has regular (i.e., periodic) measurements if 7}, = T).
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20

Figure 5.1: An example of the solution of the timer 7 with 7, = 1 and T); = 2.

Due to the impulsive nature of such intermittent measurements, the sampling events
can be modeled by a decreasing timer 7 that has the following hybrid dynamics:
T =-—1 T€l0,T
e [T, Tu] 7€ {0}
with 7(0) € [0, T)s]. Note that 7 decreases to zero continuously when there is not land-
mark measurements, and upon reaching zero (i.e., landmark measurements are available)
it is reset to a value between T,, and T);. An example of the solution of the timer 7 is
shown in Figure 5.1.
The following lemma is useful in the subsequent developments:

Lemma 5.1 Define p, = kiczljil kip; and k., = Zf\il ki with k; > 0,4 = 1,2,---N.
Then, for each R € SO(3),p € R® one has

Z ki(pi —pe)* (i — D — Ryi) = 2¢sa(3)(MRRT) (5.6)
Z ki(p: — P — Rys) = ke (RR"(p — pe) — (0 — pe)) (5.7)

where y; denotes the measurement of landmark p; defined in (5.4) , and M := Zfil ki(pi—
N

Pe)(pi = pe) " = DLy kipipl — kepep/
See the proof in Appendix D.2. Given at least three non-collinear landmarks p;,i =
1,2,---, N, it is always possible to guarantee that the matrix M is positive semidefinite
and has no more that one zero eigenvalue, through an appropriate choice of the gains
kiyi=1,2,---,N.

Given constant matrices A € R™" C' € R™"™ and K € R™™, for each P € R"*",
we define the following real-valued matrix mapping Zp : [0, Ty/] — R™*™ as

Ep(r) = (I — KC) (1) PO(r)(I — KC) — P, (5.8)

where ®(7) = exp(A7). Let A(t) € R™™ C(t) € R™", and V(t),Q(t) € R™" be the
matrix-valued functions of time ¢, which are continuous and bounded for all ¢ > 0. Then,
we consider the CDRE (2.119)-(2.120) with P(0) being a symmetric positive definite
matrix and Q(t), V (¢) being positive definite matrices.
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5.3 Observers design with unknown gravity vector

In this section, we assume that the gravity vector is unknown. Define § € R3 as the
estimate of the gravity vector g. Let R € SO(3) denote the estimate of the attitude
R, p € R? denote the estimate of the position p, and © € R? denote the estimate of
velocity v. Let us introduce an auxiliary variable n € R3. We propose the following
hybrid nonlinear observer:

R = R(w+ R™n)* Rt =R
n = 03x1 77+ = O0R . .
p o= (p-p)+o DT =p+REK,R0, (5.9)
o =no+i+Ra 07 =0+ RK,R g,
é =n"g \éJr =g+ RKgéTap .
7'6[87111»1} TE‘{rO}

where R(0) € SO(3), 5(0),9(0), &(0) € R? and 1(0) = Os,;. The gain matrices K, K,, K, €
R3**3 will be designed later, and the innovation terms o and o, are given as

Z —p — Ry,) (5.10)

=y
Z Ry,) (5.11)

with kg > 0,k; > 0,Vi = 1,2,--- , N, the measurement y; given in (5.4), and p. defined
as per Lemma 5.1. The structure of this observer is given by Figure 5.2.

w PO . B
B = x
pi i =0 repm R Rlwt Bi)
coo——[OR]-—>||n" =0r 7€{0}
B X A ~
PN D=0 (p—p)+

a v =1n"0+g+ Ra

g =n"¢g

@+ = ’[} + RKURTU])
_____________ Opl-—————+g" =g+ RK,R'0,
Te{0}

Figure 5.2: Nonlinear observer (5.9) with gravity vector estimation

Remark 5.1 The variables R, n, D,V and g are continuously integrated when no landmark
measurements are received (i.e., t € [t;j_1,t;],Vj € Nsg), and updated via appropriate
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Jumps once the landmark measurements are received (i.e., t =t;,j € Nsg). It should be

pointed out that the estimated rotation R from the hybrid observer (5.9) is continuous,
leading to an interesting difference with respect to the results in [Berkane and Tayebi,
2017b; Barrau and Bonnabel, 2017; Berkane and Tayebi, 2019].

Define the geometric estimation errors: R = R]%T, D=v—Ri,p=p—Rp— (1 —R)pc,
and § = g — Rg. From the identities (5.6) and (5.7) given in Lemma 5.1, the innovation
terms op defined in (5.10) and o, defined in (5.11) can be rewritten as

OR = kR¢so(3)(MR)a Op = chTﬁ (512)

with k. defined in Lemma 5.1. In view of (5.1)-(5.3), (5.9) and (5.12), the closed-loop
dynamics of the estimation errors are given as follows:

R =R(-n* R* =R ~
7? = 03x1 77+ = kaso(?))(MR)
p =0 pt =p—k.RK,R"p (5.13)
v =g ot =0—-k.RK,R"p
g =03 \g+ =g — k.REGR'p )
TemG“M] Tg{ro}

In the following subsections, we provide two design approaches; a fixed-gain design relying
on an infinite-dimensional optimization and a variable-gain design relying on a CDRE,
for the proposed hybrid observer (5.9).

5.3.1 Fixed-gain design

In this subsection, we consider constant gain matrices K, K, and K,. Let K, =
kyls, K, = kyI3, and Ky = kgl3 with some constant scalars k,, k, and k; to be de-
signed. Let us introduce the new vector x := [p",9",g"]" € R%. From (5.13), one has

the following dynamics:

«x = A 0,7,
X X, 7 € [0, T] (5.14)
xt =(I—-KC)x, 71e{0}
where the matrices A, K and C are given by
O3x3 I3 Osx3 kpls
A= 033 Osxs I3 |, K:=ke |kos|, C=[I5 Oss, Osxs]. (5.15)
03x3 0Ozxz 0O3x3 kgls3

_ Define the extended space U := SO(3) x R?. We introduce the new state z; =
(R,m,x,7) € UXR? %[0, Ty]. From (5.13) and (5.14), one obtains the hybrid closed-loop
system Hy = (F1,G1, F1, Jh) as

Ay, - Ty :Fl(l’l) xle}"l (5 16)
b 1’1’— S Gl(ZL‘l) 1 €N '
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with the flow and jump maps defined as
Fy(a) = (R(=n)*, 0g1, Ax, —1) (5.17)
Gi(11) = (R, krtsos (MR), (I — KC), [T, TM]> (5.18)
(5.19)
(

fleXRQX[O,TM]
Ji = U x R? x {0}

Note that the flow set F; and jump set J; of H; are closed, and F; U J; = U x R? x
[0, T]. Moreover, the flow map F; and jump map G is outer semicontinuous and locally
bounded. Therefore, the hybrid system H; satisfies the hybrid basic conditions given in
Section 2.5.1.

Let M := L (tr(M)I3— M) be a positive definite matrix, where M is defined in Lemma
5.1, and define ¢y; := MM /ML = (tr(M) — M) /(tr(M) — MM). Let us define the following
closed set:

"4 = {(Rvnaxv T) € 6 X RQ X [07TM]| R = I3777 = 03><1,X - 09><1}' (521)
Now, one can state the following result:

Theorem 5.1 Consider the hybrid dynamical system (5.16)-(5.20). Let Assumption 5.1
and Assumption 5.2 hold. Suppose that the matriz M is positive definite, and there exists
a positive definite symmetric matriz P satisfying Zp(7) < 0,7 € [Ty, Ta], with Zp(7)
defined in (5.8) and matrices A, K and C' gwen in (5.15). Then, for any |[R(0)|; < NGEYE
there exist a constant k3, > 0 such that, for every 0 < kg < kj, the set A is exponentially
stable.

Proof See Appendix D.3.

Remark 5.2 Recall the matriz M defined in Lemma 5.1. To increase the basin of attrac-
tion for the attitude estimation error, it is always possible to have ¢py = 1 (i.e., M = kl3
with some k > 0) by tuning the weights k;,i = 1,--- | N, when there exist at least four
non-coplanar landmarks. Moreover, when there exist three non-collinear landmarks, it is
still possible to make spy = 1 as in [Tayebi et al., 2013].

Remark 5.3 The optimization problem Zp(1) < 0,V7 € [I),,Ty| can be solved us-
ing the polytopic embedding technique proposed in [Ferrante et al., 2016] and the finite-
dimensional LMI approach proposed in the recent work [Sferlazza et al., 2019]. A com-
plete procedure for solving this infinite-dimensional optimization problem, adapted from
the work in [Sferlazza et al., 2019], is provided in Appendiz D.1.

5.3.2 Variable-gain design

In this subsection, we consider time-varying gains related to the solutions of continuous-
discrete Ricatti equations. Consider the new vector x = [p' R, 9" R,g" R]" € R°. Then,
from (5.1) and (5.9), the dynamics of x are given by

{x = A(t)x, 7€ [0,

xt=(I—-KCO(t)x, 7e/{0} (5.22)
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where the matrices A(t), K and C(t) are given by

—w* I3 Osxs K,
Alt) = | Osxs —w* Iy |, K=k |K,|, C(t)=[I3 O3x3 03x3]. (5.23)
O3x3  Ozx3 —w” Ky

The gain matrix K is designed as
K =PCHt)T(CH)PCH)" + Q)™ (5.24)

where P is the solution of the CDRE (2.119)-(2.120) with matrices (A(t), C(t)) given by
(5.23) and matrices Q(t) and V' (t) being uniformly positive definite.

Introducing the new state x5, = (R, 7,x,7) € U x R? x [0, T)], from (5.13) and (5.22),
one obtains the following hybrid closed-loop system Hy = (Fa, Go, Fa, Jo):

W, - {1’2 = FQ([EQ) To € Fo

5.25
r3 € Go(z2) 2 € T 5:29)

with the flow and jump maps defined as
Fa(rz) = (R(=n)*,0p.1, A(t)x, ~1)

Galwz) = (R ko (M R), (I = KC(W)x, [T, Tor])
Fo =0 xR x [0, Th]
Jo =0 x R? x {0}

Note that the flow set F, and jump set J» of Hsy are closed, and Fo U Jo = U x RY x
[0, Ts]. Moreover, the flow map F» and jump map G is outer semicontinuous and locally
bounded. Therefore, the hybrid system s satisfies the hybrid basic conditions given in
Section 2.5.1.

Now, one can state the following result:

Theorem 5.2 Consider the hybrid dynamical system (5.25)-(5.29). Let Assumption 5.1
and Assumption 5.2 hold. Suppose that the matriz M is positive definite, and the condi-
tions given in Lemma 2.12 are satisfied. Choose the gain K as (5.24) with P being the
solution of CDRE (2.119)-(2.120) and matrices (A(t), C(t)) defined in (5.23). Then, for
any |R(0)|; < VS, there exist a constant kj > 0 such that, for any 0 < kr < k}, the
set A is exponentially stable.

Proof See Appendix D.4.

5.4 Observers design with known gravity vector

In this section, we provide different observers in the case where the gravity vector g
is known, which is reasonable in many practical applications. With the knowledge of
the gravity vector g, the number of the estimated states is reduced. On one hand, it
reduces the cost of computation, while, on the other hand, it increases the difficulty of
the stability analysis. To this end, we will need the following technical lemma:
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Lemma 5.2 Consider two continuously differentiable functions Vi : U — Rso and Vs :
R™ — Rxq such that the following inequalities hold:

allCI? < Vi) < allCl’, Y eU (5.30)
Vi s —ah (5.31)
alIX|* < Va(x) < anllx||?, Vx€R™ (5.32)
Vo < =XV + B¢ | (5.33)

where oy, &, Ay, Qio, A1, Ao, B are strictly positive real scalars. Then, the following inequal-
ity holds:

6].)1 + VQ < —/\(&?Vl + VQ) (534)

2

. /32 o . )\1 o ﬁ
with some &€ > Diheara, and \ = mln{77 (>\2 25,\1g1g2>}-

Proof See the proof in Appendix D.5.

We propose the following hybrid nonlinear observer:

R = Rw+ RTp)* Rt =R
) +
1 =0z TR 5.35
]? Zﬂx(ﬁ—pc){r@ ﬁ-ﬁ- :ﬁ_i_RiKpRiTO.p ( )
v =n*0+g+ Ra ot =0+ RK,R'o,

TG[J;nr,TM} "'g{ro}

where R(0) € SO(3),5(0),(0) € R® and 7(0) = 03,;. The gain matrices K,, K, € R3*3
will be designed later, and the innovation terms o and o, are given in (5.10) and (5.11),
respectively. The structure of this observer is given by Figure 5.3.

Wl A AT R
Py i=0 repmg[ gy L Rer R
[, _7—> 77*:0’1? TG{U}
B
PN

1.5 :nxﬁa*pc)i»ﬁ
— v =n*0+g+ Ra

TE[U,TM]

M@

p" =p+ RK,R o,
ot =0+ RK,R"o,
b 1 rel0}

Figure 5.3: Nonlinear observer (5.35) without gravity vector estimation
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In view of (5.1)-(5.3), (5.12) and (5.35), the dynamics of the estimation errors are
given by

R =R(-n)*  R* =R
1 =03x1 77+ =k wso ( )
p =0 pro=p— RK R'p (5-36)
o =(I-R)g ot =0 —ke RK R'p
TG[O,T]M] TE{O}

where M is defined in Lemma 5.1.

5.4.1 Fixed-gain design

Consider the variable x = [p",9"]" € R®, and choose K, = k,I3 and K, = k,I3 with
some positive scalars k,, k, > 0. From (5.36), the hybrid dynamics of x are given by

x = Ax+90 0.T
X X + Og, T € [0, T] 537
)(4’:(]—_[(6'))(7 7—6{0}
where 6 = [01x3, g' (I3 — R)]", and the matrices A, K and C are given by
O3x3 I3 ko I
4= K=ke | 1|0 =L O3], 5.38
|:03><3 03><3:| {kv]3:| ) [ 3 3><3] ( )

Note that the main difference of (5.37) with respect to (5.14), is the additional term dg
induced by the gravity.

Let 23 = (R,n,x,7) € U x R® x [0,T)]. From (5.36) and (5.37), one obtains the
hybrid closed-loop system Hjz = (F3, G5, Fs, J3) as follows:

Ztg :F3(.CE3) I3 E.F;),
Hs : 5.39
’ {x; S Gg(l’g) r3 € J3 ( )

with the flow and jump maps defined as

Fy(x3) = (R(—U)X,O:axl,AXJrcsg,—l) (5.40)
Cia(13) = (R, krtsos) (MR), (I — KC)x, [T, TM]) (5.41)
Fz =0 x R® x [0, Ty] (5.42)
Js := U x R® x {0} (5.43)

One can show that the hybrid system 3 satisfies the hybrid basic conditions given in
Section 2.5.1. Let us introduce the following closed set:

A= {(R,n,x, T) € U X RS x [0, T R= I3,m = 0351,% = Ogx1}- (5.44)

Now, one can state the following result:
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Theorem 5.3 Consider the hybrid dynamical system (5.39)-(5.43). Let Assumption 5.1
and Assumption 5.2 hold. Suppose that the matriz M is positive definite, and there exists
a positive definite symmetric matriz P satisfying Ep(1) < 0,V7 € [T, Thr|, with Zp(7)
defined in (5.8) and matrices A, K and C given in (5.38). Then, for any |R(0)|; < \/Sar,
there exist a constant k} > 0, such that for any kg < k3 the set A is exponentially stable.

Proof See Appendix D.6.

5.4.2 Variable-gain design
Let x = [p'R,9TR]" € R® and 24 = (R,7,x,7). From (5.1) and (5.36), the hybrid

dynamics of x are given by
x = A(t)x + o, 7 € [0, Ty
xt = —KC(t)x, 7e€{0}

where 0; = [01x3 g7 (R — R)]T, and the matrices A(t), K and C(t) are given by
. —w* Ig . Kp .
At) = |:03><3 —wX] K =k, [KJ ,C(t) = [I3 O3x3). (5.45)
Let us design the gain matrix K as
K =PCHt) (Ct)PCt)" + Q1)) (5.46)

where P is the solution of the CDRE (2.119)-(2.120) with matrices (A(t), C(t)) given by
(5.45) and matrices Q(t), V (t) € R%*6 being uniformly positive definite.

From (5.36) and (5.45), one obtains the following hybrid closed-loop system H4 =
(F4, G, Fu, \74)1

(I Sti = Filed) v € o (5.47)
gy € Gy(xy) wa€ T
with the following flow and jump maps:
Fy(za) = (R(—n)X, O3x1, A()x + b, —1) (5.48)
Galzs) = (R, krtsos) (MR), (I — KC()), [T, TM]) (5.49)
Fi =0 xR® x [0, Ty] (5.50)
Js = U x R° x {0} (5.51)

One can show that the hybrid system H, satisfies the hybrid basic conditions given in
Section 2.5.1. Now, one can state the following result:

Theorem 5.4 Consider the hybrid dynamical system (5.47)-(5.51). Let Assumption 5.1
and Assumption 5.2 hold. Suppose that the matriz M is positive definite, and the condi-
tions given in Lemma 2.12 are satisfied. Choose the gain K as (5.24) with P being the
solution to the CDRE (2.119)-(2.120) and matrices (A(t),C(t)) defined in (5.45). Then,
for any \R(O)h < \/Sm, there exist a constant k > 0, such that for any kr < k% the set
A is exponentially stable.

Proof See Appendix D.7.
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5.5 Simulation results

In this section, simulation results are presented to illustrate the performance of the
proposed hybrid observers. We refer to the hybrid inertial navigation observer (5.9) with
fixed gain as ‘HINO1-F’, the hybrid inertial navigation observer (5.9) with variable gain
as ‘HINO1-V’, the hybrid inertial navigation observer (5.35) with fixed gain as ‘HINO2-
F’, and the hybrid inertial navigation observer (5.35) with variable gain as ‘HINO2-V’.
Moreover, we refer to the invariant observer proposed in [Barrau and Bonnabel, 2017] as
‘TEKF’.

Consider an autonomous vehicle moving on the ‘8’-shape trajectory given by p(t) =
10[sin(t), sin(t) cos(t), 1] ", with the initial rotation R(0) = I3 and the angular velocity
w(t) = [sin(0.37),0.1,cos(0.37)] . The same initial conditions are considered for each
observer as: R(0) = Ro(0.1m,u) with u € S2, #(0) = p(0) = g(0) = 0351, and P(0) =
I. Eight landmarks are randomly selected on the ground such that Assumption 5.1
holds. We consider continuous IMU measurements and intermittent landmark position
measurements with 7, = 0.1 and Ty, = 0.2. Moreover, additive white Gaussian noise
has been considered with the variances n, = 0.1, n, = 0.1 and n,, = 0.01 in the landmark
position measurements, acceleration a and angular velocity w, respectively. The gain
parameters are taken as k; = 1/8,i =1,2,--- ;8 and kg = 1.2. In addition, we chose

V(t) = diag(n? I, (n2, +n2)I3,n2 I3), Q(t) = ”12/[3
for HINO1-V, and
V(t) = diag(n2 I3, (n2 +n2)13), Q(t) = 7112,]3

for HINO2-V. For the HINO1-F and HINO2-F, we pick k, = 0.5, k, = 1.0 and kg = 0.6,
such that, for both observers, there exists a matrix P satlsfymg = p( ) < 0,7 € [T, T).
For the IEKF, we choose the parameters @, and N, in equation (35) in [Barrau and
Bonnabel, 2017] as suggested in the paper.

Simulation results are shown in Figure 5.4. As one can see, the estimates from the
proposed hybrid observers and IEKF converge, after a few seconds, to the vicinity of
the real state. Interestingly, from the observation in the simulation, the computations
of our observers HINO2-F and HINO2-V are significantly faster than the computations
required by IEKF. This is mainly due to the fact that the IEKF [Barrau and Bonnabel,
2017, Eqn. (35)] requires the computation of the inverse of a potentially high-dimensional
matrix S € R3*V*3N when the number of landmarks N is large.

5.6 Experimental results

To further validate the performance of our proposed hybrid observers, we applied our
algorithms to real data from the EuRoc dataset given in Section 4.7. The IMU measure-
ments are obtained at the rate of 200Hz, while, the measurements of the stereo camera
are obtained approximately at the rate of 20Hz. In our experiments, the numerical in-
tegration of the estimated attitude is performed as follows: Rk+1 = Ry exp(w, Ar) with
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Figure 5.4: Simulation results using intermittent landmark measurements. The true and
estimated trajectories are shown in the top. The estimation errors of rotation, position,
linear velocity and gravity vector are shown in the bottom.
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Ap =ty — tg, Yk € Ny and the sequence {t; }ren., denoting the time instants of the
IMU measurements, while a first-order numerical discretization method is applied for the
integration of the other variables such as p,v,n and g.

Three sets of experiments have been performed with the initial conditions: E(O) =
exp(0.1mu*)Re with u € S%, p(0) = ©(0) = 0341, and n(0) = g(0) = 03x;. The gain
parameters are tuned such that all the observers have a similar performance, which is a
trade-off between the convergence rate and the noise at steady state. Note that higher
gains result in faster convergence but amplify noise at steady-state. As one can see in
Figure 5.5 - Figure 5.7, the estimates provided by all the proposed hybrid observers and
IEKF, using the high rate IMU measurements and low rate stereo vision measurements,
converge after a few seconds, to the vicinity of the ground truth. Note that the ground
truth pose is used to validate the performance of the proposed algorithms and also to
generate the virtual landmarks in the experiments, as explained in Section 4.7.1, due to
the lack of physical landmarks.

5.7 Conclusion

In this chapter, we addressed the full state estimation problem for inertial navigation
systems using continuous IMU measurements and intermittent landmark position mea-
surements. Hybrid inertial navigation observers relying on continuous angular velocity
and linear acceleration, and intermittent landmark position measurements, have been
proposed. Different versions have been developed depending on whether the gravity
vector is known or not and whether the observer gains are constant or time-varying.
All the proposed observers are endowed with exponential stability guarantees. This is,
to the best of our knowledge, the first work dealing with inertial navigation observers
design, using intermittent measurements, with strong stability guarantees. Simulation
and experimental results, illustrating the performance of the proposed hybrid nonlinear
observers, have been provided.
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Figure 5.5: Experimental results using dataset V1_01_easy. The true (groundtruth) and
estimated trajectories are shown in the top. The estimation errors of rotation, position,
velocity and gravity vector are shown in the bottom.
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Figure 5.6: Experimental results using dataset V1.02_medium. The true (groundtruth)
and estimated trajectories are shown in the top. The estimation errors of rotation,
position, velocity and gravity vector are shown in the bottom.
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Figure 5.7: Experimental results using dataset V1_03_difficult. The true (groundtruth)
and estimated trajectories are shown in the top. The estimation errors of rotation,
position, velocity and gravity vector are shown in the bottom.



Chapter 6

Nonlinear Observers for Inertial
Navigation Using Stereo Bearing
Measurements

6.1 Introduction

In this chapter, we consider the problem of simultaneous estimation of the attitude,
position and linear velocity for INSs using IMU and stereo bearing measurements. A
vision aided INS, combining an IMU and onboard cameras, is an interesting alternative
for autonomous navigation in GPS-denied environments [Rehbinder and Ghosh, 2003;
Hamel and Samson, 2017]. In practice, inertial-vision systems either use a single camera,
known as monocular vision [George and Sukkarieh, 2007; Chowdhary, 2013; Qin et al.,
2018], or two cameras, known as stereo vision [Matthies and Shafer, 1987; Kriegman
et al., 1989]. In fact, vision systems do not directly provide three-dimensional landmarks
positions [Le Bras et al., 2017], and as such, additional algorithms are needed to obtain the
three-dimensional body-frame landmark positions [Hartley and Zisserman, 2003; Corke,
2017]. From the model of a pinhole camera, the measurements obtained from images
can be seen as a set of bearing vectors (unit vectors pointing to the landmarks from
the optical center of the camera expressed in the camera frame). Therefore, it is of
great interest to design observers for autonomous navigation systems using directly the
bearing measurements provided by vision systems [Pachter and Porter, 2004; Baldwin
et al., 2009; Le Bras et al., 2017; Hamel and Samson, 2018; Hamel and Samson, 2017].
In the literature, most of the existing results, relying on bearing measurements, are
Kalman-type filters with local stability guarantees.

Motivated by the recent work in [Hamel and Samson, 2018; Le Bras et al., 2017;
Hamel and Samson, 2017], a generic stability result for a class of nonlinear time-varying
systems evolving on SO(3) x R", guaranteeing almost global asymptotic stability and local
exponential stability, has been derived. Based on this, two observers for INS, depend-
ing on the number of available landmarks, are proposed using IMU and stereo bearing
measurements. These observers are then extended to handle biased accelerometer mea-
surements. Finally, to handle the case of biased IMU measurements, these results are

89
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further extended using some high gain conditions. Unlike the results of [Hamel and Sam-
son, 2018; Le Bras et al., 2017; Hamel and Samson, 2017], stereo bearing measurements
are considered in this work to provide full-state (including attitude, position and linear
velocity) estimation for INSs. One of the main contribution of our work is that the
proposed observers guarantee almost global asymptotic stability and local exponential
stability in the cases of non-biased IMU measurements and biased-accelerometer-only
IMU measurements. This is distinct from the classical KF-based filters where only local
stability is guaranteed. Numerical simulation are provided to illustrate the performance
of the proposed observers. These results appeared in our work [Wang and Tayebi, 2019c¢;
Wang and Tayebi, 2019e].

6.2 Problem formulation

Consider the following kinematic equations of a rigid body:

R = Rw*, (6.1a)
p=u, (6.1b)
U =g+ Ra, (6.1c)

where g € R? denotes the gravity vector, w € R? denotes the body-frame angular velocity
expressed in frame B, and a € R? denotes the body-frame “apparent acceleration” cap-
turing all non-gravitational forces applied to the rigid body expressed in the body-frame.
We assume that the rigid body system is equipped with an IMU, which provides the
measurements of the angular velocity w and acceleration a.

Consider a family of N landmarks available for measurement. Let p; be the position
of the i-th landmark expressed in frame Z and p? := R'(p; — p) be the position of the
1-th landmark expressed in frame B. Consider C;, and Cg as the frames attached to the
optical center of the left camera and the right camera, respectively. Let (R.r,pr) and
(Rcr, pr) denote the homogeneous transformation from the body-fixed frame to the left
and right camera frames, respectively. The model of the bearing vectors obtained from
a stereo vision system is given as follows:

s .__ R(—:rs(pf B ps)

s  se{L,R},i=1,2---,N. 6.2
W —py S (6.2)

Note that the bearing measurement x; is not linear with respect to the landmark position
PP, and only partial position information is available in each bearing. An example of the
stereo bearing measurements is shown Figure 6.1.

Remark 6.1 Note that pfs = R/ (pP — ps) denotes the position of the i-th landmark,
w.r.t. the left or right camera frame. Let (u$,v}) be the coordinates of the i-th landmark,
w.r.t. the center of the image in pixels obtained from the left or right camera. The bearing
measurements of the i-th landmark can be written in terms of the pixel measurement as

x5 = MKA,Z;’ € S? with K € R3*3 denoting the intrinsic matrices of the camera and

25 = [ug,vi,1]T € R3.

17 71
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{B}

/{/I }T{ P - ~%j-th Landmark

Figure 6.1: An illustration of the stereo vision system. The stereo bearing vectors are
highlighted in blue arrows.

Assumption 6.1 There exists a constant ¢, > 0 such that ||pi|]| < ¢, for all i =
1,2,---, N.

Assumption 6.1 implies that the landmarks position can not be infinite, which is rea-
sonable in practice. The knowledge on the value of ¢, is not assumed. This assumption
implies that the stereo bearing vectors x2 and x! are not collinear.

6.3 Nonlinear observers design with non-biased IMU
measurements

6.3.1 AGAS for a class of nonlinear systems on SO(3) x R"

Let A(t) € R and C(t) € R™*" be continuous and bounded matrix-valued functions.
Consider a generalized nonlinear time-varying system on SO(3) x R" as

(kror)™

() — K(t)y (6.3)
(1)

with (R,z) € SO(3) x R" the system state, y € R™ the system output. The term op is
given as follows:

R =R
T = A(t
y =C(t

OR = —?/150(3)(MR) + gb(:)j, t) (64)

where ¢(x,t) € R3, M € R¥3 and K(t) = PCT(t)Q(t) with P being the solution to
the CRE (2.116). Note that the dynamics of R and  are decoupled if ¢(z,t) = 0,V €
R™ ¢ > 0. In this chapter, we consider the case where ¢(z,t) satisfies the following
assumption:
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Assumption 6.2 There ezists a constant c, > 0 such that ||¢(x,t)]] < cpl|z|| for all
z € R"™ and t > 0.

The following assumptions are needed in the proof of the following main result:

Assumption 6.3 Matriz M = M " is positive semi-definite with distinct eigenvalues.
Assumption 6.4 The pair (A(t),C(t)) in (6.3) is uniformly observable.

Theorem 6.1 Consider the nonlinear time-varying system (6.3)-(6.4). Suppose that
Assumption 6.2 - Assumption 6.4 are satisfied. Then, the following statements hold:

i) The set of equilibrium points of system (6.3) is given by

U= (I3,0) U{(R,z) € SO(3) x R" : R = Ry(m,v),v € E(M),z =0}.  (6.5)

ii) The desired equilibrium (I3,0) is AGAS and the other three undesired equilibria are
unstable.

iii) There exist a constant k* > 0 such that the desired equilibrium (I3,0) is ezponen-
tially stable if

tr((1 — R(0))M) + kz(0) " P(0) " 2(0) < g,

where k> k* and eg € (0,2(tr(M) — AM ).

max

Proof See Appendix E.1.

Theorem 6.1 provides AGAS and local exponential stability results for a class of systems
on SO(3) x R™. Note that the topological obstruction to global asymptotic stability
of for this class of systems is mainly due to the topological obstruction on SO(3). In
the following subsections, Two nonlinear observers for INS using IMU and direct stereo
bearing measurements are presented.

6.3.2 Observer design using stereo bearing measurements

Let R and p be the estimates of the attitude R, and the position p, respectively. We
define the attitude estimation error as R := RRT, and the geometric position estimation
error as p:= R'(p — p1) — RT (p — p1). Similar to Section 3.5, the term p; is used here
to translate the inertial frame. In fact, = R 'p— R'p=R" (p — Rp) as long as p; = 0,
i.€., the origin of the inertial frame is located at p;. Define p; as the estimate of p; and
pi = R (p;—p1)— R (p;—p1) as the landmark estimation errors for i = 2,--- , N. Then,
we introduce the following vectors:

yi=vi+vl, Vi=1,2--- N (6.6)

where for each s € {L, R}, vf := Re,m R, (RT (p1—p) —ps) and v := RCSTFXZ@R;;(RT(ﬁi -
p)—ps) fori=2,--- N. Let pi* = Rl (R" (p; — p) — ps) denote the measurement of the
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i-th landmark expressed in the s-camera frame. From the definitions of the projection
operator 7, and the bearing vector x}, one has s piCS = 0. Making use of the definitions of
pand p;, for each s € {L, R}, one can show that v = Ry (R, (R (p1—p)—ps) —p<) =
Resmy R.p and vf = Rcsﬂxf(R;(éT (Bi — D) — ps) — P5*) = Resmxs RL(P — P;). Then, one
can rewrite (6.6) in terms of the estimation errors as

11,5 i=1
Yi = . . (6.7)
Hz(p_pz)7 Z:27"'7N7

where II; :== R.gpm, RR Rt RLT LRCL,VZ =1,2,---, N. The choice of the virtual output
y; defined in (6.6) leads to a nice linear relatlonshlp Wlth respect to the estimation errors
p and p; as shown in (6.7). This allows us to obtain a linear time-varying error dynamics
for which the design of the gains can be carried out via a CRE. In practice, one can
always have R.r = R, through a proper design. Hence, in this paper, we assume that
R.r = R.;. From Assumption 6.1, the stereo bearing vectors Xf{ and xZ-L are not collinear.

This implies that the matrix II; is (uniformly) positive definite for all ¢ = 1,2,--- | N.
Let us introduce the following output
y=[v 92, ,un] €R?. (6.8)

Let v and g be the estimates of the linear velocity v and the gravity vector g, respectively.
We propose the following nonlinear observer:

2y {I% = R(w — krRTog)*
z? zﬁ—l{RoE(ﬁ—leﬁpr

5. JU =&+ Ra—knogi+ REy : (6.9)
g = —kropg+ RK.y
pi = —kpoj(pi—p)+ RKy, i=2,---,N

where kg > 0, the gain matrices K,, K,, Kg, Ko, -+, Ky € R¥3Y to be designed later
via a CRE, and the term oy is given by

N
OR = pomIXRmB + plgxé -+ Z}Olﬁzx (}52 —pl) (610)

i=2
with p; == p; —p1 and p; > 0 for all ©+ = 0,1,--- , N. Note that the innovation term

(6.10) is given in a general manner. One can set p; to zero when the associated in-
formation is not available. For example, one chooses py = 0 when the magnetometer
measurements are not available. The structure of this observer is given by Figure 6.2.
The position, velocity, gravity vector and landmark positions are estimated using w,a
and stereo bearing measurements. The attitude is thereafter estimated using the angular
velocity, the magnetometer measurements, the estimated gravity vector, and landmark
positions estimates.
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Figure 6.2: Nonlinear observer (6.9) using non-biased IMU and stereo bearing measure-
ments

Define the velocity estimation error as v := RTv — RT% and the gravity vector es-
timation error as g :== R'g — R'g. In view of (6.1a)-(6.1c) and (6.9), one obtains the
following closed-loop system:

R = R(kpop)*, (6.11a)
po=-wp+0— Ky, (6.11b)
pi=—wpi— Ky, i=2-,N (6.11c)
v = —w i+ g — Ky, (6.11d)
g = —wg— Kgy, (6.11e)
Define the new variable z := [p", 5, ,pn,0 ,&']" € RN In view of (6.8) and

(6.11a)-(6.11e), the dynamics of x and the output y can be written in the form of (6.3)
with

—wX 033 -+ Osxs I3 Osys |
O3x3 —w”™ O3x3  0O3x3  O3x3
O3x3  Osxz -+ —w™ O3x3 O3xs
O3x3  Osxz -+ O3xz —w™ I3
_O3><3 O3xz --+ Osxz  Osxs —wX_
[T, O3x3 -+ Osxz Osxz Osxs
o= H.2 —ﬁ2 . 03.><3 03.><3 03'><3 ' (6.13)
Iy Osxs -+ —IIn O3xs Osxs

The gain matrix K is chosen as
[K;—,K;, 7K]—|\}7K1—)|—7Kg}—r :K:PCTQ(t>

where P € R(Gtg’N)X(ﬁ*?N) is the solution to the CRE (2.116). Using the facts g =
R(R'g —g) = R'g — Rg and p; — p1 = R(R"(p; — p1) — b)) = R'p; — Rpi, one can
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show that g*g = g*R'g — g*Rg and p(p; — p1) = b R"p; — pSRp;. Then, from
(2.46), one can rewrite the term og as (6.4) where ¢(z,t) = —I'(t)z with T'(t) :=
033, p23 R(L), -+, pNDNE(E), 0353, p1g* R(t)], and

N
M = pymim] + prgg’ + > piDib; (6.14)
=2

Making use of the fact ||T|| < pilg|| + S, pillBill := ¢4, one can show that ||p(z, t)|| <
ce||z||. This implies that the Assumption 6.2 is satisfied for op given in (6.10).

Lemma 6.1 Consider the matriz M defined in (6.14) with p; > 0,i = 0,1,--- | N.
Then, the matriz M has three distinct eigenvalues if

1) N > 1 and vectors m; and g are not collinear;

2) N > 2 and there exist at least one landmark p; such that p; — p1 and g are not
collinear;

3) N > 3 and there ezist at least three non-collinear landmarks.

Remark 6.2 Given at least two non-collinear vectors, including the inertial vectors and
the vectors generated by landmarks, one can verify that the matriz M is positive semi-
definite with no more than one zero eigenvalue. Moreover, it is always possible to guar-
antee that the matriz M has three distinct eigenvalues through an appropriate choice of
the gains p; > 0,1 =0,1,---  N.

Remark 6.3 At least three non-collinear landmarks are common in the full-state esti-
mation problem of inertial-vision navigation systems with inertial vision systems, for ex-
ample [Barrau and Bonnabel, 2017; Wang and Tayebi, 2018b; Wang and Tayebi, 2019a.
Thanks to the knowledge of the gravity vector and its estimate, the number of landmarks
can be reduced to 2 in our design. Moreover, with the magnetometer measurements, only
one landmark is required in the observer (6.9) .

Lemma 6.2 The pair (A,C) defined in (6.12) and (6.13) is uniformly observable.

Proof See Appendix E.2.

6.3.3 Simplified observer for N > 3 landmarks

It is noted that, in the previous subsection, the dimension of the estimated state increases
as the number of landmarks increases. This means that the computation time could be
large when the number of landmarks is large. To solve this problem, a simplified observer
for the case of N > 3 landmarks is presented in this subsection.

Let ey, ey, 5 be the standard basis vectors of the linear space R?, that is, e; has all
entries equal to zero except for the i-th entry which is equal to 1. Then, for each landmark
pi = [pi1,Pi2, pis)", one verifies that p; = Z?lei,jej. Let €1, €9, €3 be the estimates of
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e1, e, e3, respectively. Define the new position estimation error p = R'p — RTﬁ and the
basis vectors estimation error é; = R'e; — R'é;. Let us introduce the following vectors:

y=vi+vk i=1,2--- N (6.15)
where for each i = 1,2,--- /N and s € {L, R}, v := Rcsﬂ'foIs(PLT(f)i — p) — ps), with
D = Zi’:l pi;€j. Note that the difference of the vector v;, with respect to the one in
the previous subsection, is the vector p; constructed from the estimates é;, és, 5. In this
case, only three basis vectors will be estimated no matter the number of landmarks. This
is a very efficient way when the number of landmark is very large. Making use of the
fact me R (R (pi — p) — ps) = 0, one has v = R me RL(R'p — R'p— (RTpi— R™p)).
Then, one can rewrite (6.15) in terms of the estimation errors as

3
yi=p—> pié, i=12--- N (6.16)
j=1
with IT; = R.pmr R 5 + R w0 R]; being positive definite for all ¢ > 0 from Assumption
6.1. Note that, with the new choice of the the output y;, the linear relationship with
respect to estimation errors p and é; still holds as (6.7). Then, we introduce the following
output
Yy = [yir?yéra ’y;]T ER3N' (617>

We propose the following nonlinear observer

E1 : {R = f%(w - kRRTO'R)X

ﬁ =0 — kropp+ ]A%pr
. O =84 Ra— koo + RK,y (6.18)
T ) = —kropg + REgy
éi = —kRO'Eél—FRKly, 1= 1,2,3

where kg > 0, the gain matrices K,, K,, Kg, K; € R¥3Y i = 1,23 to be designed later,
and the term op is given by
3
OR = pomIXRmB + p1g7g + Zpiﬂeféi (6.19)
i=1
with p; > 0, for all i = 0,1,--- ;4. The structure of this observer is given by Figure 6.3.
The position, velocity, gravity vector and axis vectors are estimated using w, a and stereo
bearing measurements. The attitude is thereafter estimated using the angular velocity
and magnetometer measurements, as well as the estimated basis vectors and gravity.
Define the new variable z := [p',é],é5,63,0",g"]" € R¥®. In view of (6.1a)-(6.1c),
(6.18), one obtains the following closed-loop system (6.3) with

X

—w”* 0O3x3 Osx3 Osxg I3 Osxs
O3x3 —w™ Osx3 Osxz Osxz Osxs
O3x3  Osx3 —w™ Osx3z Osxs Osxs
A= 6.20
O3x3  O3x3  Osx3 —w™ Ozxz  O3x3 ( )

X
O3x3  0O3x3 O3x3z O3xz —w I
X

| 033 O3x3  O3x3 Osxg O3xz —w
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Figure 6.3: Simplified nonlinear observer (6.18) using non-biased IMU and stereo bearing
measurements

IT; —piill —pi2lly —pi3lly  Osxz Osxs

o Iy —pally  —poolls  —paslly  O3x3 Osx3

(6.21)
Iy —pnilIn  —pan2lly  —paslIn 033 0343
The gain matrix K is chosen as

(K] K[ K], K] K[ K]]' = K=PCTQ(t)

where P is the solution to the CRE (2.116). Using the fact é; = ]A%(RTei—él-) = RTe;,—Ré;,
one obtains e, ¢; = ¢ R'e; — e Ré;. Then, from (2.46) one can rewrite oy as (6.4) where
o(x,t) = —T(t)z with T'(t) = [03x3, p2e; R(t), pses R(t), psey R(t), 03x3, p1g* R(t)] € R3*18
and

3
M := pomim; + prgg’ + Z pis1€ie; (6.22)
i=1

Making use of the fact ||T|| < pillgll + Soi_, pilleill := ¢4, one can show that ||¢(z,t)|| <
Coll]]-

Lemma 6.3 The pair (A(t),C(t)) defined in (6.20) and (6.21) is uniformly observable.

Proof See Appendix E.3.

6.4 Nonlinear observers design with biased IMU mea-
surements

6.4.1 Biased accelerometer measurements only

In this subsection, we consider the case where the acceleration measurements contain an
unknown constant bias. Let b, be the unknown acceleration bias such that a, = a + b,.
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Define l;a as the estimation of b, and Ba = l;a — b, as the estimation error. We propose
the following observer modified from (6.9) as

E1 : {R :fi(w—kRﬁ’TaR)X

1? :@—%Raﬁ(ﬁjpl)ﬂLépr A

v =g+ R(ay — lj“> — kropt+ RK,y (6.23)
o g = —kpropg+ RK.y

be = —Kay

\ﬁz’ Z—kRUE(ﬁi—P1)+RKi?J> t=2,-+-,N,

where kp > 0, the gain matrices K,, K,, Kq, Ko, K; € R¥3Y 4 = 1,2,--- N to be
designed later via a CRE, and the term og is given by (6.10). Similar to the previous
section, one verifies that Assumption 6.2 and Assumption 6.3 are satisfied.

Let 2 :=[p . pa, - . Pn. 0 L&, 00T € R¥3N_ In view of (6.1a)-(6.1c), (6.23), one
obtains the dynamics of x and the output y in the compact form (6.3) with

—w” Ogxz -+ 0O3xs I3 Osxz Osxs
O3x3 —w™ O3x3  0O3x3  O3xz  O3x3

A= 10305 O3x3 - —w* O3¢5 Ozxz O3z (6.24)
O3x3 Osxz -+ O3xzg —w* I3 I
O3x3  Osxz -+ O3xz O3xg —w* Osx3
| O3x3 Osx3 -+ O3xs Osxz  Osxs  Osxs]
[T, Osxs --- Osxs Osxs Osxs Osxs

o ﬁQ —ﬁ2 . 03‘><3 03'><3 03'><3 03‘><3 (6.25)
IIn Osxs -+ —IInv Osxz Osxs Osxs

The gain matrix K is chosen as
.
[KJ,K;,-~,KE,KJ,KJ,KJ] =K = PCTQ(t)

where P is the solution to the CRE (2.116). The term o can be easily rewritten as (6.4)
where ¢($7t) = —F(t)l' with F<t) = [03><37p2ﬁ5<R(t)7 T 7pNﬁ]>§[R(t)703><37p1g><R(t)703><3]
and M defined in (6.14). One can show that ||¢(x,t)|| < cyllz|| with ¢y = p1]|g|| +

Zf\; pillpil], which implies that Assumption 6.2 is satisfied for og given in (6.10).

Lemma 6.4 Consider the pair (A, C) defined in (6.24) and (6.25). Assume that w,w,®
and W exist and are uniformly bounded. Then, the inequality (2.111) holds for all t > 0,
if there exist constants 0, i > 0 such that

t+3
/ lw(T) x w(r)||dr > @, Vt>0. (6.26)
t
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Proof See Appendix E.4.

Remark 6.4 In practice, it is reasonable to assume that w,w,O and W are uniformly
bounded. The persistence of excitation condition (6.26) is required to generate sufficient
motion such that the gravity vector and accelerometer bias can be estimated separately.
This can be verified by the fourth and fifth equations in (6.23).

For the case of N > 3, we propose the following nonlinear observer modified from
(6.18) as

Z1 : {ﬁ = f%(w — k)RRTO'R)X

(p =10— kropp + Rpr
v =g+ R(ay — l:)a) — kroj0 + RK,y (6.27)
Yo: <& = —kropg+ RKyy
be = —Kauy
|6 = —kpojéi+ RKy, i=1,2,3

where kr > 0, the gain matrices K, K,, Kq, Ko, K; € R¥3Y i = 1,23 to be designed
later via a CRE, and the term op is given by (6.19).

Let = = [p',é],é5,é3,0",8",0]]T € R?. In view of (6.1a)-(6.1c), (6.27), one
obtains the following close-loop system (6.3) with

—w”* O3x3 O3xs Osxs I3 Osxz Ozxs]
O3x3 —w™ Ozxg O3x3 O3x3 0 Osyx3
O3x3  Osxgz —w™ O3x3 0O3x3 0O3x3 Osx3
A= [03x3 03x3 Osxz —w™ 0O3x3 O3x3 0O3x3 (6.28)
O3x3  O3xz  O3x3  O3x3 —w” I3 I3

X
O3x3  O3x3  O3xz  Osxz Osxz —w”™ Osxs

| O3x3 O3x3  O3x3  0O3x3 Osxz  Osxz O3xs)
IIi  —pulli  —pdli —pi3ll; 0343 O3x3 Osx3
Iy  —paully  —polls —paslly  O3x3 Osxz Osxs

(6.29)

Iy —pyvilly  —pwelly  —paslIn O3xs Osxs Osxs
The gain matrix K is chosen as
(K] K] K) KSR KL K] = K = PCTQ(t)

where P is the solution to the CRE (2.116). One can rewrite o as (6.4 ) where ¢(z,t) =
—[(t)z with T(t) = [03xs, pae; R(t), pses R(t), paey R(t), 03xs, ;18  R(t), 03x3] € R,
and M defined in (6.22). Making use of the fact ||| < pillgll + 32N, pillBill := cg, one
can show that ||¢(z,t)| < cpl|z].

Lemma 6.5 Consider the pair (A, C) defined in (6.28) and (6.29). Suppose that w,w,
and w exist and are uniformly bounded, and at least four non-coplanar landmarks are
available. Then, inequality (2.111) holds for all t > 0 if condition (6.26) is satisfied.

Proof See Appendix E.5.
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6.4.2 Biased accelerometer and gyroscope measurements

In this subsection, we consider the case where both the acceleration and gyroscope mea-
surements contain unknown constant biases. Let b, be the unknown acceleration bias
such that w, = w + b,. Define Ew as the estimation of b, and l;w = I;w — b, as the
estimation error. We propose the following nonlinear observer modified from (6.27) as

b =0 —krolp+ RKyy

. : " ) (6.30)
. v =g+ R(ay, —b,) — krop0 + RK,y
. Z;a =~y
é = —krolé;i+ RKy, i=1,2,3

where Kg, k, > 0, the gain matrices K, K,, K,, K; € R¥3¥ i = 1,2.3 to be designed
later via a CRE, and the term oy is given by

3
OR = pmn;< }?imB + sz‘eixsatce (éz) (6'31)
=1

where the saturation function sat,, is defined as sat,,_(é;) = min{1, c./||&;|}é; with some
scalar ¢, > 1. Note that sat,,(é;) is reduced to é; when ||é;|| < c.. In this case, o can be
rewritten as (6.4 ) where M = pymym] + 30 piese , and ¢(x,t) = —T'(t)x with T'(t) =
(033, pre; R(t), paes R(t), pses R(t), 03x3, 03x3]. Then, one shows [|¢(x,t)|| < cyllz|| with
Cp 1= Z?:1 pi, which implies that Assumption 6.2 is satisfied for o given in (6.31). The
projection map is given in (3.75). The structure of this observer is given by Figure 6.4.
The position, velocity, accelerometer bias and basis vectors are estimated using biased
IMU and stereo bearing measurements. The attitude is then estimated using the angular
velocity and magnetometer measurements, as well as the estimated basis vectors.

L L
S y XN ﬁ
L. XR e XR > >
Stereo Vision 1> AN ()
- 22 .
> a. >
€1, é27 é3
ay
0 .
IMU i 4> R
mp o 1 b,
> >

Figure 6.4: Nonlinear observer (6.30) using biased IMU and stereo bearing measurements

Remark 6.5 The projection map P§(-,-) was introduced to guarantee that b, is uni-
formly bounded. Moreover, since ||sat, ()| < c. for all & € R3, one can show that
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1P (by, ku RToR)|| < kollorll < kw(pollmr|® + S pice). This implies that the first-
order derivative of b, is bounded for all t > 0. The boundedness of b, and its first-order
derivative will be used later to show the existence of the solution P to the CRE (2.116).

Remark 6.6 [t is noted that the estimate of the gravity is not considered in this case.
This is due to the difficulties it introduces, with respect to the existence of the solution to
the CRE (2.116) when the gyro and accelerometer biases are considered simultaneously.
From a simple extension of Lemma 6.4 and 6.5, the second and third derivatives of
(wy — Bw) are required to be bounded if the estimate of the gravity vector is included as
the observer (6.27). However, it is difficult to show the boundedness of the second and
third derivatives of b, since o contains é; whose dynamics depend on the solution of the
CRE.

Define the new variable = := [p', &/, &) ,éd,97,b1]"

and (6.30), one obtains the following closed-loop system:

€ R'%. In view of (6.1a)-(6.1c)

é = R(RE + ]CRO'R)
i :A() y+90(R>bwat)
y =C(t)
with (R, by, t) = [p" RbX, e] RbY,e] RbX, ed RbX, v  RbX + g (I — R)T,0143]T, and
_—UJX O3x3  0O3x3  Osxs I3 03><3-
03><3 —w, O3x3 O3xz  O3x3 O3x3
O3x3 03><3 —OJX O3x3  O3x3  Oszxs
A= 6.33
O3x3  O3x3 03><3 —w, O3x3 Osx3 (6.33)
O3x3  0O3x3  O3x3 03><3 —w,; I3
| 03x3  O3x3  0O3x3  O3x3 03><3 03x3]
I —pulls  —plli  —pislli Osxs Osxs
o= H.z —P2.1H2 —p2.2H2 —p2.3H2 03.><3 O3x3 (6.34)
Iy —pnvilly —pwnelly —paslIn O3xs Osxs
where w, == w, — ZA)w =W — l;w. The gain matrix K is chosen as
T
(K}, KJ .- Ky K] K] K]] =K=PCTQ(t)

where P is the solution of the CRE (2.116).

Assumption 6.5 There exit constants ¢y, ¢y, ¢y, ¢, > 0 such that ||p(t)] < ¢, [[v(t)] <

oy [Jw(t)|| < ¢ and ||w(t)|| < ¢y for allt > 0.

Lemma 6.6 Consider the pair (A,C) defined in (6.33) and (6.34).

sumption 6.5 holds and at least four mon-coplanar landmarks are available.

equality (2.111) holds for all t > 0.

Suppose that As-
Then, in-
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From Assumption 6.5 and the boundedness of b, and its first-oder derivative, it is easy
to verify that A and its first-oder derivative are uniformly bounded. Then, the proof of
Lemma 6.6 can be conducted using similar steps as in the proof of Lemma 6.5, which is
omitted here. Given the facts that the pair (A(t), C(t)) is uniformly observable and the
matrix-valued functions V(¢) € R™™ and Q(t) € R™ ™ are positive definite matrices,
one can show that the conditions in Lemma 2.10 are satisfied, and hence there exist
positive constants 0 < p,, < pys < oo such that p,, I, < P(t) < pal, for all £ > 6.

Define () = [|R(t)|, [|b. ()|, |z(1)]]]T € R3. Now, one can state the following result:

Theorem 6.2 Consider the nonlinear time-varying system (6.32) with (6.31) and (6.33)-
(6.34). Suppose that Assumption 6.5 holds. For each eg < 1 and for all initial conditions
IR(0)|; < eg, |6 (0)|| < 2¢, + 6,2(0) € RS, there exist ki > 0 and v, > 0 such that, for
all kp > k§, and V(t) > vi 1, <(t) is bounded and

[s(I] < mexp(=A(t =T))[l<(T)[|, Vi=T, (6.35)

for some positive scalars kK, \,T'.

Proof See Appendix E.6.

Theorem 6.2 shows that, with an appropriate tunning of the gains, the proposed observer
(6.30) guarantees exponential convergence of the estimation errors (after a finite time). It
is important to mention that the high gain conditions, provided in the proof, are rather
conservative, and simulation has shown that the proposed observer (6.30) has a large
region of attraction without high gains. Note that observer (6.23) can also be easily
extended to handle biased accelerometer and gyroscope measurements, which is omitted
here.

In practice, the IMU measurements can be obtained at a high rate, while the vision
measurements are often obtained at a much lower rate. Hence, the IMU measurements
can be seen as continuous measurements and stereo bearing measurements can be seen
as intermittent measurements. Taking into account this fact, the proposed observer
(6.30) can be implemented as in Algorithm 2. Similar to Algorithm 1 in Section 4.7,
this Algorithm contains two parts: a continuous integration of the state using IMU
measurements when the stereo bearing measurements are not available, and a discrete
correction to the estimated linear state is applied when the vision measurements arrive.
Moreover, between two consecutive stereo bearing measurements, the continuous part of
Algorithm 1 can be discretized using first order numerical integrations for vectors, and
the following numerical integration for the rotation matrix, }A%KH = }A%,ﬁ exp(dT (wy ., —
IA)wﬁ,.@ — ]{ZRR;—O'R)X) with dT" being the sampling period of the IMU measurements. The
Algorithm 2 can be easily modified for other observers proposed in this chapter which
are omitted here.
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Algorithm 2 Continuous-discrete implementation algorithm

Initialization: Set k = 0.t = 0, |[R(to)]| < en, b (to)]| < 6, plto) € R?, o(ty) € R?,

ba(to) € R?, éi(to) € R%i=1,2,3, P(to) € R*"**' > 0. Choose Q,V > 0.

Output: State R(t),b,,p(t),d(t), &(t), ba(t) for all t > ¢,
1: while Simulation time not exceeded do

10:
11:

12:

Set k=Fk+1
while tk—l S t S tk do
Compute og in (6.19)
Integrate the following equations:

;

R = R(wy — b, — k:R}A%TaR)X
b, =Py, kuR oR)
p =0 —kpokp
o =g+ Rlay, — by) — kro 0
by =0
& = —kgrolé, i=1,2,3
[P =AP+PAT+V
end while

Set Pyr_1 = P(ty) and Spp_1 = S(ty) for each S € {R, by, p, 0, by, é1, 9, é3}
Compute the gain matrices

%5,

D,k

T
KIMK;ka?IquIka;k} = Kk
— Pk\kflcT(CPMk,lCT + Q—l)—l

Obtain stereo bearing measurements xZ, x/*
Compute the output y in (6.17).

Update the state estimates as

foreacht=1,2,....

;

Pelk = Prjk—1 + RKchy

Ople = Opjk—1 + RKv,ky

Z;a,k\k = Ba,k\k—l — Koy

itk = Cippr + Ry, i=1,2,3
Py = (I = KiC) Py

\

Set P(ty) = Py and S(ty) = Sk for each S € {]:2, Bw,ﬁ,@,l;a,ébég,ég}

13: end while
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6.5 Simulation results

6.5.1 Simulation with continuous and noise-free measurements

In this simulation, we consider an autonomous vehicle moving on the ‘8’-shape trajectory
described by p(t) = 10[sin(t), sin(¢) cos(t), 1] T, with the initial attitude R(0) = I3 and
angular velocity w(t) = [~ cos(2t),1,sin(2t)]". The gravity and magnetic vectors, ex-
pressed in the inertial frame, are given as g = [0,0,—9.81]" and m; = [0.8,0.6,0] T,
respectively. There are 10 randomly selected non-coplanar landmarks. The stereo
bearing measurements are generated from (6.2). The accelerometer bias is given as
by = [—0.0209,0.1216,0.0788] .

Four observers are considered in this simulation. We refer to the observer (6.23) us-
ing the knowledge of the gravity vector, magnetometer measurements and stereo bearing
measurements of one landmark as ‘SBINO1’, the observer (6.23) using magnetometer
measurements and stereo bearing measurements of two landmarks as ‘SBINO2’, the ob-
server (6.23) using stereo bearing measurements of N > 3 landmarks as ‘SBINO3’, and
the observer (6.27) as ‘SBINO4’. The same initial conditions are considered for each
observer as: R(0) = R,(0.5m,u) with u € S2, 5(0) = p(0) = g(0) = by(0) = 031, and
P(0) = I. The parameters of each observer are taken as kr = 8, po = 0.5/||g||?, p1 = p2 =
-+ = p1o = 0.5 (p; = 0 when it is not used in the design of o), and Q = 10°1,V = 10751
for each CRE. Simulation results are shown in Figure 6.5. As one can see, the estimated
states from all the observers converge, after a few seconds, to the vicinity of the real
states.

6.5.2 Simulation using real IMU data from the EuRoc dataset

To further validate the performance of our proposed observers, we consider a real trajec-
tory (generated by a real flight of a quadrotor) and real (biased and noisy) IMU mea-
surements from the EuRoc dataset [Burri et al., 2016]. We consider N = 25 randomly
selected landmarks such that there are at least four non-coplanar landmarks. In this sim-
ulation, the stereo bearing measurements are generated from (6.2) and p? = R/ (p; — pa)
with the ground truth rotation Rgs and position pg. Additional noise in the bearing
measurements is considered as [Hamel and Samson, 2018]

s Sign(l‘f?)) s s s s
T; = d—(ﬂfu/xm + N2, -’fi,z/ﬂ%,?, +ni1,1), (6.36)
d:rf = fol/33fs + N1, $fz/xf3 + N2, 1, (6.37)
with s € {L,R},i = 1,2,--- , N and n;1,n;2 being uncorrelated zero-mean uniformly

distributed noise inputs with a maximum deviation of 0.005. The calibration matrix
R.r, R.r, L, pr are provided in the dataset. The initial conditions for the observer (6.27)
are given as R(0) = R, (0.2, u* ) Re(0) with u € S, $(0) = 9(0) = by(0) = 0, and é;(0) =
e; for all ¢ = 1,2,3. The parameters are taken as kr = k, = 2, po = 0,p1 = p2 = p3 =
0.5, P(0) = Is,V(t) = 107°115,Q(t) = 10°blkdiag(ITy "4 TI; "5, -+« T TTIY).
The simulation results are given in Figure 6.6. As one can see, the estimates converge to
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Figure 6.5: Simulations results using ideal IMU measurements.

105



106

the vicinity of the ground truth after a few seconds with large initial errors of position,
velocity and gravity vector. It is important to mention that, due to the limited field of
view of the cameras, the number of visible landmarks are not fixed, especially when the
motion of the vehicle is large. It is difficult to show the existence of a solution of the
CRE when the dimension of the matrix C' changes frequently. Hence, it is still an open
problem to design an observer with rigorous stability guarantees, and proper parameters
@ and V, that ensures ‘optimal’ solutions (in terms of measurement noise) to the CRE
where the visible landmarks are not fixed.

6.6 Conclusion

In this chapter, the problem of attitude, position and linear velocity estimation for inertial
navigation relying on IMU and stereo bearing measurements has been addressed. First,
a stability result for a generic class of nonlinear time-varying systems on SO(3) x R”
has been derived. This stability result has been exploited to develop two nonlinear
navigation observers. These observers are then extended to handle biased accelerometer
and gyroscope measurements. Numerical results using simulated landmark measurements
together with IMU data from the EuRoc dataset have been provided to illustrate the
performance of the proposed observers. An interesting direction of future work would be
applying the hybrid techniques to handle the case where the visible landmarks are not
fixed.
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Chapter 7

Conclusions

Summary

In this thesis, we explored the topics of state estimation for autonomous navigation sys-
tems. We considered the pose estimation problem on the Lie group SE(3) using inertial
and landmark position measurement. Then, we considered the pose and linear velocity
estimation problem for INSs using continuous landmark position measurements, inter-
mittent landmark position measurements and stereo bearing measurements, respectively.

With regards to the pose estimation on SE(3), we proposed a generic hybrid pose
and velocity-bias estimation scheme on SE(3) x R® with global asymptotic (exponen-
tial) stability guarantees. The main feature of this hybrid estimation scheme is the
new observer-state jump mechanism that adjusts the observer state through appropriate
jumps in the direction of a decreasing potential function on SE(3) when the pose estima-
tion error is in the neighborhood of an undesired critical point of this potential function.
Then, an explicit hybrid observer for pose and velocity-bias estimation, using inertial
and landmark position measurements, was derived. To remove the coupling between
the rotational and translational error dynamics, in the bias-free case, the explicit hybrid
observer was re-designed. Moreover, this modified hybrid observer was further extended
to a practically implementable version with fully decoupled rotational and translational
error dynamics in the presence of biased linear and angular velocities.

Concerning the full-state (pose and linear velocity) estimation problem for INSs, we
proposed three different estimation schemes based on the type of measurements used, i.e.,
continuous landmark position measurements, intermittent landmark position measure-
ments, and stereo bearing measurements. In fact, globally exponentially stable nonlinear
geometric hybrid observers on SE5(3) using ideal IMU and landmark position measure-
ments have been proposed. These results have been extended to handle biased IMU
measurements with GES guarantees. Moreover, two hybrid nonlinear observers for INSs,
with strong stability guarantees, have been developed using continuous IMU measure-
ments and intermittent landmark position measurements. Finally, the full-sate estimation
problem, with AGAS guarantees, relying directly on stereo bearing measurements has
been addressed.
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Perspectives

There are still several issues related to the state estimation problem for INSs, and the
proposed solutions in this work constitute a good platform for several future extensions.
In this dissertation, we assume that the landmark positions are obtained from vision
systems, such as stereo-vision systems. However, it is interesting to explore the extension
of the proposed algorithms using intermittent monocular-bearing measurements and to
conduct an in-depth study on the observability constraints related to the use of a single
camera. There are very few results in the literature dealing with this problem, for example
[Hamel and Samson, 2018; Chowdhary, 2013; Qin et al., 2018].

In this dissertation, it is assumed that the number of landmarks is fixed and all the
landmarks are time-invariant. However, in practice, it is quit unrealistic to track the
same set of landmarks all the time, especially when the motion of the vehicle is large.
On the other hand, the location of the landmarks may be time-varying, such as the case
where they are attached to a moving object. There are a few interesting results on SO(3)
using time-varying reference vectors, for instance [Grip et al., 2012; Trumpf et al., 2012].
However, due to the complexity of the INS dynamics, it is still a challenging task to design
full-state observers with strong stability guarantees, when the number of landmarks is
not fixed or/and the positions of landmarks are time-varying.

The Simultaneous Localization and Mapping (SLAM) is a very popular and practical
problem in robotics. It consists of building a map of an unknown environment while
keeping track of the vehicle’s location [Durrant-Whyte and Bailey, 2006; Bailey and
Durrant-Whyte, 2006]. Recently, geometric nonlinear observers for SLAM from a Lie
group perspective, with strong stability guarantees, have made their appearance in the
literature [Barrau and Bonnabel, 2015; Mahony and Hamel, 2017; Zlotnik and Forbes,
2018; Wang and Tayebi, 2018a]. The design of monocular-vision based geometric SLAM
algorithms, with strong stability guarantees, in dynamic environments, is an interesting
problem yet to be solved.
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Appendix A

Proofs of Chapter 2

A.1 Proof of Lemma 2.4

Let r = (r),r,)", 0= (b} ,b,)" € R* with r,,b, € R® and r,, b, € R. From the definition
of wedge product defined in (2.65), one can easily verify that

0

Ty X by _
a |:st11 - bSTU:| =TAb

r/\r:[ v X T }

TsTy — TsTy

b/\r:[ by X 1y }

byry — 1sby

where we made use of the fact that r, x r, = 01in (2.15) and r, x b, = —b, X r, in (2.17).

This implies (2.66) and (2.67). Let R € SO(3),p € R? such that g = Tsg) (R, p). Then
one can show that

(I — g)rrT

_ —I - R -p rvr;r TyTs

10 0| [rer)] 7rors

[T =Ryl —rpr] (I —R)rgr, —rsrep
= 0 0

ol = (Bry + rup)rl rwre — ru(Rr, + rwp)]
- 0 0

From the definition of t(s)(-) defined in (2.57), one deduces

vt et

_1[ (R?"v+7’wp)><7"v ]

N 2 |Twry — Tw<Rrv + TwP)

1
= E(gr) AT
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where we made use of the facts g3 (ryr)) = 0 and Vso(3) ((Rry +rep)r, ) = %rv X (Rr, +
TwD) = —%(Rrv + rwp) X 1, in (2.31). Hence, one concludes (2.68). Using the facts:

gr = {Rm + rsp}  gh= {vab—l— bsp}

S

and from (2.65), one can show that

(Rby + bep) X (Rry +74p)
() A am) =1y (R, + rsi) —1y(Rb, + gsm]

(Rby) X (Rry) + (Rby) x (rsp) + (bsp) X (Rry) + (bsp) X (7sp)
I bs(Rrv + rsp) - Ts(va + bsP)

_ [R(by x 1,) = 7sp x (Rby,) + bsp X (Rrv)]

N bsRr, — rsRb,

[ R peR|[ boxn
N _03><3 R :| |:bsrv _rsbv:| ‘ (Al)

where we made use of the facts (Rb,) x (Rr,) = R(b, X 1), (Rb,) X (rsp) = —rsp x (Rb,)
and (bsp) X (rsp) = 0. Recall the definition of Adj in (2.63), one has

pgp = [ET SRR )

where we made use of the facts g7 = Teg3)(RT, —R'p) and R(R"p)* = p*R in (2.25).
In view of (A.1) and (A.2), one concludes (2.69). This completes the proof.

A.2 Proof of Lemma 2.5

Let A = {Zh 32} with A; € R33 ay,a; € R® and a4 € R, and g = Tses) (R, p) with
3 4
R € SO(3),p € R3. The first two properties can be verified straighted as
MA — M1 mo Al Q9 _ MlAl + moaQs M1a2 + Moy c Mé,
Oi1x3 0] |az a4 0143 0
R P M1 mo RMl RmQ 4
M = = e M,. A3
g {om 1} [lezs 0 } [om 0 } 0 (A.3)

Recall that g7 = Tsgs)(R",—R"p) and g~ ' = (¢g7')", then one has

_TM_ R 0 M1 ma| RM1 ng
I T p™R 1] |05 0|~ |-p"RM; —p" Rm,

Using the definition of Pg(3)(-) in (2.56), one obtains

P.oe3y (RM Rm _
Pee3) (gM) = [ %fo 2 0 2] = Paez (g~ ' M).
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This gives (2.72). Using the facts

T:RT Os0| | B p| _ | I3 R'p
TIZ0pT 1 | |04 1 p'R 1+p'p

- M, m MM +momg 0
M — 1 2 ! 1 oMy 03x1
|:01><3 0} {m; } [ O1x3 0 |’

one can show that

- WM+ mymg 0
tr(ngMMT):tr([TR Ltor PH o 217 30><1:|)

tr(M M, + maymy ) = tr(MM ).
This implies (2.73). Applying the fact that

sl 51l )

I
T o 3
9 gM‘[ O 0| |pTRM; p'Rms

p'R 1+p'p

and the definition of 1),(3)(-) in (2.57), one can easily show that

Vse(3) (97 gM) = hse(s) ([pTA]/%[}\/[I pTr]r;mD - {%0(3) Ml)} = Ye(z) (g gM).

1
a2

This implies (2.74). Moreover, substituting

‘RT 0 M, m R 0
Toas.—T _ 3x1 1 2
A } {OM 0] LPTR 1}

o -RTMl Rng R 0
_pTMl me2 —pTR 1
-RTMlR — RngpTR Rng}

* *

into the definition of 1) (s)(-) in (2.57), one has

N [so) (RT MR — R"mop ™ R
wﬁg(g)(gTMg T)_ @D (3)( 1 2P )1

L Rng

RT¢50 ( ) %RTpXmQ

[ RT =RTp*] [Ysers) (M)
033 RT

where made use of the facts 5,(s) (R"M\R) = RT1/150(3) (M) from (2.29) and 1)so(3) (R"mop " R) =
$(R™p) x (R"ms) = 3R (p X may) = 1R p*my from (2.24) and (2.31). Applying that
the results of Ad, and ts(3)(M), one concludes (2.75). This completes the proof.
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A.3 Proof of Lemma 2.6

From the definitions of zF and x! defined in (2.96), one has the following identities:
L R:piCLX(PicL"‘bLR): pi* X bir
B 1 77 I [ |

c
L borxp’*

bLR X X, = C
' [Fudl
bLRxxR:bLRX(piCL+bLR): bLRXp’CL
' 5™ + bl Ips" + brgll
Hence, one can show that
R L
ory _ llbr X 27| or oyt o Nbor X 7|
Since %CL == lecLHxZL and poLL +brp = pl-oR = Hp?L + brr||zE, one deduces that pr =
”Hl’;f:féuuxf and pt = —‘H;Lf;j};“”xf — brg and thus also
Ubpp x okt Rib p x xk 1
cr _ T [bLr X ; HL+ SU@RH r X x| Ly (AA)
2|z < x| 2

Applying the fact pZ-CL = R, (PP —pr), de, PP = RchfL + pr, one has (2.98). This

1
completes the proof.

A.4 Proof of Lemma 2.7

Since ®(t,7) is the state transition matrix associated to A, one can easily verify that

O(t,t) =T, )T (t) =TT (t) =1,
O (t, 1) =T(T)d (t, )T (t) = T(1)® (7, )T~ (t) = (7, 1)
D(ts, to) P (Lo, t1) = T(ts)P(ts, to) T (ta)T(ta)P(te, t1)T (1))
= T(t3)D(t3, to)P(ta, t1)T *(t1)
= T(t3)®(ts, t,)T ' (t1)
= ®(t3,11)

t
Therefore, one can conclude that ®(¢, 7) is the state transition matrix associated to A(t).
This completes the proof.
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A.5 Proof of Lemma 2.11

The proof of this lemma is motivated by [Hamel and Samson, 2017, Lemma 2.5]. To
prove that P(t) is well-defined for all ¢ > 0 and positive definite, it is sufficient to show
that neither the eigenvalues of P nor the eigenvalues of P~1, can tend to infinity in finite
time with positive definite initial condition (z.e., P(0) > 0). This implies that none of the
eigenvalues of P can either reach zero or tend to infinity in finite time. Let (A\(¢),v(t))
be one pair of the eigenvalues and eigenvectors of P(t) such that Pv = \v and v € S*~1.
Taking the time-derivative on both sides of Pv = Av, one has
Pv+ Po = v+ Mo
Since ||v|| = 1, one verifies that v'© = 0. Then, one has
A=v"Pv+ov'Po=v"Po+ v"0=0"Pv

where we made use of the fact that v"P = Av'. From (2.119)-(2.120), one has the
dynamics of A\ as

A = A+ Ao+ 0 Vo, (A.5)

M =)A= 'CT(CPCT +Q N 'Cv, (A.6)
Let a be the upper bounded of ||A|| and v be the upper bound of ||V||. Using the fact
CT(CPCT +Q71)~1C > 0, one has

A < 2aA+v
AT <A

Recall the definition of the solution to a hybrid system, one has the solution of A as
A(t,7) with ¢ € [tj,t;41]. Then, one can show that

At 5) < (A(O, 0) + 2“—@) e2at _ % (A7)

for all j € Nand t € [t;,t;11).

On the other hand, let (A(¢),v(¢)) be one pair of the eigenvalues and eigenvectors of

P~(t) such that P~'v = Av and v € S*"'. One can show that A = v' P~'v. From
(2.119)-(2.120), one has the following dynamics:

P =-PlA-ATP - plyp! (A.8)
(PH =P +CTQC, (A.9)
where we made use of the fact P~ = —P~1PP~1 and
(P+PCTROP) =P ' CY(R'+CPC")'C =P+ CTQC,

with R = —(7C’PC'T + Q717! from the property of matrix inversion (2.7). Then, the
dynamics of X is given by

A o= Av— ATy — MoV, (A.10)
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AT =X+0'CTQCw, (A.11)

Let ¢ be the upper bound of ||CTQC||. Then, one obtains

)i < 2a5\,
A=)+ q
Then, one can show that
- ~ J
At, 5) < A(0,0)e +)  get=) (A.12)
i=0

for all j € N and ¢ € [tj,t;,1). Hence, from (A.7) and (A.12), it is clear that A, A can
not grow to infinity in finite time for any P(0) being positive definite. It follows that the
solution of P is well defined on R>(. This completes the proof.



Appendix B

Proofs of Chapter 3

B.1 Proof of Lemma 3.1

From the definition of A, one can show that

. i kzp ( ) + Z j+n, U (UZ)T an kzp
A = kiriri—r = |:Zl LR JrmEi AT Zn11 “,
2 S kD) Sk,

which implies:

ni n2
A= kp(p))T + ) kjem vy (0)T
i=1 j=1
ni ni
b= kpl  d:=) k.
=1 =1

From Assumption 3.1, there exists at least one k; > 0 for all © = 1,2,--- ,n;. Hence, one

has d > 0. Let oy = k;/(D_12, ki), it is easy to verify that pf = > a;pf = bd™'. In
view of (3.8) and (3.9), one has

M=A-bb"d"
ni ng ni T/ m !
= "k (o) + D Ky (vF) ' - (Z kip?) (Z ’fﬂ%) (Z )
znzll ] 1:11 : n =1 ) =1
= Z kipiz (pzz) — Z k?ipf (Pf) + Z kj+n1UiI (UZI)
i=1 i=1 i=1
Substituting p? = v + pZ from (3.8) and Y "', k;v} = 0, one obtains

M = Zk of +pf) (o +pF) " Zl@pc ) +Z2kj+mviz(vi1)—r
=1

=1

=D k(@)@ + Z kim V7 (07) "
i=1 i=1
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It is straightforward to verify that M is positive semi-definite. Then, one can further
show that

W= 53 R P+ 5D kg (05 (B.1)

From lemma 2 in [Tayebi et al., 2013], one can conclude that M is positive definite. This
completes the proof.

B.2 Proof of Lemma 3.2

From the definition of A in (3.9) as per Lemma 3.1, one obtains

S kil =gl = (- g AU~ g))
= tr (ng(Ll — g DAL — gfl)T)
= tr ((14 —g)A(Ily — Q)T) )

where property (2.73) and the facts (I, — ¢~') € Mg and (I; — g~')A € M} have been
used. Furthermore, using the fact (§7'¢g7'rs) A (§7'rs) = Adj-1((g~"7:) Ary), one verifies
that

n 1 n
Vae(a) (Pasia (I — 971)A)) = Z kit (I — g7 i) = 5 3 kalg™'ri) A
i i=1

Ad’ Zk (Gg~"ri) Ari = Zk (97 ) A (g ).

This completes the proof.

B.3 Proof of Lemma 3.3

Let (A\M v) denote the pair of eigenvalue and eigenvector of the matrix M, i.e., Mv =
AMy. Then, one has

A (ug,v) =tr(M) — unMuq —22M(1 — (unv)Q). (B.2)

1) For the sake of analysis, let E(M) = {vy, vo, v3} with vy, v9, v3 are three orthogonal
eigenvector of M. Using the fact E(M) C U, for any v € £(M) one has

>
{gggAM(uq, v) uqu&%AM(uq,v)

a) For the case M = M1, for any v € £(M) and u, € E(M), from (B.2) one
has

A (ug,v) =tr(M) — u;Muq —22M(1 — (unU)Q)
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=22 (ujv)?, ¢=1,2,3.

Using the fact Zgzl(u;v)z = 1 for any v € S, one has max,,cu(u]v)* > 3
which implies max, ey u, Woug > 2A". Then, for any v € (M), one can
show that

% . 2
Ay = vggl%ﬁ) g;gﬁj{A(uq,v) > gx\iw (B.3)

For the case A} = X £ A\ > 0, without loss of generality let £(M) =
{v3} U 819 with Sio := span{vy, vo} N'S?. Then, if v = v3, from (B.2) one has

A(ug,v) = tr(M) — unMuq — 2231 — (unvg)z)
tr(M) — A =20 w, € {v1, 00}
tr(M) — M, Uy = Us '

Consequently, one has

max A(u,, v) = 2\13, v = vs. (B.4)

uq€U
If v € 815, one has
A(ug,v) = tr(M) — ug Mug — 221" (1 = (u] v)?)
{)\éw — A 20 (ugv)? ug € {v1, 00}

0, Ug = U3

Using the fact that u; and uy are orthogonal, one has Zzzl(u;v)z =1 for any
v € S12. Then, one has

max A(ug, v) > A, v e Sp. (B.5)

uq €U
Hence, in view of (B.4) and (B.5), one obtains

. - M \M
vggl%ﬁ) max Alug,v) > min {205, \3" } . (B.6)

If M has three distinct eigenvalues \M # )\é” ;1 # 5 = 1,2,3, then, for each
vs € E(M), one has

A(ug,vs) = tr(M) — uy Mug — 20 Mug(1 — (u, vs)?)

(M) —uy Mug — 20 Mv,  q# s
(M) — u] Mu, g=s5

Since tr(M) — uy Mug > tr(M) — u) Mu, — 20, Mu,, one obtains

max A(ug, vs) = tr(M) — A\, Vo, € E(M).

uelU
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Hence, one has

i A = tr(M) — A2
Do max (ug, v) = tr(M) — Ay

(B.7)
From (B.3), (B.6) and (B.7), one concludes (3.15).

2) Iftr(M)—2\M > 0, let uy, ug, uz be any orthonormal basis in R? and {uy, ug, uz} C

max

U. Then, for any v € £(M),u, € U, one has
A(ug,v) =tr(M) — unMuq —22M(1 — (unv)z).

Using the facts 22:1( s0)? =1for any v € S* and 22:1 u) Mug = tr(M), one has

ZA(uq, v) = <3tr(M) - ZunMuq —2\M (3 - Z(unv)2>>

q=1 q=1 q=1

Wl

(2tr(M) — 4N,

Wl Wl

which implies that max,, cy A(ug,v) > 2 (tr(M) — 2A)") . Then, for any v € £(M),
one can show that

2
i > = —22M ).
in max Atg,v) > 3 (tr(M) — 2A\00)
which gives (3.16).

This completes the proof.
B.4 Proof of Proposition 3.1
. In view of (2.53), one can show that

t(3) = Vil 9(Ady b — s))" )

= (7' VU, (Ady(be — ks))")). (B-8)

Let us consider the following real-valued function on SE(3) x RS,

V(g.be) = U(G) + bel b (B.9)

From the definition of the potential function, one can verify that V' is positive definite
with respect to the equilibrium point (/y,0). Taking the time derivative of V', along the
trajectories of (3.21)-(3.22), one has

V = ((§7'Vald, (Ady(be — kpf))")) — 2b{ o
= —ks((§7 VU, (Yee() (G VU))N) + (G ViU, Ady (52))) — 2bf oy
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< —kg (77 Vall, (Yaei) (5 Valh))")) + ((Adj (§7'Val), 7)) — 2b{ o

= —2kp|vsc(3) (97 Val)II* + 26 Adtseis) (97 V) — 2b¢ o

= —2kg|vsen) (97 VU, (B.10)
where we made use of the fact Ad;Ad;-1 = I, (2.61), (2.62), (2.58), and the definitions of
3,03 Thus, V' is non-increasing for all £ > 0 and the estimation errors (g, b¢) are bounded.
There exist a constant > 0 and a set D, := {(g,b) € SE(3) x R V(g,bs) < p},
such that (g(t),be(t)) € Dy, Vt > 0 if (§(0),b¢(0)) € D,. Applying LaSalle’s invariance

theorem, one concludes that that (g, b¢) must converge to the largest invariant subset of
WnD,

W = {(3,be) € SE(3) x R®| § € Csgpy, be € R},

One can easily verify that (1,,0) € WND,,. Choose y small enough such that WND, =
{(3,b¢) € SE(3) x RS| § = I4,beI' b < p}. Hence the solution of § must converge to I.
For § = Iy, it follows that § = 0 and 8 = 0. Using the facts § = 0 and 8 = 0, one can
conclude from (3.21) that be = 0. Therefore, the solutions of (g, b¢) must converge to the
equilibrium (/4,0). Finally, the equilibrium (4, 0) is locally asymptotically stable. This
completes the proof.

B.5 Proof of Theorem 3.1

Let us consider the following real-valued function on S,
V() = U(G) + beD e (B.11)

Similar to (B.10), the time derivative of V| along the flows of trajectories of (3.30), is
given by

V= <V§U,§(Adg(5£ - kﬁﬁ))A>§ —2b{ oy
= ((§7'VaU, (Ady(be — ksf3))")) — 2b{ oy
= _Qkﬂl wse(fi)(gilvﬁu)“a (B'12)

Then, for any = € F., V is non-increasing along the flows of (3.30). For any = € 7., one
can show that

V(z™) = V(z) =U(G") —U(g)
< ;rqlei%bl(égq) —U(g) < -4, (B.13)

which implies that V' is strictly decreasing over the jumps of _(3.30). Applying the hybrid
invariance principle in Theorem 2.1, it follows that the set A is stable.
Next we are going to show the asymptotic stability and finite number of jumps. From

(B.12) and (B.13), one can verify that

0<V(a(t,j) < V(zt,j—1)) —6 < V(2(0,0)) — &, (B.14)
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where (¢,7),(t,j — 1) € dom « with (¢,7) = (¢,j — 1). This leads to j < J := {M—‘,
where, [-] denotes the ceiling function. Hence, one concludes that the number of jumps
is finite and it is linked to the initial conditions.

In view of (B.14), it follows from Theorem 2.1 that x must converge to the largest
invariant subset of F. N W with

W ={z eS| je Csed} = Csep x R* x SE(3) x R® x Ry,

where we made use of the definition of Csg3)Ud. From the definition of . and condition
(3.31), one can verify that A x R% x SE(3) x R® x Rsq € F. and Ay x R® x SE(3) x
R® x Rsg C J... Using the facts:

W = Ay x R* x SE(3) x R® x Ryq U {I,} x R® x SE(3) x R® x Rxg
Ay x R% x SE(3) x R x R>g € F.
{I,} x R® x SE(3) x R® x Rsy C F,

one has

FoNW =F. N (A x R* x SE(3) x R® x Rog U {4} x R® x SE(3) x R® x Rxy)
= (FoN Ay x R? x SE(3) x R® x Rxo) U (F. N {Ls} x R® x SE(3) x R® x Rxy)
= QU {L} x R% x SE(3) x R® x R
= {I,} x R® x SE(3) x R® x R (B.15)

Hence the solution of x must converge to {I;} x R x SE(3) x R x Rxy, i.e., the pose
estimation error § must converge to I,. For § = Iy, it follows that ¢ = 0 and 8 = 0.
Using the facts § = 0 and 8 = 0, one can conclude from (3.30) that l;g = 0. Therefore,
the solutions of 2 must converge to A. Finally, the set A is globally attractive and stable
which shows that A is GAS.

B.6 Proof of Theorem 3.2

Let us consider the following real-valued function V' : & — Ry in (B.11). In view of
(B.12) and (B.13), one obtains

V = —2ks||tbe( (G VU |2 Vo € Fe (B.16)
V(zt) <V(z)-96,, Vozel. (B.17)

These imply that V' is non-increasing along the flows of (3.30) and strictly decreasing
over the jumps of (3.30). Similar to (B.14), the number of jumps is no more than the
finite value Jyax := [V(2(0,0))/0 ]. From the definitions of CsgsU and Ay, one has
|Vse) (G 'Valh)|| = 0 and |g|; # 0 for all § € Ay. From condition (3.33), one can
show that A x R* x SE(3) x R® x R>¢ € F.. Since F.U J. = S, one concludes that
Xy x R3 x SE(3) x R® x Ry¢ C J...
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To show exponential stability, let us consider the following Lyapunov function candi-
date:

L(z) =V (z) — 2" Ub;, (B.18)

where U := diag(j113, 1ol3) with gy, po > 0 and 2 := [t (R RYTR,pTR|T. Let e :=
1317, 1Bo ], [16,]]]T and let e; be the i-th elements of e. Letting v := (s (R ) from
(2.38) and (2.55) one verifies that |[¢z]* < tr(l; — R) = 3||I; — R||% < 1|32 = e}, From
(3.32), one obtains

\/§M1

1 1

L < agel+—e3+ —es+e e + pzes)
k., k., 2
1 2

L > aje] + k—e% + k—e§ — ey 2M162 + pses),

which implies

051 42M1 %1#2 o%) 42M1 %/ﬁz
R et < [ L0 e
5 Ha 0 T 2H2 0 &
X g
Using the fact |z[% = [g]3 + ||b¢]|* = ||e]|?, one obtains the following inequalities:
Aminlt % < L) < Alal (B.19)
From (3.30), one has
R = R(—kst, + Rb,)*, (B.20)
p = R(—kgt, + p* Rb, + Rb,), (B.21)
where E(R) := Ltr(R) — RT). The arguments of 1) have been omitted for simplicity,
and ), 1, are given by ¢ := [¢],4]]T. From Lemma 2.1, one has ||E(R)||r < v/3 and
v (= E(R)v < 2|RE|v]? < 2[R||jo]* < 2| Is— R #llv]* < %|gli|v]? for all v € R,
Define the constants ¢, := sup; [|w(t)| and ¢, := sup,s ||p(t)||. Since b, is bounded

both in the flow and jump sets, there exists a constant ¢y, = sup ;=00 0o (t, 7)||. In

view of (B.20)-(B.22), the time-derivative of the cross term X := 2TUbe = —pnb) RTp —
tap ' Rb, is obtained as

%= —:TUb — 2 TUb,
= — bl (R + RTa(R) = bl (RTH + BTp) — =TUB,
= bl (w = b + histhu)* RTbg = pub] R B(R)(—hsth + Bb,) + b (w)* R
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— pob) R (=kgib, + p* Rb,, + Rb,) — 2 UTAd}Ad; 11
< —pul[bull* = p21bul1* + ol 1ol + paksllboll [l
+ bl R (I — E(R)) Rby, + paks||bol[| E(R) || pll¢ull + pace b l]15]
+ pioksl|boll[[00]] + praco, BulllIB]] + pacollbull1bll + kel U |2 ]|zl | Adg || <l Adj -1 9]

< —pullbull” = p2llbo® + 2v/@sm ksllbolllglr + < rmcsllllby|
+ e g1 1ball + /B ksllbol1d]r + paco|bollldl + v/aapksllbo 1311
+ 126, 1011917 + pacpl1boll 0]l + Eregy/as(ur + u2)|gl7

< —mllboll® = pallbo|l” + pa (Lew + 2v/@ks + Lav, + VBasks)|dlr|1bs|

+ pa(co + V/aaks + o) [10ull1g1r + pacp|Ibullllb]] + kregy/as(u + us)|gl7,
where kp := ||T||r, ¢y == [|Ad}||p = /6 +2c2, and the following facts have been used:
917 = s = BI>+ 1181% 18I = 1R (0 = D)l < ¢ + Bll, [9all® + [[¥oll* < aulgl?,
121l = 11zl + 181l < 1311, 1U1l2 < (111 + 1) and Eq. (3.34). Let ¢ := e, + 2k /as +
@ + kgv/3au, ¢o := kgy/au + ¢y, + Cu, 3 := kpy/ascy. Then, the time-derivative of X
satisfies
X < —pullboll® = pallboll® + s llbolllgle + pacallbull|dls

+ (Hncs + p2cs) 917 + pacy 1o ][0, (B.23)

Consequently, in view of (B.12) and (B.23), one obtains

L< —2kgaze? + (pics + pacs)e] — pal[bul® = piallBy]?
+ pci||boller + pacal|by|ler + pacy|[by[[|bw ||
2/<:5043 — H1C3 — H2C3 —%,ulcl —%,LLQCz
= —e¢ _%Mlcl M1 _%HQCp €
— S H2Co —Ipoc,

T T T
= —612P31€12 - 613P32€13 - 623P33€23>

where e;; == [e;, ej]",4,j = 1,2,3 with e; denoting the i-th elements of e, and

?

— _1 B 1
Py = {kﬁa:’)l H1€3 %M1C1] Py = |:k5,30é31 H2C3 %M202
Talha 2t —3H2C2 32

1 1
P33 := { %Ml _?MCP] .
ToH2Cp M2

To guarantee that the matrices Pi, P, P31, P3o and Ps3 are positive definite, the param-
eters p1; and py are chosen as follows:

2«/0&1 \ 2&1

< , < for P, P, >0
meER PR v
/{350[3 k’gag
< —, < — for P31, Py >0
M1 03—1-}16% M2 03—1—}103 31, 1732
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1

LL2<—2M1 fOl"P33>O
7
which are equivalent to

2/« k
O<u1<min{ 1, /304132}

Vk, ¢34+ 1C1

. vV 2&1 kﬁag 1
0 < po < min , .
2 { /—kv 5 + ]_C% C%Ml

One concludes that _
L(z) < =ApL(x), x€F, (B.24)

with A\p 1= II{in{/\P:ﬂ APs2 APssy /A2 On the other hand, from (B.12) and (B.13), it

min?’ min?’ min

is clear that b¢ is bounded in the flow and jump sets. Hence, there exists a constant
Cba "= SUD(2,5)=(0,0) lbe(t, )]l Let g4 = Tse)(Rq,pg) € Q. Using the facts: RY = RR,
and p* = p + Rp,, one has
HZ+ _ ZH — (R+)T¢so(3)(é+> - RT¢50(3)(R)
RTﬁ+ _ RTZ;

S ”waso(3)<RRQ) - 1/}50(3)(R>” + ||]5+ — ﬁ“

< [ Rgthso(3) (BR)|| + l[thso(3) (R) | + || Bpyl|

< 24 ||l

where we have made use of the fact 153 (R)|| < 1,VR € SO(3) in (2.47). Then, one can
further show that
L(z*) = L(z) = V(2*) = V(@) + (1) "Ube — 2T Ubg
V(a®) = V() + (%) = 2l Ube]
=0+ (1 + p2)ca,

| /\

where ¢4 := (2 + ||py||) b, . Choosing iy and pg such that

2,/ k )
0<M1<min{ al? Ba1327_}
vV 20(1 kﬁ@g 1
\/k_v C3+ 02762#’17#1

P

0<,u2<min{

there exists a constant 0 < 6* < — 2uy¢q4 > 0 such that
L(zt) < L(x) -6, z€T. (B.25)

In view of (B.24) and (B.25), it follows that L(¢,7) < exp(—Art)L(0,0) for each (¢,75) €
domz. One verifies that £(z) < exp(—A,)L(z), with A, := —In(1 — 6*/£(0,0)). Con-
sequently, one obtains

L(t,7) < exp(—2A(t+7))L(0,0), (B.26)
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where A := 2 min{Ap, A\;}. From (B.19) and (B.26), for each (¢, j) € domz one has
|z, 7)|.a < kexp (=A(t + 7)) [#(0,0) 4, (B.27)

where k := Agfax/)\Pl Since F.UJ,. = S, the number of jumps if finite and there is no

min*
finite escape-time, one concludes that the solution to the hybrid system # is complete

as per Proposition 2.10 in [Goebel et al., 2012]. This completes the proof.

B.7 Proof of Lemma 3.4

Given g = Tsge3)(R,p), M = A—0bb"d™*, from (3.9) one can verify that

wo-e([" S 8 )
=5t (s = Rl = B)' —2(Is = R)bp’ +dpp’)

1
= tr (M(I; = R)) + 5 |[p — (I, — R)ba~"*.

The gradient V,U(g) can be computed using the differential of U(g) in an arbitrary
tangential direction gX € T,SE(3) with some X € se(3)

dU(g) - gX = (V4lU(9), 9X)4 = ({97 Vlh(9). X)). (B.28)
On the other hand, from the definition of the tangent map, one has
dU(g) - gX = tr (~gXA(lL—g)")
(g7 (g — 1A, X))
(Pee()(9' (9 — 11)A), X))
(Pee() (97" (g — L1)A), X))
(Pee() (I — g7HA), X)), (B.29)

where the fact (I, —¢~')A € M} and property (2.72) have been used. Hence, in view of
(B.28) and (B.29), one can verify (3.37).

Using the fact gP((Iy — g ')A) € M3, the identity V,U(g) = 0 implies that (I; —
g YA = A(I, —g™1)T, which can be further reduced as Ag" = gA. Applying the matrix
decomposition (2.8), one obtains

CR I

¢
(
(
(
(

R)bdl]T _ [§ p— (13IR)bd11 []\04 2} |

Consequently, one can further deduce that
RM = MR", p=(I;— R)bd™". (B.30)
From Lemma 2.3, one has the solution of (B.30) as
(R.p) € {(I5,0)} U{(R,p) : R =Ra(m,v),p = (Is — Ra(m,v))bd ", v € E(M)},
which implies (3.38). This completes the proof.
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B.8 Proof of Lemma 3.5

Let p. := p—(I3— R)bd~'. For the case (I3— R)bd~' = 0, one has ||I3— R||%+||pc|* = |g|3.
For the case (I3 — R)bd™! # 0, there exists a positive scalar 0 < g1(R) < ||bd™!|| such
that ||(I3 — R)bdiln = Q1||]3 — RHF Let ¢1 = K(p, (Ig — R)bdil) with K(, ) denoting

the angle between two vectors. Then, one has

145 = RIl% + llpell®
= (1+ 0})ls = RII% + [Ip* — 201 cos dullp[|1s — Rl

1 —01€OS Py [l
= Is— R .
ol 1= Rl |y sy S| Py
e
which implies that
sil9l7 < 1 = RI|E + [[pel” < salgl7, (B.31)
where s, := min{1,A\2! } and s, := max{1,\2: 1. Note that the matrix ©, is always

positive definite. Using the facts M = $(tr(M)I3 — M) and MM~ 0 for any R € SO(3)
one verifies that

1.5 1.5
Al = RI < (M (1~ R)) < S5 — RI3- (B.32)
Then, from (3.36) one can show that
(9) = mmH 3 = Blp + 5llpell” = aalglr,
1 d
Z/{(g) 2)\n]\14axHI3 RH% + §Hp€H2 < @2‘9‘?,
with
1 1 1 1
a; 1= min { 2)\%m, §d} S1, (g := max { 2)\%&)(, §d} Sg. (B.33)
Using the fact

(I4 — gil)A

[I —RT RTp] {A b] B [(1 —~RNOHA+R™pb™ (I—RMb+ RTpd]

0 0 | |b7 d|l~ 0 0
B [(Is —ROM+ R pb" Rpoe}
- 0 0o |’

From (2.57), one verifies that

_ 1[2 MR) + b*Rp,
Vee(z) (I — g7 HA) = 5 { Yao(o)( RT;% J Pel (B.34)

Hence, one can show that

[Wseia) (1 = g HA)|?
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= {12y (MR) + 0 RTpe | + 1P

= Yo (MR + oy (MR) 0 R+ 710 R el + 7 el

> [y (MR~ [buicy (MRS Bl + 310 BT el 4+ 3 el

= [ty (MR — [ sin ol [0l ot TR el + 101 el + Pl

= [”wso(S)(MR)H Hpem @2 |:”wsa(ﬁ)p<e]|\|4R)H:| ’

with

o, :{ 1 L sin 6ol ]
L sin gl B L(sin® oflBl2 + d2)]

where we used the facts |[b*R"p.||> = p] R(bTbI3 — bbT )R p. = sin? ¢o]|b||?||pe||* and
Py 1= K(b R"p,.). Tt is straightforward to verify that the matrix ©, is positive definite.
Let A22 be the minimum eigenvalue of the matrix ©,. One has
_ 1 1
s (1 = AP = 3 2bauiy (MR) + 0% BT | + 1P
)‘g?n(l|wsa(3)(MR)||2 + [lelI*)
= Ao (0(M, R)tr(M(Is — R)) + [|pel|*)

min

1
= 3% (OO0 RN T - R + 1)

where M := tr(M?)I3—2M?, and we made use of the fact ||1)so(3) (M R)|> = 9(M, R)tr(M (13—
R)) with 9(M, R) := (1 — |R|? cos?(£(u, Mu))) and u € S? is the axis of the rotation R
(see (2.38) in Lemma 2.1). For any Tsg(s)(RR,p) € SE(3)/Ay, one has 0 < J(M, R) < 1.
Hence, there exists a positive ¢* such that

1 _
¥ :=  min 1 — =||I5 — R||% cos?* (£ (u, Mu >
poin (1= Gl = Rl cos (<, 310)

Therefore, one obtains

[Wse(a) (s — g A)* = Afﬁn( I Al Zs — BRI + Hpe||2> > aslgl],

where
ag = A% mln{l —ﬁ*Amln} 51. (B.35)

Moreover, one can also show that

Iseis) (I — g~ A = —IIQ% J(MR) + bR pe||* + d2||pe||2
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1 1

< 2oy (MR + 50" B pe > + 3 e
1 1

< 2tbaiy (MR + 5100 el + 3% e

1 1
<Nl = I+ (S0P + S P
= CY4|9|%-
where
1 1 1
avi=max {GIUIP + 3, 0 (5.36)

From (B.34), one obtains

* — -R XR 2 B MR +b><RT .
Ad? ey (11— g71)A) P } { Uso(3) (M R) p}

0 R Rp.d
-2R¢5a(3)<MR) + RbXRTpe + dpxpe
i dpe

-2R¢50(3)<MR) + (Rb + dp) Xpe

I dpe

-2R¢50(3)<MR) + bxpe

dpe ’

N = NI~ N~ N
T

where the facts dp = dp. + (I3 — R)b and p)p. = 0 have been used. One can further show
that

. _ 1 1
IAdg-10se(s) (s = 9B < 2l tbsogs) (MR + 5107 pell* + Jdllpel”

1 1
< Naaxllls = Rl + (1017 + 7d) pel®

< aylgl3.

This completes the proof.

B.9 Proof of Proposition 3.2

Let § = Tsee) (R, p) with R = R,(0,v), 6 € R and v € S%. In view of (3.9) and (3.43),
one obtains

th(5) = (L5 — R)M) + 5 — (I — Rjpa P (B.37)

_ 1 -
= 2(1 —cosO)v' Mv + 5duga — (I3 — R)bd™"|? (B.38)

where the matrix M is defined in Lemma 3.1. Under Assumption 3.1, one has d > 0 and
M is positive definite. Consequently, U;(§) has a unique global minimum at § = Iy, i.e.,
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U, is a potential function on SE(3). From (B.37), for any g = 73,5(3)(}?,]5) € Xy, and
9q = TSE(s)(Rq,pq) € Q, one has

U (d95) = (T — RR)M) + Sd||py — (I ~ Rp)ba |
= (I — R)M) + x(R(Ly — Ry)M)
=U(g) — (1 —cos0") Ay (ug, v). (B.39)

where u, € U,v € E(M), Ap(+) is defined in (3.13). We also made use of the following

facts: p, = (I3 — Ry)bd™, R = R,(m,v) = 200" — I3, R, = Ra(0*,u,). From (B.39), one
can obtain
U () — meigul(ggq) = (1 —cos®") ng%(AM(uq,v),‘v’v € &E(M)
9q Uq

> (1 — cos6* A
> (1 —cos )vé?%nﬁf?% (g, v)

= (1 —cos0*)A%, > 9,

which implies that Xy, x R® x SE(3) x R% x Ry C J. from (3.29). In view of (3.3)
and (3.46)-(3.48), one can write the hybrid closed-loop system as in (3.30). The proof is
completed by using Lemma 3.4, Theorem 3.2 and the facts Xy, x R® x SE(3) x R® xR C
J. and Ay, x R% x SE(3) X R® x R5g € F..

B.10 Proof of Theorem 3.3

As in Proposition 3.2, for any g € Ay,, one verifies that
Us(g) — minlhs(g. '3949¢) = Uz(g) — min Us(gg, ' 9age)
9q€ 94€Q
= U (9) — minh(gg,) > 9,
gqu

which implies that Ay, x R® x SE(3) x R® x Rsq C J/. Let us consider the following
real-valued function:

. 1 - L

Lr=tr(M(I - R))+ ﬁblbw — I1¥so(3) (R) T Rb,, (B.40)

where fi; > 0. Let & := [||Is — R||#, ||bo|]]”. Following similar steps as in the proof of
Theorem 3.2, it is clear that there exist a constant ¢y, = sup ;= (0.0 b, (t, 7)||, and a

constant 7 such that for all iy < p}

alle]’ < Lr < &lle?, (B.41)
Lp < —E3Lp, ' €F, (B.42)

for some positive constants ¢y, cs and ¢3. Let us consider the following real-valued func-
tion:

d -
L, = 515%5 + k—bjb — fizp" Rb,. (B.43)
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Let e := [[|p]], 1b,]|]T. Tt is straightforward to show that
O} d [
ey [_%1_2 f} &< L,<é {é j} €. (B.44)
2 ky 2 ky
———
Ho

Hy
The time-derivative of £, along the trajectories of (3.72) and (3.74) is obtained as

. . 1 ~—= . ~ L x I
L,=dp'p+ k_b”Tb” — Jiop' Rb, — Jiop" Rb, — Jisp' Rb,

T T 5% BT _ Aoy AT pT i _ 3T
—5 kD p+dp Bp™Rb, + fiskgsp Rby + fizb, B ™R Rb, — fizb, by

d AT~ -
+ Shoiop RR R p = fisp BB,
& e ey DX P _ o dy g
< _Ek’ﬁf_? I_)_,UQby bv+d_ E(E B_B B) Ebw+ﬂ2k6§|’£‘|‘|bv”
I ~T =T~ _d, _ I
+ b BB p— B p)* R Rby+ fiagho|B]* + fizlleol| 2110

2 _ _ d _ _ _
< = ksllpll” = A llboll” + depllllbn ]l + ks IBN1boll + fatpllbul]1bo]

_ _— d, A
+ e, [BI11bo ]| + Ao RullBI” + frace BBl
where &, := ||p|| = [|p — bd™"||, and the following facts have been used: R=RR=R

and p = R (p—p). Let & := max{d, fio} and &5 := kg% + c,, + cs,. Then, one has
. Pr. .4k _lpoa -
L’p < _é; |:2 B l—lu—22 v 2_/“L205:| s + \/55451)”6&)””62”.
—5H2C5 2
s
To guarantee that the matrices Hy, Hy and Hj are positive definite, it is sufficient to pick

v2d _ksd®
ke ot 13 f Hence, one has

L, < =NE |e|? + v2es, el el
< =Ly, + 3/ Lry/ Ly, '€ FL, (B.45)

M >0, 3 .= v264¢,// NI G > 0, and we made use of the fact

where o (= Agign/kmax
lbull < ll&1] < <=Lk Let ¢ == VLr. G2 = /L, and ¢ = [(1,¢]T. From (C.3) and
Cs 0] (B.46)

2| -

<. < _H4C7 H4 = |:_7]_3
2 2

ito such that 0 < jip < min{

(C.6), one obtains

One can easily verify that H, is positive definite. Let us consider the following Lyapunov
(B.47)

L(2') = Lr+ Ly =]

function candidate:
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Using the fact |2'[%, = [g]7 + D¢ ||? = ||&1]% + ||&2]|%, from (B.41), (C.3), (B.44) and (C.6),
one has

alr'|y < L) < alr'|% (B.48)
L2 < —CTHC < =NoL'(2)), 2/ € F, (B.49)
where A}, == )\fifn, a := min{c, /\mm} and @ := max{c, A2 }. On the other hand, using

the facts E+ = ERq bt =0, lfr = b, and p" = p, one has

€

L) = L) = |CTIP = IS = LR+ £y — Lr— L,

:tr<M<f—E>>—tr<M< R)) — 1o (R) T Rby, + jintheos) (R TRYD

< =0+ i1 ([[tao(s) ()| + [[¥sa(s) (R | 1D |
S —5+4ﬂ10bw.

Choosing fi; < min{fj,d/4c,} such that

L) < L@)-6 e, (B.50)
where §* := —6 + 4ficy, > 0. In view of (B.49) and (B.50), one shows that 0 < j
Jmax = [£/(0,0)/0% | and L'(t,7) < £'(0,0) exp(—Npt). One can show that L£'(2")
exp(—\;) L' (2"), with X, := —In(1 — 0*/L£'(0,0)). Consequently, one obtains

L'(t,7) < exp(—2)N(t+7))L'(0,0), (B.51

~—

where X := £ min{\, \;}. From (B.48) and (B.51), for each (¢,7) € doma’ one has
[ (t, 7). < K exp (=X'(t+ 7)) [2(0,0)|La, (B.52)

where k' := y/a/a. Using the same arguments as in the proof of Theorem 3.2, one can
conclude that the solution to the hybrid system H’ is complete. This completes the proof.

+
w



Appendix C

Proofs of Chapter 4

C.1 Proof of Proposition 4.2

For each z§ € SEy(3) x ¥ x R*, let us rewrite R = Rq(m,v) with v € £(M), and
R, = Ra(0,u,) with 0 € (0, 7] and u, € U. In view of (4.15) and (4.16), one can show
that

NQ(R r,b) = T(X,r, b) — min T(X;—X,’f’, b)

Xq=T(Rq,pq,v9)€Q

= tr((ls = R)M) — Gr%i?e 5 tr((Is — RR,)M)

= tr(R(Is — Ry)M
x| tr(R(Ls = B M)

= (1 — cosf) g;ée)% Aug,v)

> (1 — cosf Aluy,v),
> (1= cosf) max Au,,v)

where we made use of the fact max,, ey A(ug, v) > max,, es) A(ug, v) for any v € R3
and the definition (3.13). From the definition of A%, given in (3.14) such that for any
x§ € SE3(3) x ¥ x R*, one has

R,r,b) > (1 —cosf) mi Alu,
po(R, 7, b) = (1 — cos )vgg&)uqrg‘%) (u,v)

> (1 —cosf)Ay, >0,
which gives SE5(3) x ¥ x RT C JF from (4.18) and (4.23). This completes the proof.

C.2 Proof of Theorem 4.1

Consider the following real-valued function Lg : SO(3) — R™:
Lr(R) = tr((I — R)M). (C.1)
Let M := S (tr(M)I3 — M), M := tr(M?)] —2M? and M := 1(tr(M)I; — M). Applying

the results in [Berkane et al., 2017b, Lemma 2], one obtains

IR < £g < 4NN RP2, (C.2)

142
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Lr < —\g|R|? x5 e F¢ (C.3)

M

2.1. Moreover, one can verify that o(M, R) > 0 for all 25 € F¢, which implies Ag > 0 in
the flows.
On the other hand, consider the following real-valued function £, : R* x R* — R as

where A := 4kron Ay, and gy := mingecre (M, R) with a(-,-) defined as per Lemma

£y ) = 5157 + g I8 = T (1)
with some g > 0. Let ey := [||Pe|| ||7]|]T. One verifies that
1 B 1 I
ey {_2& i} er <L, <ey {;_% i] e, (C.5)
2 2kcky 2 2kcky
Py Py

The time-derivative of £, along the flows of (4.23) is given by
]. ~T ~ ~
—kekype + (I — R
0 (Shekube + )g)
— i(—kekppe +0) "0 — pup! (—kekope + (Is — R)g)
= —kckpPe Pe + ptkickope e — 10" 0 + pkickyppe b

L, = bl (—kekype + 0) +

1 _ ~ ~ ~
0 (1= R)g — up. (Is — R)e

< —(kp — pko)kel[pel|” — plloll + pkeky||Be || 9]
g 5 ~ 5 ~
+ ——lolll1 = Rllr + pgllpell s — Rl F.

+

ke,
Let ¢y := max{kf—kv, ug}, one can further deduce that
; ky — ik, )k, e -
£y <= Bl 5 et dal Rl o)
2 Hol
P

where we made use of the facts ||I; — R||% = 8| R|? and ||3]| + ||pe]| < +/2([[0]]2 + [[pe]])2 =
V/2|les|. To guarantee that the matrices Py, P, and Ps are positive definite, it is sufficient
to pick p as

0 < p < mi L Ay
min :
8 Vo Ay + ko2
To show exponential stability, let us consider the following Lyapunov function candi-
date:

L(z9) := Lr(R) + cLy(Pe, V), (C.7)
with some 0 < . Let |2§|4, > 0 denote the distance to the set A; such that 5|5, =
inf, s 1, 009 (1K — XIB + |RE + 7] + 132 + JE— %) = R + ] + 7] =
|R|? + ||e2]|?. From (C.2) and (C.5), one has

alril}, < L(x7) < alzily,, (C.8)
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where o := min{4\M AP}, @ := max{4\} A2}, From (C.3) and (C.6), one has

L(x5) < —Ag|R[7 — eAEP||ea|® + deci| Rl; | es

) A —2¢ec R
=—[IR[r Ileall] {—2?01 5/\P31] [‘ ’I]

leall

-~

Py

< —ApL(29), (C.9)

where P, is positive definite by choosing ¢ < AgA? /(4¢?), and A\p := A% /& with a given
in (C.8). In view of the jumps of (4.16)-(4.18), (4.23) and (C.1), one shows

L(a77) — L(x5)

=Lp(R") — Lr(R) 4+ eLy(p.",07) — eLy(Pe, V)
(Y : T

=-"T(X,r0b) +)r£1€%T(Xq X,r0b)

= —pg(X,r,b) < —4, (C.10)

where we made use of the facts: Lp = T(X,7,b), L} = miny, eg T(X;—X,T, b) from
(4.15)-(4.16), and L} = L, from p. = p., 0" = 0. Using the facts L}; — Lz < —6 and
(C.3), one has Lr(R(t,5)) < -+ < Lr(R(0,0)) — j&, where (t,j) € doma§. From (C.2),
one obtains j < J := [4\}}/§], where [-] denotes the ceiling function. Hence, one can
conclude that the number of jumps is finite.

Since the solution of z{ is complete and the number of jumps is bounded, the hybrid
time domain takes the form domx{ = Uj;ol([tj, tiv1] x {j}) U ([ts, +00) x {J}). In view
of (C.9)-(C.10), one obtains

L(z(t,7)) < exp(=Ar(t —t;))L(x5(t;, 7)) < exp(=Art)L(27(0,0))
< exp(ApJ) exp(=Ap(t + 7)) L(25(0,0)).

Substituting (C.8), one concludes that for each (t,j) € domay,

2 (t, J) A, < wexp (=Ap(t+5)) [25(0,0) 2,

where £ := exp(ApJ)a/a. This completes the proof.

C.3 Proof of Lemma 4.1

To show uniform observability, we need to explicitly calculate the state transition matrix
®(t, 7). Consider a time-varying rotation matrix R(¢) with R(0) € SO(3) and R(t) =
(—w(t))*R(t). Note that R(t) does not have to be equal to R(t). Let us introduce the
matrices T'(t) = blkdiag(R(t), R(t)), S(t) = blkdiag((—w(t))*, (—w(t))*) and constant
matrix A = A(t) — S(t). Then, one verifies that T'(t) = S(t)T(t) and T(t)A = AT(t).
From Lemma 2.7, the state transition matrix ®(¢,7) associated to A(t) can be expressed
as

O, 7) = T()D(t, 7)T(7) (C.11)
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with ®(¢,7) = exp (A(t — 7')) being the state transition matrix associated to A. Using
the facts T-(7) =T (1), T-(7)CT = CTR'(7) and R'(7)R(7) = I3 one obtains

S

/ ()T (1T T (1B )T (1)

— 7 (é /t A YR peire T t)dT) (1) (C.12)

Note that the pair (A4, C') is (Kalman) observable, i.e., rank[C, CA, - - -, CA®] = 6. There-
fore, from Lemma 2.10, there exist positive constants ¢, i such that for all ¢t > 0 one has

W(t,t +§) = 3 tt+5 (1, t)TCTC®(7,t)dr > jils. From (C.12), choosing § > & and

0<pu< % i, one obtains the the Observability Gramian as

Wolt,1+08) > STOW (1, + )T (1) > Iy > s,

.
J
for all ¢ > 0, which implies that (A(t),C) is uniformly observable. This completes the
proof.

C.4 Proof of Theorem 4.2

The proof of Theorem 4.2 is similar to the proof of Theorem 4.1. Consider the following
Lyapunov function candidate:

L(x5) == Lr(R) + L, (x), (C.13)

with ¢ > 0, the real-valued function Lr(R) = tr((I — R)M) defined in (C.1), and the
real-valued function £, : R® — R* defined as

L,(x) =x"P'x (C.14)

It is easy to verify that - [|x||* < £, < JL[|x||*. Let [25].4, > 0 denote the distance to the

set Ajp such that |25]%, = inf,_ XIg(]DeAz(HX XI5+ R+ 1T 1%) = [RIF+ ]I
Recall (C.2), one has

alrgly, < L(x5) < alasly,, (C.15)

where o := min{4\} o= max {4}, -=}. Using the fact that Pt=_plpp

the time-derivative of £, in the flows is given by

L,=x (P'A+ATP —207TQ(#)C + P )x+2x P lv
<X PTWHP x—x'CTQ()Cx +2x" P™v

\/_ g
20l g,

v
< ——x'x+
Py

(C.16)
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where we made use of the facts —x"CTQ(t)Cx < 0, ppls < P < puyle and |y <
17 — R||rllgll = 2v2|g|||R|;. In view of (C.3) and (C.16), one has

: ~ EVUp, 4/2e -
£(a5) < —AnlBEF — S5 Tx+ 2 ||| Rl
Py Pm
. e —22E] g
:_W%'M”[ﬂ% & | ]
 Pm P
Py
< —ApL(a5), a5 € F, (C.17)

where P, is positive definite by choosing e < Agv,, P, /(88°p3,), and A\p := At /a with a
given in (C.15). Using the facts x* = x and £,(x") = £,(x), one can also show that

L(x5") — L(x5) = ﬁR(RU — La(R) +eLy(x") — eL,(x)
—5, a5 e T (C.18)

Therefore, in view of (C.15), (C.17) and (C.18), the rest proof is completed using similar
steps as in the proof of Theorem 4.1.

C.5 Proof of Theorem 4.3

In view of (2.86), (4.10), (4.19), (4.22), (4.32)-(4.33), one has the following hybrid closed-
loop system:

%.¥§:&U>ﬁe% (©19)

Ut = Galag) a5 ey

where the flow and jump sets are defined as F5 := {(25,b,,b,) € S : 2 € F°} and
J5 = {(a§, by, b,) € S5 : 2 € Jf}, and the flow and jump maps are given by

Ry~ ) - AX X%
- ~~ g
R((Fbo)* = krPao(a) (M )) RR,
—kpkepe + 0 — (RRb,)™ (p — pe) v
F3($§) = | -k kcpe (RRb ) ( f}) + ( )g 7G3(x§) = ﬁe )
1 t
_ka:iTwso(S) (Mé) ZZW
—kaTz/Jsa(g) (MR) b

where the following facts have been used: p. = (p — p.) — R(p — pe), R(Eéw)x(ﬁ —Pe) =
(Rb,)*R(p — pe) = (Rby)*(p — pe — Pe), R(Rb,)*® = (Rb,)*Ri = (Rb,)* (v — ). Note
that the sets F5, Jy are closed, and F5U J5 = &5. Note also that the closed-loop system
(C.19) satisfies the hybrid basic conditions given in Section 2.5.1 and is autonomous by
taking wy, a, p, v as functions of time.
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Consider the real-valued function Vi = tr((Is—R)M)+ ii)zi)w, whose time-derivative
in the flows is given by

Vi = tr(=R((Rb,)* — krPeoz) (M R))M) — 2b] R 4)s0(5) (M R)
= —kg|[Peogz (MR)[|7 <0 (C.20)

where we made use of the facts tr(—MR(Rb,)*) = (((Rb,)* M]:E)> = 2¢50(3)(MR)TRZ~)UJ
and tr(MRPw(?))(MR)) = _<<]P)50(3)(MR) MR>> << 3)(MR) P, (MR)>> Then,
one concludes that Vg is non-increasing in the flows. By virtue of Proposmon 4.2, for
each jump one has

Vi — Vi < =4 (C.21)

Therefore, for any 25(0,0) € S5, there exists c;,, > 0such that ¢y, 1= sup ;-0 100, (t, 7))

for all (¢, j) € domz§. Note that ||b, (¢, §)||* < Var(t,5) < V&(0,0), which implies that c,,
is bounded by the initial conditions. B
Let us modify the real-valued function Lz : SO(3) x R® — R* as follows:

- - 1 oen R
Lr(R,b,) = Lr(R) + k—bjbw — Weo(z)(R) " RRby,, (C.22)

where i > 0. Let e; = [|R|;, [|bo]|]T. Following similar steps as in the proof of [Berkane
et al., 2017b, Theorem 1] and Theorem 3.3 in Chapter 3, there exists a constant g* such
that for all 1 < * one has

crlled” < L < egllell?, (C.23)

Lr < —Aglle1]]? x5 € F5 (C.24)

for some positive constants cp, cg and /_\R; From [Berkane et al., 2017b, Theorem 1] and

Theorem 3.3 in Chapter 3, the constant A\r depends on ¢, which is associated to the
initial conditions.

On the other hand, we consider the real-valued functions £, defined in (C.4). Defining

ex = [||pe]| ||9]]]", one verifies that e Piea < £, < ey Paey as shown in (C.5). From

Assumption 4.2, there exist two constants c,, ¢, such that c, := sup,q ||[p — pell, cv =
Sup;> ||v||. Then, in the flows of (C.19) one has

D5l = 267 (ke + 5 — () (0 — e — 5)
< —2hokey|1Bell? + 26, e | 1Bl| + 25, @

Coll> = 207 (~hehpe — (BR) (v — ) + (I ~ Rg)
< 2Aellbull + Mgrémnau ST
= (ke — 5+ (RB.)“(p — pe — ) 5

+ ﬁe (kekyDe + (Rl;w)x(v —0)— (I3 — f%)g)

d ~T~
dt
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< —[1911? + ke || l|9] + e, 19110
ek [ell” + collbu 1| + 2v2g| Bl1||pe
where we made use of the facts: ||[Ils—R||z = 2v/2|R|;, (Rb,)*)T = —(Rb,)*, T (Rb,)*z =

0,Vz € R®. Let cy := max{c, + pcy, ;5% + pcp}, ¢z = 2\/_gmax{kk ,,u} and ¢4 :
max{c, c3}. Then, the time-derivative of [, in the flows of (C.19) satisfies

L, < —(ky — piko)kel|Pel|? — pl|B1* + pkeky el || 9]
+ ca(|Pell + (01D 10wl + cs([D]] + lPell) | ]2
< —ey J Pyes + 2¢q|le1|||| ezl (C.25)

where Py is given in (C.6), and the following facts have been used: |R|; + ||bo|| < V2| e1|
and [[0]| + [|pell < v2]le2]|. Pick

0 < p < mi { L Ay }
4 < min ,
Vhoky &y + kck?

such that the matrices P;, P, and P; are positive definite.
Consider the following Lyapunov function candidate:

L(x5) = Lr(R,b,) + Ly(Pe, D), (C.26)
where € > 0. From (C.23) and (C.4), one has

aflz§|%, < L£(x5) < all25]%,, (C.27)

where o := min{cp, eA[1}, @ := max{cg, eA}2}. From (C.24) and (C.25), for any x§ € Fs
one has

L(x5) < =Aglledl® = eXy2llez® + 2ecaleall ez

5‘ —&cC e
==t ven |22, ] [
N
Py

< —ApL(25), (C.28)

where P, is positive definite by choosing ¢ < AgA2/c2 and A\p := A% /a. In view of
(4.16)-(4.18), (C.4), (C.19) and (C.22) , for any z§ € J5 one has

L(a5") - £(5)
= Lr(RY, %) — Lr(R,b,) + Ly(pF, 7)) — eL,(Pe, D)
= —0 — [Wsa(z)(R) " Rby, + [itheo(3) (RR,) " R Rb,,
< =0+ 4pcy,
where we made use of the results from (C.10), and the fact ||t (R)|| < 1 from
[Whso) (R)1* = 4R[FI(1 = [RI}) < LVIR[F € [0,1]. Choosing i < min{a*,6/26,},

one has

Lla5h) — L(a§) < —6°, a5 € T, (C.29)



149

where §* := —0 + 2fcp, > 0. In view of (C 28) and (C.29), one has 0 < L(x§(t,7)) <
L(x5(0,0)) — j6*, which leads to 7 < J := [L£(25(0,0))/0*]. This implies that the
number of jumps is finite. Moreover, one has L(x5(t,7)) < exp(—=Art)L(25(0,0)) <
exp(ArJ) exp(—Ap(t + j))L(x5(0,0)). Substituting (C.27), one concludes that for each
(t,7) € domxs§,

[25(¢,5), < mexp (=An(t + 7)) [25(0, 0) %,

where £ := exp(ApJ)a/a. This completes the proof.

C.6 Proof of Theorem 4.4

The proof of Theorem 4.4 is similar to the proof of Theorem 4.2 and Theorem 4.3. In view
of (4.19), (4.22), (4.35)—(4.38) and (2.116), one obtains the following hybrid closed-loop
system:
Lo (35 = R et e R
Poleit =Gl 25 e Ty
where the flow and jump sets are defined as Fy := {($2,ZA) b w) € S§ x5 € F5} and
1),

Jf = {(xz,bw, b w) € 8§ x§ € Jg} with Fs, J5 given in (4.31), and the flow and jump
maps are given by

(C.30)

f({(,wy — by, q) —~AX ngl)A(
R(—kgPuoz(MR)) RR,
c Ax— KCx+v . X
F4(1‘4) = 1 7G4($4) = t
_kaTd}so(S)(MR) @w
_kaT¢sa(3)(MR) bw

Note that the sets Fy, Jy are closed, and Ff U JS = S;. Note also that the closed-
loop system (4.31) satisfies the hybrid basic conditions given in Section 2.5.1 and is
autonomous by taking w,, a, A and K as functions of . Consider the following Lyapunov
function candidate:

L(x5) := Lr(R,b,) + L,(x), (C.31)
where € > 0, the real-valued function Lg is deﬁned in (C.22) and the real-valued function
L, is defined in (C.14) It is easy to verify that —-||x[|* < £, < L[|x||*. Using the fact
Lx2 <L, < - [|x[|* and property (C.23), one has

pm
alrgly, < L(xf) < alxgly,. (C.32)

where o = mln{cR, } a = max{cR,—} Using the facts ¢, := sup;sq [[p — pell,
Cy i= SUPysg |[v]| and ||€1H2 = |R]? + ||b,, Hz, one can show that ||v]|? < (¢, + ¢,)||bo|? +
8lgll?|R|? < c2|le1||? with c5 := max{./c, T ¢y, 2v/2|/g||}. Then, the time-derivative of £,
in the flows is given by

Ep =x"(PTA+ATP 1 —207Q(t)C + P Y)x+2x" P 1w
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< —x'"P'V(t )P—1 —x'CTQM)Cx+2x" Py
< —— + —1|x|l||e C.33
. = x|l flea (C.33)
where we made use of the facts —x' CTQ(t)Cx < 0 and ||v|| < cslle;||. From (C.24) and
(C.33), one obtains

EVUm T 2ecs

L(z§) < =Agller]? = =% x+ == lex|[Ix]
pM m
AR =221 e
=l 10 [__ _] ]
Pm PR
—_——
Py
< —A\pL(a5), 5 € FL (C.34)

where P, is positive definite by choosing & < Agvmp?,/(c2p%,), and \p := A\i/a with a
given in (C.32). In view of (4.16)-(4.18), (C.14), (C.22) and (C.30), for any z§ € Jy one
has

L(z§") - L£(x3)
= Lr(RT,05) — Lr(R,b,) 4+ eL,(x") — eL,(x)
=—0— /“/}50 ( ) ﬁii) + ﬂlpso(?))(RR(])TR;rRi)w
< —0 + 2/icy,
where we made use of the results from (C.10), and the fact ||@/150(3)(R)|| < 1. Choosing
@ < min{ua*,0/2¢, }, one has
L(x§") — L(x§) < =07, a5 €T}, (C.35)

where §* := —0 + 2ficp, > 0. In view of (C.32), (C.34) and (C.35), the rest of the proof
can be completed by using similar steps as in the proof of Theorem 4.3.

C.7 Proof of Lemma 4.3

For the sake of simplicity, let @ := w, — b, = w — b,. From (4.43) and (C.20)-(C.21),

one shows that b, and b, are bounded. Moreover, from Assumption 4.2 and Assumption
4.3, one obtains that w and w are uniformly bounded. Hence, one can show that the
time-derivatives of @ and A are well-defined and bounded for all ¢ > 0. Define Ny = C,
N; = NyA and Ny = NyA+ N;. From Lemma (2.8), condition (2.111) is satisfied if there
exist a (strictly) positive constant fi such that

oM O(r) > aly, Yt>0 (C.36)
where
No I3 O3x3  O3x3
O=|N,| = —w™ Is  Osx3

N2 (’ZDX)Q —w* —2w* I3
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It is easy to verify that matrix O is well-defined and has full rank (i.e., det(O) = 1) for all
t > 0. This implies that there exists a constant i > 0 such that O(t) T O(t) > jily, Vt > 0.
Therefore, applying Lemma (2.8) one can conclude that condition (2.111) is satisfied. It
follows that the pair (A(t),C') is uniformly observable. This completes the proof.



Appendix D

Proofs of Chapter 5

D.1 Solving the infinite-dimensional problem

In this subsection, we provide a procedure motivated by [Sferlazza et al., 2019] to solve the
infinite-dimensional problem Zp(7) < 0, for all 7 € [T,,,, T]. First, let (Ai(7),v:(7)) €
R x S"! be the i-th pair of eigenvalue and eigenvector of the matrix Zp(7) such that

Ni(T)vi(1) = Ep(7)vi(7). This implies that \;(7) = v (7)Zp(7)v;(7) is a continuous
function of 7. Taking partial derivative with respect to 7 on both sides of \;(7) =
v (T)Zp(T)vs(7), one has
ONi(T) T, \O=p(T) T/ e Ov;(7)
2 — . — 20, =
57 v; (7) 5 vi(7) + 2v; (17)Zp(7) 9
0=p(T) ov; (1)
T P T Q
= . —_— : 2 . .
/Uz (T) 87_ UZ(T) + )\Z(T)Uz (7—) 87'
o=
= o () =2 ()
or
where we made use of the facts ||v;(7)| = 1, v, (T)avé—f) =0 and \;(7)v;(7) = Zp(7)vi(7)

for all 7. Using the definition of Zp in (5.8) and the fact that d®(7)/d7 = eATA = Ae”™,
the first-order derivatives of \;(7) with respect to 7 is given as

o\ 0=
o= [0 e
= v, (1)(I — KC) e "(ATP + PA) e (I — KC)vi(7)
< 2[|P[[[|Ale*|*|1f — KC|* := 6p.
Then, according to [Sferlazza et al., 2019, Lemma 4], there exist a constant p > 0 and

a value T € [T}, Ty] such that Zp(7) < —2ul, then the maximum eigenvalue of Zp(7)
cannot be greater than —p as long as 7 € [T — &, 7 + £&].
P P

The following procedure adapted from [Sferlazza et al., 2019, Algorithm 1] is presented
to solve the infinite-dimensional problem in a finite number of steps:

Step 1: Obtain an exponential bound on €47, V7 € [T;,, Th] by finding a solution
[I=1I" >0 and § > 0 satisfying

(=A+BN)TH+TI(-A+BI) >0 (D.1)

152
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From [Sferlazza et al., 2019, Lemma 3], one can show that |[e47|| < yefT < yefTv =
ca, VT € [T, Tar] with v := /Ay (I1) /A, (10).

Step 2: Solve the finite-dimensional optimization problem with a constant p > 0
and a discrete set T C [T}, T] (initially T = {7}, T })

(P*,p*) =arg min p, subject to
P=PTp
Ep(r) < =2ul,7€T
I<pP<pl (D.2)

Step 3: Let &% = p(2p*A||A|l||I — CK||*)~!, and define a finite discrete set
Ta = [T : 265 : Tyy]. Check the eigenvalue conditions

Ep(1) < —pl, V1 eET (D.3)

If these steps are successful, the solution P* from Step 2 is a solution of the infinite-
dimensional problem Zp(7) < 0 for all 7 € [T,,,Ty] and the algorithm stops.
Otherwise, add a worst-case value 7 = arg max,c7, (A (Ep+(7))) to the discrete set

T and restarts from Step 2 again.

Note that if the infinite-dimensional problem Zp(7) < 0,V7 € [T, T] is not feasible,
one has to redesign the gain matrix K such that this optimization problem is feasible.
The finite-dimensional optimization problem (D.2) and (D.1) can be solved by a convex

optimization solver like CVX [Grant et al., 2009].

D.2 Proof of Lemma 5.1

From the definition of y; given in (5.4), one has

N N

Zki(pi —p— Ry;) = Zki(pi —p— RR"(pi —p))

= C(pc —p— RRT(Z% - p))? (D'4)
where we made use of k. = Zf\il k; and k.p. = Zfil k;p;. This implies (5.7).
On the other hand, one can show that
N ) N )
Z kz<pz pc)x(pz 2 Ryz) = Z kz(pz - pc)x<pz 2 RRT(pz - p))
i=1 i=1
N
= Z kz(pz - pc)x([ - RRT)pz
i=1
N
= Z kz(]?z - pc)x<[ - RRT)<pZ - pc)7 (D5>
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where we made use of S, kip; = Yo kipe, (i.e., Son | ki(pi — pe) = 0). From the facts

(pi — pe)*(pi —pe) = 0 and —(p; — pe)*RR" (p; — p.) = (RR" (pi — pc))* (i — pe), one can
further show that

N

Z ki(pi — pe)(pi — D — Ryi) = > _ ki(RR" (pi — pe))* (pi — po).- (D.6)

i=1

Applying the property (2.46) in Lemma 2.2 and the definition of M, one obtains that

N
Z ki(pi — pe)*(pi — P — Ry;) = 21/150(3)(MRRT)7 (D.7)
=1

which gives (5.6). This completes the proof.

D.3 Proof of Theorem 5.1

First, we are going to show that |R(t)|; < 1,¥t > 0 for any |R(0)|; < \/<a and some

kr > 0. This step guarantees that the innovation term or = kgtso(3) (M R) vanishes only

at R = I excluding the undesired critical points R = R4(m,v € E(M)). It is clear that

for any |R(0)|; < /Sar, there exists a constant 0 < ¢* < 1 such that |R(0)|? = €*cy.
Consider the following real-valued function on U x [0, T)]:

1
W = S6((1 = B)M) = 70" aag (M) + ey (D8)

with some g > 0 . Let ¢ = [|R]|, ||Inl]" such that [|C[|* = |}:%|§ + [Inl*>. Using the
properties (2.37) and (2.38), one has ||[tss)(MR)||* < tr((I — R)W) < 4| R|7 with
W = $(tr(W)I — W). For all 7 > 0, one obtains the following inequalities:

Al < W < Aliel?, (D.9)

where the matrices P; and P, are given by

IAM ATy, 2\ AV T
Pl - - ) P2 = -
—\/ AV Ty 0 VT pe™

To guarantee that matrices P, and P, are positive definite, it is sufficient to choose
> AN T3 /AL The minimum eigenvalue of P; is explicitly given by

_ ]_ _ _ -
A= B @A )2 — 4N - TS
o L onar e e
_)\m—|—2 2\/(2)\171 )? + 4y Ty,

It is easy to verify that A\Jt < min{2\M u} < 2AM 9Nt /0 > 0 for all > 0, and
MNP — 2AM as 1 — +oo. Hence, given a constant 0 < €* < 1, it is always possible to
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find a constant je« > %/\VAZT]%/[/)\% (depending on €*) such that, for any p > pe, one has
A > 26 MM = 2e* g AM. Then, the time-derivative of W along the flows of (5.16) is
given by

W = étr(MRnX) + T]ngo(g)(]\/[lfi) + TT]TE(MR)T]T —pe™n'n
< T Mllpn™n" — pn'n,

where we made use of the properties (2.44) and (2.42), and the facts: e” > 1 for all 7 > 0
and tr(MRn*) = —((MR,n*)) = —2n sz (MR). Choosing p > max{ e, Tar|| M| £},
one obtains

W < (Tul|Ml|r = ) n"n <0, (D.10)

which implies that W is negative semidefinite and W is non-increasing in the flows.
Let W be the value of W after each jump at 7 = 0. Then, one can show that

1 . 1 g
Wt —w = 5tr((] — RYM) — §tr((l — R)M)
—v(0") "Woo(a) (MB) + 70 aoa) (M R) + pe” ||| — pee” |||
< —kp (T — pe™ kr) [¥so (MR)|1* = plln]f?

where v := 7 € [T},,, Tar], and we made use of the facts R* = R and 7" = kptheo(s) (M R).
Let kj, := %Tme_TM, which is dependent on €* and then |R(0)|; . Choosing kr < k},, one
has o* := T, — pe’™ kp > 0. Therefore, one can further show that

WF =W < ko™ [Wsos) (M R)|1 = pilln)?, (D.11)

which implies that W is non-increasing after each jump. From (D.9) and (D.11), one
can show that W(t) < W(0) for all ¢ > 0. From the initial conditions ||1(0)|| = 0 and
|R(0)|? < €*cyr, one can show that

1 1

I =
A €*Spr

IR(0)]2 <1, Vt>0, (D.12)

where we made use of the facts |(0)|| = 0, W > A (|R|? + ||n]]?) > A2|RJZ, W(0) <
2AMIR(0)2, and A2t > 2e* ¢ AU

Now, we are going to show exponential stability of the set A. Since |}~%| < 1LVt >0,
there exists a constant 0 < € < 1 such that \Rﬁ < 1—c¢forallt > 0. Then, it follows
that ||[¢so@) (MR)|? > 2(1 — |[RHANY|RZ > e\ |RJ2. From (D.9) and (D.11), it follows
that

W <W — ko™ Ay el BIF — pln]|”

Py
)\M
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with ¢; := min{kro*A\We, u} and ¢, := —In(1 — ¢;/Af2). Since W+ > 0, one can show
that 0 <1 —¢y/ )\fj < 1 and then ¢y, > 0. Consider the following real-valued function on
SO(3) x R? x [0, Tyl:

Vi(R,n,7) = MW (D.14)
with 0 < A" < ¢y/Ty. In view of (D.9), (D.10) and (D.13), one can show that
o [[Cl? < W < an¢]f (D.15)
Vi < =AY (D.16)
Vi <e My, (D.17)

where o) == AP @y i= eMTTMIN2 A= ) — AFT); > 0, and we made use of the facts:
V= MTIWH < M Tu—e2 ) and W < V).
Next, let us consider the following real-valued function:

Va(x) = 2 7x &7 (7) Pd(7)x. (D.18)

One can easily verify that there exist two positive constants a,, & such that

X[ < Va(x,7) < dollx|? (D.19)
with o -
a, = min eng)\r(né (T)P‘I)(T))’ Gy = max eAgT/\](; (T)Pq>(7))'
’TE[O,TM} ’TG[O,TM}

The time-derivative of V, along the flows of (5.16) is given by
Vo= =MV 4+ 2% 0T (7)(ATP 4 PA)D(r)x
+ M (1) PO(1) + &7 (1) PO (T))x

< -V, (D.20)
where we made use of the facts AD(7) = &(1)A and &(7) = —AdP(7). Since Ep(v) <
0,Vv € [T, Tw), there exists a positive small enough scalar ¢, < pyr := A such that
Ep(v) < —c,I,Yv € [T,,, Tyr]. Then, after each jump one has

Va(xH) =xT (271 — KO) ()T PO(v)(I — KC))x
= M Ep(v)x + M VX Px

F F
—eMex x4 e pyxx

IN

= (par — cq) €2 7|Ix?
Pm — Cq oM Tt Vs
Qg

IN

where v := 7 € [T,,, Ty]. Pick \J < ﬁln(%) such that IME—QCQeAgTAf < 1 holds.

Letting \j := — ln(p“fi—gc"e)‘gTM), one has

Va(x) < e M Vy(x). (D.21)
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Let |21]4 > 0 be the distance of x; with respect to the set A such that |2,]% :=
inf g0 e (1 RRT B+ =1 + [l |+ 7 = 7]12) = |RIZ+ [l + ] = €17+ >
Consider the Lyapunov function candidate V(z1) = V; + Vs. From (D.15)-(D.17) and
(D.19)-(D.21), one can show that

alzy i < V() < ala| (D.22)
V < —)\FV, T € F (D23)
Vt<e ™MV, 1 ed; (D.24)

where o = min{a,, @, }, @ 1= max{a;, @}, \p 1= min{ A\, \I'} and \; := min{\/, \J}.
Let A, := min{\p, \;}. Inview of (D.23) and (D.24), one has V(z,(t, j)) < e ¢V (z40).
Then, from (D.22) one can conclude that, for all (¢, j) € domwy,

et )la < ) Se |2 (0,0)] 4, (D.25)

ﬁ

which shows that the set A is exponentially stable. This completes the proof.

D.4 Proof of Theorem 5.2

Following the same steps as the first part of the proof of Theorem 5.1, one can guarantee
that |R|; < 1,Vt > 0 with the initial conditions |R(0)|; < \/Sar and ||n(0)| = 0. More-
over, considering the real-valued function V; defined in (D.14), inequalities (D.15)-(D.17)
hold.

On the other hand, let us consider the following real-valued function:

Vo =e x P7x (D.26)
with some v > 0. From Lemma 2.12, one has
abIx[* < Vo < asx]* (D.27)

where o, := ie‘”’TM and af = Zi. The time-derivative of V, along the flows of (5.25)
is given by
Vo= Vo4 e 7x (A P71+ PTA+ P )x
=V —e x PV P x
< <7 e Tm Umpm) 12

P
= -\, (D.28)

where A’ 1= — e Tu =2 and U, = infi>g N Let w(y) = —7+6_7TM”Zﬂ In view
M M

of the facts @(0) > 0, w(=$=) <0, and 9w/0y = -1 —¢ —Tu ”mf)mTM < 0 for all v > 0,
Py

there exists a constant v* € (0, 22) such that @(y*) = 0. Therefore, one can always pick
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a small enough positive constant «, i.e., ¥ < v* such that AJ" > 0. Since the solution of P
is well defined for all (¢, ) € domzy and (PT)™! = P=14CTQC, one verifies that I — K;C
has full rank and (PT™)~! can be rewritten as (P™)™' = P7(I — KC)~!. Therefore, for

each jump at 7 = 0, one has
Vi = e () T(PH) Ikt

=e "x' (I - KO)'(PT) ™I — K,O)x

=e "x' (I - KC)"P'x

=e "X P 'x — e "< 'CT(CPCT +Q)'CPP '

<e My, (D.29)
where \] := yT,,, v = 7+ € [T}, Tw], and we made use of the fact that CT(CPC" +
Q)~'C is positive semidefinite.

Let |z3la > 0 be the distance of x; with respect to set A such that |z,[% =
inf (g g.0,meA(IRRT[7 + [0 — ll* + [Ix = %2> + |7 = 7I|*) = [IC]|* + [Ix||*. Consider the
Lyapunov function candidate V(z2) = V) + Vs, From (D.15)-(D.17) and (D.27)-(D.29),
one can show that

alral’ < V(w) < alwsly (D.30)
V<AV, 1€ F (D.31)
VE<e ™MV, e (D.32)

where o := min{a,, a,}, @ = max{a;, as}, \p := min{\I', \I'} and \; := min{\{, \{}.
Let Ac := min{Ap, A\;}. In view of (D.31) and (D.32), one has

V(xa(t, 7)) < e DY (25(0,0)).

Then, from (D.30) one can conclude that, for all (¢, ) € domzs,

|2a(t, )4 < 1/ =€ 22D |25(0,0)| 4, (D.33)

SE

which shows that the set A is exponentially stable. This completes the proof.

D.5 Proof of Lemma 5.2

In view of (5.31) and (5.33), one obtains
VI + Vo = =MV — Vs + BIICIIx]

eA1y
2

62
2e My

< —eMVi = AV + lcl® + 1]

where we made use of the inequality S||C]|||x|| < E/\I%HCHZ + %HXHQ From (5.30) and
(5.32), one can further show that

L A 2
VAV < AV AV Ny P

—V
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5)\1 ﬁQ
=——VI— | Ag—— |V
2 7 ( ’ 2€>\1g1gg) :
From the fact ¢ > —2/\1/\5;1%, one has Ay — 25/\1;% > 0, and applying the definition of A,

one obtains (5.34).

D.6 Proof of Theorem 5.3

Following the same steps as the first part of the proof of Theorem 5.1, one can guarantee
that |R|; < 1,Vt > 0 with the initial conditions |R(0)|; < \/Sar and ||n(0)| = 0. More-
over, considering the real-valued function V; defined in (D.14), inequalities (D.15)-(D.17)
hold.

On the other hand, consider the real-valued function Vy = e 7" & (7)Pd(7)x as
(D.18), whose upper and lower bounds are given by (D.19). The time-derivative of V,
along the flows of (5.39) is given as

Vo= -MNVy+ % T (1) (ATP + PA)D(T)x + 2@/\§TXTci)T(7—)P<i)(7—)5g

+ MT(@T (1) Pd(r) + &7 (1) Pd(r))x

— X5 Va + 201X/ d]|

—A V4 BIx[¢]] (D.34)

where 8 := 41/2c4a5, and we made use of the facts ||65]| < cgl|/T — R||r = 2v/2¢g|R|; <

2v2¢||¢|l, AD(7) = ®(7)A, and &(7) = —Ad(7). Similar to the V, defined in (D.18),
one can verify that V, satisfies (D.21) after each jump.

Let |x3]4 > 0 be the distance of x5 with respect to the set A such that |z3% =
inf 0 mea BRI + I — 72 + x — %2 + 7 — 7I2) = [IC]1* + x|*. Consider the
Lyapunov function candidate V = £V + Vs, with some € > 0. From (D.15) and (D.19),
one can show that

<
<

alzz% < V(xs) < alzsl (D.35)

where o := min{ay, a,} and @ := max{a@;, as}. In view of (D.14)-(D.16), (D.18)-(D.19)
and (D.34), applying Lemma 5.2, one has

V=-\pV, wz3€F; (D.36)
F
with € > %f/\iﬁ and A\p = min{%, (A — %/\gj)} From (D.17) and (D.21), one
obtains

VE<ee MY +e My, <e MY, 1y e T (D.37)

where A\; := min{\/,\J}. Let A\, := min{A\r, \;}. In view of (D.36) and (D.37), one
has V(z3(t,§)) < e *<(+)V(13(0,0)). Then, from (D.35) one can conclude that, for all
(t,7) € domas,

ge_%Ac(t+j)\$3(070)|A, (D.38)

|25(t,5)].a <

which shows that the set A is exponentially stable. This completes the proof.
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D.7 Proof of Theorem 5.4

Following the same steps as the first part of the proof of Theorem 5.1, one can guarantee
that |R|; < 1,Vt > 0 with the initial conditions |R(0)|; < y/Sa and ||n(0)]] = 0. More-
over, considering the real-valued function V; defined in (D.14), inequalities (D.15)-(D.17)
hold.

Consider the real-valued function Vo = ¢™7"x" P~!x as (D.26), whose upper and lower
bounds are given by (D.27). The time-derivative of V, along the flows of (5.47) is given
as

Vo= Vo4 e " (ATP 4+ PYA+ P Yx+2e77x P14,
Umn 2 -
s(wwWM—)w+—wwmn
Dy Pm
Y, €] (D.39)

where A := —v—l—e*VTM”’;# > 0 with v small enough, v, := inf;sg AV, 3 1= 4\/§cg/pm,
M -

and we made use of the facts ||0g]| < ¢g||I — R||r < 2v/2¢]|C]|. Similar to the Vs, defined
in (D.26), one can verify that V, satisfies (D.29) after each jump.

Let |z4] 5 > 0 be the distance of x, with respect to the set A such that |z4% =
inf gz mea((RRE+ In = 7l* + [x = xl* + |7 = 7[) = [I¢]I* + [Ix||*. Consider the
Laypunov function candidate V = eV + V,, with some ¢ > 0. In view of (D.15) and
(D.27), one has

g]m& < V(my) < d|x4|fi (D.40)

where o := min{a,, a4} and @ := max{a;, a4 }. In view of (D.14)-(D.16), (D.26)-(D.27)
and (D.39), applying Lemma 5.2, one has

V==-AgV, x4 F, (D.41)

with € > %f and A\p = min{%, (A — m)} From (D.17) and (D.29), one

AP AF AL e= 7T 2eAF AL
obtains
_\J _\J _
%A < cee M Vi+e A W, <e 2)\‘]]}, T4 € Ty (D42)

where A; := $min{A{,\7}. Let A, := min{\p, A;}. In view of (D.41) and (D.42), one
has V(z4(t,§)) < e 2D VY(24(0,0)). Then, from (D.40) one can conclude that, for all
(t,7) € domay,

za(t, )| 2 < (/=€ 2D |2,4(0,0)] 4, (D.43)

Q| Qi

which shows that the set A is exponentially stable. This completes the proof.



Appendix E

Proofs of Chapter 6

E.1 Proof of Theorem 6.1

From the assumption that the pair (A, C') in (6.3) is uniformly observable, as per Lemma
2.10, there exist positive constants 0 < p,, < pys < oo such that the solution of the CRE
(2.116) satisfies p,,, I, < P(t) < papl,. Consider the following real-valued function:

Lp(r) =z P x. (E.1)

One can show that [%MHQUHQ < Lp(z) < inHQ In view of (6.3) and (2.116), the time-
derivative of Lp is given by
Lp=a" (PT'A+ATP —207QC + P Yz
= —2'C'QCx — 2" P'VP

Um
< ——2|z|]? < =ALp, (E2)
Py
where A = 0P /Piy, Um = infig )\Xﬁ(?, and we made use of the facts —CTQC <

0, P! = —p71ppt = —pP 1A - ATP1 +207QC — P'VP~!. Hence, one has
z(8)|| < /par/pme2"||(0)||, which implies that z,4 are bounded, and z converges to
zero exponentially. Note that the convergence of x is independent from the dynamics of
the rotation. Then, from (6.3)-(6.4) and Assumption 6.2, one can easily show that the
set of equilibria of the system is given by W = {(R,z) € SO(3) x R" : theo(3)(MR) =
0,z = 0}. From wsa(g)(MI:?) = 0 and using the facts wso(g)(MR) = veco ]P)so(g)(MR) and
Pﬁo(g)(M]:Z) — (MR —RTM)/2, one has MR = RTM. From Lemma 2.3, it follows that
Re{ReS0O(3): R="Rau(mv),ve&M)}, which proves item (i).
On the other hand, consider the following real-valued function
Ly = tr((I — R)M), (E.3)

whose time-derivative is given by

L = kptr(—M R(—so(a (MR) + ¢(x, 1))
< —2kg||Yrl]® + 2krey||| || ¥Rl (E.4)

161
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where ¢ 1= 1503 (MR), and we made use of the Assumption 6.2 and the facts tr(—Az*) =
((A,27)) = 22T 1hgo(3)(A) for all A € R¥3. Consider the following Lyapunov function
candidate:

L(R,x) = Ly(R) + wLp(z), (E.5)
From (E.2) and (E.4), the time-derivative of £ is given by

ﬁéw)S—%MWMV+%WMMM%ﬂ—H;ﬂMW
M

2k —k
= _CTHC7 H:= |: kR 1ic¢:| (EG)
—RRCyp KR 2
Py
where ¢ := [||¥r]l, ||z]]]T. Choosing x > chi’éi’, one can show that the matrix H is

2Um

positive definite and £ < 0. From (2.37) and (2.38) given in Lemma 2.1, one has ||1z||* <
tr(M (I —R)) < 4NV |R|? <4\ with W = L(tr(M)I; — M), which implies that ¢p, is
bounded. From (6.3), (6.4) and (2.44), one has ¥z = E(MR)(—kgtr + kro(x,t)) with
E(MR) = %(tr(MR)]g — RTM). Using the fact that z is bounded, |[E(MR)|| < ||M| ¢
n (2.42), and ||¢(z,t)]| < cyllz||, one can verify that i) is bounded. Thus, from the
fact that =,z and ¢3,1/}R are bounded, it follows that £ is bounded. Therefore, from
Barbalat’s lemma, one has £ — 0 as t — oo, and in turn, ( > 0ast — oo, t.e.,
(IIYgll, lz]) = (0,0) as t — oco. This implies that the solution (R,z) to (6.3)-(6.4)
converges to the set W.

Next, we need to show that the undesired equilibria ¥/(I3,0) are unstable. For each
v € E(M), let us define RY = R,(m,v) and the open set U’ := {(R, z) € SO(3) x R™:
R = Rrexp(du*),u € S*,z = 0} with ¢ sufficiently small. For any (R,z) € U?, pick a
sufficiently small € such that (R*)T R := exp(e¥) ~ I + ¢*. Consequently, from the first
equation of (6.3) one obtains the dynamics of € as follows:

€ = —so3)(kRM R, (I3 + €7)) = —kpWe (E.7)

where W, = tt(MR)I3 — (MR})" = (20" Mv — tr(M))I3 — (2uv" M — M), and we
made use of the facts 1go(3) (M R}) = 0, Y503 (M Re*) = veco P, (M Re”) and M Rje* +
e(MR:)"T = (W,e)*. Using the fact that M is positive semi-definite with three distinct
eigenvalues, one verifies that —v' W,v = —v" Mv + tr(M) > 0, which implies that for
each v € £(M), the matrix —W, has at least one positive eigenvalue. It follows that the
undesired equilibrium (R?,0) € W/(I3,0) is unstable, and hence, the desired equilibrium
(I3,0) is almost globally asymptotically stable. This completes the proof of item (ii).
Now, let us prove the local exponential stability result in item (iii). From (E.6) with

ko> S one has Ly (R(8) < L(R(),2(t)) < L(R(0),2(0)) < ep, for all ¢ > 0.

2v
Hence, one verifies that |R(t)|; < 1 for all ¢ > 0. Moreover, one has Q|R|I < |Jwg|* <
4\ |R]I with ¢ := min, gz (1 — |R|3 cos(u, Mu))4\Y. > 0 and R = R,(6,u). Let

max min

C:= R, ||=|]T. In view of (2.37), (E.1) and (E.3), one obtains

allC]]” < £ < alld]P?, (E.8)
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where o := m1n{4/\mm, ~}and a = max{4\M = £ -}, Substituting o|R|? < ||vg|? <

4\ |R|? into (E.6), one has

max

max’

L < =2kpo|RI? + 4krewes|| x| | R — /fp—HiUHQ
M

=T 2]€RQ —QkRCWQb

< (T = . .
< —C HG H —2krewcy  Kom/piy (E.9)
2
where ¢y == \/AY,.. Choosing k* := %R/\Zv;;m, for any x > k* both matrices H and

o In view of (E.8) and (E.9), one concludes

IC@)| < vafae Put||C(0)]), (E.10)

for all ¢ > 0, which implies that (R, z) converges to (I3,0) exponentially. This completes
the proof.

H are positive definite since o < 4\V

E.2 Proof of Lemma 6.2

Let us define a 3N-by-3N block diagonal matrix O(t) := blkdiag(Il;, Iy, -+ ,Ily) €
RGN>3N) " Then, one verifies that C(t) = ©C with constant matrix C' given as

[3 O3><3 e 03><3 03><3 O3><3
O —7.3 —.—73 03.><3 03.><3 03.><3 . (E.11)

I3 O3x3 -+ —1I3 O3xz O3x3
Let X(t) := 0T ()0(t) € RBN*3N) " Gince II; is positive definite for all 1 = 1,2,--- , N,
there exists a positive constant ¢; for each ¢ = 1,2,--- | N such that I1;(t) > ¢;I3 for all
t > 0. It follows that X (7) > €3y with € := min{ey, - - , ex}. From Definition 2.11, the

Observability Gramian Wy (t,t + 0) defined in (2.111) is given by

1 t+9 3 _
Wol(t,t+6) = 5/ O(7,t) ' CTOT (1)O(1)CP®(T, t)dr

1 t+6 3 3
-2 / O (r,6)CT S(r)C(r, t)dr
t
€2 t+d o
2~ ®T (1, t)CTCO(7,t)dr (E.12)
t

Suppose that there exist constants ¢’, ' > 0 such that

t+4'
Wt t+ &) = ;/ &7 (,)CTCD(r, t)dr > @'

for all ¢t > 0. Choosing ¢ > ¢, one can show that Wy(t,t + §) > 625‘5/W6(t,t +) >
%//[ := pl. From Definition 2.11, one concludes that the pair (A(t),C(t)) is uniformly
observable.
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Next, we are going to show that there exist constant ¢, ' such that W/, (t,t 4+ ¢') >
@I for all t > 0. Consider a time-varying rotation matrix R(t) with R(t) = (—w*)R
and R(0) € SO(3). It is clear that R(t) € SO(3) for all + > 0. Let us introduce
two block diagonal matrices T'(t) = blkdiag(R, R,--- , R) € ROTNIXO+3N) and S(t) =
blkdiag(—w>, —w>, -+, —w*) € ROFNIXON) and a constant matrix A = A(t) — S(¢t).
One can verify that T(t) = S(t)T(t), T~ (t) = T'(t) and T'(t)A = AT(t). From Lemma
2.7, the state transition matrix ® (¢, 7) associated to A(t) can be expressed as

O(t, 1) =TH)P(t, 7)T (7). (E.13)
with ®(¢,7) = exp(A(t — 7)) denoting the state transition matrix associated to A.

Define the block matrix T(7) := blkdiag(R, R, - - - , R) € RCN*3N) guch that T (7)T(7) =
Iz and CT(7) = T(7)C. Therefore, making use the fact ®(r,t) = T(7)®(7, )T (t), one
can show that W) (t,t + &) = T(t)(5 tt+5/ ST (r,t)CTCP(7,t)dr)T T (t). One can easily
verify that the pair (A, C') is uniformly observable, and there exist constants ¢”, u” > 0
such that 5 tt+5” O (7,t)CTCP(7,t)dr > I for all t > 0. Choosing &' > 6", one shows
that

1
5/

" t+9" o 5"
L / &7 (r,4)CTCB(r, t)dr | > 1.
5\ o ] Y

Applying the fact that T'(t)T7(t) = I, one obtains W) (¢,t + &) > 5’;‘}”1 = /1. This
completes the proof.

t+0 o
/ &7 (7,4)CTCd(r, t)dr
t

E.3 Proof of Lemma 6.3

Let us define a 3N-by-3N block diagonal matrix ©(t) := blkdiag(Ily, I, - ,IIx) €

RGN>3N) " Then, one verifies that C(t) = ©C with constant matrix C' given as

Is  —puls —pials  —pizls 0O3x3 0343
Is  —porls  —pals —poazls 0Ozxs Oszxs

C = (E.14)

I3 —pnils —pna2ls —pn3ls O3x3 Osxs

Since X(t) = ©7(t)O(t) > €l with some constant € > 0, one can obtains (E.12) as in the
proof of Lemma 6.2. Similar to the proof of Lemma 6.2, define a time-varying rotation ma-
trix R(t) with R = (—w*)R and R(0) € SO(3). Let us introduce two block diagonal ma-
trices T'(t) = blkdiag(R, R, - -+ , R) € R¥18 and S(t) = blkdiag(—w>, —w™, -+, —w*) €
R!8*18 and a constant matrix A = A(t) — S(t). Then, one has T(t)A = AT(t) and
T(t) = S(t)T(t). From Lemma 2.7, the state transition matrix ®(¢,7) associated to A(t)
can be expressed as

o(t,7) = T(O)D(t, )T (7). (E.15)
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with ®(t, T) = exp(A(t — 7)) denoting the state transition matrix associated to A.
_ Define T(7) := blkdiag(R, R, --- , R) € RNV such that T7(7)T(7) = Iy and
CT(r) =T(r)C. From (E.12) and (E.15), one shows

=2 t+9
Wo(t,t + 6) > % o7 (7,4)CTCV(r, t)dr
t

2

> %T(t) ( [ B e T t)dT) T (t)

Suppose that there exist constants 6", u” > 0 such that

1 46" - - o
WYt = /t &7 (r,)CTCB(r, )dr > 'l
for all ¢ > 0. Choosing 6 > ¢”, one can show that Wy(t,t + 0) > EZ(?”T(t)Wé’(t,t +
ST (t) > %,u”[ := I, which implies that the pair (A(t), C(t)) is uniformly observable.
Next, we are going to show that there exist constants 6”, u” > 0 such that W/ (t,t +
§') > p’I for all ¢ > 0. For the sake of simplicity, we assume that the landmarks
1=1,2,3,4 are not coplanar. Define

—P11 —Pi12 —P13
—P21 —P22 —P23 (E 1 6)
—P31 —P32 —P33
—P4a1 —P42 —P43

from which, one can verify that det(Z) # 0. Define No = C, Ny = NyA, N, = N; A, and
Ny, Ny as the first row of Ny, Na, respectively. Let No be the first four rows of Ny. The
matrix O = [N, , N/, N, |T is given by

(1]
|

—_ = =

[ I3 —puls —pials —pisls O3xs3 03><3—

Is  —pails —pools —pasls Osxz Osxs

~ Is  —p3ils —psals —pssls Osxs Osxs
O — E17
Is  —pals —paols —pasls Osxs Osxs ( )

O3><3 O3><3 03><3 O3><3 [3 O3><3

_03><3 03><3 03><3 O3><3 O3><3 [3 ]

The determinate of matrix O is given by

Is —puls —piads —pisls
A I3 —poids —pals —pasls
det(O) = det
( ) Is —psids —pspls —pssls
Is —puls —papls —pasls
= det(I3)*det(Z)* # 0, (E.18)

where we made use of the fact that det(A ® B) = det(A)"det(B)" for any A € R™*"
and B € R™"™ with ® being the Kronecker product. Then, one can conclude that
the pair (A, C) is uniformly observable, and there exist constants §”, " > 0 such that
W"(t,t +0") > p"I for all t > 0. This completes the proof.



166

E.4 Proof of Lemma 6.4

Similar to the proof of Lemma 6.2, one can show that C(t) = ©C with constant matrix
C given as

IB 03><3 o O3><3 03><3 O3><3 O3><3
[3 _[3 T 03><3 03><3 O3><3 O3><3

C= (E.19)

I3 03><3 03><3 _]3 03><3 O3><3 03><3

Since Y(t) = ©'(t)O(t) > €l with some constant € > 0, one can obtain (E.12) as in the
proof of Lemma 6.2.
Next, we are going to show that there exist constants ¢’, /" > 0 such that

1 t+4’ o
Wit +0) = = / O (1. )CTCD(r t)dr > 1
t

=5
for all ¢t > 0. Define Ny = C,N; = NyA+ Np,--- , Ny = NysA+ N3, and Ny, --- , Ny as
the first row of Ny, --- | Ny, respectively. We introduce the following matrix:
0= Ny, NN N = |3 (5.20)
Oy Os
where
(I, 0303 -+ Ogxs
@1 _ ]3 _I3 Tt 03><3 E R3N><3N
I3 Osxz -+ —I3
B [—w™ Osxz --- Osuz| I3 Os3x3 Osxs
Oy = | @ O3x3 -+ O3x3|,03=|-2w" I3 I3
| w2 Ozxs -+ O3x3 w3 6wy wy
with @y = (W*)? — WX,y = (W) — 6(w*)2w™ + 4(wX)0* + 3(w*)? — W, w3 =
x\3

— 46 and wy = 3(w*)? — 5. The determinate of matrix O is given

det(0) = (—1)""'det (@3)

= e (o2t )
= (—=D)Vdet(3(w*)?* — w*), (E.21)

where we made use of the same property of the Kronecker product as in (E.18). Using
[Scandaroli, 2013, Eqn. A.15], one has det(3(w*)* — w*) = —3|lw x w|[*>. Tt follows
that det(0) = (—1)V™3||w x w||%. From assumption (6.26) and the fact det (OTO) =
det(0)? = 9||lw x wl||*, one verifies condition (2.115) in Lemma 2.9, which implies that
there exist constants ¢,/ > 0 such that W, (¢, t +d) > p/I. From (E.12), one has
Wol(t,t+6) > %W(’)(t, t+0") > %u'l := pl, which implies that the pair (A(t), C(¢))
is uniformly observable. This completes the proof.
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E.5 Proof of Lemma 6.5

Let us define a 3N-by-3N block diagonal matrix ©(t) := blkdiag(Il;, Iy, - - - , IIy). Then,
one verifies that C(t) = O(¢)C with constant matrix C' given as

Is  —pils  —piads  —pigls O3x3 O3x3 Osxs
Is  —porls  —pools  —pazls 0O3x3 0O3x3 Osxs

C= (E.22)

I3 —pnils —pnels —pnsls Ozxs Ozxs Osxs
Similar to the proof of Lemma 6.2, one obtains (E.12) and we are going to show that
there exist constants ¢’, i/ > 0 such that
1 t+8’ L
Wolt,t+8) =5 / o7 (,)CTCD(r, t)dr > i/ T
t

for all ¢ > 0. For the sake of simplicity, we assume that the landmarks ¢ = 1,2,3,4 are
not coplanar. Define Ny = €', Ny = NogA + No, -+, Ny = N3A+ N3, and Ny, -+, Ny as
the first row of Ny, - -+, Ny, respectively. Let Ny be the first four rows of Ny. The matrix
O is given by

0= [Ny N N N]] = |7 &% 2 (.23)
Oy O]
with @y, @y, - -+ , w4 and Oy defined in (E.20) and
_ W puw* paw* pws ]
Oy=| @ —pu@ —prw@ —piw@
Wz  —PuwWz —P12W2 —P13Wa ]
The determinate of matrix O is given by
det(O) = det(I3)*det(Z)’det (O3)
= det(Z)*det(3(w™)* — w™)
= —3det(2)%||w x &|?, (E.24)

where we made use of the same property of the Kronecker product as in (E.18). The rest
of proof is obtained using similar steps as in the proof of Lemma 6.3.

E.6 Proof of Theorem 6.2

Consider the following real-valued function:
Lp(r)=a" P x. (E.25)

One can show that --[[z[|* < Lp(x) < J=||#|]*. Define ¢, := [|g|| and ¢,, ¢, > 0 such that
e < ¢p, [Jv(t)]| < ¢, for all £ > 0. In view of (6.32) and (2.116), the time-derivative
of Lp is given by

Lp=az"(PTA+ AP 1 —207QC + P Nz
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+ 22" P~Yp(R, by, t)
= —2"PVP e —2"CTQCx + 22" P (R, b, t)
Um 2”30(}?7 Ewat)H
—lll? + === |, (E.26)
M pm

where v, = inf;>g )\mm. Making use of the fact [|¢(R, by, t)|| < (|[pll+ o]l +>25, 1)]bo ]+
17— Rllrllgll < (¢, + v +3)(2cs + 8) + 2v2||g|| == c,, one has

2p 4e,p?
L <~ ol + 2 (— M qu) lal
< —”mpmcp<g;), vija| > deePhr (E.27)
- 23, ~ DmUnm

2
For each ¢, > 0, let v,, > i‘i—if such that

lz ()" < pmLp(@(t)) < pmexp(—

=t)Lp(x(0))

2pﬁ4
as long as ||z(t)|| > ¢, > A;f—i‘j . This implies that, for any x(0), there exists a finite time

o 2 <pm£p(r€(0))> (F.28)

2
UmPm Cx

such that [|z(t)|| < ¢, for all t > T.
~ On the other hand, in view of the first equation of (6.32), the time-derivative of
|R|3 = 1tr(I3 — R) is given by
d
dt

Ch + Copy

5 (E.29)

R[; = %03)( o (Rb —i-UR) <

where ¢, == pollmzl|® + 320, pice; Iboll < 8 4 2¢ := &, and we made use of the fact
[V (R)||> = 4(1 — |R2)|R]? < 1. For any R(0) € U(eg), the minimum necessary
time for the state to leave the set U(ep) satisfies 7., = 2(e% — |R(0)[2)/(G + cop). Let
¢y = min{2\M (1 — eg)/cy, ce — 1}, and then choose V(¢) and Q(t) for (2.116) such

that o2 o2 r 0
U > max{ Csva’ Py, (Pm p(x( )))} =,

Then, one can verify that ' < T, and [[z[| < ¢, = min{2\M er(1 — eg)/cy, cc — 1} for
all t > T. It follows that op = —@bﬁo (MR) +¢(x,t) since ||&] < ||&]|+1 < e +1 < ¢,
and cg||z|| < AM ep(1 —eg) for all t > T. Then, the time-derivative of |R|? for all t > T
can be rewritten as

d

dt

R'? = 177050(3)(ﬁi)—l—(ﬁ{éw - le/}so(S)(MR) + kR¢(x7 t))

s (BT Mt (R) + 56 + ko, 1))
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1
(@ + kregllz|)

S —QkRAgnwa(Z%)(R”F + 2

Choosing kg > G/ (2\M, er(1 — eg)) := kg, one shows that £|R[? < —kgAM cp(1 —

er) + 2 < 0 at |R|? = . This implies, due to the continuity of the solution, that R
will never leave the set U(eg) for all t > T as long as R(T) € U(eg). Therefore, one can
conclude that the set U(eg) is forward invariant for all ¢ > 0.

Now, we are going to show the exponential convergence of the estimation errors for
all t > T. Consider the following real-valued function

L(R, by, ) =tr(I — R)+’§Tsz — uX + Lp(w), (E.30)

with some scalar 4 > 0 and X := —bTRTz/JSO J(R). Usmg the fact sto J(R)| < 2|R|r,
one can show that £ satisfies the quadratic 1nequahty ¢"Hic < L <g HQQ, where the
matrices H, and H, are given by

4 —u 0 4 p 0
Hy = |—p % ? yHy = |1 % ?
0 0 " 0O O o

Moreover, the time-derivative of X is given by

X = —b.RTE(R)(Rb, + krog) + b} (w — by — krR"0r)* R theo(z)(R)
— Yso(3) (R R) " RP§ (b, kR oR)
< —||b||? + b R (Is — E(R))Rb,, — kgb, R o
+ kb, R (Is — E(R))or + 2c,||bull| Blr + 2(kréy + ko) o rll| RI:
< —|lboll® + 2c1 | Rls[|bo|l — pkrbl R or
—i—2(czk‘R+03)|R|§+2(c4kR+c5)\R]1||x|| (E.31)

where ¢; := &, + ¢, Co = (4 4+ V2)E/ AV _, c3 := 2k, /AWy : 2+\/_/2)cbc¢,c5 =
k.cs, and we have made use of the facts ||1)s,(3 (MR)H2 < 4)\maX\R]I, b) RT(Is—E(R))Rb, <
2R2||bo|> < 26| R|;||bo| in (2.40), I;I}A%T(Ig — E(R))og < itr(I — R)b)og + 3|IT —
Rllr)bullllorll < (2+v2)e|Rlrllor] in (2.41) and |or|l < 2¢/Af Rlr + cllz]. In view
of (E.26) and (E.31), the time-derivative of £ for all ¢ > T is given by

. o _ Er- . . o
£ = tr(=R(Rby — kpteos (MR) + kro(z,1))) + ‘;—Rbgpg(bw, koRToR) + uX + Lp

w

< _QkR@Z)so(B)(R)T@Dso(S)(MR) + 2||¢50(3)(R)|| HBwH
+ 2k |[Vao(a) (R[] + pkrbi R or + pX + Lp
< —2kpo| RI7 + 4| R|1|[bo|| + 4kres | Rl1l|2]] — pl|boll* + 2per| Bl rb |

- - U
+ 2u(eskr + c3)|RIT + 2p(cakp + cs) | Rl x]| — ]OTH@“H2
M
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2 - ~
+ p—((cp + ¢, + 3)lbull + 2v2llgll| Blr)||

< —2(kro — pleakr + ¢3))|RI7 +2(2 + per) | B0
= ullbull? + 2(u(eakn + pes) + eo) [ Blrllz]| — vnpif |2]* + 2erllbu || 2]

where ¢g 1= Qch¢ + 2\/_||g||/pm,c7 = (¢p + ¢y + 3)/pm, and we have made use of the
facts 77Z)50 ( ) ¢50(3)(MR) ¢50 ( ) Mwsu 3)( ) > Q|R|I with 0= 2<1 - 6R))‘r]\n{n >0
and tr(—AwX) = ZxTwﬁo(g)(A) for all A € R3*3. Moreover, the time-derivative of £ can
be rewritten as

5 T T T
L= —G1oH 12612 — 13 H13613 — S3H23623 (E'32)

where ¢;; = [¢;,¢;]" and the matrices H;; are given by

. — |krle = 2pca) = 2pes —(2+ pey)
12 —(2+ pey) £
Hiw — /{ZRQ —(/L(C4]€R + ,LLC5) + CG)
B | —(uleakr + pes) + co) N
e,
H23 = _20 'Um7:|
7 2p%\/[

To guarantee that matrices Hy, Ho, Hi5, H13 and Hsz are positive definite, let us choose

P
<
a 202

ik, 2u2cs + 2(2 2
kr > max {kR, a , pes + 22 + jicr) }
2 pu(0 — 2picy)

o S max {@ Ac3py; 2(p(cskr + pes) + 06)2]9?\4}
m mo bl k‘Rp

Then, one obtains o o
L(R,by,x) < —=2AL(R,b,,x), Vt>T,

with A := —min{)\H12 Mas Ay J\He — Therefore, one can conclude (6.35) with x =

min ’ min ’ min

(AHz /\I )% This completes the proof

min
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