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Abstract

Reliable and Safe Motion Control of Unmanned Vehicles
Zhixiang Liu, Ph.D.

Concordia University, 2016

Unmanned vehicles (UVs) are playing an increasingly significant role in modern daily life. In
the past decades, numerous commercial, scientific, and military communities across the world are
developing fully autonomous UVs for a variety of applications, such as environmental monitor-
ing and surveillance, post-disaster search and rescue, border patrol, natural resources exploration,
and experimental platforms for new technologies verification. The excessive opportunities and
threats that come along with these diverse applications have created a niche demand for UVs to
extend their capabilities to perform more sophisticated and hazardous missions with greater auton-
omy, lower costs of development and operation, improved personnel safety and security, extended
operational range (reliability) and precision, as well as increased flexibility in sophisticated envi-
ronments including so-called dirty, dull, harsh, and dangerous missions.

In order to successfully and effectively execute missions and meet their corresponding per-
formance criteria and overcome these ever-increasing challenges, greater autonomy together with
more advanced reliable and safe motion control systems are required to offer the critical tech-
nologies for ensuring intelligent, safe, reliable, and efficient control of UVs in the presence of
disturbances, actuator saturation, and even actuator faults, especially for practical applications.

This thesis concentrates on the development of different reliable and safe motion control algo-
rithms/strategies applicable to UVs, in particular, unmanned aerial vehicles (UAVs) and unmanned

surface vehicles (USVs). A number of contributions pertaining to the fault detection and diagnosis
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(FDD), fault-tolerant control (FTC), disturbance estimation and compensation, and actuator satu-
ration avoidance have been made in this thesis. In addition to the control problems, this thesis also
presents several guidance-related contributions, including adaptive observer-based line-of-sight
(LOS) guidance law, time-varying lookahead distance scheme, piecewise path switching criterion
for guiding a single UV, as well as a proportional-integral (PI) type of leader-follower formation

guidance strategy for a group of UVs.
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Chapter 1

Introduction

1.1 Background

1.1.1 Unmanned Vehicles

Unmanned vehicles (UVs) including unmanned aerial vehicles (UAVs), unmanned ground
vehicles (UGVs), unmanned surface vehicles (USVs), unmanned space-crafts (USCs), and un-
manned underwater vehicles (UUVs). They possess self-governing characteristics and are capable
of performing assigned missions without human intervention.

In the past decades, numerous commercial entities, universities, research institutes, and military
around the world have widely employed UVs in their applications [1,3]. These applications cover
a variety of specific fields, such as environmental monitoring and surveillance [4, 5], platforms for
testing and validating the newly developed algorithms [6, 7], post-disaster search and rescue [8],
cooperative and formation control [9, 10], goods delivery and in-flight refueling [11-13], as well
as various military missions [14].

However, the current development of UVs is still in the early stage. Most existing UVs are
confined to experimental platforms, comprised primarily of relatively small-scale UVs with limited
autonomy, endurance, payloads, power outputs, as well as remote operation requirements. UVs

remain scarce in commercial markets as well, and the majority of industrial-level vehicles are still
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Figure 1.1: Several types of UVs, UAV (a), UGV (b), USV (c), UUV (d), USC (e).

used within military and research fields.

1.1.2 State-of-the-Art Unmanned Vehicles
1.1.2.1 Elements of Unmanned Vehicles

Depending on practical applications, UVs may come into a variety of appearances and func-
tionalities. However, the following basic elements that must be included in every UVs (taking the

USV for example here, as seen in Fig. 1.2):

(1) Hull and auxiliary structural elements: The hulls of UVs are normally designed correspond-
ing to the specific applications of UVs, revealing some basic design issues and trends in
their development, such as greater endurance and payload capacity, convenient mounting
and loading capabilities, easy to be manufactured or modified from manned vehicles, en-

hanced system stability, and decreased risk of crash.

(2) Propulsion and power system: Translational and rotational motion control of most exist-

ing UVs are provided by actuators, which are producers of forces and moments from the
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Figure 1.2: Fundamental architecture of a typical USV [1].
corresponding commands of controller.

Guidance, navigation, and control (GNC) systems: As the most vital component of a UV,
GNC modules generally consist of onboard computers and software, which together are

responsible for managing the entire UV system.

Communication systems: Communication systems include not only wireless communica-
tion with ground control stations and other vehicles to perform cooperative control, but also
onboard wired/wireless communication with a variety of sensors, actuators, and other equip-

ment. The reliability of communication systems is thereby of paramount importance.

Data collection equipment. Together with the above-mentioned components, inertial mea-
surement units (IMUs) and global positioning systems (GPSs) as the basic sensors are typ-
ically used in combination with the system to guarantee the UV remains in good operating
condition, and to improve its performance. Besides, cameras, radar, sonar, as well as other
kinds of sensors are optionally adopted, depending on the specific task at hand, such as moni-
toring and operating UVs under all different conditions (i.e. cabin temperature and humidity,

electronic equipment health, fuel consumption, etc.) [15].
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Figure 1.3: General structure of UVs guidance, navigation, and control systems [1].

(6) Ground station: Ground station also plays an important role in UVs’ GNC systems, which
can be located in a fixed facility or a mobile vehicle. In general, missions are assigned to
UVs via wireless communication systems. The real-time status of UVs and their onboard
equipments are all monitored by the ground station, while for remotely operated UVs, con-

trol commands are also sent from ground station.

1.1.2.2 Relationships among Guidance, Navigation and Control Subsystems

As indicated in Fig. 1.3, the fundamental elements for autonomously operating UVs generally
constitute guidance, navigation, and control subsystems. These subsystems work in interaction
with each other, to the point where imperfections in one subsystem may degrade the performance

of the whole system.

(1) Guidance system is responsible for generating and updating feasible and optimal trajectory
commands to the control system according to the information provided by the navigation

system, assigned missions, vehicle capability, and environmental conditions.
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Figure 1.5: Classification of UV navigation systems [1].

(2) Navigation system concentrates on identifying the UVs’ current and future states (such as
position, orientation, velocity, and acceleration), and its surrounding environment based on
the past and current states of the UV as well as environmental information (such as the ocean

currents and wind speed) obtained from its onboard sensors.

(3) Control system focuses on determining the proper control forces and moments to be gener-
ated in conjunction with instruction provided by the guidance and navigation systems, while

at the same time satisfying desired control objectives.

In order to provide readers a better understanding of the current work on GNC system of UVs,
Figs. 1.4, 1.5, and 1.6 have summarized the overviews of the existing research in UVSs’ guidance,

navigation, and control subsystems, respectively.
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1.2 Problem Formulation

The deployment of UVs is generally in cluttered, sophisticated, and even hostile environ-
ment [16], and subject to environmental disturbances, sideslip effects, actuator faults, collisions,
etc. More specifically, the motion of UVs is affected by not only environmental disturbances
(winds, waves, and currents) and steering motion caused sideslip effects, but also actuator faults
due to numerous factors, such as propeller and rudder damage and deformation, gear and trans-
mission system wear and deformation, shaft deformation, and lower power supply [17-19]. These
negative impacts may seriously degrade the overall system performance and even lead to catas-
trophic consequences (collision or crash). The development of reliable and safe motion control

systems of UVs is thereby of critical importance.

1.2.1 Actuator Faults, Failures, and Malfunctions

Although the system faults and failures have been explicitly studied and widely distributed

over various technological areas including industrial and academic communities and much effort



has also been dedicated to their standardization, the terminology use is still not unique. According
to the international federation of automatic control (IFAC)-Technical Committee SAFEPROCESS

and related literatures, the following terminologies are defined and used in this thesis [20].

e Fault: A fault means an unpermitted deviation of the system’s characteristic features from

the acceptable and normally healthy condition.

e Failure: A failure indicates that an interruption occurs in system and it permanently loses its

ability to perform a desired function under specific operating conditions.

e Malfunction: A malfunction is an intermittent and irregular execution of a system’s required

function.

Obviously, the failure is more severe than the fault. For example, in the occurrence of fault,
the actuator may operate with slower response and reduced effectiveness but still be practicable.
However, a failure in actuator means total loss of its control effectiveness, additional actuators are

then required to compensate the associated adverse impact.

1.2.2 Fault-Tolerant Control

Some specific applications, such as fire fighting, special military missions, tasks in extreme
weather conditions or natural disasters or cluttered mountainous regions, and particular military
missions, may bring UVs into sophisticated and hazardous environments. Furthermore, as a kind
of consumable hardware, numerous UVs’ low development cost may decrease their reliability and
safety as well. These situations may seriously threaten the reliability and safety of UVs. Taking
UAVs as example, according to a Washington Post’s investigation, in USA, more than 400 military
UAVs have crashed since 2001, while commercial UAV failure events are expected to be far more
than that experienced in the military [21]. These crashes have seriously affected the safety of
homes, farms, airports, and forests, and resulted in tremendous loss of property. A great majority

of these accidents, however, is reported to be actuator faults/failures caused.



As a vital element of UV operation, actuators may fail to operate due to a variety of malfunc-
tions, such as wear and tear of the gear, motor failure, mechanical deformation, control surface
damage, and battery drainage. The presence of actuator faults/failures increases reliability and
safety demands of UVs which are beyond what the traditional control methods can offer, mean-
while the faulty actuators may deteriorate the system performance and even cause catastrophic
results (crash). In addition, slow compensation of actuator faults may likewise bring UVs into
a hazardous situation. The primacy among these challenges is thereby how to design a fault-
tolerant control (FTC) law [22] for UVs in the event of actuators, sensors and system components
faults/failures. Fortunately, recent years, the growing demand for the reliability and safety in engi-
neering systems can provide significant references to the FTC design for UVs [3,20,23-29].

In a fault-tolerant control system (FTCS), the achievable and acceptable system performance
mainly depends on the availability of redundancy and capability of actuators in the control system
as well as the design methodologies adopted in the synthesis of fault-tolerant controllers. Their
predominant objectives are to preserve the stability of the overall system and to maintain a satis-
factory level of performance in the presence of system component malfunctions. Current FTCSs
are generally classified into two categories, namely, active and passive FTCSs [22,30]. A common-
ality in both approaches is the utilization of system redundancies, while their primary difference is
how the redundancy is used.

The design philosophy of active FTCS is to adapt to system component malfunctions (including
actuators, sensors, and system itself) by reconfiguring the controller according to the real-time
detected faults information from a fault detection and diagnosis (FDD) mechanism. A typical
active FTCS consists of a FDD scheme, a reconfigurable controller, and a control reconfiguration
mechanism. On the other hand, in a passive FTCS design, a list of potential faults is assumed to
be a priori known at the design stage and controller is designed by considering the possible faults
during the design stage. This indicates that no additional fault compensating actions are needed by
the existing control system in response to the event of faults. Neither the FDD scheme nor control

reconfiguration mechanism is required in passive FTCSs..



Since neither fault detection and diagnosis (FDD) schemes nor controller reconfiguration mech-
anisms are required in passive FTC approach, the fault-tolerant property is achieved primarily at-
tributes to the controller’s robustness to a wide operation range of a specific system. A fuzzy
proportional-integral-derivative (PID) based FTC method is developed in [31] for compensating
the loss of control effectiveness in all motors and a single motor, respectively. [32] introduces
an augmented sliding mode control (SMC) approach to further enhance the robustness of tradi-
tional SMC and make it capable of dealing with both fault-free and faulty systems. This proposed
method is experimentally validated with loss of 15% control effectiveness in one single actuator
of the unmanned quadrotor helicopter (UQH). In [33], a learning-based FTC scheme is developed
with online self-tuning of control gains capabilities, this is expected to ensure an acceptable perfor-
mance of UQH in either the absence or presence of actuator faults. In [34], employing its adaptive
and self-tuning capabilities to system parameters variations, the model reference adaptive control
(MRAC) method is used for tolerating the actuator failure of UQH. Another interesting applica-
tion is conducted in [35], the robust feedback linearization control approach is developed for the
stabilization of UQH along the vertical axis, sacrificing the controllability of the yaw state when
one of the actuators’ control effectiveness is totally lost.

In terms of the active FTC approach, based on the estimates of actuator faults from FDD mod-
ule, it actively responds to system components failures via reconfiguring control actions so that the
stability and acceptable performance of the entire system can be guaranteed; and much previous
work has been carried out as well. In [36], feedback linearization techniques are adopted in the
double-layer FTC architecture with inner and outer loops, while the fault information is supposed
to be available from a fault detection and isolation (FDI) module. [37] presents a FTC method with
a fault recovery mechanism employing an adaptive feedback linearization methodology. A param-
eter estimation algorithm is also introduced to estimate the loss of control effectiveness fault. A
FTC methodology combining an integral action with the conventional SMC is proposed in [32] to

effectively compensate the adverse effects of actuator faults. In [34,38], the gain-scheduled (GS)



technique is utilized to parametrize the PID parameters as functions of the GS variable includ-
ing a group of control gains calculated in offline for both normal and faulty situations, an online
switching among different PID gains is then conducted based on the result of FDD, but no FDD
mechanism design is addressed in these papers. As an alternative and promising FTC approach, the
control allocation (CA) technique is adopted in [39], and the partial loss of control effectiveness in
actuators is considered. Recently, [40] presents a FTC design approach using the linear parameter
varying (LPV) control technique. Moreover, model predictive control (MPC) technique is likewise
adopted to appropriately compensate the side effects of actuator faults, where the fault parameters

are obtained employing a moving horizon estimator (MHE) [41].

1.2.3 Actuator Saturation

In addition to FTC, as another critical and practical issue, actuator dynamics such as amplitude
and rate constraints and time delays should be also taken into consideration in the control strategy
design in order to prevent actuator saturation and unacceptable system performance degradation.
Particularly in the case of actuator faults compensation, increasing control efforts demands may
cause the remaining healthy actuators to work beyond their normal duty, and eventually lead to
the violation of their amplitude/rate limits and system uncontrollability. Furthermore, actuator
dynamics cannot be prompt enough to be negligible in practice, aggressive actuator actions may
cause excessive wear and tear of actuators, actuator saturation, and even the probability of further
damage. As reported in the existing literatures, two types of techniques are adopted in the FTC
scheme design with integration of actuator limits. One type is to consider actuator dynamics at the
design stage of the FTC strategy preventing actuators from exceeding their limits [42,43]; while
the other one suggests a system command adjustment mechanism for actuator saturation prevention

with an acceptable performance degradation [44—47].
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1.2.4 Environmental Disturbances

Applications employing UVs are inevitably influenced by environmental disturbances, such as
winds, waves, and currents, while the small-scale UVs in particular are more sensitive to environ-
mental disturbances owing to their low inertia and small size. Disturbances produce a pressure
variation on the hull surface, which in turn induce forces and moments. An accurate description of
environmental disturbances is not only significant in UVs simulators that are developed for human
operators, but also critical for improving the performance of UVs’ GNC systems.

One of the most significant challenges in path following of USV is to accurately reject the
time-varying environmental disturbances. For example, the failure of disturbance rejection may
deteriorate system performance or even lead to catastrophic accidents. Especially, in the applica-
tion of environmental monitoring and seabed exploration, it is challenging to steer USV to follow
the desired path within an acceptable bound of cross-track errors. Therefore, it is significant to
take into account of the time-varying disturbances attenuation in USV’s controller design.

In view of path following of UVs under environmental disturbances, great efforts have been
devoted. Adaptive control is used for straight line following in [48], but only the constant ocean
current is considered. In addition, a backstepping control scheme that forces a USV to follow a
reference path under disturbances is reported in [49]. In [50], a nonlinear robust adaptive control
strategy is designed to steer an underactuated ship to follow a planned path in the presence of
environmental disturbances. Lyapunov’s direct, backstepping, and parameter projection methods
are employed in the controller design procedure. It is worth mentioning that, in [51], path following
of a USV is achieved using the state feedback linearization.

With respect to the time-varying disturbances, some control strategies have been proposed ac-
cordingly. In [52], unknown time-varying environmental disturbances are accounted for trajectory
tracking control of a USV. An observer is constructed to provide the estimation of unknown dis-
turbances, and a backstepping controller is developed to track the desired path. Backstepping and
Lyapunov synthesis methods are utilized to reject time-varying disturbances during the course of

trajectory tracking in [53]. In [54], a linear algebra approach originated from a robotic system is

11



applied for a USV to follow a desirable path under the time-varying disturbances. In [55], a con-
troller named as disturbance compensating model predictive control (DC-MPC) is presented with
consideration of environmental disturbances and system constraints. The time-invariant distur-
bances are estimated by an observer and compensated by solving a low-dimensional optimization
problem, whereas it may not be appropriate in the presence of time-varying disturbances. More-
over, the identical limits for the nominal, additional, and their incorporated (the ultimate control
input) control inputs may cause the additional compensating mechanism becomes infeasible when
the nominal control input saturates. Unfortunately, to the best of the author’s knowledge, the con-
straints of system states and actuators are not considered in most of the open literatures of USVs.
Furthermore, most of the existing controllers with fixed control gains are often robust to large vari-
ations in the system or external disturbances by sacrificing their control performance, while others

can only guarantee the control performance under small scale disturbances.

1.2.5 Reliability and Safety of Unmanned Vehicles

Reliability and safety play a vital role in the overall functioning of elements, components, and
systems. Reliability is the ability of a system to perform an assigned mission with a satisfactory
performance under distinct environmental conditions, within an acceptable range, and during a
specific period of time. Whereas safety is defined as the capability of a system not to threaten the
normal functionality of persons, facilities and environment in vicinity.

However, an improvement of system safety may somewhat cause a deterioration of the system
reliability if, for instance, the increase of components number. In order to guarantee the satisfactory
performance of system and the successful implementation of assigned missions, several approaches

presented in this thesis exactly deal with the reliability and safety issues of UVs.

1.2.6 Path Following Schemes

Due to the high dependence on the reference model and sophisticated control laws of the trajec-

tory tracking methods, researchers in control community have studied the path following problem,

12



which is proved to be quite suitable for practical implementation. Currently, two types of path fol-
lowing approaches are well designed and commonly implemented in practice, namely the Serret-

Frenet (SF) frame based path following method and line-of-sight (LOS) path following method.

1.2.6.1 Serret-Frenet Frame Based Path Following

As a commonly adopted path following strategy for UVs, SF frame based path following
scheme is defined as projecting the position of an actual vehicle onto the desired geometrical path,
effectively guaranteeing that an imagined and virtual target vehicle exists on the closest position of
the path to the real UV during the entire mission [56]. The associated kinematics of UV, which are
the path tangential frame at the exact point of projection, are yielded with respect to the SF frame.
Then, the path following problem is solved by employing the SF error dynamics.

Numerous relative research works have been conducted. In [57], a fourth-order ship model is
used in SF frame for developing a control strategy to track both a straight line and a circle in the
presence of constant ocean current. To properly compensate the cross-track and heading errors,
two different control methods are studied, namely the back-stepping control approach which relies
on a feedback dominance scheme [58] and the model predictive control (MPC) approach with a
disturbance compensating mechanism [55]. An alternative way of treating SF frame based path
following problem is proposed in [59], the mathematical model of the ship is first written in the
SF frame. A nonlinear controller is then synthesised by employing the Lyapunov’s direct method
and backstepping technique. [60] introduces a Lyapunov-based guidance law which can make the
path following error coordinates converge to zero. Moreover, the SF frame based path following

problems are also well studied in [61-63].

1.2.6.2 Line-of-Sight Path Following

Another popular and effective way to follow the predefined path independent of temporal con-
straint (path following application [64]) is to implement a lookahead distance based LOS guidance

rule [65], mimicking the actions of experienced helmsman. Based on the geometry of UVs, this
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guidance system generates a reference trajectory for the heading angles, which are then fed into the
control system to follow. Numerous applications using LOS guidance are carried out [66—68], the
uniform semi-global exponential stability (USGES) of LOS guidance law is also proved in [69].
Despite they are effective and easy-to-use, the classical proportional LOS guidance methods still
own the drawbacks of being susceptible to environmental disturbances, since they are designed
assuming that there are no external disturbances acting on vehicles.

But in reality, there normally exist ocean currents that are caused by the gravity, Coriolis force,
wind friction, water density variation, heat exchange at the sea surface, as well as salinity changes.
The adverse effects of currents along with the USV’s turning induced lateral acceleration can result
in the so-called sideslip angle, which may cause the USV exhibits large cross-track errors during
either curved or straight line path following applications [70]. However, this disadvantage may
not be perfectly overcome by solely developing an effective heading angle tracking controller,
since the negative impacts primarily originate from the heading reference generator. The solution
suggested in the existing literatures is to include an integral term in the LOS guidance law. This
new guidance law is then referred to as a proportional-integral (PI) type of LOS guidance law
(the relative applications can be found in [71-74]). These LOS guidance laws, to some extent,
are effective to the sideslip angle compensating with a specific range. Recently, an adaptive LOS
guidance law [70,75] capable of further improving the performance of sideslip angle compensating
with extended range is proposed, whereas the sideslip angle is required online.

The most straightforward and effective way of measuring the sideslip angle is usually deemed
to use onboard sensors including optical correlation sensors, accelerometers, and global naviga-
tion satellite system (GNSS). But the optical correlation sensors are usually pricey, while the ac-
celerometer measurements and GNSS tend to be noisy and cause large accumulated errors during
long-term operations due to their bias. Although the information of ocean currents is crucial for es-
timating sideslip angle and improving path following performance, it is often difficult, expensive,
and time-consuming to measure ocean currents from a moving USV. Furthermore, as a power-

ful equipment to acquire the estimations of current velocities, electromagnetic current meters and
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acoustic Doppler current profilers are nowadays widely installed on ships [76, 77], whereas space
constraints of USV also limit the number and size of onboard equipments [74].

In order to tackle the abovementioned problems, observer-based sideslip angle estimation ap-
proaches are then extensively studied in the literature [78—80]. Later on, sideslip angle estimation
and compensating are both considered in [70,75] to adjust the desired heading angles before feed-
ing them to the control system so that the control system can follow the anticipated trajectory with

significantly reduced path deviation.

1.3 Ojectives of This Thesis

This thesis aims to design and develop reliable and safe motion control schemes with applica-
tion to unmanned vehicles at both individual unmanned vehicle and a group of unmanned vehicles

levels. Particularly, this thesis is organized based on the following research objectives:

e Designing and developing effective path following methodologies that can counteract the ad-
verse effects from sideslip angle and environmental disturbances, while successfully operate

the unmanned vehicles to follow the desired path.
e Designing and developing a passive fault-tolerant control method without an explicit model.

e Designing and developing fault detection and diagnosis schemes and active fault-tolerant
control approaches based on accurate system models for improving the reliability of un-

manned vehicles.

e Designing and developing an effective time-varying control strategy for the operation of

unmanned vehicles under different working conditions.

e Designing and developing a formation control scheme for the operation of a group of un-
manned vehicles simultaneously considering actuator faults, actuator saturation, and colli-

sion avoidance in order to enhance the reliability and safety of the entire formation.
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To sum up, the conducted research works in this thesis are primarily expected to synthesize
advanced levels of path following, disturbance estimation and compensation, fault detection and
diagnosis, fault-tolerant control, actuator saturation prevention, and collision avoidance capabili-
ties in unmanned vehicles, these in turn can guarantee the satisfactory, reliable, and safe perfor-
mance at both individual and multiple unmanned vehicles levels. Finally, the proposed schemes
and strategies are verified by a series of simulations on well-known unmanned vehicles models and
experimental tests in the presence of environmental disturbances, different realistic fault scenarios,

actuator saturation, and obstacles.

1.4 Contributions of This Thesis

The main contribution of this thesis can be categorized into the following four major aspects:
(1) Reliable and safe path following
(a) Design of an adaptive sideslip angle estimating and compensating based LOS path
following scheme for USV.
(b) Design of a SF frame based path following method for USV with consideration of
environmental disturbances and actuator dynamics.
(2) Reliable and safe control of single unmanned vehicle
(a) Desgin of a learning-based fault-tolerant tracking control (FTTC) approach for the un-
manned quadrotor helicopter under disturbances, uncertainties, and actuator faults.

(b) Design of an adaptive fault estimation and FTTC law for unmanned quadrotor heli-

copter, while considering actuator dynamics.
(c) Design of a PI type of adaptive FTTC law for USV.
(d) Design of a linear parameter varying (LPV) based parameter estimation law and a LPV-

based FTC law for the operation of USV with actuator faults and payload variations.
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(3) Reliable and safe formation control multiple unmanned vehicles

(a) Design of a PI type of leader-follower formation control scheme for a group of UAVs.
(b) Simultaneous consideration of FTC, actuator saturation, and collision avoidance in the
UAVs formation control.

(4) USV experimental platform development

(a) Development and system integration of USV and control system.

(b) System identification of USV’s actuators.

1.5 Organization of This Thesis

The rest of this thesis is organized as follows:
e Chapter 2 provides an overview of some preliminary knowledges used in the thesis.

e Chapter 3 addresses the problem of reliable and safe path following of UVs. Two types of
path following schemes are studied, namely the SF frame based path following method and
LOS path following method. In the SF frame based path following method, both environ-
mental disturbances and actuator saturation are considered. Whereas inertia and currents

caused sideslip angle is detailedly studied in the LOS path following scheme design.

e Chapter 4 introduces the issues of reliable and safe control of UVs. Several FTC approaches
are designed, from passive FTC method to active FTC method. A learning-based fault-
tolerant tracking controller is devised for learning and compensating the negative effects of
actuator faults. Then, an adaptive FTTC method is proposed considering actuator saturation.
For the variations of UVs’ working conditions, a LPV control technique is also employed

for estimating the amplitude of actuator faults and mitigating their side effects.
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e Chapter 5 illustrates the formation control of multiple UAVs. A leader-follower formation
control methodology is designed, and FTC and collision avoidance problems are simultane-

ously taken into account as well.

e Chapter 6 presents conclusions of the conducted research works and important findings, and

summarizes several predominant ideas for the future developments of the thesis’s outcomes.
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Chapter 2

Preliminaries

2.1 Modelling of Unmanned Vehicles

In this thesis, two types of unmanned vehicles are mainly studied; one is unmanned aerial vehi-
cle (UAV), the other one is unmanned surface vehicle (USV). Their corresponding motion models
and associated guidance, navigation, and control (GNC) issues are discussed in the subsequent

sections of this chapter.

2.1.1 Unmanned Surface Vehicle

Roughly two-thirds of the earth is covered by oceans [1], but comparatively little of these areas
have been thoroughly explored. Climate change, environmental abnormalities, personnel require-
ments, and national security issues have all led to a strong demand from commercial, scientific,
and military communities for the development of innovative unmanned surface vehicles (USVs),
also known as autonomous surface vehicles (ASVs) or autonomous surface crafts (ASCs). Despite
this, only semi-autonomous USVs have normally been used rather than fully-autonomous USVs,
owing to numerous challenges facing by the latter, such as limited autonomy due to the challenges
in automated and reliable GNC functions for all different operating conditions in face of sophis-

ticated and hazardous environments, and sensor, actuator and communication failures. Further
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development of fully-autonomous USVs is required in order to minimize both the needs for human
control and the safe and reliable operation of USVs [81].

USVs can be defined as unmanned vehicles which perform tasks in a variety of cluttered envi-
ronments without any human intervention, and essentially exhibit highly nonlinear dynamics [82].
Further development of USVs are expected to produce tremendous benefits, such as lower devel-
opment and operation costs, improved personnel safety and security, extended operational range
(reliability) and precision, greater autonomy, as well as increased flexibility in sophisticated envi-
ronments, including so-called dirty, dull, harsh, and dangerous missions [15, 82].

With the aid of more effective, compact, commercially available and affordable navigation
equipment, including global positioning systems (GPSs) and inertial measurement units (IMUs),
as well as more powerful and reliable wireless communication systems, greater opportunities have
been provided for USVs and their applications than ever before. USVs can be developed for a wide

range of potential applications (as listed in Table 2.1) in a cost-effective way.

Table 2.1: Potential applications of USVs [1]

Types Specific Applications
Bathymetric survey [15]; ocean biological phenomena, and migration and changes
in major ecosystems [83]; ocean activities research; multi-vehicle cooperation (co-

f;slzgégc 0perativ§ work among aerial, ground, water surf.ace or unde.rwater Vehicle§) [84, 85];
as experimental platforms for the purpose of testing hull designs, communication and
sensor equipments, propulsion and operating systems, as well as control schemes [82].

. Environmental monitoring, samplings, and assessment [86]; disaster (like tsunami,

Environmental . . . . ..

missions hurricane, eruption of submarlr}e volcano) aided prediction and management, and
emergency response [87]; pollution measurements and clean-up.

Ocean Oil, gas and mine explorations [15]; offshore platform/pipeline construction and main-

resource tenance [88].

exploration Port, harbor, and coastal surveillance, reconnaissance and patrolling [89-91]; search

Military uses and rescue [15, 87]; anti-terrorism/force protection [81]; mine countermeasures; re-
mote weapons platform [92]; target drone boats [15].

Other Transportation [93]; mobile communication relays [94]; refueling platform for USVs,

applications unmanned aerial vehicles (UAVs), unmanned underwater vehicles (UUVs), and other
manned vehicles.

USVs are always in competition with other manned or unmanned systems in terms of some spe-
cific applications [95]. Table 2.2 provides a brief comparison of these systems, and the following
advantages of USVs can be identified: 1) USVs can perform longer and more hazardous missions

than manned vehicles; 2) Maintenance costs are lower and personnel safety is far greater since no
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Figure 2.1: Iustration of USV moving in the horizontal plane.

crew is onboard; 3) The low weight and compact dimensions of USVs give them enhanced maneu-
verability and deployability in shallow waters (riverine and coastal areas) where larger craft cannot
operate effectively; 4) USVs also have greater potential payload capacity and are able to perform

deeper water depth monitoring and sampling compared to other aircraft/UAVs and spacecraft.

Table 2.2: Performance comparison of USVs and other vehicles [1]

. Clear advantage of USVs ‘) Near parity O Clear disadvantage of USVs

Attributes UUVs Pt Satellites B;ﬁ;:d UAVs Aircrafts
Endurance O O O O @ @
Payload capacity] () [ D) @ L ) @ (D)
Cost M) O @ [ ) O [ )
Maneuverability o o o o @) ®
Deployability @ @ @ @ O o
vess O | © | @ | © | @ | ©
ey | © e e o 0 ®

2.1.1.1 Kinematics of Unmanned Surface Vehicle

A system model that describes its dynamics is essential to the controller design. The kinemat-

ics and kinetics of USV are addressed in the following. With respect to USV control, there is no
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Table 2.3: Nomenclature of USV parameters

Symbols Explanation

M System inertia matrix (including added mass)

M rp Rigid-body system inertia matrix

M 4 Added mass

C(v) Coriolis and centripetal matrix (including added mass)

Crp(v) Rigid-body Coriolis and centripetal matrix

Ci(v Hydrodynamic Coriolis and centripetal matrix

D Linear damping matrix

D(v) Hydrodynamic damping matrix

D,(v) Nonlinear damping matrix

g(n) Restoring forces and moments due to gravitation/buoyancy

T Control inputs acting on USV 7 = [, T,, 7,] is for fully-actuated
USV, while 7 = [1,,,0, 7,]7 is for underactuated USV

Tu Control inputs (forces) in surge direction

Ty Control inputs (forces) in sway direction

T Control inputs (moments) in yaw direction

TE Environmental disturbances (winds, waves and currents)

m Mass of USV

I, USV inertia about the Z axis of body-fixed frame

Xg USV CG along the X coordinate of body-fixed frame

requirement for the consideration of either passenger comfort or cargo stability. Its primary pur-
pose is merely to ensure the USV follows the desired path as accurately as possible. Based on this
characteristic, the general six-DOF model can be reduced to only consider the position and orien-
tation of USV, a standard three degrees of freedom (DOF) model is often employed to describe the
planar motion of USV (shown in Fig. 2.1). This model only involves the motion of surge, sway,

and yaw velocities v,, vy, and r, while the dynamics related to heave, roll, and pitch velocities v,

p, and g are normally neglected.

The typical USV’s kinematics model [96] in planar motion and without the presence of distur-

bances can then be expressed as:

x costy —siny 0 [vg
y| = [siny  cosyp O |vy] s
¥ 0 0 1| |r
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where (z,y) denotes the earth-fixed position of the center of mass of USV.

2.1.1.2 Kinetics of Unmanned Surface Vehicle

In addition to kinematics, USV’s kinetics, which are the analysis of forces acting on the motion
of USV, have also been extensively studied. The reason for this is their crucial importance for
advanced controller design [97], as well as the fact that kinematics model on their own are not
sufficient for USV motion modeling, particularly when USVs exhibit significant sideslip angle.
For a more comprehensive history of USV dynamic model development, readers are encouraged
to refer to [65,96,98]. The following model is the most widely used kinetics model in the ship

motion control research community:

Mv+ Cw)v +Dw)v+g(n) =1 +Tg, )

where the physical meanings of symbols in (2) are all outlined in Table 2.3, while the representation

of each symbol is introduced as belows:
mi1 0 0

M = Mpp+ Ma = 0 mo2 Mo3|»

0 m3 ms3

m 0 0 — Xy 0 0
Mgrp=10 m my,|-Ma=]| 0 =Y, Y|

0 myxy, L. 0  —Ny —Ni

dy1(u) 0 0 —Xu 0 0
D(v) =D+ D,(v) = 0 doo(v,7) dos(v,7)|- D=1 0 -Y, -Y.|
0 dsa(v,r) dss(v,r) 0 —-N, —N,

- u‘u||u] 0 0

Dy (v) = 0 =Yool = Yl =Ygpelv] = Yieplr| |
0 =Ny [v] = Nipolr]  =Njyjrv] = Nipjp| 7|
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0 0 —Ma9gl — %(m23 -+ m32)7“

C(v) = Cgrp(v) + Ca(v) = 0 0 miiu )
Moo + 5(Mag + ma2)r  —miu 0
0 0 —Yov—3(Ye+Ny)r

Cav)=— 0 0 Xgu :

You+ 5(Yi + No)r —Xqu 0

0 0 —m(xgr+v)

Crp(v) = 0 0 mu

m(xgr +v) —mu 0

Other hydrodynamic coefficients (such as X,,, Y., Y,, N,, and NV,.) can be referred to [97,98].

n = [z,y,v]T denotes the vector of position and orientation with coordinates in the earth-fixed

reference frame, v = [v,, v, 7|” denotes the vector of linear and angular velocity with coordinates
in the body-fixed reference frame, n = [z, y, ¥|T, v = [u, v, r]T, and 7 = [7,, 0, 7,]7 with 7,
and 7, being the surge force generated by the propeller, and yaw moment provided by the rudder,
and Tg = [Tug Tog Tr E]T with 7, g, 7,p and 7, being the environmental disturbances (induced by
waves, wind, and currents) respectively acting on the surge, sway, and yaw axes.

In order to better facilitate the control design, existing research assumes that:
(1) USVs are moving in a horizontal plane in the ideal fluid;
(2) USV masses are uniformly distributed;
(3) the body-fixed coordinate axis coincides with the center of gravity (CG);
(4) both the CG and the center of buoyancy (CB) point vertically along the Z-axis;
(5) USVs own the port-starboard symmetry; and

(6) surge and sway-yaw dynamics are essentially decoupled.
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Based on these assumptions, a widely used dynamic model of USV can be obtained [98]:

. Mo3 di 1
Vg = ——VyT — —Vp + —(Ty + Tug)
mi mii mi

. mii da

Uy = —— V7 — ——(vy + Tyg) 3)
mag mag
. mi1 — Ma2 ds3 1
F=————0y — — 71+ — (T + Trp),
ma3 ma3 33

where the terms mj1, mae2, and mass denote the ship inertia and added mass effects, while the

parameters d;1, das, and ds3 represent the hydrodynamic damping forces.

F,

Front

Right

Figure 2.2: Illustration of a typical unmanned quadrotor helicopter.

2.1.2 Unmanned Aerial Vehicle

As illustrated in Fig. 2.2, the thrusts (u;, us, us, u,4) are generated by four individual motor-
driven propellers which are configured at the front, rear, left, and right corners, respectively. The
front and rear motors spin clockwise, while the right and left motors spin counter-clockwise. The

generated thrusts are always pointing upward in the zg—direction. Therefore,

(1) the vertical translation can be achieved by straightforwardly assigning identical amount of

control signal to each motor; and

(2) the horizontal translation requires the unmanned quadrotor helicopter (UQH) to roll or pitch

in advance, so that a forward or lateral movement can then be produced.
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Moreover, the roll and pitch rotations can be achieved by distributing a different amount of

control signals to the opposite motors, which force the UQH to tilt towards the slowest motor [33].

2.1.2.1 Nonlinear Model of Unmanned Aerial Vehicle

A widely employed nonlinear UQH model [33] with respect to the earth-fixed coordinate sys-

tem can be defined as:

(sinysing + cospsinfcosp)u, — Ky

m
. (sinysinficosp — cosysing)u, — Koy
v= m
(cosbcosp)u, — K3z
5 o= Kb “@
I,
é _ Ug — K59
Iy
- Uy — Kgt
Y= I

The relationship between accelerations and lifts/torques can be expressed as:

u, 1 1 1 1/||R
Ug L —L 0 0 F2
= : o)
U 0 0 L —L||F
wl| | ¢ -c -cl| |k

2.1.2.2 Linearization of Unmanned Aerial Vehicle Model

Assumption 1 The UQH is assumed to move in near-hovering flight condition, this implies that
1) u, =~ mg along the vertical direction; 2) pitch and roll angles are so small that sing =
¢ and sinf = 60; In addition, there is no operation for yaw motion (¢ = 0) during the entire

flight period.
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Based on Assumption 1, a linearized model of (4) can be obtained:

i =g
y=—0g

i=u/m—yg ©
Lo = ug(t)

1,6 = uy(t)
L) = uy.

2.1.2.3 Actuator Dynamics

For a typical UQH, the produced thrust F; of the ith rotor is related to its corresponding pulse

width modulation (PWM) input «}"" with the following first-order linear transfer function:
Wm

F, =K u?m, )

m
S+ w,

In the existing research [33, 34], in order to facilitate the linear controller design, the actuator

Wm

model is usually simplified as K, 52—

~ K,,. However, in practice, actuator dynamics are not
sufficiently fast to be omitted. The overall system performance may be significantly deteriorated
when actuator dynamics are not considered in the controller design procedure. It is worth noting
that K, and w,, are theoretically assumed to be identical for the four motors; whereas this may
not be the case in practice, which can cause model uncertainties entering into the control system.

From (7), the derivative of F; can be derived as follows:

Fi = Fy = Kpwnub?*™ — w,, F, ®)

where F.; denotes the thrust variation rate of the 7th rotor.

To meet the physical constraints of each actuator in practice, F; and F}; are then limited within
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their corresponding safe operating region:

F, = Kpwnu?*™" — w, F, F, € [-®,,®,],

where Fr - [F'rly Fr27 Fr37 F’r4]Ta ¢d - [q)dl) q)d27 q)d?n q)dédTa and q)r - [q)rla q)1‘27 q)r?)u q)r4]T-
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Fi € [~ g, Dail,
)
Fi € [= @, @44,
where ®,; and ®,; represent the limits of F; and F,;, respectively, ¢ € [1, ..., 4].
Table 2.4: Nomenclature (earth-fixed coordinate system)
Symbols Explanation
T, Y, 2 Coordinates of UQH at center of mass
0 Pitch angle
0] Roll angle
(0 Yaw angle
u, () Total lift force
up(t) The applied torque in # direction
ug(t) The applied torque in ¢ direction
wy(t) The applied torque in 1) direction
K, (n=1,2,...,6) Drag coefficients
u;(t) (i =1,2,3,4) Thrust of each rotor
Center distance between the gravity of UQH and each propeller
([jm Thrust-to-moment scaling factor
g Acceleration of gravity
m UQH mass
I, Moment of inertia along x direction
I, Moment of inertia along y direction
I, Moment of inertia along z direction
W Actuator bandwidth
K, A positive gain
uei(t) (i =1,2,3,4) PWM signals distributed to each rotor
Similarly, it is possible to formulate the operating constraints for multiple actuators:
F e[y, ®4,
(10)



The definition of the above-mentioned symbols are all summarized in Table 2.4.

2.2 Actuator Faults Formulation

To formulate the FTC problem, A faulty actuator model can be formulated as. Writing the

faulty control input as follows:

ug(t) = (In = Ly)u(t), (11)

where us(t) = [us(t), upa(t), ups(t), upa(t)]? and Ly = diag{ls1, 2,13, 154} denote the faulty
control input and loss of control effectiveness ratio. I,, € R"™*™ is an identity matrix. wuy(t) is
the control input of the sth faulty actuator, 0 < [;; < 1 1is the partial loss of control effectiveness.

l¢; = 0 indicates the ¢th actuator is healthy, while /;; = 1 means a total failure of the ith actuator.

2.3 Environmental Disturbances Formulation

Waves and currents are regarded as the dominant factors of influencing USV performance [99].

2.3.1 Waves

According to [98], the wave w(s) can be described as:

K,s
s% + 2Cwos + wi

w(s) = h(s), (12)

where h(s) is Gaussian white noise, wy, ¢ and K, are the model frequency, damping coefficient

and gain constant, respectively.

2.3.2 Currents

As stated in [98], the two-dimensional current is composed of the direction of the current ~y,. and

the average speed of current V,(¢). The average velocity of current can be simulated by using the
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dVe(t)

==+ 1oV (t) = w(t), where constant y1o > 0 and h(s) is a zero

first-order Gauss-Markov process

mean Gaussian white noise sequence. The boundary of V_(t) is denoted as V;,,;, < V(1) < Vinga-

Therefore, the body-fixed kinematic equations can be expressed as:

ue = Ve(t)cos(ve — v)

Ve = VC(t)Sinﬁ/c - ¢)

(13)

2.4 Path Following Schemes

Two types of path following methods are studied in this research, one is LOS path following,

while the other one is SF frame based path following.

(X5 Vi)

Figure 2.3: Schematic diagram of the LOS guidance geometry.

2.4.1 Line-of-Sight Path Following

As illustrated in Fig. 2.3, a two-dimensional (2D) continuous C* parametrized path (z,(p), y,(p))
is considered in this study, where p represents the path variable, is assumed to go through a set of
successive waypoints (xy, yx) for & = 1,..., N. And for arbitrary path point (x,(p), y,(p)), the

path-tangential angle ~y(p) is calculated by:

/

7(p) = arctan(y,(p), z;,(p)), (14)
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where z/,(p) = dx,/0p and y,(p) = Jy,/dp. It is worth noting that v = arctan(ye1 — Y, Trt1 —
xy) is constant when the desired path is a straight line between the waypoints, while ~(p) varies
according to (14) when the desired path is a parametrized curve.

For the USV locates at (i, y), the cross-track error, which is defined as the orthogonal distance

to the path tangential reference frame, can be computed by:

e = —(z —x,(p)) sin(v(p)) + (¥ — yp(p)) cos(v(p))- (15)

The path-normal line can then be obtained as:

V=) = — s = () (16)

Differentiating (15) with respect to time gives:

€ = —(&—dp(p))sin(y) + (§ = ¥p(p)) cos(v) — [(z — zp(p)) cos(7) + (y = yp(p)) sin(v)]§. (17)
According to (14) and (16), one can obtain:

Tp(p) sin(y) — gp(p) cos(v) =0,

(18)
(x — 2p(p)) cos(7) + (y — yp(p)) sin(y) =0.
Based on (18), the combination of (1) and (17) generates:
¢ =— &sin(y) + g cos(y)
(19)
= — (vy cos ) — vy sine) sin(7y) + (v, siny + v, cos ) cos(7y).
Writing into amplitude-phase form, (19) becomes:
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where U = ,/v2 4 v2, the course angle x = ¢ + [, and 8 = atan2(v,,v,) denotes the sideslip
angle caused by the drift forces (winds, waves, and currents) and USV’s steering operation during

the path following procedure.

Assumption 2 [t assumes that the sideslip angle [ is constant and so small that B=0 during

path following, and it also implies that sin(f) ~ [ and cos(f) ~ 1.

This assumption is reasonable when the USV is under normal operation, and only a few degrees
of sideslip is also observed in this case [75]. Furthermore, the sideslip angle varies much slower
than the control bandwidth, these variations can thereby be properly tracked by the adaptation law.
However, the path following performance of USV to some extent can be affected, although the
sideslip angle is relatively small (typically 8 < 5deg). A significant deviation from the anticipated
path may eventually be induced if no proper compensation action to the sideslip angle is conducted.

Making use of the kinematic property, sin(Ay, + By) = sin(Ay) cos(By) + cos(Ay) sin(By),
then (20) becomes:

¢ =Usin(y) — ) cos f + U cos(yp — ) sin(f). (21)

Based on Assumption 2, (21) reduces to:

e =Usin(¢) — ) + U cos(vp —7)5. (22)

2.4.2 Serret-Frenet Frame Based Path Following

Serret-Frenet frame (illustrated in Fig. 2.4) is often adopted to obtain the error dynamics as:

w‘e - 1/1 - 'QbSF - ﬁ(vxszlnwe - Uy003¢e) + 7, (23)

& = vysint. + v,coste, (24)

where the symbols in (23) and (24) as well as Fig. 2.4 are illustrated in Table 2.5.
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Table 2.5: Nomenclature of USV parameters

Symbols Explanation

{YeOrXg} The earth-fixed frame

{YOpXp} The ship body-fixed frame

{YsrOgsrXsr} The Serret-Frenet frame
The cross-track error

e
Ye The heading error
Ygp The heading angle of virtual vessel
K The curvature of the desired path
Xsr Tangent direction at the origin of {YsrOsr Xsr}
Ysr Normal direction at the origin of {YsrOgsrXsr}
XpB Tangent direction at the origin of {YpOpXpg}
Ygn Normal direction at the origin of {YpOpXp}
A
Y, Virtual USV
Yo Desired path
— \ .
Op ‘YE-;

Figure 2.4: The variables and coordinates for Serret-Frenet frame based path following.

The general principle of Serret-Frenet frame based path following can be represented by forcing
e and 1, to converge to zero, while keeping a specific rudder angle to neutralize the environmental

disturbances. Additionally, when a USV follows a straight line path, « tends to be zero.
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Chapter 3

Reliable and Safe Path Following of

Unmanned Vehicles

This chapter studies the topics of path following of USV. In the application of path following,
USV is required to follow a user-defined path by independently tracking an expected forward
speed profile and steering its orientation. Comparing with trajectory tracking, a smoother path
and lower probability of actuator saturation can be achieved due to the fact that spatial constraints
are given priority over the temporal constraints in the path following tasks. Two types of general
path following methods are studied in the subsequence, namely the adaptive LOS path following

approach and Serret-Frenet frame based path following approach.

3.1 Adaptive Line-of-Sight Path Following

Guidance System Control System

Desired Heading u(l‘)
Path Va | Controller

Adaptive LOS
(x,») v Guidance Law

USYV System

Waypoint (xi Vi)
Switching

Figure 3.1: Overall structure of the proposed method.
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Next (xi+1 > Vit ) . V4
Waypoint ; atan2
Previous (xi, ) A +
Waypoint {y _d> 1 A + Va
Cross-track Error | € arCtan(_ A & ﬂ)
.} USVJ (x,, lﬁl_> Calculator > d
., - f
g =
n + ~ \i
Cross-track Error | € — ¢ Sidesli
Adaptive Observer U Estimatgr 3
| Proj - {—r— o J
: . A > [8.5] 2 2
Time-Varying Look-| —d i Ay +(e+a)
ahead Distance Law

Figure 3.2: Block diagram of the proposed adaptive LOS path-following method.

3.1.1 Adaptive Observer Based Line-of-Sight Guidance Law Design

As a basic and essential component for USV system, a feasible and effective guidance system
is critical for continuously generating and updating smooth and feasible path commands to the
control system to properly accomplish tasks. The LOS guidance laws for path following are usually
adopted at a kinematic level in order to produce a desired heading angle )4 (as shown in Fig. 3.1)
to the USV heading control system. Then, the control system steers the USV to track the desired
heading angle such that v = ;. More detailed design procedure can refer to the following
subsections along with Fig. 3.2.

Although GPSs are widely adopted for measuring the course over ground of ground and aerial
vehicles, it is common to obtain the yaw angle using a compass in practical applications. It is
thereby of great interest to estimate  so that £ can be exponentially regulated to zero and the
desired path can be accurately followed.

To design a feasible desired heading angle )4, the following relationship is chosen:

g = v + arctan (—L(g - a)> , (25)
Ay

where ~ and ¢ are assumed to be known and online measurable, respectively. 0 < Agpnin < Ag <

A gmae denotes the user defined lookahead distance, while « is the control input to be designed.
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Before proceeding to the next procedure, the following formulae are established:

sin (arctan<_Aid(g 4 a))) _— \/ﬁ |

1 Ag
coS arctan(—A—d(é? +a)) | = A2 + (e + )2
d

(26)

Based on (26), then (22) becomes:

- _ U(5 + ()4) I UAd ﬁ (27)

VAZ+ (e + a)? A2+ (e + a)?

To estimate (3, the following nonlinear adaptive observer is constructed:

U(é UA,
(5+(1)+ d5+

0O 0O -[(o(‘Ej - é)a (28)

fo
where ¢ and 3 are the estimates of ¢ and 3, Q = A? + (e + «)?, and observer gain K, > 0.

Define € = ¢ — £, the difference of (27) and (28) then gives:

Us  UAyS

E= Kz, (29)

where the parameter estimation error 5’ =p - B .

Theorem 1 [f Assumption 1 holds and the heading controller successfully tracks the desired head-

ing angle, the sideslip angle B can then be determined by the following adaptive estimation law:

A
b= Projiz 5 fU a°
= A%+ (e + a)?
( . UNGE
0 iff = 8, — e < 0
AZ+ (e + ) (30)
A — AE
= or 3 =03, :U ac >0
VAL + (e + @)?
KUAdé .
otherwise,
[ VA + (e +a)?
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where x > ( is the adaptation gain, 5 and 3 denote the lower and upper bounds of 3, 0 < Uy;n <
U < Upnaz- The projection operator Proj{-} [100] is adopted for projecting the estimates B to the
acceptable sideslip interval [3, 3].

Proof of Theorem I: Choosing the Lyapunov function candidate as follows:

1 1 -~
Vi==-4+_—p%>0. (31)
2 2K

According to (29), the derivation of (31) with respect to time gives:

ggQ

qt - K, &%+

% + Ul (32)

. s 1~=

Recalling Assumption 1, it follows that B = — B, substituting (30) into (32), this derives that:

V, = —%52 ~K,2<0. (33)

Finally, the global convergence of Theorem I can be proven applying Barbdlat’s lemma [101].

Corollary 1 Assume the control objective of path following is to achieve limB L3¢ = 0. Making
use of the nonlinear adaptive observer (29) and Theorem 1 together, then the virtual control input
a = AdB is chosen to asymptotically cancel the sideslip angle (3 in (27), so that the following
desired heading angle can ultimately be obtained:

g = 7y + arctan (—ie — B)) . (34)
Ag
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3.1.2 Time-Varying Lookahead Distance Scheme Design

As illustrated in [74], a smaller A, can cause a more rapid steering action with comparison of
a larger A,. A fixed lookahead distance A, can be well designed for rapidly decreasing the croos-
track error, while an unexpected oscillatory behavior around the desired path may be induced.
Therefore, in order to achieve the faster cross-track error reduction and to avoid the undesired
oscillation around the path, the lookahead distance A, is further designed to be time-varying in

this study, which is constructed as below:
Ag(vg,e) = Ap x exp™Kasth2) LA (35)

where K., and K., are the design parameters, Ax = Aae — Aoin, and A4, and A,,;, denote
the maximum and minimum boundaries of the automatically adjustable lookahead distance A,.

The design concept of (35) can be intuitively interpreted by the following two situations:

(1) a more aggressive action is usually needed to minimize the cross-track error in a fast manner
when the USV is far away from the expected path. This performance can be achieved by

assigning a small value of Ay;

(2) a more gentle behavior is required to avoid the undesired overshoot when the USV is ap-
proaching the desired path. A large value allocated to Ay is intended to realize the antic-
ipated objective. A little different from [74] is that ¢ is also considered in the calculation
of A, in this study. It is meaningful to take into account of this additional term, because
the variation rate of cross-track error, to some extent, can affect the USV path following

behavior as well.

To investigate the effects of the time-varying lookahead disturbance to the stability of guidance

system, (33) is rewritten as:

2K, <. (36)

A
LA+ (e ta) =




As can be seen from (36), the stability region of the guidance system is subject to A,,,,. More
specifically, a larger A,,,, can result in a more limited system stability region, while a smaller

A, q can lead to a less limited system stability region.

3.1.3 Piecewise Path Switching Criteria Design

In the implementation of path following, the desired path is normally divided into n straight-
line segments connected by n + 1 waypoints, then a waypoint switching strategy should be em-
ployed for the switch between these segments as they are traversed. In the existing literature [65],
a most intuitive method is suggested, which is to assign a so-called circle of acceptance to each
waypoint. Alternatively, this research presents a perhaps more practical switching criterion solely
involves the along-track distance ;. The studied switching criteria indeed preserves advantages
of the circle of acceptance strategy, while contributes to the elimination of certain deviations from
reference path caused by the circle of acceptance and reduction of the probability of failing to reach
the next waypoint. Moreover, there is no need for USV to enter the next waypoint enclosing circle
for a switch to occur [82]. The proposed switching rule [102] is to project the motion of USV to
the reference path, and to calculate its corresponding position along the reference path, which is
established as follows:

Rp — R < R;, (37)

where R4 is the distance between the previous waypoint and USV’s current position, R denotes
the distance between two neighbouring waypoints along the desired path, and R, represents the
switching distance determining the occurrence of moving to the next piece of path.

As shown in Fig. 3.3, the distance between the USV and desired path is defined as the length
of the normal line between them. The normal line is perpendicular to the path and passes through

the USV. The along-track distance R, can be obtained in the following way:
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Figure 3.3: Illustration of waypoint switching criteria.

(1) first, the angle 6 between the distances of ﬁ 4 and ﬁ g can be calculated as follows:
6 = arceos|(FBa- Hp)/(|Fall - || Hsll)). (38)

where ﬁA = (% — Tk, Ye — Yi) and ﬁB = (karl — Tk, Y1 — Yk)s ﬁA : ﬁB = (33c - xk) :

(Trs1 — k) + (Ye — Yk) - (Yot1 — Yn);

(2) then Ry is achievable using the following formula:

R, = R, cosb; (39)

(3) based on the waypoint switching law (37) and obtained along-track distance Iy, it is possible

to determine the waypoint switching action.

3.1.4 Simulation Results

In order to generate a smooth and practical path connecting the desired waypoints W P1 =
(40,24), WP2 = (30,90), WP3 = (80,100) and W P4 = (80,170), while avoiding wiggles
and zigzags of USV, in this study, these waypoints are interpolated using the cubic Hermite spline

algorithm [74]. The USV starts at position (0, 0) with 0 deg initial heading angle, travelling with a
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Figure 3.4: The desired path.

constant forward speed (1.5 m/s). The resulting path is then shown in Fig. 3.4. A first-order filter
is also utilized before feeding the yaw rate commands to the control system since the generated
path is not continuous on its second derivative. The proposed method is simulated on a nonlinear

model (parameters are selected as in Table 3.1) identified from a real USV.

Table 3.1: The system parameters used in the simulation

Parameter Value Unit

miy 1.956 -
Mo 2405 -
mss 0.403 -
diy 2436 -
dao 12.992 -
ds33 0.0564 -
l 0.07 m

3.1.4.1 Scenarios Description

The following two scenarios have been considered:

(1) Scenario I: to demonstrate the effectiveness of the proposed adaptive integral LOS path

following method comparing with a classical one. A current disturbance with constant speed
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of 0.3 m/s and direction of 30 deg is imposed. The adaptive observer and adaptation gains

are assigned the values of K, = 100 and x = 2.1, respectively.

(2) Scenario 2: to verify the function of the proposed time-varying lookahead distance mecha-
nism. This mechanism is applied in the proposed method (A, .., = 6 m and A,,,;;, = 2 m),

while a constant lookahead distance (A = 4 m) is considered in the compared algorithm.

90 T 45 T T T
80
40t
701
60r  35;
Eso— 30
< 40+
=]
zZ
301

“““““ Reference Path B
- = = Compared Controller
Proposed Controller

1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
East [m]

Figure 3.5: Performance comparison of path following.

55l = = =Compared Controller| |
: = Proposed Controller

0.5
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Cross—Track Error [m]

200

Time [s]
Figure 3.6: Performance comparison of cross-track errors.

3.1.4.2 Results of Scenario 1 and Evaluation

The current disturbance with constant speed of 0.3 m/s and direction of 30 deg is injected in

all case studies. The design parameters for the time-varying lookahead distances are chosen as
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Figure 3.7: Performance of heading angle tracking and rudder operation.

K., = 4 and K., = 1. The adaptive fault estimation gains kp; = 250000 and kp; = 2.75 are

selected as the same for all case studies.
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Figure 3.8: The estimation of sideslip angle.

Fig. 3.5 displays that the desired path is well followed under the supervision of the proposed
adaptive LOS law comparing with the classical LOS method without the adaptive scheme. More
clearly shown in Fig. 3.6, the cross-track error is significantly eliminated by the proposed guidance
law. Its good performance is mainly due to the introduction of an integral term into the LOS law
design based on the estimates of sideslip angles. From Fig. 3.7, the USV operated by the proposed
guidance law tracks the desired heading angle faster than that of the compared method.

This also explains the reason of the cross-track error reduction induced by the proposed con-

troller. Furthermore, it can be observed from Fig. 3.8 that sideslip angles caused by the imposed
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current and USV turning action are well estimated using the proposed adaptive estimation law.
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Figure 3.9: Performance comparison of path following.
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Figure 3.10: Performance comparison of cross-track errors.

3.1.4.3 Results of Scenario 2 and Evaluation

Fig. 3.9 shows that the LOS path following method with variable lookahead distance outper-
forms that with constant lookahead distance. This variant lookahead distance contributes to a fast
convergence speed to the desired path when the USV is far away from the path, while a gentle ac-

tion when the USV is moving close to the path. More specifically, from Fig. 3.10, the time-varying
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lookahead distance method induces smaller cross-track error than the constant lookahead distance
approach does, especially in each turning corner.

The variation of the lookahead distance during the operation is shown in Fig. 3.11. As it is
expected, the lookahead distance is close to its maximum value when the USV approaches to
the desired path, while it tends to be its minimum value when the USV departs away from the
path. This mechanism accordingly improves the performance of heading angle tracking, which

can significantly reduce the path deviation during the path following course.
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Figure 3.11: Performance of heading angle, lookahead distance, and rudder.
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3.1.5 Field Test Results

The effectiveness of the proposed adaptive LOS path following method is further verified on a
real-size USV (see Fig. 3.12) developed by our collaborator, a research group in Shanghai Univer-
sity. This USV, which is of 6.5m in length, 2.8m in width, and 3 ton in weight, is equipped with a
group of sensors for providing required information to guidance and control systems as well as an
onboard computer for executing command. There are two modes for the operation of USV, one is
manual remote control of USV by operator, while the other one is that the USV autonomously car-
ries out the predefined missions. In the autonomous mode (which is used for testing the proposed

methods in this research), the desired trajectory (starts at the start waypoint, travels through WPI,
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WP2 and WP3 in sequence, and finally stops at WP1) from the operator can be first planned in the

graphic user interface, and then assigned to the USV via the wireless network to execution.

Operator

= Remote
Ii}round Station Control

Jinghai USV

Figure 3.12: The employed “Jinghai” USV system.

From Fig. 3.13, the USV can follow the planned path with a satisfactory performance, using
the proposed path following method. Although the second and third waypoints are not reached
accurately, which is reasonable due to the physical limitation of the USV for satisfying such sharp
turning maneuvering motions with the designed waypoints. In order to avoid steep steering in the
real world application, a waypoint selecting mechanism is designed. This mechanism partially
drops the trajectory with sharp angles.

Fig. 3.14 shows the result of cross-track error which is critical for the evaluation of path fol-

lowing performance. Larger value of cross-track error means poorer path following performance,
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Figure 3.13: The performance of path following.
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Figure 3.15: The performance of rudder operation.
while smaller value of cross-track error indicates better path following performance. It is worth-
mentioning that there are two large cross-track errors during the entire period of path following,
one happens at around 600th second, the other one occurs at around 1320th second. Actually, this
phenomenon corresponds to the operation of two sharp waypoints selection procedure, rather than
the reduced performance of the proposed method.
As displayed in Fig. 3.15, the rudder can track the desired reference without violating the

constraint of rudder deflection [—30deg, 30deg].

3.2 Serret-Frenet Frame Based Path Following Subject to En-
vironmental Disturbances and Actuator Saturation

In this section, the other path following approach with the capability of attenuating time-

varying disturbances and subjecting to actuator saturation is proposed. The basic idea of this

47



approach is to combine the control inputs from an adaptive disturbance compensating mechanism
and a normal controller, so that the negative effects of environmental disturbances can be effec-
tively eliminated, and the desirable performance can be guaranteed as well. Likewise, yaw rate
constraint, the limits of rudder deflection and its rate are all taken into consideration at the control
design stage. The controller’s design procedure can be described as follows: 1) first, a state feed-
back tracking controller is selected as the normal controller for the operation of USV in the calm
water. This is meaningful because USV's normally operate in this kind of environment most of the
time; 2) then, a disturbance estimator is designed to detect the disturbance and estimate its ampli-
tude, while a retrofit adaptive disturbance compensating mechanism is developed to compensate
the adverse impacts of disturbance; 3) finally, the normal and adaptive disturbance compensating

control inputs are synthesized to operate the USV along the desired path.

3.2.1 USV Modelling under Environmental Disturbances

Assumption 3 The path to be followed is a straight/way-point path, so that the curvature  in (24)
can be treated as zero. The sway velocity is so small that it is negligible (this derives v, = 0). The

USV moves with a constant surge speed, which means v, = 0.

Based on Assumption 3, Eqgs. (3), (23) and (24) can be combined and further simplified, the

simplified model including the dynamics of USV and path following error can then be obtained as:

€ = wae
we =r
(40)
’l.}y = A11Vy + a97r + blTvE
'f’:aglvy‘i‘aggr‘f—er‘i‘bgTrE,
where ] = —422 gy = —Mlly, gy = MMy g0 = — D3 — 2 poapd hy = b
11 mas 12 Tag 2 21 mas s W22 mas’ 1 Mmas 25 3 mas " 2

is the proportional scale between 7, and rudder angle 6.
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Considering environmental disturbances, (40) can be written into the state-space form as:

&(t) = Ax(t) + Bu(t) + Gw(t)
y(t) = Cu(t),

(41)

T T
where u(t) = 0 € R™, z(t) = {e Ve T vy] € R, y(t) € R, and w(t) = [T,,E TUE':| €

R" € [w, w| denote the control input, state, output, and bounded external disturbance, respectively.

0 v, 0 O 1 000
T
0 0 1 0 T 01 00 0 0 b3 O
A= ,B:[() 0 by 0} ,C = ,and G =
0 0 a1 Q929 0010 00 O b1
0 0 ai; Q12 00 01

3.2.2 Constraints of USV Actuators and System States
3.2.2.1 USYV Actuator Model and Constraints

The actuator, which converts the control signal into the physical action, plays a critical role in
the control system of USV. As shown in Fig. 3.16, position (a) is the actuator’s initial position when
the telemotor and floating lever are at rest. Once the control input u,,; is generated to operate the
actuator, the port valve is then commanded to open. Consequently, the hydraulic oil can be pumped
into the steering cylinder. Therefore, the piston of steering cylinder is moved by the pressure of
hydraulic oil, this leads the floating lever to go upwards to position (c), and the actuator is driven
to the desired position u;. Similarly, once the starboard valve is ordered to open, the floating lever
will be pushed downwards to position (b), and the actuator is driven to the expected position.

Normally, mechanical actuators are subject to their physical limitations. When these limitations
are exceeded, the closed-loop system may become destabilized [103], even cause secondary dam-
ages to actuators [104] leading to a serious consequence (crash). In practice, the frequent actuator
action is common in extreme weather conditions since the compensation of high frequency distur-

bances is required. However, continual actuator operation may inevitably lead to the oscillations,
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Figure 3.16: Simplified diagram of a two-stage hydraulic mechanical actuator.

unwanted impacts, and wear and tear of the steering system [98].
Drawing lessons from [98], a commonly used simplified dynamic relationship between the ith

actuator output u;(s) and ith control input u,;(s) can be represented as:

! b‘.i
uls) b (42)
Upi(s) s+a;
where a; and b; denote the model parameters of ith actuator, i € [1,...,m].
Based on (42), the rate of u;(t) can be denoted as follows:
uri(t) = bug(t) — auy(t), (43)

where w,;(t) is the deflection rate of u;(t), and physical limits on the actuator’s internal variables
can be defined as ¢g4(;y and ¢,(;) for displacement and rate, respectively. Thus, the ith actuator

variables are constrained within the following safe operating region:

— aiy < ui(t) < dag),

— ¢r(i) < Uri(t) = bittoi(t) — asus(t) < drgay,

(44)

With respect to multiple actuators, the actuator amplitude and rate limits can be represented by
Ga = [Ba(1y, ---s Daem)) T and @, = [@r(1), --., dp(my|” - Diagonal matrices W = diag{ay, ..., a} and
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Wy = diag{bs, ..., b, }, the operating constraints on multiple actuators can be shown as:

— ¢a < u(t) < ¢y,

- ¢r S Ur(t> - W2uc(t) - Wﬂi(t) S ¢7"7

(45)

where u(t) = [ui(t), ..., um (t)]T and u, () = [u1(t), ..., Upm (t)]T.

3.2.2.2 Safety Margin

Although actuators have their extreme operating ranges due to the existence of power capacity,
they are usually constrained within their corresponding operating regions. The difference between
the physical limit and desired operating limit is named as safety margin Agy; for the ith actuator,

as shown in Fig. 3.17.

2

Actuator # ¢,
constraint : di
[ t s'
# - ¢di ®)

2 Z Agy,

Figure 3.17: Illustration of the safety margin.

Ag,

In this thesis, since the system’s ultimate control input is synthesized by a normal and an
additional control inputs, the idea of safety margin is employed for ensuring the availability of
additional control input when the normal controller violates its constraint.

As shown in Fig. 3.17, the normal control input is under the ith actuator constraint [— ¢4, dg;-
Then, both the 7th additional control input and ultimate control input are set to be limited within
[—0ai — A¢ai, dai + Adgi], which is the sum of the ith actuator constraint and its safety margin.
Therefore, even though the nominal controller saturates, the effectiveness of additional control
input can be guaranteed, because it is still constrained in [—A¢g;, A¢g]. This design technique is

of significant importance in practical implementation.
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3.2.2.3 State Constraints

In addition to actuator saturation, for the case of USV turning, extremely abrupt turns and
undesirable motion may even capsize it due to the existence of inertia. Thus, preventing the yaw
rate from reaching its limit cannot be neglected in practice as well.

The limit of the jth state (yaw rate is considered) is assumed to be ¢,(;), and the jth state is

constrained within the following safety boundary:

— ¢y S i(t) < ds(j), J €L, ...,n]. (46)

For multiple state constraints, they can be denoted as ¢, = [¢y1), ..., gzﬁr(n)]T. Hence, the

operating constraints on multiple states can be expressed as:

—¢s < a(t) < s, 47)

where z(t) = [21(t), ..., 2, (1)]T.

3.2.3 Normal Controller Design

It is well known that the steady state error can be effectively eliminated by the integral action

[105], the corresponding augmented state-space description of (41) can then be defined as:

iq(t) = Aaa(t) + Bau(t) + Gawa(t)
Ya(t) = Cama(t),

(48)

where z,(t) = [(fot e(T)dr)T, xT(t)- and y,(t) = (fot e(r)dr)T, yT(t)| are the augmented

state vector and output vector, €(t) = y/,((t) — y” (t) denotes the error between reference signal
1T

and output, w,(t) = {wT ), y~ 5(t) includes bounded external disturbance vector w? (t) and
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0 -C 0

reference input signal yﬂf(t). In addition, 4, = e RUnx+n) B — €
0 A B
I I
§R(l+n)><m’ Ca _ 0 c 3%(1+p)><(l+n) and Ga _ 0 c §R(Z+n)><(l+r).
0 C G 0

Incorporating the constraints of actuators (45) and states (47) into the augmented system (48)

[106], one can then obtain the following representations:

(49)

- A. B, _
where fa@) _ [:Ea(t),u(t)]T c m(l+n+2m), A, = c RUAn+2m)x(I4+n+2m) B, =

0 W
[O, WZ]T c §R(l+n+2m)><m’ Ga _ [Gm O]T c %(l—l—n—l—?m)xl, and C_fa — [[qum O] c §R(l+n)><(l+p+2m).

Assumption 4 The states of USV are available at every time instant, these variables are assumed

to be measurable or observable.

Based on Assumption 4, the controller with closed-loop state feedback and the integral term of

tracking error can be formed by:
t
ult) = Kio(t) = K, / €(7)dT + Koia(L), (50)
0

where K = [K, K,| € RHn+2m)x(Fnt2m)
As aresult, integrating the augmented system (49) with the closed-loop state feedback control

law (50), the closed-loop control system can be written as follows:
To(t) = (Ag + BoKCQ)To(t) + Gawgy(t). (51)

The control law u(t) = K C,%,(t) can be used as the output feedback control for the augmented

system (49). For the sake of decreasing the difficulties of implementation, the displacements and
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rates of actuators are not involved in feedback signals.

The design objectives thereby include:
e The closed-loop system is stable during normal operation, and the output y(¢) follows the
reference signal y,.¢(¢) without steady-state error, namely:

lim €(t) = 0. (52)

t—o0

The controller minimizes the following upper bound of linear-quadratic (LQ) cost function:

J = /0 (5 (1)Qzo(7) + v (1) Ru(r))dr, (53)

where ) € R/ and R € R are symmetric positive-semidefinite and positive definite

weighting matrices, respectively.

e The USV is intended to follow the desired path in the event of external time-varying distur-
bances, when the closed-loop system is still stabilized and the required output y(t) asymp-

totically tracks the reference signal y,.¢(t) with no steady-state error.

e The rudder and yaw rate obey their corresponding safe regions.

Theorem 2 Consider the closed-loop system given in (51). For a known positive constant vy, if

Xu
there exist positive symmetric matrices X = € Rn+2zmx(int2m) x = XT  and

Xo1 Xoo
7Z = 77 > 0 ¢ RUnt2m)x(Ent2m) natrices Y = [Y1,0] € R™UH2M) Jead to the following

LMIs (54), (55), (56) and (57) hold, where the symbol x represents a symmetric entry. Then system
(51) can be stabilized by the controller u(t) = KZ,(t), where K = [K., K, = Y*(X};)™,
and Y| and X7, are the optimal solutions of Y, and X11, and simultaneously meet the design

requirements u(t) € [—¢q, ¢al, ur(t) € [—@r, r), and To(t) € [— s, ¢s):
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A, X + B,Y + (A X +BY)' G, YTRY? XQY?
* —~I 0 0
K <0, (54)
* * —I 0
* * * -7
A *
>0,i=1,....m, (55)
](l+n+i)WX gb?l/rzna:c
Z *
>0,i=1,...,m, (56)
(0. Wi WX + Wi Y O
A *
>0,i=1,..,n, (57)
LispyW X @2)717

where Y* and X* stand for the optimal results of LMIs (54), (55), (56) and (57). -y is related to the
H,, norm of T, (s) from the bounded external disturbance to the performance output [18], and
P=Pr. W =[CT(C,CT)~t,CL], C: represents the orthogonal basis for the null space of C,.
Wiy and Y(;) denote the ith rows of matrices Wy and Yi. [y, and (1 respectively stand
for the (I + n + )th and (I + j)th row of identical matrix /. In addition, the upper bound of cost

performance index (53) can be represented as:
t
J <9 / wl (T)we(T)dr + 2L (0) X 2,(0). (58)
0

Proof of Theorem 2: Based on Lemma 1 in [105], its sufficient condition can be rewritten by
synthesizing the USV control system with the performance constraints of L() and closed-loop H

norm as:

_ _ _ _ 1 _
(A + B,K)' P+ P(A, + B,K) + K"RK + Q + (ﬁ)PGaGE P <0. (59)
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According to the Reciprocal Projection Lemma in [107], apply the Schur complement [108]

and let P = X1, (59) can be rewritten as (60).

Q+ (35)PG.GIP+ K"RK + P — (Y +YT) (A, + B,K)"'P+ Y7

P(Ay+ B,K)+Y _p
A X 4+ BY + (A X +BY)' G, YTRY?2 XQ'? 60)
2
% -2 0 0
= <0
* * -1 0
* * * —1I

Furthermore, substituting u(t) = KZ,(t) in (50), and P = X! into the performance index
(53), (61) can be obtained which is exactly the same as inequality (58).
t 4 _ _ _ _
J= / zH(T)(Q + K" RK)Z,(T)dr < — / 2 (1) (A, + B,K)" P+ P(A, + B,K)
0 0
1 o t t
+ —2PGaGaTP]fa(7')d7' < —/ d(zL (1) Pz, (1) + 72/ wl (T)wy (7)dr (61)
v 0 0
t
<2 / w! (T)we(T)dr + 22 (0) X 12,(0).
0
The inequality (55) is used to limit the actual angle of ith actuator within the safe operating
region ¢q(;). Employing Schur’s complement, (55) equals to

7“2

P = X_l > Ilj_;.n_g_i' 7;‘” ]l+n+i
Paca)
2 T 12 LT 12
= (bd(z) > XQIlJrnJri[lJrnJrinrmax 2 Qmag (X21l+n+ijl+n+iX2rmax)
1_ _
> max\iaa(t)lzr%wzH[l+n+ix2xaa<t>’|2 > max ||Il+n+i$a<t)’|2

| X~ 2z4(t)|>r2

max

> max inriZa®* > (LingiTa(t)? = ufy (1),

where a4, (+) denotes the maximal eigenvalue and i = 1,...,m.

Inequality (56) guarantees that the actual rate of ¢th actuator within the desired operating
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boundary ¢,(;). Utilizing Schur’s complement, (56) can be equivalent to

2

7 = (WX)TP(WX) > (—Wl(i)WX + Wl(ii)yl(i)) ( W, l)WX + Wl(“ Y; l))

2
rate(i)

= (br(l > X%(WX)fT(—Wl(Z’)WX -+ W1(Z‘Z‘)Y1 ) ( Wl )WX + Wl(zz Yi )(WX) T maz

> Qe (X2 (= Wigsy + Wiga Vi (W X) DT (= Wiy + Wiy Vi (W X)X 2r

max)

>  max_||[(=Wiu + W1(ii)KC'a)X%i’aa<t)H2

|jafl( )‘>T'?naz

> max (=W + Wian KCa)Za(t)|]?

1
| X7 2Zq(t)|>r2

max

Z (—Wl(l)U(t) + Wl(ii)Kc_’aﬁi’a(t))Q = Uz(z) (t)

Inequality (57) is exploited to constrain the actual jth state of controlled system within the

expected operating limit ¢,(;). Using Schur’s complement, (57) equals to

2
P=X"1'>1L, ¢";a$1,+]

1 1
= 3 > Xz]ﬁjIlHXw > man(X 2 I DX 22 )
1
> max 114X 2T0a ()P > max  [[L47a(1)|
|-’Eaa( )‘>Tmax |X_§za( )‘>Tmaz

> max |1, Za(0)| > (Ls2a(1))? = 225 (1).

Therefore, the problem can be solved if conditions (54), (55), (56), and (57) are simultaneously
satisfied with K = Y} (X 11)*1. In addition, the closed-loop system can be stabilized under the ac-

tuator constraints of u(t) € [—¢q, ¢al, u,(t) € [y, @], and state constraints of z,(t) € [—¢s, ¢s].

Remark 1 Using LM I Toolbox in Matlab [108], the upper bound of performance index (58) can
be minimized by solving the optimization problem: min Trace(Z) subject to (55), (56), and (57).
Conditions (55), (56) and (57) guarantee that the amplitude and rate of actuators, and states are

limited within their safe regions. The normal controller can be synthesized by K = Y{*(X7;)
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3.2.4 Active Disturbance Compensating Tracking Controller Design

The mathematical representation of the ultimate control input u.(t) can be written as follows:

ue(t) = u(t) + uaa(?t), (62)

where u,4(t) and u(t) are the added and normal control inputs, respectively.

Disturbance

Ve u(ty (1) x(

: Normal .
Controller Plant
P - 1
| Adaptive |
| Mechanism |
I |
I Disturbance I
| Compensator I
| I
| [ w(r) !
| |
- o Jf

: Disturbance any + x, (1) Adaptive () :
| Estimator Model |
- - - ___ |

Figure 3.18: Schematic diagram of proposed control approach.

As shown in Fig. 3.18, the general idea of (62) can be illustrated as follows:
(1) first, the USV is operated by the normal controller in calm water;

(2) in the event of disturbance, a disturbance estimator is activated and estimate the amplitude

of disturbance according to an adaptive estimation law;

(3) based on the estimated value, a disturbance compensator generates the appropriate control

input u,4(t) to be combined with the normal control «(¢) for compensating disturbances.

3.2.4.1 Time-Invariant Disturbance Detection and Estimation

In order to effectively estimate the disturbances, an adaptive observer is constructed as:

Zo(t) = Aga(t) + Bau(t) + Gaabg(t) + L(Z, — ), (63)
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where #(t) and w(t) denote the estimated values of the state and external disturbances, respectively.
L is the observer gain matrix, which is selected to make Ay = (A, + L) Hurwitz.
The state error e(t) = #,(t) — Z,(t) is obtained from (49) and (63), the derivative of the state

error can then be denoted as:
&(t) = Za(t) — Za(t) = Ape + Gatla(t), (64)

where W, (t) = w,(t) — w,(t) is estimated disturbance error and w, (t) = diag[Wa (t)...Wan ()]

Assumption 5 The disturbance can be seen as constant in every neighbouring sampling time since

the frequency of disturbance is relative low comparing with the fast sampling time of sensors.

Then, the following result can be achieved based on Assumption 5:
U;)a(t) = ﬁ}a@) - wa(t) = 7j}a@)' (65)

Theorem 3 There exist symmetric positive definite matrices P, Q) € RUFnt2m)x(tn+2m) gy op.
server gain L € S22 and a matrix H € R +2m) - quch that the following conditions
hold:

PAL + ATP=—Q, and GTP = H, (66)

and ﬁ)a(t) is determined by the following adaptive estimation law:

'Lf)a(t) = Projwm {—k@:‘CPe(t)}
4

0 if,(t) = w, —kGT Pe(t) <0
(67)

= or i, (t) = w, —kGT Pe(t) > 0,

—kGT Pe(t) otherwise,
\

where k > 0 denotes the adaptive law gain, Proj{-} is the projection operator [100] employed

for projecting the estimates w,(t) to an acceptable interval [w, ).

59



Proof of Theorem 3: The Lyapunov candidate function can be chosen as follows:

Vs = el (t)Pe(t) + M (68)
Then, the derivative of V is written as:
Vip = el (t)[PAL + ApPle(t) + 2e7 (t) PGty (t) + 2“;’%;1)“. (69)
If the following inequality is selected:
W, = W, < —kGT Pe(t), (70)
and (67) is chosen as the adaptive law. Thus, inequality (69) can be rewritten as:
Vi < eT()[P(A, + BoF) + (A, + BF)  Ple(t). (71)
If there is a symmetric positive definite matrix (), such that the following equality holds:
P(Aq+ BoF) + (A, + B.F)'P = —Q. (72)
Substituting the above Eq. (72) into (71), it is derived that:
Vi = —e"(H)Qe(t) < 0. (73)

From (73), it follows that V' € L*°, and according to (68), it implies that e(t) € L. So far,
the augmented state error Eq. (64) is stabilized, moreover e(t) € L? is implied by integrating both

sides of (73) from 0 to oco. Thus, the proof of Theorem 3 is finished.
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Remark 2 Using the aforementioned approach, the disturbance can be estimated by:

t
W, = —kGTP / e(t)dr. (74)

tq
In essence, this approach only contains a pure integral term, it is difficult to deal with the time-
varying disturbances. Thus, an additional correction procedure is needed.
3.2.4.2 Time-Varying Disturbance Estimation Correction

Generally, the environmental disturbances are time-varying. With respect to the USV control
system design, a challenging issue is to avoid the 1st-order wave-induced time-varying distur-
bances [50]. In this thesis, a time-varying estimation method is developed, its basic idea is to

combine an additional correction mechanism with the previously designed estimation law [109].

Theorem 4 If disturbance w,(t) is time-varying, an enhanced disturbance estimation scheme is
established as W.(t) = W, (t) — Lo(t)e(t), where w,(t) = Lo(t)e(t) denotes the approximated

relationship between e(t) and w,(t), and Lo(t) is achieved by integrating (75) on-line.
Lo(t) = —(Lo(t) AL + Lo(t)GuLo(t) + kG5 P), (75)

where Lq(t) specifies the correction gain, and A, = A, — L.

Proof of Theorem 4: Assuming that:
a(t) = Lo(D)e(t). (76)

In order to satisfy the condition that VS ¢ < 0, Eq. (76) should be consistent with (67). The

derivative of Eq. (76) can then be written as:

We(t) = Lo(t)e(t) + Lo(t)é(t) = Lo(t)e(t) + Lo(t)(Ape(t) + Gatva(t)). (77)
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When disturbances present, substituting w,(t) = Projj, m{—kG? Pe(t)} = —kGT Pe(t) and

Eq. (76) into Eq. (77), the following matrix differential equation can be obtained:

Lo(t) = —(L()(t)AL + Lo(t)éa[/o(t) + kézp)

(78)

Hence, from Eq. (76), the time-varying disturbance estimation scheme is then achieved as

We(t) = Wa(t) — Lo(t)e(t). Proof of Theorem 4 is completed.

Eventually, the time-varying disturbance estimation laws can be obtained:
Wa(t) = y(t) = Projim{—kGL Pe(t)},
where w.(t) = W, (t) — Lo(t)e(t).

3.2.4.3 Disturbance Compensating under State and Control Input Constraints

An appropriate disturbance compensating input u,(¢) can be calculated by:

in_ || Bytaa(t) + Gatie(t)]],
ua%?w” Uad(t) we(t)|]

subject to

SBatgq(t) < —SAgze(t) — Hy,

Fuaq(t) <T — Eu(t),

(79)

(80)

(81)

(82)

where state constraints are defined by S and F, and control input constraints are represented by

matrices £ and T', H,, = maz(SG,.(t)).

Remark 3 Due to the fact that actuators cannot produce unlimited output to compensate the ex-

ternal disturbances, the actuator constraint (81) is employed to limit the boundary of actuators. In

view of (82), when the normal control input exists, the constraint of additional control input is the
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result of overall control input constraint subtracts the normal control input.

As a result, considering Egs. (62), (79), (80), and normal control input together, the ultimate

control input can be achieved:

Ue(t) = u(t) + tga(t) = Kialt) + u'y(t). (83)

Proposition 1 [f the control law (83) is applied to the closed-loop system (49), the control input
constraint of normal controller is satisfied, and the optimization problems (80, 81, 82) are feasible,

then the state and control input constraints S fa(t) < F and Eu.(t) < T can be guaranteed.

Proof of Proposition I: For the convenience of proving Proposition 1, the state and control

input constraints for normal controller can be restated as:

Eu(t) <T — AT, (84)

Sz,(t) < F, (85)

where AT is the safety margin.

Applying (83) and e(t) = Z,(t) — T,(t), the estimated state 7, (¢) can be obtained:

Za(t) = To(t) + Age(t) + Batiaa(t) + Gatbe(t). (86)

Assuming constraints (81) and (85) are satisfied, the following inequality can be obtained:

SBuuga(t) + Szo(t) + SAqe(t) + Hy, < F. (87)

Thus, the following inequality can be achieved by pre-multiplying Eq. (86) by 5"

SZo(t) = SBytiga(t) + Sta(t) + SAze(t) + SGati (1), (88)
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furthermore, since H,, = max(SG 1. (t)), then
SZa(t) < SButiaq(t) + Sta(t) + SAze(t) + Hy, < F. (89)
When (82) is satisfied, pre-multiplying Eq. (83) by E, and incorporating (82) into Eq. (83):
FEu.(t) = Eu(t) + Fue(t) < Bu(t) + T — Eu(t) <T. (90)

So far, the constraints of state Sz, (t) < F and control input Fu.(t) < T are both satisfied.

Remark 4 u,(t) is calculated by quadratic programming (QP) [110]. The computational load

is not a concern since it is a low-dimension optimization problem.

Remark 5 In addition to compensating environmental disturbances, the proposed control method
is intended to optimize the performance of the normal controller as well, it makes sense as it can

also guarantee the optimal performance when USV works in the calm water.

Table 3.2: System parameters used in the simulation

Parameter Value

m33 2.76 [kg|
diy 12

d22 17

d33 0.5

by 0.0028385
Wi 1

Wy 1

3.2.5 Simulation Results

The selected parameters for the nonlinear USV model [111] are listed in Table 3.2. The length

of the selected USV is 1.2 m, and its mass is 17.5 kg. In this case study, a straight line path that is
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along the trajectory of line y = 2 m, starts from x = 0 m to x = 20 m is selected as the desired
path. The surge speed is fixed at u = 0.1 m/s. The initial position and orientation of the ship are
chosen as 1.6 m, 1 m and ¢y = 90 deg, respectively. As listed in Table 3.3, the performance of five

controllers are compared in the simulation.

Table 3.3: Illustration of controllers that are compared in the simulation

Name Illustration

Controller-1 Normal controller with consideration of actuator and state constraints

Controller-2 TI-ADCTC with consideration of actuator and state constraints

TV-ADCTC with consideration of actuator and state constraints, which

is the proposed controller

Controller-4 TV-ADCTC without consideration of actuator and state constraints

Controller-5 Normal controller without consideration of actuator and state con-
straints

Controller-3

Note: TI-ADCTC is the time-invariant adaptive disturbance compensating tracking controller, while

TV-ADCTC is the time-varying adaptive disturbance compensating tracking controller.

The bound of rudder deflection is set to be [—35 deg, 35 deg|, the maximum rudder speed
is constrained within [—20 deg/s, 20 deg/s|. To avoid abrupt turns, the yaw rate is limited in
[—20 deg/s, 20 deg/s]. Furthermore, the safety margin is chosen as AT = [7 deg, 7 deg]”. Thus,

the corresponding matrices E, F', S and 1" are given by:

1 20 000 1 00 35
, F= , S = , and T = . 91)

—1 20 000 -1 00O 35
In this simulation, two kinds of disturbances are considered, namely first-order and second-
order disturbances, mimicking the effects of waves and currents. The constant disturbance is se-
lected as —0.4 m/s?, while the sinusoidal is represented as 0.4sin(0.1¢) m/s%. Both of them act on
the lateral direction and vanish after a certain amount of time. In this case, the maximum deflection

of disturbance is chosen as H,, = [0.5 m/s?, —0.5m/s?]T.
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Figure 3.19: The comparison of path following performance.

3.2.5.1 Scenarios Description

To demonstrate the effectiveness of the proposed method, three scenarios are included:

(1) In Scenario 1, the constant disturbance, which occurs at 60th second and disappears at 140th

second, is imposed in the system when USV is following a straight line path.

(2) In Scenario 2, the proposed approach is further validated under one set of sinusoidal distur-

bance, which is imposed at 60th second and lasts to the end of path following.

(3) In Scenario 3, to verify the effectiveness of the actuator saturation prevention mechanism of
the proposed method, another constant disturbance with the amplitude of 0.5 m /s, which

lasts from 60th to 140th second, is imposed into system as well.

3.2.5.2 Results of Scenario 1 and Evaluation

From Fig. 3.19(a), the performance achieved by the proposed Controller-3 is superior than that
of the Controller-1 and Controller-2 in the presence of environmental disturbance.

More specifically, as shown in Fig. 3.19(b), 3.20(a) and Table 3.4, in the case of Controller-
1, the maximal cross-track and heading errors are 0.28 m and 23 deg, respectively. It is worthy
to mention that the deviation can be gradually reduced due to the effect of tracking error inte-

gral action. In addition, around 0.065 m of maximal cross-track error and 10 deg of maximal
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heading error are yielded by the disturbance under the operation of Controller-2. Comparing with
Controller-1 and Controller-2, the errors of cross-track and heading angle are significantly elim-
inated by the Controller-3. The maximal cross-track and heading errors are within 0.03 m and
7 deg, respectively. As illustrated in Fig. 3.20(b) and Table 3.4, although the yaw rate generated
by three controllers are all within the limits of yaw rate, Controller-3 can compensate the external

disturbance with the minimal yaw rate (about 4 deg/s).

-- Controller—1| |
- - -Controller—2
— Controller—3| 1

Yaw rate (deg/s)

Heading deflection (deg)

_20 L ‘I
L L L 78 L . . . 4
0 50 100 150 200 0 50 100 150 200
Time(s) Time(s)
(a) (b)

Figure 3.20: The responses of heading deflection and yaw rate.
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Figure 3.21: The responses of rudder deflection and rudder rate.

As can be observed in Fig. 3.21(a), Fig. 3.21(b) and Table 3.4, the control inputs of the three

controllers are all under the limitations of USV’s rudder. Moreover, Controller-3 is capable of
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Table 3.4: Performance comparison of different control schemes

Performance Index Controller-1 Controller-2 Controller-3
Maximal cross-track error  0.28 m 0.065 m 0.03m
Maximal heading error 23 deg 10 deg 7 deg
Maximal yaw rate 7.8 deg/s 5.2 deg/s 4 deg/s
Maximal rudder deflection —30.5 deg —30 deg —29.5 deg
Maximal rudder rate 12 deg/s 15 deg/s 20 deg/s
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. --= Controller—2
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Figure 3.22: Sinusoid disturbance estimation performance.

operating the rudder promptly to accommodate the effects of disturbance.
As displayed in Fig. 3.22, the convergence speed of disturbance estimation error of Controller-3

is faster than that of Controller-2.

Table 3.5: Performance comparison of different control schemes

Performance Index Controller-1 Controller-2 Controller-3
Maximal cross-track error 0.3 m 0.12m 0.05m
Maximal heading error 35 deg 15 deg 6 deg
Maximal yaw rate 6.5 deg/s 3.5deg/s 2.5 deg/s
Maximal rudder deflection 24 deg 22 deg 21 deg
Maximal rudder rate 4.8 deg/s 6.7 deg/s 9.9 deg/s
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3.2.5.3 Results of Scenario 2 and Evaluation

In this scenario, the path following results of the compared three controllers are demonstrated
in Fig. 3.23(a). With respect to path following, faster convergence and less oscillation are obtained

by Controller-3 rather than other two controllers.
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Figure 3.23: The comparison of path following performance.
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Figure 3.24: The responses of heading deflection and yaw rate.

As can be observed in Figs. 3.23(b), 3.24(a) and Table 3.5 that Controller-3 has a slight
overshoot in both cross-track and heading errors (0.05 m and 6 deg) in the presence of distur-
bance. However, about 0.3 m of cross-track error and 35 deg of heading error are produced when
Controller-1 is commissioned, and around 0.12 m of cross-track error and 15 deg of heading error

are generated under the supervision of Controller-2. Fig. 3.24(b) shows that the yaw rate produced
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Figure 3.25: The responses of rudder deflection and rudder rate.

by these three controllers are all within the constraints of the yaw rate. However, Controller-3 can
reject the external disturbance with minimal yaw rate, which can reduce the chance of capsizing.

As displayed in Fig. 3.25(a), Fig. 3.25(b) and Table 3.5, the rudder deflection and rate produced
by three controllers are all within their constraints. However, more prompt rudder action is trig-
gered by Controller-3, in other words, the USV’s heading angle can be adjusted to compensate the
environmental disturbance with less time delay. This leads to the smaller cross-track and heading
angle errors, and superior performance of path following.

From Fig. 3.26, the disturbance is estimated by either Controller-2 or Controller-3, while it is

evident that the proposed control scheme can improve the speed of disturbance estimation.

3.2.5.4 Results of Scenario 3 and Evaluation

The advantage of the proposed control strategy with consideration of actuator and state charac-
teristics is verified by the performance comparisons of Controller-3, Controller-4, and Controller-
5. As illustrated in Fig. 3.27(a) and Fig. 3.27(b), about 0.04 m of maximal cross-track error is
yielded by Controller-3 in the event of disturbance. However, the USV that is operated by either
Controller-4 or Controller-5 cannot follow the desired path.

Fig. 3.28(a) and Fig. 3.28(b)) shows that nearly 8/deg of maximal heading error is generated by

Controller-3. Meanwhile, yaw rate constraints are violated by both Controller-4 and Controller-5.
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From Fig. 3.29(a) and Fig. 3.29(b)), rudder deflection and rate are oscillatory in the case of
Controller-4 and Controller-5, while the Controller-3 drives the rudder more smoothly. When the
disturbance presents, Controller-3 can still perform without violating the constraints of actuator,
whereas the actuators under the operation of the other two controllers are saturated. Therefore,
Controller-3 enables the control signals to operate the rudder to react more gently than the other
two controllers. This is of significant importance in practice because the excessive utilization of

rudder is the primary cause of wear and tear. In addition, over-quick turning of USV may increase

the possibility of capsizing.
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Figure 3.28: The responses of heading deflection and yaw rate.
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Figure 3.29: The responses of rudder deflection and rudder rate.
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Chapter 4

Reliable and Safe Control of Unmanned

Vehicles

In this chapter, the problems of reliable and safe control of UVs in the presence of actuator
faults, saturation, and variations of working conditions are studied. Section 4.1 presents a new
passive FTC strategy for the compensation of actuator faults of unmanned quadrotor helicopter
(UQH); section 4.2, 4.3, and 4.4 introduce three different active FTC schemes mitigating the neg-
ative effects of actuator faults, while actuator dynamics are also considered in the controllers pre-

sented in section 4.2 and 4.3.

4.1 Learning-Based Fault-Tolerant Tracking Control of An Un-
manned Aerial Vehicle

Motivated by the successful use of extended Kalman filter (EKF) to train fuzzy logic system
in [112, 113], and the fuzzy logic control (FLC) to regulate the gains of linear quadratic regu-
lator (LQR) [114] in [115], a novel learning-based fault-tolerant state-feedback tracking control
approach with the capability of tolerating actuator faults is proposed for the control of an UQH,

for the purpose of improving its reliability and safety. The basic idea behind this is to change
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the shape of membership functions and rules of fuzzy system to generate an additional regulating

control input, so that the imposed faults can be compensated and the control performance can be

guaranteed accordingly.

4.1.1 State-Feedback Tracking Controller Design Procedure

The objective is to design a controller which meets the following requirements:

(1) before the occurrence of actuator faults, the reference signal y,.7(t) can be tracked by the

output y(t) without steady-state error, which means lim; ,, €(¢) = 0. Additionally, the

upper bound of the following performance index can be minimized:

J = /0 (X () Qzo(7) + v (1) Ru(r))dr,

92)

where ) € R/ and R € R*™ are symmetric positive-semidefinite and positive definite

weighting matrices, respectively;

2)

tracking performance can be guaranteed as well.

in the event of actuator faults, the closed-loop system can still be stabilized, and the desired

Written into state-space form, system model (6) along with (5) can be expressed as follows:

#(t) = Ax(t) + Bu(t) + Gw(t)
y(t) = Cx(t),

(93)

where z(t) € R is the state vector, u(t) € & denotes the control input, and y(t) € R* represents

the output of system, w(t) = [g wq(t)]” includes acceleration of gravity g and bounded external

disturbance wy(t)
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An augmented system can be obtained by adding an integral term into controller design [105]:

iq(t) = Aaa(t) + Bau(t) + Gawa(t)
Ya(t) = Cama(t),

(94)

T T
where z,(t) = (fot e(t)dr)T, xT(t)} and y, (¢ [ fo ., yT(t)| are the augmented

state and output vectors, w,(t) = [w’ (1), y).(t)]", yref(t) is the reference signal, and €(t) =

Yref(t) — y(t) denotes the error between y,..(t) and y,(%).

Aa — 0 -C c §R(l+n l+n l+n xm
0 A

C, = Lo c g%(ler)X(lJrn)’ G, = 0 I c plAn)x(ltr)
0 C G 0

Assumption 6 The states of the closed-loop system are assumed to be measurable or observable.
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Based on (94) and Assumption 6, the following state-feedback controller can be defined:
t
u(t) = Kao(t) = Ke/ e(r)dr + Ksx(t), (95)
0

where K = [K, K,| € ®Rmx{+n),

The corresponding closed-loop system can be represented as:
To(t) = (Ag + BaK)xo(t) + Gaw,(t). (96)

Theorem S For a known positive constant -y, there exist positive symmetric matrices X and Z
€ Rm+0xm+D) qg well as matrix Y € R such that LMIs (98) and (99) hold. System (96)
can be stabilized by the controller u(t) = Kx,(t), where K = Y*(X*)™!, and Y* and X* are the
optimal results of (98) and (99) [18]. While the upper bound of (92) can be obtained:

t
J < / wl () wy (t)dt + 2L (0) 2 2,(0). 97)
0

A X 4+ BY + (A X + BaY)T G, YTRY? XQ1/2
* —~2T 0 0
< 0, (98)
* * i 0
* * * -1
7 1
> 0. (99)
I X

Proof of Theorem 5: Based on Lemma 1 in [105], its sufficient condition can be rewritten by

synthesizing the performance constraints of L() and the closed-loop H, norm as:

1
(Ay + B.K)'P + P(A, + B,K) + K"RK + Q + (E)PGQGZ’P < 0. (100)

76



Post- and pre-multiplying (98) by P = X !, and using the Receprocal Projection Lemma [107]

and Schur complement [108], (100) can then be restated as:

Q+ (£)PG.GIP+ K"RK + P — (Y +Y") (A, + B,K)"'P+Y"

P(A,+ B,K)+Y _p
A, X + BY + (A X +BY)' G, YTRY?2 XQY? (101)
2
* -0 0
= <0
* * —1I 0
* * * —1I

Furthermore, if conditions (98) and (99) are simultaneously satisfied with K = Y X!, then
substituting u(t) = Kz,(t) in Eq. (95), and P = X ! into the performance index (92), (102) can

be obtained which is exactly the same as inequality (97). Therefore, the proof is completed.
t t
J— /D T(1(Q + KTRE ), (t)dt < — /0 2T (B[ Aut
B,K)'P + P(A, + B,K) + %PGQGQT Pla,(t)dt
= - /0 t[(f’ﬁa(t) — Gawa(t))" Pra(t) + g (t) P(da(t)—
Gaw,(t)) + %xf(t}PGQGZ P, (t)]dt (102)
< — / t d(zT (t) Py (t) +~* / t Wl (t)w, (t)dt
0 0
<eTOPr0) 4 [ wl @ty
0
= [ w0t + 2102 72,(0),
0
Remark 6 The state-feedback tracking controller can be synthesized by K = Y*(X*)™'. In ad-

dition, the upper bound of performance index (97) can be minimized by employing LMI func-

tions [108], while solving the optimization problem: min Trace(Z) subject to (98) and (99) [105].
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Figure 4.1: Illustration of learning-based fault-tolerant tracking control scheme.

4.1.2 Learning-Based Fault-Tolerant Tracking Controller Design Procedure

The performance of the aforementioned tracking control method with fixed feedback control
gains may deteriorate when the UQH is exposed to actuator faults. A learning-based fault-tolerant
tracking control approach is proposed in this study to counteract the negative effects of actuator
faults and ensure the stabilization of the closed-loop system.

As addressed in Fig. 4.1, the primary concept of the proposed controller is to design a super-
visory fuzzy controller which is capable of adjusting the parameters of tracking controller, such
that the controller can achieve the desired performance even in the presence of actuator faults. The

supervisory fuzzy controller includes an EKF and a FLC, which is synthesized as follows:

(1) an EKF is first designed based on the reference command and system states to provide addi-

tional tuning flexibility to FLC by reshaping its fuzzy membership functions and rules;

(2) then, the additional regulating gains can be generated according to the modified FLC con-

troller and system states;

(3) eventually, the UQH can be properly operated by the reconfigured controller, incorporating

the additional regulating gains into the tracking control gains.

It is worth mentioning that the idea behind this scheme is to combine the best features of the
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online learning abilities of EKF, the capacities of FLC on dealing with sophisticated nonlinear sys-
tems with uncertainties, and those robust reference command tracking capabilities of the tracking

controller. The detailed design procedure is introduced in the following subsections.

4.1.2.1 Fuzzy Logic Control

FLC is regarded as an excellent control approach that has been utilized in a variety of applica-
tions and comes along with real-time, nonlinearity and complex computation requirements [116].

The triangle membership function is used for each input and can be written as:

’
1‘{‘(2]—0”)/6; Zf —b; < (Zj_cij) SO,
fij(zj) = 1-— (Zj - Cz])/b;; lf 0 S (Zj — Cij) S b+ (103)
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0 otherwise,

\

where i and j are the number of inputs and triangle membership functions, respectively. z; denotes
the jth input, ¢;; represents the ith centroid, and b;; and b;; are the lower half-width and upper
half-width of the ith triangle membership function, respectively.

Furthermore, the max-min aggregation and centroid defuzzification approaches as one of the
popularly applied defuzzification techniques have been borrowed to compute the outputs. It is
assumed that there is only one output in this fuzzy system. Similar to input, the defuzzification

rule for output can be obtained:

/

L+ (y—)/6; if =87 <(y—) <0,
mi(y) = N1 (y—)/BF if0<(y—) < B, (104)

0 otherwise,

\

where m;(y) is the jth fuzzy output, v;, v, B; ,and B;f denote the modal point, crisp number, lower

half-width, and upper half-width of the jth output rule, respectively.
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Supposing that the jth rule is the result of z; € fuzzy set ¢ and 2z, € fuzzy set k, then the

activation level of the consequence of the jth rule can be denoted by w;, which is illustrated as:
w; = min[fi1(21), fra(22)]- (105)
Thus, the corresponding fuzzy output can be expressed as:
m;(y) = wym;(y), (106)

and the whole fuzzy output m(y) is proposed as:

my) =Y m;(y). (107)

Applying the centroid defuzzification method, the fuzzy output can be mapped to a crisp num-

ber 7 as follows:
M
> =1 wiCyS;

M
> i1 wWiS;

where C; and S; are the centroid and area of the jth fuzzy membership function of output, respec-

y= ; (108)

tively. Additionally, the centroid C} is defined by:

~ Jymy(y)dy

= Ty

(109)

4.1.2.2 Extended Kalman Filter

EKF has been widely applied in various engineering applications [117], which is employed in
this study for training the aforementioned fuzzy systems on-line.

The stochastic variable x; is assumed to be the system state at time ¢;. In the succeeding stage,
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the state can be replaced by a stochastic differential equation [118]:

;i = f(zi—1) +wi-1,
di = h(l‘z) + Vi,

(110)

where w;_; and v; are the process and measurement noises, respectively. f(-) and h(-) represent
the nonlinear vector functions of the states.

The desired estimate Z; can then be calculated by the following EKF recursive equations [118]:

of (x
Fi = 856) R ’
T=Tj_1]i—1
_ Oh(z)
H; - Oz N )
T=Lj|5—1

Ky = Py H] (R + HiPy— H )™, i

T = [(@ioapim1) + Krildi — h(Z45-1)],
Py = F_1(P1ji-1 — KkiHiPifl\ifl)Fijll + Qi-1,

where d; denotes the observation vector, Kj; is known as the Kalman gain, P; represents the
covariance matrix of state estimation error, and the estimated state Z;; is the optimal solution

which approaches the conditional mean value E[z;|(do, dy, .. ., d;)].

4.1.2.3 Synthesis of Learning-Based Fault-Tolerant Tracking Controller

In order to synthesize the proposed controller, two critical design processes are further required:
1) the optimization of fuzzy membership functions and rules; and 2) the modification of state
feedback tracking control gains.

Optimizing the fuzzy membership functions by EKF can be deemed as a weighted least-squares
minimization problem. A two-input and one-output fuzzy system is selected in this study. The error
“e(t)” and its derivative “é(t)” are then chosen as the two inputs, while the regulating parameters
are selected as the output. It is also assumed that there are n fuzzy sets for the first input, m fuzzy

sets for the second input, and k fuzzy sets for the output.
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Choosing a vector x that includes bi_j, b;;-, and ¢;; of inputs in Eq. (103), and o :]r and ; of
output in Eq. (104) as the state of the nonlinear system Eq. (110):
r = [bi b;rl C11 - .- b;ﬂ b:l Cn1

b1_2 bii_z Ci2 ... b;ﬂ br—;2 Cm2 (112)

By B - By B wl

Then, applying the Kalman recursion in Eq. (111), where d; represents the target output of
the fuzzy system, f(-) denotes the identity mapping, h(z;) is defined as the fuzzy system’s actual
output that gives the current membership function parameters, F; is an identity matrix, and H; is
assigned to be the partial derivative of the fuzzy output with respect to the membership function
parameters. Finally, the estimate Z; that includes the new fuzzy membership function parameters
can be obtained after conducting Kalman recursion.

In addition, an on-line reconfigurable fuzzy controller is obtained based on the new fuzzy
membership function parameters, which is capable of modifying the state feedback gain K to
achieve the desirable control performance. The principle of the modification of state feedback
control gains is defined as follows:

K = K + TAK, (113)

where K = {K.1, ..., Ken, Kq1, ..., Kon }T denotes the ultimate state feedback gains. Moreover,
AK = {AK.,...,AK.,, AK,,...,AK,,}T are the available regulation regions of K, AK =
Kmer — Kminwhile K™ = {Kmer . KM Kmee KmaziT denotes the upper bound
of K, and K™" = {Kmn . Kmin Kmin . KminlT denotes the lower bound of K. T =
{Te1,....;Ton, Ts1, ..., Tsn } T includes the regulating parameters where 7; € [0,1] (i = 1, ..., 2n).

Consequently, the modified state feedback tracking control gains K can be imported into the

closed-loop control system to conduct the assigned tasks.
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Table 4.1: The system parameters used in the simulation

Parameter Value Unit

W 15 rad/s
K, 120 N

m 1.4 kg

C 1 -

L 0.25 m

I, 0.03  kg-m?
I, 0.03  kg-m?
I, 0.04  kg-m?

Table 4.2: The fuzzy rule base for the proposed controller

le(?)]

NL NS Z PS PL

NL Z Z Z S M

NS Z Z S M M
de(t)) Z Z S M M M
PS S S M B B
PLM M M B B

4.1.3 Simulation Results

In this section, the effectiveness of the proposed control scheme is evaluated with comparison
of the baseline tracking controller on a nonlinear UQH model (4). The performance evaluation
is carried out in vertical, longitudinal, and lateral directions simultaneously. Table 4.1 shows the
system parameters of the UQH that are used in the simulation.

As shown in Table 4.2, a fuzzy rule base with five membership functions for each of the two
inputs and one output is defined. Where “NL” = “negative large”, “NS” = “negative small”, “Z”
= “zero”, “PS” = “positive small”, and “PL” = “positive large” are selected as fuzzy values for the
inputs, while “S” = “small”, “M” = “medium”, “B” = “big”, and “Z” = “zero” are chosen as fuzzy
values for output. Fig. 4.2 illustrates the initial membership functions of error, derivative of error
for input, and output, respectively. For the control of vertical, longitudinal, and lateral directions,

the error of each input is limited in [—2, 2|, the derivative of error of each input is constrained
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Figure 4.2: Igitial input functions of err(gl;)(a), derivative of error (b),( Ceznd output (c).

within [—2, 2], and fuzzy sets width of each output is restricted within [—1, 1]. The selected
ranges of inputs and output are obtained from the absolute values of system error and its derivative
through the scale factors chosen from the specification of the system performance. In terms of the
selection of membership functions for partitioning the range of each input, the more membership
functions are chosen, the more complex control system is to be and the more computation time are
likewise required. Therefore, five triangle membership functions are utilized in this study based on
the design experience obtained from our previous researches and the existing work on fuzzy logic
control design for smoothly tuning the baseline state-feedback controller gains, while not much
computation time effort is demanded for online applications.

It is worth noting that the fuzzy rule base is selected as the same for the control of vertical,
longitudinal, and lateral directions. Meanwhile, the initial state feedback control gains are the
same for the two controllers. The control inputs bounds of the two controllers are limited within

[0, 0.05).

4.1.3.1 Scenarios Description

To better evaluate the fault tolerant capability of the proposed control approach, the studied

scenarios cover that:

(1) Scenario I: In the first scenario, the comparison of the proposed approach and the baseline
tracking control strategy is carried out under a loss of 25% control effectiveness in all motors,

and the injected faults occur at 12th second. This kind of fault can result in a loss of altitude;
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(2) Scenario 2: In this scenario, the proposed approach is further validated by comparing with
the baseline tracking control method under a loss of 20% control effectiveness in two neigh-
boring motors, and the fault happens at 12th second. This kind of fault may lead to a loss of

altitude, and drifts in both lateral and longitudinal directions;

(3) Scenario 3: In order to make the simulation to be more realistic and further verify the stabil-
ity of the unmanned quadrotor helicopter controlled by the proposed controller, it is supposed
that all sensors are polluted by Gaussian white noise with zero mean. The sampling time and
covariance of these random signals are 0.01 and 0.0001, respectively [119]. Besides, the

proposed controller is also simulated in the same faulty system as Scenario 1.

4.1.3.2 Results of Scenario 1 and Evaluation

The performance of the selected two controllers in the vertical direction is illustrated in Fig. 4.3.
Although both of the compared controllers can operate the quadrotor helicopter back to the desired
height after a transient period, the performance achieved by the proposed controller is significantly
superior than that of the baseline tracking controller after the occurrence of actuator faults. More
specifically, around 0.9 m of overshoot is generated by the baseline tracking controller, while the
proposed controller successfully compensates the injected actuator faults at the expense of 0.15 m
overshoot.

Since the motion along either longitudinal or lateral direction can avoid influence from the
actuator faults in this scenario, Fig. 4.4(a) and Fig. 4.4(b) show that almost the same good per-
formances in longitudinal direction are achieved by both tracking controller and the proposed
controller. Fig. 4.5(a) and Fig. 4.5(b) are the performances obtained in lateral direction, which
illustrate the similar results as longitudinal direction.

As can be observed in Fig. 4.6, the control inputs of the compared two controllers are under
actuator saturation. But the proposed controller is capable of achieving an faster actuator action
than the tracking controller with the aid of control gain regulating mechanism. It can thereby

properly adjust the thrust of motors to compensate the actuator faults with less time delay.
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Figure 4.4: Performance comparison in longitudinal direction (a) and pitch angles (b).

In addition, the motion along the longitudinal and lateral directions are not affected by the
injected faults in this scenario, hence only the membership functions of vertical direction control

that are adjusted by EKF are shown in Fig. 4.7. A comparison with Fig. 4.2 displays that the
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Figure 4.3: Performance comparison in the vertical direction.
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changes in membership functions can be observed clearly.

4.1.3.3 Results of Scenario 2 and Evaluation

As shown in Fig. 4.8, this is the respective performance of two controllers in vertical direction
in the presence of a loss of 20% control effectiveness. In this scenario, being controlled by the

tracking controller, over 0.6m of overshoot is caused by the actuator faults. While the proposed
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Figure 4.5: Performance comparison in lateral direction (a) and roll angles (b).
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Figure 4.8: Performance comparison in the vertical direction.

controller can still maintain the stability of quadrotor helicopter at the expense of less than 0.1m

of overshoot.
From Fig. 4.9(a) and Fig. 4.10(a), it can be observed that the proposed controller can steer

the quadrotor helicopter to achieve faster angular action and smaller amplitude oscillation than
the compared controller. As demonstrated in Fig. 4.9(b) and Fig. 4.10(b), the performance are

significantly improved by the proposed controller with comparison of the tracking controller in

both longitudinal and lateral directions.

Fig. 4.11 displays the corresponding PWM control signal inputs, the proposed controller can

regulate the thrust of quadrotor more prompt and simultaneously obey the actuator limitation,

comparing with the tracking controller.

Furthermore, Fig. 4.12, Fig. 4.13, and Fig. 4.14 show the membership functions of vertical, lon-
gitudinal, and vertical direction control, respectively. These memberships are distinctly adjusted

with comparison of Fig. 4.2, which is optimized online for extending the operating conditions of
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controller and also the reason behind good performance.

4.1.3.4 Results of Scenario 3 and Evaluation

From Fig. 4.15 and Fig. 4.16, the simulation results show that the proposed controller can still

robustly stabilize the system and achieve the satisfactory tracking performance when the closed-

loop system is subjected to both the actuator faults and measurement noises.
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4.1.4 Experimental Validation on An Unmanned Surface Vehicle

In order to verify the effectiveness of the proposed method in practice and reduce the time and
efforts to the implementation of algorithms in the field, an indoor experimental test platform has
been established. The designed algorithm can be easily and conveniently applied on this system
since it is Matlab/Simulink based, which enables the researcher can concentrate on the design
of algorithms, rather than being distracted by other time-consuming problems, such as coding,
communication, sensors data reading, and actuators control.

As shown in Fig. 4.17, the developed platform consists of a small container for the motion of
USYV, a group of 24 cameras based object localization system, a USV for algorithm validation, a
ground station for mission assignment and displaying USV’s states in real-time, a wireless com-
munication module, and an onboard computer for executing the developed algorithm.

After establishing the experimental platform, system identification is critical for the controller
design. In this study, only the dynamics of two motors are identified, while other dynamics of the
USYV are borrowed from an existing work in [120].

The moment 7" and propulsion force F' are generated as follows:

T = (F,— Fgr)x B/2

(114)
F=Fp+ Fhg,
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Figure 4.16: PWM input performance with noise.

where B = 0.07, F, and Fy are forces produced from left and right motors, respectively.

E = prm * upwm, (115)

(2

where i = L or R, and K, = 200.

The range of the DC motor output V,, is limited between V,,,;,, = 0V and V,,,,, = 7.6 V. PWM
signals wu; and wu, are distributed to the left and right DC motors, respectively. Their operational
ranges are accordingly constrained within the dead zone of [0.074,0.0876] and [0.0734, 0.0851].
And the dead zone is constrained in [—0.3 V, 0.2 V. Due to the existence of dead zone, the initial
PWM signal with the values of 0.074 and 0.0734 are thereby needed for the left and right motors,
respectively. The control signal u. generated from the controller is then added to this initial control

signal for compensating the dead zone as the ultimate control input signal u:

up = u. +u". (116)

92



0.6

0.5r

031

021

T
|
|
|
|
|
|
0.4f | ¥
|
|
|
|
|
|
|

Propeller Force (N)

0.1r !

o-F--——————=—=-—=-- ek — - —— - - —— - — — — — —

__I____J
4}_1'/ I + Data
: Fitted Curve

_0_2 1 1 L 1 1 1
0.071 0.072 0.073 0.074 0.075 0.076

PWM Amplitude
Figure 4.18: The relationship between the PWM signal and propeller force [2].

From Fig. 4.18, the relationship between the motor PWM input signal and propeller force can

be established as a quadratic form [2] according to the measured data using the force gauge:

13110042 + 19890 f; — 753.7, if f; > 0,
PWM,; = (117)

226602 — 3204f; + 113.1,  if f; <0,

where PW M; is the PWM signal of motor, while f; denotes the force from propeller.
From Fig. 4.19, the relationship between the PWM signal and its corresponding voltage of

motor is obtained in a linear form as:

506.9PWM; — 37.27, if for the left motor,
V; = (118)

513.7TPW M; — 37.64, if for the right motor,
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Figure 4.20: The performance of heading angle tracking.
where V; is the motor input voltage.
The experimental test environment is set up as Fig. 4.17. The developed USV is operated in
a container and a group of cameras is used for the localization and measuring the orientation of
USV. The control inputs for balancing the USV are chosen as 0.075 and 0.0713 for left and right
motors, respectively. The PWM input of right motor is set as a constant value of 0.0713.
As can be seen in Fig. 4.20, the desired heading angle is tracked by the developed USV, while

the left motor performs without violating the actuator constraint (see Fig. 4.21).
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Adaptive Fault-Tolerant Tracking Control of Unmanned

Aerial Vehicle Considering Actuator Dynamics

In the event of actuator failure, the primary concern is to keep the system safe and stable, rather

than performing as expected as that in the fault-free case. Motivated by the aforementioned factors

in this chapter, the study in this section is intended to design an active FTC approach to mitigate

the negative impacts of actuator faults, even external disturbances and unmodeled dynamics that

are probably present, meanwhile subject to actuator dynamics and limits.

4.2.1 Preliminaries

4.2.1.1 Actuator Dynamics and Constraints

Written into state-space form, system model (6) along with (5) can be expressed as follows:

t(t) = Ax(t) + Bu(t) + Gy,
y(t) = Cx(t),

(119)
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T
where x(t) = [3;, oy, U, oz 2, ¢, b, 0, 0, ¢, | € R"isthe system state vector,

T
u(t) = [ F,, F, F;, F4] € R™ denotes the control input, and y(¢) € R? represents the sys-

tem’s output.

01000000 0 00O 0 0 0 0

0 0 00 g 0O 0 0O0 0 0 0 0 0
00010000 00 0 0 0 0 0

00 000DO0OO0-g 000 0 0 0 0
00000100 0 000 0 0 0 0
AZooooooooo ooo’B: 1/m 1/m  1/m 1/m,
00000DO0OT1 0 000 0 0 0 0

00 000DO0ODO 0 000 L/I, -L/I, 0O 0
00000DO0OO 0 100 0 0 0 0
000 O0O0O0O0O0 0 0 0 0 0 L/1, -L/I,
00000O0OO0 0 001 0 0 0 0

0 0000O0O0OO 0O 0 0 O c/1. CJI. -C/I. —C/I.
10000000000 0

00 1 0 00 0O00O0O0 T
C= ,G=[00000—1000000}.
00001000O0O0T 0O

00000010000 Of

4.2.1.2 Actuator Faults Formulation

Combining with the faulty actuator model (11), (119) becomes:

t(t) = Ax(t) + Bu(t) + Gg + Ef(t),
y(t) = Cx(t),

(120)

where £ = —B and f(t) = Lyu(t).

Remark 7 The actuator fault term f(t) can include external disturbances and noises as well, this

is reasonable since it is of primary concern to compensate total adverse effects of actuator faults,
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external disturbances, and noises, rather than distinguishing their negative impacts.

4.2.2 Adaptive Fault-Tolerant Tracking Control Design

In this section, the design procedure of a normal controller is first provided for UQH working
without actuator failures. Next, the scheme of a retrofit adaptive FTTC is introduced against actu-
ator faults. Finally, a reconfigurable control strategy constituting the normal and adaptive control

laws are synthesized.

4.2.2.1 Normal Controller Design

A normal controller designed under a proportional and integral scheme is chosen to effectively
eliminate the steady-state tracking error, the following augmented closed-loop state feedback con-

trol law can then be defined:
t
u(t) = Kzat) = K. / e(7)dr + Koa(t), (121)
0

where K = [K,, K] € R ¢(t) = y,.;(t) — y(t) denotes the error between the reference

T
command y,.¢(t) and system output y(¢), and z,(t) = [(fot e(r)dr), x(t)
Accordingly, system (119) can be augmented as follows:
To(t) = Aga(t) + Bau(t) + Gaw(t),
(2) (t) (t) (t) 122)
Ya(t) = Coma(t),
where 4, = 0 =50 c REEmxin) B — [0 BT € RU+>m O, = ro € Rltp)xtn)
0o A 0 C
I 0 . .
G, = e R+ g e RI¥P is designed to select system outputs for reference com-
0 G

mands tracking, w(t) = {yref(t), g} ,and y,(t) = {(f(f e(r)dr), y(t)
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Considering (121) in (122), the augmented state feedback control system (122) becomes:

Ta(t) = (Aq + BoK)xo(t) + Gaw(t), (123)
Ya(t) = Coza(t),

As a result, the UQH with actuator faults can be expressed as:

Fa(t) = Aga(t) + Bau(t) + Gaw(t) + E.f(t), (124)

Ya(t) = Caza(t),

where E, = [0, E]T and UQH’s control inputs are all constrained by (10).

Consider actuators dynamics (10), the augmented system (122) can be rewritten as:

Ta(t) = AgZa(t) + Bau(t) + Gaw(t), (125)

T B Aa 0
where Z,(t) = [z4(t), u?™]|T € RUN+2M) 5 (1) = [y(t) 0] € RprImtl 4, = €
0 K,wn

§R(l+n+2m)><(l+n+2m)’ Ba — [Ba _ Wm]T c §R(l+n+2m)><m’ Ga — [Ga O]T c g:e(l+n+2m)><l’ and

C«a — [I 0] e RU+n)x(l+p+2m)
The augmented faulty system (124) then becomes:
To(t) = AgZa(t) + Bou(t) + Gow(t) + Ef(1),
(1) = AZa(t) + Buu(t) + Guan(t) + EF (1) 126

where F = [E, 0]T.
Introduce the output feedback control u(t) = KC,%,(t) into the closed-loop system (126),

which can be expressed as:

To(t) = AuZy(t) + BoKCoZo(t) + Gaw(t) + Ef(t). (127)



Theorem 6 For a known positive constant -y, if there exist positive symmetric matrices X = X' €
Rltntzm)xlnt2m) gpng 7 = 77 > (0 ¢ Rltnt2m)xnt2m) gnd matrix Y e REH2m) ghar

make the linear matrix inequalities (LMlIs) (128), (129), and (130) hold, where the symbol x is the

symmetric entry. Then system (125) can be stabilized by the controller u(t) = KC,Z,(t):

A X +BY + (A X+ BY)T G, YTRYV? XQ'?
* —~2I 0 0
<0, (128)
* * -1 0
* * * -1
Z *
>0,i=1,..,m, (129)
I(l+n+i)WX cbs/rznaz
A *
>0,i=1,...,m. (130)
—[0, Wi [WX 4+ Wiy Yag o2 /r2

|[ga (®)]]2
llw(®)]l2

Here,  is related to the H., norm 7, (s) of transfer function ( < ~2I) from w(t) to the

performance output [33]:

Ta(t) = [Q2,0]"Z4(t) + [0, R4 u(t). (131)

In addition, P = PT = X4, W = [CT(C,CT)~1,CZ], and C+ represents the orthogonal ba-
sis for the null space of C.,. Wi ;) and Y ;) denote the it" rows of matrices W, and Y3, respectively.
X1 0

Y =1V, 0, X =
Xo1 Xoo

(I + 7)™ row of identical matrix I, respectively. The reference command is assumed to be limited

with X1 = X{,. J4n+s and I (4 indicate the (I + n + 7)™ and

Vt > 0}. Therefore, K = Y;*(X},) ™!

max?

within a known bound £2 := {yys (t)| y/o ; () yres () < 72
can guarantee that the system (127) meets actuators constraints (10), and Y * and X* are the optimal

solutions of Y and X.
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Proof of Theorem 6: The following Lyapunov candidate is selected here:
Vi =25 (t)Pz,(t). (132)
The derivative of V) along the trajectory of system (125) can be written as:

) _32(0) Py (1) + 57 (0)Pat) = 70 (A + BuK)T Pao(t) + u” ()G Pt
dt ) ) (133)

dvi(t)
dt
< 721, then the following inequality can be obtained:

In order to guarantee the system stability, it requires that < 0. Moreover, recalling the

g ()] |2

affine quadratic H ., condition IR

dVi(¢)
dt

=21 (t)(Ay + B.K) Pz, (t) + w' (t)GT Pzo(t) + 25 (t) P(Ay + BoK)To(t)+ (134)

+7a (DFa(t) — y*w" (t)w(t)

Tq () PGaw(t) + G (t)7a(t) — v*w" (t)w(t) < 0.
From (131), one can easily derive that:
Jo (D7a(t) = Z, (1) (KT RK + Q)74(t). (135)
In addition, the following equality is obvious:

w’ (t)Gg PTa(t) + T, () PGow(t) < v*w” (t)w(t) + (%)ZEZ(t)PGaGZPEa(ﬂ' (136)

Eventually, substituting (135) and (136) into (134), the following inequality can be obtained:

_ _ _ _ 1 _
(Ay + B.K)TP+ P(A, + B,K) + KTRK +Q + (?)PGGGGTP <0. (137)
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Q-+ (3)PGGIP+ K"RK + P — (Y +Y") (A, + B,K)"P+Y"

P(A, + B,K)+Y —P
AX +BY + (A X +B,Y)" G, YTRY? XQ'? (138)
_ * =L 0 R I
- * * -1 0 ’
* * * —1I

According to the Reciprocal Projection Lemma in [108], applying the Schur complement [107]
and P = X!, (137) can be formulated into (138), which is the same as (128).

Eq. (129) ensures the sth actuator operating within the safety region ®4(;), which equals to

2
P=X"! = Iltz-n—i—z (I)T;mm [lJrnJrl
d(i)

1 1
= q)?l(z) > X21£n+i]l+n+iX2T > amUw(X Il+n+le+n+1X Tmam)
1 _ _
> max2 ||]l+n+iX2xaa(t)||2 > ,mnax ||Il+n+ixa(t)||2
[Zaa(t)>T3as X~ 224 ()|>12,,,

> T 2
= gj% ||Il+n+zxa(t)’|
= q)?l(i) > (IiintiZa(t))? = u%i) (t),

where 4. (+) denotes the maximal eigenvalue, Z = (WX)TP(WX),andi = 1,...,m.
Eq. (130) guarantees the rate of the ith actuator operating within the desired boundary ®,;).

Utilizing the Schur’s complement, (130) is equivalent to

2
Z ( Wl WX+W1 (41) le )T(I)n;a:v( Wl(z WX + Wl (412) le(z )
(2)

= o7, >X> (WX)_T(—Wl(i)WX + Wi Yio) (=WigWX + Wi Yie) (WX) ™!

max

> s (X 2 (= Wiy + Wiga Vi (W X) ™) (=W + Wi Y (W X) ™ X 272

max )

>  max ||(—W1(i) + W1(ii)KOa)X%faa(t)||2

o ‘faa (t) | zrgnaz

> max (=W + Wiy K Ca)Za(t)|

‘X jxa(t)|>r1fnaz

= CI)Q >(=Wiau(t) + Wi K CoZa(t))? = u,?(i) (t).
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Therefore, the problem can be solved if conditions (128), (129), and (130) are simultaneously
satisfied with K = Y;(X 11)*1. In addition, the closed-loop system can be stabilized under the
actuator constraints of u(t) € [—®4, Pyl, u,(t) € [—P,, D,], and state constraints of Z,(t) €

[_(1)57(1)8]'

Remark 8 The conditions (129) and (130) guarantee that the amplitude and rate of actuators are
limited within their safe regions. The control effects can be adjusted by constraining the variable

v to meet the transient performance requirement.

4.2.2.2 Adaptive Fault-Tolerant Controller Design

This predominant concept of the proposed adaptive FTC methodology can be illustrated in
Fig. 4.22. The overall control system comprises a normal controller, a fault estimator, and a fault
compensator. In the absence of actuator faults, the UQH is controlled by the normal controller.
Once the actuator fails to operate, it is then detected by the fault estimator, its magnitude is also
estimated using an adaptive law. Based on the estimated value, the fault compensator generates an
additionally appropriate control input u,4(t) for tolerating the negative impact of actuator faults.
Eventually, an adaptive FTC controller capable of counteracting actuator faults is synthesized by

the additional control input u,4(t) and nominal one wu,, ().
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Written into mathematical representation, the ultimate control input becomes:

u(t) = up(t) + uaa(t), (139)

where u,4(t) is the additional control input, which is 0 with healthy actuators, while deviates from
0 with faulty actuators; u,(t) is from normal controller.

In order to obtain the magnitude of actuator faults online, a target model is first built:

Z(t) = Az(t) + Br(t) + Gg + Ef(t), (140)

where #(t) and f(t) denote the estimation of states and actuator faults, respectively; the target
control input r(t) € R™ is properly chosen to accomplish the control objective.

The augmentation form of (140) then offers:

Falt) = Auia(t) + Boyr(t) + Gaw(t) + Eof(1). (141)

Define the system state error e(t) = Z,(t) — x,(t) and the control input u(t) = r(t) —
Le(t), the error feedback gain I is introduced for stabilizing the augmented system (141), E, =

[Eu1, ..., Eam]. Then one can obtain the derivative of system state error as follows:

E(t) = Fal(t) — da(t)

Ae(t) + Ba(u(t) + Ie(t)) + Ga(f(t) = (1))

. (142)
= (Aa + BaF)e + Eaf<t>

= (Au+ BD)e+ > Eufilt),
=1

where f(t) = f(t) — f(t) is the estimation of disturbance errors and f(t) = diag[fi(t)...fn(t)].

Theorem 7 The augmented state error system (142) can be stabilized with the existence of positive

symmetric matrix Xo € ROV and matrix Yo € R meanwhile the following LMI
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(143) should hold:
A Xy + B,Ys + Xo AT + Y BT <0, (143)

and f (t) is determined by the following adaptive law:

fi(t) = Proj[iiji]{—kieTPEai}

i fi(t) = f.,—kieTPE,; <
0, if fi(t)= [, —kie' PE,; < 0or (144)

= fi(t) = F;, —kieTPE,; > 0,

—k;e" PE,;, otherwise,

where k; > 0 denotes the adaptive law gain, Proj{-} is the projection operator projecting the

estimates f;(t) to the acceptable fault interval | /5 £l

Remark 9 A feasible solution of X, and Y, can be calculated from (143) using LMI toolbox in

Matlab. Then, the error feedback gain I’ = Y5 X5 L can be obtained [121].

Proof of Theorem 7: Choosing the Lyapunov candidate function as follows:
n IP) t
Vo = e (t)Pe(t) + ; fTU (145)

The derivative of V; then gives:

Vo = T (t)[P(Aq + BoI) + (A + B,I) " Ple( +22f2 PEMHZf“fZ. (146)

If the adaptive law (144) and the following LMI are selected, it follows that:

W ferwpE, (147)
then, (146) can be rewritten as:
Va < eT(H)[P(Aq + Bul') + (Ag + B )" Ple(t). (148)
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Choosing ' = YQXQ_1 and P = XQ_I, as well as (143) holds, one can obtain that:

P(A,+ B,D) + (As + B, )P < 0. (149)

Substituting (149) into (148), it gives:

Va < —Ble(®)|]* <0, (150)

where 8 := — max[P(A, + B,I") + (A, + B,[)T P] > 0.

So far, the augmented state error system (142) is stabilized and proof of Theorem 7 is finished.

4.2.2.3 Control Schemes Synthesis

An appropriate control input 7(t) = Ki,(t) — BIE,f(t) is devised in order to match the

augmented target system (141) with the normal system (123), then (141) becomes:

a(t) = (Aq + BoK)io(t) + Gow(t), (151)

where B! denotes the pseudo inverse of B,.
Ultimately, the additional control effort compensating the undesired adverse effects of actuator

faults can be derived:
u(t) =r(t) — Ie(t)

= Ki,(t) — BIE,f(t) — Ie(t) (152)
= Up(t) + Uaa(t),
where u,(t) = K,(t), and uq(t) = (K — I')e(t) — Bl E,f(t). The additional compensating

control input u,4(t) varies from 0 in the event of actuator faults, while it remains 0 in the absence

of actuator faults.

Remark 10 The additional fault compensating control input u.q(t) comprises two terms (K —

De(t) and —BIE, f(t). The first term, which activates once any residuals between the plant and
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adaptive model are generated, is designed for reducing the speed of fault induced performance
deterioration with no fault information, so as to provide the FDD module with sufficient time to
achieve more accurate diagnosis results and offer extra time for the control reconfiguration as well;

the other term is triggered after the correct fault information is obtained from the FDD scheme.

4.2.3 Simulation and Experimental Results

The performance of the normal and proposed controllers are compared in the face of faulty
actuators. The system parameters of the studied UQH are adopted from a real one, which are listed
in Table 4.1. In order to better meet the practical conditions, the actuator saturation is considered
in the system nonlinear model. The operation bound of PWM control input is restricted within
[0, 0.05] and its rate is limited under 0.05 per second for the simulation; while PWM control input

is constrained in [0.05, 0.1] and its rate is limited under 0.05 for the experiment.

4.2.3.1 Scenarios Description

Three scenarios are included in the method validation:

(1) Scenario I: This scenario considers two actuator fault cases. First, there are partial loss
of control effectiveness faults (60%) acting on all four motors which occurs at 30th second
when the UQH is tracking a desired trajectory. Next, the performance comparison with
partial loss of 50% control effectiveness in two neighbouring motors (rear and left motors)

starting at 30th second is conducted.

(2) Scenario 2: In this scenario, the proposed control method considering actuator dynamics is
further validated by comparing it with the normal control method without consideration of
actuator dynamics. This performance comparison is conducted with partial loss of 30% con-
trol effectiveness imposed, which is solely acted on the rear motor starting at 20th second.

To make the simulation to be more practical, it is important to show the proposed controller’s
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Figure 4.23: Performance comparison in vertical direction (a) and estimation result (b).

robust performance in the presence of external disturbances and noises. Accordingly, an en-
vironmental disturbance of 1 N along vertical and 1 N along longitudinal directions, which
lasts from 40th second to 50th second, is injected into the system. Noises with variance of

0.0001 acting on all measurements are taken into account as well.

(3) Scenario 3: In order to further demonstrate the efficacy of the proposed FTC method in
practice, experimental test is also carried out in an indoor experimental environment. Loss
25% of overall power of all motors is considered, mimicking the negative impact of battery

drainage.

4.2.3.2 Results of Scenario 1 and Evaluation

Fig. 4.23(a) shows the performance achieved by the proposed controller is significantly superior
than the normal controller when the UQH is exposed to actuator faults in all motors. Although the
UQH can be steered to return to the intended altitude by both controllers, the performance of
overshoot (80%) and settling time (30s) is not satisfactory in the case of normal controller. By
contrast, the performance is significantly improved (with 20% of overshoot and 10s of settling
time) by the proposed controller.

The estimated fault rate is displayed in Fig. 4.23(b). As can be observed in Fig. 4.24, the

control inputs of both controllers are under actuator saturation, and the required PWM inputs to
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compensate the effect of gravity and actuator faults is around 0.0286 (under the PWM deflection
range [0, 0.05]). Moreover, it can also be seen from Fig. 4.24 that the better performance of the

proposed controller is due to the more prompt control signal generation of the proposed controller
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4.2.3.3 Results of Scenario 2 and Evaluation

As can be seen the respective performance of two compared controllers in Fig. 4.25, although
merely the amount of imposed actuator faults is not able to cause the UQH crash, eventually

the normal controller cannot prevent this serious consequence in the event of both actuator faults

108

90
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Figure 4.27: Performance comparison in lateral direction (a) and roll angles (b).

and external disturbances. While the proposed controller can eventually maintain the quadrotor’s
stability at the expense of 60% overshoot after the occurrence of disturbance.

It can be observed from Fig. 4.26(b) and 4.27(b), the normal controller cannot ensure Euler an-
gles to track the reference signals. Eventually, as shown in Fig. 4.26(a) and 4.27(a), it cannot force
the set-point tracking error to converge to zero quickly enough or even worse steer the quadrotor
helicopter to the intended position within a stipulated time. On the contrary, within a graceful per-
formance degradation, the proposed controller can still ensure stability of the quadrotor helicopter.
This indicates the proposed controller has the capability to effectively reject large constant external
disturbances comparing to the normal controller.

From Fig. 4.28, operated by the normal controller, the UQH’s actuators are saturated when
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Figure 4.28: Performance of PWM control input signals.
it simultaneously encounters the actuator fault and external disturbances. This directly leads to

the crash. However, by employing the proposed controller, the UQH can react effectively and its

stability can also be guaranteed without violating actuator limits.

4.2.3.4 Results of Scenario 3 and Evaluation

Before the presence of actuator faults, the normal and proposed controllers (no fault com-
pensating mechanism is activated) are similar, thereby the analogically good trajectory tracking
performance can be observed in Fig. 4.29. After the occurrence of actuator faults, Fig. 4.29 shows
a deviation from the expected path. One can see that the better tracking performance is achieved by
the proposed controller comparing with the normal controller. The existence of fault compensating
mechanism exactly explains the superior performance of the proposed controller.

To be more specific, from Fig. 4.30, 0.33 m and 0.83 m of height losses are induced under
the supervision of the proposed and normal controllers, respectively. Furthermore, although no
significant tracking errors are caused along the longitudinal direction (as shown in Fig. 4.32) when
the UQH is operated by either the normal controller or proposed controller, the performance of the
UQH along the lateral direction (as displayed in Fig. 4.31(a)) achieved by the normal controller

(around 0.5 m) is worse than that of the proposed controller (around 0.17 m).
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In addition, as can be seen in Fig. 4.33, more appropriate PWM inputs are generated by the pro-
posed controller (by virtue of the consideration of actuator dynamics in the controller design) with
comparison of the normal controller, while this correspondingly contributes to the less aggressive

actions of the UQH manoeuvring by the proposed controller.

4.3 Adaptive Fault-Tolerant Tracking Control of Unmanned
Surface Vehicle

In addition to the design of a reliable USV guidance system capable of compensating negative
effects from environmental disturbances and turning motion (as stated in section 3.1), it is also of
great importance to develop a FTC strategy to enhance the reliability and safety of USV control
system and maintain an acceptable level of performance in the presence of system component
malfunctions. As the connection between the control command and physical action, the actuator
plays a vital role in USV control system. When actuators fail to operate as expected, the system
performance degrades as well, even the stability of the overall system may be seriously threatened.
These hazardous phenomena may further lead to two risks, the first risk implies that both rescue
personnels and manned vessels are needed to fetch the USV with defect actuators; the other risk is

to increase the collision probabilities and threats to other vessels and personnels in the vicinity of
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Figure 4.33: Performance comparison of PWM input signals.
the faulty USV.

The existing researches in the USV control community up to date, however, mainly involve the
fault detection and diagnosis (FDD) of USV sensor and actuator failures, while limited number of
papers devote to the FTC of USV problems. In terms of the FDD of USV sensor faults, a fuzzy
logic adaptive federated Kalman filter (FLA-FKF) algorithm is developed in [122] in the event of
sensor faults and measurement noises. In [123], an adaptive observer is proposed along with redun-
dant sensors to detect sensor faults. A multiple model adaptive estimation (MMAE) technique is
presented in [124] to detect and isolate the sensor faults. [125] introduces a federated Kalman filter
(FKF) employing a fuzzy logic adaptive methodology for detecting and isolating different class of
sensor faults. With respect to the FTC of USV, a reconfigurable control approach is adopted for
the accommodation of ship propulsion faults in [126]. In [127], an unknown input observer based
fault-tolerant control allocation technique is developed for the detection and isolation of actuator
faults. [128] addresses a linear parameter varying control technique based FTC method consider-
ing the actuator fault as a time-varying term in the controller design. Furthermore, according to the

existing work [74,75], the desired heading angle is normally assumed to be perfectly tracked by the
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Figure 4.34: Block diagram of the proposed adaptive fault-tolerant tracking control scheme.

heading control system. In the practical situations, however, either environmental disturbances or
actuator failures may seriously affect the performance of heading controller. The desired heading
angle thereby may not be well tracked in these dangerous cases.

In the subsequence of this section, the design procedure of a normal tracking control method
is first applied in the absence of actuator faults. Then, a retrofit adaptive fault estimation and
compensating control scheme is introduced to counteract the actuator failure. Finally, a fault-

tolerant tracking control strategy is constructed by synthesizing these two control laws.

4.3.1 Adaptive Fault-Tolerant Control Law Design

The primary idea behind the proposed FTC method is illustrated in Fig. 4.34, which is the
combination of the aforementioned normal tracking control scheme and a fault estimation and

compensating mechanism. Its design procedure can be generally introduced as follows:

(1) before encountering the actuator fault, the USV is controlled by the normal tracking con-

troller to achieve the satisfactory performance;

(2) once the fault occurs, a fault estimator is activated and the amplitude of the fault is then

estimated based on an indirect adaptive fault estimation law;
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(3) after the fault estimation, a corresponding fault compensating control input is generated

according to an actuator fault compensating control law; and

(4) eventually, an adaptive FTC input combining with the normal and fault compensating control

inputs is synthesized so as to effectively counteract the adverse effect of actuator faults.

In the mathematical representation, the ultimate control input « (%) can also be written as:

u(t) = upe(t) + uaa(t), (153)

where u,4(t) is the fault compensating control input, which is 0 in the normal case and deviates

from 0 in the event of actuator fault, u,.(¢) denotes the control input from the normal controller.
To further facilitate the controller design, as a widely adopted marine surface vehicles model,

the USV model (3) has been reduced into the classic Nomoto model, which is employed in this

research for modelling the yaw dynamics of USV:

b=
d33 1

T+ —r=—",
ms3s ms3s

(154)

where 7, is the yaw control moment, ms3 and d33 denote the added mass effects and hydrodynamic
damping, respectively [98].

In state-space representation, (154) can then be written into:

#(t) = Ax(t) + Bul(t), (155)

0 1
where u(t) = 7, is the control input, z(t) = [, 7] is the state vector, A = , and

0 —d33/m33
B = [0 1/m33]T.
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Borrowing the idea of incorporation of state feedback control law with an integral action that

is used in section 4.1, (155) can then be augmented as:
To(t) = Aaxa(t) + Bau(t) + Garrer(t), (156)

0 -5,
where A, = € Rlatmxlatn) B = [0 B]T € R@+>*™ and G, = [1 0 0]7 € Rla+txa,
0 A

Consider the closed-loop state feedback control with integration of the integral term of tracking

error, the following controller can then be selected as the normal tracking control law:
welt) = Kao(t) K/ ) (157)

where K = [K, K,] € ®™#") which is designed using Theorem 5 in section 4.1, €(t) =

Tref(t) — Syx(t) denotes the error between reference signal and state, r,.f(t) is the reference

signal, matrix S, € RI*P chetermines the specific outputs for tracking the reference signals, and
[ fo T)dr x(t } € R is the augmented state vector.

Combine (156) and (157), the augmented closed-loop state feedback control system becomes:
Tq(t) = (Ag + BoK)a(t) + Garres(2). (158)

Incorporate actuator fault (11) in the augmented system (156):
To(t) = Agx(t) + Bau(t) + Eufa(t), (159)

where E, = G, + [0, E|" = [I, ET]" and f,(t) = [res(t), f()]".

Consider a target model subjects to actuator faults, which has the following structure:

A~

2(t) = Az(t) + Br(t) + Ef(t), (160)
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where the target control input r(¢) € R" is properly determined so as to achieve the control objec-
tive. Z(¢) and f(t) denote the estimation of states and actuator faults, respectively.

The augmented form of the target model (160) becomes:
Za(t) = Agita(t) + Bar(t) + E.fa(t), (161)

T
where &, = [ [y é(r)dr i(t)} and f,(t) = [rref(t), f(2)]".
Let the system state error e(t) = x,(t) — Z,(t) and the control input u(t) = r(t) + Fe(t), the

derivative of the state error between (159) and (161) then gives:

(1) = @q(t) — Z4(t)
= Aqe(t) + Ba(u(t) = r(t)) + Ea(fa(t) — fu(t)) (162)

= (Aa + BaF)e + Eafa(t)7

where f,(t) = fu(t) — fu(t) is the estimation of fault errors, fo(t) = [fu1(t)...fan(¢)]7, and F is
the error feedback gain which is designed for stabilizing the augmented system (161).

Writing E, = [Eal...Ean]T, the following augmented system state errors can be obtained:
é(t) = (A + BaF)e + Y Euifuilt). (163)
=1

Since the actuator fault can be regarded as constant within a relatively short period as compared

with fast sampling time, then the following relationship is achievable:

fult) = fult) = Fult) = — ult). (164)

Theorem 8 The augmented state error system (163) can be stabilized if there exist a positive
symmetric matrix X, € RO+ and matrix Y, € R while the linear matrix inequality
(165) should hold:

A X, + BY, + X, AL + YIB! <0, (165)
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and f;(t) is determined by the following indirect adaptive law:

fait) = Projy; 7 {kpiS" PEy}

(

0, if fa(t) = [, kpiET PE,; <0
- (166)

= or fa(t) = Ti,k’piETPEai 2 0,

kp;ETPE,;, otherwise,
\

where = = e(t) + kpié(t), the adaptive law gain kp; > 0 and kp; > 0, the positive symmetric
matrix P = X' > 0, and Proj{-} denotes the projection operator [100] which is employed for

projecting the estimates [;(t) to the acceptable fault interval | /5 £l

Proof of Theorem 8: Based on (163), the Lyapunov candidate function is chosen as:

Vo = 167

) = E:mz (167)
Deriving V5 with respect to time and along the trajectory of the error (163), one can obtain:

Vo = T (t)[P(Aq + BoF) + (Ay + B F)T Ple(t) + 2 Z faieT () PEq + 2 Z f“f“. (168)
According to the adaptive law (166), one can obtain:

f:’fai = — faile(t) + kpic(t)]" PE,;. (169)
Pi

Substituting (169) into (168), it follows that:

y azk % ai
Vo = el (t)[P(Ay + B,F) + (Ay + B.F)" Ple(t) — 22 Jukpié : (170)

Setting V5 as follows:

Va = Var + Vag, (171)
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where Vy; = eI (£)[P(Aq + BoF) + (Aq + BoF)T Ple(t) and Vyy = —2 3" | Juskpi (0P Fu;

kp;

Let F =Y, X!, P= X1, as well as (165) holds, the following inequality can be obtained:
Var = eT()[P(Ay + BoF) + (A, + B.F)" Ple(t) < 0. (172)

Next, substituting (163) into Vi, gives:

azk % t Aa+BaFT+ Eai ~aiTPEai
VQQ__QZf Dl O + Bl )+ (Fufo)'

fmle A + B, F) PEM fazsz,E PEM
<23 23

(173)

Employing the Lemma 1 in [129], for a positive scalar ; and positive symmetric matrix £, one

can obtain that:

ikpiel (AL PE,; F2 [ lE PEg
‘/22 _2Zf Di€ () st _ZZfazD

sz i—1 kPi
Po€ fmszE PEui N~ aiknidG PEa P [faikpiAS P Ea]”
< Z Z thd —
(t)Pye(t) f2 kpiELPE,;
< _
ZZ; /vaPz ; sz‘
(faikDi)Q _
+ Z S e [AL P Bl Py AL PE” |
(174)
where A, = A, + B,F.
Substituting (172) into (170) gives:
Va = Var + Vay < — (81 = 6a)[[e(t)|[* + 6, (175)
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where

6, = — max|[PA, + ALP] > 0,

n

5222 PO >0

i1 pkp;

" (faikpi)? T —1[ YT T \ f2kpiELPE,;
by = > T { [ALPE| Py AL PE,)T ) — 2 Lttt o et
3 =K ZZI kPi [ st ] 0 [ st ] ZZI k:Pi
Then, V5 < 0 for (0; — d5)||e(t)||? > 03, ¥t > 0, this implies that the errors e(t) and f, are
uniformly bounded and converge to a small set according to the Lyapunov stability theory [101],

and the augmented state error (162) is also stabilized.

Remark 11 A feasibility solution of X, and Y, is obtained by solving inequality (165) using Mat-

lab LMI toolbox. The error feedback gain F can then be calculated by F' = Y, X',

Remark 12 The adaptive fault estimation law (166) constitutes a proportional term with a deriva-
tive one, which can increase the rapidity of fault estimation comparing with the fault estimation

law with solely the proportional term.

4.3.2 Control Schemes Synthesis

In order to match the augmented target system model (161) with the fault-free system model

(156), 7(t) = K24(t) — BiEof(t) is chosen so that (161) becomes:
Ta(t) = AeZalt) + BoKio(t) + Garres(2), (176)

where Ey = [0, ET]T and B] is the pseudo inverse of B,.
From Theorem 8, it implies that Z,(¢) € L* and r(¢) are bounded. Moreover, e(t) € L,
the state vector z,(t) of augmented faulty model (159) is then bounded. Based on the augmented

state error system (163), it follows that é(t) is bounded as well. Together with a fact that e(t) €
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L> (N L?, it means that lim;_,..e(t) = 0. As a result, the states encountering actuator faults can
asymptotically track that of normal states and the final control goal is fulfilled [121].

The ultimate control effort compensating the negative impact of actuator faults is obtained:

u(t) =r(t) + Fe(t)
— Ki4(t) — BiEyfo(t) + Fe(t) (177)

= ch(t> + Uad(t),

where uy,.(t) = Kxq(t), and uaq(t) = (F — K)e(t) — BiEyf,(t). The additional control input

uqq(t) will vary from 0 in the presence of actuator faults.

Remark 13 In addition to counteracting the adverse effects of actuator faults, the proposed con-
troller is capable of ensuring the satisfactory performance of normal controller as well. Actually,

this property is of significance as the USV is operated under actuator failures most of the time.

4.3.3 Simulation Results

The USV model and path to be followed, in this simulation, are selected as the same to the
simulation of Section 3.1.
4.3.3.1 Scenarios Description

The following two scenarios have been considered:

(1) Scenario I: A step fault with amplitude of 0.2 Nm, in this case, is injected in rudder control
input. This fault begins at 20th second and disappears at 100th second. The performance of

the normal and proposed controllers is compared.

(2) Scenario 2: To further validate the efficacy of the proposed controller, a time-varying actua-

tor fault (0.1 + 0.2sin(7/5)t) is introduced into rudder, lasting from 20th to 180th second.
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Figure 4.35: The performance comparison of path following.

4.3.3.2 Results of Scenario 1 and Evaluation

In Fig. 4.35, the path following performance of the normal and proposed controllers are com-
pared. After either the occurrence or disappearance of actuator faults, the USV can smoothly
follow the path under the supervision of the proposed adaptive FTC controller, while the transient

oscillation is induced when the USV is operated by the normal controller.
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Figure 4.36: Performance of heading angle, lookahead distance, and rudder.
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Figure 4.38: The performance comparison of path following.

Fig. 4.36 displays the time histories of heading angle tracking, lookahead distance, and rudder
moment. It can be seen that a more prompt and proper rudder action is produced with the proposed
controller comparing with normal controller. Accordingly, this results in a better heading angle
tracking performance and less and smoother lookahead variation than that of the normal controller.

The fault estimation result is shown in Fig. 4.37, it clearly shows that the amplitude of the

imposed actuator fault can be well and rapidly estimated.
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4.3.3.3 Results of Scenario 2 and Evaluation

From Fig. 4.38, the added actuator fault seriously deteriorates the performance of the normal
controller which makes the USV oscillates along the path, while the proposed controller capable of
compensating the negative effects of fault maneuvers the USV to follow the desired path in a gentle
and steady manner. This good results of the proposed controller is due to the rapid and appropriate
rudder operation (see in Fig. 4.39), which likewise steers the USV to elegantly track the expected
heading angle without causing obvious oscillation. Furthermore, compared with normal controller,

the proposed controller induces less and smoother lookahead distance variation.
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Figure 4.39: Performance of heading angle, lookahead distance, and rudder.
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As displayed in Fig. 4.40, even the amplitude of the time-varying fault can be consistently
estimated as well. This superior performance is because of the introduction of the derivative term

in the fault estimation law which can guarantee a prompt convergence to the expected value.
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Figure 4.40: The estimation of actuator fault.

4.4 Linear Parameter Varying Control of Unmanned Surface
Vehicle with Actuator Faults and Mass Variation

In real life situations, the mass of USV may suddenly and dramatically change due to payload
deployment, aircraft taking-off and landing, as well as missile launching. It may also gradually
alter over a period of time due to fuel consumption and water sampling. These factors can di-
rectly lead to the variation of system dynamics (inertia and Coriolis and centripetal effects), and
may ultimately deteriorate the performance of USV controller that is designed on the basis of a
static internal model. More seriously, it may likewise cause the frequent operation as well as wear
and tear of actuators which can severely threaten the health of actuators (actuator faults), result in
missions being aborted, and probably threaten the safety of other marine crafts and personnels in
its proximity [130]. In order to cope with such issues and successfully accomplish assigned mis-
sions without significant performance degradation, the development of an efficient and effective
gain-scheduling control methodology with adaptive dynamics updating capabilities is highly de-

manded. Unfortunately, the variation of mass, which is responsible for the significant deterioration
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in terms of controller performance, is normally unknown in advance. The precise estimation of
mass variation is thereby critical in real-time applications. However, little research to date involve
in this topic, only a recent publication is found in [130], in which a model predictive control (MPC)
combining with three parameter estimation algorithms (including gradient descent, least squares,
and weighted least squares) is developed.

Most of the existing USVs control approaches are developed based on linear models or the
linearization of nonlinear systems around a specific operating point. But for systems with a wide
operating range, the linearized methods may fail to achieve satisfactory performance. Alterna-
tively, the linear parameter varying (LPV) control [131] capable of effectively solving numerous
nonlinear control problems has progressed steadily into a mature tool [132]. It has a significant
advantage over the fixed-gain controllers since its feedback control gains can be scheduled along
with the variation of dynamics, which contributes to less conservativeness of the controller as well.
In industrial applications, LPV control method has been widely adopted to solve variety of prac-
tical problems due to its capability of guaranteeing system stability and performance over a wide
range of operating conditions [133]. The idea of LPV is firstly appeared in [134] which is to anal-
yse the interpolation and realization issues in the traditional gain-scheduling control approaches.
In the successive development, many methodologies are gradually developed to contribute to the
LPV control design including linear matrix inequality (LMI) [135], stable realizations [136], and
set-invariance methods [137].

In order to overcome the challenges addressed above, this thesis investigates the design of
an adaptive gain scheduling control method for USV tackling the sudden change in mass, while
encountering actuator faults. This proposed controller includes the following components: 1) a
LPV state feedback controller is designed to control USV under different operating conditions,
these conditions include variations of overall mass and actuator faults, which are considered as the
scheduling variables in the LPV controller design; 2) an adaptive parameter estimation mechanism
and a finite-time adaptive fault estimation scheme are devised to provide the real-time information

of mass and actuator faults variations during the maneuver of USV; 3) finally, a LPV state feedback
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controller capable of adaptively estimating system parameter variation is synthesized to guarantee
the satisfactory mission performance in the absence/presence of sudden and dramatic changes in

dynamics.

4.4.1 USYV Linear Parameter Varying Steering Model

Assumption 7 It is reasonable to neglect the sway velocity (this derives u, = 0) since it is much

smaller than the surge velocity in the case of underactuated USV.

Based on Assumption 7, the following simplified USV model consisting of surge and steering

dynamics can be achieved:

Uy = Aylly + ByTy
b=r (178)
r = A.r+ B0,
where v, 0, and u, denote the yaw angle, rudder deflection, and surge speed, respectively. A, =
—dyy/ma1, Ap = —dsz/ms3, By, = 1/mi1, B, = Ny/mss.
In addition, the parameters ds3 = — N, +(my,— %N,) — %Yr)uu and m,; = m— X, are functions
of system overall mass m. When selecting m as a time-varying parameter, (178) is exactly a LPV
model [138].

Without loss of generality, (178) can be written into the following state-space form:

179)

where u(t) = [, 0] € R™, z(t) = [u, ¥ 7|7 € R", and y(t) € RP represent the system’s

A, 00 B, 0
control input, state, and output vector, respectively. A40) = [ o 0 1|.BO@) =10 0|,
0 0 A, 0 B,
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10
and C'(9) = . 0 is a time-varying vector that contains all possible trajectories of system.

01
The linearized USV model can then be expressed as:

(A(6),B(6),C(5)) = Y _ mi(As, Bi, Cy) € Co{(A;, B;,Cy) 1i=1,.., N}, (180)

with the convex coordinates z; > 0 and Zf\il i =1, (A;, B;, C;)(i = 1,..., N) are a priori known

constant matrices that denote USV models at all vertices, and C'o{- } represents the convex hull.

N
Q={peRY ;>0 =1}, (181)

i=1

where €2 denotes a convex set, 1; denotes the function of time-varying parameter d, and its selection
rule can use the bounding box approach presented in [139].

Therefore, a LPV system can be constructed if the parameter dependence is affine, that is
matrices A(d), B(J), and C(0) depend affinely on d, while § varies over a fixed polytope. In order
to eliminate the steady-state error, the state feedback control is normally in augmentation with an

integral action [140]. The augmented feedback system can then be described as follows:

ta(t) = Aa(0)Ta(t) + Ba(0)u(t) + Ga(d)yr(t)

(182)
Ya(t) = Cu(6)za(t),
where y,(t) is the reference signal, x, (¢ fo 7)dr, z(t)]" and y,(t fo T)dT, y(t
e(t) =y (t) —y(t)
Aa(é) _ 0 _SC((S) c §R(l+n) (l—&-n)7 Ba<5) _ 0 c §R(l+n) :
0 A®5) B(6)
- (183)
Ca((S) _ I 0 e §R(l+p (I4+n) G (5) 1 e §R(l+n l+r)
0 C(9) 0
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Based on (180) and (183), system (182) can also be written in polytopic representation:

N
(Aﬂ-(a)? Bﬂ(a)a Cﬂ-(a);Ga((s)) — Z P%'(Am'a Bm‘g Ca.z’; Gm’)
=1 (184)

< CO{(AE.,;, Ba'i: Ca@'a Gai) 1= ]_1 cany N}

4.4.2 Finite-Time Linear Parameter Varying Fault-Tolerant Control Design

The overall control design structure of the proposed scheme is outlined in Fig. 4.41. First, a
LPV-based fault estimator is constructed to estimate the amplitude of actuator fault under different
working conditions; then, a LPV scalar calculation law is developed for the determining the weight
of control gains of each vertex; finally, a LPV-based feedback control method is chosen for the

reconfigurable control design.

/
) . .
y.( () Pa— ()
Coﬁggller g US\} 7
- ¥
| H, LPV Adaptive Mechanism |/
| LPV Scalar |
| Calculation |
| [N |
e.r'('f) |
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| Falt e(t) y + y(i) Reference u(r)
| Estimator ® _ Model |
|

Figure 4.41: Schematic diagram of LPV-based fault-tolerant control method.

4.4.2.1 Linear Parameter Varying Fault-Tolerant Control Scheme

It is assumed that the states of the closed-loop system are measurable by the sensors at any
time instant. Hence, the augmented system (182) with closed-loop state feedback and the integral

tracking action can be represented by:
i
u(t) = Ka(8)z(t) = Ko(0) f e(r)dr + Ka(0)x(t), (185)
0
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where K,(6) = [K.(0), K,(6)] € ®™+7), Choosing the output as z,(t) = C.(8)z4(t) +
D.(0)u(t) + G,(6)w,(t), the corresponding closed-loop augmented system in state feedback case

can therein be represented by:

Fa(t) = Ag(0)2a(t) + Ga(8)wa(t)
2at) = Coa(0)2a(t) + G (d)walt),

(186)

where Ay (0) = Ay(0) + Ba(0)K (), and Cs(0) = CL(8) + D.(0) K (0). z4(t) € RP, C.(0) €
RP*™ D, (0) € RP*™, G,(6) € RP*.
To ensure the existence of the linear parameter dependent state feedback control law (185) for

the closed-loop system (186), the following bounded real lemma (BRL) [139] should be satisfied:
(1) A4 (0) is quadratically stable [108];
(2) there exists a bound v > 0 for any exogenous input w,(t) € L3[0.00), the performance
criteria ||7'(9)||oo < 7, where T'(§) denotes the system transfer function.

If the aforementioned BRL is satisfied, and there exists a symmetric positive definite matrix

X (0) and a matrix Y'(J) such that LMI (187) holds [18]:

Alpv((S) Go(9) YT(5)R1/2 X(5)Q1/2
—I * 0 0
=(0) = <0, (187)
* * -1 0
* * * -7

where Aj,(0) = Ay (8) X (0) + Ba(0)Y (8) + (Au(6) X (0) + Ba(6)Y (8))*.

Remark 14 For the sake of minimizing the conservative, the matrices X (§) and Y (0) are normally
parameterized. However, the nonlinear uncertainties terms may yielded by the products between
the uncertain matrices A,(9) and X (9), or B,(d) and Y (8). Therefore, the following procedure
should be conducted to avoid the nonlinear uncertainties terms by eliminating the elements with

the products of two uncertain terms.
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Theorem 9 The closed-loop system (186) can be stabilized under the supervision of state feedback
control law u; = Ky (8)z,(t) with Ky (8) = Y (8)X1(0), where the positive symmetric matrix
X(8) = N i X; € RO and matrices Y (8) = SOV, Vs € R and Z(5) =

Zi]\il wiZ; € RIHOX(m+D) if (188) and (189) hold (x denotes the symmetric entry in the LMI).

Eij+Eu <0, (1<i<j<N), (188)
AuiXi + B, Y + (Ag; X + Bani)T Gaj YiTRl/z X,QY?
* —~I 0 0
* * -1 0
* * * -1

Proof: Expanding and parametrizing all terms in (187), then the following sufficient condition

of (187) holds:
N N
(0) =D > minyZiy <0, (190)

i=1 j=1

[1]

where =;; is the same as (188) and (189).

If (188) is true, the following inequalities can thereby be obtained

Eii<0> (Z:L,N)
(191)
As ZZN:1 w; = 1, u; > 0, then
N N-1 N
20) =) wiZa+ Yy Y miniSy <0, (192)
i=1 i=1 j=it1

which is equivalent to (190).
Consequently, if (188) holds, it can then derive that (192) is satisfied and (189) holds. Whilst

the closed-loop system (186) can be stabilized with respect to all parameter variations 9.
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4.4.2.2 Controller Synthesis

Employing the bounding box method proposed in [139], the LPV system matrices can be ap-

proximately described in an affine LPV form [141] as:

(

N
Aa(8) = Awo + Y 1:(0) Aus
= (193)

N
Ba((s) - BaO + Z ,ui((S)Baia
=1

\

where N is the selected number of vertex.

According to the affine LPV assumption, infinite sets of LMI of (189) can then be reduced
to finite evaluation in each vertex of convex set (2. Thus, the controller for each vertex can be
computed offline as K; = V; X; ! (i = 1,2, ..., N) [142].

Based on these vertex controllers, the LPV state feedback control law K (J) can ultimately be

obtained online as follow:

N
Ka(0) = () K, (194)
=1

where 0 can be measured or estimated in real time, then y; can be obtained through § = Zf\il (404,

and 0; denotes the value of each vertex.

4.4.2.3 Finite-Time Linear Parameter Varying Adaptive Fault Estimation Scheme

Suppose system without actuator fault can be formulated as:

N

ta(t) = ) pulAia(t) + Byu(?))
=1 (195)

Ya(t) = Cory(t).
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Then, system (195) with actuator fault (11) can be represented as:

N

ta(t) = Y pulAia(t) + BaLsi(t)u(t)]
=1 (196)

Ya(t) = Cury(t).

To estimate the effectiveness of each faulty actuator, the following adaptive fault diagnosis

observer is constructed:
i=1 (197)

where the pair (4;,C,) is assumed to be observable, and the observer gain K,(d) is chosen to

guarantee the stability of (A,(0) — K,(9)C,), which is given by:
N N
Ko(0) = pi(0) Ko > 0, p13(0) > 0, pa(8) = 1. (198)
i=1 i=1
Thus, the dynamic error between (196) and (197) can be denoted as:

éa(t) =Y mi(As — KoiCi)ea(t) + Baepi(thu(t) = Z pilAxies(t) + Baegi(t)u(t)]

=1

(199)
ey(t) = Caea(t),

. . N .
where €,(t) = Za(t) — za(t), €y(t) = Ja(t) — ya(t), er(t) = 2230, pileri(t)), epi(t) = Lyi(t) —
Lyi(t), Ax(8) = X0 pi(Axq), and Ag; = A; — Ky Gl

The parameter-varying observer gain K,(d) can then be obtained by the stated LMI conditions

in the following proposition.

Proposition 2 [f there exist matrices F; and a symmetric matrix T making (199) asymptotically
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stable, the following LMI holds [ 143, 144]:

T ALT-CTFT
> 0. (200)
TAy; — F;C, T

Consequently, K,(¢) is determined by K,(6) = S | us(T~'F}).
For the convenience of constructing an adaptive law for the parameter (actuator efficiency

factor) estimation, (199) can be rewritten as:

6x(t) = Z ,Ui[AKiex(t) + Baif(t)u(t)]

(201)
ey(t) = Caea(t),
where Ly (t) = 3200, pulLyi(t) = Ly(8)] = Ly(t) = Ly(t).
4.4.2.4 Regressor Matrix and Vector
Defining a regressor matrix M (t), and a vector N (¢) as:
M(t) = —kppM(t) + kppo™ (t)6(t), M(0) =0
(202)

N(t) = —kppN(t) + kppd” (1) p(t)L(t),

where krr € R denotes a forgetting factor, ¢(t) = B,u(t), whilst N(0) = 0 is the initial
condition of N(t).

The solution to (202) can then be obtained:

M(t) = /0 e P Dk ppgt (1) (7)dr,
(203)

N() = /0 e R 6T (1)(r) Ly (H)dr = MLy (1),

134



Therefore, the following equations can be derived:

(204)
Ly(t) = M~ ()N (t)
4.4.2.5 Finite-Time Linear Parameter Varying Adaptive Parameter Estimation
Theorem 10 The adaptive law can be formulated as:
. N
Ly(t) = =T mwi[Bl Pieu(t) + R(t)], (205)

=1

where R(t) is a sliding mode term, which is expected to guarantee the fast parameter convergence,

can be written as:

ML)~ N o06)
M) 202D w2, (1),
mOl

where (2p1 = w182 and 25y = wpa (2. Wiy and wys are positive definite scalars. 2 = diag(wy,ws,
...,Wp) is a positive definite matrix, and I' = diag(my, T2, ..., T,) is a learning rate symmetric

positive definite matrix.
Proof of Theorem 10: This proof procedure can be divided into two steps:
(1) Proving e, (t) can exponentially decay; and
(2) Proving the finite-time convergence property of control input.

Step 1): Choosing the following Lyapunov candidate:

N L (207)



besides, setting:

V=V+Vs,
ZM () Pea(1)], (208)
Zuz LI M N ().

Differentiating (207) with respect to time and applying (201), one can then obtain that:

Zuz (OPea(t) + O] + S NT(OM (OF M (R ()]

d[M ()N (#)]
dt

}.
(209)

=2 Z pi{el[AL P+ PAgiles + el PB.Ly(t) + NT ()M~ (t)

=1

Since Ak (9) = Zf\il i (Ag;) is a Hurwitz matrix, the following inequality should hold:

Ag(8)"P(8) + P(8)Ak(8) = > Ak, P + PiAgs] < —Q(9), (210)

i=1

where P(5) = PT(§) = 32N | 1P € RUEWx) Q(5) = QT(8) = oV | j1,Q; € Rmx(t4m)
Successively applying (204), (220), (206), and (210), then (209) can be rewritten as:

< _%ef (0)es — NT(#)M (£ R(t)
L, o N oo o 1D
< ~56 (0)e, — N*(t)211 Ol — N7 (£)£2;2N(1).

For the convenience of plain demonstration, the analysis of each term in (211) is separately

conducted as follows:

O = 75 e (P)
JY(t) < _ >\mm<Qf1>
NI T Amae(L72) Amaa (M (1))
/\miN(Qﬂ)
Amaz (M7 (#)) Amaz (1) Aaa (M 1(2))

Vi,

v, (212)

Va,
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where A4 (+) and A\, (+) represent the maximum and minimum eigenvalues of a specific matrix.

Therefore, the derivative of the chosen Lyapunov candidate (207) is:

V< —aiVi — asly”? — aglh, (213)
and the e, (¢) can exponentially decay with the existence of ap = Amin(211) > 0,
)\maz(r_l/2)>\mam(M_l(t))
1 Apin(Q(9)) Amin (£212)
=—-———""—""L>0,and a3 = 0.
M T D PE) T T X (0 M (T e M)
Step 2): Apply (205) and (206), the derivative of V5 can then be achieved:
. N ~
Vo= = wNT(t)M ()~ I(B] Pie.(t) + R(t))]
= (214)
N - M(t)L .
= =Y lLF (B Piea(t)) + LT (M (£)2p ———=— 4+ M ()2 M (t) Ly)).
i=1 HM(t>Lf’|

Furthermore, when (212) is applied, (214) can be further derived as:

Va <Amas( Zuz Balllleallll L1l = Amin (M) Amin (25| |

B )\mm(Qfg)NzM_lf_lM_l
Amaz (M) Aoz (7Y Mg (M 1) (215)

< = 2Pomin M) i (211) = Anas (Sily P2 | Balllec V"
- A77’Lal’(lj_1/2)

—azly

1/2
- - Oée‘/Q - Oég‘/g,

N
where a, = mp‘mm(M))‘mm(Qfl) - )‘max(Zizl 1 P3) || Bal| [l []-
Since || B,|| is bounded and e, (t) — 0, there exists a time interval 7} so that the following

inequality holds for ¢t > T:

/\mzn(M))\mm Qfl max ZMZ ) |B ||||em|| (216)
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Consequently, there is a time threshold 75 such that Vz < —aeVZI/ 7 asVsy < —%v;/ 2,
Based on the finite-time stability theorem in [145], the finite-time convergence of tlir% L F=0
— 12

can thereby be achieved.

4.4.3 Adaptive Mass Variation Estimation Scheme
4.4.3.1 Mass Variation Estimation

In order to obtain mass variations online, an adaptive reference model is also established:
Za(t) = (Aa(6) — Asp(0))a(t) + Ba(0)u(t) + Ga(6)y.(t) (217)

where A,(0) — Asp(d) = Aguo(0) is assumed to be observable, A,o € R™*" denotes the invariant
system dynamics, A; € R"*" is to select the varying parameters, and p(d) = Zf\i | lip; is the
estimated value of mass variation [146].

Let the state error e, (t) = &,(t) — x,(t), the derivative of state error can then be obtained:
N
e:zc(t> = Aa(é)ex(t) - Asla((s)'i‘a(t) = Z ﬂi(Aaiem@) - Asﬁz«%a@)) (218)
i=1

Theorem 11 There exist positive definite matrices P(8) = PT(6) = Y. ;P € RU+»*xEHn)

and Q(0) = QT () = Zfil 1iQi € RUEFM*XUH) > 0 making the following inequality holds:
N
Aa(6)" P(6) + P(6)Aa(8) = Y AL P + PiAq] < —Q(0), (219)
i=1

and & (p) is determined according to the following adaptive law:

p(0) =Projiyq {p(8)}
0 if p=p,A0) <0o0rp=p,p(d) >0, (220)

A(0) otherwise,
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where A(0) = I ZZ]\; el PAGE(t). p and p denote the lower and upper bounds of p(6). Sym-

metric positive definite learning rate matrix I' = diag(A1, A2, ..., Ap).

Proof of Theorem 11: Select the following Lyapunov candidate:
Vin = ez (1) P(8)e,(t) + p" (6)I~p(8) > 0. (221)

Differentiate (221) with respect to time and applying (218), (222) can then be obtained:

Vi =[€X(t)P(8)en(t) + e (£)P(6)éL(t)] + 25T (6) 1 j(6)

=7 [4a(6)TP(0) + P(8)Aa(8)]ex — 297 (8)e7 (1) P(0) As(t) + 25T ()T p(9). -
If the LPV adaptive law is chosen as (220), the following inequality holds:
prr"p— plel (t)P(6)Aud(t) <0, (223)
therefore
Vin < €, [4a(0)" P(8) + P(0) Aa(0)]ea < —€,Q(0)ew, (224)

it follows that A,(5)TP(8) + P(8)Aa(6) = N, w[AT P, + PA] < —Q(8) < 0.

4.4.3.2 Transient Reduction

The switching between two controllers may cause severe transients due to output mismatches
of respective controllers. Instead of improving system performance, this phenomenon may seri-
ously degrade system performance and even destabilize system. In order to reduce the negative
effects of this phenomenon as much as possible, it is important to remarkably minimize the output
mismatches at the instant of switching.

In this study, the following smooth switching function is adopted:

Ko(t) = Kp + [Ky(ty) — Kple ™10, (225)
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Table 4.3: Adopted system parameters

Parameter Value
miy m+2 [kg]
Mag m-10 [kg]

dyy 0.7225
dao 0.8897
dss3 1.9+0.046m
d23 9.25+m
dso 7.9687
Ny 0.0284

where K is the ultimate control gain, K (%) is the control gain when no actuator faults occur, K
denotes the control gain of reconfigurable controller when actuators fail to operate as expected. 7
is chosen according to the dynamics of closed-loop system. The design of this function is intended

to guarantee a smooth transition from normal case K (%) to fault-tolerant case K ;.

4.4.4 Simulation Results

In this study, numerical simulations are carried out to validate the effectiveness of the proposed
control methodology on a nonlinear USV model [138].

The system parameters utilized for both controller design and nonlinear model are listed in
Table 4.3. The overall mass m is denoted as the time-varying parameter p, and the vertex number
is chosen as N = 2. Then, the LPV scalar j; is computed through p; = (p — p)/(p — p) and
po = (p — p)/(p — p) according to the bounding box approach [139]. The initial value of mass

is my = 23.8 kg. The upper and lower bounds of mass variation are defined as p = 80.0 kg and
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p = 23.8 kg. Therefore, the corresponding LPV system matrices are given by:

00 -1 0 0 00 -1 0 0
00 0 -1 0 0 0 0 —1 0
Aa= 10 0 —0.028 0 0 |,42= [0 0 —0.0088 0 0 ;
00 0 0 1 0 0 0 0 1
00 0 0 —1.085] 0 0 0 0 —2.0217]
0 0 | [0 0
0 0 0 0
Ba1 = 10.03876 0 , Baz = 10.012195 0
0 0 0 0
0 0.01028 0 0.01028

Employing the bounding box approach in [139], the weighting functions y;(9) are defined:

O = omi) (67 =op,) (08 = 05)(67 —0.1)
M1 (5) = A = )
(67’120,% - 5mzn) (55(13: - 575;”71) 9
= O k) (@5, —0P) _ (5 —05)1 - a?)
? (5’?10@* - 571?1,271) (57§mx - 65”11) 9 7 (226)
(5) o (571741(1z _ 5;4) (513 B 67%171) o (105 B 5;4)(513 _ 01)
s N (drémx - 5;?%n) (5£ax - 65”11) N 9 7
m (5) _ (6’;20,1‘ — 5;4) (5T€La$ B 67,3) _ (105 _ 5;4)(1 _ 523)
! (571?11196 - 571741111) (551,(1:0 - (sfnn) 9 ’

where 02 and 67 are the time-varying parameters in matrices A,(d) and B,(6), while 52, 62

max?® Y max’

64, and 0B, denote the maximum and minimum values of the time-varying parameters in matri-
ces A,(d) and B,(0), respectively.

In the simulation, the overall mass of USV is increased from m = my = 23.8 kg to m =
mo + Am = 63.8 kg, where Am is the mass variation. Moreover, the output force of propulsion
and deflection of rudder are respectively limited in [-2 N, 2 N] and [—30 deg, 30 deg]. The state

feedback control gains for each vertex is tuned as follows:
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4.4.4.1 Example 1: Mass Variation Compensating Control and Transients Analysis

In this example, a conventional linear quadratic regulator (LQR) controller is selected to com-
pare with the proposed controller in the presence of sudden USV overall mass variation (the dotted

line in Fig. 4.44). LQR controller’s gain K, = K, which is tuned with m = 23.8 kg.
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Figure 4.42: Performance of surge speed (a) and yaw angle (b).
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Figure 4.43: Output of propulsion force (a) and Performance of rudder deflection (b).

As shown in Fig. 4.42(a), the proposed controller remarkably outperforms LQR controller
when mass changes. From Fig. 4.42(b), the proposed controller performs better than the compared
controller, but performance improvement is not significant. This phenomenon is caused by the
term dsg = —N, + (mx, — Ny — £Y;)u, in D(v) is not sensitive to mass variation. In addition,

Fig. 4.43(a) and Fig. 4.43(b) show that the actuators are all under saturation.
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Normally, it takes time to estimate and confirm the dynamic variation by adaptive estimator.
Then, the reconfigurable controller is switched into closed-loop system based on the updated es-
timation information. However, the difference between the former and current control inputs can
cause a certain amount of transient performance degradation. While longer time delay between
the variation occurrence and reconfigurable action can cause more significant performance degra-
dation. Thus, the selection of switching time is critical in reconfigurable control design. Based
on the performance of adaptive parameter estimator, the switching time is chosen as 2 s in this

simulation.

4.4.4.2 Example 2: Mass Variation Estimation

As displayed in Fig. 4.44, the proposed parameter variation estimation method is effective in
obtaining the online information of mass variation. More specifically, the variation (within 5% of

error) can be estimated within 3.5 s.

4.4.4.3 Example 3: Fault-Tolerant Control

In this example, the performance of LQR controller and the proposed controller are compared
in the event of actuator fault. The rudder is initially deployed at 0 deg, loss of 50% effectiveness is

then imposed in rudder, which occurs at 4th second when the rudder is tracking the desired angle
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Figure 4.45: Yaw performance comparison.

(45 deg). The surge speed is consistently set at 0.5 m/s.

From Fig. 4.45, it shows that the proposed controller significantly outperforms the fixed-gain
controller. This result is due to the smoother and more prompt action of rudder by the proposed
controller (as observed in Fig. 4.46(b)). In addition, compared with the LQR controller, smaller
heading (yaw) rate is caused by the proposed controller (as shown in Fig. 4.46(a)). This is of
significance to the safety of USV steering control since the extremely abrupt turn of USV can
result in undesirable motion, even capsizing.

Furthermore, as displayed in Fig. 4.46(b), rudder is operated without saturation by the proposed
controller, while the compared controller violates the constraint of rudder deflection between 5th

second and 6th second.
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Figure 4.46: Performance comparison of yaw rate (a) and rudder deflection (b).
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4.44.4 Example 4: Fault Estimation

As shown in Fig. 4.47(b), the imposed actuator fault is well estimated by the developed fault
estimation scheme. Furthermore, the actual control input is tracked in an acceptable perspective

level (see Fig. 4.47(a)).

4.4.5 Experimental Validation on An Unmanned Quadrotor Helicopter

The payload grasping, carrying, and dropping tasks are challenging which require UAV's remain
balanced in flight when payload mass is added to or dropped off the vehicles. This phenomenon
is mainly caused by two factors, the first one is the dynamic response of UAV system that can
be significantly affected by the added or dropped payload mass; the other one is that the UAV
may experience bias forces caused by the unevenly placed payload or improperly trimmed offset
loads [147]. In recent years, numerous relevant research activities are conducted. In [148], both
gain-scheduling PID and model predictive control (MPC) approaches are utilized for the appli-
cation of payload dropping. The stability of UAV with added payload mass under classical PID
control is studied in [147], but no additional payload compensating strategy is developed. In [149],
a payload compensation scheme is integrated into the PID control structure rejecting the payload
mass variation induced system performance deterioration. Moreover, the cooperative transporta-

tion of payloads using multiple UAVs is also investigated [11, 12].
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Figure 4.48: Layout of the experimental test environment.

In addition to mass variation issues, battery drainage is another unavoidable phenomenon dur-
ing the flight of UAVs. Most UQHs are powered by batteries, but the battery voltage normally be-
comes lower over time. Accordingly, the combined performance of the motor-battery also changes,
causing a partial loss of effectiveness of the thrust generated by propellers. The expected perfor-
mance of UAV, as a result, cannot be guaranteed. This phenomenon can be treated as a kind of
actuator fault. Despite this, only few relevant existing researches are carried out. In [149], a multi-
ple subsystem control strategy is proposed, the PID control method is first selected for the design
of the baseline controller, guaranteeing the system stability and desired performance. A battery
drainage compensating subsystem is then designed to calculate the appropriate control command
required to compensate the loss of control effectiveness induced by battery voltage reduction. The
PID control input and the additional compensating control input, finally, are integrated to mitigate
the negative impact of battery drainage. In [150, 151], a feedforward neural network structure is
also utilized for mitigating the power loss in batteries.

In order to solve the above-mentioned challenging issues, as a possible solution, the proposed
adaptive LPV control scheme is further validated on an UQH (see model (4)) in the experiment
(the layout pf experimental environment is shown in Fig. 4.48), adapting to the system variation
with a graceful system performance degradation [44]. In this research, the voltage variation in

battery is seen as the loss of control effectiveness [152], this is reasonable and practical due to
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Figure 4.49: Schematic illustration of the proposed adaptive FDD and FTC methods.

the thrust of actuator is related to the voltage of battery. Under the same control command signal,
lower voltage of battery means less thrust, while higher voltage of battery provides more thrust.
Since the voltage of battery drops with time, it indicates that the control effectiveness also changed
over time, which can then be treated as the time-varying states of actuators constrained in a spe-
cific bound. Besides, the variation of payload mass is chosen as the time-varying parameter as
well. Selecting the boundary of these parameters as vertex, several group of control gains can be
obtained offline for each vertex based on a robust state-feedback controller. The bounding box
approach addressed in [139] is then adopted to calculate the ultimate control gain online based
on the previously obtained control gains as well. The overall design philosophy of the proposed
methodologies is outlined in Fig. 4.49.

The performance of the linear quadratic regulator (LQR) and proposed controllers are com-

pared. Using the bounding box approach, the weighting functions p;(4) are then selected as:
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Figure 4.53: PWM signals of the compared controller.

where 6! and 57 denote the time-varying parameters of mass variations and control effectiveness,

= 1,04, = 14and 63

respectively, while 64 = 1.6, 65 o B = 0.7 denote the maximum and

max max
minimum mass variations and control effectiveness values, respectively.
In the absence of battery drainage and mass variation, the compared (/;,,) controller and gains

— KB

n man

) share the same state-feedback control gain K, = K, A — KB

min min*

of lower vertices (K
A payload of 0.2 Kg is attached at the bottom of UAV. The battery voltage drops from 12.5 V' to
11.7 V, which indicates the control effectiveness of actuator decreases from 100% to 80%. Both
payload and battery voltage are changed at the start of experiment. Due to the compared and
proposed controllers are both state feedback controller, but the state of UQH 1is partially measurable

in practice, a classic Luenberger observer [101] and a low-pass filter (228) are then adopted for
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Figure 4.54: PWM signals of the proposed controller.

estimating the state of UQH and filtering the measurement noises.

Lout 30
= 228
Tin 3045’ (228)

where .., Tin, and s are the output, input, and Laplace transform variable, respectively.

As displayed in Fig. 4.50, a significant deviation (around 0.6 m along the Y direction, also see
Fig 4.52(a)) from the desired path is caused by the compared controller during the take-off period.
Absence of mass variation counteracting mechanism results in its poor performance.

As shown in Figs. 4.50 and 4.51, there is a residual of 0.1 m between the anticipated and real
heights when the UQH is under the operation of the compared controller, this reduction in the
height is due to the voltage loss in battery, while no corresponding compensation action is taken.

To be more specific, as the PWM performance of the two controllers demonstrated in Fig. 4.53
and Fig. 4.54, since the control gains of the compared controller is fixed, there is no significant
PWM variation when the system dynamic changes, which exactly explains the deterioration in its
performance. Alternatively, thanks to its reconfigurable properties, the proposed controller can
correspondingly and effectively alter the PWM signal to compensate the negative effects induced

by the system dynamics variation.
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Chapter 5

Leader-Follower Fault-Tolerant Formation

Control of Unmanned Aerial Vehicles

In the past decades, much attention has been dedicated to the cooperative control of multiple
UAVs [153]. This phenomenon is caused by the possibility of deploying a group of UAVs in an or-
ganized topology for a variety of potentially practical applications [154], such as forest health/fire
surveillance [4, 155], natural resources exploration [156], and search and rescue [157, 158]. Un-
fortunately, various challenging issues still seriously prevent these applications in practice. As
the conjunction between the control command and physical action on UAVs, actuators are crucial
for UAVs operation. But they may subject to a variety of failures, such as stuck (lock in place),
float, partial or full loss of effectiveness, and outage [22, 33], due to various mechanical failures,
including control surface malfunction, mechanical deformation, hydraulic failures, as well as wear
and tear of the gear [28]. During the course of UAVs formation flight, the malfunctions of actu-
ators can adversely degrade the overall system performance, affect the mission completion, and
even result in catastrophic consequences (such as crash) to both UAVs and their surrounding envi-
ronment. Furthermore, the remaining healthy actuators in UAV have to take a heavier load when
some actuators fail to operate. This situation leads the healthy actuators to be more susceptible

to the physical constraints. Actuator saturation can not only result in the potential damage to the

151



healthy actuators, but also seriously threaten the safety of UAVs and their surrounding objects.
Therefore the capabilities of healthy actuators should also be explicitly considered in the con-
troller design. In addition to these issues, the deployment of a group of UAVs presents the risk
of collision with stationary and dynamical obstacles from both inter and outer formation. These
issues severely threaten the safety of personnels, natural environment, infrastructures, and other
manned/unmanned vehicles from both ground and air. It is therefore critical for developing a reli-
able and safe formation control strategy for UAVs, preventing them from disrupting or destroying
each other and other environmental objects in their vicinity.

UAVs formation control has attracted significant attention over the past decades. Tremendous
efforts have been devoted to solve a variety of challenging applications. These solutions include the
design of a formulation and heuristic method to task allocation and routing of UAVs under limited
communication conditions [159]; integrating task and motion planning for UAVs to improve per-
formance in terms of the shortest path cost and search complexity [160]; developing a cooperative
mission planning system for managing multiple UAVs of various capabilities to execute a series of
missions, including classification, attack, verification, and search and rescue [161, 162]; designing
a formal framework and architecture, that can be employed for the automated specification, gen-
eration and execution of high-level collaborative tasks involving multiple UAVs and human oper-
ators [163]; mobile ground target racking by a group of quadrotor UAVs [164]; the development
of distributed task allocation approach which engages under-utilized UAVs to serve as communi-
cation relays, supporting the network missions [165]. Accordingly, various control methodologies
have likewise been adopted, such as linear quadratic (LQ) control [166, 167], feedback lineariza-
tion [168], proportional-integral (PI) control [169, 170], robust control [171, 172], sliding mode
control (SMC) [173], hybrid supervisory control [174], and backstepping control [175].

Moreover, substantial efforts have also been devoted to the formation control of UAVs with ex-
plicit consideration of either collision avoidance or actuator/communication fault-tolerant control
(FTC). Communication faults (such as delays, dropouts, and failures) accommodation has recently

become an active topic since the superior performance of UAVs formation control heavily depends
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on the reliable data exchange among UAVs [159, 165]. In [176-178], the FTC against the de-
fects of UAVs communication is explicitly investigated by ensuring the expected manner of UAV's
formation control or reconfiguring the topological structure of UAVs formation via the remain-
ing healthy communication links. Although UAVs formation control considering communication
faults has been extensively studied, little attention has been dedicated to the research of UAVs for-
mation control with consideration of actuator faults. Some interesting investigations can be found
in [179, 180], where actuator faults in a group of UAVs have been counteracted by applying the
sliding mode control and robust control techniques. The research of UAVs formation control pos-
sessing collision avoidance capabilities is also extensively conducted in the past decade, partial
existing work of this interesting topic can be referred in [181-185], and the references thereby.
The existing UAVs formation control strategies are capable of effectively reducing the adverse in-
fluences of either actuator/communication faults or obstacles, and simultaneously maintaining the
overall system stability. But the research combining both the actuator FTC and collision avoidance
capabilities in UAVs formation control has not yet been extensively studied, while it is crucial for
the practical UAVs applications.

The past decades have also seen a significant development of UAVs control system design
with consideration of actuator constraints. The controller design considering actuator limits can
be referred to [104, 186, 187]. The basic idea behind these investigations is to develop an anti-
windup mechanism in terms of actuator status to compensate the side effects of actuator saturation.
In [188, 189], the actuator saturation issues are also well investigated in adaptive control systems
in the cases that all actuators in system are free of failures. A so-called positive p-modification
methodology is presented in [190, 191], where a virtual control input bound less than the physi-
cal constraints is established, combining the real control input signal and the virtual control input
bounds. The stable adaptation within the actuator limitations can therefore be achieved by appro-
priately modifying both the adaptive reference model and the system tracking error dynamics.

Unfortunately, the following three fundamental issues still exist which are worth further inves-

tigation. First, in order to prevent the secondary damage of healthy actuators, it is always expected
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that reference commands can be adaptive to a satisfactory and safe physical constraints and UAVs
formation specifications, when one or more actuators fail to operate. In addition, although commu-
nication delays/faults are well investigated in the existing research, and the fault-tolerant formation
control (FTFC) against loss of effectiveness in actuators is well treated as well, actuator outage and
stuck failures have not yet been extensively studied in UAVs formation control. Another practical
issue involves the potential collision caused by actuator faults. The time consumption and delay
of fault compensating action may seriously threaten other objects from inter formation and sur-
rounding environment. Thus, an effective FTC operation with collision avoidance capability is
promising. Motivated by the aforementioned challenging issues, existing research, and remaining
unsolved fundamental issues, this thesis presents a leader-follower kind of UAVs formation con-
trol approach with FTC, collision avoidance, and actuator saturation prevention capabilities. The
proposed method is intended to guarantee all UAVs following their preplanned trajectories, while
being free of collisions from both environment and inter-formation, along with stabilizing systems
in the presence of actuator faults and constraints.

The proposed method is intended to guarantee all UAVs following their preplanned trajectories,
while being free of collisions from both environment and inter-formation, along with stabilizing
systems in the presence of actuator faults and constraints. The proposed approach consists of an
active FTC (AFTC) mechanism and a collision avoidance mechanism for multiple UAVs, which
operates as follows: 1) once any of follower UAVs encounters actuator faults, a direct adaptive
FTC mechanism is activated to compensate the adverse effects of faulty actuators; 2) when the
potential obstacles are detected by the collision avoidance function in the threatened UAVs, a
collision avoidance action is then conducted; 3) after all obstacles being avoided, UAVs all return
to track their respective trajectory and keep the desired formation. During the entire operation

period, actuators of each UAVs can be guaranteed under saturation.
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Figure 5.1: Illustration of the leader-follower formation geometry.

5.1 Premilinaries

5.1.1 UAVs Outer-Loop Kinematics

In this study, the kinematics and dynamics of UAVs are separately adopted for the outer- and
inner-loop control strategies design. The outer-loop formation control law mainly relies on UAVs’
kinematics, while the inner-loop control scheme for each individual UAV depends on its dynamics.
More specifically, issues related to formation keeping and collision avoidance are managed in
outer-loop controller based on kinematics of UAV. In terms of problems involving attitude control
and fault-tolerant control, they are disposed by inner-loop controller employing UAV’s dynamics.

The leader-follower formation structure is considered here, which constitutes i (i > 2) UAVs.

The kinematic model of each individual UAV is:

(
T = V;CO8Y;

Ui = v;s1na; (229)

wi = Ws,

\

where detailed explanation of all symbols are illustrated in Table 5.1.1.
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Table 5.1: Nomenclature

Symbols Explanation

T The position along the X coordinate of earth reference frame (m)

Yi The position along the Y coordinate of earth reference frame (1m)

v; The forward velocity (m/s)

(8 The heading angle between the forward velocity and X coordinate (deg)
W The angular velocity of heading angle deg/ s

d‘]ici The desired distance with respect to forward direction (m)

dldi The desired distance with respect to lateral direction (1)

e The forward distance error between the actual and desired values (m)
el The lateral distance error between the actual and desired values (m)
o The angle of attack (deg)

Bi The sideslip angle (deg)

0; The pitch angle (deg)

D The roll rate (deg/s)

i The pitch rate (deg/s)

; The yaw rate (deg/s)

Oci The elevator deflection (deg)

Ot The throttle deflection (deg)

Oui The aileron deflection (deg)

Ori The rudder deflection (deg)

Note: this table includes the information of the 7th UAV.

It is worth mentioning that only the planar kinematic model of UAV is considered while the
altitude is assumed to be constant during the entire flight mission. This model simplification is
reasonable since the primary concern of this research is to develop a formation control mechanism
for keeping a desired mutual distance between the leader UAV and each follower UAV in the

horizontal plane. The assigned altitude can also be maintained by designing a separate controller

which is independent of the formation control system.

As shown in Fig. 5.1, assuming the communication links are healthy and the information of all

UAVs are available. The actual distance errors between the leader and the ith follower UAV along

their forward and lateral directions can be described as:

dp; =(x; — xp)cos; + (yi — yr)siny; + Dcos(; — ¢r)

diy =(x; — wp)sin; + (y; — yr)cosy; — Dsin(; — ),
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where (21, yr) and v, are the actual position and heading angle of leader UAYV, respectively, and
D denotes the distance between the centre of mass and the control point [192].

The separation distance errors between the desired and actual distances in forward and lateral
directions can be defined as ef; = dy; — djfi and e; = dj;; — dfﬂ. The derivation of ey; and e;; with
respect to time can then be obtained:

Efi _ —vp — dywg N cos(Ys =) —Dsin(ys —¢r) | | , (231)

€ dsiwr, —sin(; —Yr) —Dcos(ys —Pr) | |ws

where v, and wy, represent the forward velocity and angular velocity of leader UAV, respectively.
The objectives of the outer-loop control design, introduced here, are to develop an effective

control scheme so that:
(1) The desired leader-follower formation pattern is guaranteed within an acceptable time span;
(2) The tracking errors can be significantly eliminated;

(3) The UAVs are required to avoid collisions when there are obstacles in the path or there is a

chance of collision in their vicinity.

5.1.2 Inner-Loop UAV Model under Actuator Faults and Saturation

In terms of a specified trimming point, a linear time-invariant dynamic model of the investi-

gated UAV can be formulated as:

t(t) = Az(t) + Bu(t)

y(t) = Ca(t),

(232)

where z(t) = [v;, &4, i, 0;, Bis i i, Ui]T € R, u(t) = [0ei, 0i, 0ai, 0,7 € R™, and y(t) =
[vi,%; — B;]T € RP denote the system states, control inputs, and system outputs of the ith UAV,

respectively, whose details are all introduced in Table 3.2. A € ®"*", B € R"*™ and C € R™*"
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are the known matrices with appropriate dimensions.
In order to eliminate the steady-state error, the integral of tracking error is introduced into the

system states [105, 140], the corresponding augmented system can then be represented by:

To(t) = Agxa(t) + Bau(t) + Gor(t)
Ya(t) = Caza(l),

(233)

where 7(t) (||r(t)|| < 7Tmae) is a uniformly bounded reference input, and €(t) = r(t) — y(t) is

T
the error between the reference signal and system output, x,(t) = ( f(f e(t)dt)”, xT(t)| and
T 0 —C
Ya(t) = | (fy e(®)at)T, yT(t)| » Aa = e Rtax(nta) B — [0 B]T e Rirta)xm,
0 A

G, = [I0]T € Rinta)xa,

In practice, UAVs’ control surfaces may be stuck at a stochastic position owing to the hydraulics
failure, whose value can be modeled as 4 = [uy, Uy, ..., Um)” . 4; (j = 1,2, ...,m) represents the
Jth actuator is stuck with the value of @;. Considering v(t) = [v1,va, ..., v,,]7 € R™ to be the
commanded control input signal. The actual control input u(¢) with consideration of actuator

faults can then be written into:

u(t) =v(t) +olu—ov(t)] = (I —o)v(t) + oq, (234)

where 0 = diag{oy, 09, ...,0,,} denotes the failure pattern matrix. o; = 1 when the ith actuator
fails to work properly, while o; = 0 indicates the ith actuator is healthy.
System (233) with consideration of actuator faults can thereby be rewritten as:

T (t) =Aaxa(t) + Bo(I — 0)v(t) + Baot + Gar(t)
(235)

Ya (t) :Caxa(t>‘
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The so-called ideal reference model of UAVs, in this work, is considered as follows:

m(t) = Aparm(t) + Bpr(t), (236)

where z,,(t) € R"" is the state of the reference model, A,, € R"+9*("+9) is a Hurwitz matrix
and B,, € RTD*™ and the pair (A,,, B,,) is controllable.

The state feedback for state tracking (SFST) matching condition owns advantages of sim-
plicity and suitability for aircraft flight control applications [146]. According to this condition,
the nominal system (A, B) is assumed to match the reference model (236) (with the control law

v(t) = KI'z + Kuqir + Kag0) such that:

A+ B(I —-0o)K! = A,
B([ - U)Kadl + Ga = Bma (237)

B(I = 0)Kap = —Bo.

Furthermore, considering the control input v is amplitude limited (233), which is calculated

using the following static actuator model:

u'r'
t) = max t
u(t) = UpmazSa (umaa:)

(1), luy ()] < tmass (238)

umaxsgn(ur(t))7 |u7'(t)| > uma;r;

where u,.(t) is the reference control input, while ,,,, > 0 denotes the amplitude limitation level
of the actuator.

The objectives of inner-loop control design can be stated as follows:

(1) Designing an adaptive state feedback control methodology so that the unfavorable effect
of actuator stuck failures can be counteracted by means of the configured redundancy of

actuators, and the state of the reference model given above can be tracked by UAV’s states;
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(2) The reference model is modified in response to the output deficiencies between the proposed
FTC and actuator, adopting a virtual bound for actuator. Therefore, all actuators operate

under saturation, preventing a secondary damage to the faulty UAVs.

5.2 Formation Controller Design Procedure

5.2.1 Outer-Loop Controller Design
5.2.1.1 Rigid Formation Control Strategy

From (231), the following relationship can be defined:

Efi —vp, — dywr, N cos(i —r)  —Dsin(i —¢r) | |vf
€ dfiwr, —sin(y; — ) —Dcos(v; — )| |wi

N cos(V; —r)  —Dsin(y; — )| | vi — of (239)

—sin(; — ) —Dcos(¢; — )| |wi —wf

—vp — djwy, N cos(; —br)  —Dsin(y; —pr) | |vf
dpiwr, —sin(; — ) —Dcos(v; — )| |wf

where v and w; denote the expected control laws, distributing to the inner-loop controller of each
follower, so that the overall formation system can be stabilized.

In order to effectively track the desired trajectory, while eliminate the steady-state trajectory
tracking error, a PI type of control method is adopted for the outer-loop controller design, which
can be formulated as:

v} _ COS@w —Sinew » —(lﬁpefi + ]{71] f eﬁdt) +vr + dliwL (240)

) —%sinew —%cosew —(kapes + kor [ endt) — dpwp,

~

Sex

where e, = 1); — 91, and the feedback gains k1 p, k11, k2p, k2r > 0 are chosen for the longitudinal
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and lateral directions control, respectively.

5.2.1.2 Semi-Rigid Formation Strategy

For the purpose of developing a safer and more flexible formation control strategy, this work
employs a collision avoidance mechanism. This mechanism is incorporated into the outer-loop
of formation control design, preventing UAVs from threatening their surrounding objects (other
vehicles, personnels, and infrastructures) from either air or ground.

A semi-rigid type of formation strategy is chosen here for the collision avoidance design, which
is capable of ensuring all UAVs following the expected formation, while avoiding the potential ob-
stacles from both inter-formation and surrounding environment. As depicted in Fig. 5.2, the main
idea of the proposed semi-rigid formation control scheme is to modify the forward and angular ve-
locities, such that keeping the desired separation distances (both longitudinal and lateral directions)
between the UAVs. The concept of this formation control strategy can also be mathematically writ-

ten as follows:
V; = U;-k + Vi
(241)
Wi = W} + Wi,
where v; and w; represent the modified forward and angular velocities, respectively. v,; and w,;

denote the reactive obstacle avoidance terms for modifying forward and angular velocities of each

UAV to avoid the potential collisions.

Assumption 8 It is assumed that each UAV capable of detecting any approaching obstacles and
measuring their distances has equipped the onboard sensing systems. Moreover, communication

links among UAVs are assumed to be healthy enough.

As illustrated in Fig. 5.3, adopting the so-called mechanical impedance principle approach
in [193], each UAV in formation is allocated with a virtual repulsive force which is intended to

characterize the interaction of individual UAV and its surrounding environment. Accordingly, this
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Figure 5.2: Schematic diagram of the presented semi-rigid formation control strategy.

force changes forward and angular velocities of each UAV using the following scheme:

C(dm(w - do>a if do < dmaxa
Fy— (242)

0 if dy > dnaz,

where d, is the distance away from the closest obstacle, o denotes a predefined positive value,
while d,,,. represents the safe distance between the UAV and potential obstacles, causing no fic-
titious forces (Fy = 0 if d, > dymae), and c is a constant determined by the following system
calibration:

Ffmax = C(dmax - dmin)aa (243)

where F't,q, and d,,;, denote the maximum virtual repulsive force and the minimum acceptable
collision avoidance distance, respectively.
Then the heading angle changed to avoid an approaching obstacle can be achieved by:

Yer, = O Fyp
(244)

Yer = ® ' Fip,
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Figure 5.3: Illustration of the collision avoidance mechanism.

where 1., and 1., represent the regulation angle for obstacles coming from UAV’s left and right
sides, respectively; ® = K;s% + Kps + Kg, which denotes the mechanical impedance, character-
izes the interaction of UAV and obstacles; K;, Kp, Kg > 0 are the inertia, damping, and elastic
constants, respectively; while Fyz, and Fyr denote the fictitious forces in terms of the closest ob-
stacles to the UAV, approaching from its left and right sides, respectively; the use of these two
fictitious forces intended to guarantee the effective formation control system is effective for the
operation in more cluttered environment.
The ultimate corrections to the forward and angular velocities can therefore be obtained:

vy = 7 (Fypsinter, + Fipsiniber)
(245)

Wy = ‘b_l(FfR — FfL).

5.2.2 Inner-Loop Controller Design

In order to effectively track guidance commands from the outer-loop controller, a direct adap-

tive FTC approach introduced in [194] is employed and modified to counteract actuator failures
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Figure 5.4: Illustration of the proposed adaptive FTC scheme.

under actuator saturation. The overall control design structure of the proposed controller is de-
picted in Fig. 5.4.

Due to the static actuator model (238), a control deficiency Au(t) = u(t) — uqc(t) can be
yielded. Adopting the p-modification method in [190], a virtual amplitude bound of the actuator
is first chosen as:

Umaz = Umaz — AU; (246)

where v,,,4, and 0 < Av < 4, denote the virtual bound and performance specification constant,
respectively.

A modified direct adaptive model reference control is then defined as follows:
Uge(t) = Uaa(t) + pAug(t), (247)

where At (t) = vpazsat (%ﬁ? — uac(t)) represents the control deficiency signal due to v,,4,,
 denotes the design constant, while u,q(t) = KIz,(t) + Kuai7(t) + Kago is the control input
produced from the adaptive FTC.

To provide a more explicit definition of u,.(t), the following solution to (247) is further given
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by the convex combination of u.4(t) and vy,aesat (Uaa(t)/Vmaz) , VE > 0:

aelt) = —— (uad(t) ER——" (“ad(t)))

- 14+ p Umag
)

uad@)’ |uad(t)| S Umaz, (248)

- ﬁ(uad(t) + ,U’Umax)a uad(t) > Umaz

L ﬁ(uad(t) - vaa;B)a uad(t) < —Umazx,

where 1 > 0. For the case of setting Av = 0 and u = oo, it is noteworthy that the final control
input Ue.(t) = UnmazSat (Ueq(t) /Umas ), which recovers the general adaptive FTC architecture with
amplitude limiter.

To associate the adaptive control u,4(t) with the ultimate actuator output u(t), defining the

deficiency of the adaptive control signal as follows:
Atgq(t) = u(t) — uqa(t). (249)

Substituting (249) and u.q(t) = KX x,(t) + Kaai7(t) + Kaao into (235), the following closed-

loop system dynamics can be obtained:

Ga(t) = |Ag+ Ba(I —0) KT |24(t) + Bo(I — 0) [Kadlr(t) + Koao + Auad(t)] + G,r(t) + Byou.
(250)
Due to the system dynamics changing from (235) to (250), the following variation to the adap-

tive reference model dynamics (236) is considered:
Em(t) = Apxm(t) + B |7(t) + KinAuea(t) |, (251)

where K, is a priori determined adaptive gain, achieving from stability proof.

Remark 15 K is the linear quadratic regulator (LQR) gain designed for the minimization of a

quadratic performance function, K, along with the adaptive FTC gain K41 aim at stabilizing the
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closed-loop system, K .45 is designed to counteract the adverse effect of actuator faults, while K,,

is incorporated into the adaptive reference model for preventing actuators from saturation.

In order to match (250) to (251), the previously defined matching condition (237) can be rewrit-

ten as follows:
Ay + B,(I —o)KI = A,

Ba([ - J)Kadl + Ga = Bm7
(252)
Bo(I — 0)Kug = — B0,

Bo(I = 0) = BpKpn.

\
Defining e(t) = x,(t) — z,,(t) to be the tracking error signal, with the matching condition in

(252), the following tracking error dynamics can then be obtained:

é(t) = Ape(t) + Bo(I — 0) | Kyxa(t) + Koat? + Koao| + B K Atiga(t), (253)

where f(adl = Koq1 — Kadl, f(adg = Kygo — Kadg, and f{m =K, — Km represent the parameter
errors between the actual and estimated values. f(adl, f(adQ, and f(m denote the estimated values

of the FTC gains K41, K42, I, respectively.

Theorem 12 Consider the systems given by (250) and (251), the control gains in adaptive FTC
control law uqq(t) = KT xy(t) + Kaai7(t) + Kaao and adaptive gain K, in the adaptive reference

model can be determined by the following adaptive FTC gain adaptation law:

K, = —T BT Pe(t)2 (1),
Koat = -1 BT Pe(t)rT (1),

) (254)
KadQ - _’YQBZPQOS)’

l%m = —73Auad(t)eT(t)PBm,

where 'y € R™™ is a positive definite and symmetric matrix, v, and 7o are positive scalars,

ensuring that lim;_,, e(t) = 0 as well as all closed-loop system signals and adaptive gains are
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bounded. Meanwhile, there exist positive definite matrices P = PT € " and QQ = Q7 € R™*",

so that the following inequality holds:

AT P+ PA,, < —Q. (255)

Proof of Theorem 12: The tracking error dynamics (253) can be rewritten as:

(t = + Z b |:Ksz$a + KadlzT + Kade] + Z bmszzAuad( ) (256)
i¢Fp i¢Fp

where F), = fi, fo, ..., f, indicates the set of failed actuators.

In order to assess the closed-loop system stability, select Lyapunov candidate function as:

Vip=e Pe—i—z b; [Ksj;Fslesz—l—K i 1Kadu+f<fdzn;1f(ad2¢] + b Ko (257)
¢ F, i¢Fyp

The time derivative of the Lyapunov candidate function (257) along the system trajectories of

(253) and (254) can then be obtained:

"/Zf :eT(PAm + AmP)e + 26TP{Am€ + Z bz [f(sixa + Kadlir + f(ad%
1¢F,

+ Z bmif(miAUad} +2 Z bi (Rsir;'lksi + Kadu’ﬂilf(adu (258)
i¢Fp i¢Fp

+ KadQﬁz_ilKadZi> +2 Z bmif(mﬂg_ilf(mi-
i¢F,

Applying the adaptive FTC parameter adaptation laws (254) and inequality (255) in Theo-

rem 12, (258) can in turn be derived as:
Vi; < —e'Qe. (259)
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That is, e(t), Ky, Kug1, Kqao, and K, are all bounded, and the equilibrium of (254) and (256)
is Lyapunov stable.

However, the bound of the reference model state cannot be guaranteed due to the adaptive
modification of the reference system. Accordingly, the Barbalat’s lemma cannot be applied to
prove the asymptotic properties of lim; ,, e(f) = 0 and the stability of the closed-loop system
in this case. In order to make such a asymptotic stability proof, the state x,(¢) needs to remain
bounded under the adaptive modification. Therefore, two further proof steps are provided in the
following.

Step 1 (no actuators are saturated): If Au,q(t) = 0 which means no actuators are saturated,

the tracking error dynamics (253) can then be rewritten as follows:

é(t) = Ape(t) + Bo(I — 0) | Ky2q(t) + Koa17 + Kaao| .- (260)

Therefore, the closed-loop system under actuator failures can be stabilized applying Barbalat’s
Lemma.

Step 2 (actuator saturation occurs): If Auyq(t) # 0, which indicates that some actuators en-
counter saturation, then applying the matching conditions in (254), uaq(t) = KX zq(t)+ Keair(t)+

K42, and the faulty system (250), the system dynamics can be written in the following form:

Ta(t) = Apza(t) + Bo(I — o)u(t) + Gor(t) — Bo(I — 0) (K 24(t) + Kaao). (261)

Since Au(t) # 0, then |uee(t)| > Umazs U(t) = UmazSgn(uq.(t)), therefore (261) becomes:

Fa(t) = Ana(t)+ BalT = 0)tnas ()591(t100(t)) + Gar () = BalI = 0) (KT () + Koas). (262)

Considering the following Lyapunov function candidate which is with respect to z,(t):

Voo = g () P (), (263)

a
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where P = PT > 0. Deriving (263) with respect to time, one can then obtain:

V., = vl (t)(PA, + A P)xg(t) + 22X (1) PB, (I — o) [u(t) — Kz, (t) — Kaao] + 235 (1) PG or(t).

a

(264)
Consider the condition u;, < [[u(t)|] < vV/Mumaz, Where Uy = Mmin{Umazy s - Umaz,, }»

the following two possibilities are then taken into consideration:
(1) Possibility 1: 22 (t)PB,(I — o)u(t) < —||za(t)|] ||PBa(I — o)||tmin;
(2) Possibility 2: 22 (t)PB,(I — o)u(t) > —||za(t)|| ||PBa(I — o)||ttmin-

If the Possibility 1 is true, then (264) becomes:

Ve < = Qullza@)|I” = 2l|za()|* |1PBalI = o)1 Ksl| + 27 masllza(®)]] || PGall 265)

- 2||$a(t>||‘|PBa<] - U)H(umm + ||Kad2||)-

Thus, it follows that V,, < 0 if

A
Tya € = {xa

zall < [P Bl =) (tmin + | Kael)) = e | PGall| /€ = T, | (266)

and
timaz 2 [[|PBa(l = )| (tmin + || Kao|1) = Tonae| | PGl ] /11 PBalT = )] (267)

where § = |Qn, — 2||PB.(I — 0)]| || K,l||.
Consider a largest set ©. This set is enclosed in €21, which limits system state x,(t) in bound-
ary

@1 = {xa(t)| V;:a S PminxQ }a (268)

Amax

where P,,;, denote the minimum eigenvalue of P.
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If the Possibility 2 is true, applying the Lemma 2 in [190], then one can have

KTx,(t)+ KL, r(t)+ KL,
Ul ttac(t)]|oo

maxr

vL(t)PB,(I — o)

+a(t)| + [z [[PBa(I — 0)|[ttmin(t) > 0.
(269)
Since 1y = Umin + /MUmaz, therefore the derivative of the Lyapunov function candidate

Eq. (264) can be further derived as:

Vi, =25 (t)(PAp + AnP)xo(t) + 22T (6)PB.(I — 0)[u(t) — K 24(t) — Kag0]
+ ZxZ(t)PGaT(t)
< = QullzaO)1? + 27 maal [T (O] [|PGall + 2| |2za(t)|] || PBa(I — 0)]| (270)

K7 a0 + (KI5 4 11 Kaar | omae + K57 4 1Ko

+ 2/|U e ool [tac (] o ()] [ PBa(I = 0)]uo.

In addition, ||uac(t)||lo < ||uac(t)||, and applying the adaptive modification law (248) with

setting ;v = 0, (270) can be rewritten as:

Ve < = Qullzal®)? + 2rmacllad)l] PGl + 2a(t)]| | PBoT — o)) [Km leal®)]
RS R e + K757+ ||f<ad2||} U o lzalO)] || PBalI
— oo [(Km RN 0]+ (RIS + [ Roia s + (RS + ||f<ad2||>}
<l [Qm C|PBLI — o)|[ET — 2u|[ Uk ol PBa(I — o) | (K7

+ IIfsz)] +2lza ()] [[PBa(I = 0)[|(1 + uo| [Uppgell) [(&”ﬁx | Kaat|1)rmaa

+ (Ko + HKadzH)] + 2maa |24 ()| [[PGal -

271)
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Thus, an < 0 if the following inequalities hold:

A
Tq € (o :{xa

[zall = /€ = Ty, } 272)

where & = Qu — 2/|PBu(I = 0)|| K7 = 2ug | Upgulloo [|PBa(1 = 0)|| (K7™ + [|K,]]), and

aal
ko= |[PBa(I=0)|[(14uo||Upaelc) {(KZZ&?“H|Kad1||)7°max+(f(271‘§z+||Kad2||)] +27maa || PGall.
Furthermore, defining the smallest set Oy = {z,(t)| ||z, (t) < ™" (¢)||} enclosing 2, as:

61 = {x.(t)| Vo, < Py} (273)

Amaz

where F,,,, denotes the maximum eigenvalue of P.
Consequently, it can be obtained that 2, C €2y, which implies that an < 0 holds V x™"(t) <

xq(t) < 2 (t) when Augg(t) # 0.

Remark 16 The reference model (236) is time-varying and updated when the control input u,.(t)
approaches the amplitude boundaries of actuators. This action is made by adopting the parameter
projection, which can guarantee the satisfactory stability and performance characteristics of the

reference model.

Remark 17 (updating the reference model): when u,.(t) exceeds a predetermined threshold v, .,

the reference model can then be updated as follows (see also Fig. 5.4):
(1) Design a reference model (236), satisfying the matching conditions (252);

(2) Once the adaptive FTC input signal u,.(t) violates the virtual bound of actuators, such that
Uqae(t) > Upmaz and Augq(t) # 0, based on the adaptive control scheme in (254), the reference
command r(t) is then replaced by r(t) + K,,Auyy(t) in reference model (236), resulting in
the modified reference model (251);

(3) Update the reference model and go to step (2).
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Table 5.2: Adopted parameter values

Parameter o d,,.,

Fmaac

dmin

K; Kp

Kk

Value 2 100 50 2.5

0.1 0.2

1

Note: this table includes the information of the 7th UAV.

5.3 Simulation Results

In order to verify the effectiveness of the proposed strategy in a more practical manner, the

vehicle dynamics from a real UAV are applied in the simulation validation. This work is differ-

ent from others that only utilized single- or double-integrator dynamics to validate their proposed

formation control methodologies. Three UAVs (the proposed method is also applicable for the

formation with more than three agents) are employed in the simulation, one is chosen as the leader,

others are set as followers. System matrices of the selected UAV [180] are given as:

B, =

—0.732
—893
101.673
0

0
328.653
47.528
0

—9.81

—2.977 0
~4133 098 0
~1402 4435 0 |
0 1 0
1075 —0.2453)]
0.347  —4.133
~14022 0 |
L O O J

Y

0 01

—0.0334
By 0 ~0.0016
; - 7Af:
0 B 0.0077
0
—0.0143 —-0.996 0.0706
—9.059 2.044 0
7Bf -
0.0186 —1.283 0
0 1 0
0.244
308.498 1000 0 O0O0O0
102.891 00 00 -1
0
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Figure 5.5: Two-dimensional trajectory of the UAVs formation.

where Ay and B are the dynamics along the longitudinal direction, while A; and B, are the
dynamics along the lateral direction. Control surfaces for the longitudinal direction operation are
elevator ¢, and throttle ¢;, while control surfaces for lateral direction operation are rudder ¢, and

aileron 9,,.

5.3.1 Scenarios Description

The expected forward and angular velocities of the leader UAV are chosen as v; = 10m/s
and w} = 0.5deg/s, respectively. In terms of the expected distances between the leader UAV and
follower UAVs in forward and lateral directions, d‘}l = —100m and df; = —100m are selected for
the distances between the leader UAV and Follower-1 UAV, while d$, = —100m and df;, = 100m
are chosen for the distances between the leader UAV and Follower-2 UAV. The Leader, Follower-
1, and Follower-2 UAVs start at (0m, 0m), (—100m, —100m), and (—100m, 100m), respectively.
Table 5.2.2 summarizes the adopted parameters values for the controller design.

Three scenarios are involved in the simulation to demonstrate the effectiveness of the proposed

approach:
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Figure 5.8: Actuator performance of the UAVs in formation.

In Scenario 1, it assumes that a dynamic obstacle moves toward the formation with the
specific heading angle and forward velocity. Its position (x5, Yops) can be obtained by the

following formula:

Tobs = 2070 — 20
(274)

Yobs = 368 — 5t.

This obstacle may collide with the Follower-1 UAV if no collision avoidance actions are

conducted.

In Scenario 2, the aileron of the Follower-2 UAV is suddenly stuck at 20 deg (at 60th second),
which directly leads to the faulty UAV rapidly deviate from the desired trajectory, and may

also result in collision among the Follower-2 UAV and other healthy UAVs.

In Scenario 3, it is supposed that sensors onboard UAVs are all polluted by Gaussian white

noise for the purpose of making the simulation to be more realistic and further verifying
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the effectiveness of the proposed approach. These random signals’ sampling time and co-
variance are chosen as 0.01 and 0.0001, respectively [119], while the amplitudes of these
injected signals are selected as 5 m /s for the velocity measurement and 5 deg for the mea-
sure of bank angle. Moreover, since the traditional linear quadratic regulator (LQR) control
method is adopted for the baseline controller design in the proposed controller, a LQR con-
troller is thereby selected for performance comparison. Both controllers are simulated with
the same faulty case; the aileron is stuck at —10 deg at 60th second. The LQR feedback

control gains for both controllers are the same as well.

In both cases, the deflections of actuators are all constrained in the limitation [—25deg, 25deg].
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<
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Figure 5.9: Two-dimensional trajectory of the UAVs formation.

5.3.2 Results of Scenario 1 and Evaluation

As shown in Fig. 5.5, there is an obstacle moving toward the formation, which is successfully

detected and an effective collision avoidance operation with graceful performance degradation is

176



Forward Distance (m)

Lateral Distance (m)

—80F

—100h i mmmmmimim

—120r §;

—1401

-
5N 2
“ < e s

ot = Ly e ]

== Follower—1 to Leader

“““ Follower—2 to Leader
T 1 L

L
80 100
Time (s)

Il
120

140 160 180

200

200

—2001

‘‘‘‘‘‘‘

L L L L L
100 120 140 160 180
Time (s)

Figure 5.10: Distances between the leader and follower UAVs.
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then made by the Follower-1 UAV. To be more specifically illustrated in Fig. 5.6, during the col-
lision avoidance maneuver, around 2m and 25m maximum tracking errors are yielded in forward
and lateral directions, respectively. From Fig. 5.7 and 5.8, the collision avoidance action occurs at
100th second, this safety behaviour indeed attributes to the effective operation of the Follower-1
UAV’s bank angle.

Asrevealed in Fig. 5.4, although there are large deflections in both the aileron and rudder of the
Follower-1 UAV when the Follower-1 UAV is performing collision avoidance action, all actuators

still work under saturation.

5.3.3 Results of Scenario 2 and Evaluation

Fig. 5.9 displays a satisfactory and safety performance of UAVs formation control after FTC
and obstacle avoidance operations. A rigid formation is finally maintained, though experienced a
certain period of regulation.

As displayed in Fig. 5.10, the distances between the Follower-2 UAV and the Leader UAV
in both forward and lateral directions are rapidly and significantly altered after the aileron of
Follower-2 UAV is stuck at 20deg at 60th second. Meanwhile, the Follower-2 UAV is gradually

approaching to the Follower-1 UAV due to the aileron of Follower-2 UAV has failed. By virtue
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Figure 5.11: Forward velocity and bank angle performance of each UAV in formation.

of the collision avoidance mechanism, the approaching Follower-1 UAV can be promptly detected
by the Follower-2 UAV, while a safe distance away from the Follower-1 UAV is correspondingly
kept. Moreover, the actuator fault in Follower-1 UAV can also be properly accommodated, and
the desired formation can be ultimately maintained. The corresponding performance of forward
velocities and bank angles of each UAV in formation are all shown in Fig. 5.11, and their actuators
performance are displayed in Fig. 5.12. In order to demonstrate the effectiveness of the proposed
actuator saturation mechanism in a clearer way, a more serious actuator fault (the rudder is stuck
at —10deg at 10th second) is imposed in the rudder of a single UAV, while the proposed control
method is compared with a classic direct adaptive FTC approach designed in [194].

The performance of actuators in Fig. 5.13 shows that the aileron controlled by the proposed
controller is still under saturation, while the aileron, which is under supervision of the compared
controller, has violated the constraint. Furthermore, as displayed in Fig. 5.13, the control action
produced by the proposed controller is less aggressive to avoid actuator saturation, comparing with
the classic adaptive FTC controller. This good performance is mainly because of the introduction
of the so-called y—modification mechanism in the proposed controller design. The modification

parameter y and virtual amplitude bound v,,,, play a crucial role in preventing the saturation of
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Figure 5.12: Actuator performance of the UAVs in formation.

healthy actuators. According to the control design law and authors’ experience, v, is normally
chosen as slightly smaller than the actuator’s practical amplitude constraint ,,,,. On the one hand,
the decrease of ;1 can lead the healthy actuators to be susceptible to saturation. On the other hand,

the healthy actuators operate in a slower manner due to the increase of y.

5.3.4 Results of Scenario 3 and Evaluation

From Fig. 5.14, the simulation results reveal that the proposed controller can stabilize the sys-
tem in the presence of both actuator faults and measurement noises with acceptable performance
degradation. Whereas the compared controller cannot tolerate the imposed fault and ultimately
fails to maneuver the UAV. As displayed in Fig. 5.15, the better performance of the proposed

controller is due to the prompt and effective actuator action, comparing with the poor actuator

performance of the compared controller.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

In this thesis, several unmanned vehicles related critical issues on reliable and safe motion

control are well studied, these issues include:

e A comprehensive literature review on unmanned vehicles as well as their guidance, naviga-

tion and control systems is provided.

e Two types of path following laws are designed, namely the Serret-Frenet frame based path
following scheme and line-of-sight path following scheme. Regarding the first scheme, the
path following and control schemes are integrated. Simulation results have demonstrated
that the developed scheme is capable of facilitating control system design and effectively
compensating environmental disturbances without violating actuator constraints. Regarding
the second scheme, path following and control schemes are separately designed. The phi-
losophy of this design is to deal with environmental disturbances and inertia motion caused
sideslip angle in the path following phase without introducing it to the control system. This
is of significant importance due to the fact that the unacceptable control performance some-

times is not caused by the poor control system design, but the disturbances existing in the

182



control reference distributed from the path following system. Both simulation and exper-
imental results have validated that dramatical performance improvement to path following

has been made.

A new nonlinear adaptive observer is developed to estimate the sideslip angle which has been

precisely estimated for correcting the reference signal to be allocated to the control system.

Next, several reliable and safe control methodologies are devised for the operation of un-
manned vehicles. First, a learning-based fault-tolerant tracking control method, which is
expected to mitigate the adverse effects of actuator faults, disturbances, and uncertainties,
has been successfully developed for the unmanned quadrotor helicopter without accurate
system model to automatically regulate its gain online according to the errors between the
reference signals and states measurements. Then, two types of adaptive fault estimation
and fault-tolerant tracking control approaches are developed for an unmanned quadrotor he-
licopter and an unmanned surface vehicle, respectively. Both controllers are proved to be
effective for improving systems’ reliability and safety in simulation, and the amplitudes of
the imposed faults are also well estimated. Finally, a linear parameter varying based control
scheme along with a linear parameter varying based parameter estimation scheme are devel-
oped for the operation of USV under different working conditions. Simulation results have
verified the effectiveness of the proposed control and parameter estimation schemes. Either
actuator fault or mass variation is well detected and their magnitudes are accurately obtained.
Experimental test on an unmanned quadrotor helicopter also demonstrates the efficacy of the

designed algorithm.

In addition to the control of individual unmanned vehicle, the problem of operating a group
of unmanned aerial vehicles is also studied. The effectiveness of the proposed leader-
follower formation control methodology is verified. The desired and safe formation is guar-
anteed with an acceptable performance degradation in the event of both actuator faults and

obstacles.
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6.2 Future Works

Following the current research in this thesis, the following future directions are outlined:

e The faults/failures considered in this thesis only occur in actuators, while the sensor and
communication faults/failures are not included, though they are of significance for safety-
critical control system design as well. Therefore, the future work can be extended to the

studies of more sorts of faults/failures in the sensors and communications.

e Although most of the developed control schemes are validated in simulations, more field

tests are still needed.

e Only loss of control effectiveness and stuck faults are studied in this thesis, more categories
of faults should be simultaneously considered in the future research to further increase the

robustness and effectiveness of the proposed control approaches.

e The studied Serret-Frenet frame based path following scheme can be incorporated with a pre-
dictive term (based on system dynamics) for the cross-track error to enhance its robustness

to environmental disturbances and improve its path following performance.

e The presented adaptive line-of-sight path following method is proved to be effective in two-

dimensional space and can be extended to the three-dimensional space in the future.

e The leader-follower formation control problem is well investigated, while more complicated

and challenging issues, such as distributed control, are expected to be included as well.

e Obstacles avoidance is critical for unmanned vehicles. While a relatively simple case has
been studied in this thesis, which may be difficult to be effective in the event of local and
global minima problems, more powerful hybrid collision avoidance methods consisting of
both global and local collision avoidance as well as considering the specific traffic rules are

desirable.
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