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Summary

This thesis presents contributions to the mathematical modeling of underwater vehi-
cles and nonlinear hybrid feedback control. We present a matrix Lie group formulation
of the standard model describing the motion of rigid underwater vehicles. Furthermore,
we introduce monotone dissipativity, a specialization of the standard notion of dissipa-
tivity, which is useful for the stability analysis of underwater vehicle control systems.
It is shown that common formulations of hydrodynamic damping experienced by un-
derwater vehicles are not merely dissipative, but in fact monotonically dissipative. We
then investigate a fundamental relationship between convexity properties of Rayleigh
dissipation functions and monotonically dissipative hydrodynamic damping models.
The Lie group formulation of the underwater vehicle dynamics also makes possible a
complete and precise description of vehicle shape symmetry, and its role in simplifying
the modeling of hydrodynamic inertia and damping effects.

An extension of the aforementioned modeling framework to underwater vehicles
that are multibody systems with a kinematic tree structure is subsequently formulated.
This class of underwater vehicles includes not only conventional underwater vehicle-
manipulator systems, but also a large number of experimental and prototype designs
such as articulated intervention autonomous underwater vehicles. A global matrix-
form of the vehicle kinematics and dynamics which is well-suited to stability analysis
of model-based control laws is derived. Furthermore, we introduce a generalized in-
verse dynamics algorithm that simplifies the implementation of such control laws. The
forward dynamics problem is addressed in an efficient manner with a composite-rigid-
body algorithm.

Hybrid feedback control laws typically comprise a collection of continuous state
feedback control laws in conjunction with a state-based switching logic that deter-
mines which control law from the collection is utilized. We employ hybrid feedback
control to circumvent topological obstructions to robust global stabilization which are
associated, for example, with the rotational degrees of freedom of marine vehicles.
In particular, we formulate globally asymptotically stabilizing proportional-derivative
(PD), output feedback, and proportional-derivative-integral (PID) hybrid feedback
control laws, which solve the tracking problem globally and robustly for a class of
mechanical control systems defined on matrix Lie groups. These control laws are con-
structed from so-called synergistic functions, which have already been derived for the
Lie groups that describe the configuration space of many important engineering sys-
tems. The presented control laws therefore have immediate and wide applicability.

We also present specialized adaptive hybrid feedback control laws for marine sur-
face and underwater vehicles, which we derive from a slightly more general class of
functions than the aforementioned synergistic ones. The introduced control laws can



be loosely characterized as being of dynamic sliding-surface type, and ensure global
asymptotic path-following for the marine vehicles in the presence of parametric mod-
eling uncertainties. In contrast to conventional synergistic backstepping control laws,
the sliding surface formulation results in a switching logic which is independent of the
vehicle velocities. While this feature comes at the cost of a minor increase in dynamic
order of the control law, it permits the estimation of the vehicle’s inertial parame-
ters. Experimental validation of the derived control laws are presented for surface and
underwater vehicles.

We subsequently introduce hysteretic control Lyapunov functions (HCLFs). A fam-
ily of HCLFs consists of several locally defined control Lyapunov functions. A switching
logic with hysteresis is encoded in three finite covers of the state-space on which the
control Lyapunov functions satisfy certain decrease conditions. We investigate the re-
lationship between HCLFs and synergistic control Lyapunov functions (SCLFs), and
show that a family of HCLFs generalizes an SCLF whose synergy gap is bounded away
from zero. Furthermore, given an HCLF family, we derive sufficient conditions for the
existence of globally asymptotically stabilizing hybrid feedbacks. Lastly, we provide
a constructive optimization-based design procedure for such stabilizing hybrid feed-
backs.

The last chapter of this thesis presents a generalization of synergistic Lyapunov
function and feedback (SLFF) pairs, which in turn are a generalization of the afore-
mentioned synergistic functions. In particular, we allow the logic variable paramount
to traditional synergistic control to possess flow dynamics, thereby translating SLFF
pairs into SLFF triples. The generalized logic state is referred to as a synergy variable,
for which we introduce the two modified jumping strategies optional jumping and in-
dependently triggered jumping. Moreover, it is shown that SLFF triples, like SLFF
pairs, are amenable to integrator backstepping. We demonstrate the usefulness of the
proposed framework by constructing a globally stabilizing synergistic maneuvering
control law for surface vessels that allows optional jumps of the path parameter.

ii
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Chapter 1

Introduction

In this thesis, we present contributions to the mathematical modeling of underwater
vehicles and hybrid feedback control of nonlinear systems. While all presented results
on hybrid feedback control can be directly applied to the control of underwater vehi-
cles, they are much more general in their area of application. The thesis is therefore
divided into two parts, the first treating modeling of underwater vehicles, and the sec-
ond treating hybrid feedback control. The usefulness of the devised hybrid feedback
control approaches to the design of underwater vehicle control systems is illustrated
with simulation studies and experiments.

1.1 Modeling of Underwater Vehicles

The first part of this thesis considers the mathematical modeling of underwater vehi-
cles. A mathematical model of an underwater vehicle is a system of ordinary differential
equations that describes the response of the vehicle, represented by its configuration
and its velocity, to an input, represented by a force-moment pair applied to the ve-
hicle or by a control signal sent to the thrusters and control surfaces of the vehicle.
Most models of this type are either devised to serve as simulation models, or to be
used in the stability analysis and design of feedback control laws and observers. While
these two objectives are not mutually exclusive, certain modeling aspects that are rel-
evant to simulation models are typically neglected in models used for the design and
stability analysis of feedback control systems. Examples of such unmodeled features
are thruster dynamics and saturation, the detailed modeling of the effect of ocean
currents, and, if present, the influence of an umbilical cable.

Simulation models of underwater vehicles typically constitute one part of a larger
simulation suite with the purpose of simulating full operations. Such simulation suites
also comprise, for instance, sensor models, models to describe the intricacies of under-
water communication, and contact models for manipulation. Although experimental
verification of the control systems of underwater vehicles is necessary, it can be a la-
borious and costly task. This is especially so when the experiments are conducted in
the field. Simulations, on the other hand, can establish a measure of confidence in the
vehicle control system with minimal risk to equipment and personnel. The ability to
thoroughly test the vehicle control system through simulations before moving on to
laboratory or field experiments is therefore of great value.



1. Introduction

Model properties derived from physical principles are frequently taken advantage
of in the stability analysis and design of nonlinear feedback control laws and observers
for underwater vehicles. These are often considerations related to the evolution of the
underwater vehicle’s energy. In particular, Lyapunov functions inspired by the total
energy of the vehicle can simplify the overall stability analysis, and the dissipativity of
the hydrodynamic forces acting on the vehicle can be directly exploited in the design
of feedback control laws and observers.

1.1.1 Modeling of Rigid Underwater Vehicles

The theoretical investigation into the general motion of a rigid body through an in-
viscid and irrotational fluid of constant density and infinite extent was pioneered by
Kirchhoff and Thomson [1, 2] in the 1870s. In these works, a Cartesian reference frame
is attached to the body, and subsequently its equations of motion expressed in this this
frame derived through energy considerations [3]. It is shown that the hydrodynamic
force and moment exerted by the fluid on the body are described solely in terms of the
body velocity, the body acceleration, and at most 21 coefficients that depend on the
fluid density and body shape. This result is surprising, because the fluid, even though
assumed ideal, nonetheless constitutes an infinite-dimensional system. It is therefore
not at all obvious that its effects on the body can be completely described in terms of
variables pertaining to the body motion and a finite number of coefficients. The works
[1, 2] thereby introduce the modern theoretical concept of rigid body hydrodynamic
inertia, also referred to as added mass.

The theoretical endeavor of determining the force and moment acting on a rigid
body undergoing general motion is much more difficult if a more realistic fluid model is
utilized. The case of a rotational and linearly viscous fluid of constant density and infi-
nite extent is treated in [4], building on important contributions from the earlier works
[5—7]. The acting hydrodynamic force and moment depend in an intricate manner on
the specifics of the flow field, and the aforementioned reduction of variables describing
them is no longer possible. Nonetheless, the hydrodynamic inertia effects as conceived
by Kirchhoff and Thomson can still be cleanly separated from other contributions to
the force and moment, such as free vorticity and skin friction. Numerical simulations
also indicate that the added mass effect can be properly defined in constant density
linearly viscous flow [8]. It must in this case be defined in terms of the instantaneous
change of hydrodynamic force and moment produced by a corresponding change in
body acceleration.

An early effort to produce a low-dimensional modeling framework for the general
motion of rigid underwater vehicles, specifically submarines, is found in [9]. The model
combines added mass and hydrostatic effects with memoryless nonlinear modeling of
hydrodynamic damping. The mathematical expressions for the hydrodynamic damp-
ing force and moment are a combination of second-order polynomial functions and
second-order modulus functions of the submarine velocities. Such expressions were
previously utilized to devise maneuvering models of ships in [10, 11]. The model pre-
sented in [9] undergoes minor modifications in [12] to more accurately describe the
motion of an autonomous underwater vehicle (AUV), and is utilized as the basis for
AUV-autopilot design. The model of [12] also forms the basis for the sliding-mode
AUV-autopilot design reported in [13]. A complete modeling framework for remotely
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operated underwater vehicles is provided in [14, 15]. The hydrodynamic damping force
and moment are modeled as a third-order polynomial function of the velocities.

Inspired by modeling work on robot manipulators as presented for instance in [16],
the works [17-19] introduce a matrix-form of the equations of motion for rigid un-
derwater and surface vehicles. The matrix-form of the equations is mathematically
equivalent to the earlier models in component-form, but allows easier exploitation of
physical system properties in the control design process. Additionally, the novel model
structure allows the direct application of control algorithms devised for robot manipu-
lators, such as the celebrated adaptive control law of Slotine and Li [20], to underwater
vehicles. One early example of such an adaptive control law for underwater vehicles is
presented in [21]. Further refinements of the modeling paradigm are introduced [22].
This class of models forms the basis for the textbooks on ocean vehicle modeling and
control [23, 24|, and consequently, for the modern approach to the subject.

The mathematical models that describe underwater vehicle motion involve a large
number of hydrodynamic parameters that must be determined through experiments
or computational hydrodynamic analysis. Consequently, any principle that allows for
the reduction of model parameters and subsequent simplification of the equations of
motion is of great value. One way to reduce model complexity is to exploit the fact
that underwater vehicles usually have regular shapes, and consequently possess sym-
metries of reflection or proper rotation. For instance, the majority of ocean vehicles
possess port-starboard reflection symmetry. Certain types of underwater vehicles may
also possess fore-aft reflection symmetry, or may at least approximately be a solid of
revolution. The fact that symmetries of body shape can provide simplifications of the
hydrodynamic inertia coefficients is already recognized in the work [1] for the case
of a rigid body moving in an ideal fluid of infinite extent. The most comprehensive
description of the effects of symmetries on the hydrodynamic inertia forces and mo-
ments is to the authors’ best knowledge found in [25]. These results are also stated in
Lamb’s renowned work on hydrodynamics [26, Article 126]. Here, results are presented
for bodies that are regular polyhedra (for instance a platonic solid), for bodies whose
cross-section is any regular polygon, and for bodies with helicoidal symmetry (for in-
stance a propeller). In [11], port-starboard symmetry is used to reduce the number
of added mass parameters and hydrodynamic damping parameters for maneuvering
models of ships. Similar considerations for remotely operated underwater vehicles are
reported in [14].

1.1.2 Modeling of Multibody Underwater Vehicles

Mathematical models describing the motion of underwater vehicles that can be con-
sidered systems of several constrained rigid bodies are of interest mainly due to
their applicability to underwater vehicle-manipulator systems (UVMSs). Conventional
UVMSs comprise a clearly distinguished base on which one or two manipulator arms
are mounted. The arm dimensions and mass in relationship to the base vary, and with
them the dynamic influence that the manipulator has on the base. In cases where the
manipulator is relatively large, as is the case for instance for the Girona AUV [27] or
the Trident AUV [28], the manipulator and base system must be considered coupled.
An extreme example is the highly unconventional Eelume underwater vehicle [29],
which does not have a distinguishable base.
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Due to the considerable difference in shape between the base and manipulator,
different hydrodynamic modeling approaches are typically used for these components.
The base is modeled following the principles briefly outlined in the preceding sec-
tion. Since most manipulator arms comprise relatively slender links, it is customary
to model the acting hydrodynamic forces and moments by integrating cross-sectional
contributions along the link. Such approaches have a long history in the modeling of
slender-body hydrodynamics, exemplified by the work of Morison, O’Brien, Johnson,
and Schaaf for piles in waves (“Morison’s equation”) based mostly on empirical con-
siderations [30], and the work of Salvesen, Tuck, and Faltinsen for ships at forward
speed in waves based on the theory of potential flow [31]. For submerged robot ma-
nipulators, this modeling approach is used in a very similar manner in a large number
of works [32-37]. In [38], the sectional hydrodynamic inertia and damping coefficients
are taken to depend on the travel distance of the section to better model the effect of
shed vorticity. Experiments for a single degree-of-freedom manipulator are conducted
and show good agreement between theory and observation. However, it is not clear
how the model can be modified to describe the acting forces and moments for more
general motions.

The study of UVMSs as multibody systems has received considerable attention.
In [35], a complete forward dynamics algorithm for single-arm UVMSs based on the
articulated rigid body algorithm [39, 40] is presented. The algorithm complexity grows
linearly with the number of manipulator degrees of freedom. Consequently, it is partic-
ularly efficient for manipulators comprising many links. The work incorporates directly
the hydrodynamic and hydrostatic forces and moments acting on the base and manip-
ulator. It also considers the effect of a spatially uniform and unsteady ocean current.
Several works [32, 34, 41| present very similar inverse dynamics algorithms based
on the Newton-Euler formulation. In particular, the algorithms incorporate hydrody-
namic inertia, hydrodynamic damping, and hydrostatic effects directly in the recursive
inverse dynamics. Interestingly, [32, 34] also include the effect of oscillating lift forces
due to vortex shedding in their analysis. These are typically neglected because they
are, at least in an ideal setting, of relatively high frequency and have a mean value of
Zero.

A matrix-form of the equations of motion, similar to the one introduced in [17-19]
for rigid underwater vehicles, is presented in [34, 42]. This approach to the equations
of motion is refined in [43], drawing on earlier work on free-flying robotic systems
presented in [44]. The matrix-form is of particular value for control design, where it
allows for easy exploitation of system properties. It forms the basis for most modern
textbooks that cover the control of UVMSs, in particular [45, 46]. Other derivations of
the matrix-form of the equations of motion are found in [36], which is based on Kane’s
method [47, 48], and in [49], which is based on the quasi-Lagrangian formulation
of Meirovitch [50]. The quasi-Lagrangian formulation of analytical dynamics is very
similar to a reformulation of the Lagrangian equations of motion attributed to Hamel
[51, 52]. See [53, Section 3.8] for a clear and modern exposition.

1.2 Hybrid Feedback Control

The basin of attraction of an asymptotically stable equilibrium point of a time-
invariant continuous-time system defined on a smooth manifold is diffeomorphic to

4
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Euclidean space [54, 55]. This result demonstrates that there is a fundamental topologi-
cal obstruction to global asymptotic point stabilization with continuous state-feedback
control laws on any manifold that can not be identified with Euclidean space. While
discontinuous state-feedback control laws can provide global asymptotic stability on
such manifolds, the resulting global attractivity property is not robust to arbitrarily
small measurement noise. It follows that there exist topological obstructions to robust
global stabilization for any mechanical system with rotational degrees of freedom, such
as underwater vehicles.

The topological obstructions to robust global asymptotic stabilization can be ef-
fectively overcome by employing a hybrid feedback control law [56]. A hybrid feedback
control law typically comprises a collection of continuous state feedback control laws
and a state-based switching logic that decides which feedback control law from the
collection is to be used. Examples of such control strategies are furnished by hybrid
patchy feedback control [57-59], the geometric approach proposed in [60] where the
switching logic is devised from an atlas of the manifold, and synergistic control. Syn-
ergistic control is a hybrid feedback control formalism that encodes the switching logic
directly in the value of a Lyapunov-like function [61, 62].

Synergistic potential functions are utilized to derive proportional-derivative (PD)
control laws for global asymptotic stabilization of rigid body orientation on the spe-
cial orthogonal group in [63]. The work also proposes a procedure for the construction
of synergistic potential functions by applying an angular warping transformation to
modified trace functions [64]. The synergistic control laws are extended to solve the
global asymptotic tracking problem for rigid body orientation in [65]. A smoothing
approach for the devised control laws is presented, which removes jumps in the con-
trol signal resulting from switching. The work also presents a procedure to construct
synergistic potential functions on the special orthogonal group through translation,
scaling, and biasing of modified trace functions. Results on synergistic tracking control
of rigid body orientation without angular velocity measurements are presented in [66].
Additionally, further results on the construction of synergistic potential functions with
angular warping applied to modified trace functions are established.

Global exponential synergistic control laws for the tracking problem on the special
orthogonal group are presented in [67]. The synergistic potential functions are con-
structed by applying an angular warping transformation to a class of local potential
functions first utilized for orientation control in [68]. A control law with integral action
that ensures global exponential tracking control of rigid body orientation in the pres-
ence of a constant and matched disturbance is presented in [69]. While not referred to
as such, the introduced potential functions are synergistic, and in fact closely related
to the ones proposed in [63]. The introduced switching mechanism is different than in
the aforementioned references as it depends explicitly on the value of the integral state.
Lastly, a generalized synergistic control strategy and an associated class of potential
functions is introduced in [70]. In particular, the logic variable that traditionally only
changes across jumps is also allowed to change along flows. The result is applied to
global tracking control of rigid body orientation and rigid body pose.

The synergistic control paradigm is applied to orientation tracking control for rigid
bodies utilizing unit quaternions in [71], where a globally asymptotically stabilizing
PD control law is derived. The work also introduces an output feedback modifica-
tion of this control law, as well as a modification utilizing biased angular velocity
measurements. The global output feedback quaternion tracking-problem for a rigid
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body is also addressed in [72], where a synergistic observer-controller scheme is pre-
sented. The aforementioned quaternion strategies have been refined and applied to
solve the global asymptotic tracking problem for translation-underactuated vehicles
such as AUVs and quad-rotors in [73].

The global stabilization problem on spheres of arbitrary dimension is addressed
within the synergistic framework in [74], generalizing results for the circle presented
in [75]. A PD control law ensuring global reduced orientation tracking for a rigid
body is derived. Moreover, a smoothing modification for the control law is devised
that removes the jumps in the control signal resulting from switching. The work also
presents a constructive procedure for synergistic potential functions on the sphere
based on scaling and biasing of local potential functions. Further results for the sphere
are presented in [76], where a new class of synergistic potential functions is introduced.
These potential functions are utilized in the design of novel global synergistic tracking
control laws for quad-rotors.

Synergistic potential functions are generalized to synergistic Lyapunov functions
and feedback (SLFF) pairs in [77]. It is proven that SLFF pairs are amenable to
integrator backstepping. Furthermore, a general smoothing modification for the re-
sulting control laws is presented. Several further refinements of the SLFF concept
are introduced in [78]. Utilizing converse hybrid Lyapunov theory [79, 80], it is also
shown that a wide class of systems can be stabilized by feedback derived from SLFF
pairs. Parameter-adaptive control within the SLFF framework is introduced in [81]
for systems with matched uncertainties.

1.3 Outline and Contributions

This thesis is organized into two parts and eight chapters. Chapter 2 covers briefly
some mathematical concepts that are utilized frequently throughout this work. We
summarize in the following the topic and contributions of each chapter in this thesis.

1.3.1 Part I: Modeling of Underwater Vehicles
Modeling of Rigid Underwater Vehicles (Chapter 3)

Chapter 3 introduces a matrix Lie group formulation of the standard Fossen-Sagatun
model for underwater vehicles [24, Chapter 8]. We include the effect of an unsteady
and uniform ocean current, and show that the presented model can be derived from
a variational principle. Various properties of this model that are of importance for
control design are derived utilizing principles from matrix Lie theory. We introduce
a stronger notion of dissipativity, monotone dissipativity, and shed light on a funda-
mental relationship between monotonically dissipative mappings and convex Rayleigh
dissipation functions. Lastly, we introduce a hydrodynamic symmetry principle based
on matrix Lie theory and provide several examples of its application. The chapter also
introduces a control model where unit quaternions are used to represent the vehicle’s
orientation.

The contributions of this chapter are threefold. Firstly, we present a Lagrangian
derivation of the equation of motion for an underwater vehicle in the presence of
unsteady ocean currents. In particular, we utilize a global and non-minimal represen-
tation of the Euclidean group to derive the equation of motion from the Lagrange-
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d’Alembert principle. Secondly, we introduce a stronger notion of dissipativity, namely
monotone dissipativity. We show that damping models which admit Rayleigh dissipa-
tion functions are monotonically dissipative if and only if their Rayleigh dissipation
functions are convex and have a minimum at the origin. Finally, the third contribution
is the introduction of a hydrodynamic symmetry principle stated in terms of matrix
Lie theory, which makes possible a systematic exploitation of vehicle symmetries to
simplify the modeling of hydrodynamic inertia and damping effects. This symmetry
principle allows us to drastically reduce the number of model parameters by exploiting
the symmetries of the vehicle geometry. Consequently, the possibility of overfitting is
reduced, and less experimental data may be needed to achieve an acceptable fit.
This chapter is based on the following work:

e H. M. Schmidt-Didlaukies, E. A. Basso, and K. Y. Pettersen, “Modeling of Un-
derwater Vehicles: Dissipativity and Symmetry”, submitted to the IEEE Trans-
actions on Robotics, 2023.

Modeling of Multibody Underwater Vehicles (Chapter 4)

Chapter 4 introduces a modeling framework based on matrix Lie theory for multibody
underwater vehicles with kinematic tree-structure. We derive the equations of motion
in a global matrix-form, and outline some of their properties that are of particular
importance for control design. We also present two recursive formulations of the equa-
tions of motion based on well-known multibody dynamics algorithms. In particular, a
generalized Newton-Euler algorithm for inverse dynamics and controller implementa-
tion, and a composite-rigid-body algorithm for forward dynamics.

The main contribution of this chapter is a modeling framework for multibody
underwater vehicles which possess a kinematic tree structure, the equations in matrix-
form, and the aforementioned recursive algorithms. The devised equations of motion
in matrix-form are based on Lie theory, and therefore global and singularity-free.
Furthermore, the generalized Newton-Euler algorithm is to the extent of our knowledge
novel. The forward dynamics algorithm includes the most important hydromechanical
effects, and serves as a base for simulators of multibody underwater vehicles.

Some of the presented results appeared in the following publication:

[82] H. M. Schmidt-Didlaukies, A. J. Sgrensen and K. Y. Pettersen, Modeling of Ar-
ticulated Underwater Robots for Simulation and Control, Proc. 2018 IEEE/OES
Autonomous Underwater Vehicle Workshop, Porto, Portugal, Nov 6-9, 2018.

1.3.2 Part II: Hybrid Feedback Control

Synergistic PID and Output Feedback Control on Matrix Lie Groups
(Chapter 5)

Chapter 5 introduces multiple synergistic hybrid feedback control laws for mechanical
systems on matrix Lie groups with left-invariant metrics. With the goal of globally
asymptotically tracking a desired reference trajectory, we propose a full-state feedback
hybrid proportional-derivative (PD) type control law and a hybrid output feedback
type control law which only utilizes configuration measurements. We also show that
these controllers can be modified to not cancel certain potential forces appearing in the
system. Lastly, to ensure global asymptotic tracking in the presence of a constant and
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unknown disturbance in the system dynamics, we introduce two novel proportional-
integral-derivative (PID) type control laws with slightly different integral action. The
theoretical developments are validated through numerical simulation of an underwater
vehicle.

This chapter has three main contributions. First, we propose a baseline synergistic
PD control law ensuring global asymptotic tracking for mechanical systems on ma-
trix Lie groups with a left-invariant Riemannian metric. The second contribution is
a generalization of the synergistic output feedback control law proposed for orienta-
tion control in [71] to any system whose configuration space can be identified with
a matrix Lie group. Finally, we present two novel synergistic PID type control laws,
both of which ensure global asymptotic tracking in the presence of unknown constant
disturbances.

This chapter is based on the following publication:

[83] E. A. Basso”, H. M. Schmidt-Didlaukies™, K. Y. Pettersen and J. T. Gravdahl,
“Synergistic PID and Output Feedback Control on Matrix Lie Groups ”, Proc.
12th IFAC Symposium on Nonlinear Control Systems (NOLCOS), Canberra,
Australia, Jan. 4-6, 2023.

Global Asymptotic Tracking for Marine Vehicles (Chapter 6)

Chapter 6 presents an adaptive hybrid feedback control law for global asymptotic
tracking of a hybrid reference system for marine vehicles in the presence of parametric
modeling errors. The reference system is constructed from a parametrized loop and a
speed assignment specifying the motion along the path, which decouples the geometry
of the path from the motion along the path. During flows, the hybrid feedback consists
of a PD-action and an adaptive feedforward term, while a hysteretic switching mecha-
nism that is independent of the vehicle velocities determines jumps. The effectiveness
of the proposed control law is demonstrated through experiments.

The main contribution of this chapter is the development of an adaptive hybrid
feedback controller for global asymptotic tracking of a hybrid reference system for
marine vehicles subject to parametric uncertainties. In contrast to backstepping-based
hybrid adaptive control [81], the proposed approach permits estimation of the iner-
tia matrix, and the switching mechanism is independent of the system velocities. As
our approach is based on traditional Euler-Lagrange system models, the adaptive hy-
brid control law is applicable to other mechanical systems as well. In particular, it
can easily be extended to robot manipulators or, more generally, vehicle-manipulator
systems. The hybrid reference system is constructed from a parametrized loop and
a speed assignment for the motion along the loop. The main benefit of this formu-
lation is that it decouples the design of the path from the motion along the path,
allowing us to globally asymptotically track a given parametrized loop at a desired
and time-varying speed. The proposed reference system can be considered an adap-
tation of the maneuvering problem [84, 85] to a hybrid dynamical systems setting.
Preliminary results were presented in [86], and in this chapter we extend the hybrid
feedback control law from surface vehicles to a more general class of Euler-Lagrange
systems on SE(2) or SE(3) satisfying a set of general conditions on the switching mech-
anism and the potential functions. Moreover, we show that the potential functions and
switching mechanisms introduced in [86] and [71] satisfy these conditions, and these
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potential functions and switching mechanisms are subsequently employed to design
hybrid adaptive control laws for surface and underwater vehicles. Finally, we validate
the theoretical developments for surface and underwater vehicle applications through
experiments.

This chapter is based on the following publications:

[87] E. A. Basso”, H. M. Schmidt-Didlaukies”, K. Y. Pettersen and A. J. Sgrensen,
“Global Asymptotic Tracking for Marine Vehicles using Adaptive Hybrid Feed-
back”, IEEE Transactions on Automatic Control, 2022.

[86] E. A. Basso”", H. M. Schmidt-Didlaukies”, K. Y. Pettersen and A. J. Sgrensen,
“Global Asymptotic Tracking for Marine Surface Vehicles using Hybrid Feedback
in the Presence of Parametric Uncertainties,” Proc. 2021 American Control Con-
ference (ACC), Online/New Orleans, LA, USA, May 25-28, 2021.

Hysteretic Control Lyapunov Functions (Chapter 7)

Chapter 7 introduces hysteretic control Lyapunov functions (HCLFS) for hybrid feed-
back control of a class of continuous-time systems. A family of HCLFs consists of local
control Lyapunov functions defined on a finite cover of the state space which satisfy
certain decrease conditions. We present sufficient conditions for the existence of a sta-
bilizing hybrid feedback and show how such hybrid feedbacks can be constructed from
an HCLF family through an optimization-based procedure.

The main contribution of this chapter is the concept of a hysteretic control Lya-
punov function and its application to hybrid feedback control with global asymptotic
stability properties for nonlinear continuous-time systems. In particular, we show that
the existence of a family of HCLFs satisfying the small control property implies global
stabilizability of a compact set. We also prove that optimization-based hybrid feedback
laws, an extension of the pointwise minimum-norm control laws covered for instance
in [88, 89], can be constructed under minor assumptions on the objective functions.
The collection of optimization-based feedback laws are continuous, implying that the
hybrid basic conditions hold such that the stability is robust in the sense of [90]. As a
case study, we construct an HCLF family for tracking control of an underwater vehi-
cle through a backstepping approach. In contrast to traditional backstepping, we find
the control input that pointwise minimizes a strictly convex objective function from
the set of stabilizing control inputs defined by the HCLFs. The HCLF construction
is reminiscent of the backstepping-based synergistic Lyapunov functions constructed
for set-point regulation in [91]. However, we extend the work in [91] to the tracking
problem in terms of HCLFs, and exploit inherent stabilizing nonlinear terms through
online optimization.

This chapter is based on the following publication:

[92] E. A. Basso”, H. M. Schmidt-Didlaukies” and K. Y. Pettersen, “Hysteretic Con-
trol Lyapunov Functions with Application to Global Asymptotic Tracking for
Underwater Vehicles,” Proc. 59th Conference on Decision and Control (CDC),
Online/Jeju island, Republic of Korea, Dec. 8-11, 2020.
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Synergistic Lyapunov Functions and Feedback Triples (Chapter 8)

Chapter 8 generalizes results on synergistic hybrid feedback control. Specifically, we
propose a generalization of synergistic Lyapunov functions and feedback (SLFF) pairs,
in which the logic variable in traditional synergistic control is allowed to change along
flows. This flowing logic variable is called the synergy variable, and an SLFF triple
comprises an SLFF pair in addition to the flow map of the synergy variable. We intro-
duce synergy gaps relative to components of product sets, which enable us to define
modified synergistic jump conditions for different components of the synergy variable.
Furthermore, we show that SLFF triples are amenable to backstepping. Finally, we
give an example of how our generalized theory can be used to combine traditional
synergistic control with ship maneuvering control by introducing optional jumps in
the path parameter.

The main contribution of this chapter is the extension of the SLFF definition
introduced in [77, 78]. The generalized notion of synergy and the modified jumping
conditions allow us to show that the quaternion output feedback control law for rigid-
body orientation presented in [71] is synergistic. The proposed generalization also
encompasses the results for SO(3) and SE(3) in [70], in which the logic variable is
also allowed to change during flows. However, our proposed framework also includes
path-following control scenarios in which the path variable exhibits jump dynamics,
such as instantaneously moving the desired state closer to the actual state. As a
result, ship maneuvering control as outlined in [84] and [85] can be augmented with
a jumping path parameter and a traditional synergistic control approach to solve the
maneuvering problem.

This chapter is based on the following publication:

[93] H. M. Schmidt-Didlaukies™, E. A. Basso™, A. J. Sgrensen and K. Y. Pettersen,
“A Generalization of Synergistic Hybrid Feedback Control with Application to
Maneuvering Control of Ships”, Proc. 61st Conference on Decision and Control
(CDC), Canctin, Mexico, Dec. 6-9, 2022.
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Chapter 2

Mathematical Preliminaries

This chapter introduces mathematical preliminaries and notation relevant to the rest
of this thesis.

2.1 Analysis in R"

We here introduce several fundamental properties of mappings between subsets of
Euclidean spaces. Furthermore, we introduce manifolds and matrix Lie groups.

2.1.1 Mappings

Let X C R™ and Y C R™. We write f : X — Y to denote a mapping that associates
with every x € X an element y € Y. The set X is called the domain of f, and we
write dom f = X. The set Y is called the codomain. The range of f, denoted rge f, is
defined as the set of all y € Y for which there exists € X such that f(x) =y, that
is,

rgef ={yeY:3ze X st f(x) =y} (2.1)

The codomain can be used to convey information about the mapping. For instance,
a non-negative function f : X — R can be written as f : X — R>g, and a positive
function f: X - R as f: X — R.. Some important properties of mappings utilized
often in this thesis follow.

Definition 2.1 (Continuous mapping). Let X C R™ and f: X — R™. The mapping
f is continuous at x € X if for every € > 0, there exists 6 > 0 such that for every
z € X satisfying |z — x| < 4, it holds that |f(z) — f(x)| < e. The mapping f is
continuous if it is continuous at every x € X.

Definition 2.2 (Proper mapping). Let X C R, Y C R™, and f : X — Y. The
mapping f is proper if it is continuous and f~1(K) is compact for every compact set

KcY.

We remark that a set K C R” is compact if and only if it is closed and bounded.
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Definition 2.3 (Continuously differentiable mapping). Let X C R™ be open and
f: X — R™. The mapping f is continuously differentiable if there exists a continuous
mapping Df : X — R™*™ gsuch that for every x € X and every v € R™,

D)o  tim T30 = F(@)

s—0 S

(2.2)

If X is not open, then we say that f : X — R™ is continuously differentiable if there
ezists an open set O C R™ containing X and a continuously differentiable mapping
g: 0 — R™ such that g(x) = f(x) for every x € X. We then define Df : X — R™*"
by the restriction D f := Dg|x.

For a continuously differentiable function f : X — R, we use the gradient vector
Vf: X — R" defined by Vf(x) = Df(x)". A consequence of Definition 2.3 is that
the derivative is not necessarily uniquely defined if X is not open (consider for instance
the case f: {0} — {0}). When conditions are placed on D f in this case, there must
exist a single extension g of f such that Df = Dg|x satisfies all conditions. For
mappings whose argument is a matrix, that is, f : X — R™ where X C R"*", we
write D f(z,v) to mean the derivative of f along v € R™*".

2.1.2 Manifolds in R"

For our purposes, it suffices to think of manifolds as smooth surfaces in R™ [94, 95].
An introduction to the abstract theory of manifolds is found in [96].

Definition 2.4 (Manifold). A set M C R" is a k-manifold, where 0 < k < n, if the
following equivalent conditions hold:

1. For each © € M, there exists an open meighborhood U of x, an open set V C
R*, and a smooth immersion o : V. — R"™ such that ¢ : V. — M NU is a
homeomorphism.

2. For each x € M, there exists an open neighborhood U of x and a smooth sub-
mersion ¥ : U — R"™* such that {x € U : ¥(x) =0} = MNU.

Definition 2.4 presents two equivalent characterizations of a k-manifold in R™. In
particular, item 1 characterizes the manifold in terms of local parametrizations, and
item 2 in terms of local defining mappings. A manifold M C R™ is said to be properly
embedded if it is a closed set.

Definition 2.5 (Tangent space). Let M C R™ be a k-manifold. The tangent space to
M at x is a k-dimensional vector subspace of R™. The following characterizations are
equivalent:

1. The tangent space to M at x is the set of vectors v € R™ for which there exists
a smooth curve ¢ : R — M such that ¢(0) = xz and ¢'(0) = v, that is,

Trm(z) ={v eR": 3c: R — M smooth, s.t. ¢(0) = z,c'(0) = v}.
2. For (U, ) as in item 1 in Definition 2.4 and v € MNU,
Tm(z) = {v eR" :w € R*, v = Dyp(p(2))w}.
3. For (U,9) as in item 2 in Definition 2.4 and x € M NU,
Tam(z) = {v € R" : DY(z)v = 0}.
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2.1.3 Matrix Lie Groups

This section gives a very brief overview of the theory of matrix Lie groups. The material
is mostly based on [96, 97]. A matrix group is a subset of

GL(n) == {g € R"*" : det g # 0} (2.3)

that is closed under matrix inversion and multiplication. Since GL(n) is open in R™*"™
it may be regarded as an n?-dimensional manifold in R™”*". A matrix Lie group is a
matrix group that is also a submanifold of GL(n).

Definition 2.6 (Matrix Lie group). A matriz group is a set G C GL(n) satisfying

1. ifg€ G, then g~ € G;
2. ifge G and h € G, then gh € G.

A matriz Lie group is a matriz group that is a submanifold of GL(n).

A very useful result is the following: A matrix group G C GL(n) is a submanifold of
GL(n) if and only if it is a relatively closed subset of GL(n) [96, Theorem 7.21 and
Theorem 20.12].

With every matrix Lie group, one can associate a particular algebra, known as the
Lie algebra of the matrix Lie group.

Definition 2.7 (Lie algebra of a matrix Lie group). Let G C GL(n) be a matriz Lie
group. The Lie algebra g of G is the tangent space to G at the identity equipped with
the matriz commutator [-,-]: g X g — g defined by

[X,Y] = XY — YX. (2.4)

It follows from the properties of the tangent space of a manifold that the Lie
algebra g is a vector space in R"*™ with dimension k equal to the dimension of G as a
manifold. In the robotics literature, e.g. [98-100], it has become commonplace to work
in R¥ instead of g. This is accomplished by choosing a basis (X1,..., X}) for g and
defining the vector space isomorphism = : R¥ — g by

k
vi=> X (2.5)
i=1

We write 79 instead of 7 if it is not clear from context which Lie algebra isomorphism
is meant. For each g € G and v € R*, we define the adjoint mappings Ad, € R¥**
and ad, € RF*k by

—
Aop = aig (2:6)
2ot = [7, .

It can be shown that for each g € G, there exists an open set V' C R* such that the
mapping ¢ : V — GL(n) defined by ¢(z) := gexpZ, where exp : R"*" — GL(n) is
the matrix exponential, is a local parametrization of a neighborhood of g, as utilized
in item 1 of Definition 2.4.
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Definition 2.8 (Continuously differentiable mapping, matrix Lie group). Let G C
GL(n) be a matriz Lie group of dimension k and f : G — R™. The mapping f is

continuously differentiable if there exists a continuous mapping df : G — R™** such
that for every g € G and every v € R¥,
s—0 S

A mapping f : G — R™ is continuously differentiable in the sense of Definition 2.8 if
and only if it is continuously differentiable in the sense of Definition 2.3, and df(g)v =
Df(g,gv) for all (g,v) € G x R¥. We remark that we throughout this thesis use the
operator d as a Lie group analogue to both D and V. It will be clear from context
which one is meant.

A Lie group homomorphism is a smooth mapping from one Lie group to another
that preserves the group structure. If a homomorphism is also diffeomorphism, that
is, a bijection with a smooth inverse, then it is called an Lie group isomorphism, and
the two Lie groups are called isomorphic.

Definition 2.9 (Lie group homomorphism, isomorphism). Let G and H be matriz Lie
groups. A Lie group homomoprhism is a smooth mapping ¢ : G — H such that for all
g1,92 € G, it holds that ©(g1)¢(92) = p(g192). If ¢ is also a diffeomorphism, then
is a Lie group isomorphism.

Finally, the bilinear map VM : R x R¥ — R* induced by the symmetric and
positive definite matrix M € R*** is defined by [101, Theorem 5.40 (iii)]

VMp:=3%ad, p— 2Mad) My +ad) Mv]. (2.8)
Observe that MV My = — adI Muv. Furthermore, VM has the following skew-property.
Lemma 2.1. For all (v, 1) € RF x R¥, it holds that

(MM 1, ) = 0. (2.9)
Proof. Tt follows from (2.8) that

(MM, 1) = (M ad, p — adIMu—adZMu,u)
L(M ady pi, 1) — H(M ad, o, 1) — (M ad, 1, ) (2.10)

=

)

where it was used that ad, = 0 for all u € RE. O

2.2 Set-Valued Analysis in R”

This section provides a brief introduction to basic aspects of set-valued analysis. It is
mostly based on [102, 103].
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2.2.1 Tangent Cone

We already encountered tangent vectors in the context of smooth manifolds. It is
possible to generalize tangents to arbitrary subsets of R™. The set of tangents at a
point are then not guaranteed to be a vector space. Instead, they will form a closed
cone. A cone is a set C' C R™ such that v € C implies that av € C for every a > 0.

Definition 2.10 (Tangent cone). The tangent cone to a set X C R™ at a point x € R™,
denoted Tx (x), is the set of all vectors v € R™ for which there exist x; € X, 7; > 0
with x; — x, 7, 0, and

r; — T

v = lim
i—00 T;

(2.11)

If the set X is a manifold, then the tangent cone to X at x coincides with the
tangent space to X at x, as illustrated in [102, Example 6.8].
2.2.2 Set-Valued Mappings

A set-valued mapping is denoted by a double arrow, S : R” == R"™. We define the
domain, range and graph of a set-valued mapping S by

dom S = {z € R": S(x) # 0}, (2.12)
rge S = {y € R™ : 3z € R" such that y € S(x)}, (2.13)
gphS = {(z,y) e R" xR™ : y € S(x)}. (2.14)

The inverse mapping of S, S~! : R™ = R", is defined by
S7Hy) ={z eR":yc S(x)}. (2.15)

Moreover, we define the image of a set X C R™ under S and the inverse image of
a set Y C R™ under S, respectively, by

S(X) =[] Sx)={yeR™: 57 (y) N X # 0}, (2.16)
reX

STHY) = 87 (y) = {z e R": S(x) NY # 0} (2.17)
yey

2.2.3 Semicontinuity and Local Boundedness

Continuity properties of set-valued mappings are described in terms of the following
concepts.

Definition 2.11 (Outer and inner semicontinuous set-valued mapping). Let S : R" =
R™ and X C R™.

1. S is outer semicontinuous relative to X at x € X if for every y ¢ S(x) there are
neighborhoods U of x and V of y such that X NU N S~H(V) = 0.

2. S is inner semicontinuous relative to X at x € X if for every y € S(x) and
every neighborhood V' of y there exists a neighborhood U of x such that X NU C
S=L(v).
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S is outer (inner) semicontinuous relative to X if it is outer (inner) semicontinuous
relative to X at every x € X. S is continuous relative to X at x € X if it is both outer
semicontinuous and inner semicontinuous relative to X at x. S is continuous relative
to X if it is continuous relative to X at every x € X.

Inner semicontinuity is also known as lower semicontinuity in the literature, e.g.
in [103]. Outer semicontinuity of a set-valued mapping can be characterized in terms
of the graph of the mapping.

Lemma 2.2 ([90, Lemma 5.10]). A set-valued mapping S : R” = R™ is outer semi-
continuous relative to X C R™ if and only if gph .S N (X x R™) is relatively closed in
X x R™.

Another widely used notion of continuity in the set-valued analysis literature is upper
semicontinuity [103].

Definition 2.12 (Upper semicontinuous set-valued mapping). Let S : R™ = R™ and
X CR™. S is upper semicontinuous relative to X at x € X if for every open set O C
R™ such that S(x) C O, there exists a neighborhood U of x© such that F(X NU) C O.
S is upper semicontinuous relative to X if it is upper semicontinuous relative to X at
every x € X.

We also require a notion of local boundedness for set-valued mappings.

Definition 2.13 (Locally bounded set-valued mapping). Let S : R® = R™ and
X CR". S is locally bounded relative to X at x € X if there exists a neighborhood U
of x such that S(X NU) is bounded. S is locally bounded relative to X if it is locally
bounded relative to X at every x € X.

An equivalent characterization of local boundedness of S : R™ = R™ relative to
X C R™ is that for every compact set K C X, the image S(K) is bounded. The notion
of local boundedness allows us to formulate a relation between outer semicontinuity
and upper semicontinuity of set-valued mappings. If S : R® = R™ is upper semi-
continuous relative to X C R™ and bounded-valued on X, then S is locally bounded
relative to X. This follows directly from Definition 2.12 because O now can be cho-
sen as a bounded set. Furthermore, if S is upper semicontinuous relative to X and
closed-valued on X, then S is outer semicontinuous relative to X (see for instance
[104, Proposition 5.2.18] or [89, Proposition 2.5]). It follows that if S is upper semi-
continuous relative to X and compact-valued on X, then S is outer semicontinuous
relative to X and locally bounded relative to X. The converse to this statement also
holds (see for instance [102, Theorem 5.19] which can be invoked relative to a set
X CR").

2.2.4 Selections

Lastly, we shall introduce results from the theory of selections. Given a set-valued
mapping S : R" = R™, a selection s of S is a single-valued mapping s : dom S — R™
such that s(x) € S(x) for every x € domS. The following famous theorem states
sufficient conditions for the existence of a continuous selection of a given set-valued
mapping S.
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Theorem 2.14 ([105, Theorem 3.2”’|). Let S : R™ =2 R™. If S is inner semicontinuous
relative to dom S, and S is closed-convezr-valued, then S admits a continuous selection.

Remark 2.15. The stated theorem is more specialized than the cited one. Here we
have used that X C R"™ with the subspace topology is a metric space, and therefore 73
and paracompact. The set-valued mapping S maps into R™, which is a Banach space.

2.3 Hybrid Systems

In this section, we introduce the notion of a hybrid dynamical system. This introduc-
tion is by no means complete, and the reader is referred to the excellent resources [61,
90, 106] for more details.

2.3.1 Data of a Hybrid System

A hybrid dynamical system, or hybrid system, allows for both continuous-time and
discrete-time evolution of the state. In this thesis, we employ the hybrid systems
framework of [61, 90, 106]. In those works, a hybrid system H is defined by four
objects (C, F, D, G), the data of the hybrid system, and represented by
teF(x), ze€C
: (2.18)
rm €G(z), z€D

where x € R" is the state, the set-valued mapping F' : R™ = R™ is the flow map, the
set-valued mapping G : R” = R" is the jump map, the set C C R™ is the flow set,
and the set D C R" is the jump set.

We will typically consider hybrid systems for which the data satisfies the following
three basic assumptions [90, Assumption 6.5].

Assumption 2.16 (Hybrid basic conditions).

(A1) C and D are closed subsets of R"™;

(A2) F : R™ =2 R is outer semicontinuous and locally bounded relative to C, C' C
dom F', and F' is convex-valued on C;

(A3) G : R™ = R™ is outer semicontinuous and locally bounded relative to D, and
D C domG.

It should be emphasized that when F' is a single-valued and continuous mapping,
the differential equation 2 = F'(z) corresponds to a hybrid system satisfying the hybrid
basic conditions.

2.3.2 Solution Concept

A solution ¢ to H is called a hybrid arc and is parametrized by the elapsed time
t € R>o and the number of jumps j € Z>( that have occurred. To formally define a
hybrid arc, we require the notion of a hybrid time domain [90, Definition 2.3].
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Definition 2.17 (Hybrid time domain). A subset E C R>o X Z>¢ is a compact hybrid
time domain if

J—1

E= U ([tjvthrl]»j) (219)
=0

for some finite sequence of times 0 =ty < t1 < --- <ty. It is a hybrid time domain if
for all (T,J) € E,EN([0,T) x {0,1,...,J}) is a compact hybrid time domain.

If E is a hybrid time domain, we define I;(E) = {t € R>¢ : (t,j) € E}. I;(E) can
be thought of as the largest time interval that can be associated with the jump j for
the hybrid time domain E. It should be noted that I;(E) can be a singleton or empty.

The notion of a hybrid arc is introduced in the following definition [90, Definition
2.4].

Definition 2.18 (Hybrid arc). A mapping ¢ : dom ¢ — R™ is a hybrid arc if dom ¢
is a hybrid time domain and if for each j € Z>o, the mapping t — ¢(t,7) is locally
absolutely continuous on I;(dom ¢).

If ¢ is a hybrid arc, then, for every j € Z>(, the derivative (;'S(t, J) exists at every
t € I;(dom ¢) except on a set of Lebesgue measure zero (that is, it is differentiable at
almost every t € I;(dom ¢)). The solution to a hybrid system is defined as follows.

Definition 2.19 (Solution to a hybrid system). A hybrid arc ¢ is a solution to the
hybrid system H if $(0,0) € CU D, and

(S1) for every j € Zx¢ such that 1;(dom ¢) has nonempty interior,

o(t,7) e C for every t € I;(dom ¢)°, 590
o(t,5) € F(¢(t,§)) for almost every t € 1;(dom ¢), (2:20)

(S2) for all (t,7) € dom ¢ such that (t,5 + 1) € dom ¢,
8(t,9) € D, 1

ot j+1) € G(o(t, 7))-

A solution ¢ to H is said to be complete if dom ¢ is unbounded and maximal if ¢
is not the truncation of another solution.

Conditions for the existence of solutions for a hybrid system satisfying the hybrid
basic conditions can be stated as follows [90, Proposition 6.10].

Proposition 2.20 (Basic existence of solutions). Let the hybrid system H satisfy
Assumption 2.16. If F(z) N Te(x) # O for every x € C \ D, then there exists a
nontrivial solution to H from every initial point in C'U D, and every mazimal solution
to ‘H satisfies exactly one of the following conditions:

(a) ¢ is complete;

(b) dom ¢ is bounded and the interval 1;(dom ¢), where J = sup; dom ¢, has nonempty
interior and t — ¢(t, J) is a mazimal solution to 2 € F(z), in factlim,_,p|p(t, J)| =
00, where T' = sup, dom ¢;

(c) ¢(T,J) ¢ CUD, where (T, J) = sup dom ¢.

Furthermore, if G(D) C C'U D, then (c) above does not occur.
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2.3.3 Stability of Sets

This section introduces stability concepts for a closed set A C R™. We will require two
classes of comparison functions.

Definition 2.21 (Comparison functions).

o A function oo : R>o = R>q is a class-Ko function, also written o € K, if a is
zero at zero, continuous, strictly increasing, and unbounded.

o A function B : R>oxR>9 = R>q is a class-KCL function, also written 8 € KL, if
it is nondecreasing in its first argument, nonincreasing in its second argument,
lim,~ 0 B(r,s) =0 for each s € R>q, and limy_,o B(r,s) =0 for each r € R>y.

Uniform global pre-asymptotic stability of a closed set A C R™ for a hybrid system
is defined following [90, Definition 3.6].

Definition 2.22 (Uniform global pre-asymptotic stability). A closed set A C R™ is
said to be

o uniformly globally stable for H if there exists a class Ko function o such that
any solution ¢ to H satisfies |d(t,7)|a < a($(0,0)) for all (t,j) € dom ¢;

o uniformly globally pre-attractive for H if for each € > 0 and r > 0 there exists
T > 0 such that, for any solution ¢ to H with |¢(0,0)|4 <, (t,7) € dom ¢ and
t+ 7 >T implies |p(t,5)|a < €

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

The prefix pre is employed to emphasize the fact that maximal solutions are not
required to be complete.

Uniform global pre-asymptotic stability according to Definition 2.22 is equivalent
to a stability characterization in terms of a KL-bound [90, Theorem 3.40].

Theorem 2.23. A closed set A C R™ is uniformly globally pre-asymptotically stable
for H if and only if there exists B € KL such that any solution ¢ to H satisfies

for all (t,j) € dom ¢.

If A is compact and the hybrid system satisfies the hybrid basic conditions, then
uniform global pre-asymptotic stability is equivalent to global pre-asymptotic stability
[90, Theorem 7.12] defined as

Definition 2.24 (Global pre-asymptotic stability). Let H be a hybrid system satisfy-
ing Assumption 2.16. A compact set A C R™ is said to be

e stable for H if for every € > 0 there exists § > 0 such that every solution ¢ to
H with |$(0,0)| 4 < & satisfies |p(t,5)|a < e for all (t,7) € dom ¢;

o globally pre-attractive for H if every solution ¢ to H is bounded and, if ¢ is
complete, then lims4jo0|0(t, )4 = 0;

e globally pre-asymptotically stable for H if it is both stable and globally pre-
attractive for H.
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2.3.4 Hybrid Systems with Input
A hybrid system with input # is also defined by four objects (C, F, D, G),

| teF(zu), (z,u)el
{5”+ € G(z,u), (z,u)€D (2.23)

where x € R™ is the state of the system, u € R™ is the input to the system, the set-
valued mapping F' : R™ x R™ = R"™ is the flow map, G : R™ x R”™ = R" is the jump
map, and C' C R® x R™ and D C R™ x R™ are the flow and jump sets, respectively.

We will typically consider hybrid systems with input that satisfy the following
three basic assumptions [61, Definition 2.20].

Assumption 2.25 (Input hybrid basic conditions).

(A1) C and D are closed subsets of R x R™;

(A2) F :R™ x R™ =2 R™ is outer semicontinuous and locally bounded relative to C,
C C dom F, and F is convex-valued on C;

(A3) G :R™ x R™ =2 R™ is outer semicontinuous and locally bounded relative to D,
and D C domG.

It should be remarked that the conditions (z,u) € C and (z,u) € D as they ap-
pear (2.23) can be recast as explicit input constraints such as in the modeling frame-
work of [89]. In particular, define the set X¢ = 71(C) and the set-valued mapping
Uc(z) = {ueR™: (x,u) € C}. Then domUc = X¢ and gph U = C. It now follows
that (z,u) € C if and only if z € X¢ and u € Ug(x). The condition (A1) in Assump-
tion 2.25 stating that C is closed then amounts to Us being outer semicontinuous by
Lemma 2.2. Similar results are found for the jump set D.

The definition of a hybrid input is as follows [61, Definition 2.27].

Definition 2.26 (Hybrid input). A mapping ¢ : domv — R™ is a hybrid input if
dom is a hybrid time domain and for each j € Zsq, the mapping t — (¢, j) is
Lebesgue measurable and locally essentially bounded on 1;(dom1)).

A mapping is locally essentially bounded if it is equal to a locally bounded mapping
except on a set of Lebesgue measure zero. Consequently, an essentially locally bounded
mapping is locally bounded almost everywhere in this sense. We are now equipped to
introduce the solution concept for hybrid systems with input.

Definition 2.27 (Solution to a hybrid system with input). A pair (¢,v), where

¢ is a hybrid arc and v is a hybrid input, is a solution to the hybrid system H if
#(0,0) e CUD, dom ¢ = dom v, and

(S1) for every j € Z>q such that 1;(dom ¢) has nonempty interior,
(o(t,4),v(t,4)) € C for every t € I;(dom ¢)°,

L ] ) (2.24)
o(t,7) € F(o(t,7),¥(t, 7)) for almost every t € 1;(dom ¢),
(S2) for all (t,7) € dom ¢ such that (t,5 + 1) € dom ¢,
(o(t,5),%(t, 7)) € D, (2.25)

ot j+1) € G(o(t, 1), ¥(t, 7).
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Modeling of Underwater Vehicles
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Chapter 3

Modeling of Rigid Underwater
Vehicles

In this chapter, we present a modeling framework for rigid underwater vehicles utiliz-
ing matrix Lie theory. The fundamental kinematic relations for the vehicle are derived
directly on the Euclidean group and its Lie algebra. We subsequently derive the vehicle
dynamics, where we incorporate hydrodynamic inertia effects, hydrodynamic damp-
ing effects, and the hydrostatic wrenches. Additionally, the effect of a uniform and
unsteady ocean current is considered. We then introduce the novel concept of mono-
tone dissipativity that has applications when designing model-based feedback control
laws for underwater vehicles. Finally, a hydrodynamic symmetry principle is intro-
duced which can be utilized to reduce the number of hydrodynamic parameters in the
model.

3.1 Introduction

The mathematical modeling of underwater vehicles is of tremendous importance in
the design and stability analysis of underwater vehicle feedback control laws, and
for verification of underwater vehicle control systems. Unfortunately, the formulation
of sufficiently accurate and mathematically tractable models is severely impeded by
the complexity of the hydrodynamic forces and moments acting on the vehicle. Out
of this challenge a fairly standardized modeling approach has arisen, which is well
described in [24, Chapter 8]. It is in general necessary to neglect the infinite degrees of
freedom that the fluid possesses, and to model the acting hydrodynamic wrenches in
terms of variables describing the motion of the vehicle only. Such modeling approaches
attempt to capture the mean effect that the fluid has on the vehicle over a wide range
of operating conditions.

The remainder of this chapter is organized as follows. In Section 3.2, we present a
kinematic analysis of rigid underwater vehicles on the Euclidean group. In particular,
the kinematic quantities of interest and their transformation rules under a change of
reference frame are introduced. We then present the equations of motion in Section 3.3.
Dissipativity, monotone dissipativity, and Rayleigh dissipation functions are treated
in Section 3.4. Then, Section 3.5 covers vehicle symmetry and the hydrodynamic sym-
metry principle. Lastly, a control model utilizing a quaternion attitude representation
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is introduced in Section 3.6.

3.2 Vehicle Kinematics

To effectively describe the kinematics of a rigid underwater vehicle, we will first intro-
duce a few matrix Lie groups and their properties. The three-dimensional orthogonal
group, O(3), is defined by

0(3) ={ReR¥3:R"T = R™'} C GL(3). (3.1)

The elements of this group are called rotation matrices. A rotation matrix R € O(3) is
called proper if det R = 1, and improper if det R = —1. The difference between them
lies in the fact that improper rotations contain a reflection through some plane. It is
usually not necessary to consider improper rotations in the field of robotics, and most
references therefore only consider the three-dimensional special orthogonal group,

SO(3) :={R € 0O(3):det R =1} C GL(3), (3.2)

which is the Lie subgroup of O(3) comprising all proper rotations. However, improper
rotations are necessary when describing reflection symmetries of underwater vehicles,
which we must consider when formulating the hydrodynamic symmetry principle in
Section 3.5.

The Lie algebra of O(3) is denoted 0(3), and comprises all skew symmetric matrices
in R3><37

0(3) = {ReR¥>3. 0T = —0}. (3.3)

We identify o(3) with R3 through the vector space isomorphism (-)* : R® — 0(3)
defined by

0 —Wws3 Wa
w* = ws 0 —w|. (3.4)
—W?2 w1 0

The adjoint operators formulated relative to the isomorphism (3.4) can then be shown
to be

Ad9® = det(R)R, (3.5)
ad’® = w*. (3.6)
We note that the special orthogonal group and the orthogonal group have the same

Lie algebra, that is s0(3) = 0(3).
The three-dimensional Euclidean group is the semidirect product R x O(3),

E(3) = {(13 11’) . pEeR}Re 0(3)} C GL(4). (3.7)

This group comprises all translations and rotations in three dimensions. The repre-
sentation (3.7) is somewhat cumbersome, and we therefore often write an element
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g € E(3) as a pair g = (p, R). The Euclidean group acts on R? via rotation and trans-
lation, which we for r € R3 write as ¢-r := p + Rr. The mapping g- : R? = R? is
easily shown to be a smooth diffeomorphism. In the robotics literature, one usually
only encounters the three-dimensional special Euclidean group,

SE(3) == {(10% 719> peR3 Re SO(B)} C GL(4). (3.8)

This is the matrix Lie subgroup of E(3) where the rotations are restricted to be proper.
The Lie algebra of E(3) is denoted ¢(3), and defined by

e(3) = {(g g) v ERE D C 0(3)} . (3.9)

We identify ¢(3) with R® by utilizing the vector space isomorphism = : R® — ¢(3)

defined by
U= we v here v = ( * (3.10)

The following proposition establishes the adjoint operators on E(3) and ¢(3) relative
to this isomorphism.

Proposition 3.1. The adjoint operators on E(3) and ¢(3) relative to the isomorphism
(3.10) are given by

i (8 )
ad, = (“OX f}i) , (3.12)

respectively.

Proof. To characterize Ad,, we first compute,

g~ = (g ]1)> <w0X g) <§ 217)1 (3.13)

_ (Rw*R"T Rv— Rw*RTp
N 0 0 '

The skew operator satisfies
Rw*R" = (det(R)Rw)* (3.14)
for all (R,w) € O(3) x R3. Consequently,
—Rw”*R"p = det(R)p* Rw. (3.15)

The operator Ad, is therefore characterized by

sars (0 (e ™). 519
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which admits the matrix representation in (3.11). To characterize ad, , we first compute
the Lie bracket,

X X X X
~ ~7_ [Wy U1 Wy (%) B Wy (%] w1 U1
[”1’”2}(0 0><0 0) (0 0)(0 0)
X, X XX X, X

It follows from the Jacobi-identity of the skew operator that
wiwy —wiwy = (wywa)*. (3.18)

Since —w5 vy = v, ws, we find that

X X X X
91, 9) = (<w1 wa)” v b ”2> . (3.19)

Consequently, the operator ad,, is characterized by

X X
ad,, : <v2> - (“1 w2 ”2> (3.20)
w2 Wy W2

which admits the matrix representation in (3.12). O

The special Euclidean group and the Euclidean group have the same Lie algebra,
s5¢(3) = ¢(3).

By introducing a world-fixed Cartesian reference frame and a vehicle-fixed Carte-
sian reference frame, the configuration of an underwater vehicle can be identified with
E(3). In particular, g = (p, R) € E(3) relates the vehicle coordinate 7 € R3 and the
world coordinate z € R? of an arbitrary point via = g-r, as illustrated in Figure 3.1.
Consequently, denoting by R C R? the set of vehicle coordinates that describe the

Figure 3.1: The world coordinate x and vehicle coordinate r of a point.
physical points comprising the vehicle, g-R = {Rr + p : r € R} describes the corre-
sponding set of world coordinates. In this context, p € R? is the vehicle position, and

R € O(3) the vehicle orientation. The position p should be understood as the vector
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from the world frame origin to the vehicle frame origin expressed in the world frame.
The orientation R describes the axes of the vehicle frame expressed in the world frame.
Moreover, R is a proper rotation (det R = 1) if the world frame and vehicle frame have
the same handedness, and R is an improper rotation (det R = —1) otherwise.

We denote by v € R? and w € R? the linear and angular velocity, respectively, of
the vehicle frame relative to the world frame expressed in the vehicle frame. These
are sometimes referred to as body velocities, e.g. in [98, Chapter 2, Section 4|, or
convective velocities, e.g. in [107, Chapter 15, Section 2|. Furthermore, we denote by
a € R? and @ € R3 the linear and angular vehicle accelerations, respectively. The
differential second-order kinematics are then described by

p=Rv

> X

}? Fw (p, R,v,w,a,w) € R® x O(3) x R? x R® x R? x R3, (3.21)
v=a

w=w

where a and w are considered inputs. By introducing the vehicle velocity v = (v,w) €
RS and the vehicle acceleration o = (a,w) € RS, the kinematic system (3.21) can be
equivalently stated as

g - } (9,v,a) € E(3) x R® x RS, (3.22)
where « is considered an input.

A generalized force acting on a rigid underwater vehicle comprises a linear compo-
nent, a pure linear force I € R3, and an angular component, a pure moment x € R3.
Such a force-moment pair is typically referred to as a wrench, and represented as a
vector f = (I,k) € RS. We consider wrenches to be expressed in the vehicle frame.
In particular, a wrench f contracts naturally with the vehicle velocity v to form the
instantaneous work done by the wrench, W = (f,v) = (I,v) + (k,w).

A change of world frame can be encoded in a rigid transformation h = (b, S) € E(3)
that describes the configuration of the old world frame relative to the new world frame.
In particular, b € R? describes the origin of the old world frame expressed in the
new world frame. Furthermore, S € O(3) describes the axes of the old world frame
expressed in the new world frame. The introduced kinematic quantities then transform
as

g* = hyg,
vt =v,
. (3.23)
a® = aq,
F=r

In particular, g* is the configuration of the vehicle frame relative to the new world
frame, v* and o are the vehicle frame velocity and acceleration relative to the new
world frame expressed in the vehicle frame, respectively, and f* is the transformed
vehicle wrench. Evidently, the latter three quantities are independent of the world
frame placement.
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A change of vehicle frame is in turn facilitated by a transformation h = (b, 5) €
E(3) that describes the configuration of the new vehicle frame relative to the old vehicle
frame. Here, b € R? is the origin of the new vehicle frame expressed in the old vehicle
frame. The rotation matrix S € O(3) describes the axes of the new vehicle frame
expressed in the old vehicle frame. The introduced kinematic quantities transform as

9" = gh,
v = Ad;1 v,
Lo (3.24)
o =Ad; " a,
= AdL S,

Here, g* is the configuration of the new vehicle frame relative to the world frame, v*
and o™ are the velocity and acceleration of the new vehicle frame relative to the world
frame expressed in the new vehicle frame, respectively, and f* is the wrench expressed
in the new vehicle frame.

3.3 Vehicle Dynamics

We will in this section derive the equations that describe the motion of the underwater
vehicle. To this end, the following assumptions are made.

Assumption 3.2.

1. The world frame is an inertial reference frame.
2. R is a nonempty compact regular domain in R? [96, Page 120].

The first assumption is from an empirical standpoint necessary to ensure that
the derived equations of motion describe the vehicle motion. The second assumption
ensures that the vehicle has a smooth surface and nonzero volume, such that we can
guarantee the existence of certain hydrodynamic quantities.

In the following, we start out with a brief treatment of rigid body dynamics before
turning our attention to the modeling of the acting hydromechanical wrenches. It is
customary to separate the contributions to the hydromechanical wrench that act on
an underwater vehicle into three basic components,

1. the hydrodynamic inertia wrench;
2. the hydrodynamic damping wrench;
3. the hydrostatic wrench.

We remark that the hydrodynamic wrench acting on a submerged rigid body un-
dergoing general motion is extremely challenging to model accurately. The fluid is
a highly complicated infinite-dimensional dynamical system coupled with the finite
dimensional underwater vehicle. Consequently, the acting wrench would realistically
depend on the motion history of the vehicle. To derive a manageable set of governing
equations for the rigid body, this aspect of the hydrodynamic wrench is typically ne-
glected in modeling practice. In particular, the hydrodynamic wrench acting on the
body at an instant in time is taken to depend solely on the configuration, velocity,
and acceleration of the body at that instant in time. Such hydrodynamic models are
referred to as memoryless, and are the sole focus of this chapter.
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3.3.1 Rigid Body Dynamics

The tendency of a body to resist a change of its velocity is commonly referred to as
inertia. The central principles of analytical mechanics relate the inertial properties of
a rigid body to its kinetic energy. Let us consider an arbitrary material point with
vehicle coordinate r € R. The corresponding world coordinate is given by x = g-r.
Consequently, the velocity of the material point as seen from the world frame is

T=g-r
= Rv + Rw™r (3.25)
=R (I frx) V.

The underwater vehicle is taken to have a density measure pd>r with support equal
to R. It follows that the kinetic energy of the underwater vehicle, Tg : R® — R, can
be computed by

1 .
Ta(w) =5 [l )it
re

_ % / N <(TIX ;Q;X) y,y> p(r)dPr (3.26)

1
= §<MRI/, V).

The vehicle inertia matrix Mgz can be written as

X

I —
My = (mx f;) ’ (3.27)

T'm

where the vehicle mass m, the vehicle center of mass r,,, and the vehicle rotational
inertia matrix Jg, are defined by

m ::/ p(r)d®r, (3.28)
reR

T = e rp(r)d®r .

- m/TER p(r)dr, (3.29)

Jr = /ER(|r|QI —rar)p(rdr. (3.30)

We here used the fact that 7*r* =r ®@r — |r|? for every r € R3 to define Jr. The
vehicle inertia matrix Mg is symmetric and positive definite.
The rigid body equation of motion for the vehicle is given by

Mg —ad! Mpv = f, (3.31)

where f is a placeholder for other wrenches acting on the vehicle. In fact, (3.31) can
be derived directly from the kinetic energy (3.26) in a variational setting, as done for
instance in [101, Section 5.3.3] and [107, Chapter 15]. It is also possible to arrive at
(3.31) with Newtonian mechanics, as done for instance in [98, Section 4.2.4] and [24,
Section 3.3].
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3.3.2 Hydrodynamic Inertia

A moving submerged body disturbs the surrounding water, and in this manner sets
mass into motion. Consequently, the submerged body has different inertial properties
in water than it would have in vacuum. While this is also true for a rigid body sub-
merged in a fluid such as air, it is the high density of water that makes it particularly
important to consider this additional hydrodynamic inertia in the modeling process.
From a theoretical perspective, the hydrodynamic inertia wrench is typically derived
under the following additional assumptions.

Assumption 3.3.

1. The underwater vehicle is the only bounding surface of the fluid.
2. The fluid motion is globally described by a potential.

3. The fluid density, o > 0, is constant.

4. The fluid is at rest far away from the vehicle.

The fluid motion induced by the vehicle can then be described by a collection of
harmonic functions introduced by Kirchhoff in [1].

Definition 3.4. A classical Kirchhoff potential for R is a mapping ¢ : R3 \ R — R®
satisfying the following three conditions:

1. ¢ is continuously differentiable on R3 \ R and each component of ¢ is harmonic
on R3\ R;
2. ¢ satisfies the Neumann boundary condition

_( n)

Do(r)n(r) = (r o n(r)) (3.32)
on OR, where n: OR — S? is the outwards-pointing unit normal of R;

3. Jp(r)| — 0 as |r|lg — oo.

Since R is assumed to be a compact regular domain, it follows from [108, Theorem
6.10.6] that there exists a unique classical Kirchhoff potential ¢ for R. Furthermore, it
follows from [108, Proposition 2.17.3] that the decay of |¢| is O(|r|%'), and the decay
of D] is O(|r|z2).

A Kirchhoff potential encodes the velocity of every material particle in the fluid.
In particular, the fluid particle that at some instant in time has the vehicle coordinate
r € R3\ R and world coordinate = = g-r, has at that instant in time the world frame
velocity

&= RDop(r)"y, (3.33)

which can be viewed as an analogue to the expression (3.25). It follows that the kinetic
energy of the fluid is given by
1

Ty(v) = 7/ |RD§0(7’)T1/|2 od>r
2 reR3\R

/ (Dp(r)Dp(r) v, v) od®r (3.34)
reR3\R

<MH1/7V>7
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where the hydrodynamic inertia matrix is defined by
My = / Do(r)Dy(r)T od®r. (3.35)
reR3\R

Due to the aforementioned rapid decay of |[Dy|| at large distances from the body, the
integral (3.35) is guaranteed to converge. It should be remarked that several references
define the hydrodynamic inertia matrix as

My = — /reaR o(r) ® (r :(;2740 od*r. (3.36)

The expression (3.36) is equivalent to (3.35) under Assumption 3.3. A proof of this
fact can be found in [109, Section 4.14].

It is seen directly from the development (3.34) that the hydrodynamic inertia
matrix is symmetric and positive semidefinite. While the rigid body inertia matrix
Mp is determined by 10 independent coefficients, the hydrodynamic inertia matrix
is determined by the maximum number of 21. Fortunately, symmetry of the vehicle
shape can be used to bring this number down substantially. We will investigate this
topic further in Section 3.5.

The acting hydrodynamic inertia wrench is denoted fy : R® x R® — RS, and
defined by

fu(v,a) = —Mya +ad] Myv. (3.37)

This can be proven by utilizing T directly in a variational principle, as was done
originally in [1]. Furthermore, it can also be shown that direct integration of the
dynamic pressure induced by the Kirchhoff potentials over the vehicle surface yields the
same result [109, Chapter 4, equations (115-116)]. Consequently, the stated form (3.37)
of the hydrodynamic inertia wrench is uncontroversial provided that Assumption 3.3
is satisfied.

We shall now state the necessary changes to (3.37) when the vehicle is in the
presence of a spatially uniform and unsteady ocean current, thereby alleviating the
fourth item in Assumption 3.3. The fluid velocity and acceleration associated with
the current are denoted v, € R? and a. = 0. € R3, respectively. These quantities are
expressed in the world frame. Furthermore, we define

"
v = Ad ! (%) _ (RO“0> , (3.38)

. _1 {a. RTa. — w*RTo,
Ozc.:VC:Adg (O>adyuc( 0 .

It is seen that v, is the current velocity treated as a vector in R® and expressed in
the vehicle frame. Furthermore, «. is the derivative of v, and therefore contains not
only the current acceleration rotated into the vehicle frame, but also a coupling term
involving the vehicle angular velocity resulting from the motion of the vehicle frame.
The current wrench acting on the vehicle in potential flow is derived in [110, 111],
and found to be given by the mapping fc : E(3) x R x R? x R — RS defined by

fC(gayavcaac) = Mpya, +adIC Mgy, — adIMHl/C

3.39
— ad-l[C Mgy + (Q?L}’(;“IX) RTaC, ( )

v
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3. Modeling of Rigid Underwater Vehicles

The last term present in (3.39) is referred to as the acceleration-reaction wrench. It
can be identified as the wrench acting on the vehicle in a uniform and unsteady flow
field that is undisturbed by the vehicle. The sum of (3.37) and (3.39) constitutes the
hydrodynamic potential flow force fp : E(3) x RS x RS x R? x R?® — RS, defined by

fP(g,V,OL,’UC,(IC) = fH(I/,Oé) +fc(g,l/,vc,ac) (340)

I
= -—Mga, + adIT Mgy, + (Q%;X)RTQC,

v

where we for readability have introduced the vehicle-current relative velocity and
acceleration v, := v — v, and o, := a — a, respectively.

It should be remarked that experimentally determined hydrodynamic inertia pa-
rameters may differ significantly from the ideal values computed from the Kirchhoff
potential with (3.35) or (3.36). Since a memoryless model can not describe the hy-
drodynamic wrenches exerted on the vehicle by a viscous and rotational fluid exactly,
unmodeled effects will inevitably be captured in the hydrodynamic inertia parameters
when the memoryless model is fitted to experimental data.

3.3.3 Hydrodynamic Damping

In a viscous and rotational fluid, additional physical effects such as viscous shear
stresses and free vorticity must be considered. The simplified memoryless approxima-
tion to these effects is typically referred to as the hydrodynamic damping wrench,
e.g. [24, Section 6.4], due to their empirically observable tendency to dampen out the
motion of the underwater vehicle. The damping wrench is modeled as a continuous
mapping d : R® — R8, dependent solely on the vehicle velocity.

The particular expressions chosen for d can be considered semi-empirical at best.
An example from the literature is given by the second-order modulus damping model

d(v) == |vi|Dv, (3.41)
i=1

where v; denotes component i of the vehicle velocity v, and D; € R%% is a matrix
of damping coefficients for every ¢ € {1,...,6}. This damping model is found in the
literature rather frequently. For instance, it is referred to in [24] as a possible choice for
describing the hydrodynamic damping wrench acting on an underwater vehicle during
general maneuvers.

Viscous current effects are usually taken into account by reformulating the hydro-
dynamic damping wrench relative to the current. In particular, d(v) is replaced by
d(v,). This is certainly reasonable when v, is constant due to the Galilean invariance
of the underlying hydrodynamic equations. When the current is unsteady, it might be
necessary to use a different set of hydrodynamic coefficients in d than in the steady
case. It is for instance well known that the averaged drag coefficients of piles in oscil-
latory flow depend on the frequency of oscillation, which is captured by the so-called
Keulegan-Carpenter number. A more detailed discussion of this phenomenon can be
found in [112, Chapter 7] and [113, Chapter 3].
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3.3.  Vehicle Dynamics

3.3.4 Hydrostatics

The hydrostatic wrench comprises in the context of ocean vehicles both weight and
buoyancy, and we start by treating the former. The vehicle weight, considered as a
wrench, can be computed by integrating gravitational contributions expressed in the
vehicle frame over R. Denoting by a, € R3 the gravitational acceleration in the world
frame, taken to point downwards, we find

fwig) = /T . (TIX) Ra, p(r)d®r

ml
= (m?”x> RTaA,.

m

(3.42)

The buoyancy wrench takes the same form in all commonly used constant-density
fluid models. It results from integrating the hydrostatic pressure contributions over
the surface of the vehicle. In particular,

ota) == [ Ry (L 20)) e (3.43)

For a fluid with constant density in a uniform gravitational field, this surface integral
can be transformed into a volume integral over the body, and can further be shown
to have an expression similar to the gravitational wrench (3.42). In particular,

m@——(WﬁRMW (3.44)

oury
for every g € E(3), where the vehicle volume v and center of volume r,, are defined by

1
v ::/ dr, Ty = 7/ rd’r, (3.45)
re€R U Jrer

respectively. The quantity gv is the mass of the fluid displaced by the vehicle. The
hydrostatic wrench is the sum of (3.42) and (3.44), x : E(3) — RS,

x(g) = <( (m = ov)I ) Ra,. (3.46)

X X
mr), — oury)

It is readily seen that (3.46) can be derived from the potential U, : E(3) — R defined
by

Ux(g) = —(a, (m — ov)p + R(mry, — ovry)), (3.47)

that is, x(g) = —dU,(g) for every g € E(3).
We end this section with a proof of the fact that (3.43) and (3.44) are indeed
equivalent.

Proposition 3.5. The expressions (3.43) and (3.44) are equivalent.

Proof. The proof is easiest in component-notation. Defining a* = RTaA,, the linear
force components of the buoyancy wrench (3.43) are

I, = —/ alring od’r, (3.48)
redR
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3. Modeling of Rigid Underwater Vehicles

where summation over repeated indices is implied. Applying the divergence theorem
yields

I = —/ a;dij od’r = —g/ d*ra} = —ova} (3.49)
reR reER

where 6;; is the Kronecker-delta. Denoting by ¢;;; Levi-Civita symbol, the moment
components of the buoyancy wrench are

* 2
ki = —/ A Ts€i KT N 0d°T
redR

3
—/ as(Ops€ijkti + Ts€ijklik)0d°T
rerR

= —Qeijk/ rjd37° ay
reR

*
= —OVE€jkTy,;AL,

(3.50)

where the divergence theorem and the fact that d;5¢;;; = 0 were used. This establishes
that fp is indeed given by the volume integral (3.44). O

3.3.5 Equation of Motion

We will now combine the expressions presented in the previous sections to form the
equation of motion for the underwater vehicle. Denoting the wrenches generated by
the vehicle’s thrusters and control surfaces by 7, we have

Mpo — adI Mgv = fp(g,v,a,v., a.)

(3.51)
+d(v—ve) +x(9) + 7,
or equivalently,
MOt—adIMV:fc(g,y,Uaac) (352)
+d(v—ve) +x(9) + 7,
where we defined the total inertia matrix
M = Mgr+ My. (353)

It is possible to simplify (3.52) further by rewriting it in terms of the relative velocity
v, and relative acceleration «,.. To this end, we require the following lemma which can
be viewed as a minor generalization of [114, Property 2] to the case of unsteady ocean
currents.

Lemma 3.1. It holds that

Mga, —ad] Mgy, = Mga — ad), Mgy — (ﬁﬂ) R'a.. (3.54)

m
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3.3.  Vehicle Dynamics

Proof. Using the linearity of ad, we find

Mpa, — ad), Mgy, = Mpa — ad), Mrv — Mpa.

+ Mgad, v, + ad), Mgv + ad, Mg, (3.55)
— adIC Mg,

The last term in the first line of (3.55) is found to be equal to the last term in (3.54).
We now investigate the terms appearing in the second line of (3.55). Straightforward
computations yield

X pT
w*R'v
Mpad, v, =m ¢
R By e rXw R, )’

T _ 0
ad, Mrv=m (—(RT’UC) v+ (RTo)*r ) ) (3.56)
wX T
T _ R'v
ad, Mgrv. = —m ( XRTUC +wxrx RT’UC)

The sum of the expressions presented in (3.56) is

0
mn (vXRTvC — (RMwe) v + rXw* RTwe + (RTv.) *rXw — wXrX RT’UC>

and the terms containing v are readily seen to cancel due to the anti-symmetry of the
cross product. Furthermore, the terms containing w cancel due to the Jacobi identity.
It remains to show that the last term in (3.55) vanishes. We find that

— T — 0
aduc Mgy, =m ((RT’UC)XRT’UC> ) (357)
which vanishes due to anti-symmetry of the cross product. O

In light of Lemma 3.1 and the expression (3.40) for the hydrodynamic potential
wrench, it is possible to write the full equation of motion for the underwater vehicle
as

Ma, — adIT My, =d(v,) +X(g,ac) + T, (3.58)

where ¥ : E(3) x R* — R® comprises hydrostatic contributions, the acceleration-
reaction wrench, and the last term appearing in (3.54),

X = (2L ) A, ~ o). (3.59)

mr,, — oUr,)

The form of the equation (3.58) when a uniform and unsteady current is present is to
the authors’ knowledge novel. When the current is steady, ¥ reduces to the hydrostatic
wrench y, and (3.58) to the standard model found in [24, Equation (8.2)]. It follows
that the complete system describing the motion of the underwater vehicle can be
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3. Modeling of Rigid Underwater Vehicles

stated as
g= g(ﬁr + ’//\C)
v, = M~ ad, Mu, +d(v,) +X(g, ac) + 7]

Ve = Qg

(3.60)

(g, Vp, Ty Ve, ) € B(3) x RS x R® x R? x R3,

where 7 € RS and a. € R? are considered inputs.

We finalize this section by showing that the equation of motion (3.58) can be
derived from the Lagrange-d’Alembert principle (see for instance [107, Section 7.8],
[53, Section 5.2], and [101, Section 4.4.3] for details). Our result shows that the inertial
and hydrostatic terms present in (3.58), including those resulting from unsteady ocean
currents, can be directly derived from a Lagrangian function.

Theorem 3.6. The equation of motion (3.58) can be derived from the Lagrange-
d’Alembert principle by utilizing the Lagrangian L : E(3) x R® x R3 x R? — R,
L(g,vra0) = (M)~ Ulg,ac). (3.61)
where U : E(3) x R — R is defined by
U(g,ac) = —{ay — ac, (m — pv)p + R(mry, — oury)), (3.62)
and including d and T in the external wrenches.

Proof. Let T > 0, and consider curves g : [0,T] — E(3) and v, : [0,T] — R3 such that
g and v, are absolutely continuous. Given a smooth curve ¢ : [0,T] — RS, we write a
variation of g as g¢ : [0,T] x R — E(3),

ge(t,5) = g(t) exp(sE(1)). (3.63)
From g¢, we can define the variation vg of the corresponding velocity ¢ — v(t) defined
such that 7(t) = g(t)~'g(¢). In particular,

Ve(t,s) = ge(t,s) " ge(t, s). (3.64)

The variation of v, is denoted v, ¢ and defined by

B )
Vee(t,s) = Ad L, | <”C< >
¢ 9s(t5) \ 0 (3.65)

B -1
= Ad_ gy ve®)

The variation of v, is then v, ¢(t,s) = ve(t,s) — vee(t, s).
The corresponding infinitesimal variation of the configuration is now defined as

6g¢(t) 1=% _Ogg(t,s)
:g(t% (I +sE(t)+..) (3.66)
R s=0
= g(t)&(1).
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The infinitesimal variation of the velocity is defined analogously,

—~ d .
51/5(25) = % S:Ollg(t, S)
d ~ N . d ~ o~
=——| [+s&t)+..)0@)+v(t)—| T+s5)+...)+&()
ds s=0 ds s=0
=&(t) + [P(1), €())- (3.67)
Consequently, ve(t) = £(t) + ad, ) &(t). Lastly, the infinitesimal variation of v, ¢ is
d
61/075(25) = % S:OVC7£(t7S)
d 3.68
= % 70([ — Sadg(t) +.. )l/c(t) ( )
= —adg(y ve(t),

where we used the general fact that Adey,» = exp ad, for every v € RS. Consequently,
the infinitesimal variation of v, is v, ¢(t, 5) = dve(t) — dvee(t) = &(t) + ad,, ) (2).
The Lagrange-d’Alembert principle states that the motion of the underwater ve-

hicle, g : [0,T] — E(3), should satisfy

d T T

S s et ars [ recma=o (@)
0 0

for every smooth curve ¢ : [0,T] — RS such that £(0) = £(T) = 0. We focus on the

left-hand side of (3.69). Due to the independence of ¢ and s, the differentiation with

respect to s can be moved inside the integral. It follows from the definition of the

infinitesimal variations that

% 70L(95(t78>,vr,s(t7s)>ac(t)) = <d1L(g(t),ur(t),ac(t))jg(t»

+ <V2L(g(t), Vr(t)v ac(t))v g(t) + adw(t) 5(15)) (370)

Let us now isolate the term containing f . Utilizing integration by parts gives

s=0

t=T

T
/O (V2L (g(t), vr(t), ac(t)), (1)) dt = (VaL(g(t), ve(t), ac(1)), £(1)) |

=0

—/0 (&F[V2L(g(t), ve(t), ac(t))], £(t)) dt.  (3.71)

Since £(0) = &(T) = 0 by assumption, the boundary term in (3.71) vanishes. Since
(3.69) should hold for all smooth curves ¢ : [0,7] — R® vanishing at the domain
endpoints, the Lagrange d’Alembert principle is satisfied if and only if the curve g
satisfies

d

$V2L(g(t)7 Vr(t)7 aC(t)) - ad;I/—T(t) VZL(g(t)7 Vr(t)v aC(t))

— diL(g(t), vr(t), ac(t)) = f(t)  (3.72)

almost everywhere in [0, T]. Substituting the Lagrangian (3.61) into (3.72) and setting
f(t) = d(vr(t)) + 7(¢t) yields (3.58). O
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3.4 Dissipativity

We introduce in this section the notions of dissipative and monotonically dissipative
damping models, and investigate some of their properties. We remark that all results
remain valid if the damping model d maps from and to R™ instead of R®, that is, if
d:R" — R™

3.4.1 Dissipative Damping Models

We say that a hydrodynamic damping model d is dissipative if the instantaneous work
done by d is nonpositive at any velocity, and strictly dissipative if the instantaneous
work done by d is negative at any nonzero velocity.

Definition 3.7. A mapping d : R® — RS is dissipative if it is continuous and
(d(v),v) <0 (3.73)
for every v € RS. It is strictly dissipative if it is continuous and
(d(v),v) <0 (3.74)
for every v € RS\ {0}.

Our definition of dissipativity is the same as [101, Definition 4.65]. Some works, e.g.
[107, Definition 7.8.7], refer to dissipativity in the sense of Definition 3.7 as weak
dissipativity, and strict dissipativity in the sense of Definition 3.7 as dissipativity. For
linear damping models, the situation is particularly simple.

Example 3.8. Let D € R5%® and d(v) :== —Dv. Then d is dissipative if and only
if D is positive semidefinite, that is, if all eigenvalues of D + DT are nonnegative.
Furthermore, d is strictly dissipative if and only if D is positive definite, that is, if all
eigenvalues of D 4+ DT are positive.

The following lemma demonstrates that a dissipative damping model always van-
ishes at the origin, and that its derivative at the origin is a negative semidefinite
matrix.

Lemma 3.2. If d : RS — R is a dissipative mapping, then d(0) = 0. If d is also
differentiable at the origin, then Dd(0) is negative semidefinite.

Proof. Let ¢ := d(0). Utilizing (3.73) and the Cauchy-Schwarz inequality,

0> {d(v),v)
= {c,v) + (d(v) — ¢, V) (3.75)
> (e,v) —|d(v) — c[|v].

By continuity of d, for every ¢ > 0 there exists § > 0 such that

V| <6 = |d(v) —c| <e. (3.76)
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3.4. Dissipativity

Assume now that ¢ # 0. We may then set € = |¢|/2 and v = d ¢/|c|. From (3.75), we
find that

S]c]
> (3.77)

which is a contradiction. Consequently, ¢ = 0, and the first claim is proven. From
(3.73), it now follows that

<0, (3.78)

for every v € RS and every s > 0. If d is continuously differentiable, then taking the
limit s N\, 0 gives

(Dd(0)v,v) <0, (3.79)

which proves the second claim. O

3.4.2 Monotonically Dissipative Damping Models

We shall now investigate a stronger notion of dissipativity that is useful for stability
analysis and design of feedback control laws for underwater vehicles. This dissipativity
notion will be referred to as monotone dissipativity, and damping models with this
property will be referred to as monotonically dissipative damping models. The idea
of a monotonically dissipative damping model utilized in this chapter comes from the
concept of a monotone mapping, that is, a mapping f : R™ — R"” that satisfies

(f(v) = f(u),v —p) >0, (3.80)

for all v, u € R™. This class of mappings has numerous applications in control theory,
for instance global tracking control on matrix Lie groups [83], and nonlinear observer
design [115, 116].

Definition 3.9. A mapping d : RS — R® is monotonically dissipative if it is continu-
ous, d(0) =0, and

(d(v) — d(p),v — p) <0 (3.81)

for all v,u € RS, It is strictly monotonically dissipative if it is continuous, d(0) = 0,
and

(d(v) —d(p),v —p) <0 (3.82)

for allv, i € RS such that v # p. Given K € R6¥S we say that d is (strictly) monoton-
ically dissipative modulo K if the mapping v — d(v) — Kv is (strictly) monotonically
dissipative.

The purpose of the requirement d(0) = 0 is to ensure that monotone dissipativity
implies dissipativity. Indeed, the monotone dissipation inequalities (3.81) and (3.82)
are completely independent of the value d(0). It should be emphasized that monotone
dissipativity modulo K € R%*6 only depends on the symmetric part of K.
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Evidently, (3.81) holding for all v, u € RS is equivalent to the mapping v + —d(v)
being monotone. Monotonicity of a differentiable mapping can be equivalently stated
in terms of its derivative. In particular, [102, Proposition 12.3] establishes that f is
monotone if and only if D f takes positive semidefinite values. The following proposi-
tion builds on this result and constitutes a tool to verify that a damping model satisfies
one of the monotone dissipation inequalities (3.81) and (3.82) modulo K € R6%6.

Proposition 3.10. Let K € R6%6, Jfd : RS — R is continuously differentiable, then

() — (), v — 1) < (K (v — ), v — 1) (3.83)

for all v, i € RS if and only if Dd(v) — K is negative semidefinite for every v € RS.
Furthermore,

(d(v) — d(p),v - p) < (K(v— u),v - p) (3.84)

for all v, € RS such that v # p if Dd(v) — K is negative definite for every v € R\ S,
where S C RS is a discrete set.

Proof. The first claim follows immediately by applying [102, Proposition 12.3] to the
mapping p(v) == —d(v) + Kv.

We now prove the claim related to the strict monotone dissipation inequality (3.84).
Since the mapping (v, 1) — (Dp(v)u, i) is continuous on R® x R, it follows that the
set

{(v, 1) € R® x R® : (Dop(v)pt, pr) > 0} (3.85)

is closed. By assumption, it holds that (D (v)u, p) > 0 for all (v, u) € (R®\ S) x RS.
Consequently, (Do(v)p, ) > 0 for all (v, u) € (RS \ S) x RS. Furthermore,

6 6 — JR6 6
(R6\ S) x R6 =R6\ § xR (3.86)
=R® xR®,
where the first equality follows from the fact that the closure of a Cartesian product
is the product of the closures of the factors, and the last equality follows from the fact
that S is discrete and therefore contains only isolated points. It follows that Dy(v)
is positive semidefinite for every v € RS. Now, fix v, € RS such that v # p. Define
€:[0,1] = R%and ¢ :[0,1] — R by

§(s) = sv+ (1— )y,
C(s) = (p(&(s)) — p(p), v — p)-

Then, ¢(0) = 0 and ¢(1) = (p(v) — (1), v — ). Furthermore, ¢'(s) = {D(E($))(v —
), v — wy. It then holds that

(3.87)

1
¢1) = / ¢'(s) ds
0 (3.88)

- / (D (€()) (v — ) v — ) ds.

0
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To prove that (1) is in fact strictly positive, we will show that there exists a compact
subinterval [s1, s2] of [0, 1], where s3 > s1, such that Dp(€(s)) is positive definite for
every s € [sy, sa]. It then follows that

1
¢1) = / ¢'(s)ds
==A’€(@d&+Llc(@d&+L2cwﬁk (3.89)
> [CDe(e) - - s >0

where it was used that Dp(£(s)) is positive semidefinite for every s € [0,1]. It is
seen that (3.89) is equivalent to (3.84) for the chosen v, . To show that the interval
[s1, $2] exists, assume that (Dp(&(so))(v — ), v — p) = 0 for some sy € [0,1]. This
necessitates £(sg) € S, since Dy takes positive definite values everywhere else by
assumption. Since S is discrete, there exists an open neighborhood U of £(sg) such
that UNS = &(sp). It follows that U\ £(sg) is an open set on which D¢ takes positive
definite values. By continuity of ¢, it holds that V = £~1(U \ £(s¢)) is relatively open
in [0, 1]. Furthermore, since ([0, 1]) is a line-segment that passes through &(s¢) and
U is open, there must be other points in U N ([0, 1]) than £(sp). It follows that V' is
also nonempty. Since V is relatively open in [0, 1] and nonempty, it must contain a
subinterval [s1, s2] of [0, 1] such that so > s1. It follows that (3.84) holds for the chosen
v, . Since v, p are arbitrary except for v # p, it follows that (3.84) in fact holds for
all v, 1 € RS such that v # p. O

We now treat as an example the diagonal modulus damping model, which has
found ample applications in the literature. It is for instance used in [117] in a control
design model for an autonomous underwater vehicle.

Example 3.11. Consider the diagonal modulus hydrodynamic damping model d :
RS — RS defined by

(51‘V1|I/1
d(v) = — : , (3.90)
56‘V6|V6

where §; > 0 for every ¢ € {1,...,6}. The model (3.90) is precisely (3.41) with
D; = 6;e; ® e;. Certainly d(0) = 0, and

Dd(v) = —2diag(d1|v1],- - -, ds|ve]) (3.91)
is continuous and negative semidefinite for every v € RS. Consequently, d is mono-
tonically dissipative by Proposition 3.10. Furthermore, if every d; > 0, then Dd(v) is
negative definite for every v € R%\ {0}. Since the set {0} is discrete, it follows from

Proposition 3.10 that d is strictly monotonically dissipative.
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It turns out that d has strong monotone dissipativity properties that can not be
readily concluded from Proposition 3.10. In particular, it holds that

6
() = dl v = p) < =3 il = gl
i=1

_min{él,...,56}|y_ﬂ‘3
= 2\/6 .

To show this, let v; > 0 and p; > 0. Then,

(3.92)

(lvilvi = |palps) (Vi = i) = (V7 — ) (vs — ps)
= (Vi + i) (Vi — i)
> |v; — il

Equality holds if v; = pu;, or if either v; = 0 or p; = 0. Let now v; > 0 and p; < 0.
Then

(wilve = lpalpa) (i — i) = (V7 + 1) (vi = pa)
= %(Vz - Mi)g
+ 5 (Vi + ) (v — i)
> 5lvi - il
Equality holds if v; = —p,. The remaining cases can be handled in the same manner

as the two shown, and the first inequality in (3.92) is readily established. The second
inequality in (3.92) can be shown by noting that |v|3 > |[v|?/V/6 for every v € RS.

3.4.3 Rayleigh Dissipation Functions

Rayleigh dissipation functions are scalar functions that can be used to describe dissi-
pative mappings. They are named after John William Strutt, 3'4 Baron Rayleigh, who
introduced them in 1871 [118]. Rayleigh only considered quadratic functions, which
he used to encode linear damping in the Euler-Lagrange equations of motion. We here
impose no such restriction, and base our definition on a more general form utilized for
instance in [107, Definition 7.8.9].

Definition 3.12. A Rayleigh dissipation function is a continuously differentiable func-
tion D : RS — R such that —V D is a dissipative mapping.

We shall say that a dissipative mapping d : R® — RS admits a Rayleigh dissipation
function if there exists a function D such that d = —V D. The following lemma shows
how to compute the Rayleigh dissipation function from the dissipative mapping, if
possible.

Lemma 3.3. If d : RS — RS admits a Rayleigh dissipation function, then it is defined
uniquely up to an additive constant by the expression

1
D) = —/0 (d(sv),v)ds. (3.93)
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Proof. Assume that E is a Rayleigh dissipation function for d. Then, from (3.93),

D(V):/O (VE(sv),v)ds

[t (3.94)
7/0 £E(su)ds

— E(v) - E(0),

is also a Rayleigh dissipation function for d. Moreover, D and FE differ by a constant.
O

If d : RS — RS is a continuously differentiable dissipative mapping, then the exis-
tence of a Rayleigh dissipation function is equivalent to the symmetry of the derivative
of d.

Proposition 3.13. If d is continuously differentiable, then d admits a Rayleigh dis-
sipation function if and only if Dd(v) is symmetric for every v € RS.

Proof. If d is continuously differentiable, then the associated Rayleigh dissipation
function must be twice continuously differentiable. Since second partial derivatives
commute in this case, having Dd(v) symmetric for each v € RS is necessary for the
existence of the Rayleigh dissipation function. If d admits a Rayleigh dissipation func-
tion, then it is given uniquely up to an additive constant by (3.93). Differentiating
this expression and integrating by parts gives

1
VD(v) = —/ [Dd(sv)"sv + d(sv)] ds
0
1 s=1
= / [Dd(sv) — Dd(sv) |svds — {sd(su)}
0 s=0
1
- / (Dd(sv) — Dd(sv) s ds — d(v), (3.95)
0
which shows that a symmetric-valued Dd is also sufficient. O

It turns out that a Rayleigh dissipation function can be used to characterize mono-
tone dissipativity of the associated mapping. The following result is based on [102,
Theorem 2.14].

Proposition 3.14. Let K € R%6. If d : RS — RS admits the Rayleigh dissipation
function D, then

(Aw) — d(u), v — ) < (K — )0 — ) (3.96)
for all v, n € RS if and only if
Disw + (1 - )u) < sD(v) + (1 - 5)D(1)

s(l—s (3.97)
Nk — v — )
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3. Modeling of Rigid Underwater Vehicles

for all s € [0,1] and all v, n € R®. Furthermore,
(dv) —d(p),v — p) < (K(v—p),v—p) (3.98)
for all v, ;i € RS if and only if

D(sv+ (1 —s)p) <sDw)+ (1 —s)D(u)

s(l —s 3.99
Uk — v ) (399

for all s € (0,1) and all v, u € RS such that v .
K K

Proof. Let A := 2(K 4+ K") and ¢(v) = —d(v) + Av. Then, (3.96) is equivalent to
¢ being a monotone mapping. Moreover, ¢ = V@, where &(v) = D(v) + %(Ay, v). It
follows from [102, Theorem 2.14] that ¢ is monotone if and only if @ is convex, that
is,

O(sv+ (1 — s)p) < s®(v) + (1 — s)P(u) (3.100)

for all s € [0,1] and all v, u € RS. Substituting @ into (3.100) and noting that (Av,v) =
(Kv,v) for all v € RS gives the desired expression (3.97). The strict case is similar. [

In the case where K = 0, the condition (3.97) holding for all s € [0,1] and all
v, ;i € RS, characterizes D as convex. Similarly, the condition (3.99) holding for all
s € (0,1) and all v, € RS such that v # p, characterizes D as strictly convex.
Consequently, if D : R® — R is a continuously differentiable (strictly) convex function
such that the origin is a minimum of D, then —VD is a (strictly) monotonically
dissipative mapping. Conversely, if d is a (strictly) monotonically dissipative mapping
that admits a Rayleigh dissipation function, then this Rayleigh dissipation function is
(strictly) convex and the origin is a minimum.

Example 3.15. Consider again the diagonal modulus damping model defined by
(3.90). We have that Dd is continuous and symmetric-valued, and therefore by Propo-
sition 3.13 that d admits a Rayleigh dissipation function. In this case, we find that

6 1 6
1
D(v) = E /0 820 |vi|® ds = 3 E Silvil?. (3.101)
i=1 i=1

If §; > 0 for i € {1,2,...,6}, then D is convex and the origin is a minimum of D.
Furthermore, if If §; > 0 for ¢ € {1,2,...,6}, then D is strictly convex and the origin
is a global minimum of D

3.5 Hydrodynamic Symmetry Principle

This section will cover simplifications of the hydrodynamic inertia matrix My and the
damping wrench d by exploiting symmetries of the underwater vehicle. A symmetry
should in this context be understood as a change of vehicle frame that leaves the
vehicle looking identical. In particular, given a change of vehicle frame h € E(3), we
denote the set of coordinates of the points comprising the vehicle in the new frame by
R* C R3. The relationship between R and R* is then R = h-R*. By a symmetry of
R, we mean a change of frame h such that R = R*, that is, such that R = h-R.
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3.5. Hydrodynamic Symmetry Principle

Definition 3.16. A rigid transformation h € E(3) is a symmetry of the vehicle if
R=h-R.

An equivalent definition provided that R is compact is the following: A rigid trans-
formation h C E(3) is a symmetry of R if r € R implies h-r € R. It is readily seen
that the set of symmetries of R, denoted H, is a matrix group. In particular,

1. if R=h-R,then R =h~! R, and
2. f R=h1-Rand R = hy- R, then R = (h1hs2)-R.
We refer to H as the symmetry group of R. It can furthermore be shown that #H is

closed in R**4 and consequently relatively closed in GL(4). It then follows by the
closed subgroup theorem that #H is a matrix Lie group.

Lemma 3.4. If H C E(3) is the symmetry group of R, then # is closed.

Proof. Let h = (b,S) € H. Then there exists a sequence hy € H converging to h.
Furthermore, for every r € R, the sequence xy = hy-r converges to x = h-r. This can
be seen by writing

|33 —SCk| = |b— bk + (S— Sk)’l“|
< |b—bg| +|S — Skl|7] (3.102)
< (14 [l = B
Since z; € R is a convergent sequence and R is closed, it follows that x € R. Conse-

quently, r € R implies h-r € R. By definition, h € H. Since h is arbitrary, it follows
that H = H. O

It is easy to show that the vehicle center of volume is invariant under a symmetry
transformation.

Lemma 3.5. If h is a symmetry of R, then h-r, = 1,.

Proof. We have that

1 1 1
h-r,,:f/ h-rd‘o’r:f/ zd3z=f/ 2d3z =1,
vJRr U JhRr vVJR

where we used the substitution z = h-r and the fact that h- R =R. O

Consequently, if the vehicle frame is chosen such that its origin lies in the center of
volume, then all vehicle symmetries must be pure rotations. This is seen as follows:
If h = (b,S) is a symmetry, then Sr, + b = r, by Lemma 3.5. If the frame origin
is in the center of volume, then r, = 0, and hence b = 0. Consequently, h = (0, .5).
For this reason, we only consider pure rotations in the examples presented later. It
should nonetheless be remarked that the existence of symmetries does not depend on
the particular vehicle frame chosen.
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3. Modeling of Rigid Underwater Vehicles

3.5.1 Hydrodynamic Inertia Symmetry

Every vehicle inertia matrix M transforms as M* = Ad} M Adj, under a change of
vehicle frame h. Since the hydrodynamic inertia matrix My depends solely on the
shape of the vehicle and the fluid density, it is reasonable to assume that if R = R*,
then Mg = My}, = AdZ My Ady. Roughly speaking, we are claiming that a change
of frame that leaves the vehicle looking the same should leave the hydrodynamic
inertia matrix unchanged. This consideration forms the basis of hydrodynamic inertia
Symietry.

Symmetry Principle for Hydrodynamic Inertia. If i is a symmetry of R, then
My = Ad} My Ady,.

To prove this result under Assumption 3.3, we must first establish a symmetry property
of the unit outward normal n of R.

Lemma 3.6. If h = (b, S) € E(3) is a symmetry of R, then Sn(r) = n(h-r) for every
r € OR.

Proof. Let (U, ) be a local chart for R such that

ng(r)
nr)=-————= 3.103
)= ") (3109
for all r € U N OR. It then follows that (h-U, ), where 3(r) :== ¢(h~!-r) for all
r € h-U, is a local chart for h-R = R. Furthermore, since h is a diffeomorphism and
a symmetry of R, it follows that h- (UNIR) = (h-U)NI(h-R) = (h-U)NIR.
Now,
VB3(r)
n(r)=———-—+ 3.104
)= B0 (3100
for all » € (h-U)NIR. Since ¢(r) = B(h-r) for all r € UNR, we find from the chain
rule that

Vis(r) = STVps(h-7) (3.105)

for all r € UNR, which in light of the expressions (3.103) and (3.104) gives the desired
result. O

An illustration of Lemma 3.6 is presented in Figure 3.2. We are now ready to proceed
with the main result of this section.

Theorem 3.17. If h is a symmetry of R, then the classical Kirchhoff potential for R
satisfies o(r) = Ad} o(h-7) for every r € R3\ R.

Proof. The result is proven by showing that the transformed Kirchhoff potential
©*(r) == Ad} @(h-7) is also a classical Kirchhoff potential for R as per Definition 3.4.
The desired result then follows from the uniqueness of the potential.

Since the domain of ¢ is R3 \ R, it follows that the domain of ¢* must be h=1-
(R3\ R). Since h- : R® — R3 is a diffeomorphism, it holds that h=!- (R3\ R) =
(h=1-R3)\ (h~1-R). We have that h=!-R?® = R3, and, since h is a symmetry of
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3.5. Hydrodynamic Symmetry Principle

Figure 3.2: Reflection of the normal vector n for a triangle.

R, that h~1-R = R. Consequently, the domain of ¢* is R3 \ R. Furthermore, ¢* is
seen to be continuously differentiable on R3 \ R. Since rigid transformations preserve
harmonic functions (see [108, Lemma 2.1.2]) and linear combinations of harmonic
functions are harmonic functions, each component of * is harmonic on A=-(R3\R) =
(h=1-R3)\ (h~1-R) = R®\ R. Consequently, ¢* satisfies item 1 in Definition 3.4.

Let h = (b, S). Utilizing the chain rule, Lemma 3.6, and the boundary condition
satisfied by ¢, we find

Dy*(r)n(r) = AdZDgo(h-r)Sn(r)
= Ad} Do(h-r)n(h-r)

= Adj ((h-:)l(il ;Z?h.r)) :

Continuing, it follows from Lemma 3.6 and properties of the cross product that the
matrix appearing in the last line of (3.106) can be rewritten as

(<h.ﬁ§(f Z()hw)) - ((b+ S?L"S;nxr()Sn(r)D

(3.106)

— Ad; " <r " Tzr)) . (3.107)

In light of (3.106), it follows from (3.107) that ¢* satisfies the same Neumann boundary
condition as . Consequently, ¢* satisfies item 2 in Definition 3.4.

Lastly, |¢*(r)| < |Adg||@(h-1)|, and |h-r|gr < |r|gr + |blr. Since |r|g — oo therefore
implies |h-7|g — oo, and since |p(r)] — 0 as |r|g — oo, it follows that |p*(r)| — 0
as |r|r — oco. Consequently, p* satisfies item 3 in Definition 3.4. It follows that ¢* is
a classical Kirchhoff potential for R. Since this potential is unique, it must hold that

"= O
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3. Modeling of Rigid Underwater Vehicles

With Theorem 3.17 in place, it is straightforward to show the symmetry principle
for hydrodynamic inertia.

Corollary 3.18. If h is a symmetry of R, then My = Adz My Ady,.
Proof. Let h = (b, S). It follows from Theorem 3.17 and the chain rule that

Dy(r) = Ad} Dp(h-7)S (3.108)

for every r € R3 \ R. Utilizing the definition of the hydrodynamic inertia matrix (3.35)
and the relationship (3.108), we find

My = [ Dl Dol o

reRAR (3.109)

:/ Ad] Do(h-r)Do(h-r)" Ady, od®r.
reR3\R

We then perform the substitution z = h-r and utilize the fact that h-(R3\ R) =
(h-R3)\ (h-R) = R\ R. This gives

My = / Ad] Do(2) Dp(2)T Ady, od®z
zER(R3\R)
= / Ad] Do(2) Dp(2)T Ady, od®2 (3.110)
zER3\R

= Ad} My Ad,, . O

It is important to note that if a vehicle R has symmetry group H, then it is not
necessary to check that My satisfies the symmetry principle for every element in H. It
suffices to check a subset of H called a generating set. A generating set for H is a set
S C H such that every element in H can be written as a composition of finitely many
elements in S and inverses of elements in S. To see why this is possible, let h € H,
and suppose that My = Adz My Ady,. Since generally Ad,:1 = Ad-1, it follows that
Mg = Adzfl My Ady,-1, such that My automatically has the required invariance with
respect to h~!. Similarly, if hy, he € H, and also My = Adz1 My Adp, and My =
Adz2 My Adp,, then it follows that My = AdL Ad;1 Mp Adp, Adp,. Since generally
Adh1 Adh2 = Adhth, it follows that MH = Ad;l;th MH Adh1h2~ Consequently, MH
automatically has the required invariance with respect to the product hihs.

We finally remark that symmetry considerations for the added inertia matrix are
similar to those for linear damping models, which are covered in Example 3.19.

3.5.2 Hydrodynamic Damping Symmetry

This section introduces a symmetry principle for the hydrodynamic damping wrench.
While the main idea behind this symmetry principle and the symmetry principle for
hydrodynamic inertia is precisely the same, it is not possible to formulate any formal
proof for damping symmetry. This is because the hydrodynamic damping wrench is
not based on mathematical hydrodynamics, and there really is no underlying theory
from which its properties can be derived. Nonetheless, we argue that the symmetry
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3.5. Hydrodynamic Symmetry Principle

principle is reasonable in the context of memoryless hydrodynamic damping models.
In particular, the principle states that a change of vehicle frame that leaves the ve-
hicle looking the same, should leave the damping wrench unchanged. We recall from
(3.23) that the vehicle velocity and vehicle wrench transform as v* = Ad,;1 v and
= Adz f, respectively, under a change of vehicle frame h. The damping wrench
therefore transforms such that d*(Ad; ' v) = Adj, d(v) for every v € RS, or equiva-
lently, d*(v*) = Ad} d(Adj, v*). The symmetry principle for hydrodynamic damping
now states that if R = R*, then d(v) = d*(v) for every v € RS. Consequently, if
R = R*, then d(v) = Ad} d(Ady, v) for every v € R,

Symmetry Principle for Hydrodynamic Damping. If 4 is a symmetry of R,
then d(v) = Ad} d(Ady, v) for every v € RS.

It should be remarked that it also here is not necessary to consider symmetry with
respect to all elements of the symmetry group H of R. A generating set for H suffices.
We now illustrate the simplification of linear damping models by symmetry. These
results are also applicable to symmetry considerations for hydrodynamic inertia.

Example 3.19. Linear damping models take the general form d(v) :== —Dv, where
D € RY%6, The symmetry principle for hydrodynamic damping then dictates that if
h is a symmetry of R, then D = Ad;';DAdh. We recall from Lemma 3.5 that we
without loss of generality can assume that h is a pure rotation. We therefore only
consider symmetries of the form h = (0,.5), where S € O(3), in which case

Ady, = blkdiag(S, (det S)S). (3.111)

If we partition D as

(D1 Ds
D_(D2 D4)7 (3.112)

where D; € R3*3 for i € {1,...,4}, then the symmetry principle for linear damping
requires that

D; =S"D;S if i € {1,4},

. (3.113)
D; = (det S)S D;S ifie {2,3}

Let us compute how the damping matrix D can be simplified if we demand invari-
ance with respect to a reflection through the 2-3-plane. This is done by considering
(3.113) with S = diag(—1, 1, 1). Straightforward computations yield

D;11 —Dii2 —Dijas
ST™DiS=|-Di21 Disa Dias|, (3.114)
—Di31 Dz D33

and, since det S = —1, (3.113) gives

0 Dy Doz Doy O 0

0 D3y D3z D3y 0 0

0 Dsgo Dug Dyy O 0
Ds; 0 0 0  Dss Dse
Dg1 O 0 0  Des Des

D= (3.115)
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3. Modeling of Rigid Underwater Vehicles

If R describes an underwater vehicle with vehicle frame chosen such that the 1-axis
points from aft to fore, the 2-axis from port to starboard, and the 3-axis from top to
bottom of the vehicle, as is convention, then this particular symmetry is referred to as
fore-aft symmetry. Similar computations then yield for S = diag(1,—1,1) (starboard-
port symmetry),

D11 0 D13 0 D15 0
0 D22 0 D24 0 D26
D31 0 D33 0 D35 0

D= 0 Di 0 Dy 0 Dug (3.116)
Dsy 0 Ds3 0 Dss 0
0 Dgo 0 Dey 0 Degg
and for S = diag(1,1 — 1) (bottom-top symmetry),
Dy Dz 0 0 0 D
Doy Doy 0 0 0 Do
p=| 9 0 Du Du Ds 0 (3.117)

0 0 Ds3 Dsys Dss O
Dg1  Dego 0 0 0 Degg

For a vehicle with a rectangular cross-section, we combine port-starboard and bottom-
top symmetries. This gives

Dy 0 0 0 0 0
0 Doy 0 0 0 Dog
0 0 Dy 0 Dy 0
D = 0 0 0 Dus 0 0 (3.118)
0 0 Ds3 0 Dss 0
0 Dego 0 0 0 Dgg

Let us consider a vehicle with a square cross section. We take our first symmetry
to be a 90°-rotation around the 1-axis,

10 0
Sp=[0 0 -1 (3.119)
01 0

Straightforward computations yield

D;11 Diiz —Djaa
STD;Sy = | Dijzi  Dizz —Dis|. (3.120)
—Djo1 —D;23 Do

Since detS; = 1, the relations (3.113) state that D;12 = Dj13, Di1s = —Dj12,
Dio1 = Di31, Diz1 = —Djo1, Dijzo = —D; 23, and D; 20 = D; 33. Evidently, this

requires D; 12 = D; 13 = D; 21 = D; 31 = 0. Consequently, the damping matrix taking
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into account the symmetry S; has the form

Dy 0 0 Dqy 0 0
0 Dy Daz 0 Dss  Dag
0 —Dyz Day 0 —Dos Dos

Dy 0 0 Dyy 0 0
0 Ds; Ds3 0 D55 Dsg
0 —Ds3 Ds2 0 —Dsg Dss

D= (3.121)

As our second symmetry, we take a reflection through the 1-3-plane, that is, Sy =
diag(1, —1,1). The simplifications are in this case already stated in (3.116). The damp-
ing matrix taking into account both symmetries S; and Sy is therefore

Dy 0 0 0 0 0
0 Dao 0 0 0 Dog
10 0 Dwn 0 Dy 0
P=19 0o 0 Du 0 o0 (3.122)
0 0 Dy 0 Ds 0
0 -Dy 0 0 0 D

If the vehicle has a square cross section, then it also has bottom-top symmetry. How-
ever, it is seen from (3.117) that taking S5 = diag(1,1, —1) yields no further simpli-
fications of D in (3.122). This is because S3 can be stated in terms of S; and S3. In
particular, 83 = 515152.

We will now apply the symmetry principle to a class of nonlinear hydrodynamic
damping models of the form

k
d(v) = — Z oi(v)Dyv, (3.123)

where o : RS — R* is a continuous mapping and D; € R5%6 is a constant matrix of
coefficients for every ¢ € {1,...k}. The second-order modulus damping model (3.41) is
seen to be a special case of (3.123) with £ = 6 and o chosen as the entrywise absolute
value. These models admit a representation in terms of a nonlinear damping matrix
D : RS — R6%6,

k
D(v) = Z o:(v)D;, (3.124)

such that d(v) = —D(v)v. Of course, there exist other choices for D than (3.124) that
result in the damping wrench (3.123). The following theorem establishes symmetry
for the class of models (3.123) under the assumption that o is invariant under the
symmetry.

Theorem 3.20. Let h be a symmetry of R and d be defined by (3.123). If o(v) =
o(Ady v) for every v € RS, then d satisfies the symmetry principle for hydrodynamic
damping if and only if (Ajv,0(v)) = 0 for every v € R® and every j € {1,...,6},
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3. Modeling of Rigid Underwater Vehicles

where
el (Dy — Adj, Dy Ady,)
Aj = : : (3.125)
el (D — Adj Dy, Ady,)

Proof. The symmetry principle demands that d(v) = Ad} d(Ady, v) for every v € RS.
Due to the invariance of o, we find that

5(v) = d(v) — Ad} d(Ady, v)

k . (3.126)
= 0i(v)(D; — Adj D; Ady)v.
i=1
Denoting by d; the jth component of §, we find that
k
8;(v) = ; oi(v){ej, (D; — Ad}, D; Ady,)v) (3.127)

= (Ajv.0(v).

Consequently, damping symmetry holds if and only if (4;v, o(v)) = 0 for every v € RS
and every j € {1,...,6}. O

It follows from Theorem 3.20 that a sufficient condition for the damping model
(3.123) to satisfy the symmetry principle with respect to a symmetry h of R is that
D; = AdZ D; Ady, for every i € {1,...,k}. If o satisfies a certain independence prop-
erty, then this condition is also necessary.

Corollary 3.21. Let the conditions of Theorem 5.20 hold and let A € RFX6. [f
(Av,o(v)) = 0 for every v € R® implies that A = 0, then (3.123) satisfies the symmetry
principle if and only if D; = Ad; D; Ady, for everyie {1,...,k}.

Proof. The independence property of o ensures that the requirement (A;v,o(v)) =0
for every v € RS and every j € {1,...,6} presented in Theorem 3.20 is satisfied only
if every A; = 0. In light of (3.125), this is true only if D; = Adz D; Adj, for every
i€ {1,...,k}. Sufficiency of the requirement D; = Ad}, D; Ady, for every i € {1,...,k}
is straightforward in light of Theorem 3.20. O

Theorem 3.20 and Corollary 3.21 suggest an approach to the design of damping
models for vehicles with certain symmetries. In particular, one first identifies a gen-
erating set of the symmetry group H of the vehicle. Then, one looks for a mapping
o that is invariant under the elements of the generating set (and therefore under ),
ideally with the independence property of Corollary 3.21. Finally, one forms the model
(3.123), where every D; satisfies D; = Ad; D; Ady, a property which is established
as outlined in Example 3.19. We now present an example in which we show that this
approach leads to the second-order modulus damping model if a vehicle has three
planes of symmetry.

52



3.5. Hydrodynamic Symmetry Principle

Example 3.22. The second-order modulus damping model, also stated in (3.41), is
given by

6
d(v) == — Z|ui|Diu. (3.128)

If the vehicle frame is placed in the center of volume with its axes directed along
the intersections of the symmetry planes, then the symmetries of R can be written
as h; = (0,5;) for ¢ € {1,2,3}, where S; = diag(-1,1,1), Sy = diag(1,—1,1), and
S3 = diag(1,1, —1). It is readily seen that

-1 vy V1
1%) —U2 %]
Adp,v=| |, Adp,v=| | Adpv=|"" (3.129)
V4 V4
—Us Vs —Us
—Ug —Usg Vg

It is therefore reasonable to select o as a mapping that is independent of the sign of
the entries of its argument. There are of course many such mappings. For example,
k=1and o(v) = |v], or k = 2 and o(v) = (|v|,|w|). However, both of these
mappings are invariant under a much larger group than what we consider here. In
particular, both of them satisfy o(v) = o(Ady, v) for every v € R® and every h = (0, S)
where S € O(3). These choices of o would therefore also be candidates for a spherical
underwater vehicle. Indeed, reasoning along these lines very quickly leads to kK = 6
and o(v) = absv for the present case if one wishes the entries of d to be of second
order. It can also be established that abs has the independence property, as shown
below in Lemma 3.7. It then follows by Corollary 3.21 and considerations presented in
Example 3.19 that every D; should be a diagonal matrix. This constitutes a reduction
from 216 parameters to 36 parameters.

Lemma 3.7. Let A € R6%®. Then
(Av,absv) =0 (3.130)
for every v € RS if and only if A = 0.

Proof. Let i,j € {1,...,6}. Set all entries of v except v; and v; to zero. Consider first
the case where ¢ = j. Then, (3.130) simplifies to A;;|v;|v; = 0. Since this must hold
for all v;, it can be concluded that A;; = 0. Since ¢ is arbitrary, it follows that A has
only zeros on its diagonal. Consider now the case where i # j. From what has been
established, it can be concluded that (3.130) simplifies to A;;|v;|v; + Ajilvilv; = 0.
This must hold for all v; and v;. In particular, the cases (v;,v;) = (1,1) and (v;,v;) =

(1,—1) yield the equation
1 1 Aij -
() () o .

with the unique solution A;; = A;; = 0. Since (i, j) are arbitrary apart from ¢ # j,
this proves that A = 0. O
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Lastly, we will highlight the connection between vehicle symmetry and Rayleigh
dissipation functions. If a hydrodynamic damping wrench d admits a Rayleigh dissi-
pation function D, as introduced in Definition 3.12, then the symmetry properties of
d can be completely characterized in terms of D. The following proposition makes this
statement precise.

Proposition 3.23. Let h € E(3) be a symmetry of R. If d admits the Rayleigh dissi-
pation function D, then d satisfies the symmetry principle for hydrodynamic damping
if and only if D(v) = D(Ady, v) for every v € RS.

Proof. Assume that d(v) = Ad; d(Ad, v) for every v € R®. From Lemma 3.3, we have
that

D(v) = _/0 (d(sv),v)ds + Dy

1
=— [ (Ad] d(sAd ds+ D
/0< T d(s Ady, ), v} ds + Dy s

1

_ / (d(s Ady ), Ady v) ds + Dy
0

= D(Adh V),

where Dy € R is a free parameter specifying D(0). This shows necessity.
Let now D(v) = D(Ady, v) for every v € RS. It then follows from the chain rule
that

VD(v) = Adj, VD(Ady, v) (3.133)
for every v € R®. Consequently, d(v) = Ad} d(Ady, v) for every v € R®. This shows
sufficiency. O
3.6 Control Model with Quaternion Attitude Representation
It is convenient for control design purposes to employ unit quaternions to describe the

orientation of the underwater vehicle. The group of unit quaternions can be represented
as the matrix Lie group

7 = {z - (’7 M‘ix) : (y€) € 83} c GL(4), (3.134)

€

where 7 is the real part of the unit quaternion and e is the imaginary part of the unit
quaternion. The underlying manifold of Z is seen to be S?. Let us now characterize
the basic group operations. Skipping some tedious but straightforward computations,
the inverse of z € Z is found to be

T \ ! T \T T
= (7 <) =(" ) =(" < ). (3.135)
e nl+e e nl+e —e nl —e¢
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Furthermore, the product of z; € Z and z5 € Z is

T T
_ (™M —€ 12 —€g
2122 = (61 771[+ Gi() (62 772[+ 65) (3136)
_ mmne — (€1, €2) —(m1€2 + M2€1 + €1 X €)T
niez + el +e1 X €2 (mn2 — (€1, €2))] + (mex +mper + €1 X €)% )7

Unit quaternions are connected to proper rotations via the mapping rot : Z —
SO(3), defined by

rot(2) == I + 2ne™ + 2¢™€*. (3.137)

The mapping rot establishes Z as a double covering group of SO(3). In particular,
it can be shown that rot is surjective and that for every R € SO(3), there exists
an open neighborhood U of R and two disjoint open sets V; and V5 in Z such that
rot 7} (U) = V4 UV, and the restriction rot|y,: V; — U is a homeomorphism for
i € {1,2}. The neighborhoods V; and V, have the the property that z € V; if and
only if —z € V5. Furthermore, it can be shown that for all z1, 2o € Z, it holds that
rot(z1) rot(ze) = rot(z122). Consequently, rot is also a Lie group homomorphism. Since
Z is simply connected, it is in fact the universal covering group of SO(3).

We now seek to characterize the Lie algebra of Z, denoted 3. The tangent space to
ZatzeZlis

T
Ty(z) = {(2 CIfUX> ¢ ER, 0 €R3 s+ (e,0) —0}. (3.138)

The Lie algebra to Z, as introduced in Definition 2.7, is the tangent space to Z at the
identity equipped with the matrix commutator. It follows that

3i=Ty(I) = {(O JiT> o€ RS} . (3.139)

o
We identify 3 with R? by utilizing the vector space isomorphism ~? : R? — 3, is defined
by
53 = % (2 ;";) . (3.140)
The factor 1/2 is included to ensure that the derivative of rot satisfies
Drot(z, 2&°) = rot(z)w™ (3.141)

for all (z,w) € Z x R3. Equivalently, every solution ¢ — (2(t),w(t)) to the differential
equation with input

=20° (2,w) €ZxR? (3.142)

satisfies the kinematic relation on SO(3),

d X
7 rot(z(t)) = rot(z(t))w(¢) (3.143)
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3. Modeling of Rigid Underwater Vehicles

for almost all t € dom z.
We now consider the counterpart to SE(3) when the orientation is described by a

unit quaternion. We refer to this matrix Lie group as SAE(?)), and define it by

. rot(z) 0 p
SE(3) = 0 =z 0)|:peR®2cZy c GL(S). (3.144)
0 0 1

For every g € §E(3)7 it holds that

rot(z) P rot (2) —rot(z)Tp
g t= 0 =z 0 0 , (3.145)
0 0 1 1
and for every g; € SE(3) and g2 € SE 3),
rot(z1) rot(z2) 0 p2
g192 = 0 21 0 0 z 0
0 0 1 0 0 1
(3.146)
rot(z122) 0 rot(z1)p2 +p1
= 0 Z1%9 0
0 0 1

The configuration of a rigid body is described in terms of éf](?)) with the mapping
cnf : SE(3) — SE(3) defined by

cnf(g) = <r°to(z) 1‘17) . (3.147)

Just as rot established Z as a double covering group of SO(3), the mapping cnf estab-
lishes SE(3) as a double covering group of SE(3). Since the product of simply connected
spaces is simply connected, it follows that SE(3) is simply connected. Consequently,
it is the universal covering group of SE(3). The Lie algebra to SE(3), denoted se(3),
is found to be
w* 0 w
s¢(3) == 0 & 0]:veRweR?;. (3.148)
0 0 O
We identify s¢(3) with R® through the vector space isomorphism ~: RS — se¢(3),
v w* 0 v
7:( )»—> 0 w 0]. (3.149)
0 0 0

The adjoint operators on éIVE(S) and se(3) can then for g € SA]:](?)) and v € RS be

defined as
_ [rot(z) p*rot(z)
Adg = ( 0 rot(z) )’

w* X
ad, = (0 wx)a

(3.150)
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3.6. Control Model with Quaternion Attitude Representation

respectively. Using the Lie group structure of the configuration space, the equations
of motion for a fully actuated underwater vehicle are given by

g=gv,

,v,7) € SE(3) x R® x RS. 3.151

The mapping X : gﬁ(?)) — R describes the hydrostatic wrench acting on the vehicle,
and is defined as Y(g) = x(cnf(g)). The effect of the ocean current has here been
captured by a constant bias b € RS.
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Chapter 4

Modeling of Multibody Underwater
Vehicles

This chapter presents a framework for the mathematical modeling of multibody un-
derwater vehicles possessing a kinematic tree structure. Under the assumption of hy-
drodynamical decoupling of the bodies composing the vehicle, the kinematics and
dynamics are presented in a global and singularity-free matrix-form. We present a
generalized inverse dynamics algorithm that allows efficient implementation of model-
based control laws for this structurally complex class of vehicles. Lastly, we present an
efficient forward dynamics algorithm which greatly simplifies simulation of multibody
underwater vehicle motion.

The material in this chapter is based on [82].

4.1 Introduction

Control design models for general multibody underwater vehicles are, in the absence
of other simplifying assumptions, unwieldy dynamical systems evolving on a state
space of high dimension. For control strategies based on such general models, the
implementation is usually not treated in detail, and overly simplified examples are
used to show their effectiveness. Similarly, when it comes to models for simulation of
multibody underwater vehicles, the presented numerical algorithms, although highly
efficient, can in many cases not be used directly in the computation of the control
effort [32, 35, 36]. This is because the controllers exploit properties of certain matrix
forms of the equations of motion which are not respected by the recursive algorithms
used in simulators. The main objective of this chapter is to outline a unified treatment
of mathematical modeling for a broad class of multibody underwater vehicles, which
can serve as the basis for simulators and model-based controllers.

The remainder of this chapter is organized as follows. Section 4.2 introduces the
necessary concepts from Lie theory and multibody kinematics, in particular the notion
of kinematic tree systems and the most important kinematic relations in recursive and
matrix-form. In Section 4.3 we derive the general equations of motion in matrix-form.
Lastly, Section 4.4 introduces algorithms for generalized inverse dynamics and forward
dynamics.
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4. Modeling of Multibody Underwater Vehicles

4.2 Vehicle Kinematics

We consider in this chapter the modeling of rigid underwater vehicles with tree topol-
ogy comprising n rigid bodies. To effectively describe the kinematics of such multibody
underwater vehicles, we first introduce a few concepts from matrix Lie theory. For ma-
trix Lie groups G;, where i € {1,2,...,n}, the product group G = Gy x Ga X --- X G,
is the matrix Lie group

g = {blkdlag(915927 e agn) © g € gz} (41)

For convenience, we write elements of G as ¢ = (g1,92,...,9,) € G. Evidently, if
each matrix Lie group G; has dimension m; as a manifold, then G has dimension
m =Y., m;. Denoting by g; the Lie algebra of G;, the Lie algebra of G is

g = {blkdiag(V1,V2,..., V) : Vi € gi}. (4.2)

Furthermore, there exists for each i € {1,2,...,n} a vector space isomorphism =% :

R™i — g;. Consequently, we can define

v .= blkdiag(v}*, 052, ..., v8"), (4.3)
where v = (v1,v9,...,v,) € R™ and each v; € R™:i. Continuing, each G; and g; have

adjoint operators AdY and ad?®, respectively, defined relative to the vector space
isomorphism ~}". Consequently, we define the adjoint operators

AdY = blkdiag(AdS!, AdS?, ... Addr) € R™*™,

g i 9 g - g mxm <44)
ady = blkdiag(ad}!,ad;?,...,adp") € R ,

where g = (91,92,-..9n) € G and v = (v1,19,...,v,) € R™ such that every v; € R™:.

Recall that if G is a matrix Lie group, then a matrix Lie subgroup of G is a matrix
Lie group H such that H C G. Furthermore, if H is a matrix Lie subgroup of G, then
the Lie algebra b of H is a vector subspace of g. Denoting the dimension of H as a
manifold by k, there exists a vector space isomorphism TR h that allows us to
identify h with R*. It then follows from the fact that b is a vector subspace of g that
there exists a matrix ® € R™** such that

~ -9
i = op (4.5)

for every u € RF. The matrix @ describes the subspace b of g relative to the iso-
morphisms = and 9. Utilizing the definition (2.6) of the adjoint operators, it holds
that

S A} = AdY &,

4.6
Pad), = ad§, P (46)

for every h € H and every u € R¥. Here, Ad" and ad” are formulated relative to fh,
and Ad? and ad? are formulated relative to ~°.
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4.2. Vehicle Kinematics

4.2.1 TUnconstrained Motion

By introducing a Cartesian world-fixed reference frame and n Cartesian body-fixed
reference frames, the configuration of each rigid body composing the vehicle can be
identified with E(3). In particular, we denote by g; = (p;, R;) € E(3) the configuration
of the ith body frame expressed relative to the world frame for i € {1,2...,n}, as
illustrated in Figure 4.1. The position p; should be understood as the vector from the
world frame origin to the origin of body frame i expressed in the world frame. The
orientation R; describes the axes of body frame i expressed in the world frame. It can
be verified that R; is a proper rotation if the world frame and body frame i have the
same handedness, and an improper rotation otherwise.

g2

g1

Figure 4.1: A multibody underwater vehicle comprising two rigid bodies intercon-
nected by a joint.

The Lie algebra ¢(3) of E(3) is identified with RS by utilizing the vector space
isomorphism = : R® — ¢(3) defined by (3.10). Furthermore, we use the adjoint operators
Ad and ad as defined in (3.11) and (3.12), respectively. We denote by v; € R® and
w; € R3 the linear and angular velocity, respectively, of body frame i relative to the
world frame, both expressed in body frame i. Furthermore, we denote by a; = 9; € R3
and w; = w; € R3 the linear and angular accelerations of body i, respectively. The
velocity of body i is denoted by v; = (v;,w;) € RS, and the acceleration of body i by
o = (ai,wi) € RS.

The configuration of the rigid bodies composing the multibody underwater vehicle
is denoted g € E(3)", where E(3)™ denotes the direct product of n copies of E(3).
The velocity and acceleration of the multibody underwater vehicle are written v =
(v1,V2,...,vp) € R and a == (a1, @z, . .., ay,) € RO respectively. We also utilize the
symbol = to denote the vector space isomorphism ~¢®" : R6" —s ¢(3)", and write Ad
and ad instead of Ad®®" and ad*®", respectively. Consequently, the unconstrained
motion of the vehicle is described by the system

g=gv

} (g,v,a) € E(3)" x Ro™ x R6™, (4.7)
where « is considered an input.
We denote by f; € R® a wrench acting on body 4, which we take to be expressed

in body frame 7. The wrenches acting on all bodies in the system are collected and
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4. Modeling of Multibody Underwater Vehicles

expressed as f = (f1, fa,..., fn) € R A deeper treatment of the topics briefly
examined here is found in [98, Chapter 2| and [119, Chapter 1], the latter being more
mathematically rigorous.

4.2.2 Constrained Motion

The rigid bodies composing the underwater vehicle can in general not move freely
relative to each other. They are interconnected by joints which permit relative motion
only in certain directions. A description of how the rigid bodies in the multibody
system are connected together by joints is referred to as its topology or connectivity.
We will in this chapter represent the topology of the multibody system as a so-called
connectivity graph. In particular, we follow the approach presented in the standard
reference [40, Chapter 4].

The connectivity graph comprises n+1 vertices, each of which describes a reference
frame. The root vertex 0 is assigned to the world frame, and the remaining n vertices
are assigned to the body-fixed frames. Every edge in the graph represents a joint.
The conception of a joint must here be understood in a slightly generalized sense.
In particular, for the graph-description to be applicable to free-floating mechanisms
such as underwater vehicles, we must accept the existence of “free joints” that describe
unconstrained relative motion between rigid bodies and the world.

We will restrict our attention to underwater vehicles whose connectivity graph is
a rooted tree. This means that there is a unique path between any two vertices in
the graph, or equivalently, that it is connected and possesses no cycles. Since a tree
always has one less edge than it has vertices, the underwater vehicles in question
possess exactly n (generalized) joints. An edge connects from a vertex referred to as
the parent to a vertex referred to as the child, and inherits the number of the child.
We employ a regular numbering scheme, where the number assigned to a vertex is
always lower than the number assigned to its children.

The graph can be represented numerically by its parent mapping A : {1,2,...n} —
{0,1,...,n}, which takes as input a non-zero vertex and gives as output the number
of its parent. The children of a given vertex 7 are consequently the elements of the set
A71(7). Regular numbering for vertices can be stated in terms of the parent mapping as
A(i) < 4. It is clear that for every k € {1,...,n}, there exists r < n such that A\"(k) = 0.
Another important quantity is the set-valued mapping « : {1,2,...,n} = {1,2,...,n}
which returns the set of vertices in the path from the root vertex up to and including
its argument. Let us illustrate the introduced concepts with an example.

Example 4.1. The connectivity graph, A\, and « of the very simple mechanism de-
picted in Figure 4.1 is presented in Figure 4.2. In particular, joint 1 is seen to be a

i |1 2
A(4) 0 1
r0) | {1 {12}

Figure 4.2: The connectivity graph, A, and x for the vehicle depicted in Figure 4.1.

free joint. For a slightly more interesting example, consider the underwater vehicle
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4.2. Vehicle Kinematics

with a dual arm configuration illustrated in Figure 4.3. Assigning the number 1 to
the distinguishable base, the numbers 2 through 4 to one arm, and 5 through 7 to the
other, results in the connectivity graph and associated A and x depicted in Figure 4.4.
Since this is a floating base mechanism, joint 1 is again a free joint.

L.

Figure 4.3: A multibody underwater vehicle comprising a distinguished base and
two manipulator arms.

i |1 2 3 4 5 6 7
(i) 0 1 2 3 1 5 6
s(i) | {1} {12} {1,2,3} {1,2,3,4} {1,5} {1,5,6} {1,5,6,7}

Figure 4.4: A possible connectivity graph with the associated A and « for the vehicle
depicted in Figure 4.3.

A joint model describes the possible relative motion between the two rigid bod-
ies it connects. We will here assume that the configuration space of each joint in
the underwater vehicle can be described by a matrix Lie subgroup of E(3). The par-
ticular subgroup describing the motion of joint 4, and therefore the relative motion
of bodies A(¢) and ¢, will be denoted &; for every ¢ € {1,2,...,n}. It follows that
the configuration space of the multibody underwater vehicle is the product group
X =X x Xy x--- x X,,. We take the dimension of each Lie group X; as a manifold
to be m; > 0, and the dimension of X to be m = Z?:l m;. Furthermore, we de-
note by r; C R™:*™i the Lie algebra of X, and by r C R™*™ the Lie algebra of X.
Each Lie algebra r; comes equipped with a vector space isomorphism =% : R™ — 1;,
from which we construct the vector space isomorphism =% : R™ — ¢ for r. Note also
that there for each i € {1,2,...n} exists a matrix ¢; € R6*™i such that =D

for every p; € R™i, It then follows that p* = @ for every u € R™, where the ma-
trix @ := blkdiag(®y, Pa, ..., P,) € R"*™ We denote the joint configuration, joint

63



4. Modeling of Multibody Underwater Vehicles

velocity, and joint acceleration of joint i by z; € X;, u; € R™, and o; € R™, re-
spectively. Furthermore, we denote the global joint configuration, joint velocity, and
joint acceleration by x = (x1,Za,...,2,) € X, pp = (p1,p2,...,4n) € R™, and
o = (01,02,...,0,) € R™, respectively. Consequently, the kinematics of joint ¢ are
described by the system

I

T = Till;
= 331457;1 (@i, pi, 07) € Xy x R™ x R™, (4.8)
i = 0;
where o0; is considered an input. Similarly, the overall joint kinematics are described
by the system

T =zpt
= ‘T@ (z,p,0) € X x R™ x R™, (4.9)
p=a

where o is considered an input.

We present all nontrivial connected subgroups of E(3) up to conjugacy in Table 4.1.
These are the most attractive candidates for the subgroups X;. The first column states
the dimension m,; of the group, the second column shows which often-encountered
group it is isomorphic to, the third column shows the overall structure of the elements
x; of the group, and the last column shows the associated matrix @;. A derivation of
these subgroups is found in [99, Chapter 3|.

The configuration of the reference frame ¢ > 0 expressed relative to the reference
frame A(%) is written h; € E(3), and decomposed as

hi = C;x;, (410)

where ¢; € E(3) describes how joint ¢ is situated in the frame A(7). In particular, we
see that if joint ¢ is at its identity configuration, that is x; = I, then the configuration
of frame i expressed in frame A(7) is given by ¢;. For this decomposition to be possible,
the reference frame 7 must be placed in joint 7, as illustrated in Figures 4.1 and 4.3. If
joint 7 is a free joint, then ¢; can always be taken as the identity. We emphasize that
h; is technically a function of x;, and that every c¢; is considered a constant parameter
that describes the geometry of the vehicle. There is then the following result.

Proposition 4.2. Let go = I, vy = 0, and ag = 0. The configuration, velocity, and
acceleration of frame © > 0 relative to the world frame 0 satisfy the recursions

9i = gyl
vi = Ad; vy + P, (4.11)
o = Ad}_bi1 (i) + adl,l. @1[1,1 + &,0;.

Proof. The fact that g; = gx)h; for every i > 0 follows by definition of h;. Differen-
tiating this expression gives

9iVi = ga@i)Vai)hi + gai)hiPitti

e W (4.12)
= gilhi Ungyhi + i
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m X = T e
1 0 0 0 0 O
R11 R12 R13 P1 0 1 0 0 0 0
Rgl R22 R23 P2 0 0 1 0 0 0
6| SEG) Rsi Rg Rss ps 00 0 1 0 0
0 0 0 1 0O 0 o0 O 1 0
0O 0 0O o0 o0 1
1 0 0 O
Ri1 Ri2 0 p1 0O 1 0 O
R21 R22 0 P2 0 0 1 0
4 R x SE(2) 0 0 1 op3 0O 0 0 O
0 0 0 1 0O 0 0 O
0O 0 0 1
1 0 O
Rii Riz2 0 p 0 1 0
Ra1 Roa 0 pa 0 0 O
3 SE(2) 0o 0 1 o0 0 0 0
0 0 0 1 0O 0 O
o 0 1
0O 0 O
Ri1 Rio Ri3 0 0 0 0
Ro1 Raa Ra3 O 0O 0 O
3 S0(3) Rs1  Rsz Ras 0 1 0 0
0 0 0 1 0 1 0
o 0 1
1 0 O
1 0 0 p1 0o 1 0
3 0 1 0 po 0 0 1
3 R 0 0 1 ps 0 0 0
0O 0 O 1 0O 0 O
0O 0 O
1 0 0
cos —sinf O P1 0 1 0
3 R3 sin 6 cos 6 0 p2 0 0 k/2rm
0 0 1 kb/2m 0 0 0
0 0 0 1 0 0 0
0 O 1
0 0
Ri1 Ri2 0 O 0 o
2 | RxS0(2) o Haa 0 I?B el
0 0 0 1 0 0
0o 1
1 0
1 0 0 m 0 1
9 0 1 0 p2 0 O
2 R 00 1 0 0 0
0O 0 O 1 0 O
0 0
0
Ri1 Ri2 0 O 0
1| soe) Tl o 0
0 0 0o 1 0
1
0
1 0 O 0 0
0O 1 0 0 1
1 R 0 0 1 ps 0
0O 0 O 1 0
0
0
cosf —sinf O 0 0
1 R sin 6 cos 6 0 0 k/2m
0 0 1 ko/2n 0
0 0 0 1 0
1

Table 4.1: The nontrivial connected subgroups of E(3) up to conjugacy.
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from which the velocity-recursion in (4.11) immediately follows. Differentiation of the
expression for the velocity in (4.11) yields

a; = Ad;, ' ay) — ade,, Ady vy + Doy (4.13)

Substituting Ad,;’1 Un() = Vi — Pip; into (4.13) and utilizing the anti-symmetry of the
ad operator then gives the desired result. O

While the recursive relations presented in (4.11) are utilized in efficient multibody
dynamics algorithms, we would also like a global formulation of the vehicle kinematic
relations in terms of the joint configurations x € X, the joint velocities p € R™,
and the joint accelerations ¢ € R™. To this end, define the adjacency block matrix
A € R6"X67 ip terms of the blocks A;; € R®*6 by

A”_{I if A() = j,

1) T

) (4.14)
0 otherwise.

The adjacency block matrix relates objects to their parents in the following sense: If
v=(v1,v9,...,vp) € R and vy = (Ur(1), VA@)s - - - > Va(m)) € R5" such that vy = 0,
then Av = vy. It is seen from (4.14) that A is strictly lower triangular due to the
regular numbering scheme we have adopted. Consequently, A is a nilpotent matrix of
degree n, i.e. A” = 0. A matrix closely related to A is K € R6"*6" defined such that
its blocks K;; € R*6 satisfy
I if j € k(1),
ij = . ] () (4.15)
0 if j¢ k(3).
Due to regular numbering, K is lower triangular. Furthermore, it can be shown that
K=I-A)"t=T+A+A%+...4 A1 [120, Chapter 5].
We will also require the matrix 6 : X — R6"%6"  defined by
O(z) = (I — Ad;;" )71, (4.16)

where h := (hy, ha, ..., h,) € E(3)". We remark that since A is strictly lower triangular
and Ady, is block diagonal, it follows that I — Adj " A is lower triangular with ones on
its diagonal. Such a matrix is always invertible, and © is therefore always well-defined.
The following result establishes some properties of 6.

Proposition 4.3. It holds that
O(z) = Ad, "' K Ad,. (4.17)
Furthermore, denoting by d@ : X x R™ — R6"%6" the derivative of O, it holds that
dO(z, i) = O(x) adg, —O(z) ads, O(z). (4.18)
Proof. We first show that Adgy, A = AAdy, where gx = (gr1),9r2)s-- - 9rm)) €

E(3)" with go = I. Letting v = (v1,va,...,v,) € R be arbitrary, it holds that
Av = vy. Since Ad, is a block diagonal matrix, it also holds that A Ad, v = Adg, vy.

66



4.2. Vehicle Kinematics

Consequently, A Ad, v = Ad,, Av for every v € R5". It follows that A Ad, = Ad,, A.
Since g = gah, we find the relation Ad,_L1 A= Ad;1 Adgy, A= Ad;1 AAdg, and finally
O(x) = (I - Ad; ' A)~
= (I —Ad, L AAd 7t (4.19)
= Ad, (I — A"t Ad,,

which is the desired expression. .
We compute the time derivative of @ along & = x®pu, which gives

dO(z, 1) = —O(z) adg, Ad; ' O(xz)
= —O(x) adg,(Ad;, L =T + 1)O(z) (4.20)
= O(z) ade, —O(z) adg, O()

where we used the fact that d{A™1}(z, u) = —A(x) " dA(z, ) A(z)~! for a differen-
tiable function A : X — R™*™ such that A(x) is invertible for every z € X. O

With these properties of © in place, it is possible to establish the global formulation
of the underwater vehicle kinematics.

Theorem 4.4. If go = I, vy =0, and ap = 0, then the recursive relations (4.11) are
equivalent to

g = F(z),
v =0(z)Pyu, (4.21)
a=—0(z)adg, O(x)Pu + O(x)Po

where F = (Fy, Fy, ..., F,) : X = E(3)" is defined by

II »- (4.22)

JER(1)

Proof. The fact that g can be defined in terms of F' as stated in (4.22) is easily seen
by inspecting the recursive relations for g; in (4.11). To show the expression for v in
(4.21), we note that the velocity-recursion in (4.11) can be stated as

v=Ad, v\ +dpu

" (4.23)
=Ad, Av+Pu

which can readily be solved for the desired expression. To find the expression for the
acceleration, we differentiate the velocity in (4.21) with respect to time. This gives

a=dO(z, u)Pu + O(z)Po
= O(z) ade, P — O(z) ads, O(z)Pu + O(x)Po (4.24)
= —0O(z) adgy, O(z)Pu + O(x)Po

where the expression for d© derived in Proposition 4.3 and the anti-symmetry of the
ad-operator were used. O
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It follows from Theorem 4.4 that the body Jacobian J : X — R5"X™ which relates
v and p through v = J(x)u can be defined as J(z) = ©(x)®. Furthermore, it follows
from Proposition 4.3 that its derivative dJ : X x R™ — R5"X™ can be expressed as

dJ(z, p) = O(z) ade, [P — J(z)]. (4.25)

The global expressions (4.21) can be equivalently restated in terms of the Jacobian J
as

v=J(x)u, (4.26)

We end this section by briefly covering generalized joint forces and their rela-
tionship with wrenches applied to the multibody underwater vehicle. The generalized
joint forces are denoted (; € R™i. They contract naturally with the joint velocities
; to form instantaneous work produced by the force, W = ((;, u;). If a collection of
wrenches f = (f1, f2,..., fn) is applied to the vehicle, with f; acting on body 4, then
the resulting generalized joint forces required to counteract f can be computed by the
recursion

w; = _fi + Z Ad};—r wy,
FEAL(3) (4.27)

where w; denotes the wrench transmitted from body A(i) to body ¢ across joint i.
It should be emphasized that (4.27) is a backwards recursion from i = n to i = 1.
Globally, the recursion computes ¢ = —J(x)T f, where ¢ = ({1, Ca, - - -, (). More details
can be found in [40, Chapter 5].

4.3 Vehicle Dynamics in Global Matrix-Form

In this section, we derive the equations of motion for multibody underwater vehicles
in a global matrix-form, and state their most important properties for control design
purposes. We shall require the following assumptions.

Assumption 4.5.

1. The world frame is an inertial frame.
2. The bodies composing the vehicle are hydrodynamically decoupled.

Hydrodynamic decoupling in essence means that the hydrodynamic influence that the
bodies have on each other is neglected. In particular, each body in the system is mod-
eled hydrodynamically as if the other bodies were not present. This assumption is so
common in the underwater vehicle literature that it usually is not explicitly stated
as an assumption. It is nonetheless very important to understand that this is techni-
cally incorrect even in the context of memoryless models. Indeed, more mathematical
works that focus on potential flow theory do sometimes take hydrodynamic coupling
into account. Examples include [121] where the equation of motion of an articulated
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swimmer immersed in potential flow is derived, and [122| where the equations of mo-
tion of several deformable bodies immersed in potential flow are derived.

Hydrodynamic decoupling allows us to model the wrenches acting on each body
in the vehicle utilizing results from Chapter 3. The equation of motion of body ¢ can
then, in the absence of ocean currents, be stated as

Mo — ad), Myv; = di(vi) + xi(g:) + 7 + W (4.28)

where M; := Mp,; + Mg is the total inertia matrix of body i, d; : R® — RS is the
damping wrench of body 4, x; : E(3) — R® is the hydrostatic wrench acting on body
i, 7; is the wrench due to thrusters and control surfaces attached to body i, and

> Ad, T w, (4.29)
JEATL()

is the net wrench transmitted to body 7 from all joints connected to it. It is clear that
(4.28) can be restated globally as

Ma —ad] Mv =d(v) + x(g) +7+@ (4.30)

where M € R6"x6n g . R6? — R6" y : E(3)" — R", 7 € R®", and w € R®" are
defined by

:bkdiag(Ml,M2,...,Mn),
d(v) = (di(n),da(v2); .. ., dn(vn),

(g) ( ( )7X2(92)a~~~7Xn(gn)v (431)
T = (T1,7T2, s Tn)s
w = (W1, Wa, - -, Wy)-

The constraint forces present in W can be eliminated by premultiplying (4.30) by
J(x)T. In particular, J(z)"w = n, where n == (91,72,...,7,) € R™ denotes the
active generalized joint forces. These include for instance generalized motor forces and
joint friction, and will subsequently be treated as an input. Substituting the global
kinematic expressions (4.26) into (4.30) then yields the equation of motion

Mo(2)a + Co(x, p)p = do(, 1) + Xo (@) + J(2) 7 + 1, (4.32)

where M, : X — R™*™ is the vehicle inertia matrix, C, : X x R™ — R™*™ describes
velocity-dependent inertia terms, d, : X Xx R”™ — R"™ is the generalized damping force,
and x, : X — R™ the generalized hydrostatic force. These objects are defined by

Mo (x) = J(x)" MJ(x),
Colw,p) = J(z ):Mdm ) = J(@)T ad ] MJ(2)p, (4.33)
do(, p) = J(z) d(J(z)p),

Xo () = J () 'X(F ().

The quantities (4.33) that appear in (4.32) are, unlike equations of motion derived

with local coordinates, well-defined for all (z, ;) € X x R™. The equation of motion

(4.32) can be viewed as an extension of similar expressions presented in [123, Chapter

7] to account for a more general mechanism topology and more general joint types.
We now state the most important properties of the quantities in (4.33).
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4. Modeling of Multibody Underwater Vehicles

Theorem 4.6. The following hold:

1. If each M; is symmetric and positive definite, then My(x) is symmetric and
positive definite for every x € X.

2. If each M; is symmetric, then dM,(x, pu) — 2Cs(x, p) is skew-symmetric for all
(x,p) € X x R™.

3. If each d; is dissipative, then (d(x,u),u) <0 for all (z,p) € X x R™.

4. If each d; is monotonically dissipative, then {(d(x,p) — d(z, i), p — ) < 0 for all
(z,p, 1) € X Xx R™ x R™.

Proof. The fact that M, (z) is symmetric for every x € X if M is symmetric is clear.
The matrix ©(z) has full rank for every x € X. Furthermore, since each ®; € R6*™: is
defined to span an m;-dimensional subspace of RS, it must have rank m;. Consequently,
& = blkdiag(Pq, Pa, . .., Py) has rank m. It follows that J(z) has rank m for very = €
X, and therefore, that v = J(x)u is nonzero for every nonzero p. Since (Mo (x)p, p) =
(Mv,v) for all (z,u) € X x R™ and M is positive definite, it follows that M,(z) is
positive definite for every z € X.
To prove the second claim, we compute the derivative of M, as

dAM,(z, 1) = dJ (z, ;) "M J(z) + J(z)"M dJ (z, ). (4.34)
Then, for all (z, u, 1) € X x R™ x R™, we find

([AM, (2, ) — 2Cs (o, w7, ) = ([ (2 1) M () — I (@) "M dJ (&, )5, )
=0 (4.35)
where the symmetry of M and the anti-symmetry of the ad-operator were used. Con-

sequently, dM,(x, ) — 2C5(x, 1) is skew-symmetric for all (z,u) € X x R™.
To prove the third property, let v = J(z)u. Then,

n

(d(w, 1), ) =Y (i), v) <0 (4.36)

i=1

due to dissipativity of each d;.
To show the last property, let v = J(z)pu and 7 = J(x)f. Then

n

(d(w, 1) — d(a, ), p — 1) = Y _(di(vi) — di(73),v; = 73) <0 (4.37)

i=1
due to monotone dissipativity of each d;. O

It should be remarked that the second property in Theorem 4.6 can be equivalently
stated as

dMo(z, p) = Co(, p) + Co(z, :u)T (4.38)

for all (z, ) € X x R™. This is done for a less general class of models in [45]. Further-
more, strict versions of the third and fourth property in Theorem 4.6 can be shown
by similar means.
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We now extend (4.32) to include the effect of a uniform and unsteady ocean current.
The resulting formulations are to the author’s best knowledge novel. To this end, let
ve € R? and a. € R3 denote the current velocity and acceleration expressed in the
world frame, respectively. Furthermore, define the current velocities v.; € R® and
current accelerations a.; € R® by

.
Ve = Ad; ! (%) = (RiO”C> :

(4.39)
1 {a Rla. —w*R]v
Qe i = Adgil (OC> — ad”m Ve = < L 0 v )
and the body-current relative velocities and accelerations by
Vpj = Vi — Ve, (440)
A = O — Qe g,
respectively. Lastly, define the global counterparts to the above quantities,
Ve = (Vc,lv Ve, 2y vy Vc,n)a
Vr = (VT,17VT,27"'7V’I‘,71 bl (441)
Qe = (ac,lv Q250 vy ac,n)a
Ay == (ar,ly Qp 2y ey ar,n)-

Following results presented in [110, 111], the inertial current wrench exerted on
body i is a mapping fc; : E(3) x RS x R? x R? — R® defined by

fe,i(gi, Vi, ve, ac) = My o ; + ade Mpgive,; — ad;i My ve
i (4.42)
- adl—c‘i MH,iVi + ( Q_;x > R;raca
g
where o > 0 denotes the fluid density, v; > 0 the effective volume of body i, and
Tv; € R? the effective center of volume of body i. Collecting the current wrenches
in the mapping fc : E(3)" x RS x R? x R? — RS defined by fc(g,v,v.,a.) =

(foa(g1,v1,ve, ac), fo2(92, V2, Ve, Ge)s - - -5 fon(Gn, Vn, Ve, ac)), the generalized current
force (o : X x R™ x R? x R?® — R™ can be defined by
Co(@, pyve, ac) = J (@) fo(F(x), J (@), ve, ac). (4.43)

Furthermore, the viscous current loads are accounted for by reformulating d with the
body-current relative velocity. To this end, let do ¢ : X x R™ x R® — R™ be defined
by

do.c(, pyve) = J(x)Td(J(2)p — ve). (4.44)

Consequently, the equation of motion in the presence of a uniform and unsteady ocean
current becomes

Mo(x)a + Co(xa M)M = do,c(l‘, Ky Uc) + CC’(xa s Ve, ac)

4.45
+ Xol(x) + J(2)T7 + 1. (4.45)
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4. Modeling of Multibody Underwater Vehicles

As shown in (3.58), the equation of motion of a rigid underwater vehicle permits
an attractive reformulation in terms of the vehicle-current relative velocity. It turns
out that such a reformulation is also possible for multibody underwater vehicles if the
allowed motion of all joints connecting from the world frame is sufficiently general.
We state this precisely in the following result.

Lemma 4.1. For every x € X and every v. € R3, there exists u. € R™ such that
J(x)pe = v if and only if span{ey, ea,e3} C col®; for every i € A71(0). In this case,
it holds that dJ(z, u.) = 0.

Proof. We seek to solve the system
J(@)pe = ve (4.46)
for pi.. In light of Proposition 4.3, we can rewrite (4.46) as
Ppe = Ad, ' (I — A) Adg ve (4.47)

The above is readily shown to be equivalent to

Veq ifi€ ATH0)
Bifie; = ’ . (4.48)
’ 0 otherwise

for each i € {1,2,...,n}. Isolating the case where i € A=1(0), we find

T

Dific,i = (Riovc> ) (4.49)

which has a solution for every v. € R? if and only if span{ey, €2, e3} C col ®;. In this
case, it can be computed by

frei = (D] ;) Dl v ;. (4.50)

If i ¢ A=1(0), then the only possible solution is . ; = 0.
We will now prove that dJ(z, u.) = 0 if p. is well-defined. It follows from (4.25)
that dJ(z, pu.) = 0 if and only if

ade,, [@ — J(z)|ljp =0 (4.51)

for every u € R™. If v = J(x)u, then v; = ®;u; for every i € A\=1(0). If i ¢ A~1(0),
then p.,; = 0. Since (4.51) can be restated as

ad¢il/‘c,i [Qsi/li - Vi] =0 (452)
for every i € {1,2,...,n}, it follows that (4.51) holds. O

If the conditions of Lemma 4.1 are satisfied, it is possible to define y, = p — ., and
subsequently write v,. = J(z)u,. Furthermore, letting o, := fi. and o, = fi,, it holds
that o, = dJ (z, p)pr + J(2)o = dJ(z, pir) por + J(x)0y since dJ(x, p) = 0.

The analogue of (3.58) for body 7 in the multibody underwater vehicle is

Mo ; — ad-yrr‘i M;v,; = di(vrs) + X (94, ac) + 75 + W;, (4.53)
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where ¥, : E(3) — RS is a wrench of the form (3.59) that contains the hydrostatic and
current acceleration-reaction wrenches. A global formulation of (4.53) is

Ma, — adIT My, =d(v,) +X(g,a.) + 7 + W, (4.54)
where x : E(3)" x R?® — RS is defined by
Y(ga ac) = (Yl (91, ac)7y2 (927 QC)» < Xn (gnv QC))' (4'55)

Premultiplying (4.54) by J(z)T and expressing (g, v, @) in terms of (z, .., 0,) then
results in

MO (37)0'7- + CO (ﬂf, MT')MT' = do (1’7 ,U,,) + YO (.T, aC) + '](x)TT + 777 (456)
where Y, : X x R3 — R™ is defined by
Xo(,ac) = J(2) "X (F(x), ac). (4.57)

The formulation (4.56) is usable for all floating-base multibody underwater vehicles.
There are however cases of interest that do not satisfy Lemma 4.1. One example is a
manipulator arm attached to a subsea structure by means of a common revolute or
prismatic joint. For these applications, the more general formulation (4.45) should be
used.

4.4 Recursive Dynamics Algorithms

The global matrix formulations presented in Section 4.3 are well-suited for stability
analysis. However, implementing this form of the equations directly can be cumber-
some for vehicles comprising a large number of bodies. We therefore present a gen-
eralized inverse dynamics algorithm suitable for implementing feedback control laws,
and a forward dynamics algorithm for use in simulation studies.

4.4.1 Generalized Newton-Euler Algorithm

In this section, we present a recursive inverse dynamics algorithm that computes the
quantity

¢ = Mo ()7 + Cola, )i — J(2) T f = . (4.58)

Model-based feedback control laws for underwater vehicle-manipulator systems often
involve an expression of the form (4.58). However, actually implementing these expres-
sions can be a daunting task. Indeed, typically no methods are provided to compute the
involved quantities. Our approach, presented in Algorithm 1, is based on the standard
Newton-Euler algorithm.

The algorithm has three stages. First, a few kinematic quantities are initialized.
Second, a forward pass computes the involved configurations, velocities, accelerations,
and the wrenches acting on each body. Lastly, a backward pass, readily seen to be
equivalent to (4.27), propagates these wrenches through the multibody system and
computes the generalized forces acting on the joints. It should be remarked that if
o = p, then Algorithm 1 reduces to the standard Newton-Euler algorithm presented
in for instance [40, Chapter 5]. We now establish that Algorithm 1 does in fact compute
(4.58).
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4. Modeling of Multibody Underwater Vehicles

Algorithm 1 Generalized Newton-Euler Algorithm

1: go=1,

2: Vo = 0

3: 79=0

4: o =0

5: for i =1 ton do
6 hz = C;T;

7 9i = gxagi)hi

8 v = Adﬁil Uiy + Diti

9 wi=Ad; T + Tl

10: a; = Ad];l ax(i) + adgi Dip; + D; (Ei + adiﬂ ﬁz)
11: w; = Moy — adgi M;v; — fz

12: end for

13: for i =n to 1 do

14: G = @Z-Twi — M

15: if A(Z) # 0 then

16: W) = WA +Ad w;
17: end if
18: end for

19: return ¢

Theorem 4.7. Algorithm 1 computes (4.58).

Proof. Tt is evident that Algorithm 1 computes

¢ =J(@) " [Ma—adl Mv— f]—n.

Furthermore, it is seen that

Writing the recursion relation for @ globally yields

(I —Ad;," A)a = ady Pp + 6(7 + ad!,

and consequently,

= O(z) ady Pp + O(2)(T + ad), 1)

—O(z) adg, 7 + J(x)7 + O(z)Pad), i
—O(x)adey, J(x)a + J(z)7 + O(z) adg, I

9@M®M@ J(@)|p+ J(z)o
=dJ(z, Wi+ J(2)7.

),

Substituting the derived expressions for v, 7, and @ into (4.59

¢ =J(@)T[MJ(x)7 + MdJ (x, )i — ad M J () = f] =

which in light of (4.33) constitutes the desired result.
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4.4. Recursive Dynamics Algorithms

4.4.2 Composite-Rigid-Body Algorithm

In this section, we present a forward dynamics algorithm for multibody underwater
vehicles that computes the accelerations o predicted by the general equation of motion
(4.45). It is based on the composite-rigid-body algorithm found in [40, Chapter 6]. We
first use a modified Newton-Euler algorithm, presented as Algorithm 2, to compute
the generalized joint forces modulo the term M, (z)o, which we denote ¢. Then, we
use a composite-rigid-body algorithm, stated as Algorithm 3, to compute M,(x). The
joint acceleration can then be computed with the relation o = —M,(z) 1.

Algorithm 2 Modified Newton-Euler Algorithm

Vr,0 = —(’l}c7 0)
ar,0 = —(ac,0)
Ge,0 = Qg — Ac
for i =1ton do
hi = C;X;
Uri = Ad;il Vrag) + Pipti
Qr = Ad;il ) T ade, , Pipi

Ge,i = SiTae,,\(i), where S; is the rotation associated with h;
w; = Mo ; — ad;',—m. Mivr; — di(Vrs) — X3 (96, ac) — T
end for '
fori=nto 1l do
Cz‘ = QSIwi — N
if A(¢) # 0 then
Wx(i) = Wr@) + Ad;: W;
end if
: end for
: return ¢

— =

e e e e
IR A

Algorithm 2 has three stages. First, the relative velocity, relative acceleration, and
effective acceleration are initialized. In the forward pass, the current-relative kinematic
quantities that enter the equations of motion are computed recursively, an approach
inspired by [35]. Since the quantity ,; depends solely on constant parameters and the
effective acceleration a. ;, it is not necessary to compute every configuration g;. The
last step in the forward pass computes the wrenches acting on each body. Lastly, a
backward pass propagates the computed wrenches through the multibody system and
computes the generalized forces acting in the joints.

The composite-rigid-body algorithm, here presented as Algorithm 3, is essentially
unmodified from [40, Table 6.2]. It must be emphasized that M, ,;; € R™*" here
denotes the (i, j) block of the matrix M.
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Algorithm 3 Composite-Rigid-Body Algorithm

1. M,=0

2: for i =1ton do

3: M7 = M;

4: end for

5. for i =n to 1 do

6: if A(¢) # 0 then
7: M5y = M5, + Ad;, T Mf Ad; !
8: end if

9: X =M,
100 Moy =dlX
11: j=1
12: while A(j) # 0 do
13: X =Ad, | X
14: J =)
15: Mo = X'®;
16: Mo ji = MJ
17: end while
18: end for

19: return M,
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Chapter 5

Synergistic PID and Output Feedback
Control on Matrix Lie Groups

In this chapter, we present several novel synergistic trajectory tracking controllers
for mechanical systems defined on matrix Lie groups with left-invariant metrics. In
particular, we propose synergistic PD and output feedback control laws ensuring global
asymptotic tracking. Furthermore, we propose two synergistic PID control laws that
ensure global asymptotic tracking in the presence of an unknown constant disturbance
in the system dynamics. Finally, a simulation study with a small underwater vehicle
is conducted.
The material in this chapter is based on [83].

5.1 Introduction

While several hybrid feedback control laws that guarantee global asymptotic tracking
on R™, SO(3), and SE(3) exist, much less work has been done on global hybrid tracking
controllers with integral action. One example is the work [69], where a hybrid control
law with integral action ensuring global asymptotic tracking on SO(3) is presented.
The switching logic employed here depends explicitly on the integral state due to
cross-terms that are employed in the Lyapunov analysis.

A continuous-time intrinsic controller with integral action on compact Lie groups
is presented in [124]. The integral action stems from integration of the P-action in
the controller. The controller ensures bounded tracking error in the presence of uncer-
tainty, and almost global asymptotic stability in the absence of uncertainty. Several
similar controllers with integral action are presented in [125]. Here, the integral action
stems from integrating the PD-action in the controller. This controller achieves almost
global asymptotic stability in the presence of a constant disturbance.

The remainder of this chapter is organized as follows. In Section 5.2, we present
the class of mechanical systems and reference trajectories considered in this chapter,
and derive the associated tracking error system. We then treat synergistic functions
in Section 5.3. In Section 5.4, we present a synergistic PD control law that ensures
global asymptotic tracking, and in Section 5.5 an output feedback modification of this
control law. Section 5.6 introduces two novel synergistic control laws with integral
action, both of which ensure global asymptotic tracking of a given bounded reference

79



5. Synergistic PID and Output Feedback Control on Matrix Lie Groups

trajectory in the presence of a constant and unknown disturbance. Finally, Section 5.7
presents simulation results for the integral control of a small underwater vehicle.

5.2 Modeling

Consider a fully actuated simple mechanical system with left-invariant metric on a
matrix Lie group G C GL(n) of dimension m,

g=gv

U, T) €EG X R™ xR™. 5.1
MI)—adIMV:d(V)+X(g)+b+T}(g ™) (5-1)

In accordance with the modeling theory for rigid underwater vehicles outlined in Chap-
ter 3, g € G is the configuration of the mechanical system, v € R™ is the system
velocity, M € R™*™ is the symmetric and positive definite inertia matrix associated
with the left-invariant metric on G, d : R™ — R™ is a continuous velocity-dependent
force, x : G — R™ is a continuous configuration-dependent force, b € R™ is a constant
disturbance, and 7 € R™ is an idealized input force.

The desired configuration, desired velocity, and desired acceleration are assumed
to form a solution to the constrained differential equation with input

Jd = gdyd} (g va, aa) € 2 % ¢B x IB, (5.2)
Va = Qq

where 2 C G is a compact set, ¢ > 0 and [ > 0. We remark that we consider (5.2) as a
special case of a hybrid system with input, such that solutions to (5.2) are characterized
by Definition 2.27. Consequently, a solution to (5.2) may with some abuse of notion
be regarded as a mapping t — (gq(t), va(t), @q(t)) defined on some subinterval E of
R>¢ containing the origin such that the following three properties hold.

1. rgegqy C G, gq is continuously differentiable, bounded, and has determinant
bounded away from zero. Furthermore, ¢4(t) = g4(¢)Uy(¢) for every t € E.

2. rgevy C R™, v, is Lipschitz continuous and bounded. Furthermore 24(t) = a4(t)
for almost every t € F.

3. rgeag C R™, a4 is measurable and bounded.

Conversely, every mapping t — (gq(t), va(t), aq(t)) defined on some subinterval E of
R>( containing the origin that satisfies the above three properties is a solution to (5.2)
for an appropriate choice of compact set 2 C G, ¢ > 0, and [ > 0.

For a matrix Lie group G that is not a properly embedded submanifold of R™*"™,
that is, a matrix Lie group that is not closed in R™*™, boundedness of a desired
trajectory gqg in G does not imply that there exists a compact set 2 C G such that
rgegq C 2. This is because g; in this case can coverge to a point outside of G.
The following example shows that the requirement on the trajectory determinant is
necessary if G is not properly embedded.

Example 5.1. Consider the matrix Lie group GL(1) = R\ {0}, which is not properly
embedded in R. The trajectory gq : [0,00) — GL(1) defined by

ga(t) == —— (5.3)
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is smooth and bounded in R, but leaves every compact subset of GL(1).

Given a configuration g € G and a desired configuration g € G, we define the
configuration error

9e =959 (5.4)

Clearly, g. = I if and only if g = g4. Furthermore, g, is left-invariant in the sense that
g7 "9 = (hga)~'(hg) for every h € G. With the left-invariant error g., we associate the
error velocity

Ve =V — Ad;e1 V. (5.5)

It is convenient for notation to also define the body reference velocity v, = Adgfe1 V4
such that v, = v — v,.. Lastly, let

ap = Ad, " ag (5.6)

denote the reference acceleration. It is emphasized that «,. is not the time-derivative
of v,, which is found to be #, = a,, —ad,, v.. We then perform the change of variables
(9,V, 7,94, Vd, @q) V> (e, Ve, T, 9d, Vd, @q), and restrict the desired coniguration, desired
velocity, and desired acceleration as done in (5.2). This results in the tracking error
system

Je = ge/V\e

Ve = M~ Yad! My +d(v) + x(g) + b+ 7] — i

9d = gava (5.7)
Vg = Qg

(ge7V€7T7gdan;ad) S g X Rm X Rm X .Q X CB X ZIB

Throughout this chapter, we will make heavy use of the feedforward control x :
G x R™ x R™ — R™ defined by

kfr(g,v,0) == Ma —ad) Mv —d(v) + x(g). (5.8)

The following lemma introduces two characterizations of the velocity error dynamics
in terms of (5.8).

Lemma 5.1. The velocity error dynamics in (5.7) can be restated as

Ve = fVVAf_VTVC + Mﬁl[d(y) —d(vy) +b+ 71— K55(9, v, )]

21 : (5.9)
=M b+71—kKrr(g, v, 00)],
where 1y is defined by (5.8).
Proof. Since M~ ad] Mv = —VMv, we find that
Ve = —VVMI/ + VVMI/T +ad,, v
" (5.10)

+ M Hd() —d(vy) + b+ 7 — k(g v, )]

81



5. Synergistic PID and Output Feedback Control on Matrix Lie Groups

Furthermore,

vMy =vMy, + VM,
= VMve + VMu, + VM,
= VVA_{W Ve + V,f‘:j Uy + VVZ:[ vy — V,,If[ Ve
= Vuj\ﬁur Ve + VV]‘T/II/T +ady, vr,
where the bilinearity of VM and the fact that ad,, v = VMM v —VMy for every v € R™

and ;1 € R™ were used. Substituting this expression for VM v into (5.10) gives the first
equality in (5.9). The second equality in (5.9) is straightforward to verify. O

5.3 Synergistic Functions

In this section, we extend the concept of a synergistic function as defined in [65] for
SO(3) to general matrix Lie groups, and present some general properties of these
functions.

Definition 5.2. Let G C GL(n) be a matriz Lie group, A C G be a compact set, and
Q C Z be a finite set. A proper and continuously differentiable function U : G X QQ —
R>¢ is synergistic on G relative to A with gap exceeding 6 > 0 if

1. the zero set of U,

ZeroU ={(g,9) € G xQ :U(g,q) =0}, (5.11)

satisfies w1 (ZeroU) = A;
2. there exists 6 > 0 such that the synergy gap

pu(g,q) =Ul(g,q) — géig Ul(g,s), (5.12)

satisfies py(g,q) > 6 for all (g,q) € (Crit U U (A x Q))\ ZeroU, where
CritU :=={(9,9) € G x Q : dU(g,q) = 0}, (5.13)
denotes the set of critical points of U.

Item 1 in Definition 5.2 states that g € A if and only if there exists at least one
q € @ such that U(g,q) = 0. Item 2 in Definition 5.2 may be easier to understand
when restated as two separate conditions without direct reference to the synergy gap
pu- This may be done as follows: There exists § > 0 such that for every (g,q) € G x Q,

1. if g € A, then either U(g,q) =0 or U(g, q) > 0;
2. if dU(g, q) = 0, then either U(g,q) =0 or U(g,q) > U(g, s) + ¢ for some s € Q.

To arrive at the first claim, note that uy(g,q) = Ul(g,q) for every (g,q) € A X Q
because, by item 1 in Definition 5.2, there exists s € @ such that (g,s) € ZeroU.
The following proposition characterizes some general properties of functions defined

on G x Q.

Proposition 5.3. Let G C GL(n) be a matriz Lie group, Q C Z be finite, and
U:G xQ — Rxg. Then the following hold:
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1. If U is continuous, then the synergy gap pu : G X @ — Rxq is continuous.
2. If U is continuously differentiable, then ZeroU C CritU.

Proof. We prove the first claim. Since g — U(g,q) is continuous and @ is finite,
the mapping g — mingeg U(g, ¢) is the minimum of a finite number of continuous
functions, and is therefore continuous. The synergy gap py is then the difference
between two continuous functions and is therefore continuous. We prove the second
claim. It is clear that every element of ZeroU constitutes a global minimum of U.
Consequently, if (g, q) € ZeroU, then for every v € R™ and s > 0, it holds that

S S

U(gexp(sv),q)  U(gexp(sv),q) —Ulg,q) >0. (5.14)

Taking the limit s N\, 0 shows that (dU(g,q),v) > 0 for every v € R™. Therefore, it
must hold that (g, q) € Crit U. Consequently, ZeroU C Crit U. O

A synergistic function induces the following kinematic hybrid control law

¢=0 (9:9) € Cu
¢t €Guly) (9,9) € Dy (5.15)
v=—dU(g,q)

with state ¢ € @, input g € G and output v, where the flow set Cyy C G X @, jump set
Dy C G x Q and jump map Gy : G = @ are defined according to

Cv ={(9,9) €GxQ:pu(g,q) <5},
Dy :={(9,9) €G xQ : pu(g,q) >4}, (5.16)
Gu(g) ={q€@Q:pv(g,q) =0}.

The data (5.16) satisfies the following properties, reminiscent of the input hybrid basic
conditions presented as Assumption 2.25.

Proposition 5.4. Let G C GL(n) be a matriz Lie group, Q C Z be finite, and
U:G xQ — Rxq be synergistic with gap exceeding 6 > 0. Then the following hold:

1. The sets Cy and Dy defined in (5.16) are relatively closed in GL(n) x R. If G
is properly embedded, then Cy and Dy are closed in R™*™ x R.

2. The set-valued mapping Gy defined in (5.16) is outer semicontinuous and locally
bounded relative to G.

Proof. We prove the first claim. Since py is continuous by item 2 in Proposition 5.3,
and sublevel sets and superlevel sets of continuous functions are relatively closed in
the domain of the function, it follows that Cy; and Dy are relatively closed in G x Q.
G is relatively closed in GL(n) by definition, and @ is closed in R because it is finite.
Since the product of two closed sets is closed in the product topology, G X @ is in
turn relatively closed in GL(n) x R. It follows that Cyy and Dy are relatively closed
in GL(n) x R. Recall that G is properly embedded if and only if it is relatively closed
in R™ ™. The preceding argument can then be repeated to show that Cyy and Dy are
closed in R™*"™ x R.
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We prove the second claim. The graph of Gy is found to be

gph Gy = {(9,9) € G x Q : pu(g,q) =0},

which is a level set of the continuous function py. It follows that gph Gy is relatively
closed in G x @, and therefore relatively closed in G x R. By Lemma 2.2, Gy is outer
semicontinuous relative to G. Gy is locally bounded relative to G because Gy (g) C @
for every g € G and @ is bounded. O

We end this section with an example of a synergistic potential function on ﬁ)(?))
which is inspired by the work [71].

Example 5.5. Let G = SE(3), Q = {—1,1}, and consider the function U : SE(3) x
Q — Ry defined by

k
U(g,0) = % pl* + 2ka(1 — qn), (5.17)

where k1, ko > 0 are gains. We aim to show that U is synergistic with gap exceeding
0 > 0 relative to A = {g € SE(3) : p = 0,7 = £1}. It is clear that U is proper and
continuously differentiable. Furthermore,

ZeroU = {(g.q) €SE(3) x Q : p=0,qn = 1}, (5.18)

and it therefore holds that m(ZeroU) = A. Consequently, U satisfies item 1 in Defi-
nition 5.2. It is straightforward to verify that

dU(g,q) = (kerZE;)Tp ) : (5.19)

and, since rot(z) has full rank for every z € S? and e = 0 if and only if n = +1, it
holds that Crit U = A x Q. Then,

(CritUU (A X Q))\ ZeroU = (A x Q) \ ZeroU
= {(9,9) € SE(3) x Q : p=0,qn = —1}.

Now, pu (g, q) = 4ke > 0 for every (g,q) € (CritU U (A x Q)) \ ZeroU. It follows that

U also satisfies item 2 in Definition 5.2. Therefore, U is synergistic on SE(3) relative
to A with gap exceeding §, where 4ko > 6 > 0.

5.4 Synergistic PD Control

In this section, we employ a synergistic function to design a hybrid PD controller for
the control model which renders the closed-loop system globally pre-asymptotically
stable in the absence of external disturbances, that is b = 0.

We propose the following synergistic PD controller

q:O (9e7Ve;9dana04d>Q) EC

+
q’ € GU(ge) (ge,Ve,gd,Vd,ad,q) €D (520)
T = Hff(gal/mar)
—dU(ge, q) — Kve
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where the feedforward control kyy : G x R™ x R™ — R™ is defined by (5.8) and the
controller flow set and jump set are defined by

5 = {(gea’/mgdal/d;adaq) : (ge,Q) S CU»”@ S Rmagd € gal/d S Rm,ad S Rm}v
D ={

(ge,Ve,gd,Vd,Oéd,q) : (ge>q) S DUaVe € Rmagd S ga’/d € Rmaad S ]Rm}
(5.21)

Observe that the control law (5.20) comprises a proportional action dU and a deriva-
tive action Kv,.. Moreover, the feedforward control as it appears in the control law
(5.20) is independent of the velocity.

Using Lemma 5.1 it is straightforward to verify that the control law (5.20) applied
to the system (5.1), while restricting the desired trajectories to those generated by
(5.2) for some compact set 2 C G, ¢ > 0, and [ > 0, results in the closed loop system

Je = ge/l;e
Ve = —VM, ve + M~ (d(v) — d(v,))
. —j/\?il(dU(g&q)—}—Kye) (geayeagd7yd7q) € C (522)
9d = gdVd
vg € 1B
q* € Gu(ge) (9e> Ve 9dsva,q) € D
where the flow set C' and the jump set D are defined by
C = {(ge, Ve, 9ds Va, q) : (ge,q) € Cu,ve € R™, gq € 2,14 € cB}, (5.23)

D = {(geal/eagdvl/daq) : (geaq) € DUv’/e S Rmvgd € Q, Vg € CB}

Before we state the main result of this section, we recall from Definition 3.9 that d :
R™ — R™ is strictly monotonically dissipative modulo K if d(0) = 0, d is continuous,
and (d(v) —d(D),v —7) < (K(v —7),v —7) for every v € R™ and every 7 € R™ such
that v # 7.

Theorem 5.6. If U is synergistic on G relative to A with gap exceeding § > 0 and d
is strictly monotonically dissipative modulo K, then the compact set

T=Ax{0} x2xcBxQ (5.24)
is globally pre-asymptotically stable for the system (5.22).
Proof. Let

X=GxR"xNxcBxQ, (5.25)

and denote by = = (ge, Ve, gd,Vd,q) € X the closed-loop state vector. Define the
set-valued mappings

F(l‘) = (geﬁev Qe (.T), gd/l;dv lBa O),

G() = (gor Ver gas vas Gur(60)), (5.26)
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with a, denoting the velocity error dynamics. Then the closed-loop system (5.22) is
a hybrid system H = (C, F, D,G). Consider the continuously differentiable function
W : X = R>¢ defined by

1
W('T) = U(gea Q) + 5(1/67 MVe>' (527)
Evidently, W is proper and positive definite with respect to the compact set
To = {x €X: U(Qea‘]) =0,ve = 0} (528)

Utilizing the skew property of VM (see Lemma 2.1), the derivative of W along flows
of the closed-loop system (5.22) is W (z) = (d(v) — d(v,) — Kve, v,) for every z € C.
It now follows from the strict monotone dissipativity property of d that W(x) <0 for
every x € C, and also that W(x) < 0 for every z € C such that v, # 0. The change of
W across jumps of the closed-loop system is W(s) — W (z) < —¢ for every x € D and
s € G(x). Since W is proper and non-increasing along flows and across jumps of the
closed loop system, it follows that 7T is stable and that every solution to the closed-
loop system is bounded. In fact, every sublevel set of W is forward pre-invariant, that
is, for every r > 0, every solution starting in the set W~1([0,7]) remains in it.
Consider now, for r > 0, the family of hybrid systems defined by

H, = (CNWL0,r]), F, DA W~([0,7]),G). (5.29)

Every complete solution to H that starts in the set W~1([0,7]) is a complete solu-
tion to H,. Furthermore, for each » > 0, H, satisfies the hybrid basic conditions
(Assumption 2.16). In particular, it follows from Proposition 5.4 that C' and D are
relatively closed in X. Since W~1(]0,7]) C X is compact for every r > 0, it holds
that CNW=L([0,7]) and D N W~1([0,r]) are compact sets, and therefore closed. The
required properties of F' and G can then be verified by noting the continuity of the
velocity error dynamics a, and the properties of Gy established in Proposition 5.4.

It now follows from Corollary 8.7 (b) in [90] that, for each r > 0, complete solutions
to H, converge to the largest weakly invariant subset W, contained in W~1(y)N{z €
C : v, = 0} for some v € [0,r]. A necessary condition for W, to be weakly invariant
is that there exists a complete solution to H, with range contained in W,. Let ¢
denote a complete solution to H,., such that rge ¢ C W,. Since ¢ is complete and the
decrease of W over jumps of the closed loop system is strict, it must be the case that
dom ¢ = R x {0}. Continuing, v.(t,0) = 0 for every ¢t € R>¢, and it follows that
ve(t,0) = 0 for every t € Ry(. Utilizing the velocity error dynamics, it is seen that
dU(ge(t,0), ¢(t,0)) = 0 for every t € R>(. By construction, the only points in C' where
dU(ge, q) = 0 are those for which U(ge,q) = 0. It follows that rge ¢ C Ty. Therefore,
for every r > 0, W,. C Ty. Consequently, every complete solution to H, converges to
To. Since every complete solution to H is a complete solution to H, for some r > 0,
every complete solution to H converges to 7y. Since Tq is stable, all solutions are
bounded, and every complete solution converges to 7q, it follows that 7y is globally
pre-asymptotically stable for .

Since Ty C T, it follows that 7T is globally pre-attractive. It follows from Lemma 7.8
in [90] that this pre-attractivity is uniform from any compact subset of X. Moreover,
T is forward pre-invariant because 7y is forward pre-invariant and

T\To={r € X :(ge,q) € (AXQ)\ ZeroU} C D\ C
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is such that any maximal solution reaching 7 \ 7 is immediately mapped to Ty via a
single jump. It then follows from Proposition 7.5 of [90] that 7 is stable. Since T is
stable and globally pre-attractive, it is globally pre-asymptotically stable. O

If the force x appearing in (5.1) and the considered desired configurations satisfy
additional conditions, it is possible to use a modified feedforward control that does not
cancel x in its entirety. In particular, let x(g) = xo0(g) — dP(g), where xo : G — R™
is continuous and P : § — R is continuously differentiable. Let H be a matrix Lie
subgroup of G such that the force —dP is left-invariant with respect to H, that is,
dP(hg) = dP(g) for every h € H and every g € G. The following lemma shows that
dP is left-invariant with respect to H if P is left-invariant with respect to H, that is,
if P(hg) = P(g) for every h € H and every g € G.

Lemma 5.2. Let G C GL(n) be a m-dimensional matrix Lie group and H be a matrix
Lie subgroup of G. If a continuously differentiable function P : G — R is left-invariant
with respect to H, then dP is left-invariant with respect to H.

Proof. We have that for every g € G, h € H, and v € R™,
P(hgexp(sv)) — P(hg)

(dP(hg),v) = lim

s—0 S
_ iy Pl exp(sv)) — P(g)
s—0 S
= (dP(g),v).
Consequently, dP(hg) = dP(g) for every g € G and h € H. O

Consider the synergistic PD-controller defined by

q:O (g€7Vevgd7Vd;ad7Q)€C
q+ € GU(ge) (ge7Vevgd7Vduad7Q) €D (530)
T = Eff(ga Vp, ar)
—dU(ge, q) — Kve
where Ky : G X R™ x R"™ — R™ is defined by
Rrr(g,v, o) = Mo — ad! Mv —d(v) — xo(9), (5.31)
and C and D are defined by (5.21). The resulting closed-loop system becomes

Je = GeVe

Ve =—VN, ve+ M~ (d(v) — d(v))
— M~ (dP(g9) + dU(ge, q) + Kve) ¢ (ges Ve 9as var @) € C

Jd = gava

g € 1B

(5.32)

q+ € GU(ge) (ge7yeagdayd7Q) €D
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It can be shown that the compact set (5.24) is globally pre-asymptotically stable
for the closed-loop system (5.32) if in addition to the conditions of Theorem 5.6,
we require that dP is left-invariant with respect to H, that desired trajectories be
restricted to a compact subset of H, and that P 4 U is synergistic on G relative to A
with gap exceeding § > 0. It must be emphasized that U being synergistic generally
does not imply that P + U is synergistic. In general, Zero(P + U) # ZeroU, and
Crit(P + U) # Crit U. Since P does not depend on the mode ¢, it does however hold
that upyv = pu-

Theorem 5.7. If 2 C H, dP is left-invariant with respect to H, P+ U is synergistic
on G relative to A with gap exceeding § > 0, and d is strictly monotonically dissipative
modulo K, then T, as defined in (5.24), is globally pre-asymptotically stable for (5.32).

Proof. Let x and X be defined as in the proof of Theorem 5.6. Consider the continu-
ously differentiable function W : X — R>( defined by

1
W(z) = P(ge) + Ulge, q) + 5 {ve, Mve). (5.33)
Evidently, W is proper and positive definite with respect to the compact set
To={z € X : P(ge) + U(ge, q) = 0, v = 0} (5.34)

Utilizing the skew property of VM (Lemma 2.1), the derivative of W along flows of
the closed-loop system (5.32) is

W(z) = (d(v) — d(v,) — Kve, ve) + (dP(g.) — dP(g), ve)

for every x € C. Since g4 € 2 C H and dP(g) is left-invariant with respect to H, it
holds that dP(g) = dP(gqg.) = dP(g.). The strict monotone dissipativity property of
d then ensures that W (z) < 0 for every = € C, and also that W (z) < 0 for every z € C
such that v, # 0. The remainder of the proof is similar to the proof of Theorem 5.6. [

We end this section with two examples. First, we show that the hydrostatic moment
acting on an underwater vehicle can be derived from a potential P with the necessary
properties, provided that the axis of the desired rotation is aligned with the direction
of gravity. We then show in a quaternion setting that P+ U, where U is the potential
function introduced in Example 5.5, is synergistic.

Example 5.8. Let G = SE(3), and consider the underwater robot model derived in
Chapter 3. There is a particular class of desired trajectories that allows us to exploit
the hydrostatic moments acting on the robot in the control design process. These are
the desired trajectories in

H o= {h = (‘g 7{) € SE(3) : Sa, = av} : (5.35)

where a., € R3 is the gravity vector. Elements of # have the axis of their orientations
restricted to be parallel with a,. It can be verified that H is a matrix Lie subgroup of

SE(3).
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The hydrostatic moment acting on the underwater robot can be derived from the
potential P : SE(3) — R defined by

P(g) = |ay||mry, — ovry| — (ay, R(mry, — ovry,)) (5.36)

The fact that P is non-negative is easily verified by the Cauchy-Schwarz inequality.
We find that

0
dP(g) = — (WX - WX) R'a, (5.37)
- _ 0 TT
_ (mr% 0 W5> RSTa, (5.38)
= dP(hyg), (5.39)

since by (5.35), a, = STa,.

Example 5.9. Let G = SE(S) In this example, we continue developments of Ex-
ample 5.8 with quaternions, and show that the synergistic function introduced in
Example 5.5 can be utilized in Theorem 5.7 with P taken to be a quaternion ver-
sion of P in Example 5.8. We assume without loss of generality that the reference
frames are chosen such that a, = |ay|es and mry,, — pvr, = |mry, — pvryles. Let
¢ = |ay||mry, — ovry| > 0 and P be defined by

P(g) = c(1 — (rot(z)es, e3))
=2¢{(I — e3 ® e3)€, €) (5.40)
=2c(e} +€3).

An argument similar to the one utilized in Example 5.8 can be used to establish that
P is left-invariant with respect to the matrix Lie group

H == {h € SE(3) : rot(2)es = e3}. (5.41)

Recall the synergistic function U on SE(3) that was defined in (5.17). Let V (g, q) =
U(g:q) + P(g), that is,

k
Vig,a) = " 1pl? + 2ha(1 — qn) + 2e((T — s @ eg)e,), (5.42)

where ki,k; > 0 are positive gains. It is straightforward to verify that ZeroV =
ZeroU = {g € SE(3) : p =0, qn = 1}. Furthermore,

_ kyrot(2)Tp
Vig,q) = (k:gqe +2c(nl —e*)(I —e3®ez)e) (5.43)
To find Crit V', we require the unit quaternions such that
kage + 2¢(nI — €*)(I — e3 ® e3)e = 0. (5.44)

To this end, we contract (5.44) with es. This gives
0 = koges + 2en((I — e3 ® e3)€, e3) — 2¢(e™ (I — e3 @ e3)e, €3)
= kages + 2en{(I — e3 @ e3)es, €) + 2¢{es (I — e3 ® e3)e, €) (5.45)
= kogqes.
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Consequently, (5.44) holds only if €3 = 0. In this case, (I — e3 ® eg)e = ¢, and (5.44)
reduces to

(k2q + 2cn)e = 0. (5.46)
It follows that if ko > 2¢, then Crit V = Crit U. If instead ks < 2¢, then

Crit V = Crit U U{(g,q) € SE(3) x Q : p = 0,qn = —ks/2¢, €3 = 0}. (5.47)

We seek to determine if V' is synergistic on G relative to A = {g € §E(3) ip =
0,n7 = £1}. Since py = py and ZeroV = ZeroU, the critical points of V that are
also critical points of U have already been treated in Example 5.5. For the additional
critical points given in (5.47) for which ¢n = —k2/2c¢ and €3 = 0, we find

ko ko
— 2%k (14 22) — 2y (1 -2
v (g,q) = 2ko ( + 20) ko ( 20)

o3
o C

(5.48)
> 0.

It follows that V is synergistic on G relative to A with gap exceeding §, where
min(4ky, 2k3 /c) > 6 > 0.

5.5 Synergistic Output Feedback Control

Due to the fact that the feedforward control in (5.8) is independent of the robot
velocities, we can utilize it in the design of a Lyapunov-based output feedback tracking
control law. It will also be required in this section that there is no disturbance acting
on the mechanical system, that is, b = 0. Let V : § x X — R>( be synergistic on
G relative to a finite set B with gap exceeding p > 0 and denote by o € X' C Z the
associated logic variable. Define, analogously to (5.16), the quantities

Cv ={(g9,0) €G x X :pv(g,0) < p},
Dy :={(g,0) € G x X: pv(g,0) > p}, (5.49)
Gv(g) ={0 € X :puv(g,0) =0}

where py @ G x ¥ — Ry is the synergy gap of V. Consider the output feedback
control law

gr = 9yVs (Ges 9a,va, aa, 95, q,0) € C
qt € Gulge) ( ~
o € Gy lgo) } es 9ds Vds Od, 9+ q,0) € D (5.50)
7 =rysr(9,r, )
—dV(go,0) — dU(ge, q)

where g; € G is a filter state, g, := g?l ge € G is the filter error, and the filter velocity
vy € R™ is defined by vy == Ad,, K dV(g,, ). Furthermore, we define the controller
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flow set and jump set by

C = {(ge, 94, Va4, @4, 95, 4:0) : (ge,q) € Cur and (g, 0) € Cy,
9a € G,vg € R™, aqg € R™},

~ (5.51)
D= {(geagdayd7ad7gfaqva) : (967q) S DU or (9070) S DV?
gd € g, Vg € Rm,ad c Rm}.
The closed-loop system becomes
Je = gei/\e
7)6 = _VVJ\-Q{VTVe
+ M7 (d(w) - d(v,))
— Mﬁl(dU(ge, q) —+ dV(go7 O')) (967 Ve, 9d,Vd, Yo0,94, 0) S c
9d = gaVd (5.52)
vg € 1B
go = gol//\o
a" € Gulge) (ge, v v, h) e D
0_+ c Gv(go) 9es Ve, ddy Vd, Yo, 4
where the filter error velocity v, € R™ is defined by
vy =ve —Ad v
90 7 (5.53)
=v.— KdV(g,,0),
and the flow set C' and jump set D are defined by
C = {(ge7Ve7gd,Vd;goaQ70) : (ge>Q) € OU and (go,a) € OV,”e € Rm’
€ 2,vq € cB},
9d d } (5.54)

D = {(g€7Vevgdan5907q>U) : <g€7Q) S DU or (90,0') S DVaI/e S Rma
ga € 2,v4 € cB}.

Before we state the main result of this section, we recall from Definition 3.9 that
d : R™ — R™ is monotonically dissipative if d(0) = 0, d is continuous, and (d(v) —
d(@),v — 1) <0 for every v € R™ and every 7 € R™.

Theorem 5.10. If U is synergistic on G relative to A with gap exceeding § > 0, V
is synergistic on G relative to a finite set B with gap exceeding p > 0, K is positive
definite, and d is monotonically dissipative, then the compact set

T=Ax{0}x2xcBxQxBxX, (5.55)
is globally pre-asymptotically stable for the system (5.52).

Proof. Define the set X = G x R™ x 2 x B x G x Q x X, the state vector = =
(ges Ves 9ds Vd, 9o, 4, 0) € X and the set-valued mappings

F(fﬂ) = (96367 Ole(x),gdﬁd, ”B; goaoa 0) O)’

5.56)
G(m) = (967Veagd7VdaQO7GU(g€)7GV(gO))a (
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with a, denoting the velocity error dynamics. Then the closed-loop system (5.52) is
a hybrid system H = (C, F, D,G). Consider the continuously differentiable function
W : X = R>¢ defined by

W(z) = U(ge,q) + V(g0 ) + %(z/m Mv,). (5.57)
Evidently, W is proper and positive definite with respect to the compact set
To ={z € X :U(ge,q) =0,V (go,0) = 0, =0} (5.58)
The derivative of W along flows of the closed-loop system (5.52) is

W (z) = (dU(ge, @), ve) + (dV (go, o), ve — K dV (g0, 0))
— (MY}, ve,ve) + (d(v) — d(vy), ve)
—(dU (e, q) +dV(go,0), ve)
< (K dV(go,0),dV(go,0))

for all x € C. The change of W across jumps is found to be

W(s) — W(z) < —min(4, p) (5.59)

for all z € D and s € G(z). By a similar argument as in the proof of Theorem 5.6,

it can be shown that 7j is stable and that all solutions to H are bounded. Moreover,
every complete solution to #, converges to the largest weakly invariant subset W, of
W=ty)n{x € C:dV(g,,0) = 0} for some v € [0,7].

Let ¢ denote a complete solution to H,., such that rge ¢ C W,.. Since ¢ is complete
and the decrease of W over jumps of the closed loop system is strict, it must be the case
that dom ¢ = R>o x {0}. By construction, the only points in C' where dV (g,,0) =0
are those for which V' (g,,0) = 0. Consequently, g,(t,0) € B for every t € R>¢. Since
B is a finite set, it must hold that ¢,(¢,0) = 0 for every ¢t € Rx>q. It follows that
ve(t,0) = 0 for every ¢t € R>(. By an argument similar to the one employed in the
proof of Theorem 5.6, it now follows that dU(g.(t,0), ¢(¢,0)) = 0 for every t € Rx>q.
It follows that W, C Ty and that every complete solution to H, converges to 7p.
Since every complete solution to H is a complete solution to H, for some r > 0,
every complete solution to H converges to Ty. Since 7q is stable, all solutions are
bounded, and every complete solution converges to 7o, it follows that Ty is globally
pre-asymptotically stable for 7. The remainder of the proof uses an argument similar
to the one utilized in the proof of Theorem 5.6. O

We remark briefly that the output feedback controller (5.50) admits an analogue
to the controller (5.30). This controller has the form

gr = grvs (e, 9> va, @, 95,q,0) € C
q+ S GU(ge) ~
o+ € Gv(go) } (9es 9a, va, ad, 9f,q,0) € D (5.60)
T =FRr(9Vr, ar)
- dV(go, U) - dU(ge7 Q)
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where Ry is defined by (5.31), and C and D are defined by (5.51), and leads to the
closed-loop system

Je = JeVe
. M
Ve = _VV+V,,.V6

+ M7 (d(v) - d(w))

d Vp
dU(ge,q) + dV (go,
( (g Q) (g U)) (ge,ye’gdvyd’go,q,(f)ec

— M~tdP(g) (5.61)
Jd = gava
g € 1B
go = go/y\o
7" € Gulge) (ge, v v, o)eD
0_+ E Gv(go) 967 e;gd7 d7go7Q7

where C and D are defined by (5.54). We then have the following theorem, the proof
of which we omit due its similarity to the proofs of Theorem 5.7 and Theorem 5.10.

Theorem 5.11. If 2 C H, dP is left-invariant with respect to H, P+ U is synergistic
on G relative to A with gap exceeding § > 0, V is synergistic on G relative to the
finite set B with gap exceeding p > 0, K 1is positive definite, and d is monotonically
dissipative, then T, as defined in (5.55), is globally pre-asymptotically stable for (5.61).

5.6 Synergistic PID Control

We now treat the full system (5.1) with the constant disturbance b present. Consider
the following synergistic PID control law

<p=dU(g€,q) (981Vevgd71/d7ad7§07q) 65

+
q' € GU(ge) (ge,Ve,gde?ad,%Q) €D (562)
T =FKpp(g, v, r)
—dU(ge,q) — ko — Kv,

where K € R™*™ is the derivative gain, k € R is the integral gain, and

5 = {(957Ve,gd71/d,04d7§0,Q) : (ge,q) €Cy,v, € Rmagd €g,

vg €ER™ ag € R™, 0 e R},
- d d P } (5.63)
D = {(gevVe»gd;Vd»adaQP»Q) : (967q) S DU7V6 S Rm7gd S g»

vg ER™ ay e R, p € R™}.

Observe that the feedback control law comprises a proportional term dU(ge,q), an
integral term k¢ and a derivative term Kv,. Let b, := b — k¢ denote the error of the
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integrator. The resulting closed-loop system is then given by

Je :geﬁe
Ve = _Mil(dU(geaQ) —be + KV@)
gd = gd/y\d (geayevgda Vdvbevq) eC (564)
vg € 1B
be = —kdU (g, q)
q+€ GU(ge) (geayemgdu Vd7be7Q) eD
where
C = {(g€7Veygdanab€7q) : (g€7q) € OUa Ve € IR’magd S g71/d € Cﬁybe € Rm}v (5 65)

D= {(967Veagd7yd7be,q) : (gti»q) € DUal/e S Ianagd S g,Vd S CB7be S Rm}
We then have the following result.

Theorem 5.12. If A is finite, U is synergistic on G relative to A with gap exceeding
6>0,k>0, and K — kM is symmetric and positive definite, then the compact set

T:=Ax{0} x 2xcBx {0} xQ, (5.66)
is globally pre-asymptotically stable for the system (5.64).

Proof. Define the set X = G x R™ x 2 x cB x R™ x (), the state vector = =
(ges Ves ds Vd, be, q¢) € X and the set-valued mappings

F({E) = (geﬁev ae(x)v gdﬁda ZB, —k dU(gev Q)» 0)7 (567)
G(I) = (gevVe,gdanabe,GU(ge)), (568)

with a. denoting the velocity error dynamics. Then the closed-loop system (5.64) is
a hybrid system H = (C, F, D, G). Define also the symmetric positive definite matrix
A = (K — kM)~!. Note that since M is symmetric positive definite, k& > 0, and
K — kM is symmetric positive definite, we must have that K is symmetric positive
definite. Consider the continuously differentiable function W : X — R>( defined by

1
+ %<A(be —kMv,),b. — kMuv,), (5.69)

W (@) = Ulgera) + 5 (Mve,ve)
Evidently, W is proper and positive definite with respect to the compact set
To={r € X :U(ge,q) = 0,1, =0,b. = 0} (5.70)
The derivative of W along flows of the closed-loop system (5.64) is

W(z) = (be — Kve,ve) — (A(be — Kve), be — kM)
= (be — Kve,v.) — (A(be — Kv.),b. — Kve) — (A(be — Kv.), (K — kM)v,)
= —(A(be — Kve),b. — Kv.),
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for every x € C. The change of W across jumps is found to be
W(s)—W(x) <=6 (5.71)

for all z € D and s € G(z). By a similar argument as in the proof of Theorem 5.6,
it can be shown that 7j is stable and that all solutions to H are bounded. Moreover,
every complete solution to #H, converges to the largest weakly invariant subset W, of
W=ty)n{x € C : b, = Kv.} for some v € [0,7].

Let ¢ denote a complete solution to H.., such that rge ¢ C W,. Since ¢ is complete
and the decrease of W over jumps of the closed loop system is strict, it must be the
case that dom ¢ = Rx>g x {0}. We must then have that

De(ta 0) = 7M71 dU(ge(ta 0)7 Q(ta 0)),
be (ta O) =—k dU(ge(t7 O)a Q(t7 O)),

for almost every t € R>¢. Since be(t,0) — Kv.(t,0) = 0 for every t € Rxq, it follows
that

be(ta O) - Kl)e(ta 0) = (KM?I - kI) dU(ge(t,O)v Q(t70))
= (K — kM)M_l dU(ge(t,0),4(t,0))
=0

for almost every ¢t € R>g. Since K — kM and M have full rank, and the mapping
t — dU(ge(t,0),q(t,0)) is continuous, it follows that dU(g.(t,0), ¢(¢,0)) = 0 for every
t € R>p. By construction, the only points in C' where dU(g.,q) = 0 are those for
which U(ge,q) = 0. Consequently, g.(t,0) € A for every ¢ € R>q. Since A is a finite
set, it must hold that g.(¢,0) = 0 for almost every ¢ € R>¢. It follows that v.(¢,0) =0
for every t € Rx>q, and since b.(t,0) = Kv.(t,0), that b.(t,0) = 0 for every ¢t € Rxq.
It follows further that W, C 7y and that every complete solution to H,. converges to
To. Since every complete solution to H is a complete solution to H, for some r > 0,
every complete solution to H converges to 7. Since Ty is stable, all solutions are
bounded, and every complete solution converges to 7y, it follows that 7y is globally
pre-asymptotically stable for 7. The remainder of the proof uses an argument similar
to the one utilized in the proof of Theorem 5.6. [

We now present a second synergistic PID controller that integrates both the pro-
portional action and the derivative action. Consider the control law

¢ =dU(ge,q) + Kve (Ges Ve, 9a, Va, ad, 0, q) € C
N ~
q € GU(QE) . (gea Ve, 9d,Vd, Od, (paQ) €D (572)
T =kyrr(9,v, )
—dU(ge,q) — kp — Kv,

where K € R™*™ k€ R, and C and D are defined by (5.63). The controller (5.72)
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leads to the closed-loop system

ge = gel//\e

Ve = —MYdU (ge, q) — be + Kv)

gd :gd/y\d (g€7Vevgdan7b€7Q) € C (573)
vy € 1B

i)e = _k(dU(gea Q) + Kve)

q+€ GU(ge) (geal/evgd;ydame) eD

where C' and D are defined by (5.65). Conditions that ensure stability are less restric-
tive for the controller (5.72) than for the controller (5.63). In particular, the set A
need not be finite, and the matrix K need not be symmetric.

Theorem 5.13. If U is synergistic on G relative to A with gap exceeding 6 > 0,
k > 0, and K — kM s positive definite, then T, as defined in (5.66), is globally
pre-asymptotically stable for (5.73).

Proof. Define the set X = G x R™ x {2 x cB x R™ x @, the state vector z =
(ge, Ves 9ds Vd, be, q) € X, and the set-valued mappings

F(l‘) = (gei/\ev ae($)7gdi/\d, B, _k(dU(gea q) + KUe)v 0), (574)
G((E) = (967V€agdaydab6uGU(ge))a (575)

with a, denoting the velocity error dynamics. Then the closed-loop system (5.73) is
a hybrid system H = (C, F, D,G). Note that since M is positive definite, k > 0, and
K — kM is positive definite, we must have that K is positive definite. Consider the
continuously differentiable function W : X — R defined by

1 1
W(z) = Ul(ge,q) + §<ue, Muv,) + ﬂ<M_1(be — kMv,.), b, — kMuv,). (5.76)

Evidently, W is proper and positive definite with respect to the compact set
To={z € X :U(ge,q) = 0,ve = 0,be = 0} (5.77)
The derivative of W along flows of the closed-loop system (5.73) is
W(z) = (be — Kve, ve) — (MY, be — kM)
= (K — EM)ve,ve) + (be — EMve,ve) — (M~ tbe, by — kM)
= (K — kM)ve,v.) — (M~ (b — kMuv,), b, — kMuv,)
for every z € C. The change of W across jumps is found to be
Wi(s)—W(x) <=6 (5.78)

for all z € D and s € G(z). By a similar argument as in the proof of Theorem 5.6,
it can be shown that 7j is stable and that all solutions to H are bounded. Moreover,
every complete solution to #H, converges to the largest weakly invariant subset W, of
W=ty)n{x € C: v, = 0,b. = 0} for some v € [0,7]. The remainder of the proof is
similar to the proof of Theorem 5.6. O
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5.7 Application to Underwater Vehicle Control

This section presents simulation results for a small fully actuated underwater vehicle.
We utilize a quaternion representation of the vehicle orientation such that G = SE(3).
In this case, the model (5.1) reduces to the underwater vehicle control model in-
troduced in Section 3.6. Let us present the data of the underwater vehicle used for
the simulation. The center of mass is r,, = (0,0,0.02)m, the center of buoyancy is
ry, = 0m, the dry mass is m = 13.7kg, and the displaced mass is gv is 1% larger than
the dry mass. The hydrodynamic inertia matrix My is chosen as

55 0 0 0o 0 O

0 127 0 0 0 0
0 0 146 0 0 0

Mu=1|¢ 0 01 0 0 (5.79)
0 0 0 0 01 0

0 0 0 0 0 01

Furthermore, we use a hydrodynamic damping model comprising linear damping and
diagonal second-order modulus damping,

4.01/1 + 18.2|Z/1|V1
6.21/2 + 21.7|l/2|1/2
5.2v3 + 37.0|v3|vs
0.1vg + 1.6|v4|vy
0.1V5 + 1.6|V5|V5
0.1V6 + 1.6|V6|V6

d(v) = — (5.80)

The constant disturbance is set to

2
1
~1

b=1|_, | (5.81)
-1
1

The control law (5.72) is implemented with the synergistic potential function intro-
duced in Example 5.5. Furthermore, we have implemented it without the feedforward
term that would cancel the acting hydrodynamic and hydrostatic wrenches to achieve
a slightly more realistic picture of its performance. The controller parameters are given
by

ky = 5,
ky =1,
10 0 0 0 0 0
0 10 0 0 0 0
K_ |0 0 10000 (5.82)
o o 0 20 0
0 0 0 0 20
0 0 0 00 2
k=01

97



5. Synergistic PID and Output Feedback Control on Matrix Lie Groups

Simulation results are presented in Figures 5.1 to 5.3, from which we conclude that
acceptable tracking performance is achieved despite this simplification of the control

law.
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Chapter 6

Adaptive Hybrid Feedback Control for
Marine Vehicles

This chapter develops an adaptive hybrid feedback controller for global asymptotic
tracking of a hybrid reference system for marine vehicles subject to parametric uncer-
tainties. In contrast to backstepping-based hybrid adaptive control [81], the proposed
approach permits estimation of the inertia matrix, and the switching mechanism is
independent of the system velocities. As our approach is based on traditional Euler-
Lagrange system models, the adaptive hybrid control law is applicable to other me-
chanical systems as well. In particular, it can easily be extended to robot manipulators
or, more generally, vehicle-manipulator systems. The hybrid reference system is con-
structed from a parametrized loop and a speed assignment for the motion along the
loop. The main benefit of this formulation is that it decouples the design of the path
from the motion along the path, allowing us to globally asymptotically track a given
parametrized loop at a desired and time-varying speed. The proposed reference sys-
tem can be considered an adaptation of the maneuvering problem [84, 85| to a hybrid
dynamical systems setting. The theoretical developments are validated experimentally
for surface and underwater vehicle applications.
The material in this chapter is based on [86, 87].

6.1 Introduction

Some of the first adaptive control laws proposed for underwater vehicles can be found
in [21] and [126], where Euler angle representations were utilized for the vehicle orien-
tation. The first quaternion-based control laws for underwater vehicles were introduced
in [127], while adaptive and quaternion-based control approaches for underwater ve-
hicles can be found in [128] and [129]. None of the aforementioned quaternion-based
approaches achieve global asymptotic stability results, since they only stabilize one of
the equilibrium points corresponding to the desired orientation. Adaptive backstep-
ping designs for tracking control of ships were introduced in [130], [131], and [132].
However, none of these methods permit estimation of the inertia matrix parameters,
and all of them lift the vehicle orientation from the circle to the field of real numbers,
which leads to unwinding problems.

To the best of our knowledge, experimental validations of globally stabilizing hy-
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brid control laws for surface and underwater vehicles are virtually nonexistent in the
existing literature. A combined hybrid observer/controller for dynamic positioning of
a marine surface vehicle with global exponential stability properties was proposed in
[133]. However, this result was achieved by a priori assuming that the angular velocity
is bounded and by lifting the vehicle orientation from the circle to the field of real
numbers, which leads to unwinding problems.

The remainder of this chapter is organized as follows. Section 6.2 presents kine-
matic and dynamic models of marine vehicles, a hybrid reference system based on a
parametrized loop, and the resulting error system. The hybrid control law developed
in Section 6.3 is based on a set of potential functions and a hysteretic switching mech-
anism. In Section 6.4, we construct potential functions and switching mechanisms to
overcome the topological obstructions of SE(2) and SE(3). Moreover, we show that the
aforementioned potential functions and switching mechanisms satisfy the assumptions
in Section 6.3. In Section 6.5, we present the results of three experiments conducted
on marine surface and underwater vehicles.

6.2 Modeling

This section begins by presenting kinematic and dynamic models of marine vehicles.
Then, we derive a hybrid reference system generating continuous and bounded config-
uration, velocity and acceleration references from a parametrized loop. Moreover, the
motion along the path can be independently controlled by specifying a desired speed,
which takes values within a compact interval. Finally, we derive the error system and
formulate the problem statement.

6.2.1 Models for Surface and Underwater Marine Vehicles

The configuration of a marine vehicle can be identified with a matrix Lie group G C
R™ ™ of dimension k < 6, which is typically either SE(2),SE(3) or SE(3). Let g € G
denote the configuration and v = (v,w) € R¥ denote the body velocity, where v and w
denote the linear and angular velocities of the vehicle. Using the Lie group structure
of the configuration space, the equations of motion for fully actuated marine vehicles
are given by

g=gv, (6.1a)
Mvy —adl Mv =d(v)+ f(g) + T, (6.1b)

where M € R*¥** is the inertia matrix, including hydrodynamic added mass, adI Mv
describes Coriolis and centrifugal forces, the function d : R¥ — R* describes dissipative
forces, f : G — R” contains potential forces and disturbances, and 7 € RF is the control
force.

6.2.2 Hybrid Reference System

We construct a hybrid reference trajectory g; : R>g x Z>¢9 — G by composing a path
v :[0,1] = G with a time scaling s : R>o X Z>o — [0,1], i.e. g4(t,j) = v(s(t,5)). A key
advantage of this formulation is that it decouples the geometric path from the desired
motion along the path.
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Definition 6.1. Let Z = [0,1], Hy = SO(2), Hy = SU(2) and m € {2,3}. The
parametric C"-path v: T — G = R™ x H,,, defined by

v(s) = (n(s),72(s)),  n(s) € R™, 72(s) € Hp, (6.2)

is a C"-loop if it satisfies

YD(0) = 49(1), (6.3)
forall0<j <r.

Given a loop ~y, the motion along the loop can be controlled through a speed
assignment for $. In particular, by assuming that |v{(s)| # 0 for all s € Z, the desired
speed of the vehicle can be controlled through the following speed assignment [84]

. Uq
$=o0(s,uq) = ——, (6.4)
171(s)l
where ugy € R is a desired input speed. To ensure continuity of the velocity and
acceleration references, the desired speed can be obtained from the following set-
valued second-order low-pass filter with natural frequency w,, > 0 and damping factor
¢r>0

g € U(ug, tq) = wa[O, o) — 2¢fwn g — wiud, (6.5)

where the interval [0, ¢], with ¢ > 0, contains the values of the commanded input speed
-

Let Q1,95 C R be compact. The Lie group structure of the desired path + leads
to the following hybrid reference system:

$ = o(s,uq)
Ug = Gq (s,uq,aq) €T x Q1 X Qo
dd S U(ud, ad)
R:{ st = (s,uq,aq) € {1} x Q1 x Qo
ga =(s)
va = K(s)o(s, ua)
aq = fa(s, ua,aq)

where %(s) :== v(s)714/(s) is the desired tangent vector expressed in the desired frame

and the mapping fy: Z x Q1 x Qs — RF is given by

Fult) = n(6) (G as.0) + 520 ) + (), 0 (6.6

Conceptually, R can be considered as a hybrid system with the commanded speed
u € [0, c] as the input, and

y:=(ga, va, a) = (7(5), k(s)e(s, ua), fa(s, ua, aq)), (6.7)

as the output, where gq € rgevy,v4 € R* and ag € RF are the desired configuration,
velocity and acceleration references, respectively. We remark that the speed assignment
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for $ in (6.4) ensures that the norm of the desired linear velocity vg is equal to the
desired speed ug. Note that if v is a C2-loop, then it follows from ~v()(0) = vU)(1)
for all 0 < j < 2 and continuity of ug,aq that the output map y = (ga, Va, @q) is
continuous. We remark that for practical purposes, only a compact path is required.
This, in turn, removes the switching component of the reference system. However, the
loop assumption helps ensure that every maximal solution is complete.

6.2.3 Error System

The error dynamics are obtained by considering the continuous and invertible trans-
formation (g, v, ) — (ge, Ve, ), using the natural (and left-invariant) error defined by
[101]
9e =979, (6.8)
Ve =V — Ad;e1 V. (6.9)
We observe that g. expresses the configuration of the vehicle-fixed frame with respect

to the desired vehicle-fixed frame, while the term v,.:= Ad;: V4 can be interpreted as
vq expressed in the vehicle-fixed frame. Moreover, the derivative of v, satisfies

v = Ady g —ad,, Ad " vg. (6.10)

The error dynamics can now be stated as

ge = ge/V\e
Ve = fe(gea VeasaudaadaT)
5= Q(S,Ud) (gm Ve,S,Ud,(Ld) S C
N,
Ug = Qq
aq € Z/l(ud,ad)
st=0 (gea Veasvudvad) €D

WhereCA':ngkxIlexﬁg,ﬁ:ngkx{l}lexQQ and the mapping
fe: G X RF x T x Q x Qy x RF = R¥ is given by

fe() =M = MV v+dv) + f(g9)) — Ady" fa(s, ua, aq)

o (6.11)
+ad,, Ad, " K(s)o(s, ua)-

We remark that the matrix representation of the adjoint maps Ad and ad are provided
in Section 6.5 for the Lie groups SE(2) and SE(3) and their Lie algebras se(2) and
s¢(3).

Lemma 6.1. The hybrid system A satisfies the hybrid basic conditions [90, Assump-
tion 6.5].

Proof. The flow and jump sets C and D are closed since Q1 and Qs are closed. More-
over, the jump map is single-valued and continuous. The flow map is single-valued and
continuous for every state except ay. However, since the set-valued mapping U is outer
semicontinuous, convex and locally bounded, the flow map is outer semicontinuous,
convex-valued and locally bounded. O
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Problem Statement

For a given C2-loop v, the speed assignment o defined in (6.4) for § and a compact
set A® C G, design a hybrid feedback control law with output 7 € R¥ such that every
solution to A is bounded and converges to the compact set

B = {(ge, Ve, S, ud,aq) : ge € A*, v =0}, (6.12)

for the system N under parametric uncertainties.

6.3 Hybrid Control Design

In this section, we propose an adaptive hybrid feedback control law for the system N
The control law is derived from a set of potential functions and a hysteretic switch-
ing mechanism encoded by the flow and jump sets and the jump map. The hybrid
controller is based on the following assumption.

Assumption 6.2. Given a 5-tuple (A4,C,D,G, V), where V : O — R is defined by
(9,9) — V(g,q) = V,4(g), where ¢ € @ is a logic variable, @ C R is a finite set and O
is an open set containing C' C G x Q.

(A1) A cC C is a compact set and 71 (A) = A®;

(A2) C and D are closed subsets of G x @ such that CUD =G x @ and 71 (C) = G;

(A3) The set-valued mapping G : D = @ is nonempty for all (g,q) € D and outer
semicontinuous and locally bounded relative to D;

(A4) for every (g,q) € CN D, it holds that (g,w) € C\ D for each w € G(g,q);

(A5) there exists N € Z>; such that for every (g,¢) € D, it holds that (g, w) € C\ D

for each (g,w) € éK(g,q), where 1 < K < N, G(g,9) = {9} x G(g,q) and

K _ _
G =GoGo---0G,
|
Ktimes
(A6) V is continuously differentiable on O and the restriction of V' to C' is proper and
positive definite with respect to A;

(A7) for all (g,q) € CN D and each w € G(g,q)
Viu(9) = Vo(g) < 05 (6.13)
(A8) for all (g,q) € C, dV,(g) = 0 if and only if (g, q) € A.

Assumption 6.2 guarantees that the switching is hysteretic, the hybrid control law
satisfies the hybrid basic conditions and is required to ensure that every solution to
N converges to B.

We remark that the conditions of Assumption 6.2 are different from the conditions
for synergistic control [61, Definition 7.3]. First, they do not enforce a strict decrease
in V across jumps. Second, they are not restricted to a switching mechanism based on
the value of the potential functions V;. Finally, they permit each potential function
Vg to be defined locally, i.e., having a domain that is a strict subset of G.

To establish convergence to the set B when the model parameters are unknown,
we define the modified reference velocity v,, € R* and the corresponding reference
velocity error  := v, — v, through the differential equation

A[C+ V(] = —dVy(ge) — 94(0), (6.14)
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where 9, : R¥ — R is continuous and satisfies (J,(¢),¢) > 0 for every ¢ € R\ {0}
and every q € (). We remark that ¥ can be chosen independent of ¢ and that the term
AV#( is optional. The latter is because (Q/lV?C) =0 for any ¢ € R¥, which entails
that any velocity can be used in place of v in the bilinear map V4. The velocity error
is now redefined as

E=v—vy,=v,—C. (6.15)

Since ¢ = 0 implies £ = v, the velocity tracking control objective v, = 0 is accom-
plished when (£,¢) = 0. In practice, this type of velocity error may be advantageous
when the configuration error encoded by dV is significant while the velocity error v,
is zero.

Before delving into the proposed adaptive controller, we begin by presenting the
non-adaptive version. Given a 5-tuple (A, C, D, G, V) satisfying Assumption 6.2 and
if the model parameters in (6.1) are known, we propose the following hybrid control
law

{ ==V} — A7 (AV,(ge) +94(C), (9e,9) €C
q" € G(ge,q), (ge-q) € D
7 =M[Um + Vv, — d(v)

= fg) — dVq(ge) — ¢q(&)-

Observe that the feedback control law (6.16) comprises a proportional action dV and
a derivative action ¢, where p,: R¥ — RF is continuous and satisfies (p,(€),&) > 0
for every ¢ € R¥\ {0} and every ¢ € Q. In other words, the control law (6.16) is
essentially a PD+ control law [134] with desired velocity v, and hysteretic switching.
We note that the derivative action can be chosen independently of the logic variable
q. However, the proportional action can only be chosen independently of ¢ provided
that the configuration space is globally diffeomorphic to Euclidean space.

To make the control law (6.16) adaptive, we make the following assumption on the
unknown model parameters.

(6.16)

Assumption 6.3. There exists a known matrix-valued function of available data
O: GXRFXRF x T x 01 x Qy — REX and a vector of unknown model parameters
6 € R! with known lower and upper bounds € and 6 such that

M0 +V M0, —d(v) = f(9) = ®(ge, C, €, 5, Ua, aqg)b, (6.17)
for all (ge,C, &, 8,uq,aq) € G x RF x R¥ x T x Oy x Q.

The boundedness assumption on the parameters is justified by the fact that the
parameters represent real physical quantities that we often have rough estimates of in
practice. Assumption 6.3 implies that the parameters are contained in the convex set

P={lecR :0<6<0}. (6.18)
Define the extended tangent cone to P by
TRJD (9) = TR1[Q1 %51](01) X TRa[QQ 152](02) Ko X TR,[QZ ’El](al)’ (6.19)
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where the extended tangent cone to each interval is given by
[0, 00) if 0, <9,
TR,[Q.@](Gi) = (—OO, OO) if 01 e (Qz,gl) (620)
Let 6, € R! denote the estimate of § and define the convex set

Po={0,eR :0—€e<b,<0+¢}, (6.21)

where ¢ = (e1,...,¢) € R!, defines boundary layers of length ¢; > 0 around each
interval in (6.18). The goal is to enforce 6, € P. through the adaptive update law. To
this end, we define the projection operator Proj: R! x P, — R! by [135]

if y € Th.o(fa
Proj(x,a) = {X’ ifx € Tralba) (6.22)

(1= h(0a))x if x & Tk,a(ba)
where the components of h(6,) are given by

0, if ea,i S (ngz)
hi(Ba) = { min{1, 52024} if 6, ; < 6, (6.23)

min{1, %220 i 0, ; > 0
The following lemma can be found in [135, Lemma E.1].

Lemma 6.2. The projection operator (6.22) satisfies

(P1) The mapping Proj: R! x P, — R! is Lipschitz continuous in x and 6,.
(P2) The differential equation

0o = Proj(x,0a), 0alto) € P, (6.24)

satisfies 0, € P, for all t > t.
(P3) Let 6, = 6 — 6, denote the estimation error, then

—{0., T Proj(x, 0a)) < —(0c, I x), (6.25)
for all 6, € P. and 6 € P.

Using (6.17) and the projection operator defined in (6.22), we define an adaptive
version of (6.16) by

§= =V = A7 AValge) +94(C)) } (00.0)€C
0o = Proj(—I'(ge, ¢, &, 5,ua,a0) €, 0a)f (6.26)
q" € G(ge,q) (9e;q) €D
7= ®(9e, ¢, €, 5, g, aq)fa—dVg(ge) =04 (§)-
By defining z :=(ge, &, 8, uq, aq,(, 04, q) € X and the extended state space
X =GxRFxTxO xQxRFxP.xQ, (6.27)
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the adaptive hybrid control law (6.26) applied to the hybrid system N leads to the
hybrid closed-loop system

Je = 9e§/+\C
= flx)
s = Q(S,Ud)
Ug = aq zeC
H: i € Ulug, ag) (6.28)
C. = _vl/llc - A_l(qu(ge) + ﬁq(g))
éa - PI‘Oj(—F(I)(ge, Cv 57 S, Ud, ad)Tga ga)
(g7, 57) € G(ge, 9, 9) veD,
where
F@)=—M""®(ge, (&, 8,uq, a)0e— V5IE— M7HAV,(ge) + 94(9)). (6.29)
Moreover, the jump map G:G x Q xX7Z =@ x T is defined as
~ (G(9e,):5) (9esq:8) €D > (T\{1})
G(9er a0, 8) =0{(G(9e, ), ), (¢:0)} (ge, ¢, 8) €D x {1} (6.30)
(¢,0), (9e,q,s) € (C\D)x{1}
while the flow set C' and jump set D are defined by
C = {r e X :(ge,q) € C}, (6.31)
D={zeX:(g,q)eD}U{zeX:s=1}. (6.32)

Lemma 6.3. The closed-loop system H satisfies the hybrid basic conditions.

Proof. From Lemma 6.1, Assumption 6.2 and the definitions of the jump map, flow set

and jump set, it follows that all of the assumptions in [61, Lemma 2.21| are satisfied.
O

Theorem 6.4. Let Assumption 6.3 hold. Given a 5-tuple (A,C,D,G,V) satisfying
Assumption 6.2, the compact set

A1 ={z € X :(ge,q) € A,£=0,(=0,0, =0}, (6.33)
is uniformly globally stable for the system H and every solution to H converges to
Ay = {Z‘ ekt (gea Q) € A7§ = 07< =0, <I>(g€,0,0, S, Ud, ad)ee = 0} (634)

Proof. Let # denote the hybrid system H with each jump set D replaced by D= {z €
X :(ge,q) € CND}U{z € X: s =1} and consider the continuously differentiable
function

W (g6 0a) = Valge) + 5 (6, M) + 3 (G, AQ + 50, 770, (635)
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For all z € C~', the change in W along the solutions of H is

<qu(ge)7 Ve> + <§7 7qu(ge) - ’(9q(<)>
+ (&, —D0. — MVL'E — AVy(ge) — 9q(8)) (6.36)
— {0, T Proj(—I'®'¢, 6,)),

which simplifies to

— {&24(6)) = (€. 94(Q)) — (B, T ™' Proj(~TRTE, 0) + @)
< {6 2q(€)) = (G 04 (Q)) (6.37)
< Oa

where the first inequality follows from (P3) in Lemma 6.2. For any 2 € D and (w, m) €

G(ge, g, s), the change in W across jumps is

W(geaw7€7C79a) - W(geaQ7£aC76‘a) = Vw(ge) - Vq(ge)7

which is clearly equal to zero when (g.,q,s) € (C\D) x {1}, i.e. when w = ¢. Oth-
erwise, it follows from Assumption 6.2 that Vi, (ge) — Vy(ge) < 0 for all (¢, w) €
Q X m1(G(ge,q,s)). Consequently, the growth of W along solutions to # is bounded
by

we()=d 6PN (IOl € C (6.38)
¢ —00, otherwise ’
0, ifzeD
ua(7) = {—oo, otherwise (6:39)

along flows and across jumps, respectively. It follows from Assumption 6.2 and (6.35)
that W is proper and positive definite on C U D with respect to the compact set A;.
Hence, the proof of [90, Theorem 3.18] implies that .A; is uniformly globally stable
for the hybrid system #. Observe that the system H permits at most two consecutive
jumps before a nonzero time of flow follows. Thus, since W is continuous, H satisfies
the hybrid basic conditions, and every maximal solution to H is complete, it follows
from [90, Corollary 8.7 (b)] that each solution to H converges to the largest weakly
invariant subset ¥ contained in

W= (r) Nnuzt(0), (6.40)

for some r € R, where

ug (0) ={z € X :£=0,(=0,(ge.q) € C}. (6.41)
Moreover, the closed-loop system (6.28) is such that { = 0 implies dV,(g.) = 0, and
it follows from Assumption 6.2 that dV;(g.) = 0 implies (g, q) € A. Thus, (£,{) =0
implies that ®(g.,0,0, s, ug, aq)0. = 0, which results in

T W r) nus'(0) € W (r) N Ay C Ay,
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Consequently, since every solution is complete and bounded, every solution to H con-
verges to As. Solutions to ‘H that are not solutions to H are those with initial values
a* such that (¢¥,q¢*) € D\C. However, it follows from (A5) that such solutions ex-

hibit 1 < K < N immediate and consecutive jumps from ¢* to some w € GK(QZ,Q*)
satisfying (g%, w) € C\D, after which the solutions coincide with a solution to .
Consequently, we conclude that A4; is uniformly globally stable for the hybrid system
‘H and that every solution to the hybrid system #H converges to As. O

We remark that Theorem 6.4 implies that the problem statement is solved. Fur-
thermore, note that uniform global asymptotic stability of the compact set

B={ze€X:(ge,q) €A (=0¢6=0}, (6.42)

for the closed-loop system H implies that B is uniformly globally asymptotically stable
for the error system A. However, without further assumptions on the nature of the
parametrized loop and commanded input speed, it is not possible to show that (6.26)
uniformly globally asymptotically stabilizes the compact set B for the closed-loop
system H. However, a trivial modification of the proof of Theorem 6.4 clearly shows
that the non-adaptive hybrid control law (6.16) uniformly globally asymptotically
stabilizes the compact set B for the closed-loop system H with 0, = 0 and 0, = 0,
implying that B is uniformly globally asymptotically stable for the error system N.

We remark that a trivial modification of the proof of Theorem 6.4 shows that the
non-adaptive hybrid control law (6.16) uniformly globally asymptotically stabilizes
the compact set B for the closed loop system H with 0, =0andf, = 0, implying that
B is uniformly globally asymptotically stable for the error system N

6.4 Potential Functions for Marine Vehicles

In this section we construct potential functions and derive 5-tuples (A, C, D, G, V)
satisfying Assumption 6.2 for a surface vehicle and an underwater vehicle. This 5-tuple
determines the proportional control action and the switching mechanism through the
potential functions V' and the flow set, jump set and jump map C, D, G, respectively.

6.4.1 Potential functions on SE(2)

The configuration of a surface vehicle can be identified with the matrix Lie group
SE(2) = R? xSO(2). An element g = (p, R) € SE(2) contains the position p = (z,y) €
R? and orientation R € SO(2) of a vehicle-fixed frame with respect to an inertial
frame.

Using the linear action of SO(2) on R? defined by (p, R) ~ Rp, the semidirect
product SE(2) = R? x SO(2) yields the natural error on SE(2)

ge =95"9 = (pe, Re) = (RY(p — pa), RIR). (6.43)

The goal is to construct potential functions and a switching mechanism for stabi-
lization of the configuration corresponding to the compact set

A®* = {g. € SE(2) : p. = 0, R, = e}. (6.44)
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To this end, we let § > 0, and define the functions p; : D3 — R, po : Dy — R
and p3 : D3 — R, where D; = Dy == {R € SO(2) : IogR € [§,7] U (=7, —d]} and

log R, if log R € [0,

p(R)=1{ % if 1og 2 € [0, ] (6.452)
log R+ 2m, iflogR € (—m,—4]
log if Jog -6

po(R) = {08 T iflog R € (—, —9] (6.45)
log R —2m, iflogR € [0, 7]

ps(R):=log R, (6.45¢)

where log R = atan2(Rs1, R11) is the principal logarithm of R € SO(2), which corre-
sponds to the heading angle ¢ € (—m, 7] in practice. Now, for each ¢ € Q = {1,2,3},
we define the potential functions V, : D, x R? — R>q by

Vy(ge) = %kqpq(R ) 2pe  Kpe + Oq, (6.46)

where K = K" >0, ki =ky =k >0, ks > 0, 01 = 02 = 0 and 03 = 0. Due to the
topology of SO(2), at least two potential functions are required to design a globally
asymptotically stable hybrid control law. However, by using three potential functions
we obtain improved transient performance by encoding smaller proportional gains into
the global controllers (g € {1,2}) relative to the local controller (¢ = 3). To this end,
the role of the offsets is to enable k3 > k, i.e., a larger proportional gain locally around
R, = I. A visualization of the rotational part of the potential functions is shown in
Figure 6.1.

%[h(R)? +o
—In®P o
503(R)?

15 1.5

Flgure 6.1: The rotational part of the potential functions {V;}4cq with k =
ks = 0=71 =, and 0o = 2(6 +¢)*(ks — k).

(2ﬁ)2 ’

271.)27 €=
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The switching mechanism is defined by the flow and jump sets C, D C SE(2) x Q
and the jump map G: D = @ associated with the potential functions {V;}secq. We
define the flow and jump sets by

C =] Cyx{a}, (6.47a)
qeQ
D= | Dy x{q}, (6.47h)
qeQ
where
C1 ={g. €SE(2) : 6 < p1(R.) <7 +¢}, (6.48a)
Cy:={ge € SE(2) : 0 < —pa(R.) <7+ ¢}, (6.48b)
C3 = {g. € SE(2) : |p3(Re)| < 6 + ¢}. (6.48¢)
and

Dy :={g. € SE(2): m+ ¢ < p1(Re) <27 — §}

U {ge € SB(2): |py(Re)| < 6} (6.492)
Dy:={g. € SE(2): m+ ¢ < —pa(Re) <21 — d}

U {ge € SE(2): |p3(Re)| < 6} (6.49Db)
D3:={g. € SE(2): |p3(Re)| > +¢}. (6.49c¢)

In (6.48) and (6.49), 6 > 0 determines the switching point between the local and
global controllers while € > 0 denotes the hysteresis half-width between the global
controllers. Finally, we define the set-valued jump map for all (g.,q) € D by

G(ge,q) ={w € Q\{q} : g € C,y N Dy }. (6.50)

The following lemma provides conditions on the gains and offsets in (6.46), ensuring
that V' is nonincreasing across jumps.

Lemma 6.4. Let A= A®* x {3}. If ks > k,0 + 2¢ < 7 and
16%(ks — k) <o < (0 +¢)%(ks — k), (6.51)
then the 5-tuple (A, C, D, G, V) satisfies Assumption 6.2.

Proof. (A1-A2) A is compact since it is finite, while C and D are closed subsets of
SE(2) x @ since each p, is continuous and the sublevel sets of a continuous function
are closed. Moreover, |J .o Cq = SE(2) and Cy U D, = SE(2) for each g € Q. Hence,
(A1)-(A2) hold.

(A3) Observe that G is locally bounded since rgeG = @ is compact. More-
over, it follows from (A2) that G nonempty for all (g.,q) € D. Since G~}(w) =
Ugstw (Cw N Dyg) x {q} is closed, gph G l= Uweo G~ 1(w) x {w} and the intersection
of closed sets are closed, it follows from [102, Theorem 5.7 (a)| that G~! is outer
semicontinuous everywhere, and hence that G is outer semicontinuous everywhere.

(A4) Let g € C;N D, and w € G(ge,q). Consider the case where ¢ € {1,2}. If
w = 3, then it follows that |p3(R.)| = 4, and hence that g. € C3\D3. Otherwise,
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w = 3 — ¢ and it follows that |pq(R.)| = m + ¢, which implies that |p,(R.)| =7 —¢
and hence that g. € C3_g4\Ds_g4. Finally, consider that ¢ = 3. Then, g. € C; N Dy
implies that |p3(Re)| = d + &, which further implies that g € Cy,\D,.

(A5) Let (ge,q) € D\C. Then, g. € C, for some w € G(ge,q). Consequently,
ge € Cy\Dy, or g. € Cyy N Dy,. Tt follows from (A4) that (A5) holds with N = 2.

(A6) V is clearly continuously differentiable on O and positive definite with respect
to A. Moreover, since the function V : D — R, where D = Ugeo P x {q} defined by
(R,q) — %kqpq(R)? is continuous, m (D) = SO(2), and SO(2) is compact, it follows
that Vq is proper. Additionally, the function V;] : R? = R defined by p — %pTKp is
radially unbounded. Consequently, V;(g.) = ‘Z](Re) + V,(pe) is a proper map.

To prove (A7), consider g. € C;, N Dy, ¢ € {1,2}, w=3—¢,and 0 < ¢ < 7.
It follows immediately from the definitions of p; and py that Vi_g4(ge) — Vg(ge) < 0.
When g. € C;N Dy, g € {1,2}, w=3,0< e <mand 0 < § < m, it holds that
p3(Re)? < pg(Re)?, which implies that

Valge) — Valoe) < 5 (ks — K)ps(Re)? — o

Since k3 — k > 0 and p3(R.)? < 62, the lower bound o > %(k‘g — k)62 follows. Let
ge € C3N D3 and w € G(ge,3). Then § + 2¢ < 7 implies that p,(Re)? = p3(R.)?, and
hence

Vilge) — Valge) < 50k — ks)ps(Re)’ + o

Using k — k3 < 0 and p3(Rc)? > 6 +¢ > 0, it holds that o < (ks — k)(6 +¢)2.
(A8) For all (g.,q) € C, it is clear that dV,(g.) = (R Kpe, kypy(Re)) = 0 if and
only if (ge,q) € A. O

6.4.2 Potential functions on §E(3)

Analogous to the surface vehicle case, we can identify the configuration of an under-
water vehicle with the matrix Lie group SE(3) = R3 x SO(3). An element g = (p, R) €
SE(3) contains the position p € R? and orientation R € SO(3) of a vehicle-fixed frame
with respect to an inertial frame.

The goal is to construct potential functions and a switching mechanism for stabi-
lization of the configuration corresponding to the compact set

Ao = {ge € SE@3) : pe = 0, R, = I}, (6.52)

However, working with 3 x 3 rotation matrices can be cumbersome in practice. Unfor-
tunately, there does not exist any globally nonsingular three-parameter representation
of SO(3). As a result, practical state estimation and control applications normally
utilize a globally nonsingular four-parameter unit quaternion representation of the
vehicle orientation.

Unit quaternions z = (n,¢) € S?, where n € R and € € R?, map to the Lie group
SU(2) through the isomorphism z — Z defined by

7= (’7 ties “61) €22 (6.53)
€2 + 1€1 1 — 1€3
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and an element w = (w;,ws,w3) € R® maps to su(2) through the isomorphism
o). R3 5 su(2) defined by
~ 1 w —wsy + iw
su(2) . = 3 2 1
w =3 (wz "+ iwn s ) . (6.54)

The Lie algebras of su(2) and so(3) are isomorphic. Hence, the surjective homomor-
phism Ad: SU(2) — SO(3) given by

Ady =T+ 2ne* +2¢*€*, (6.55)

is a covering map, where (-)*: R?® — s0(3) is defined by

0 —€3 €2
e =1 €3 0 —e . (6.56)
—€9 €1 0

Note that Ad : SU(2) — SO(3) is globally two-to-one and satisfies Adz = Ad_z be-
cause SU(2) is the double cover of SO(3). In practice, this implies that +Z corresponds
to the same physical orientation.

Using the adjoint action of SU(2) on R? given by (p, Z) — Ady p, the semidirect

product R3 x SU(2) implies that the natural error on SE(3) := R? x SU(2) is [99]
9e =949 = (Pe, Ze) = (Ady—1(p — pa), 23 ' Z). (6.57)

We remark that STE(Z%) is the universal covering group of SE(3). Due to the double
cover property of SU(2), stabilizing the set {g. € SE(3) : p. = 0,Z. = I} using
the gradient of a potential function either leads to unwinding, where the control law
unnecessarily performs a full rotation of the rigid body, or it may lead to very poor
convergence properties around tr(Z.) = 2. = 0[71, 92, 136]. Consequently, to prevent
unwinding and obtain global convergence properties, we must stabilize the compact
set of disconnected points
A® = {g. € SE(3) : Z, = +I}. (6.58)
To this end, we define the set @ :== {—1,1} and the potential functions Vj: §]VE(3) —
R as in [71] by
Va(ge) = ktr(I = qZe) + 5pl Kpe (6.59)
= 2k(1 — qne) + 3¢ Kpe,

where £ > 0 and K = K" > 0. Let £ € (0,1) denote the hysteresis half-width and
define the flow and jump sets by

C = {(ge,q) € SE(3) x Q : qne > —¢} (6.60a)
D = {(ge,q) € SE(3) x Q : qne < —¢}. (6.60D)

Finally, the jump map is defined as
G(q) = —q. (6.61)

Observe that the preceding definitions ensure that the switching is hysteretic since
qne < —e implies that G(q)n. > e.
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Lemma 6.5. Let A := {(g¢,q) € §]/E(3) X @ : ne = q}. The 5-tuple (A,C,D,G,V)
satisfies Assumption 6.2.

Proof. The proof is a straightforward extension of the results of [71, Lemma 5.1,
Theorem 5.2]. It is clear that the function V, : R® — R defined by p — 1pTKp is
continuously differentiable, radially unbounded and positive definite with respect to
m2(A), where A is regarded as a subset of SU(2) x R? x Q. Moreover, C' and D are
clearly closed subsets of §E(3) x @, A is compact, and for all (g., q) € C, it holds that
dV,(ge) = (R Kpe, kqe.) = 0 if and only if p. = 0, €, = 0 which implies that n = +1,
ie., (ge,9) € A. O

6.5 Experimental Results

In this section we report the results of three experiments conducted in the Marine
Cybernetics Laboratory (MC Lab) [137] at the Norwegian University of Science and
Technology (NTNU) in Trondheim. The main purpose of the experiments is to demon-
strate the applicability of the devised controllers in realistic scenarios for surface and
submerged marine vehicles. The first two experiments were conducted using a scale
model tug boat and the third experiment was conducted with a remotely operated
underwater vehicle.

In the MC Lab, a local positioning system comprises sets of cameras mounted above
and below the water surface and the Qualisys Track Manager (QTM) software. Light
emitted by the cameras is reflected by a set of optical markers mounted on the vehicle
to be tracked. These measurements are then processed with QTM, which outputs
the position and orientation estimates at a rate of 100 Hz. A multiplicative extended
Kalman filter (MEKF) [24, Section 14.4.3] is employed to reconstruct the velocities and
filter the position and orientation. The MEKF is augmented with linear acceleration
and angular velocity measurements for the underwater vehicle experiments.

Figure 6.2: The Marine Cybernetics Lab at NTNU

6.5.1 Cybership Enterprise

Cybership Enterprise (CSE) is a 1:50 scale model tug boat with a length of 1.105m
and beam of 0.248 m. CSE is equipped with two Voith Schneider propellers (VSPs) and
one bow thruster. The configuration of CSE is described by g = (p, R) € SE(2), where
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Figure 6.3: Cybership Enterprise in the MC-Lab

elements in SE(2) admit a homogeneous matrix representation through the injective
homomorphism SE(2) — GL(3) defined by [99]

gi= (15 7{) € R3*3, (6.62)

Denoting the vehicle-fixed linear and angular velocities by v € R? and w € R, respec-
tively, define the vehicle-fixed velocity as v = (v,w) € R3. An element v € R maps
to se(2) through the isomorphism ~: R? — se(2) defined by

~._ Sw v 3x3 '_ 0 -1
y._<0 0>6R , S._<1 0). (6.63)

Let § € R denote the model parameters. The equations of motion for a surface
vehicle can be formulated by (6.1) with

b 0 0
M=[0 6 6. flo)=b (6.64)
0 63 6,
—0511 —B10|v1|v1
d(V) = | -0y — Ogw | + —011|V2|V2 (665)
—991/2 — 97(4} —912|w|w

where b = (613, 014,615) € R? is a constant bias. We remark that the expression for
the regressor ® follows from (6.17) together with (6.64) and (6.65).
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The generalized forces are calculated using (6.26), where the adjoint actions of
SE(2) and se(2) on R3 for g = (p, R) € SE(2) and v = (v,w) € R? are given by

Ad, = (g fp) . ad, = (‘%" g”) , (6.66)

The generalized forces 7 € R® map to the actuator inputs (o, u) € R? x R? through
T = B(a)Ku, (6.67)

where o = (a1, az) are the VSP angles and u = (u1,uz,ug) are the thruster inputs.
Specifically, (u1,us) corresponds to the VSPs, and ug is the bow thruster.
Using the transformation (a,u) — (@1, U2, @3), where

= (Gt ) i = (G2 o = (6.68)

sin(a )uy sin(aw )usg

we can rewrite (6.67) as 7 = BK1, which is solved using the Moore-Penrose pseudoin-
verse

i, = (BK)'T, (6.69)

for a given 7 € R3. The actuator control inputs (o, u) are then obtained by inverting
the transformation (6.68). Note that the BT input is constrained to the interval [—1, 1],
while the VSP inputs are constrained to [0,1]. The desired path is given by 7(s) =

(71(s),72(s)) € SE(2) where
7(s) = (;Zg;) ,72(8) = exp(Sva(s)), (6.70)

where ¢4(s) = atan2(y/(s), 2} (s)).

The hysteresis width and control gains are chosen according to Table 6.1 with
94(¢) = KaC and ¢, (&) = K4€. Moreover, the adaptation gain and bounds on 6 € R1®
are given by

I" = blkdiag(50, 40, 5,20, 514 x4, 10I9xg, 0.025,0.1,0.01),
0 =(10,15,1,—3,07x1,—1,—4, —4, —4),
0 = (20,30,5,3,107x1,10,4,4,4),
and the parameters are initialized as
0o = (10,15,1,012x1). (6.71)

Two two experiments are performed using different parametrized loops; the first
loop is a circle, and the second is a lemniscate.

Circle

The circle is centered at O = (1m,0) with a radius of R = 1.2m and is represented
by the parametric equation

v (i) o 672
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Figure 6.4: North-East plot showing the North-East position p = (z,y) and the
desired position pg = (24, yd)-
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Figure 6.8: The VSP control inputs w1, uz € [0, 1], the BT control input uz € [—1,1]
and VSP angle inputs a1, as.
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Figure 6.9: The inertia and bias parameters.
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Table 6.1: Control Parameters

Circle Lemniscate
4] /6 ) w/18
€ /18 € /18
K,  diag(1.7,1.7) K, diag(1.45, 1.45)
k 0.5 k 0.5
ks 1.2 ks 1.5
K;  diag(.7,.6,.6) Ky diag(1.25,1.25,1)
A I3 A I3
06
05
06
0.4 07
s
0y
0.2 e
O 1 1 1 1 1 1
100 150 200 250 300 350
Time [s]
0.06
0.04
910 912
011
002 H T~ —
O 1 1 1 1 1 1 1
50 100 150 200 250 300 350
Time [s]

Figure 6.10: The damping parameters associated with the linear and nonlinear
damping.

Experimental results are presented in Figures 6.4 to 6.10. The ship was initialized at
p(0) = (0.35m, —1.46 m) with ¢ = —42°. At this point in time, the orientation error
was p3(Re(t))|i—0 = —m1ge > & + ¢, and it follows from (6.46) that p3(Re(t))]=0 <
p3(Re(t))|t=0- In other words, the orientation error was in the jump set corresponding
to ¢ = 3 and the jump map (6.50) implies that the global controller corresponding
to g7 = 2 was activated, which is what we observe in the lower plot in Figure 6.7.
Then, at ¢ ~ 33s, the commanded input speed p was set to 0.08m/s as seen in
Figure 6.7. Figures 6.4 and 6.5 shows that CSE accurately tracked the path after
an initial transient due to the significant initial configuration error, even though the
actuator inputs saturate until ¢ ~ 25s as seen in Figure 6.8. Figure 6.6 depicts the
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system velocities and desired velocities, while Figure 6.7 shows the commanded input
speed p(t), the desired speed uq(t) and the estimated speed U(t) = ||v(¢)||. Therefore,
it is clear that the speed and velocities are tracked with sufficient accuracy.

Lemniscate
The lemniscate is centered at O = (2m,0) and is represented by the parametric
equation
cos s
fa 1+ sin%s
71 (S) = \/isin 25 + O, (673)
1 + sin?s
where R; = 2m, Ry = 2.4m.
45 r
p
4l —— -
35
3 -
25t
|
s
z
1.5
1 -
0.5
0 L
_05 1 1 1 1 1 1 1 1
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
East [m]

Figure 6.11: North-East plot showing the position p and the desired position pgq.

Experimental results are presented in Figures 6.11 to 6.17. The ship was initialized
at p(0) = (4.2m,0.3m) with a heading of ) = 130°. Since the lemniscate loop given
by (6.73) does not result in a constant acceleration with respect to the body-fixed
frame for nonzero commanded input speeds, the control gains must be increased to
compensate for the inaccuracies in the dynamic model and obtain similar performance
to the circular trajectory.

By comparing Figures 6.9 and 6.10 with Figures 6.16 and 6.17, it is clear that
the parameters do not converge to any ‘true’ value. This cannot be expected because
we have not provided any persistency of excitation condition; that is, we have not
given any conditions under which (6.26) uniformly globally asymptotically stabilizes
the compact set B for the closed-loop system H. However, even if such conditions
were provided, a constant bias in the vehicle-fixed frame will not fully capture the
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inaccuracies in the mapping between the forces produced by the actuators and their
inputs. As a consequence, the desired forces and torque computed by the control law
are significantly different from the actual forces and torque produced by the actuators.
In turn, this leads to a tracking error, which induces parameter adaptation. Since
this adaptation occurs due to unmodeled effects that are not correctly captured by
our assumed model structure, we cannot expect to accurately identify the mass and
damping model parameters for this system. Instead, due to the presence of a constant
bias in our dynamic model, our control law is more reminiscent of a PID controller
with adaptive feedforward. To see this, note that the bias feedforward term can be
written as — j;f (ve(7)—C(7))dT, and that (6.14) can be interpreted as a multiple-input
multiple-output low-pass filter with input —dV, and output ¢. Thus, when the velocity
error v, is zero, the bias feedforward term can be interpreted as the integral of the
output of a low-pass filter whose input is the configuration error.

Finally, we observe that the parameters converge for the circular trajectory. This
is a consequence of the steady-state nature of the circular trajectory, that is, con-
stant desired velocities with respect to the desired frame when uy has converged to
the commanded input speed u. For the lemniscate trajectory, however, the desired
velocities are not constant even if the desired speed has converged to the commanded
input speed. Hence, considering the inaccuracies in the mappings between the desired
forces and torque and the produced forces and torque, it is not surprising that the
parameters do not converge to any specific values and that the damping and bias
parameters change more rapidly when the ship is in a turning maneuver, as seen in
Figures 6.12, 6.16 and 6.17. Despite these structural modeling inaccuracies, the ship’s
position remains within 4 cm of the desired position after converging to the path, as
seen in Figures 6.11 and 6.12. Moreover, from Figure 6.13 and Figure 6.14, we observe
that the desired velocities and the desired speed are tracked with sufficient accuracies.

6.5.2 BlueROV2

The BlueROV2 is a remotely operated underwater vehicle developed by Blue Robotics.
The experiments were conducted using the heavy configuration BlueROV2 with eight
thrusters, depicted in Fig. 6.18.

Elements g = (p,Z) € é]v3(3) admit a matrix representation using the injective
homomorphism §E(3) — GL(6,C) given by

Adz p 0
g=| 0 1 0] et (6.74)
0 0 Z

Denoting the vehicle-fixed linear and angular velocities by v € R? and w € R?, respec-
tively, define the vehicle-fixed velocity as v == (v,w) € RS. An element v € R® maps
to se(3) through the isomorphism = : RS — s¢(3) defined by

w v 0
v=10 0 0 |ecCs, (6.75)
0 0 o
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Figure 6.18: The BlueROV2 in the MC-Lab.

The equations of motion for an underwater vehicle can then be formulated by (6.1)
with

flg) =B(Z) +b, (6.76)
where B(Z) = (7 Ad} es,eX Ad}, fs.10) contains gravitational and buoyancy forces
and b = (0y,...,06) € RS is a constant bias. Moreover, by assuming port/starboard

and fore/aft symmetry, the inertia matrix is parametrized by

0y 0 0 0 67 O

0 62 0 65 O 0

{0 0 63 0 0 O
M=10 65 0 6u 0 0 (6.77)

6z 0 0 0 65 O

0O 0 0 0 0 64

while the hydrodynamic drag forces are assumed to satisfy
di(v) = O1s4ivi + O2api|vilvi, (6.78)
for i € {1,...,6}. We remark that the expression for the regressor ® follows from

(6.17) together with (6.76), (6.77) and (6.78). The generalized forces are calculated
using the control law (6.26), where the adjoint actions of SE(3) and se(3) on RS for
g=(p,Z) € SE(3) and v = (v,w) € RS are given by

_ (Adz p*Adgz _(w* v
O T ol N

The generalized forces 7 € RS map to the desired thrust u € R® through 7 = Ku,
where each column of K is

ri
K; = ( L% m) , (6.80)
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where 7; € R? is a unit vector pointing in the direction of thrust and L; € R? is the
position of the thruster relative to the body frame. Using (6.26), the actuator control
inputs are then found from the expression v = K'r. .

The desired path is given by v(s) = (pa(s), Za(s)) € SE(3), with

COS s

1\1/is'}n25 cos(9(s)/2)
pa(s)=| Lo 25028 | + 0, 2a(s)= 0
Ly lis‘i‘ng sin(v(s)/2)

where z4 is a unit quaternion that maps to SU(2) through the isomorphism z4 — Z4
defined in (6.53). Moreover, O = (0.2m, —0.3m, —0.55m), L; = 1m, Ly = 0.6m,
L3 =0.25m and 9(s) = atan2(y}(s), z/;(s)).

The desired speed reference is given by

0.1m/s, 5<t<125
—{ m/s (6.81)

~l0.2m/s, t>125 ’

while the hysteresis half-width is ¢ = 0.1. The control gains are chosen as K, =
diag(50,50,70), k = 16, (&) = Ka&,9,(¢) = Ka(, Kq = diag(40,40,30,7,7,7), and
A = Is. Moreover, the adaptation gain and bounds on # € R3? are given by

I" = blkdiag(I, I, I3),

I = diag(1.5,1.5,1.5,1.2,1.2,1.2),

Iy = diag(2.5,2,2,2),

Iy = diag(7,7,7, 4,4, 4,5, 5,20, 20,20, 5, 5, 5, 20, 20, 20, 5, 5, 5),
0 = (=40, —109x1,07x1, =2, 012x1),

0 = (1010x1, 506 1,2, 0,501 1),

and the parameters are initialized as

0o = (010x1,19.17,26.37, 28.24,0.28, 0.28,
0.28,0.23, —0.23,4.03, 6.22,5.1,
0.07,0.07,0.07, 18.18, 21.66, 36.99,
1.55,1.55,1.55)

(6.82)

Experimental results are presented in Figures 6.19 to 6.27. Due to limitations in the
hardware implementation, the controller activates a few seconds before the data logger
and actuator driver do. As a result, the bias and gravitational parameters have already
adapted for several seconds by the time the control signals are sent to the actuators.
This can be observed in the upper plot in Figure 6.27, where 6; and 63, i.e., the x and
z components of the bias, are already saturated at t ~ 4s when the actuator driver
is activated and the control inputs are converted to pulse width modulated actuator
signals. Remarkably, this has little effect on the transient performance, as observed
in Figure 6.21. This occurs despite the fact that the BlueROV2 was initialized at the
bottom of the pool at a distance ||p.|| = 1.36 m away from the desired position with
no initial knowledge of the gravitational- and buoyancy-related parameters.
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Figure 6.19: North-East-Down plot showing the position p, the desired position pg
and the projection of pg onto the North-East plane.
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Figure 6.20: North-East plot of the position and desired position
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Figure 6.21: The position p = (p1, p2, p3) and desired position pg = (pY, p3, p3).
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The initial quaternion error satisfies n. < —e, which entails that a switch from the
initial value of ¢ = 1 to ¢ = —1 occurs at the first time step of the controller. Since the
logger was initialized after the controller, although no control inputs were sent to the
actuators, we have changed first logged value of the logic variable to ¢ = 1 to highlight
the fact that a switch has in fact occurred.

From Figures 6.19, 6.21 and 6.22, we observe that the ROV successfully tracks
the position and orientation references with satisfactory accuracy. Moreover, from
Figures 6.23 and 6.24, we see that the desired velocities v, = Adg:1 Vg are tracked
with satisfactory accuracy. However, we remark that vs contains significantly more
noise compared to the other linear velocities. Moreover, the z-component of the linear
velocity, v1, exhibits spikes that coincide with the minima of p3, i.e. the z-component
of the position vector. This is due to poor tracking of the ROV from the camera-based
underwater positioning system, which either loses track of the ROV and/or outputs
noisy and inaccurate position measurements (especially in the z-direction). This can
be mitigated by further restricting the operating region of the ROV and/or lowering
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the weight of the camera-based position measurements relative to the accelerometer
measurements in the Kalman filter.
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Chapter 7

Hysteretic Control Lyapunov
Functions

In this chapter, we present a new class of control Lyapunov functions for hybrid
feedback control of continuous-time systems, referred to as hysteretic control Lyapunov
functions (HCLFs). HCLFs include a hysteresis-based switching mechanism and result
in a hybrid control law, transforming the continuous-time system into a hybrid control
system. We show that the existence of a family of HCLFs satisfying the small control
property implies global stabilizability of a compact set. The hybrid feedback consists of
a collection of continuous feedback laws and a hysteresis-based switching mechanism.
Moreover, we prove that optimization-based hybrid feedback laws can be constructed
under minor assumptions on the objective functions. The collection of optimization-
based feedback laws are continuous, implying that the hybrid basic conditions hold
such that the stability is robust.
The material in this chapter is based on [92].

7.1 Introduction

Control Lyapunov functions (CLFs) constitute a powerful tool for constructive non-
linear control design, since they can be utilized to determine a stabilizing control
law from Lyapunov inequalities [138, 139]. General control laws for stabilization of
nonlinear systems using CLFs were first introduced in [140] through Sontag’s univer-
sal formula, and later in [89]. The control law in [89] is notable in the sense that it
pointwise minimizes the norm of the control input with respect to the CLF. More re-
cently, CLFs have been extended to hybrid systems with and without disturbances in
[141] and [142], respectively. However, for global asymptotic stabilization of dynamical
systems defined on non-contractible state-spaces, there does not exist a continuously
differentiable CLF [143].

The remainder of this chapter is organized as follows. Section 7.2 defines a family
of hysteretic CLFs, and proves that a family of continuous feedback laws derived
from the feasible set-valued map of control inputs defined by the HCLFs results in
global asymptotic stability of any compact set. We subsequently introduce synergistic
control Lyapunov functions in Section 7.3 and characterize their relationship with
SCLFs. Then, Section 7.4 presents sufficient conditions for the existence of a family
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of continuous control selections from the feasible set-valued map. Given a collection
of level-bounded and strictly convex objective functions, we present an optimization-
based hybrid feedback law that pointwise minimizes the objective functions subject
to the stability constraints imposed by the HCLFs. Finally, Section 7.5 presents a
HCLF-based control design for an underwater vehicle guaranteeing global asymptotic
tracking. The theoretical developments are verified with simulations.

7.2 Hysteretic Control Lyapunov Functions

In this section, we define hysteretic control Lyapunov functions for the following class
of continuous-time systems

&= f(z,r,u), (r,r,u)€X xR XU, (7.1)

where © € U describes the input and » € R describes a known exogenous reference
signal. Throughout this chapter, the data of (7.1) is taken to satisfy the following
assumptions.

Assumption 7.1.

(N1) The state space X C R™ is closed.

(N2) The exogenous reference space R C R is compact.
(

(

N3) The input space U C R™ is closed and convex.
N4) The mapping f: X x R x U — R™ is continuous.

Systems of this form adequately describe a wide range of tracking problems for
mechanical systems.

Definition 7.2 (HCLF Family). Let A C X be compact and Q C Z be finite. A
collection of functions {V;}4eo is a family of hysteretic control Lyapunov functions for
the system (7.1) relative to A with negativity margins {~y, }qeo if there exist collections
of sets {Zg}qeq, {Oqteea, and {Mg}qeq such that

(H1) {Z4}qco covers X, and for each q € Q, I, is closed in X, Oy is open in X, M,
is closed in X, and T, C Oy C My;

(H2) for every q € Q, Vg : My — Rxq is continuous on My and continuously differ-
entiable on Mg \ A, the zero set of V; satisfies ZeroVy, = ANM,, and for each
¢ >0, the set {x € My : Vy(z) < c} is compact.

(H3) for all (q,s) € Q x Q and every x € (Mg \ Of) N L,

Vi(a) < V(@) (7.2)

(HY4) for every q € Q, 74 : Mg\ A — Rsq is continuous, and for every x € Mg\ A
and every r € R, there exists u € U such that

(VVy(x), f(z,r,u)) +v4(x) <O. (7.3)

A family of HCLFs is a tool that allows the design of a hybrid feedback controller
of the form

q =0 (x,r) € C(Ja
gt € Gy(z)  (x,7) € Dy, (7.4)

u = Kkq(z,r)
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where {kq}qco is a collection of continuous feedback control laws and the controller
flow set, jump set, and jump map are defined by

Cq=MgxR, (7.5)
Dy = (X\0,) xR, (7.6)
Gelz) ={s€ Q:z eI\ O}, (7.7)

respectively. We remark that the smallest possible M, is the closure of Q4. In this
case, the set M, \ O, that appears in (H3) in Definition 7.2 becomes O, \ O,. Since
every O, is relatively open in &, this set may be interpreted as the relative boundary
of Oy in X.

A hybrid system describing the resulting closed-loop dynamics when the hybrid
feedback controller (7.4) is applied to the system (7.1) that takes into account all
admissible exogenous reference signals is given by

{ & e Fx.q) (z,9) €C,

4" € Gleg) (v.q) € D, (78)

where the closed-loop flow set, flow map, jump set, and jump map are defined by

C =[] My x{q}, (7.9)
qeQ
F(z,q) =con{f(z,r, ke(z,r)) : 7 € R}, (7.10)
= J ¥\ 0y) x {a}, (7.11)
qeQ
G(z,q) = Gy(x), (7.12)

respectively, and con denotes the closed convex hull of a set. For convenience of nota-
tion, the flow map (jump map) of a state in a hybrid system is omitted if it remains
unchanged along flows (across jumps). The closed-loop data has the following desired
properties.

Lemma 7.1. The hybrid system (7.8) satisfies the hybrid basic conditions (Assump-
tion 2.16).

Proof. Since C' and D are finite unions of closed sets, it follows that C and D are closed.
The set-valued mapping (z,q) — {f(z,r, kq(x,7)) : 7 € R} is outer semicontinuous
and locally bounded relative to C by [103, Proposition 1.4.14|. In particular, (x,r, q) —
f(z,r, kq(z,7)) is continuous on X x R x Q and (x,q) — R is outer semicontinuous
and locally bounded when regarded as a set-valued mapping. Taking the closed convex
hull preserves local boundedness and outer semicontinuity of mappings (this follows
from [90, Lemma 5.17]) and ensures that F' is convex-valued. Lastly, it holds that

gph G = {(z,q,s) € X x Q x Q:x €L, \ Oy}
= U U@\ 0y) x {q} x {s}, (7.13)

qeEQ s€Q

which is closed as it is a finite union of closed sets. Consequently, G is outer semicon-
tinuous relative to D by Lemma 2.2. O
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The definition of an HCLF family naturally leads to a collection of feasible set-
valued mappings for the input. Defining, for every ¢ € Q, the compact set

By =(AxR)NCy, (7.14)
we can for every ¢ € Q define the feasible set-valued mapping F, : C; \ By = U,
Folz,r) = {u el : (VVy(z), f(z,r,u)) +v4(z) < 0}. (7.15)

The fact that F, is takes nonempty values on Cy \ B, follows readily from (H4) in
Definition 7.2. With (7.15) in place, we now define a feasible family of control laws.

Definition 7.3. A collection of control laws {k4}qcq is feasible if for every ¢ € Q,
kg : Cqg Xx R = U is continuous and kq(z,r) € Folx, 1) for all (x,r) € Cy \ By.

A feasible collection of control laws ensures that (VV, (), f(x, 7, ke(x,7)))+74(x) <
0 for every ¢ € Q and all (z,r) € C, \ By. Hence, the negativity margins control the
decrease of the HCLF family along flows and should therefore be viewed as design
parameters. The next result shows that the regularized set-valued flow map F' as
defined by (7.10) inherits this property.

Lemma 7.2. Let {V,},c0 be an HCLF family for (7.1) relative to A with negativity
margins {vq }qeo. If {Kq}qeo is a feasible collection of control laws, then (VV,(z), o)+
~q(x) <0 for every ¢ € F(z,q) and all (z,q) € C'\ (A x Q).

Proof. Let Fy(z,q) == {f(z,r, kq(z,7)):7 € R)} such that F(x,q)=conF,(x,q) for
all (z,q) € C. Let Fy(z,q) = {¢ € R" : (VV,(2),¢) + 74(z) < 0}. Since Fo(z,q)
is the sublevel set of an affine function, it is closed and convex for all (z,q) € C.
Since the controllers are feasible, it holds that Fy(z,q) C Fo(x,q) for all (x,q) €
C\ (A x Q). Consequently, F(x,q) = tonFy(z,q) C conF,(z,q) = Fs(x,q) for all
(x,q9) € C\ (A x Q). O

We now prove that if {k,}seo is a feasible collection of control laws, then the
compact set A x @Q is globally pre-asymptotically stable for the closed-loop system
(7.8). This stability is robust to perturbations in the sense of [90, Definition 7.15], as
seen from [90, Proposition 7.21].

Theorem 7.4. Let {V,},c0 be an HCLF family for (7.1) relative to A with negativity
margins {Vqtqeo- If {kqtqeo is a feasible collection of control laws, then A x Q is
globally pre-asymptotically stable for the closed-loop system (7.8).

Proof. Consider the hybrid system

{ & e Frq) (r.q)eC,

(7.16)
¢" €G(z,q) (z,q) €CND,

that is, the closed-loop system (7.8) with jump set D replaced by CND. Since CND C
D is closed, it follows from Lemma 7.1 that (7.16) satisfies the hybrid basic conditions
(Assumption 2.16). We claim that V' (z, ¢) := V() can be used as a Lyapunov function
for (7.16) relative to A x Q. It follows from (H2) in Definition 7.2 that V' : C' — R is
continuously differentiable on C'\ (A x Q) and positive definite with respect to A x Q.
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Furthermore, the set {(x,q) € C : V(z,q) < ¢} is compact for every ¢ > 0. It follows
from Lemma 7.2 that the decrease of V along flows of (7.16) is strict on C'\ (A x Q).
Since CND = J,co(Mqg\ Of) x {q}, it follows from (H3) that V(z,s) —V(z,q) <0
for all (x,q) € C N D and every s € G(x,q). Furthermore, jumping out of A x Q is
not possible. Lastly, since (x,q) € C N D and s € G(x,q) implies that € Z;, and
T, C Og, we have that (z,s) € C'\ D. Consequently, solutions to (7.16) always jump
out of C' N D and into C'\ D. It then follows from [106, Theorem 23] that A x Q is
globally pre-asymptotically stable for the system (7.16). Solutions to (7.8) that are
not solutions to (7.16) are those initiated in D\ C. Such a solution must immediately
jump into C'\ D, after which it coincides with a solution to (7.8). Since the distance
of the solution to A x Q is unchanged by such a jump and A x Q is globally pre-
asymptotically stable for (7.16), it follows that A4 x Q is globally pre-asymptotically
stable for (7.8). O

We now illustrate the presented theory with a simple example.

Example 7.5. Let XY =R, R:=[-1,1], Y =R, and f: X x R x U — R be defined
by f(z,r,u) = —r+u. Furthermore, let Q := {—1,1}, and A := {—1, 1}, and for every
q€ 9,

Z, ={z € R: gz > 0},

Oy ={zeR:qz> -1}, (7.17)
Myg={zeR:qz> -3},
V() = (qz — 1) (7.18)

It is clear that the sets (7.17) satisfy (H1) in Definition 7.2. It is also readily seen from
Figure 7.1 that (H2) in Definition 7.2 is satisfied. Furthermore,

T,0 (M, \ O,) = { i (7.19)

from which it follows that V(z) < 2% and Vy(z) > 2 for every z € I, N (Mg \ Oy)
and every ¢ € Q. Hence, (H3) in Definition 7.2 is satisfied. Lastly, we find that
(VVg (), f(@,m,u)) = 2(z — q)(—r +u) (7.20)

such that (H4) in Definition 7.2 holds with negativity margins {,},co defined by
vq(z) = 2k(qz — 1)%, where k > 0. Then {r,}4co, where every k, is defined by
kq(z,7) =71 — k(z — ¢), is a feasible family of control laws.

7.3 Synergistic Control Lyapunov Functions

HCLFs are closely related to the notions of synergistic functions and synergistic Lya-
punov function and feedback pairs (SLFFs) from Chapter 5 and Chapter 8. Recall that
every continuous function V' : X x @ — R>( has an associated continuous synergy
gap py : X x @ = Rx>q, defined by

pv(z,q) = V(x,q) —min V(x, s). (7.21)
s€EQ
We now introduce the notion of a synergistic control Lyapunov function (SCLF).
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Vi
Vo

35

1.5}

Figure 7.1: A plot of {V;}sco.

Definition 7.6 (SCLF). Let Q C Z be finite, M C X x Q be closed, and A C X be
compact. A function V is a synergistic control Lyapunov function for the system (7.1)
relative to A with negativity margin v and gap exceeding p if V satisfies

(S1) V : X x Q@ = Rxq is proper, V is continuously differentiable on M, and the zero
set of V satisfies w1 (ZeroV) = A;

(S2) there exist continuous functions v : M — Rsg and p : X x Q@ — Rsq, Zerop C
ZeroV, and the synergy gap satisfies

v (.q) > pla,q) for all (z,q) € (Py U(Ax QU{X x Q) \ M)\ ZeroV,
where

Py = {(z,q) € M: f max({VV(z,q), f(z,r,u)) +7(z,q) = 0} U Zeror.
(7.22)

Let V be an SCLF for the system (7.1) relative to A with negativity margin v and
gap exceeding p, and define, for each q € Q,

I, ={x € X :puy(z,q) =0},
Oy ={z € X:py(z,q) < plz,q)}, (7.23)
M’I = {ZC eX: MV(%Q) < p(x,q)}
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If p(x,q) > 0 for all (x,q) € X x Q, then it follows from the continuity of py that
the sets in (7.23) satisfy (H1) in Definition 7.2. Define then, for every ¢ € Q, Vj :
My = Rso by Vy(z) == V(z,q) and v, : My \ A = Rsg by v4(x) = v(z,q). It is
then straightforward to verify that {V;},co is an HCLF family for (7.1) relative to
A with negativity margins {74},e0. The requirement that p(z,q) > 0 for all (z,q) €
X x Q is due to the fact that having p(z,q) = 0 for some (z,q) € ZeroV leads to
the possibility of consecutive jumps in the synergistic framework. In the hysteretic
framework, consecutive jumping is impossible by design; every jump leaves the jump
set. We note that the results that are introduced in Section 7.4 also hold for an SCLF
in the absence of this additional restriction on p.

7.4 Hysteretic Feedback Control Design

Let {V;}4eq be an HCLF family for (7.1) relative to A with negativity margins
{V4}qeo- The following theorem provides sufficient conditions for the existence of
a feasible collection of control laws.

Theorem 7.7 (Continuous Selection). Let {Vy}qeo be an HCLF family for (7.1)
relative to A with negativity margins {4 }tqeo. If it holds that,
(C1) for every g € Q and all (x,7) € Cy, the mapping

u = (VVy(2), f(z,7,u)), (7.24)

is convexr on U;
(C2) there exists a collection of mappings {04 }qco such that for everyq € Q, 0,: By —
U is continuous and the set-valued mapping Kq : Cq =3 U,

A0z}, if (7)€ B,
Ky(z,7) = {fq o). if (o) € CAB,, (7.25)

is inner semicontinuous relative to Cy at all (x,1) € By,

then there exists a feasible collection of feedback control laws {Kq}qeo-

Proof. Tt follows directly from (H4) of Definition 7.2 that the set-valued mapping
Sq 1 Co\B; = U defined by

Sq(,r) = {u €U : (VVy(), f(z,7,u)) + 74(x) < 0},

is nonempty-valued on C,\B,. Furthermore, since f, every VV,, and every -, are
continuous, it follows directly from [89, Corollary 2.13] that, for every ¢ € Q, S, is
inner semicontinuous relative to Cy\B,. From (C1), [144, Theorem 7.6], and the fact
that taking closures preserves inner semicontinuity, it follows that for every ¢ € Q and

all (z,7) € Cy\B,

Sq(z,r) ={u el : (VVy(z), f(z,r,u)) +v4(z) <0}
:]:q(x7r)v
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is closed-convex-valued and inner semicontinuous relative to Cy\B,. A similar result
is also found in [103, Proposition 1.5.2], which can be adapted from the affine to the
convex case.

Since every C, \ By, is relatively open in Cy, it holds that every /X, is inner semi-
continuous relative to Cy at all (z,7) € Cy \ By. It now follows directly from (C2)
that Ky is inner semicontinuous relative to Cj for every ¢ € Q. Then, Theorem 2.14
implies the existence of a collection of functions {k4}qco such that k, : Cqy — U is
continuous and r4(x,7) € Ky(z,7) for every ¢ € Q and all (z,r) € C,. In other words,
there exists a collection of feasible control laws. O

Condition (C1) always holds when the mapping u — f(z,r,u) is affine for all
(z,r) € X x R. Additionally, (C2) is recognized as the small control property [89].
Theorem 7.7 states sufficient conditions for the existence of a feasible collection of
control laws. However, it is neither constructive nor optimal. The following theorem
enables us to take continuous selections from K, minimizing a specified objective
function.

Theorem 7.8 (Optimal Selection). Let {V,}qco be an HCLF family for (7.1) relative
to A with negativity margins {vq}qco. If condition (C1) in Theorem 7.7 holds and
there exists a collection of functions {hg}qeq such that,

(01) for every g € Q, hq : Cy xU — R is continuous, u — hy(x,r,u) is strictly convex
on U for all (z,7) € Cy, and for every compact set K C Cy and every k € R,
the set

{uel:(z,r) € K, hy(z,r,u) <k} (7.26)

is bounded;
(02) condition (C2) in Theorem 7.7 holds with 6, : B, — U defined by

04(z,r) == argmin hy(x, 7, u), (7.27)
ucl

then the collection of control laws {kq}qco defined by

kg(z,r) = argmin hy(z, 7, u), (7.28)
ueq(x,r)

where ICq is defined by (7.25), is feasible.

Proof. For all (z,r) € C, and every ¢ € Q, it holds Ky(z,r) is closed and that
u — hg(x,r,u) is continuous and level bounded on K,(x,r). It follows from [102,
Theorem 1.9] that the set argmin, ¢ (5 hq(2,7,¢) is nonempty and compact for
all (z,7) € C, and every ¢ € Q. Furthermore, since every KCy(z,r) is convex and
u — hg(x,r,u) is strictly convex on KCy(z, 1), it follows from [102, Theorem 2.6] that
the set argmin, ¢ (o r) hg(z,7,q) is a singleton. Consequently,

hq(z,r) = uelén(fm Y hg(z,7,u)

= min (e, 7.29
iy, u) (7.20)

= hy(z, 7, Ke(z,T)).
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Since every /K, is inner semicontinuous relative to Cg, it follows from [103, Theorem
1.4.16] that every hg is upper semicontinuous. Continuity of every hq and upper semi-
continuity of every h, ensure that the set-valued mappings R, : C; = U defined
by

Ry(z,r) ={u el : hy(z,r,u) < hy(z,7)} (7.30)

are outer semicontinuous relative to Cy,. By definition of kg, it holds that r,(x,7) =
Kq(z,7)NRy(z,7) for all (x,r) € C,. Since every h, is upper semicontinuous, they are
upper bounded on compacts. Consequently, for every ¢ € Q and every compact set
K C Cy, there exists k € R such that

(7.31)

In light of (O1), it can be concluded that R,(K) is bounded for every compact set
K c C,. It follows that every R, is locally bounded relative to C,, and consequently
that every k4 is locally bounded. Since every V; is continuously differentiable and
every -y, is continuous on M, \ A, and f is continuous on X x R x U, we find for every
q € Q that

gph Ky N [(Cq \ Bq) x R™| =

(7.32)
{(z,m,u) € (Cq \ By) x U = (VVy(x), f(2,7,u)) + 74(2) < 0}
is relatively closed in (Cy \ By) x R™. It follows that
hr, =gph Ky Ngph R
gphrg = gp q! 18P q (7.33)

= gph K, Ngph R,

is closed, and every &, is therefore outer semicontinuous when regarded as a set-valued
mapping. Since every k, is outer semicontinuous and locally bounded, they are in fact
continuous. O

The main difficulty in applying Theorem 7.8 appears to be how to verify that the
HCLF family satisfies the small control property (C2) defined in Theorem 7.7. It turns
out that if (C1) holds, then the existence of a feasible collection of control laws for the
HCLF family implies that the small control property holds, as shown in the following
result.

Lemma 7.3. Let {V,}4c0 be an HCLF family for (7.1) relative to A with negativity
margins {v,}4eco satisfying (C1) in Theorem 7.7. If there exists a feasible collection of
control laws {k,}qco such that k,(z,r) = 04(x,r) for all (z,r) € B, and every g € Q,
then K, as defined in (7.25) is inner semicontinuous relative to C, for every ¢ € Q.

Proof. We have already shown in the proof of Theorem 7.7 that every K, is inner
semicontinuous relative to Cy at all (x,r) € Cy \ By. Let (Z,7) € B,. By continuity
of kg, there exists for every neighborhood V' of 8,(Z,7) a neighborhood U of (Z,7)
such that UNC, C k' (V). Moreover, since q(z,7) € Ky(x,r) for all (z,r) € Cy and
every ¢ € Q, it holds that UNC, C ICq_l(V). Consequently, K, is inner semicontinuous
relative to Cy at (Z,7) by Definition 2.11. This approach works for all (z,7) € B, and
every g € Q. Consequently, every K, is inner semicontinuous relative to Cj,. O
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7.5 Trajectory Tracking for Underwater Vehicles

In the remaining part of this chapter we will illustrate how the results of the previous
sections can be applied. Specifically, we will construct a family of HCLFs and synthesize
a hybrid control law ensuring global asymptotic tracking for an underwater vehicle
with configuration described by SE(3).

7.5.1 Control Model

We denote by p € R3 the position of the vehicle with respect to the inertial frame
origin, and by z = (1,€) € S* a unit quaternion such that the rotation matrix rot(z)
specifies the orientation of the vehicle with respect to the inertial frame. Defining
SE(3) = {(p,2) € R" : p € R? 2 € $*}, and denoting by v = (v,w) € R® the body
velocity of the vehicle, the fundamental kinematic relation reads

¢ =T()v, (p,v)€SEB3) xRS (7.34)

where the transformation 7 : S/]\E(?)) — R7%6 is defined by T(¢) := blkdiag(rot z, atr 2)
with atr : S? = R**3 defined by

1 —€'
atr z == 2 \nl4ex) (7.35)

When equipped with the group operation ® : S/E(B) X §E(3) — §E(3) defined by
01 ® g = (rot(21)p2 + 1,21 @ 22) and group inverse ¢! = (—rot(z)Tp, 2~ 1), where
® denotes the quaternion product and 2~! = (1, —¢) denotes the quaternion conjugate
of z = (n,¢), then @(3) is a Lie group. The identity element of the group becomes
wr = (0, z1), where zy = (1,0) is the identity quaternion. It can be shown that S/I\E(ES)
and §E(3) are isomorphic as Lie groups.

We consider the underwater vehicle model

¢ =T(p)v } . .

) T (p,v,u) € SE(3) x R® x R™, (7.36)
Mv =ad, Mv+d(v)+ x(g9) + Bu
where M € R5%6 is the total inertia matrix of the vehicle, d : R® — RS is the
hydrodynamic damping wrench, x : SE — RS is hydrostatic wrench, B € R*™ is the
thruster configuration matrix, and u € R™ is the thruster control signal. It is assumed
that M is symmetric and positive definite, that d and x are continuous, and that B
has full rank. Since SE(3) and SE(3) are isomorphic, the model (7.36) is equivalent to
the control model of Section 3.6 provided b = 0 and 7 = Bu.

A bounded reference trajectory for the vehicle configuration, velocity and acceler-
ation is generated from the exogenous system

¢4 = T(pa)va

. } (¢d,va,aq) € £2 x B x B, (7.37)
Vg = 0

where 2 C SE(3) is compact and ¢,I > 0. Here ¢4 € SE(3) represents the desired
configuration, vy € RS the desired velocity, and ay € RS the desired acceleration. It
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can be verified that the reference system is equivalent to the reference system (5.2)
used in Chapter 5 for G = SE(3).

Given a configuration ¢ € S/I\E(B) and a desired configuration @4 € S/I\E(S), we define
analogously to Chapter 5 the the error configuration ¢, = 90(;1 © @. Then, ¢, = @
if and only if ¢ = 4. With the error configuration ¢., we can associate the error
velocity

ve =v—Ad, va, (7.38)

where, for every ¢ = (p, z) € S/E(S), Ad, € R%%C is defined by

_ (rot(z) p*rot(z)
Ad, = ( 0 rot(z) ) (7.39)
It is then easily verified that
1 [rot(2)T  —1ot(2)Tp>
Ad, = ( 0 rot(2)T . (7.40)

We perform the change of variables (o, v, u, 04, Vg, @d) = (Pe, Ve, U, Pd, Vd, &), and
restrict the desired configuration, desired velocity, and desired acceleration as done in
(7.37). This results in the tracking error system

e =T(pe)ve
ve = M~ ad! Mv + d(v) + x(¢) + Bul
- Adg:1 ag +ad,, Ad;ﬂ1 Vg

va=T(pa)vq (7.41)
Vg = Qq
(Per Ve, Uy 0a, Vay g) € SE(3) xR®x R™ x 2x B X IB
Finally, we can make the identifications
XZ@(3)XR6><Q><CB,
T = (9067 Ve, Pd, Vd),
R =B,
T = Qq,
U=Rm", (7.42)
N T(pe)ve 1 1
—1 _ _ B
Pl ) = M~'ad, Mv +d(v) + x(¢) + Bu] — Ad, ' r + ad,, Ad, " vq 7
T(pa)va
T

which place the error system (7.41) firmly in the scope of the present chapter. In
particular, X C R?S is closed because it is a product of closed sets, R C RS is a closed
ball of radius [ > 0 and therefore compact, and &/ = R™ is closed and convex. Lastly,
since d and x are assumed continuous, it follows that f is continuous.
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7.5.2 Hysteretic Control Design

This section constructs HCLFs for trajectory tracking of an underwater vehicle. The
HCLFs are subsequently employed to synthesize an optimization-based hybrid feed-
back control law. .

Let Q = {—1,1}, and define for every g € Q, Wi 4 : SE(3) — R>,

1

Wi q(pe) = §k1 pel® + 2k2(1 — qne), (7.43)

where k1 > 0 and ko > 0 are gains. It is straightforward to show that

T(pe) VWi g(pe) = (kl rztz(;:fp ) : (7.44)

Differentiating (7.43) along the error kinematics yields

<VW1,11(§06)7 T(‘)De)ye> = _<K2O‘q(§0e)7 Ve>' (745)

where Ky = blkdiag(ks!l, ksI) € RO*® with ks > 0 and ks > 0, and ay : SE(3) — RS
is defined by

B orot(z Tp
ag(pe) = — (kz (ze) "pe

ky ) = —K;'T(pe) VW1 g(e). (7.46)
Ty 4€e

Utilizing the fact that ¢> = 1, (7.45) may be rewritten as

(VW14(pe), T(pe)ve) = —(K201(pe), ar(pe)) = (Ve — ag(pe), Kaag(pe)).  (T47)

We then augment W1 , with a positive definite term in v, — ay(g.). In particular, we
define W, : SE(3) x R® — R by

Wo(z) = Wig(pe) + %<M(Ve = @q(@e))s Ve = aq(pe)) (7.48)

which is smooth and proper. Furthermore, it holds that
ZeroW, ={z € X :p. =0,qn. = 1,v. =0} . (7.49)
Differentiating W, along flows yields

<VWZI($)7 f(xvrv u)> = _<K2aq(906)v aq(@e» - <V8 - O‘q(sae)v KQaq<906)>
— (Ve — O‘q((pe)v Mé‘q(@ea Ve))
— (Ve — ag(pe), MAd;e1 r— Mad,, Adg_e1 Vq)

(

+ (ve — ag(pe),ad), Mv +d(v) + x(¢) + Bu),  (7.50)

where we for readability defined dy (e, ve) = Doy (@e)T (@e)Ve.

Note that the set Q only consists of two elements. Thus, the only possible switching
strategy for the logic variable is ¢+ = —¢, and we set in what follows s = —q. In order
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to derive the sets {Z;}qc0,{O¢}qec0, and {M,}4co that in turn define the flow and
jump sets, we calculate the change in W, along jumps as

Wi(x) — Wo(z) = Wi s(pe) — Wi g(pe) — (Mve, as(pe) — agpe))

1 1 (7.51)
+ §<MOZS(<P6)7048(§06)> - §<Maq(§0e)70‘q(§0e)>-
We partition the inertia matrix M in terms of M; € R®*3 i € {1,2,3}, as
_ (M Mg
M= <M2 M3> . (7.52)
Then, straightforward computations give
Wis(@e) = Wi q(@e) = 4kagne,
(Mve, as(pe) — ag(pe)) = —2q<M11/e7a1(<pe)>7 (7.53)
(Mas(pe), as(pe)) — (Mag(pe), aqpe)) = —2q(Maai(pe), a1(pe)),
where
— (0 0 — (0 M
My = (M2 M3>’ My = (M2 o ) (7.54)
Let ¥(x) : X = R be defined by
1 — 1 —
VU(x) =1 + 57— (M1ve, a1(pe)) — ——(Maai(pe), a1(p1)), (7.55)

2/€2 4k2

such that Wy (z) — W (x) = 4koq¥(z). Then, we define the sets
I, ={x e X :q¥(z) <0},

O, ={zxeX:q¥(zx)<d}, (7.56)
Mg ={xeX:q¥(z) <5},

where ¢ € (0,1) is the hysteresis half-width. We claim that {V,},cq, where every
Vg : My — Rxg is defined by V,(x) = W,(z), is an HCLF family for the system (7.41)
relative to

A= {I'GXSPGZO,HGZZE]_,I/G:O} (757)
with negativity margins {v,},co defined by

Vq(®) = e{Kaa1(pe), 1 (pe)) + e(Ka(ve — ag(pe)); ve — aq(pe)), (7.58)

where K3 € R6%¢ is positive definite and e € (0,1). Indeed, it follows from the defi-
nition of ¥ that the sets defined by (7.56) satisfy (H1) in Definition 7.2. Since every
V, is a restriction of the corresponding W, to My, condition (H2) in Definition 7.2 is
also seen to hold. Furthermore, (H3) holds (strictly) by construction of the sets (7.56)
since Vi(z) — Vy(z) < —4kod for every x € (M \Oy) NZs and every ¢ € Q. From
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(7.50), it is straightforward to verify that (H4) holds, since the family of control laws
{1q}qc 0, where every iy : Cg — R™ is defined by

pig(z, 1) = BT [Mdy(pe, ve) + MAd;e1 r— Mad,, Ad;ﬁ1 va — ad)] Mv]

t (7.59)
+ B'[=x(¢) = d(v) + Kaaq(ee) — Ks(v — aq(pe))],
and B € R™*% is the Moore-Penrose inverse of B, results in
1—¢
(VVa(@), f (2,7, p1q(2,7))) + 79(2) < =———74(2) (7.60)

which is strictly negative for all (z,r) € (M, \ A) x R and every ¢ € Q.
In order to use Theorem 7.8 to synthesize an optimization-based hybrid control
law, we first define the mapping ¢ : X x R — R™ by

(z,r) = BT [Mr — adId Mvy — d(va) — x(¢a)]- (7.61)

We then claim that property (C2) in Theorem 7.7 holds if, for every ¢ € Q, 8,(x,r) :=
¥z, r). Indeed, the feasible family of control laws defined by (7.59) satisfies p,(z,7) =
Y(z,r) for all (z,7) € B, and every g € Q such that inner semicontinuity of K, relative
to Cy follows from Lemma 7.3. Hence, by defining the family of objective functions
{hgteca, hy : Cy x R™ — R, by

hg(z,r,u) = |u—9(z,r)], (7.62)

all of the conditions in Theorem 7.8 are satisfied. It follows that a family of feasible
control laws {kq}qco can be obtained by solving the quadratic program

kq(z,r) = argmin (u,u) — 2(u,¥(z,r))

subject to ueRr (7.63)
(ag(z,r),u) < by(z,7)
where
ag(z,r) = BT (v — ay(z,7)) (7.64)

bo(,7) = (Ve — ag(e), Még(pe,ve) + M Ad, ' r — M ad,, Ad, " vg)
— (ve — ag(pe), ad), My +d(v) + x(p) — Kaag(pe))
+ (1= e)(Kaaq(pe), ag(pe)) — e(Ks(ve — aq(pe)), ve — ag(@e))-

7.5.3 Simulation Case Study

In this section, we verify the theoretical results in simulation for the underwater vehicle
ODIN, we refer to [45] for the model parameters. The system is initialized at the
configuration o = (0, 29), where zg = (10, €0), 70 = 0, and ¢y = \/%(3,475)7 and at
the initial velocity vy = (0,1.2¢p). The desired position and orientation is obtained
from the exogenous system in (7.37), initialized at @40 = (0,27) and v40 = 0. The
desired acceleration r is generated from the low-pass filter

T+ 7 = £(t), (7.65)
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with time constant T, := 15s and the reference acceleration

(0.1,0.06, —0.07,0,0,0), 0<t<5

61, 5<t<10
) =4 ! (7.66)
(O3x1,0.05,—0.1,0.02) 10 <t < 15
(O4x1,—0.1,0.02) 15 <t.

The control gains are chosen as k1 = ko = ks = k4 = 1 and K = %I. The system
is simulated with Simulink, using the olel5 solver with a maximum step-size of 0.01.
Simulation results are presented in Figures 7.2 to 7.4. Observe that the only jump
occurs at ¢ = 0, which is due to the initial angular velocity. Moreover, note that the
control input is continuous for all ¢ > 0. To emphasize the necessity of the small control
property for continuity of the resulting control laws, Figure 7.5 depicts the control
inputs for the same control scenario with objective functions h,(z,r,u) = |ul?. Tt is
easily seen that

arg min h, (2,7, u) = 0, (7.67)
u€R™

such that (O2) in Theorem 7.8 is not satisfied. From Figure 7.5, it is apparent that the
control input exhibits significant chattering when the state is near A at approximately
t > 20s.

In order to highlight the benefits of the optimization-based control law obtained
from (7.63), Figures 7.6 to 7.8 depict simulation results for the same control scenario
using u = pg(x,r) given by (7.59). From Figures 7.2, 7.3, 7.6 and 7.7, it is clear that the
optimization-based control law achieves faster convergence to the desired orientation
with less control effort.
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Figure 7.3: The thruster control inputs u, and the logic variable q.
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Figure 7.6: The position p, the desired position pg and the unit quaternion orienta-
tion error ze = (7e, €c) using (7.59).
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Figure 7.7: The thruster control inputs u, and the logic variable ¢ using (7.59).
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Chapter 8

Synergistic Lyapunov Function and
Feedback Triples

In this chapter, we extend the SLFF definition from [77]. The proposed generalization
allows the logic variable, now referred to as the synergy variable, to be vector-valued
and possess flow dynamics. Moreover, since the synergy variable is vector-valued, we
define synergy gaps relative to components of product sets. These synergy gaps enable
us to define flow and jump sets and jump conditions in the form of synergy gaps
for different components of the synergy variable. As a result, we can show that the
output feedback control method for rigid-body scheme outlined in [71] is synergistic.
The proposed generalization also encompasses the results for SO(3) and SE(3) in [70],
in which the scalar logic variable is also allowed to change during flows. However, our
proposed framework also includes path-following control scenarios in which the path
variable exhibits jump dynamics, such as instantaneously moving the desired state
closer to the actual state. As a result, ship maneuvering control as outlined in [84] and
[85] can be augmented with discrete path dynamics and combined with a traditional
synergistic control approach such as [75] to ensure global asymptotic stability within
the proposed framework.
The material in this chapter is based on [93].

8.1 Introduction

Consider a continuous-time system
i = f(z,u) (z,v) € X xR, (8.1)

where z € X C R” is the state, v € R is the input and f : X x R¥ — R" is continuous.
The following definition of an SLFF pair is the starting point of this chapter and is a
slight modification of [61, Definition 7.3].

Definition 8.1 (Synergistic Lyapunov function and feedback pair). Given a system
(8.1), a compact set A C X x Q, a continuously differentiable function V : X x Q —
R>q and a continuous function k : X — R* define

pv(x,q) = V(z,q) —minV(z,p). (82)
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The pair (V, k) is a synergistic Lyapunov function and feedback pair relative to A with
synergy gap exceeding p > 0 for (8.1) if

1. 'V is proper and positive definite with respect to A;
2. for all (xz,q) € X x Q, it holds that

<V1V(x,q),f(x,n(x,q))> < 0; (83)

3. pv(x,q) > p for each (xz,q) € T\ A, where T is the largest weakly invariant
subset for the system

Z z (J)f(:c, K(x,q)) (,9) € & (8:4)

and

E={(z,9 € X xQ:(ViV(z,q), f(z,k(z,q))) = 0}. (8.5)

The remainder of this chapter is organized as follows. In Section 8.2, we extend
the definition of SLFF pairs to SLFF triples, for which the synergy variables are al-
lowed to have flow dynamics and be vector-valued. Moreover, we show how the hybrid
feedback controller induced by an SLFF triple renders a given compact set globally
pre-asymptotically stable. Section 8.3 introduces the notion of synergy gaps relative
to components of product sets, which is a distinct feature of vector-valued synergy
variables. Then, Section 8.4 introduces a weaker notion of SLFF triples, and we show
that if an affine control system admits a weak SLFF triple, then the same system aug-
mented with an integrator at the input admits a (non-weak) SLFF triple. Section 8.5
presents a case study which combines the classical synergistic control approach of [63]

using the synergistic Lyapunov functions in [75] with the ship maneuvering control of
[84].

8.2 Synergistic Lyapunov Function and Feedback

This section extends the definition of an SLFF pair in Definition 8.1 by augmenting
the SLFF definition with a feedback representing the flow dynamics of the synergy
variables. Moreover, we show that the hybrid feedback control law induced by an SLFF
triple renders a given compact set globally pre-asymptotically stable.

Our goal is to design generalized synergistic controllers with state § € © C R™ of
the form

0=uv(x,0) (z,0)eC
0" € G(x,0) (x,0) € D (8.6)
v = k(x,0)
where C C X xO, D C X xO,v: X xO = R" and G : X x© = O are the flow set,
jump set, flow map and jump map of the controller, respectively. The controller state

0 is also referred to as the synergy variable. We assume the following throughout the
chapter.

Assumption 8.2.
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8.2. Synergistic Lyapunov Function and Feedback

1. X C R"” is closed;
2. f: X xRF R is continuous;
3. ©® C R™ is closed.

In the following, we generalize the notion of a synergy gap of a nonnegative and
proper function V introduced in [77]. In particular, we evaluate the minimum of V'
over a set ¥ C © which need not be finite (or even compact).

Definition 8.3. Let V : X x © — R>o be proper, and let ¥ C O be closed and
nonempty. The synergy gap of V with respect to W is the function pyw : X x @ = R
defined by

v (2. 0) = V(2.60) — minV (z,0). (8.7)

The set-valued solution mapping associated with py.w is Gyg : X x © = O, defined
as

GV’Q(IE,Q) = {’l/) eEv: /LV’&D(IL'/(b) = 0} (88)

The fact that V is nonnegative, continuous, and proper is sufficient for its synergy
gap relative to any nonempty and closed set ¥ C @ to be continuous. Moreover, the
associated solution mapping has the key properties it has in traditional synergistic
control. Specifically, nonemptiness, outer semicontinuity, and local boundedness. Con-
sequently, even when ¥ is not compact, the set of points where 6 — V(z,0) attains
its minimum on V¥ is compact for each x € X.

Proposition 8.4. The synergy gap pv,w is continuous. The associated set-valued
solution mapping Gv,w is nonempty-valued, outer semicontinuous, and locally bounded.

Proof. The claims follow from [102, Corollary 7.42]. O

The following definition extends the notion of SLFF pairs from [77]. In addition
to utilizing the generalized notion of synergy gap from Definition 8.3, we allow the
synergy variable 6 to flow.

Definition 8.5. Let A C X x @ be compact. A continuously differentiable function
V1 X x O — Rsq and continuous functions k: X x @ - RF and v : X x © — R™
define a synergistic Lyapunov function and feedback triple (V) k,v) relative to A with
synergy gap relative to W exceeding p > 0 for the system (8.1) if

1. 'V is proper and positive definite with respect to A;
2. The closed loop system

(g) _ (f (“;(’;(9;’)9))) (2,0) € X x © (8.9)
-~
satisfies Fe(@.)
(VV(x,0), Fe(z,0)) <0, V(z,0) € X x 6 (8.10)

157



8. Synergistic Lyapunov Function and Feedback Triples

3. pvw(x,0) > p for each (x,0) € T\ A, where T is the largest weakly invariant
subset for the system

&= f(z,0,k(x,0))

b= v(z.6) (z,0) € € (8.11)

and
E={(z,0) e X x O :(VV(x,0), F.(z,0)) = 0}. (8.12)

We remark that if v(z,0) = 0 for all (z,0) € X x © and © = V¥ is finite, then
Definition 8.5 reduces to the definition of an SLFF pair given in [77]. If © = R,
and ¥ C R is finite, then Definition 8.5 encompasses the class of potential functions
recently introduced in [70].

Analogous to SLFF pairs [77, Theorem 7|, the existence of an SLFF triple relative
to A with synergy gap relative to ¥ exceeding p > 0 guarantees global pre-asymptotic
stability of A for a synergistic closed loop system resulting from (8.1).

Proposition 8.6. Let (V,k,v) be an SLFF triple relative to A with synergy gap
relative to ¥ exceeding p > 0. Then A is globally pre-asymptotically stable for the
system

&= f(w,fi(xﬁ))} (2.0) € C
0=v(x,0)
0t € G(x,0) (z,0) € D

(8.13)

where
C={(z,0) € X x O : pyu(z,0) < p},
D :={(z,0) € X x O : pyw(x,0) > p}, (8.14)
G(z,0) = Gyw(z,0).

Proof. The sets C' and D are closed since pyg is continuous by Proposition 8.4.
Moreover, the closed-loop flow map F, is continuous, and G is nonempty-valued, outer
semicontinuous, and locally bounded by Proposition 8.4. Consequently, the system
(8.13) satisfies the hybrid basic conditions [90, Assumption 6.5] and is therefore well
posed. From the definition of the jump set and jump map in (8.14), V decreases strictly
across jumps by at least p. Since V' is proper and positive definite with respect to A
by 1) of Definition 8.5 and V' does not grow along solutions to the system (8.13) by 2)
of Definition 8.5 and the nonincrease of V' across jumps, it follows that A is stable and
that all solutions are bounded. Since V' must vanish in A by 1) of Definition 8.5, it
holds that py ¢ vanishes in A as well. Consequently, A C C. From 3) of Definition 8.5,
it then follows that Z N C' C A. The invariance principle [90, Corollary 8.4] then
guarantees that complete solutions converge to A. It follows that A is globally pre-
asymptotically stable. O

Completeness of maximal solutions (and global asymptotic stability of A for (8.13) )
is guaranteed if, in addition to the conditions of Proposition 8.6, it also holds that

Fc(x70) € TXX@(xaa) (815)
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for all (z,0) such that pyw(z,0) < p, where Tx xo(z, 0) is the tangent cone to X x ©
at (x,0). Indeed, Txxo(x,0) = Tc(x,6) at these points, and the claim follows from
[90, Proposition 6.10]. It should also be remarked that Txxe # Tx X Te in general.
See [102, Chapter 6], and in particular Proposition 6.41, for further results on this
matter.

8.3 Synergy Gaps Relative to Components of Product Sets

The control approach covered in Proposition 8.6 updates the whole synergy variable
# when the instantaneous synergy gap is equal to or exceeds the threshold p. This ap-
proach offers relatively little flexibility in shaping the jump sets. When © is a product
set, one can formulate the synergy gap and associated solution mapping relative to
the components of ©. For simplicity, it is assumed that © comprises two components,
although the approach outlined in this section can be further generalized.

Assumption 8.7.
4) © = O, x O, where O, and Oy, are closed.

We now adapt Definition 8.3 to exploit the additional structure of @ induced by
this assumption.

Definition 8.8. Let V : X x © — Rxq be proper, and let ¥ = ¥, x ¥, such that
¥, C O, and ¥, C Oy are nonempty and closed. The synergy gap of V with respect to
U, is defined as

Hv,w, (f, 9) = V(Ia 9) - dglélga V(Ia (77[}a7 ob)) (816)

The synergy gap of V' with respect to W, is defined as

pv, (2,0) =V (z,0) — min V(x, (04, 1p)). (8.17)

IS4

The set-valued solution mapping associated with pyvw,, Gyw, : X x O =2 O is
GVA”(:,(‘T, 9) = {Q/Ja €V,: ,U'V,Wa(xa (wav 01,)) :0} X {ob} (818)

The objects introduced in Definition 8.8 have similar properties as the ones intro-
duced in Definition 8.3.

Proposition 8.9. The synergy gaps pvw, and pyw, are continuous. The set-valued
solution mapping Gv,w, is nonempty-valued, outer semicontinuous, and locally bounded.

Proof. Apply [102, Corollary 7.42] with (x,0;) as parameters and 6, as optimization

variable to show the claims for vy, and Gy,g, . Continuity of iy, g, is shown similarly.
O

Consequently, we may specialize the notion of an SLFF triple to the case where ©
is product set.
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Definition 8.10. Let A C X x © be compact, and (V,k,v) satisfy 1) and 2) in
Definition 8.5 for the system (8.1). We say that (V,k,v) is a synergistic Lyapunov
function and feedback triple relative to A with synergy gap relative to W, exceeding
pa >0 if

3a) pvw,(x,0) > p, for each (x,0) € T\ A.

We say that (V, k,v) is a synergistic Lyapunov function and feedback triple relative to
A with synergy gap relative to (W,, W) exceeding (pa, pp) with pa, pp > 0 if

3b) pvw, (z,0) > pa or pyw,(z,0) > pp for each (x,0) € T\ A.
In both cases, T is defined as in Definition 8.5.

It is clear that if (V,k,v) has synergy gap relative to ¥, exceeding p, > 0, then
it has synergy gap relative to ¥ exceeding p,. If instead (V, k,v) has a synergy gap
relative to to (U,,¥,) exceeding (pa, pp), With ps, pp > 0, then it has a synergy gap
relative to ¥ exceeding min(p,, pp) > 0. The last part of item 3b) ensures that (V, k,v)
is not an SLFF triple relative to A with synergy gap relative to ¥, or ¥, and hence
that p, and p, are well-defined.

8.3.1 Optional Jumps

When (V, k,v) is an SLFF triple relative to A with synergy gap relative to ¥, exceeding
pPa > 0, it is not necessary to update 6, to avoid the invariant sets where solutions
may get stuck. Jumping 8, may nonetheless increase the performance of the closed-loop
system. We therefore define a closed-loop system in which jumps of 6, are optional.

Proposition 8.11. Let (V, k,v) be a synergistic Lyapunov function and feedback triple
relative to A with synergy gap relative to ¥, exceeding pg > 0. Then A is globally pre-
asymptotically stable for the system (8.13) with

C={(z,0) e X xXO:puyy,(z,0)<p,},
D= {(z,0) € X x O : v, (2,0) > pa or pv.u(z,0) > p}

Gvw,(z,0), v, (2,0) > pa and pyw(z,0) < p,

wl@ (8.19)
G(.’E 0) - (GV,EZ’aU GV,W)(xae)a Hv,w, (Z‘ 9) > Pa and /,LVW( 9) > p,
’ Gy (z,0), v, (2,0) < pa and pye(z,0) > p,
U otherwise,
where p > pg.
Proof. Tt is clear that C' and the sets
={(z,0) € X X O : pyw, (x,0) > pg} (8.20)
={(z,0) € X x O : pyw(z,0) > p} (8.21)

are closed since py,g, and py,w are continuous. Therefore, D = Dy, U Dy is closed.
The closed-loop flow map is continuous on X x ©. We know that Gv,g, and Gy g are

nonempty-valued, outer semicontinuous, and locally bounded. Denote then by év,y'/a
and Gy,p the restrictions of Gy, and Gy to Dy, and Dy, respectively. These
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restrictions are also outer semicontinuous and locally bounded. Now, G is defined
such that gphG = gphGy,y, U gphGyw. Thus, G is nonempty-valued on D. Since
outer semicontinuity of a set-valued mapping is equivalent to its graph being closed,
it also follows that G is outer semicontinuous. Moreover, the union of two locally
bounded set-valued mappings is locally bounded. Consequently, G is locally bounded.
Hence, the closed loop system (8.13) with data defined by (8.19) satisfies the hybrid
basic conditions. The remainder of the proof proceeds as the proof of Proposition 8.6,
with the strict decrease of V' across jumps now being at least p,. O

Completeness of maximal solutions to the closed-loop system with data (8.19) is
guaranteed if the tangent cone condition (8.15) holds for all (x, 8) such that py ., (,0) <
Pa- In this case, the system always admits complete solutions over the course of which
0, does not jump.

8.3.2 Independently Triggered Jumps

The following proposition introduces the concept of independentely triggered jumps,
where both components of # jump when either of their jump conditions are met.

Proposition 8.12. Let (V, k,v) be a synergistic Lyapunov function and feedback triple
relative to A with synergy gap relative to (W,, W) exceeding (pa,pp), with pq, py > 0.
Then A is globally pre-asymptotically stable for the system (8.13) with

C:= {(1‘79) EXXxO: MV,‘I’a(xve) < Pa and /f"V,lI/b(x76) < Pb}7
D= {(z,0) € X X O : pyvw, (x,0) > pg or pvw,(z,0) > pp}, (8.22)
G(z,0) = Gyw(z,0).

The proof of Proposition 8.12 is very similar to the proofs of Proposition 8.6 and
Proposition 8.11 and is therefore omitted. An example where independently triggered
switching is used is furnished by the quaternion output feedback control scheme for
rigid-body orientation in [71, Section V-B]. In this work, 8, corresponds to a traditional
synergy variable for a feedback controller, and 6, corresponds to a traditional synergy
variable for an observer, while v(z,0) = 0 for all (z,0) € X x O©.

8.4 Backstepping

This section begins by introducing a weaker notion of SLFF triples for affine control

systems. Then, given a system that admits a weak SLFF triple, we construct a (non-

weak) SLFF triple for the same system augmented with an integrator at the input.
By assuming that (8.1) is affine in the control input v, we obtain the system

i = fo(x) +go(z)v (z,0) € X xR¥ (8.23)

Definition 8.13. Let A C X x O be compact. A continuously differentiable function
V : X x O — Rsq and continuous functions k: X x @ — RF and v : X x 6 — R™
define a weak synergistic Lyapunov function and feedback triple (V, k,v) relative to A
with a weak synergy gap relative to ¥ exceeding p > 0 for (8.23) if

1. 'V is proper and positive definite with respect to A;
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2. The closed loop system

(z) _ (fo(fv> té]gfg;’f(m73)> (z,0) € X x O (8.24)
satisfies Fo(=.0)
(VV(z,0), Fy(z,0)) <0, V(z,0)e X x06; (8.25)

3. uvw(x,0) > p for each (x,0) € T\ A, where T is the largest weakly invariant
subset for the system

T = fo(x) + go(x)k(x, 0
= fole) + go(@)s(z,6) (z,0) € ENW (8.26)
0 =v(z,0)
where & is given in Definition 8.5, and
Wi={(x,q) € XxO : go(x)"V1 V(z,0) = 0}. (8.27)

Augmenting the system (8.23) with an integrator at the input results in the control
system

= fi(z)+ g (2)u (z,u) € ZxRF (8.28)

where z = (z,v) € Z := X x R¥ u € R” is the control input and

A6 = (P00 e = (7). (5.29)

Now, let (Vo, ko, o) be a weak SLFF triple relative to the compact set Ay C X x O,
define the set

A1 ={(2,0) € ZxO: (x,0) € Ay,v = k(z,0)}, (8.30)

and consider the following SLFF triple

Vilz,6) = Vo(a,0) + o — oz, 6) 3, (8.312)
k1(z,0) = Viko(,0) (fo(z) + go(z)v)
+ Vako(z, O)vo(z,0) — y1(v — Ko(z, 6)) (8.31b)
— I 'go(x) Vi Vo(z,0),
v1(z,0) = vo(x,0) — 91 (VaVi(z,0)), (8.31c¢)

where I' € RF** is positive definite, v; : RF — R* is continuous and satisfies
(y1(v),v) > 0 for every v € R¥ \ {0}, and ¢; : R™ — R™ is continuous and sat-
isfies (V1 (v),v) > 0 for every v € R™. The following proposition establishes that
(V1, k1,v1) is an SLFF triple for the system (8.28) with synergy gap exceeding p > 0
relative to W.
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Proposition 8.14. If (Vy, ko, 1) is a weak synergistic Lyapunov function and feedback
triple for the system (8.23) relative to Ag, with a weak synergy gap relative to ¥
exceeding p > 0, then (V1,K1,11) is a (non-weak) synergistic Lyapunov function and
feedback triple for the system (8.28) relative to Ay with a (non-weak) synergy gap
relative to W exceeding p > 0.

Proof. The derivative of V; along the solutions of (8.23) is

Vi = (ViVa(2,0), f1(2) + g1(2)k1(2,0))

+ (VaVi(z,0),v1(2,0))

= WV (,0), fo(x) + go(z)ko(z,0)
— (v —ko(x,0), ['y1(v — Ko(x, 8))
— (v — ko(z,0), 'Varo(z,0)(11(2,0) — vo(z,0)))
+ (VaVo(z,0), v1(2,0)) (8.32)

= (ViVo(z,0), fo(z) + go(2)ko(z,0))
— (v —ko(x,0), 'y1(v — Ko(x, 8))
+ (VaVy(z,0),vo(z, 0))
—(VaVi(z,0),91(V2Vi(2,0)))

<0.

)

Define &, W, and &, W, according to (8.12) and (8.27) for the systems (8.23) and
(8.28), respectively. It follows from (8.32) that

E1={(2,0) e X xO: (x,0) € &,v = ko(x,0),91(VaVi(z,0)) =0}

8.33
c Wy. ( )
Let Z; C &; denote the largest weakly invariant subset for the system
2= f1(2) + g1(2)k1(2,0
= hle) +a(am(=0) (2,0) € & (8.34)
0 =uv1(z,0)
It follows that
Iy ={(2,0) € Z x O : (x,0) € U, v = ko(x,0),91(VaVi(z,0)) = 0}. (8.35)
From Definition 8.3 and 3) in Definition 8.13 it holds that
1 2
e > vy e (T, 0) + §|U — ro(z,0)|1
1 2
~ §|U—f€o(l‘, V)|
2 ,LLVO,&P(:E, 0) (836)
> p. (8.37)

Consequently, (Vi, k1,v1) is an SLFF triple with synergy gap relative to ¥ exceeding
p > 0. O
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8. Synergistic Lyapunov Function and Feedback Triples

8.5 Synergistic Maneuvering for Ships

In this section, the proposed theory is exemplified by combining the traditional syn-
ergistic control approach of [63], [75] with the ship maneuvering control of [84], [85],
where we augment the path variable with jump dynamics. The configuration space
of a ship can be reasonably described by SE(2) = R? x SO(2). Configurations of the
ship are then represented as z = (p, R), where p € R? represents the ship position and
R € SO(2) represents the ship heading.

The desired position of the ship is described in terms of a sufficiently smooth planar
path.

Definition 8.15. A planar C"-path is a C"-mapping 1 : [0,1] — R2. If r > 1, we say
that a planar C"-path is regular if n/(s) # 0 for all s € [0,1].

Given a regular C3-path 7 in R?, we synthesize a C2-path in SE(2) by requiring
that the heading of the ship is tangential to the path. Such a path has the form
s+ (pa(s), Ra(s)), where

pa(s) =n(s)
1 " s (8.38)
Ra(s) = 17 ('(s) Sn'(s)).

A desired speed assignment for $ along the path, ug : [0,1] — R, is chosen as

ug(s) = ) (8.39)

where Uy : [0,1] — R is a continuously differentiable signed desired ship speed along

the path. In particular, u, is defined such that if § = uy(s), then py(s) = IZiEzgl Ua(s).
A two times continuously differentiable path in the configuration space x4 : [0,1] —
SE(2) can now be defined as z4(s) = (pa(s), Ra(s)). We define the desired tangent
7a ¢ [0,1] — R3 such that 7y = z4(s)"*a/,(s) for all s € [0, 1].

We denote by v = ((,w) € R?® the velocity of the ship, where ¢ € R? is its
linear velocity and w € R is its angular velocity. A model for the ship kinematics and
dynamics is [24, Chapter 6.5]

~

T =2V
. B (z,v,u) € SE(2) x R? x R, (8.40)
v = —y(v) + M~ (d(v) + u)}
where M = MT > 0 is the ship inertia tensor (including hydrodynamic inertia),
~ : R? = R? describes the Coriolis and centripetal accelerations associated with M,
d : R? — R3? describes the hydrodynamic drag forces acting on the ship, and u are
idealized input forces produced by the actuators.

The general ship maneuvering problem is then split into a geometric task that
represents convergence to this path, and a dynamic task that represents the attainment
of the speed assignment uy on this path.

Problem Statement (Maneuvering Problem [85]).
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8.5. Synergistic Maneuvering for Ships

e Geometric Task: Force the position and heading of the ship to converge to the
desired path,

lim [|zq(s(t, 5)) tx(t,j) — I|| = 0. (8.41)

() o0

e Dynamic Task: Force the path speed to converge to the desired speed assign-
ment:

i [3(t, ) — wa(s(t, )] = 0. (8.42)

(t+j)—o0

8.5.1 Backstepping Controller

We set X = SE(2) and © = 6, x O, where O, = {-1,1}, O, = [0,1] and 0 =
(04,6,) = (g, ). In particular, ¢ is a classical synergistic logic variable and s is a path
variable utilized in the ship maneuvering control problem. Then, the kinematics of the
ship and the flow of ¢ and s may be cast as a system of the form (8.23),

=120 (x,v) € SE(2) x R3. (8.43)
The set A9 C X X © is now chosen as
Ao ={(z,0) € X x O : 2 =2x4(9)}. (8.44)

Compactness of Ay holds because the mapping (g, s) — z4(s) is continuous and O is
compact.

We now introduce a synergistic potential function which is similar to [75] for the
heading control of the ship. In particular, let P : SO(2) x [0,1] — R and, with p, > 0,
the mapping 7" : SO(2) x © — SO(2)

P(R,s) = (1 — (e1, Rq(s)"Rey)), (8.45)
T(R,0) == exp(paqP(R,s)S)Ra(s)" R. (8.46)

Let ko > 0 and let Kq = K] be a positive definite matrix. Then, (Vo, ko, o) defined
as

Vo(a, ) = 5IRE(p — pals)) i, + koP(T(R,6), 5 (8.472)
ko(z,8) = Ad;dl(s),lx Ta(s)ua(s) — K d1Vo(z, 0) (8.47b)
vo(,0) = (uﬁs)) , (8.47¢)

where K = KT is a positive definite matrix, is an SLFF triple for (8.43) with synergy
gap relative to {—1,1} exceeding 1.
We now augment (8.43) with the ship dynamics

o~

T =xv

b= () + M d) + m} (z210) € (SE(2) xRY) xR, (8.49)
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8. Synergistic Lyapunov Function and Feedback Triples

and define
"41 :{(1',’0,0) : (.73,0) EAOaU:HO(IvG)}' (849)
It then follows directly from Proposition 8.14 that
1
Vi(=,0) = Vo(a,0) + 5o — ro(z,6) 3 (8.500)

k1(2z,0) = M d1ko(x, 0)v + MVaro(z, 0)vo(z, 0)
+ M~ (v) — d(v)

—71(v = Ko(z,0)) (8.50Db)
—d1Vo(z, 0),
0= e 0 (8.50c)

is an SLFF triple for the system (8.48) relative to .4; with synergy gap relative to
{-=1,1} exceeding % Consequently, the synergistic controller

0=11(z,0) (2,0) € C, (8.51)
0% € G(z,0) (2,0) € D, (8.52)
u=r1(z0), (8.53)

where (C, D, G) are given by (8.19), renders A; globally pre-asymptotically stable for
the resulting closed-loop system by Proposition 8.11. Moreover, if u4(s) € Tg,(s) for
all s € @y, then all maximal solutions are complete and A; is globally asymptotically
stable for the resulting closed-loop system, which implies that the problem statement
is solved.

8.5.2 Simulations

Simulation results are presented in Figures 8.1 to 8.5. The model parameters can
be found in [86]. In the simulations, we have chosen § = 0.1, p, = dko, p = 1.2p,,
ko =5, Ko = 5l, K = 0.05I3 and v, = diag(10,10,7). The chosen path is given by
pa(s) = 5(cos(ms),sin(mrs)). The ship is initialized at p = (5,2) with an initial heading
of ¢ = —85°, an initial velocity of v = 0 and a desired speed of Uy = 0.3 m/s.

From Figure 8.1 we observe that the position references are successfully tracked
after an initial transient phase. An optional jump is immediately triggered such that ¢
is mapped to —1 and s is mapped to approximately 0.08. An optional jump is triggered
around ¢ ~ 2s as seen in Figure 8.1. The error in the z-direction is slightly decreased
while the error in the y-direction is slightly increased. Moreover, from Figure 8.2 we
note that the difference between (; and k¢ ; decreases over the jump in s. In Figure 8.4,
we observe that s is decreased over the jump, while ¢ remains the same. Moreover,
from Figure 8.5, we observe a discontinuity in us at the time of the jump.
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Figure 8.1: The position p = (z,y) and desired position pa = (24, ya)-
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Figure 8.3: The heading angle 1) = atan2(R21, R11), desired heading angle ¢4 =
atan2(Rgq,21, R4,11), angular velocity w and the third component of xo.
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Figure 8.4: The speed U = (¢ + ¢35 )%, desired speed U, and synergistic variables ¢
and s.
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Figure 8.5: The control forces and moment wu.
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Chapter 9

Conclusions and Future Work

This thesis has presented several new results on modeling of underwater vehicles and
hybrid feedback control of nonlinear systems. While not all results pertaining to hybrid
feedback control focus directly on underwater vehicle control, all of them are applicable
in this domain.

In Chapter 3, a matrix Lie group approach to the modeling of rigid underwater ve-
hicles was presented. Furthermore, we introduced the notion of monotone dissipativity
and showed its connection with convex Rayleigh dissipation functions. Building on es-
tablished results from hydrodynamics, we also provided a modern symmetry principle
for hydrodynamic inertia and damping effects that can be used to simplify underwa-
ter vehicle models. An important avenue for further work is to include the influence
of additional submerged bodies in the fluid. The presented model takes its relatively
simple form in large part because it is assumed that the underwater vehicle constitutes
the only bounding surface of the fluid. Since underwater vehicles often work in close
proximity to the seafloor or subsea installations, this assumption is strictly speaking
rarely satisfied. The presence of other bodies in the fluid makes it necessary to consider
configuration-dependent expressions for hydrodynamic mass and damping effects. The
symmetry principle should in this case also be extended to give simplifications due
to left-invariance of the wrenches with respect to the symmetry group of the other
submerged bodies. Another avenue for further work is to extend the hydrodynamic
symmetry principle to also address wrenches generated by the vehicle’s thrusters and
control surfaces.

In Chapter 4, we have extended the modeling approach outlined in Chapter 3 to
multibody underwater vehicles with tree-topology. It was demonstrated how such an
approach could be useful for expressing and computing kinematic and dynamic quan-
tities of interest. The equations of motion in a global matrix-form were derived, and
the most important properties of the resulting system matrices given. We presented a
generalized Newton-Euler algorithm that can be used for the implementation of con-
trol algorithms that rely on a parametrization of the Cs-matrix possessing the skew
property. Furthermore, it was shown how efficient methods from the field of multibody
dynamics could be adapted to simulate multibody underwater vehicles. One avenue
for further research is a modification of the generalized Newton-Euler algorithm to
compute other parametrizations of the C,-matrix, and in particular the one associ-
ated with the generalized Christoffel symbols [101, Section 3.8.2]. Another interesting
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topic, similar to the one mentioned for the preceding chapter, is an investigation of
the effect of hydrodynamic couplings between the bodies composing the vehicle.

In Chapter 5, we have introduced multiple synergistic control designs for mechani-
cal systems on matrix Lie groups. Specifically, we have proposed synergistic PD, output
feedback, and PID type control laws ensuring global asymptotic tracking of a desired
bounded reference trajectory. The PID type control laws achieve global asymptotic
tracking also when there is a constant disturbance present in the system dynamics.
Given the importance of integral action for the control of underwater vehicles, there
is ample reason to pursue this topic further. The presented PID control laws do not
utilize the same feedforward control as the presented PD and output feedback con-
trol laws, and do therefore not exploit the system properties fully. The cross-terms
involving the velocity error and the bias error present in the Lyapunov functions for
the PID control laws also makes the utilization of the synergistic smoothing approach
outlined in for instance [65] impossible without modification. Improving these aspects
of the presented PID control laws is of high importance. Furthermore, all control laws
presented in this chapter assume full actuation of the mechanical system. This as-
sumption does of course not hold for a wide range of underwater vehicles, and further
research in this direction is required to achieve greater practical applicability of the
presented control laws.

In Chapter 6, we have proposed an adaptive hybrid feedback control law for ma-
rine vehicles. The control law tracks a hybrid reference system constructed from a
parametrized loop and a speed assignment for the motion along the path and achieves
global asymptotic tracking of the loop at a time-varying desired speed. The proposed
hybrid feedback control law was implemented on a scale model tug boat and a re-
motely operated underwater vehicle, and laboratory experiments demonstrated the
effectiveness of the proposed control law. The particular structure of this control law
and the relatively simple expressions of the Lyapunov functions utilized in its stability
analysis makes it possible to apply it to other mechanical systems defined on general
matrix Lie groups. This includes systems that do not posses a left-invariant metric,
provided that the feedforward control is modified to also include certain terms stem-
ming from derivatives of the metric. One example from the class of systems that is
then within reach is furnished by traditional robot manipulators. Indeed, several robot
manipulators have joints that allow full rotation such that topological obstructions to
global asymptotic stabilization exist. More generally, the control law could be applied
to the fairly general class of underwater vehicles presented in Chapter 4, if the current
is modeled as a bias.

In Chapter 7, we have presented hysteretic control Lyapunov functions for a class
of nonlinear continuous-time systems. We have stated sufficient conditions for the ex-
istence of a feasible collection of feedback control laws that globally asymptotically
stabilize a compact set. Moreover, we have shown how a collection of optimization-
based feedback laws can be derived from a family of HCLFs under mild assumptions
on the objective function. As a result, HCLFs can serve as a tool for synthesis of opti-
mal feedback laws ensuring global asymptotic tracking of spatial rigid-bodies such as
underwater vehicles. Further work related to the control of underwater vehicles could
focus on showing that the HCLF decrease conditions can be satisfied for underwater
vehicle error systems with bounded inputs, and investigating whether the “Lyapunov-
based thrust allocation” that the optimization-based control laws essentially constitute
in this context is an effective form of thrust allocation.
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In Chapter 8, we have generalized the definition of synergistic Lyapunov function
and feedback pairs introduced in [77, 78] to synergistic Lyapunov function and feedback
triples by allowing the traditional logic variable to change during flows. We have
introduced two approaches to triggering jumps in the closed-loop system within the
synergistic framework, which we referred to as optional jumps and independently
triggered jumps. Furthermore, we have showed that SLFF triples, just like SLFF pairs,
are amenable to integrator backstepping for input-affine systems. Finally, we have
applied the presented theory to the maneuvering control of ships, were optional jumps
in the path-variable where introduced. We consider further work to be a complete
integration of the maneuvering problem presented in [85, 132] into the synergistic
framework.
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Transient Performance and Emissions of a
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