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Abstract

Over the past few decades, Unmanned Air Vehicles (UAVs) have gained popularity
in various applications, from military operations to public safety. Nowadays, UAVs
can perform commercial tasks such as image and data acquisition in disaster areas,
communication delays, traffic surveillance, map building, search and rescue, and
so on. With the rise in popularity, the number of incidents involving UAVs has
increased drastically due to inexperienced operators. Most UAVs have autonomous
take-off and cruise but limited autonomous landing capabilities due to reliability
issues and high risks. In the autonomous landing phase, the UAV performs many
sensitive and vital tasks in different environmental conditions. Therefore, UAVs
must maintain their performance in the presence of external disturbances (e.g.,

wind, fog).

The landing task involves airborne (glide and flare maneuver) and ground taxi
phases. In glide maneuver, the UAV must descend along the predefined straight-
line path in the longitudinal plane with a fixed negative flight path angle between
—4° and —3° toward the runway. When the UAV reaches around 25 — 30 m
altitude, the flare maneuverability is initiated. In this phase, the UAV is required
to reduce the descent rate and follow a curved path. It is necessary to bring the
flight path angle near zero for a smooth touchdown and the minimum impact on
the landing gears. After the touchdown, the ground taxi phase begins, in which
the UAV needs to steer the centerline of the runway to stop.

In this work, first, the H,, based Model Predictive Control (MPC) is proposed
for the airborne landing phase in the presence of wind disturbance. The UAV
encounters the wind at the start of the glide slope, and its effects last until the
flare ends. After the touchdown, the ground effects start contributing to the
dynamics of the UAV. As longitudinal velocity changes during the taxi phase,
UAV dynamics also change. At high velocities, aerodynamics contribute more,
and ground dynamics have more effects at low velocities. Due to this coupling
between aerodynamics and tire-ground friction forces, dynamics and control on the

ground are more complex. To deal with these issues, a structured Linear Parameter
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Varying (LPV) model and H,, based LPV-MPC is proposed for the taxi phase.
The cost function matrices for the MPC are designed by solving the H., based
inverse optimal problem. The designed MPC inherits the small-signal properties
(stability margin and closed-loop performance) of the H,, controller when the
constraints are inactive (i.e., the perturbation around the equilibrium point due to
which the system remains within saturation limits). This control law is successfully
evaluated in the non-linear simulation environment, and the results are compared
with the benchmark controllers. Moreover, the quantitative comparison has been
done by taking the normalized root mean square error (NRMSE) between the
outputs of the taxi phase that are taken by both techniques (H,, and H,., based
LPV-MPC). The NRMSEs between the outputs are 1, 1, and 0.9999 (1 for 100%
matching and 0 for no matching) for cross distance (p,), yaw (¢), and yaw rate

(R) respectively.
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Chapter 1

Introduction

Unmanned aerial vehicles (UAVs), commonly known as drones, are aircraft with-
out onboard human pilots. The UAV system includes a ground controller and a
communication system. The UAVs may operate remotely by a human pilot or

with autonomous flight control systems.

1.1 Background

Britain and the USA developed the first pilotless vehicles during the First World
War. In March 1917, the British Aerial Target was tested, while the U.S. Kettering
Bug, a small radio-controlled aircraft, was flown for the first time in October 1918.
Despite their promising performances during flight tests, neither was used during

the war operation [1].

The UAVs developed through the 20'" century were originally for military pur-
poses and were too “dirty, dull or dangerous” for humans. However, they become

1" century. Many UAVs were developed and

essential to most militaries by the 2
tested during the interwar period. The British produced radio-controlled aircraft
in 1935 for training purposes. At this time, the term ‘drone’ was coined from the
name of one of these models, the DH.82B Queen Bee [2]. The United States also

manufactured radio-controlled drones for target practice and training.

1
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During the Vietnam War, reconnaissance UAVs were first deployed in large num-
bers. The UAVs also began to be used in various roles, such as launching missiles
against fixed targets, acting as decoys in combat, and dropping leaflets for psy-
chological operations. Following the Vietnam War, UAV technology began to be
explored by countries outside the United States and Britain [3]. In new models,
performance and endurance were improved, along with the ability to maintain a
greater height. Several models have been developed in recent years that use solar

power to fuel longer flights.

The UAVs now have many functions, ranging from filming, photography, deliv-
ering goods, and monitoring the changes after natural disasters to carrying out
search operations. However, their most controversial and well-known use is by the
military for surveillance, reconnaissance, and targeted attacks. The United States
has significantly increased its use since the 9/11 attack. They are mostly used for
surveillance in terrain and areas where troops cannot travel safely. However, they

are also used as weapons to attack and killing of suspected militants [4].

The academic history of UAVs involves research, development, and advancements
made in UAVs technology, as well as the scientific principles underlying their
design and operation. One of the earliest academic works on UAVs was published
in 1970 by Dr. Paul Bikle, who wrote a book titled " Unmanned Aircraft Systems,”
which explored the history, technology, and potential applications of UAVs. Since
then, numerous academic institutions and researchers have contributed to the

development of UAVs, both in terms of hardware and software.

In the 1990s, the academic community started focusing on the development of
autonomous UAVs that can operate without human intervention. The research
efforts in this area were driven by the need to improve UAV reliability and reduce
the workload on operators. Many universities and research institutions, such as the
Massachusetts Institute of Technology and Carnegie Mellon University, began to

develop autonomous UAVs with advanced sensors, control systems, and software.

With the increasing interest in UAVs, academic institutions began offering special-

ized programs in UAV engineering and related fields. For instance, Embry-Riddle
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Aeronautical University offers a Bachelor of Science in Unmanned Aircraft Sys-
tems Science, which covers the fundamentals of UAV design, operation, and main-
tenance. Similarly, the University of North Dakota offers a Bachelor of Science
in Aeronautics with a major in Unmanned Aircraft Systems Operations. These
initiatives have created exciting opportunities for research and development in

various types of UAVs.

In recent years, the academic community has also been focusing on developing
UAVs for civilian applications, such as mapping, surveying, and monitoring nat-
ural resources. This has led to the emergence of interdisciplinary research areas,
such as remote sensing and geospatial analysis, which combine UAV technology
with other fields such as environmental science, geology, and geography. Overall,
the academic history of UAVs has been characterized by a growing interest in au-
tonomous UAVs and the development of specialized programs in UAV engineering.
As UAV technology continues to advance, we can expect further contributions from
the academic community in developing innovative applications and improving the

safety and efficiency of UAVs.

1.2 Application of UAVs

Over the past 40 years, the military UAV revolution has produced technological
advancements that have accelerated the development of the civilian UAV industry.
This growth is fuelled by a large number of UAVs application in the civilian sector
and potential users for each application [5], as shown in Figure 1.1. There are
four major categories of civil UAV applications: commercial, civil, security, and
scientific. The potential civilian UAV applications in each category are highlighted
in Table 1.1.

With the rise in popularity, the number of incidents involving UAVs has increased
drastically due to inexperienced operators [6]. The advancements in technology,
sensors, communication, and control systems have significantly increased the safety
and development of a wide range of UAVs, varying in characteristics, configuration,

shape, and size.
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TABLE 1.1: Examples of Civilian Applications for UAVs
Application Description
Commercial
Agriculture Monitoring harvest areas

Marine fisheries
Commercial imaging
Cargo delivery
Telecommunications

Multiple vehicle coordina-
tion

Aerial surveying

Sensing and monitoring

High-altitude imaging and surveillance

FedEx and United Parcel Service (UPS) delivery
Wide-band internet and temporary networks

Coordinating planes and ships for collaboration

Photographic surveying

Civil

Monitoring of critical in-
frastructure

Traffic monitoring

Real-time disaster observa-
tion

Land imaging
Search and Rescue

Forestry and fire monitor-
ing

Monitoring the pipelines, aqueducts, dams, power
lines, ports, etc., from the sky

Sea and land traffic monitoring

Assess the damage after disasters and detecting the
methods to provide relief

Inspecting land areas for resources
Rescuers and prevent accidents

The UAVs can utilize to detect fires in forests

Emergency  communica- Can be used as means of communication by setting
tions temporary networks during emergencies
Security

Surveillance and reconnais-
sance

Border and Harbour pa-
trols

Law enforcement

Homeland Security

Monitoring harbors and borders for violations

Helpful, especially in open or rural areas

Scientific

Meteorology weather and
Geological surveys
Environmental monitoring

Hurricane reconnaissance

Monitoring weather conditions
Mapping geological data
Monitoring environmental conditions

Damage prevention and aiding relief efforts
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FiGure 1.1: Civilian Applications of UAV (a)-Communication, (b)-
Agriculture, (c)-Transportation (delivery), (d)-Surveying, (e)-Data Dissemina-
tion

1.3 Types of UAV

The UAVs have different capabilities, sizes, and models, from recreational mini-
drones to large surveillance and control drones. UAVs are categorized according
to their specifications. In general, UAVs are classified according to their wing
types [7]. The main types of UAVs are single-wing, multi-rotor, fixed-wing, and
fixed-wing hybrid Vertical Take-Off and Landing (VTOL) at different scales [8].
These types of UAVs are:

1.3.1 Single-Rotor UAVs

Single-rotor UAV types are durable and strong. The structure and design of these
UAVs are similar to the helicopters. Figure 1.2 shows one main rotor on top for

lift and a tail rotor for stability and direction control.
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F1cURE 1.2: Single Rotor Drone for Agriculture Use

1.3.2 Multi-Rotor UAVs

Multi-rotor UAVs are the cheapest and easiest option for an “eye in the sky”. They
also offer greater position control and framing; hence, they are perfect for aerial
surveillance and photography. They are known as multi-rotors because they have
more than one rotary wind, most commonly tri-copters (3 rotors), quad-copters (4
rotors), hexacopters (6 rotors), and octocopters (8 rotors). A quadcopter shown

in Figure 1.3 is the most popular type of multi-rotor UAV.

FIGURE 1.3: Two Multi-rotor Drones Flying at Height
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1.3.3 Fixed-Wing UAVs

The fixed-wing UAV shown in Figure 1.4 has one rigid wing, similar to an airplane,
which provides lift with propellers rather than vertical lift rotors. Therefore, they
only need the energy to move forward and not to maintain altitude. Thus, they

are energy-efficient.

FIGURE 1.4: Fixed Wind UAV

1.3.4 Fixed-Wing Hybrid VTOL

Hybrid VTOL UAVs merge the benefits of rotor-based and fixed-wing designs.
This UAV-type hovers, take-off, and lands vertically with rotors attached to fixed
wings. Currently, only a few hybrid-design UAVs are in the market, but as tech-
nology advances in the coming years, they may become more popular. Figure 1.5
shows an example of a fixed-wing hybrid VTOL with an application of Amazon’s

Prime Air delivery drone.

A brief analysis based on the pros and cons of different types of UAVs is presented
in Table 1.2.

In this work, our focus will be on fixed-wing UAVs that can fly for a long dis-

tance/duration at a higher speed than rotary-wing UAVs. However, sometimes
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F1GURE 1.5: Unique Fixed-wing Hybrid VTOL UAV used by Amazon Prime
Air
they required a runway for take-off and landing. This type of UAV has different

phases during the flight operation, which are explained in the next section.

1.4 UAYVs Flight Phases

In aeronautics, UAVs are one of the main research areas as they have advantages
over manned air vehicles. They can perform a high-precision flight for a long
period without being affected by factors such as visibility and pilot fatigue. The
future plans for UAVs are to form a larger system through which the guidance
and flight control should be autonomous, and the human will tackle only critical
decisions of the mission. The flight envelopes of UAVs consist of different phases,
namely, take-off (taxi, departure), cruise, and landing (descent, final approach,
taxi) [9], as shown in Figure 1.6. Most UAVs have autonomous take-off and cruise
but limited autonomous landing capabilities due to reliability issues and high risks.
In the autonomous landing phase, the UAV must perform many sensitive and vital
tasks in different environmental conditions. Therefore, the performance of UAVs

must not fail in the presence of external disturbances (e.g., crosswinds, fog).
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TABLE 1.2: Pros and Cons of Different Types of UAVs

Drone Type Pros Cons
Multi-Rotor . Accessibility « Short flight times
. Ease of use « Small payload capacity
« VTOL and hover flight
« Good camera control
. Can operate in a confined
area
Fixed-Wing . Long endurance . Launch and recovery
needs much space
. Large area coverage
« No VTOL/hover
. Fast flight speed
. Harder to fly, more train-
ing needed
. Expensive
Single-Rotor « VTOL and hover flight « More dangerous

Long endurance (with gas
power)

Heavier payload capabil-
ity

Harder to fly, more train-
ing needed

Expensive

Fixed-Wing Hy-

VTOL

Not perfect at either hov-

brid ering or forward flight

. Long-endurance flight
« Still in development

Landing the UAV is considered one of the most difficult tasks as it requires tight
control of the UAV’s multiple states. Figure 1.7 shows the accident statistics
of commercial aviation [10]. Almost half of all accidents occur during the final
approach and landing stages. This amplifies in the case of UAVs because of the

unavailability of the onboard pilot.  As shown in Figure 1.8, the landing task
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FIGURE 1.6: Phases of UAV

i Take-off i

! ! and initial | : . i Descent | ;
!  climb : Cruuse i and mitial | Final :
E Taxi ) ¢ Climb | i approach | s
i ' : . , | andlanding |
Accidents | 10% | 14% | 8% ! 10 % Po11% 47%

Fatalities ! 0% V10% ) 12% 20% T 18% 40 %

FIGURE 1.7: Statistics Observed on the 2004-2013 Period

has two phases: airborne (glide and flare maneuver) and ground taxi. In glide
maneuver, the UAV must descend along the predefined straight-line path in the
longitudinal plane with a fixed negative flight path angle between —4° and —3°,
toward the runway [11]. Sometimes, the glide maneuverability is performed in
two steps. Initially, a higher decent angle is taken, and a lower descent angle is
attained in the latter step. When the UAV reaches around 25 — 30 m altitude,
the flare maneuverability is initiated. In this phase, the UAV is required to reduce
the descent rate and follow a curved path. It is necessary to bring the flight path
angle near zero for a smooth touchdown and the minimum impact on the landing
gears. Figure 1.9 illustrates the typical landing maneuver with the glide and flare
path indication. After the touchdown, the ground taxi phase begins in which the
UAV needs to steer the centerline of the runway to stop [12].
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Landing Problem

|
! l

| Airborne Phase | Ground Taxxing Phase

| Ground Taxi |

FicUure 1.8: UAV Landing Problem

Glide-Path

2

Flare-Path

Ground Taxi

FIGURE 1.9: Glide, Flare and Ground Taxi Phases

In typical UAVs, a human pilot is needed to handle the landing. This is usually
done to reduce the system cost and complexity and mitigate the risks. Opera-
tional experiences have shown that most UAV disasters are due to human errors.
Furthermore, it takes several hours of flight and significant financial investment
to train a human pilot, who can handle these phases efficiently and safely. There
are also severe restrictions on the human pilot during flight operations; for exam-
ple, he cannot land the UAV in thick fog and high crosswind. Thus, equipping
the UAV with the ability to perform landing autonomously increases the system’s
complexity but can potentially render more versatile UAVs. It also can reduce the
long-term costs and risks involved in the landing. Moreover, external disturbances,

such as wind gusts, shear, and downbursts, can be tackled more efficiently.
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1.5 Motivation

Working on UAV landing can be a highly motivating and challenging task, as it
involves solving a number of complex problems related to control, navigation, and

perception. Here are a few potential motivations for working on UAV landing:

e Safety and Reliability: Landing is one of the most critical phases of UAV
operation, and ensuring that UAVs can land safely and reliably is of utmost
importance. For individuals interested in improving the safety and reliability
of UAVs, working on UAV landing can provide an opportunity to develop
new technologies and algorithms that can improve the performance of these

aircraft.

e Autonomous Navigation: Landing a UAV autonomously requires sophis-
ticated algorithms and sensors that can accurately estimate the UAV’s po-
sition and orientation relative to the landing site. Working on UAV landing
can be highly motivating and rewarding for individuals interested in devel-

oping advanced navigation algorithms and perception systems.

e Real-World Applications: UAVs have a wide range of practical applica-
tions, from aerial surveying to package delivery. Landing is a critical compo-
nent of many of these applications, and developing technologies that enable
UAVs to land safely and reliably can significantly impact the feasibility and

effectiveness of these applications.

e Academic Research: Landing is a complex and challenging problem that
has been the subject of extensive research in the academic community. For
individuals interested in pursuing a career in academic research, working on
UAYV landing can provide an opportunity to contribute to the development

of new knowledge and technologies in this field.

e Career Opportunities: As the market for UAVs continues to grow, there
is a high demand for individuals with expertise in UAV landing and re-

lated technologies. Working on UAV landing can provide an opportunity
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to develop highly valued skills and knowledge, leading to exciting career

opportunities in industry and academia.

1.6 Research Objectives

The main objective of this work is to reduce the risk induced by a human pilot.
With the steadily increasing applications of UAVs, it is also necessary to have an
autonomous flight control system that provides a proper solution in degraded en-
vironmental conditions. According to [13], Human error is responsible for roughly
60% of UAV accidents during operation, and surprisingly 50% of the incidents are
during the take-off and landing procedure. One of the advantages of autonomous
take-off and landing systems is the elimination of human error. Eliminating the
operator from manually controlling the UAV during take-off and landing proce-
dures and replacing them with an autonomous system will greatly increase safety
during operations. Due to the lack of onboard human pilots, the UAVs depend on

the control system for navigation and obstacle avoidance.

1.7 Research Scope

The goal of this work is to design the control system for a fixed-wing UAV that
enable it to land autonomously. It is similar to the aircraft landing, where an
Instrument Landing System (ILS) assists the pilot in landing safely. In the case of
UAVs, the unavailability of onboard pilot increase the risk involved in the landing.
The problem could be worsened by physical hindrances such as wind shear or gusts.
An autonomous landing system aims to respond fast and accurately to these types
of scenarios and reduce the risk of an error in judgment by a human pilot. It is
done with the help of H,, based model predictive control technique. The control
system is evaluated for its ability under moderate and severe downburst during
the glide and flare maneuverability. After the touchdown, the effects of ground

forces contributing to the dynamics of the UAV are also tackled, and a lateral taxi
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control is designed. These contributions allow a complete, consistently accurate,

safer landing system for a UAV.

By the end of this work, the author should understand flight dynamics and the
control algorithms applied to UAVs in practice.

1.8 Thesis Contributions

The major contributions of this thesis have been divided into two parts: the
airborne phase and the ground taxi phase. The following individual contributions

lead to these objectives.

1.8.1 Airborne Phase

In the airborne phase, the UAV glides toward the runway, and for smooth touch,
it performs flare maneuverability when it reaches near to the ground. The wind
shear is a major challenge during this phase. The H., based MPC is designed
to tackle these effects. This contribution has resulted in the following journal

publication:

Z. Latif, A. Shahzad, A.I. Bhatti, J.F. Whidborne and R. Samar, “Autonomous
Landing of a UAV Using H,, Based Model Predictive Control,” Drones, no. 6,
vol. 12, pp. 416, 2022.

1.8.2 Ground Taxi Phase

After the touchdown on the runway, the ground forces and moments start con-
tributing to the dynamics of the UAV. The UAV decelerates/accelerates during the
ground taxi phase, which makes the control more complex due to the coupling be-
tween aerodynamics and tire-ground friction forces. Moreover, the lateral control
during the deceleration phase becomes more challenging due to the high initial lon-

gitudinal velocity at touchdown and uncertainty in the tire-ground friction model.
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These effects are significantly amplified in high wind or gust conditions. The con-
troller could damage or lose the system if it does not perform well for all ground
velocities. In this work, the non-linear taxi model has been established and lin-
earized analytically, and a simplified and accurate LPV model is proposed. Then,
H,, based LPV-MPC is proposed for the directional control. This contribution

has led to the following research publications:

Z. Latif, A. Shahzad, R. Samar and A.I. Bhatti, “Lateral Parameter-Varying
Modelling and Control of a UAV on-Ground,” 4th IFAC Workshop on Linear
Parameter Varying Systems (LPVS) Milan, Italy, no. 8, vol. 54, pp. 130-135,
2021.

Z. Latif, A. Shahzad, A.I. Bhatti and R. Samar, “Lateral Control of an UAV on
the Ground using H, based Linear Parameter Varying Model Predictive Control,”
(submitted).

1.9 Thesis Outline

The rest of the thesis is structured as follows:

e The literature review related to the mathematical modeling of taxi phase
and control techniques is given in Chapter 2. A comprehensive literature
survey has been carried out for the control of the UAV during the airborne
phase (glide and flare maneuverability) under wind shear effects, ground
taxi modeling, control, and tuning methods of MPC. Based on the literature

survey, gaps are identified, and a problem statement has been formulated.

e Chapter 3 is dedicated to explain the formulation of H,, based MPC tech-
nique. The design steps for observer plus state feedback control synthesis
are presented. Linear Quadratic Regulator (LQR) based inverse optimal
problem is formulated, and Linear Matrix Inequalities (LMIs) are solved to

design the cost function matrices.
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e Control design for the airborne phase is presented in Chapter 4. The math-
ematical models for landing trajectory, UAV, and wind shear are presented.
The H,, based MPC presented in Chapter 3 is developed for the glide and
flare phase. The designed algorithm is assessed in a simulation environment
under moderate and severe wind shear effects, and results are compared with

benchmark work.

Chapter-1
Introduction

Chapter-2
Literature Review

Chapter-3
Control Methodology

Chapter-4 Chapter-5
Control Design for Airborne Phase Ground Taxi Modelling and Control

Chapter-6
Conclusions and Future Work

Ficure 1.10: Thesis Layout

e The ground taxi modeling and control is discussed in Chapter 5. First, a
complete non-linear taxi model has been derived, including the forces gen-
erated by aerodynamics and the interaction of the tires and runway. The
model is analytically linearized and shows that it is explicitly dependent on
the UAV’s forward velocity, which continuously varies during both take-off
and landing roll. Then the LPV model is derived for the taxi phase. Since a
single controller designed at a particular velocity point does not satisfy the
design requirements of all other velocity points, an H,, based LPV-MPC is
proposed.
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e Finally, the conclusions of the thesis and the future directions are presented

in Chapter 6.

Figure 1.10 presents the overall thesis layout.



Chapter 2

Literature Review

This chapter discusses the research relevant to the landing problem of fixed-wing
UAVs. The landing problem has two maneuverability: airborne and ground taxi
phase and the problem is reviewed separately for both. Moreover, the MPC tuning
has also been discussed with reference to the previously published work. The
breakdown of the survey is shown in Figure 2.1. The research gaps are identified

based on the survey, and the problem is formulated at the end of the chapter.

Literature Review

Airborne Phase Ground Taxi Phase MPC Tuning

FIGURE 2.1: Literature Review Breakdown

2.1 Airborne Phase

In the airborne phase, the UAV initially glides with a constant negative slope to
decrease the altitude and initiate the flare phase when it reaches the ground for
a smooth touchdown. This maneuver is important because any disturbance may
distract the UAV and damage or lose the system. Therefore, a robust flight control
system is required that can keep the UAV on the desired trajectory.

18
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(Classical control techniques are preferred for autonomous landing because of their
reliability and simplicity. However, these techniques do not satisfy the desired
performance and robustness requirements. In recent years, with the developments
in the hardware and computing capacity, the difficulties in implementing modern
control techniques have been significantly reduced [14]. Therefore, the modern
control techniques base flight system is now a mature research area. The researcher
implemented many methodologies, from vision-based navigation to fuzzy logic

control algorithms, to achieve a safe and smooth landing.

A flight algorithm for the autonomous landing of a UAV is proposed in [15]. Dif-
ferent control loops are used to address the specific task separately, e.g., angle of
sideslip control or heading control. A multivariable H,, controller is designed for
flare maneuverability. At the top level, a non-linear guidance control law provides
the 3D path following capability. A control law is proposed in [16] for Autonomous
Carrier Landing (ACL) system. The non-linear landing model is transformed into
a poly-topic model, and the arresting and ground approach risks are proposed
and integrated using Kalman Filter (KF). The risk-state MPC is presented based
on the landing risk gradient. In [17], a framework is proposed for landing in an
uncertain environment based on point cloud in a coarse to fine manner. It has four
modules: preprocessing point cloud, selection of course landing site, evaluation of
fine terrain, and optimal landing model. An ACL problem is solved in [18] with
input constraints and external disturbance. A relative motion model between the
ideal glide path and the UAV is established, and the wave disturbance to the car-
rier is considered an external disturbance. A backstepping control law is proposed
having input constraints, and the Lyapunov function is used to prove the stability

of the closed-loop system.

In [19], a model following technique based on LQR is given to track the glide and
flare trajectory. In [20], deep-stall landing for the fixed-wing UAV is proposed.
The UAV is guided along the predefined custom path and performs landing at
low speed with good precision. The landing control of high-speed UAV under
wind interference is presented in [21]. The Monte Carlo simulations are used

to show the system’s robustness under wind disturbance. In [22], an automatic
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landing technique is presented which uses an Hy/H,, technique along a dynamic
inversion method. An optimal observer is considered to tackle sensor errors and
other disturbances. The design aims to develop a landing control system that not
only cancels the negative effects of sensor errors and disturbances but also gives a
good result when the number of states is more than the number of sensors. The
PID controllers (conventional and fuzzy variant) are compared with the dynamic
inversion concept in [23]. The PID controllers are tuned for pitch, altitude, and
velocity. The controllers are tested for errors in the gyro sensors and wind shears.
Numerical simulations validate the results. In [24], a sliding mode control (SMC)
technique is designed for autonomous landing. The landing maneuver is divided
into glide path capture and flare. The two phases specify the flight path in a
longitudinal landing plane, a straight line, and an exponential curve. The obtained
controller is validated by simulating the landing maneuver using a non-linear model
with a large offset in the initial position from the reference landing trajectory. The

results are compared with the conventional PID controller.

A hierarchical control structure for the autonomous landing is developed in [25].
Active disturbance rejection for attitude control, proportional guidance law for
height tracking, and PID is used for heading angle, flight path angle, and taxi
control. The Hardware In the Loop (HIL) simulation and field experiments are
conducted to demonstrate the performance of the entire test system and the pro-
posed approach. An intelligent landing system based on an Artificial Neural Net-
work (ANN) is given in [26]. The weights are searched using the Multi-dimensional
Archive of Phenotypic Elites (MAP-Elites) algorithm. The ANN is used to control
the pitching torque and thrust of the UAV to obtain a smooth landing. The same
algorithm is used in the case of high wind conditions. All possible flight condi-
tions should be considered in the training data for efficient training of ANN. A
fuzzy logic-based autonomous landing technique of UAV is proposed in [27]. Three
fuzzy logic modules control the UAV’s global position (longitude-latitude) against
the runway for altitude, speed, and position. An SMC with a Cerebellar Model
Articulation Controller (CMAC) for the landing of a UAV is presented in [28].
The parameters of the SMC are adjusted by the use of a Genetic Algorithm (GA),
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Chaotic Particle Swarm Optimization (CPSO), and Particle Swarm Optimization
(PSO). An intelligent landing scheme based on different CAMCs is presented in
[29]. The lyapunov theory is used for stability analysis and to obtain adaptive

learning rules.

2.2 Taxi Phase

Modeling and control of UAVs are currently one of the main research areas in
industry and academia. The flight control of UAVs in the air has been studied
extensively. However, the research in controlling a UAV on-ground to keep it on
the runway centerline remains limited. The on-ground dynamics and control are
more complex due to the coupling between aero and ground dynamics. Moreover,
the lateral control during the deceleration phase becomes more challenging due to
the high initial longitudinal velocity at touchdown and the uncertain effects of the
tire-ground friction model. These effects are significantly amplified in high wind
or gust conditions. If the controller does not perform well for all ground velocities,
it could lead to damage or loss of the system. Therefore an efficient model and
robust flight control system are required that can steer the vehicle on the runway

during take-off and landing.

Many researchers have studied the UAV ground dynamics and autonomous take-
off control. In [30], an LPV PID control technique is presented for the taxi control
of UAVs. The grid LPV modeling approach tackles the varying mechanism of the
model. The non-linear model is linearised at each gridding point, covering the
entire parameter space. The scheduling depends on longitudinal velocity, and the
whole parameter space is divided into three subsets. The ground forces are ignored
in this work and considered external disturbances. A power-by-wire braking sys-
tem during the taxi phase is proposed in [31]. Instead of hydraulic, the electrical
interface is used, which enhances safety and maintainability. The varying effect of
the model is compensated by using a non-linear adaptive backstepping controller.
The Tracking Deviation Correction (TDC) problem is solved in [32]. The proposed
algorithm is limited to high-speed taxing only.
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The lateral control during on-ground deceleration is discussed in [33]. A weighted
model predictive control law is proposed to control the parameter-varying system.
Based on prior time sequences of the state vector, it provides plenty for the weight
coefficient. The varying velocity of the model would increase the error in the ref-
erence model. The previous prediction step is more important than the following
ones and needs a large plenty weight coefficient. To improve the on-ground dy-
namics of the aircraft, a parameter-varying anti-windup control design technique
is developed in [34]. Typically the anti-windup applications appear on the actua-
tor’s saturation. However, here the author used to represent the non-linear effects
of ground forces which strongly depend on the runway state. This operation is
handled by a Linear Friction Transform (LFT) based estimator. The model is also
assumed to perform well on a large operating range. In [35], a directional control
law is developed for UAVs. The primary control inputs are nose-wheel deflection,
main wheel differential braking, and rudder for low, medium, and high speed. A
priority matrix is developed to decide the secondary control if the primary con-

troller fails.

The ground steering dynamic model of the UAV is built in [36] by using aerody-
namics and ground forces. The bifurcation theory is used to analyze some key
parameters’ effects on the UAV’s steering stability. Moreover, the kinetic charac-
teristics and loading features are analyzed to check the instability mechanism of
the model. A non-linear taxi model is presented in [37] for the implementation of
ATOL algorithms. A successive linearization is used to handle the non-linearities
of airspeed in the lateral dynamics. It allows us to design and gain scheduled con-
trol laws. In [38], the ground run phase has been divided into different portions
to make the control more efficient. A simple proportional gain controller is used
to control the heading of the UAV. A non-linear mathematical model for ground
taxing is proposed in [39]. Directional control was designed for high velocity by

differential braking.

In [40], a non-linear model of the aircraft during the taxi phase is presented by
using both dynamics and kinematics analysis of the system. Then the model is

reduced to the 3 Degree of Freedom (DoF) by considering that there is no roll
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and pitch moment in the taxi phase. A proportional-integral (IP) controller is
used to design the directional control and keep the UAV on the centerline. In [41],
a non-linear model for the taxi phase has been derived by taking the damping
and stiffness model of landing gears. The model has a nose wheel and ruder
as low and high velocity control actuators, respectively. A mathematical model
for a diamond-shaped UAV is presented in [42] along the lateral control during
ground roll. Three different gain setpoints have been used to consider the effects
of the varying velocity of UAVs. In [43], an integrated control law is proposed for
the take-off roll in which the gain varies with the forward speed of the UAV. To
track the trajectory and yaw rate of UAV with varying longitudinal velocity, an
integrated controller based on sliding mode control is given in [44]. In [45], the
yaw rate of the aircraft is controlled during low ground speed. The controller was

designed using feedback linearization based on the non-linear directional model.

2.3 MPC tuning

The classical control techniques give closed-loop stability, performance, and a cer-
tain degree of robustness but generally do not handle the constraints. Some mod-
ifications are proposed, e.g., anti-windup schemes to handle the input constraints
properly. However, these may affect the closed-loop performance, complicate the
design (especially for the multivariable system), and are usually restricted to a spe-
cific class of constraints. A more systematic way to deal with the constraints is the
MPC strategy. In every control cycle, the MPC utilizes the current state’s infor-
mation to predict the model’s evolution over the prediction horizon. Accordingly,
the MPC designs a control input sequence that provides the best performance
and satisfies the constraints. However, it is difficult to characterize MPC’s ro-
bustness, stability, and frequency-domain properties in contrast to linear feedback
controllers. In literature, different techniques are presented to tune the MPC to

behave like any favorite linear feedback controller when constraints are inactive.

The tuning of MPC has been considered in several previously published articles. In

[46], the MPC tuning is based on H, loop-shape synthesis. The author solved the
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inverse optimization problem to compute the state estimator parameters and MPC
cost function. By assuming R = I, he computes the Qo by solving the Algebraic
Riccati Equation (ARE) and LQR equation simultaneously. He does not consider
the constraints on output and augment the disturbance and reference into the
plant model, assuming that the disturbance must be measured or estimated. Based
on this work, the author of [47] considered the input and output constraints. He
also considered the unmeasured disturbance without incorporating the disturbance
model into the plant model. All the plant augmentations are based on the H
loop-shaping compensator. In [48] and [49], the controller matching and finding a
cost function problem is considered. The output and state feedback controllers are
considered in these works, respectively. To find the cost function matrices P, @,

and R, a LMI problem is solved.

In [50], the inverse LQR problem is solved to find the cost function matrices. It
utilized the LMI method to determine the solution of the general inverse LQR
problem when both weights R and () are unknown. It also proposed the gradient
base least-squares minimization method to find the approximate solution when
the LMIs are infeasible. To meet the closed-loop performance, the tuning of cost
function matrices of MPC are given in [51]. Two semidefinite programming prob-
lems are solved sequentially, one of which is solved in the frequency domain. In the
unconstrained case, the tuning parameters guarantee a nominal robust closed-loop
performance. In [52], an MPC tuning method based on transfer function formu-
lation is given. In the first step, MPC’s gain matches the gain of some favorite
controller by equating the respective transfer function coefficients. In the second
step, a convex optimization problem with LMI constraints is solved to find the

tuning parameters.

The paper [53] outlines a systematic approach to selecting the Model Predictive
Control (MPC) stage cost. The method involves matching the MPC feedback law
with a proportional-integral (PI) controller that is efficiently tuned using high-
performance Monte Carlo (MC) simulation. The MC simulation tuning of the PI
controller minimizes two objectives, namely, the 2-norm tracking error and a bi-

objective comprising the 2-norm tracking error and a penalty on the 2-norm input
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rate of movement. The paper [54] presents an innovative technique for determin-
ing the weights of the MPC based on personal driving data through an automatic
tuning method. Naturalistic driving conditions, which encompass car-following
scenarios and driver behaviors, offer the personal driving data. These data en-
able the creation of a reference model that mirrors the driver’s driving style. The
automatic tuning problem is defined as an optimization problem that involves min-
imizing the difference between the controller’s response and the reference model by
utilizing optimal weight factors. To solve this optimization problem, the Particle

Swarm Optimization (PSO) algorithm is employed.

The paper [55] presents a tuning procedure for multi-input multi-output (MIMO)
systems using MPC. The method involves two steps based on a hybrid approach:
the goal attainment method and a variable neighborhood search. In the first
step, the weights of the MPC objective function are determined by minimizing the
square error between a predefined reference trajectory and the closed-loop response
of the internal controller model. In the second step, the integer variables of the
problem, including prediction and control horizons, are optimized by minimizing
the square error between the closed-loop response and an optimal trajectory to
obtain a low computational cost controller with good performance. The proposed
method is tested on two benchmark processes using different MPC formulations,
and the results demonstrate its effectiveness. In [56] the authors developed an
analytical method to calculate the cost function matrices of MPC in cases where
the prediction horizon is short. They applied this method to control an empirically-
based wave energy converter (WEC) model and successfully tuned the MPC to
adhere to existing linear control laws and meet input and state constraints, such

as actuator force and actuator stroke.

2.4 Gap Analysis

Most UAVs accidents that occur during the landing maneuver are due to severe
weather conditions. During a flight, the UAV must cope with many natural uncer-

tainties and disturbances, such as wind gusts, wind shear, sensor noise, parametric
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uncertainties, etc. In the worst-case scenario, the UAV might diverge from the ref-
erence path, e.g., in [57], where the path error reaches about 39 ft (approx. 12
m) and can create problems for the UAV. So, a well-adjusted and robust control
strategy is required to tackle such scenarios and improve the tracking performance
of the system by reducing path error. After the touchdown, the ground forces start
contributing to the system’s dynamics. The longitudinal velocity of UAVs varies
over a wide range during the ground roll. Such characteristics lead to parameter-
varying problems. However, most of the aforementioned papers do not consider
these issues. Even a few took the gain scheduling but did not provide any explicit

parameter varying structure for vehicle model, controller, or scheduled gain.

In literature, many control techniques are proposed for autonomous landing. The
classical control techniques provide closed-loop stability and a certain degree of
performance and robustness but generally do not consider the constraints. With
some modification, e.g., an anti-windup scheme for input saturation, the con-
straints can be handled, but this reduces the closed-loop performance. A more
systematic way to handle the constraints is the MPC strategy. MPC provides
the best performance along the constraints satisfaction. However, MPC’s robust-
ness, stability, and frequency domain properties are more difficult to characterize
than linear feedback controllers. Properties of both techniques can be achieved by
solving an inverse optimal control problem using a linear state feedback control
law. The problem is to design the weighting matrices (performance index) of the
MPC controller so that it behaves like a linear state feedback controller (favorite
controller) when the constraints are inactive. Hence, the closed-loop properties of
MPC control match the classical control for the perturbations due to which states

and inputs remain in the admission range.

2.5 Problem Statement

As discussed in Section 1.8, the landing problem is divided into airborne and

ground taxi phases. Thus, the fundamental objectives of this work have two folds:
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e Design an H,, based MPC for the airborne phase in the presence of wind

shear effects

e Develop an LPV model and H,, based LPV-MPC for lateral control during
the taxi phase to address the challenge of varying speed

2.6 Summary

This chapter presents a detailed literature review of the landing control of fixed-
wing UAVs. The research openings are identified in the airborne phase control
and modeling and control design for the ground taxi phase. Moreover, the tuning
of MPC is also explored in the chapter. Based on this review, the gap and the

research problem have been formulated.

In the next chapter, the control methodology is presented. The algorithm and the
design steps of H,, based MPC are discussed.



Chapter 3

Control Methodology

In this chapter, we present practical procedures for multivariable controller design,
which are relatively straightforward to apply and which, in our opinion, have an

important role to play in industrial control.

3.1 Introduction

The classical control techniques provide closed-loop performance, stability, and
a certain degree of robustness but generally do not handle the constraints [58].
Some modifications, e.g., anti-windup schemes, can be introduced to handle the
constraints on input saturation [59]. However, these make the design complicated
(especially for multivariable systems), limited to a restricted class of constraints,
and may yield reduced closed-loop performance [49]. A more systematic way to
handle the constraints is the MPC strategy. At each time step, the MPC uses
the current state’s information and predicts the system’s evolution over a desired
future horizon. Accordingly, the MPC designs the best input control sequences re-
sulting in constraint satisfaction and the best performance. However, as mentioned
in [60], it is more difficult to characterize the MPC’s frequency-domain properties,
robustness, and stability compared to many other linear state feedback techniques.
It reduces the application of the MPC technique [61].
28
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In the literature, [48, 49, 52], different techniques are presented for the selection
of the objective/cost function matrices (P, @ and R) of the linear MPC controller
in such a way that it behaves like any favorite linear controller (e.g., H,, con-
troller for our case) when the constraints are inactive. Hence, for any disturbance
around the equilibrium point for which the inputs and states remain within the
admissible range, the closed-loop properties of the MPC match the H,, synthe-
sis. The advantage of H,, based MPC is that, contrary to the H,,, the resulting
technique can handle the constraint properly during the transients along with the
frequency domain properties of H., controller when constraints are inactive. To
obtain the cost function matrices based on H,, controller, an LQR-based inverse
optimal problem is formulated and solved in this work. Now, one can design the

cost function matrices (P, () and R) more sensibly.

Once the objective function has been designed, state information is required at
each time step. Like many other applications, the lateral taxi control’s full state
information is unavailable. A state observer is required to initialize the prediction
model. It is a well-known fact that the KF can be used to estimate the state in
a full state feedback system e.g., in Linear Quadratic Gaussian (LQG), which is
the basis of MPC due to quadratic objective function. However, the KF does not
guarantee stability margin [62]. Generally, this fact has been overlooked in the
MPC literature, and typically the design methodology emphasizes constraints en-
forcement and performance satisfaction [47]. In this work, we used the normalized
coprime factor robust stabilization approach, which provides a controller that can

be written as plant observer form and have an optimized stability margin [63].

The rest of the chapter is defined as follows. In Section 3.2, the H,, Loop Shaping
Design Procedure (LSDP) is explained. The LQR-based inverse optimal problem
is formulated and solved in Section 3.3. The MPC problem is given in Section 3.4,

and design steps for H,, based MPC are presented in Section 3.5.

3.2 H, Loop Shaping Design Procedure

The H,, LSDP is a powerful and sensible procedure to stabilize the plant robustly.

It uses the classical open-loop shaping frequency response to have the desired loop
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Ficure 3.1: Robust Stability Block Diagram

shape. It has a two-step design procedure: first, the open loop plant is augmented
to the desired shape of singular values with pre and post-compensators, and then
the shaped plant is robustly stabilized with respect to coprime factor uncertainty
with H., optimization. The advantage of this procedure is that no problem-

dependent weight selection or uncertainty modeling is required in the second step.

Consider a plant G which needs to stabilize with its normalized left coprime fac-

torization as:
G=M"'N (3.1)
The perturb plant G, can be written as
Gy = (M +Ay) " (N + Ay) (3.2)

where Ay and Aj,; are unknown stable transfer functions, which show the uncer-
tainty in nominal plant G. The objective of robust stabilization is not only to
stabilize the nominal plant G but also a family of perturbed plants G}, around the

nominal plant defined by:
Gp={(M+2y)" (N +Ax): [[[Ar Au]ll <€} (3-3)

where € is the stability margin. The robust stabilization of coprime factors of a

plant is to maximize the stability margin. The perturbed feedback system shown



Control Methodology 31

in Figure 3.1 is robust if and only if the nominal feedback system is stable and,

2

¥ (I-GK)""M7Y| <

a |

(3.4)
I

(o)

The minimum achievable value of v, corresponding to the maximum stability mar-

gin € is given by Glover and McFarlane (1989) as [63]:

[NIES

Yonin = €mie = {1 = [N M]|5}72 = 1+ p(X2)) (3.5)

where || . ||z is Hankel norms, p denotes the maximum eigen value of minimal
state-space realization (A, B, C&D) of system G. Z is the unique positive definite

solution of the algebraic Riccati equation:

(A—BS'DT'CYZ + Z(A— BS™'DTC)r — ZCTR™'CZ

+BS™'BT =0 (3.6)
where,
R=I1+DD", S=D'D

X is the unique positive definite solution of the algebraic Riccati equation:
(A—BS'DTCY'X + X(A—- BS™'D'C) - XBS'B'X

+CTR'C =0 (3.7)

The controller guarantees

(I-GK)""M7Y| <vy (3.8)

o0

for Y > Ymin

A+ BF +~2(LT1ZzC0T(C + DF 2L 1zoT
e V(L)1 ZC7( ) | 202 59

BTX -DT
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FiGure 3.2: Shaped Plant and Controller

where

F= —S*D'C+B"X)

L= (1-y¥)I+XZ

It can easily be implemented by MATLAB function ncfsyn and can find the robust

controller for the given plant.

In robust stabilization, the designer is unable to specify the performance require-
ments. The author of [64] proposed per and post-compensating weights to shape
the open loop singular values of the plant. Then, the shaped plant is robustly
stabilized by using the above method. If pre and post weights are W; and W5
respectively, then shaped plant G is given by

G, = WoGW, (3.10)

as shown in Figure 3.2. The controller K is synthesized by solving the robust

stabilization problem for the shaped plant GG;. The feedback controller K:
K =W KW, (3.11)

is used to stabilize the plant G.

Weight selection is an important step in LSDP. Skills are required to select pre and
post-weights, which shape the singular values as per requirement [65]. Typically,

it is required to have a high gain at low frequencies for noise attenuation, a roll-off
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rate of approximately —20db per decade (slope of -1) at the crossover frequency,
and a high roll-off at high frequencies. Hit and trail are involved in the selection of
these weights. The author of [66] has shown that the single DoF H, loop-shaping
controller can be written as observer plus state feedback control law which is

explained in the next subsection.

3.2.1 H, Loop Shaping Design using Observer Structure

In general, the H., controllers do not have an explicit structure. However, the
normalized coprime factor robust stabilization method provides a controller that
can be written in the form of a plant observer [67]. The resulting controller can

be written as an exact plant observer and state feedback:

irs = Asjs + Hs(Csi‘s - ys> + Bsus
(3.12)

Us = stsa

where A,, B,, and C; are the state-space realizations of the shaped plant, z, is
the observer state vector, u, is the input and y, is the output vector of the shaped

plant. The observer H, and controller K for the shaped plant are:

H,= — Z,CT
(3.13)

K= — B [I -~ —472X,Z] " X,

where Z; and X are the solutions of the following algebraic Riccati equations,
AZ+ Z, AT — 2,070 Z, + B,BT =0

(3.14)
ATX, + X, A, — X, BBl X, +Cl'Cc,=0.

The maximum stability margin is calculated with €., = ﬁ, where Vpin =

1+ p(XsZs), where p is the maximum eigenvalue of matrix X Z. If vy, < 4
the design is usually successful. The controller K is used to formulate and solve
the inverse optimization problem to design the cost function matrices for MPC,

which is presented in the next section.
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3.3 Inverse Optimal Problem

In the optimal control theory, the LQR is used to find infinite horizon full-state
feedback control law for both continuous and discrete time LTI systems [50]. The

formulation for the shaped discrete-time Linear Time-Invariant (LTI) system is,
Thy1 = Asl'k -+ Bsuk (315)

which minimizes the objective function

T
> |z s 0 x
J = * “ “1. (3.16)
k=0 | Uk 0 R, Uy,
The optimal feedback control is
up = —KiLqrTk, (3.17)
where,
Kiqr = (BT P,B, + R,)"'BIP,A, (3.18)

here P; is the unique positive semi-definite solution of the Discrete-time Algebraic

Riccati Equation (DARE) given as:

ATP,A, — P, — (ATP,B,) (BT P,B; + R,) 'BIP,A, + Q, = 0 (3.19)

where, (), is semi-positive definite and R, is a positive-definite matrix. Now, if
this problem is solved in the reverse order by assuming that we have an optimal
feedback controller Kiqgr and our objective is to find the cost function matrices
for the shaped plant. The methods for solving this problem are explained in the

coming subsection.

3.3.1 Solution of Inverse Optimal Problem

The basic aim is to find the cost function matrices (Ps, Qs, and R;). The inverse

optimal problem is formulated with (3.18) and (3.19) by taking Kiqr = K;. The
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resulting equations become as follows:

ATP,A, — P, — (ATP,B)K, + Q, =0 (3.20)
3.20
BT'P,A, — (BI'P,B, + R,)K, =0

In (3.20), there are two equations and three unknowns (P;, Q,, and Ry). The
author of [47] gave an analytical solution to the above problem by taking R = I.
It may yield numerically ill-conditioned cost function matrices, which result in
an ill-conditioned real-time optimization problem. An LMIs-based solution to this
problem is presented in [50] by defining an additional criterion, the optimal solution
must reduce the condition number of the cost function matrices. The LMIs-based

optimization problem for the discrete-time system is defined as follows:

(Qs, ]%s, P, &) =arg min a?,

Qs,Rs,Ps,a
such that
Ps>0
ATPA, — P, — (ATP,B,)K, + Q, = 0 (3.21)

BI'P,A, — (BIP,B,+ R)K, =0

Qs 0

I < < al

0 Ry

The LMI optimization problem (3.21) can be solved efficiently using the SeDuMi
[68] package with the YALMIP modeling toolbox [69] in MATLAB. In contrast
to the standard procedure for selecting cost function matrices for MPC, where
usually diagonal terms are used based on performance, this method gives an off-
diagonal term. These matrices are used to realize the MPC problem presented in

the next section.

3.3.2 Limitation of Technique

When applying the cost function designed for an infinite time horizon in LQR-

based inverse optimization to a finite time horizon scenario like Model Predictive
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Control (MPC), several effects can be observed.

1. Finite horizon objective: The cost function in LQR is derived for an infi-
nite time horizon, aiming to optimize long-term performance. In MPC, the
objective is typically defined over a finite time horizon, focusing on optimiz-
ing short-term behavior. As a result, the cost function needs to be modified

to reflect the desired objectives within the limited time frame.

2. Dynamic optimization: In MPC, the control inputs are recalculated at
each time step, considering the current state of the system and a predictive
model. This enables adaptability and responsiveness to changing conditions.
Unlike LQR, which solves for a steady-state control law, MPC allows for
dynamic optimization by incorporating time-varying constraints and objec-

tives.

3. Terminal conditions: In LQR, the infinite time horizon implies a terminal
condition of reaching a steady state. However, in MPC, the finite time hori-
zon requires explicit specification of desired terminal conditions or setpoints.
This ensures that the system converges to a desired state at the end of the

time horizon.

4. Computational complexity: MPC involves solving an optimization prob-
lem at each time step, which can be computationally intensive. The finite
time horizon increases the number of optimization iterations required com-
pared to LQR, which only requires a one-time solution for the steady-state
control law. Therefore, the computational complexity of the MPC algorithm
may be higher.

5. Performance trade-offs: The selection of the time horizon in MPC in-
volves a trade-off between short-term and long-term performance. A shorter
time horizon allows for more responsive control actions but may sacrifice
long-term stability, while a longer time horizon provides better stability but
might be less responsive to immediate changes. Selecting an appropriate

time horizon is crucial to achieve the desired control objectives.
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In summary, when applying LQR-based inverse optimization to a finite time hori-
zon scenario like MPC, modifications to the cost function, considerations for dy-
namic optimization, terminal conditions, computational complexity, and perfor-
mance trade-offs are necessary to ensure effective control and achieve desired sys-
tem behavior.Our study addressed the performance requirements by solving the
LQR-based inverse optimization problem. The results indicate that the Model
Predictive Control (MPC) approach closely adheres to the H,, control law.

3.4 MPC Realization

The MPC is a feedback control methodology in which an optimization problem is
solved online to minimize the objective function subject to input, output, and/or
state constraints. At each time step, a control input sequence is computed over
a finite-time horizon that minimizes the objective function subject to constraints.
The first element of the sequence is applied to the system on that sample time,
and the process is repeated on every sampling step in a recursive, receding horizon

manner.

The MPC control methodology is based on the following steps.
1. A prediction model,

x(k+1) = Az(k) + Bu(k) (3.22)
y(k) = Cx(k) (3.23)

where, x(k) is the state vector of plant, u(k) is the control input vector of
the system and y(k) is the output vector of the system at time k7", where T

is the sample time.
2. An objective function,
N-1

J(u) = 2" (N)P2(N) + Y 2" (k)Qu(k) + u” (k) Ru(k) (3.24)
k=1
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The matrices P > 0, @ > 0, and R > 0 are designed to meet the desired

performance requirements, and N is the prediction horizon.

3. The Inequality constraints,
Umin S U(k> S Umax (325>
here, v(k) is constraint inputs, outputs and/or states and vy, and v,y are

maximum and minimum limits on constraints.

4. An optimization algorithm to minimize the objective function.

The designed steps for the overall H,, based MPC are presented in the next section.

3.5 H, based MPC Framework

The H., based MPC methodology has the following design steps.

1. Design the input and output weights (W; and W5) for the model to meet the
desired closed-loop specifications. It is the basic step of the H,, loop shape

design procedure, as explained in Section 3.2.

2. Synthesize the H,, compensator that has an observer-based state feedback
structure. As a result, we have controller matrix K, and observer matrix H,
for the shaped plant. The observer matrix H, is used to estimate the state

vector to initialize the prediction model at each time step in MPC.

3. By using the controller matrix Ky, from Step 2, formulate and solve an in-
verse optimization problem as presented in Section 3.3 to design cost function

matrices P,, Qs and R,.

4. Solve the MPC problem using the cost function matrices designed in Step 3.

This methodology inherits the transient response, reference tracking, disturbance

rejection, and stability margin of H., controller in the region where the constraints
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are inactive. As the observer is designed by H,, synthesis, it does not require
additional tuning. In this formulation, the first three steps can be done offline.
Once the cost function matrices are designed, the MPC algorithm uses them to

solve an online optimization problem.

3.6 Summary

In this chapter, the control methodology used for landing the UAV is given in
detail. The H,, LSDP is discussed along with the observer plus state feedback
structure. The LQR-based inverse optimal problem is formulated, and the algo-
rithm for the solution is described. Finally, the design steps for H,, based MPC

are presented.

In the next chapter, the control is designed for the airborne landing phase by using

the above algorithm, and the results are compared with the benchmark work.



Chapter 4

Control Design for Airborne

Phase

Possibly the most critical phase of a UAV flight is landing. Autonomous landing
systems can be used to reduce the risk due to pilot error. Environmental dis-
turbances like wind shear can jeopardize safe landing; therefore, a well-adjusted
and robust control system is required to maintain the performance requirements
during landing. This work proposes a H., based MPC approach for autonomous

UAV landings.

The chapter is organized as follows. In Section 4.1, the mathematical models for
landing trajectory, UAV, and wind shear are presented. In Section 4.2, the H
controller is designed for the glide and flare phase. The MPC is realized for the
landing control of UAV in Section 3.4. The results are discussed in Section 4.4

and summarized in Section 4.5.

4.1 Mathematical Models of the System

In addition to a model of the UAV dynamics, a mathematical model of the landing

trajectory, as shown in Figure 1.9, is also necessary. It is the reference path that

the UAV will follow during landing. The performance of the UAV is affected
40
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by wind disturbances, and a wind model is needed to calculate this effect. This
section presents the mathematical model of the landing trajectory, the non-linear

and linear UAV, and the wind-shear model.

4.1.1 Landing Trajectory Model

There are two maneuvers in the airborne phase: glide and flare. During the glide
phase, the UAV descent with the glide path angle of —3° to —4°. When the UAV
reaches an altitude of about 30 m, the flare maneuverability is executed. The

descent rate of the UAV is decreased for a comfortable and smooth touchdown.

Glide Slope

22
T

ho

Flare Path

1
1
I
1

Altitude :
I
1 .
; 'Yr\)‘ . touchdown

Glide Slope

Transmitter

Position

FIGURE 4.1: Reference Glide and Flare Path

For the glide phase (h > hg, hg is the altitude at which the glide phase ends and
flare begins), the reference altitude h, and actual altitude h is:
hr = ‘/()Sin’)/r ~ %71”
: (4.1)
h = Vysiny &~ Vyy
where v = 6 — « is the actual glide path angle of the UAV during the first phase
of landing and ~, = 6, — « is the reference glide path angle, # is the pitch angle,
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a is the angle of attack, and V4 is the nominal flight speed of the UAV. Generally
7, = 3° hence the small angle approximations are justified in (4.1). The dynamics
of the flare phase are presented in detail in [22]. The reference altitude h, is
usually an exponential decay function given as h, = hgexp (—t/7), with 7 as the
time constant that defines the exponential curve of flare. The derivative of the

above equation is:

. 1
h,. = ——hgexp (—t/T)
T

1
= —~h,.

T

(4.2)

By using equations (4.1) and (4.2), the reference pitch angle 6, for both phases

can be determined:

4.1.2 UAV Model

The UAV is assumed to be a rigid body in still air with decoupled lateral and
longitudinal dynamics. The detailed mathematical model is presented in [70].
Only the longitudinal dynamics are considered in this work because the landing
is mostly related to the longitudinal part. The longitudinal dynamics are given as

follows:

. F,
U= — QW — ggsinf + —
m

. F,
W = QU + gocosf + pres

. (4.4)
O=Q
.M,
Q:Ty

where U is the longitudinal body-axes velocity, W is the vertical body-axes ve-
locity, € is the pitch, ) the is pitch rate, go is the gravitational acceleration, m is

mass, and J, is the moment of inertia in the pitch of the UAV. F, and F, are the
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TABLE 4.1: Physical Parameters of the Test Vehicle

Description Parameter Value
Mass m 350 kg
Moment of inertia about y-axis Jy 300 kg.m?
Wing area S 6.5 m?
Mean aerodynamic chord c 6.6 m

aerodynamic forces along the x— and z—axis, respectively and M, is the pitching

moment about the y—axis. These forces and moments are defined as:

1
1

1
M@:§m€5d%

where Vo = vU? + W2, p is air mass density, T is thrust, S is wing area and ¢

is mean aerodynamic chord. In (4.5), the aerodynamic coefficients can be defined

as:

Cp = Chy + Choav+ Coy b,

Cz = Czo + Czaa + nge 66 (46)
C,QcC

0

Cn = Cpy + Crpa + Ciny 0e +

In this work, a medium-sized UAV is used as a test vehicle. The test vehicle’s

physical parameters and aerodynamic coefficients are given in Tables 5.2 and 4.2,

respectively.

The non-linear model given in (4.4) is linearized by numerically perturbing the
states and inputs about the operating point. The algorithm introduces a small
perturbation to the states and inputs, one at a time, measures the system’s re-
sponse, and computes the state-spaces matrices. The longitudinal model has four

states. However, the states can be expanded to include x-horizontal distance and
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TABLE 4.2: Aerodynamic Coefficients of the Test Vehicle.

Parameter Value Parameter Value
Chro —0.031 ce —0.088
s, —0.01 Ce —0.124
Cl —0.129 ce —3.368
Cmy 0.003 co —0.4
C’mq —2.0 C’m66 0.25
h-altitude of the UAV as:
= Ucosf# + Wsinf,
(4.7)

h = Usind — Wcosf.

The non-linear model is trimmed for the conditions of U = 50 m/s, W = 3 m/s,
0 = 0.5 deg, Q@ = 0 deg/s, h = 300 m and initial position z = 0 m. The inputs
to the system are elevator deflection ., and thrust &;,. The state-space model is
written as follows:

T, = Ayx, + Byu,
(4.8)

Yy = Cvxv

where x, = [u w 0 q h x| is the perturbed state vector, u, = [d. d] is

the perturbed input vector and y, = [u g 6 h] is the perturbed output vector.

A,, B,, and C, are the state space matrices of the vehicle model and are given

below.
—0.0399 —0.0541 —0.1710 —0.0524 0 0
—0.2783 —1.9805 —0.0045 0.8727 0 0
0 0 0 1 0 0
A, =
1.1360 —18.3577 0 —1.9144 0 0
0.0087 -1 0.8737 0 0 0
1 0.0087 0.0295 0 0 0
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T

| 00050 —0.0598 0 9.9890 0 0

§ 0.0143 0 0 0 0 0
1 0 0 0 0 0

0 0 0 1 0 0

C, =

0 0 1 0 0 0

0 0 0 0 1 0

4.1.3 Wind Shear Model

Wind shear is the rapid variation in wind direction and/or speed over a short time
or distance. If the diameter of wind shear is more than 4 km, it is called macro-
burst, otherwise micro-burst. A micro-burst may last for a few seconds, but its
effects, such as variation and extreme speed, can be very dangerous for the UAVs

during airborne phase [71].

Various models of micro-burst have been developed. One is the vortex-ring model,
proposed by Woodfield and Wood [72]. The vortex ring induces the velocity wind,
and the micro-burst is represented by the two rings symmetrically to satisfy the
boundary conditions. One is called the primary vortex ring above the ground, and
the other is of the same strength below the ground and is called the imaginary

vortex ring. Figure 4.2 illustrates the vortex-ring model.

Parameters r¢, R, and I' represent the finite core’s radius and the vortex-ring and
vortex-ring model circulation, respectively. X, Y, and H are the center coordinates
of the primary ring. Multiple pairs of ring can enhance the accuracy of the wind
shear. A simplified vortex-ring down-burst model with two rings is presented
in [57] and is used in this work. We can take Y = 0 because only longitudinal

dynamics are considered in our study. If h and x are vertical and horizontal points
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F1GURE 4.2: Vortex-Ring Model

of interest, respectively, then the induced velocities are computed as follows:

rn=r—X—-R To=r—X+R
hy=h—H h =h+H
R hf, rop = T3 + hz2> (4.9)
Tim = 27 + hZ, ram = @3+ Iy
ro = min{ry,, rop } ¢ =1~ exp (/7

rap = /(& = X)2 + b2 + B2

T = \/(x—X)2+h3n+R2
rhp = [(x — X)? + 12 + R?)!

Thm = [(x—X)2 —|—h72n—|-Rz]3/4

If rg < €, where € is a small number that represents a point close to the ring

filament, then,
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TABLE 4.3: Downburst Parameters for Two Rings

3/1

Parameter Moderate Severe Unit
Iy 18580 37160 m? /s
Ry 1676 1524 m
H; 610 610 m
R 152 152 m
Iy 11148 26013 m? /s
Ry 1220 1067 m
H, 762 610 m
R, 152 91 m
Otherwise,
CLISAC [ R (hp hp> R <hm hmﬂ
! 2m L Txp Top T1p Tem Tom T1im
_ (4.10)
1.576I°C | R [ =1 T R X
Wi = BEETZ B T T3/4
7,2p hm Tom

2r Thp

Tlp

where W, and W, are vertical and horizontal induced velocities, respectively. Two

sets of parameters are shown in Table 4.3, which are used to calculate W), and W,

for simulations.

The first set of parameters represents a moderate down-burst

and the second for severe down-burst. It is assumed that the UAV encounters

the down-burst at the altitude of 300 m. Moderate and severe down-bursts are

shown in Figure 4.6. Simulation models of UAVs need to incorporate the above

mathematical representation of wind-shear effects. After embedding the wind-

shear model in the equation (4.4) and (4.7), the UAVs model is as follow [57]:

. F, .
Uz—QW—gosing—i-E—i-Wz
. E .
W:QU—FQ()COSQ—FE-FW;Z
& = Ucosf + Wsinb + W,

h = Usind — Wcosf + W,

(4.11)
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where, W, and W), are the derivative of longitudinal and vertical wind components

respectively and are considered as input signals.

4.2 Design of H,, Control

The linear model G, : C + C%** presented in 4.8 is used to describe the de-
sign methodology. To meet the desired specification following pre and post-

compensators are selected,

W, = diag (3(3;L 1)7 (s + 1)>

5
(4.12)
01) 1.2 01
W2:diag<1, 15, (s+00)’ (s+00)>
s s
The resulting shaped model/plant is obtained as:
Gsp = Wl Gv W2 (413)

After including the weights, the state of the shaped plant has been increased. The

state space representation of the shaped plant is:

Ty = Asxs + Bsug
(4.14)

Ys = Csxs

where x,, us, and y, are the shaped plant’s state, input, and output vectors. The

state space matrices A;, Bs, and C; for the shaped plant are given below.

Following the H., loop shaping control procedure, as explained in Section 3.2.1,
the controller K, and observer H are synthesized. The normalized coprime factor
robust optimization gave v = 2.81 < 4 that meets the desired robustness criteria.
The singular values of the plant, shaped plant, and shaped plant along with the
controller are shown in the Figure 4.3a and the step response of altitude in the

Figure 4.3b.



Control Design for Airborne Phase

Plant
200 p, = == Shaped Plant J
N, =axusnns Shaped Plant+Controller
N,
150 - N, -

Amplitude

o 10 10° 10? 10*
Frequency (rad/s)
(A) Singular Values
1.2 . | | |
1k
4, snmnmnnn (m/S)
0.8 Tl
= = 0 (deg)
+
3= 0.6 _
=
<
= 0.4 |
B
a
& 0.2
= _ _
~
~
O p ’-"-:-:-:-—?H._-—d‘ﬂ
/”‘ Il‘llll‘llllIlllllllllllll
{........." -’-----.-n----n-------n------
-0.2 \*-.¢"'"' _
-0.4 . | | |
0 9 | : 8

Time (s)
(B) Step Response of Height

FIGURE 4.3: Hy Design Results

10



Control Design for Airborne Phase

50

The state space matrices A,, By and C, the controller K, the observer H, and

MPC cost function matrices Ps, )5 and R, for the shaped plant are as follows:

[ 0.9992
-0.0052
0.0002

As =] 0.0224

0.0002

0

0

-0.0041
0.0058

20

0.0244
19.1416

—2.54
x107?
4.24

%1076
—2.21
x 1077
1.79

x107?

-0.0008
0.9586
-0.0036
-0.3508
-0.0196
0

0

0.0105
0

o o o O

-0.56
-12.125

—2.37
x1078
—3.79
x107°
1.99

x1076
—1.60
x1078

-0.0034
-0.0000
1.0000
-0.0000
0.0175
0

0

0.0397
0

S N O O

1.0539
20.0018

-0.0011
0.0168
0.0196
0.9594
0

0

0

3.9596
0.0001

20

0.2459
0.0215

0 L0.0010  0.0014]

0 0.0026 0

0 0.0099 0

0 0.9800 0

1 0.0001 0

0 1 0

0 0 1 |

T

0.0002 0.0800 0

0 0 0.0800

0 0 0 ]

0 0 0

0 0 0

100 0 0 |

1.1537 0.2479 0.0001

32.2626  0.0026 0.2311

A

—2.54 —2.50 —6.22
x10710  x107% x1078
—3.65 —3.95 —1.57
x107"  x107°% x107®
1.91 2.07 1.07
x107®  x107% x10°®
—1.54 —1.67 531
x1071%  x107% x107 |
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The designed controller gain K is used to formulate and solve the LQR based
inverse optimization problem presented in Section 3.3 to design the cost function
matrices (Ps, Qs and Rg). The resultant cost function matrices for the shaped

plant are given below.

[ 2.5343 -0.2893 0.0596 0.0056 1.0865 0.0113 -0.1385
-0.2893 2.3353 -1.5603 -0.0701 -1.2734 0.0421 -0.0069
0.0596 -1.5603 3.0612 0.1503 3.0576 -0.1907 0.0417

P, =10°x | 0.0056 -0.0701 0.1503 0.0405 0.1650 -0.0587 -0.0005

1.0865 -1.2734 3.0576 0.1650 5.7402 0.0968 -0.0025

0.0113 0.0421 -0.1907 -0.0587 0.0968 2.9988 -0.0008

i -0.1385 -0.0069 0.0417 -0.0005 -0.0025 -0.0008 0.0105

[ 0.0687 -0.0253 0.0667 0.0098 0.1241 0.0018 -0.0029
-0.0253 0.3092 -0.3552 -0.0868 -0.3736 -0.0166 -0.0006
0.0667 -0.3552 0.7049 0.1409 0.8329 -0.0052 0.0004

Qs =10° x | 0.0098 -0.0868 0.1409 0.0390 0.1578 -0.0005 -0.0009
0.1241 -0.3736 0.8329 0.1578 1.0808 0.0022 -0.0001
0.0018 -0.0166 -0.0052 -0.0005 0.0022 0.1176 -0.0000

I -0.0029 -0.0006 0.0004 -0.0009 -0.0001 -0.0000 0.0004

0.0932  -0.0002
-0.0002 1.6236

R, = 10* x

4.3 MPC Design

The MPC problem presented in Section 3.4 is realized for the shaped model given
in (4.14) having input constraints [—25° 25°], and [0 100]% for elevator deflection
and percentage thrust, respectively. The dense approach presented in [73] is used
for given LTI systems. The cost function and prediction model with prediction

horizon N can be written as follows:(The subscript “s” is ignored in the rest of
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the work since we are designing MPC for a shaped system.)
N—-1
J(z,20) = o5 Py + Z ri Q) + 2l Rz,
k=1
- T - 4 -
I Q 0 0 0 il
i) 0 Q 0 0 i)
J(z,20) =25 Quo + |
TN_1 0 e 0 Q 0 TN_1
TN 0 0 0 P TN
Q
- - T r - -
Uo R O O U
(75} 0 R tee 0 U1
+
UN_1 0 0 -+ R UN—1
Y R
T A B 0 0 Uo
T A? AB B 0 Uy
TN AN AN-IB  AN—2pR B UN_1
[ Y - L - 1L i
T S
J(z,20) = 28 Qo + (Ta:o + SZ)T Q (Txo + SZ) + TRz
1 I o
= 2T 2(R+57Q8S) z + 2l 2T QS 2
2 —— ———rt
H F
L T
=32 Hz+4 x5 Fz (4.15)

where z is the input vector. As we are designing the control system for the shaped

plant, it is necessary to convert the input constraint limits from u, to us. The
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constraints matrices for the shaped plant are as follows:

Cwlel 0 T 0 U Umax CwlAwl
CwlAwlel Cwlel e 0 Uy Umax C’wlAi;l
. . s | - . Tuwl
N-1 N—-2 N
| CwlAwl Bwl CwlAwl Bwl e Bwl_ | foE L umax_ | CwlAwl_
N - 7 W
G S

The Interior Point Method (IPM) is used to minimize the cost function (4.15)
along with constraints at each time step. The detailed results are presented and

discussed in the next section.

4.4 Results and Discussion

The proposed control law is implemented in a non-linear simulation environment
to validate the designed algorithm. The simulation was conducted for two differ-
ent scenarios. In the first case, the designed control law is tested for reference
tracking in an ideal environment (without external disturbance) and the second
case illustrates the disturbance rejection property of the design. The wind shear
effects given in Section 4.1.3 are used as external disturbances, and results are

compared to the study presented in [57].

4.4.1 Case-1

In the first case, the linear model of the UAV given in (4.8) is used to ensure that
it follows the reference trajectory under ideal conditions. The altitude error is
minimized by elevator deflection and thrust demand. Figure 4.5a shows that the
UAV track the reference trajectory closly with minimum path error. The result
also indicates that the angle of attack («), pitch (#), and flight path angle () have
been smoother, as shown in Figure 4.5b. Figure 4.5¢c and 4.5d show the elevator

and thrust demand respectively.
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FI1GURE 4.4: An Observer Based Implementation of H,, based MPC with Wind
Shear

4.4.2 Case-2

The design algorithm is assessed under moderate and severe wind shear in the
second case. The UAV encounters the wind at the start of the glide slope, and
its effects last until the flare ends. It is assumed that the initial altitude of the
UAV is 300 m, and the flare phase begins at an altitude of 30 m. In (4.11),
winds-shear components were introduced into the dynamic equations of the UAV.
The equation shows that altitude depends on U, W, 0, and W},. The wind shear
component Wj, is a disturbance input that cannot be controlled; however, the
controller can compensate for the wind shear effects using U, W, and 6. The
controller dynamically adjusts 6 and hence v to keep the UAV on the desired
path. Contrary to the ideal case, it is not required to maintain a constant angle

of attack « in the presence of the wind shear.

Figure 4.7a shows that the headwind increase during the first 20 seconds, and
the UAV has increased the longitudinal velocity component to compensate for its

effects. Figure 4.7b shows that the angle of attack also increases in response to the



Control Design for Airborne Phase

300

250

200

Altitude (m)

150

100

Angle (deg)

50

Time (s)
(B) Angle of Attack («), Glide Path Angle () and Pitch Angle (9)

FIGURE 4.5: Case 1: No Wind Effect

T T T T T
Referance Path
= == Actual Path
1 1 1 1 1
0 20 40 60 80 100 120
Time (s)
(A) Altitude Level
T T T T T
e ()
_-_-’y |
- N
- -—
B 7 i
/7
/
N / i
/
L ' ’—:
S ~°
[ J
/
’
[ J .
I
]
I— ﬁ-—-—-—-—-—-—-—-—-—-—-—-—-—-—II 7
N/
1 1 1 1 1
0 20 40 60 80 100 120



Control Design for Airborne Phase

6 (%)

4.5}

2.5

20

40

(¢) Elevator Deflection

60
Time (s)

80

100

120

70

65 |

60 |

50

45

40

35

30

20

40

(D) Thrust Demand

60

Time (s)

80

F1GURE 4.5: (Continued)

100

120



Control Design for Airborne Phase

57

Velocity (m/s)

Velocity (m/s)

15

10

o

1
ot

-10

-15

20

40 60 80
Time (s)

(A) Moderate Downburst

100

120

25

20

15

—
o

ot

o

1
ot

-10

-15

-20

-25

40 60 80
Time (s)

(B) Severe Downburst

FIGURE 4.6: Windshear Effects

100

120



Control Design for Airborne Phase

300 . . T | .

Referance Path
= == Actual Path

250 - .

200 .

150 - .

Altitude (m)

100 .

50 + .

O 1 1 1 1 1
0 20 40 60 80 100 120

Time (s)

(A) Altitude Level

Angle (deg)

0 20 40 60 80 100 120
Time (s)

(B) Angle of Attack («), Flight Path Angle () and Pitch Angle (9)

FIGURE 4.7: Case 2: Moderate Downburst



Control Design for Airborne Phase

99

Altitude Deviation (m)

Velocity Deviation (m/s)

1.5

e
o

o

|
I
ot

1.5

o
o

o

|
I
ot

Actual Path — Reference Path

1 1 1 1 1
20 40 60 80 100 120
Time (s)
(c) Deviation between Actual Path and Reference Path
T T T T T
Actual Velocity — Reference Velocity
1 1 1 1 1
20 40 60 80 100 120
Time (s)

(D) Velocity Deviation from Trim Value

FIGURE 4.7: (Continued)



Control Design for Airborne Phase

60

4.5

dc (deg)

2.5

70

65

60

95

50 H

45

5th(%)

40

35

30

25

20

3.5 F

20 40 60 80 100 120
Time (s)
(E) Elevator Deflection
T T T T T
1 1 1 1 1
20 40 60 80 100 120
Time (s)

(F) Thrust Setting

FIGURE 4.7: (Continued)



Control Design for Airborne Phase

300 T T T T T
Referance Path
= == Actual Path

250 - .

200 .

Altitude (m)
g

100 .

O 1 1 1 1 1
0 20 40 60 80 100 120

Time (s)

(A) Altitude Level

12 T T T T T

0 20 40 60 80 100 120

(B) Angle of Attack («), Flight Path Angle () and Pitch Angle (9)

FIGURE 4.8: Case 2: Severe Downburst



Control Design for Airborne Phase

62

Altitude Deviation (m)

Velocity Deviation (m/s)

2.5 T T T T T

Actual Path — Reference Path

—
(S

—

e
o

(e
T

|
I
ot
T

_92 1 1 1 1 1
40 60 80 100

Time (s)

(c) Deviation between Actual Path and Reference Path

120

15 T T T T T

Actual Velocity — Reference Velocity

o
o

o

1
e
(Sx

_1.5 | | | | |

40 60 80 100
Time (s)

(D) Velocity Deviation from Trim Value

FIGURE 4.8: (Continued)

120



Control Design for Airborne Phase

4.5F

3.5 F

25§

1.5

o

20 40 60 80 100

Time (s)

(E) Elevator Deflection

120

5th(%)

30

20

10

o

20 40 60 80 100
Time (s)

(F) Thrust Setting

FIGURE 4.8: (Continued)

120



Control Design for Airborne Phase 64

vertical component of wind. As a result, the altitude and velocity return to the
desired level with little deviation, as shown in Figures 4.7c and 4.7d, respectively.
After 20 seconds, the headwind effects weaken, and the angle of attack decreases
to maintain the desired altitude. The UAV starts encountering a tailwind after
50 seconds, increasing the longitudinal velocity and decreasing the angle of at-
tack. The controller reduces the velocity and increases the angle of attack by

manipulating the thrust demand and elevator deflection.

The flare phase begins after 90 seconds when the tailwind gradually loses its effects.
Figure 4.5a shows that the UAV follows the reference trajectory closely during both
glide and flare phases and performs a smooth touchdown. Figures 4.7e and 4.7f
represent the elevator and throttle actuator displacements, which remain within
limits since the UAV follows the reference landing trajectory. The controller is
also tested under a severe downburst. The results in Figure 4.8 are similar to the
moderate downburst case with higher magnitudes. The UAV closely follows the
reference trajectory and the elevator deflection angle and throttle position remain

within limits.

The proposed control methodology is compared with the study reported in [57].
Our UAV is different, so for a fair comparison, the wind load on both vehicles is
calculated, and the controller performance is assessed under the severe downburst

effects. The wind load Fyinq, on the air vehicle is calculated by:

1
Fwind - EpvwindSCL (416)

where p represents the air density, Viing is the wind velocity, S is the wing reference

area, and C', is the lift coefficient. The acceleration a,, along the z-axis, due to

wind load is defined as:

Uy = —2 (4.17)

The acceleration a, of the test vehicle throughout the landing trajectory is given in

Figure 4.9. Moreover, it is shown in Table 4.4 that the vehicle’s acceleration (a,y)
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TABLE 4.4: Comparison of Test Vehicle with Reference

Parameter Reference Vehicle [57] Test Vehicle  Unit
Mass 73482 350 kg
Wing reference area 201.6 6.5 m?
Wind velocity 23 23 m/s
Wind load 63988 268.19 N
U (Wind) 0.871 0.766 m/s?
a.(controller) 2.1 0.00627 m/s?

due to wind load is nearly the same for both systems. The controller did not react
properly in the reference study, which worsened the situation. Contrary to this,

our proposed controller reacts efficiently and cancels the wind effect significantly.

4.5 Summary

A different approach for landing fixed-wing UAVs is presented in this work. Glide
and flare reference trajectories are predefined, and the UAV is forced to follow the
altitude of the reference trajectory. First, the model is robustly stabilized using
the normalized coprime factorization method, and the controller K and observer
H, are obtained. Then, the LQR-based inverse optimal problem is formulated
and solved to design the cost function matrices, which are further utilized to
realize MPC. The designed MPC inherits the small-signal properties (stability
margin and closed-loop performance) of the H,, controller when the constraints
are inactive (i.e., perturbation around equilibrium points that keep the system
within saturation limits). Various scenarios are simulated and studied. The results
demonstrate the proposed techniques’ effectiveness and correctness even under
moderate and severe wind shear effects. A qualitative analysis is also performed to
compare the results with the benchmark work. The landing results demonstrated

a significant improvement.



Chapter 5

Taxi Modeling and Control

Modeling and control of UAVs are currently one of the main research areas in in-
dustry and academia [74]. The flight control of UAVs in the air has been studied
extensively. However, the research on the control of a UAV on-ground to keep it
on the runway centreline remain limited. The on-ground dynamics and control are
more complex due to the coupling between aerodynamics and tire-ground friction
forces [75]. Moreover, the lateral control during the deceleration phase becomes
more challenging due to the high initial longitudinal velocity at touch-down and
uncertainty in the tire-ground friction model. These effects are significantly am-
plified in high wind or gust conditions. The controller could damage or lose the
system if it does not perform well for all ground velocities. Therefore, an accurate
LPV model and robust flight control system are required to steer the vehicle on

the runway during take-off and landing taxi.

The chapter is organized as follows. In Section 5.1, a complete non-linear taxi
model has been derived, including the aerodynamic forces and the interaction of
the tires and runway. In Section 5.2, the model is analytically linearized and shows
that it is explicitly dependent on the UAV’s forward velocity, which continuously
varies during both take-off and landing taxi. Then, an LPV model is derived for
the taxi phase. The H,, controller is designed in Section 5.3. It is shown that a
single controller designed at a particular velocity point does not satisfy the design
requirements at all other velocity points. An LPV H. controller is proposed

67
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to address this issue. In Section 5.4, the inverse optimal problem is solved to
design LPV cost function matrices. Then, an H,, based LPV-MPC problem is
formulated and solved in this section. The control law is successfully evaluated in
the non-linear simulation environment. The comparative results of LPV H,, and

H,, based LPV-MPC are presented in Section 5.4.4.

5.1 Non-Linear Taxi Modelling

This section establishes a non-linear taxi model for the UAV on the ground. A
reference frame must be defined to develop motion equations for UAVs [76]. During
the taxi phase, the UAV must interact with both atmosphere and the ground. The
necessary reference frames relative to which the motion is considered are given in

the coming subsection.

5.1.1 Reference Frame and Axes

Mathematical models for UAVs require a system of coordinates that describes
their motion relative to that system. The coordinate systems required for the

mathematical modeling of UAVs are discussed here.

5.1.1.1 Body Fixed Coordinate System

It is necessary to define the UAV’s body-fixed coordinate system to describe its
motion and orientation. It originates at the center of mass (center of gravity, CG)
of the UAV with the z-axis aligned to the nose of the UAV, and the z — 2z plane
is symmetric. The y-axis is starboard, and the z-axis is downward. In Figure 5.1,
Ty, Yp and z, show the direction of the body-fixed axis frame. The rotations and
translations of this coordinate system are directly linked to the motion of the UAV

in air.
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FI1GURE 5.1: Body-fixed and Aerodynamics Coordinate Systems

5.1.1.2 Aerodynamic Coordinate System

This coordinate system is also linked with the body of the UAV. Its origin is at
the center of the mass of the UAV and is associated with the orientation of the
UAV’s velocity vector relative to the air mass. As shown in Figure 5.1, its z-axis,
(z,) is aligned in the direction of the air velocity vector V;,. It can be transformed
into the body coordinate system by rotating an angle « (angle of attack) around

the y-axis and angle /3 (side-slip) around the z-axis.

5.1.1.3 Earth’s Coordinate System

An earth reference frame is required to describe the UAV’s motion on the runway.
All the navigations of UAVs are described relative to the earth coordinate system.
The distance covered by the UAV is small enough to approximate the earth as
a flat surface. Figure 5.2 shows that the earth coordinate system is defined with
its origin at the start of the point of the runway. The z-axis is aligned with the

runway direction, the y-axis toward the right, and the z-axis downward. If the
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runway has a direction toward the north, then this axis can be called the north,

east, and downward (NED axis).

Le

Sy (North)

Start of
Runway

N
>

Ye
(East)
Ze
(Down)

FIGURE 5.2: Earth Coordinate System

5.1.1.4 Wheels Coordinate Systems

It is a moving coordinate system associated with the UAV wheels. It originates at
the contact point between the wheel and the ground, as shown in Figure 5.3. The
x-axis is aligned to the direction of the wheel’s motion, the y-axis is perpendicular
to the wheel plan and positive to the right hand, and the z-axis is vertically
downward. On a perfectly horizontal plane, a wheel coordinate system can be

deduced from the earth’s coordinate system by rotating around the vertical axis.

5.1.2 UAYV Ground Dynamics

For the control design purpose, the UAV can be considered a rigid body with
gravitational, engine, aerodynamic, and runway forces and moments acting upon

it. This model has a three-wheel tricycle undercarriage, and its top view is shown



Ground Tazxi Modelling and Control 71

D
Wh;)

Torque

Direction of
Wheel Heading
Han

Direction of

Positive Wheel Travel

Slip Angle

Normal Force
Yw

2w
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in Figure 5.4, where [,, is the distance of the nose wheel from the CG, [,, is the
distance of the main axle for CG, and [, is the distance between the main wheels.
The on-ground dynamics of a UAV are divided into three translational and three
rotational components comprising 6-DoF. During the taxi or ground roll phase, it
is assumed that there are no roll and pitch dynamics, so the motion is considered
in the lateral plane only. The ground model presented in this paper has 3-DoF,

two translational (along x and y-axes), and one rotational (yaw moment).

5.1.2.1 Equation of Motion

Newton’s second law defines the translational motion of a UAV. The translational

dynamic is described as [70] (p. 28):

F
@B:—B—WB XUB+Bg, (51)
m

where vg is the relative velocity of the UAV, wg is the angular velocity, Fp =
|[F, F, F,]" is the force vector, m is the mass, g is gravitational acceleration, B

is transformation matrix from NED to body coordinate and subscript B indicates
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Ly

FiGURE 5.4: Three Wheel Tricycle Undercarriage

that all these vectors are expressed in body coordinate system. For definitions of
body and NED frame, the reader is referred to [70]. The angular acceleration of

the UAV is defined as [70] (p. 30):
dJB = —J_l (LUB X JWB> + J_ITB, (52)

where Ty = [T, T, T.]" is torque vector and J is the inertia matrix. Using the
assumptions of constrained motion in the lateral plane, (5.1) and (5.2) can be

written in component as:

: F
U=RV+—
m
: F,
V =-RU+ -2 (5.3)
m
M,
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where U and V' are forward and lateral velocities expressed in body frame and R
is yaw rate. The position of the UAV is determined in runway axes, in which x
is aligned to the runway heading and y is in the lateral direction. The differential

equations for the positions p,, p,, and yaw angle ¢ are,

P = Ucosy — Vsiny
py = Usiny + V cos v (5.4)
Y =R.

The next subsection defines the forces and moments acting upon the UAV.

5.1.3 Forces and Moments

The forces and moments that act on the UAV are aerodynamics, thrust, gravity,
and ground reaction, which are described in this section. The control of the UAV

is performed by manipulating these forces and moments.

5.1.3.1 Aerodynamic Forces and Moment

The aerodynamic forces and moments acting on the UAV are defined in terms of

dimensionless aerodynamic coefficients:

Fe = ¢S (Cy + C%al + CP|B| + C[5.])
Fy = qS(Cip+Clré,)
(5.5)
F! = ¢S (Cy+ Cla+CF,)
a B Or b T
M* = ¢S (C°B+C%6,+ —C"R|b,
2Vh

where F¢ is the longitudinal aerodynamic drag depends upon angle of attack a;,
side-slip angle 8 and elevator deflection d., F; is the lateral aerodynamics force

mainly created by rudder deflection é,, F?¢ is the lift force mainly generated by «
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TABLE 5.1: Aerodynamic Coefficients of Test Vehicle

Parameter Value Parameter Value Parameter Value

Ca, —0.031 ce —0.088 c? —0.050
Coe —0.010 cP —0.487 Cor —0.097
o —0.129 ce —3.368 Ce —0.124
cs 0.083 Cor 0.0225 cr —0.05

and 6., T is the aerodynamic yawing moment, ¢ = % pV¢ is the dynamics pressure,
S is the reference area of the UAV body, b is wing span, Vy = v/ U? 4+ V2 is nominal
flight speed and p is the air density. The aerodynamic coefficients of a test UAV

are given in Table 5.1.

5.1.3.2 Thrust and Gravitational Forces

Engine thrust is the main force that produces acceleration in the forward direction.
It is assumed that the thrust is acting along the body z-axis. The thrust force of

a UAV can be adequately modeled as a first-order transfer function as [77]:

T.
Trs + 1’

F!'= (5.6)
where T, is the commanded thrust and 7r is the engine time constant.

The gravitational force at the CG of the UAV is along the z-axis is defined as:

F% = mg. (5.7)

z

5.1.3.3 Ground Reaction Forces

These forces and moments are produced when the tires roll on the ground fraction
between the tire and ground surface take the vehicle forward. The wheel coordinate

system is used as reference frame. These forces have lateral and longitudinal
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TABLE 5.2: Physical Parameters of Test Vehicle

Description Parameter Value
Mass m 350 kg
zp-axis moment of inertia J, 480 kg.m?
Wing area S 6.5 m?
Wing span b 6.6 m
Distance of nose wheel from CG [y 2.1m
Distance of main wheels from CG I 0.13m
Distance of right wheel from the center of main Ly 0.7 m
wheel axle

Distance of left wheel from the center of main [ 0.7 m
wheel axle

components, which merely depend on the normal load of the vehicle on the tires.
The algebraic sum of the gravitational and lift forces are used to calculate the

normal load on tires [77] as:

Zn:(FZGJer)( b )

Ly + I,

l
Z, = Z, = 05(F7 + F! t ),

where Z,, Z;, and Z, are the normal load on the nose, left, and right wheels,
respectively. These parameters for the test vehicle are presented in Table 5.2.
During the movement on the ground, the forces between the tires and the ground

are briefly described hereafter.

Cornering Forces

The cornering force appears when the velocity of the tire is no longer oriented to
its plane (e.g while taking turn), and the wheel creates a side slip on the ground.

It is due to the lateral velocity component (which is produced by the deformation
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of the tire) and friction force. The side-slip angles for the wheels of the UAV are

defined as: v VLR
a, = tan~! (7:) = tan ! (%) — On,
a; = tan™? Vi = tan ! V=lnk
U, U+ LR
oy = tan™* E = tan! —V il
U, U-LR)’

where V,,, V;, and V,. are lateral, U,,, U;, and U, are longitudinal velocity compo-
nents of the respective tire, [, = [; = %“’ are the distances of the left and right wheel
from the center of the main axle, and ¢,, is the nose wheel steering angle of the
UAV. The mathematical functions that take into account the main characteristics
of this force are based on side-slip angle, corner stiffness, and normal load on the

tire [78] are,

F'=-Cra,Z,,
F}C = —ClcOélZl,
F'=-Cia 2, ,

The corner stiffness coefficients Cf, Cf and Cf considered for the test UAV are
defined in Table 5.3.

Ground Rolling Resistance

The major longitudinal force on a ground vehicle at level ground is the rolling
resistance of the tires. It is the primary resistance force at low speeds and on hard

pavement. The ground rolling resistance for the wheels of the UAV is defined as

[78]:

Fr=—C"Z,,
F =-C/7,
Fr=-C'Z .

The rolling resistance coefficients C], C] and C] considered for the test UAV are

listed in Table 5.3.
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Longitudinal Ground Forces

A friction force from the ground acts on the tires while accelerating (or decel-
erating). It appears when the tire’s traveling speed is different from the tread
velocity. It produces slip and friction between the tire and the ground. The slip

ratio normally characterizes it. The slip ratio for the tires of UAVs is defined as:

l

vy, — TnWn
Sp = —
max vk, r,wy)
I
Uy — MW
=+ - 5.8
K max (v}, riw; ) (5:8)
. — vl — row,

max(vk, rw,)’

l

n’

where v!, v}l and vl are longitudinal velocities at the axle of the wheels, w,, w;
and w, are angular velocities and r,, r; and r, are radius of respective tire. The
experimental results have established in [78] that the longitudinal ground forces
defined on the slip ratio, normal load on the tires, and the friction coefficient of

the tire-road interface and model are described as:

Fl = —Cl's,7,,
F} = =Cis12), (5.9)
F'=-C!s,Z, ,

where C! | C! and C! are the friction coefficients and defined in Table 5.3.

Braking Torque

During the taxi phase, differential braking is used to control the yawing moment
of the UAV. Increasing the brake pressure at the rear right wheel compared to the
left wheel creates a clockwise yawing moment and vise-versa. Braking torque is
the function of brake friction coefficient C®, brake pressure §°, breaking area of

the wheel Ay, and braking radius 7, [78]. The braking torque on the main wheels
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is defined as:
b A deb
Ty =Tp ALy 0p,

(5.10)
Tlr :TbAbCSCS?
For differential braking, inputs 67 and 4% are set as:
if 0, < 0then 6 = 0, 6= —6
(5.11)
else 6} = &, o=0.

for 9, < 0 right brake is applied, the left brake is kept at zero, and vice versa.

5.1.3.4 Wheels Dynamics

The longitudinal force and rolling resistance are directly related to the dynamics
of the wheel through its rotational velocity. The dynamics for the wheels of a UAV
can be defined as [78]:

by = — ;—: (—F7 + Fl)

o= — % (—=rF) +mF 4+ 1) (5.12)
l

w, = — Ji (—TTF: + . F Tf) ,

T

where J,, J; and J, are moments of inertia of respective wheel and, le and Tf are

the braking torques of the main left and right tires, respectively.

The overall ground forces and moment of the UAV are expressed along body axes

as follows:

F9 =(F' + F')cosé, — Fsiné, + F/ + F + F}/ + F!

FY =(F, + F})sind, + F{ cos 6, + Ff + F¢
(5.13)

M =1, ((FT + F!)sind, + F¢cosd,) + . (F] — F'

+F = F)) = Ly (FF + FY).

T
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The total forces and moments acting upon the UAV are defined as:

F,=F!+F!+F!

F,=F} +F}

v (5.14)
F.=F!+FS
M, = M? + M¢ .

A complete non-linear model of the UAV on the ground is obtained by combining
the dynamics equations (5.3), kinematic equation (5.4), and wheel dynamics (5.12)
with three inputs (nose wheel deflection 4,,, rudder deflection §, and differential

braking of main wheels §;,) and nine state variables as:

: F
U=RV+—=
m
: F
V =—-RU + -~
m
. M
R=-"~
J.

pe = Ucosy) — Vsiny

py = Usiny 4+ V cosy (5.15)
v=R
by = = (—F7 + F!)
n Jn n n
1
=== (=nF] +n 4 1)
!
1
Wy = A (—T’TF: +r F Tf) ,

The next section derives an LPV model from the complete non-linear taxi model

presented in 5.15.

5.2 Linear Parameter Variable Modelling

Another objective of this work is to develop an accurate but simplified LPV model

of the UAV during the ground taxi phase. In this section, first the non linear model
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TABLE 5.3: Cornering, Rolling and Friction Parameters of the Test Vehicle

Coefficient Value Coefficient Value Coefficient Value

cr 0.0141 ce 5.6 Tn 0.080 m
cr 0.0141 o 8 7 0.149 m
cr 0.0141 ce 8 T, 0.149 m
o 4.2 Jn 0.006 ch 9.25
C! 12 Ji 0.051 (o4 9.25
C! 12 J, 0.051 T 0.04 m
n 0.5 m?

of the UAV is linearized analytically and shown that the linear model explicitly
depends on the longitudinal velocity of the UAV. A full state space LPV model is
constructed by a set of linear models which cover the whole taxi envelope (longi-
tudinal velocities from state to take-off). Then, a reduced-ordered LPV model is

presented for directional control of the UAV.

5.2.1 Full-State LPV Model

In the ground taxi phase, the UAV’s velocity varies, unlike in the airborne phase,
where the UAV flies at a constant speed most of the time. Therefore, no steady-
state or equilibrium point exists in the longitudinal axis for linearisation. However,
an equilibrium point in the lateral direction exists if lateral variables V, R, and
inputs 6,, 9,, 0, are kept zero. At each forward velocity U and corresponding
steady-state wheel velocities R%, }%7 R% the Jacobian matrices A, B, C' and D
for the linearized model are obtained by differentiating the non-linear equation an-
alytically. It gives explicit expressions for each term used in the Jacobian matrices
and all non zero terms are given in Tables 5.4, 5.5 and 5.6 respectively. It comes

out that each term in these matrices depends explicitly on longitudinal velocity

as relations U, U? and/or ll] These dependencies are used to define the explicit
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structure of the LPV model. In general, the full state parameter varying model of

the taxi operation is written as:

= , (5.16)

A
A(U) = A+ AU + 72

B(U) = By + ByU + ByU?

C
C(U):Co%—ﬁl

D=0,

where U € [Unin, Unax), Umin > 0, Unax is less than the take-off velocity, x =
pr Py UV R ¢ w, w w]" is the state vector, u = [§, 8, 8" is the input
vector, y = [p, ¥. R]" is the output vector of the system, and 1, is the effective
yaw angle and is define as: 1, = 1) + 5. As our control objective is to keep the
UAV on centre line of runway (), the model is reduced to lateral dynamics in the

next subsection.

5.2.2 Reduced Ordered Model

The full-state LPV model given above is reduced in this subsection to obtain
a lateral model for the UAV for the directional control. It is evident from the
structure of matrix B and C' that the states corresponding to p,, U, and w, can
be removed to reduce the order of the system for control design purposes. For the
differential input on the main wheels, we define w := w; — w, and reduce one more
state. Finally, (5.16) is transformed to a reduced-order linear model for direction
control that consists of 5 states, z = [p, V R ¢ w|’ with the same inputs
and outputs as above. The state-space coefficient matrices of the reduced-ordered

MIMO LPV model are given below:



Ground Tazxi Modelling and Control 82

TABLE 5.4: Coefficients of A Matrix

Matrix El- | Expression
ement
a3 = b 1
_ 9Py
Q24 = gv 1
Q26 = ai;;j Uo
ou
as =55 | Uol&(pS(Cay + CHIOD) = pS(Coy + CIN)InCy + 050(CT +
CO)/le — 7 (CLZn + C1 2+ CLZ,))
oU 1,
— — Z,
azr awn UO (Cn nrn/m)
oU 1
ass = e T (ClZir1/m)
U 1,
— — Z
as9 P 0 (C’r T/ m)
aV /8 1 C C C
o = 5y Us(—0.5pSCP) /m — 7O(CnZn +CsZ 4+ C°Z,) /m
ov
Q45 = @ -Up
OR 5 1 . . c
OR 1
%= 5p a(—zgcgzn + 2012, - 12CLZ, — 12.C8 2 — 12,C8Z,) ] J.
OR 1
asg = 8_a)l FO (OlZlRll'l‘) /Jz
OR 1 .
= —— Z,
59 awT UO (Cr rerr) /Jz
S
65 gR
Ay = « UO(TnC:LpSlm(OZO + Oge 5e|>/<<]nlL) - _(Cannrn)/Jn
Z 0 "
Wn,
arr = gwn _70 (Clenrn) /Jn
- 1
ags = o | Uo(riCypSin(Cay + C¥[8.])/ (i) — —(CLZir) T)
z i
w
ags = g_Rl 7o (nCiZl,) | J;
) 1
. 1
g3 = w UO(TTCIIOSZ’VZ<CZO + Cge 5e|)/(<]7’lL) - _(OITZ”’TT/JT)
£ ’
Wy 1
= S — Z,
Qg5 gR UO (Trcr rlr) /Jr
o wr i 1 2
agy = 5 T (r:ClZ,) ] J,

T
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TABLE 5.5: Coefficients of B Matrix

Matrix El- | Expression
ement
ov
by = 25, U? (O.5C§TpS/m)
; OV | R+ FL+CiZ,
7 a9, m
OR C%qSb
bs1 = R ks
9, J,
OR
b= 55~ | Ug (n(F5 + Fy + CRZ0)) /.
0@)[ ClebTb
bgs = —— R —
Do, J;
baa — Gwr _C’fAbrb
B a(srb Jr
TABLE 5.6: Coeflicients of C Matrix
Matrix El- | Expression
ement
ayp
= —= 1
C12 (9yp
e |1
ATV | U
Cog = O 1
26 = 5 "
c 0_R 1
¥ OR
0 1 0 0 0 0 0 0
0 0 0 0 0 0 0.055 0
Ao=10 0 0 0 0], Bo=10 0.085 0
0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 -3.6275
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[ 0 0 0 1 0 ] | 0O 0 O ]
0 0.030 -1 0 0 0O 0 O
Ar=10 0.004 0.022 0 -0.002 , Bi=10 0 0
0 0 0 0 0 0O 0 O

I 0 0 -35.05 0 3.8748 | I 0O 0 O |

[ 0 0 0 0 0 ] [ 0O 0 O ]
0 -7r1 0 0 0 -2 -3 0
A= |0 206 -47.8 0 4.073 , Bo=10"12 4 o0
0 0 0 0 0 0o 0 O

I 0 0 76405 0 -8445.3 | i 0O 0 O |
1 0 0 0 0 0 0 0 0 0

Co=10 0 0 573 0|, Ci=10 7.3 0 0 0
0 0 57.3 0 0 0 0 0 0

jan)

In this model, the inputs d,,d,,d, have units deg, deg, and % respectively, and
outputs py, ¢, R have meters, deg, and deg/sec respectively.

A simulation is developed to compare the simplified LPV model with the non-linear
model to validate it. The same input signal is applied at ¢,., 9,, and ¢, and is shown
in Figure 5.5a. The simulation results in Figure 5.5 show that the constructed LPV
model is in high fidelity with the established non-linear model because we have
considered the non-linear dependencies of the model in the scheduling parameters
of the LPV model. Moreover, the quantitative comparison of both (Non-linear
and LPV) models is done by calculating the NRMSE between the outputs. The
NRMSEs between the outputs are 0.9972, 0.9929, and 0.9865 (1 for 100% match
and 0 for no match) for cross distance (p,), yaw (1), and yaw rate (R) respectively.

The error between both models is presented in 5.6.
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FIGURE 5.5: Comparison of the Non-Linear and Reduced Ordered LPV Model
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FIGURE 5.5: (Continued)



Ground Taxi Modelling and Control

d,(deg) d,(deg) 6,(%)

2L i
-3 1 1
0 2 4 6 8 10
Time (s)
(A) Input Setting
0.02 T T T T

Non-Linear — LPV Model

0.015

0.01

0.005

-0.005

-0.01

-0.015

-0.02 ' ' ' :

Time (s)
(B) Error in Cross Distance

FIGURE 5.6: Error Between the Non-Linear and Reduced Ordered LPV Model



Ground Taxi Modelling and Control

88

0.08 . T |

0.07

0.06

0.05

0.04

Vg (deg)

0.03

0.02

0.01

Time (s)

(¢) Error in Yaw

10

0.05

0.04

0.03

0.02

0.01

R (deg/s)

-0.01

-0.02

-0.03

-0.04 ' ' '

Time (s)
(D) Error in Yaw Rate

FIGURE 5.6: (Continued)

10



Ground Tazxi Modelling and Control 89

An apparently obvious approach is to use LPV synthesis for the LPV model,
but [79] shows that the computational complexities increase with the number
of varying parameters. To avoid these complexities, the H,, based LPV-MPC
design framework is proposed to control the directional offset in UAV’s position
on the runway. As a first step, the LPV H, controller is designed and tested, and

presented in the next section.

5.3 LPV H, Control Design

In this section, the LPV H, controller is designed for the directional taxi control
of the UAV on ground. To illustrate the design methodology, first the H., loop
shaping controller is designed for fixed velocity point, e.g., U = 30m/s. Then, the
procedure for obtaining parameter varying controller K(U) and observer Hy(U)

gains is explained.

5.3.1 Design Specifications

The primary objective of the lateral taxi control is to keep the UAV on the central
line of the runway by driving the cross distance p, to zero smoothly by manipu-
lating all three inputs 0,, d,, and d,. The overall control design requirements are

as follow:

e The response should have little or no overshoot.
e 90% of the desired cross-track (p, = 0) should achieved in 7 ~ 8 sec.
e The robustness index v should be less than 4.
By keeping these design specifications, first, the controller was developed for a

fixed velocity to explain the methodology and then provide steps and structure of

LPV H. controller.
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5.3.2 Design Steps for a Fixed Velocity Plant

The reduced order vehicle model G, : C +— C3*% at U = 30 m/s is used to
describe the design methodology. To include the effects of the actuators and

sensor dynamics, pre and post-multiply the vehicle model G, as:

Gp = Gact Gy Geen, (5.17)

where G,; € C?*? is the diagonal matrix having actuator dynamics. Sensor lags
are mainly due to the integration of the Inertial Navigation System (INS) and
Global Positioning System (GPS) and are incorporated in Gy, € C?*3. To meet

the desired specifications following pre and post-compensators are selected,

r 1.5(s + 2) 0
s+0.1
Wi = 0 05 0 |-
i 0 0 -9
(5.18)
- 0.5(s + 3) 0
s+ 1.5
W, = 0 1.5 0
i 0 0 1
The resulting shaped plant is obtained as:
Gsp - W1 Gp W2 (519)

After including the effects of actuators, sensor delays, and shaping of the vehicle
model, the dimension of the shaped state vector has increased to 14. The updated

state-space model is defined as:

Ts = Aszs + Boug
(5.20)

Yy = Csxs

where A, B,, and Cy are shaped state-space matrices and given below.
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The singular values of the plant and shaped plant are shown in Figure 5.7a. Fol-
lowing the procedure of H., loop shaping control, as explained in Section 3.2.1,
the controller K and observer H, are synthesized and given above. The shaped
plant’s singular values and the controller are also shown in Figure 5.7a. The step
response given in Figure 5.7b shows that the controller also meets the desired
rise time specification. The normalized coprime factor robust optimization gives

v = 3.7 < 4 which meets the desired criteria.

The Equation (5.16) shows that the taxi model is LPV and explicitly depends on
the forward velocity of the UAV. The controller designed for fixed velocity point
(e.g., 30 m/s) is used for the other velocities of the taxi envelope (e.g., 1, 5,...45
m/s). Figure 5.7c shows that the cross-over frequency changes, eventually affecting
the system’s performance specifications. Figure 5.7d shows that the rise time of
the system varies from 6 to 300. Thus, a varying parameter controller (K;) and
observer (Hy) are required to obtain the desired performance requirements for the

taxi envelope.

5.3.3 Design Steps for Parameter Varying Controller and

Observers

In this subsection, the parameter-dependent set of controllers K (U) and observers
H,(U) are designed. Let U be a set of finite number of points of U € [Upin, Unax]
with an incremental step of 1 m/s. To achieve the desired performance through-
out the taxi envelope, the controller is designed for every U € U. As a first step,
the plant G(U) is shaped for every U € U with fixed pre-compensator W; and
parameter-dependent post-compensator Ws(U). In Wy(U), only its first compo-
nent WQ(LI)(U ) is scheduled as:

W) = ko (U) 5 WD (Up), (5.21)

where Uy = 30 m/s. This approach is general and is not limited to one parameter
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variation. One may change other coefficients of W; and W,. The gain schedul-
ing parameter kys(U) at each velocity point is computed by solving H,, control
problem iteratively to meet the desired rise time and other performance specifica-
tions. In Figure 5.8a, the maximum singular values of the loop transfer function
are shown for every U € U. The cross-over frequency does not change much with
the change in longitudinal velocity. The step response of the closed-loop system at
different velocities is shown in Figure 5.8b. It shows that the system’s performance
requirement (rise time) is fairly good for the whole envelope of the taxi phase. The
scheduled gains to achieve this performance are given in Figure 5.8c as a function
of forward velocity, and it is modeled as:
ks

kgs(U) = k:0+k:1U+k2U2+ﬁ (5.22)

where kg, ki, ko and ks are constants. Figure 5.8d shows that the robustness of

the system is also not degraded with the increase in rolling velocity and remains

within the limit for the higher velocities as well.

The parameter varying weights are used to design the set of controllers (K) and
observers (H,) matrices for the taxi envelope. The knowledge of the physical
system is used in order to define the structure of K(U) and Hy(U). Since shaped
plant matrices As(U), Bs(U) and Cs(U) vary smoothly with operating point U
and have explicit structure, then the controller K (U) and observer H(U) gains
will vary smoothly if the Riccati solution X¢(U) and Z,(U) vary smoothly ([67]).
The following structure of observer and controller gain matrices is considered for

the given problem.

H
Hy(U) = Hy+ H,U + HyU? + =2

U
. (5.23)
K.(U) = Ko+ KU + KoU? + 2,
where K; and H; (i € 0,---,3) are constant matrices. The model in Equation

(5.23) is a regression fit, and the coefficient matrices are obtained by minimizing

the least square error.
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5.3.4 Stability Analysis

The stability of the system at designed points is assured by the vy, but can not
be guaranteed between the design points, e.g., infinite velocity points between 5
m/s to 6 m/s. In [80], the Lyapunov approach is presented to ensure the stability
of LPV systems. The longitudinal velocity varies over a wide range (from start to
take-off ), so it may not be possible to have a single constant Lyapunov matrix P for
the whole range. As argued in [81], it is also not necessary to have a globally valid
single common Lyapunov matrix. Consequently, a piecewise Lyapunov function is
sufficient to guarantee the stability of an LPV system. The whole taxi envelope
is divided into 45 regions. The following LMI can state the quadratic stability of
the LPV system for each region:

P=P >0, VYi=1,2...,45
(5.24)
A(U)Y P+ PA,U) <0, U e|U;,Upl,.

where A;(U) is closed-loop matrix for i*" region. The algorithm given in [80] is
used to compute a symmetric positive definite matrix P; for each region, which
satisfies the LMIs (5.24). It ensures a positive-definite matrix P; for each interval
which guarantees the stability between design points. This not only proves the

stability at each U; but also U € [U;, U 1], Vi =1,2,...,Uys.

5.3.5 Field Test Results of LPV H., Controller

To validate the LPV H,, controller, it is implemented on a test UAV, and exper-
imental results are compared with the simulation. The test results are in good
comparison with the simulation results as shown in Figure 5.9. In this case, the
UAV touches the runway at a cross distance of 6 m, as shown in Figure 5.13b.
The control actions J,, d,, and §;, are generated by the controller to steer the UAV
on the center line and are shown in Figures 5.13a, 5.13¢ and 5.13e respectively.
The outputs (cross distance, yaw, and yaw rate) of the UAV are in Figures 5.13b,
5.13d and 5.13f respectively.
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To minimize the distance traveled by the UAV on the runway, a fix 50% brakes are
also applied on the main wheels when its speed reaches 30 m/s. The longitudinal
velocity of the UAV on the ground and the applied brakes to slow down the UAV
are shown in Figure 5.10. After successfully designing and testing the LPV H
controller, the next step is to design H,, based LPV-MPC, which is explained in

the coming section.

5.4 H, Based MPC Design

The MPC is one of the most popular modern control techniques used frequently
in the process industries. It is a model-based technique in which a cost function
(usually quadratic) is minimized online along with a set of constraints over a
prediction horizon at each time step. The major challenge in designing the MPC

is the selection of cost function matrices which is explained in the next subsection.

5.4.1 Design of Cost Function Matrices

A major challenge in the MPC design is the selection of cost-function weighting
matrices. Generally, the tuning of MPC has based on heuristic rules and often
does not provides the required performance or robust stability guarantee, even for
the unconstrained problems. In this work, we used the method given in Section
3.3 to design the cost function matrices for the taxi problem. The cost function
matrices P, Qs, and Ry for the fixed velocity point (U = 30 m/s) are mentioned
below. Then, the steps used in Section 5.3.3 are followed to design LPV cost
function matrices as:

P
P,(U) = Py+ P,U + P,U? + U‘f

Qs(U) = Q0+Q1U+Q2U2+% (5.25)

R,(U) = Ry + R\U + RU? + ik
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F1GURE 5.11: An Observer-based Implementation of LPV-MPC

Figure 5.11 shows the block diagram of the H,, based LPV-MPC implementation

in observer form.

5.4.2 LPV-MPC Design

The MPC is designed for the shaped LPV model having input constraints +10°, +
3° and +20% for rudder deflection, nose wheel deflection, and percentage braking,
respectively, along with the LPV observer and cost function matrices from (5.23)

and (5.25) respectively.

The MPC formulation in Section 3.4 can be posed as a quadratic programming
(QP) problem. Generally, the dense approach given in [73] is used for LTT systems.
The computationally expensive task, matrix multiplication (e.g., AY), is done of-
fline, and the QP problem is solved online at each sample step. For LPV systems
(i.e., taxi problem) where the system matrix A changes at each time step, one can-
not use the dense approach because it also requires matrix multiplication online.
Another approach, sparse formulation, can be preferred for the LPV system and

is given below.
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Vn () = §9TH(U)97
s.t. F(U)0 = f(&)
GO <y
where,
0=[af uf af of - uf, o}
I 0 0 0 0 0 0 0 -
A(U) B(U) =1 0 0 0 0 0 0
FU)=10 0 A(U) B(U) —I 0 0 01|, f=1|0
0 0 0 0 0 A(U) B(U) -1 0
] E 0 0 o o0 o0 | [ 4 |
0 J E 0 0 0 0 d
G = , 9=1|4d
0 0 0 0 0 J E
0 0 0 0 0 0 J d
QU) 0 0 0 0
0 R(U) 0 0 0
0 0 U 0 0
H(U) = .Q( )
0 0 0 R(U) 0
0 0 0 0 P(U)

In this approach, one can avoid online matrix multiplication, but the number of
unknowns in the QP problem has increased from mN to (n +m)N + n, where n
and m are states and inputs of the system, respectively. The increased number

of decision variables greatly impacts computational and memory requirements.
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This issue has been dealt with in [82] with the efficient interior point method by

exploiting the structure of the sparse approach and discussed in coming subsection.

5.4.3 Efficient Interior Point Method

The Interior-Point Method (IPM) is an optimization strategy to solve convex prob-
lems. It starts from the feasible region and searches for the best solution. The
Primal-Dual Interior-Point Method (PDIPM) employing Mehrotra’s predictor-
corrector scheme is used in this work [83]. At each sampling step, the MPC cost
function matrices are computed by (5.25) for corresponding longitudinal velocity U
and problem 5.26 is optimized with the help of IPM. The performance bottleneck
and most expensive step in IPM is the computation of the search direction in the
Karush-Kuhn—Tucker (KKT) conditions [84]. To formulate the KKT conditions,
a slack variable s is added to the inequality constraint, and Lagrangian is formed

as follows: .
L(O,v,\,8) = =0THO + hT0 + o7 (F — f)
2 (5.26)
+ (GO — g+ )

The vector v € R™ and A\ € R™ are called Lagrange multipliers vectors or dual
variables, and n, and n; are the number of equality and inequality constraints.
The KKT conditions are as follows:
HO+F'o+G"A+h = 0
—FO0+f =0
-G0+g—s =0
ASe = 0

A, S

Y
o

where s € R™ is the vector of slack variables, e € R™ is a vector of ones and

A, S € R™*™ are diagonal matrices define as:

A:diag()\la >\27 ) )\m>7 S = diag<817 S2, 0, Sm)
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The equation ASe = 0 is called the complementarity condition. The PDIPM
generate the iterates (6%, v', A, s'), i = 1,2,--- that approach feasibility with
respect to the KKT conditions. The KKT conditions given in (5.27) can be written

as a linear system to be solved for the search direction as:

H FT' GT 0 Af —ry
—-F 0 0 0 Av rE
= (5.27)
-G 0 0 —I AN ra
0 0 S A As ASe
where,
ry=HO+ Flo+G"\+h
Trp = F‘g — f
(5.28)

ra=G0—-g+s

ro = — ASe

The block elimination method can be applied on (5.27) to obtain the reduced
system. After the elimination of AS and A\ as:

AS =AY (ry, — SAN)

(5.29)
AN = ST Arg + 15 + AGAD)
The so-called augmented system is obtained as follows:
O] FT AO rr
= (5.30)
—F 0 Av TR

where,

d=H+G'AST'G

TP = — Ty — GTS_l(ArG +75)

Solution of (5.30) gives the primal Af and dual Awv search step, and by substitution
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in 5.29, one can find complete search direction.

Solving (5.30) without exploiting the structure of sparse formulation, the compu-
tation cost is %N 3(2n +m)? flops [85]. The methods presented below can improve
the speed of solving the problem. The search direction at each step is updated by
(5.31) that is the Schur complement of the (5.30) [86]:

YAv = g, (5.31)
where
Y =Fo'FT
B=rr+ Fd ry
and

A0 = ¢~ (rp — FTAv) (5.32)

The resulting matrix Y yields a block-banded structure as shown in (5.34) and
can be efficiently factored by block-wise Cholesky factorization. The matrix &
also has a block diagonal structure just like the H matrix, and one can take ®~1

block-wise to reduce the computations, and its structure is shown in (5.33).

Qo 0 0 0 0 0 0

0 Ry 0 0 0 0 0

0 0 O1 0 0 0 0
o 0 0 0 Ry 0 0 0

0 0 0 0 Qn-1 0 0

0 0 0 0 0 Ry.1 O

0 0 0 0 e 0 0 Py

(5.3_3)

In (5.31), instead of direct multiplying (Y = F®'FT), the elements of the YV’
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matrix can be computed more effectively by exploiting the structure of ®~! and
F. Each element of Y is n x n, and corresponding elements of tridiagonal are
symmetric, meaning Y;; = Yﬁ The Algorithm 1 is used to find matrix elements
Y. To solve (5.31) for Av, we need to take the inverse of matrix Y. Rather than
inverting Y directly, it is also possible to solve (5.31) by Cholesky decomposition
into a lower triangular matrix and its transpose, Y = LLT. Then, the forward
and backward substitution is used to find the search direction Av. The Cholesky
decomposition can be time-consuming and computationally expensive for the dense
matrix, but we can take advantage of the known tridiagonal structure of Y in a
sparse approach. The Algorithm 2 is used to calculate the elements of L and is

given in (5.35).

Algorithm 1 An Algorithm for Calculating the Elements of Y

function Elements of Y
Yii = Qo
fori=2,--- /N do
Yioii= —Qi2 AT
Yii=AQi—2A" + BR; 2BT + Q4
end for
end function

Y Yio 0 e 0 0
Yo Yo Yo3 e 0 0
0 Y- Y- e 0 0
V=1 s | (5.34)
0 0 0 - Yn_1 nvo1 Yn_1 n
0 0 0 XX YN, Nvo1 YN, N

Algorithm 2 An Algorithm for Cholesky Decomposition of Matrix Y’

function Cholesky Decomposition of Y
Ly = chol(Y11)
fori=1,--- N—1do
M; = Yz‘,z’+1 inU(Lz’)
Livh= ChOZ(Yi+1,i+1 - MZM@’T)
end for
end function
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Ly 0 0 0 0
My, Loy 0 0 0
0 M. L e 0 0
e | (5.35)
0 0 0 Ly_1, N1 0
0 0 0 My, N-1 Ly, n

By this method, one can avoid many flops while calculating the search direction.

The Algorithms 1 and 2 required an order of N (n+m)? and Nn3 flops, respectively.

5.4.4 Results

The proposed control law is implemented in a non-linear simulation environment
to validate the designed algorithm. The H., based LPV-MPC strategy presented
in section 3.4 with N = 10 and cost function matrices Ps(U), Qs(U) and Rs(U) de-
signed by (5.25) is implemented. The simulations were conducted for two different
scenarios. In the first case, the design is tested when the constraints are inactive,

and the second illustrates the constraints management of the control technique.

5.4.4.1 Case-1

In the first case, it is shown that uypc = up, , whenever, the constraints are inac-
tive. The input saturation limits are +10°, = 3° and £20% for rudder deflection,
nose wheel deflection, and percentage of differential braking. A cross distance
from the centerline of the runway is taken as 10m. Figure 5.12 shows that the
input demand does not exceed the saturation limits, and the NRMSE between the
outputs shows that both controllers are in high fidelity.

5.4.4.2 Case-2

The second case has been formulated by reducing the input saturation limits to

+3°, £0.5° and +5% for rudder deflection, nose wheel deflection, and percentage
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of differential braking respectively. All three constraints become active with these
limits, and the results are shown in Figure 5.13. The H,, controller violated the
maximum limit of the actuators, but the MPC handled the constraints properly.
When the constraints violation region has passed, the MPC behaves exactly like

the H.

5.5 Summary

This chapter establishes a non-linear mathematical model of a UAV during the taxi
phase. The model is linearised analytically and shown that its lateral dynamics
depend on the forward speed. Then the LPV model is constructed by a set of linear
models covering the taxi envelope. It is shown that the constructed LPV model
is in high fidelity with the established non-linear model. Simulation results show
that the error between both models is less than 1 %. The H,, based LPV-MPC is
proposed. The model is robustly stabilized by the normalized coprime factorization
method to design controller K, and observer H,. Then, the LQR-based inverse
optimal problem is formulated and solved for a set of plants that cover the whole
taxi envelope to design the parameter-varying cost function matrices, which are
further utilized to realize LPV-MPC. The designed MPC inherits the small-signal
properties (stability margin and closed-loop performance) of the H,, LSDP when
constraints are inactive (e.g., the perturbation around the equilibrium point that
system remains within limits). The simulation results show that the designed MPC
is in high fidelity with the H., controller. Moreover, the quantitative comparison of
both techniques is done by taking the normalized root mean square error (NRMSE)
between the outputs. The NRMSEs between the outputs are 1, 1, and 0.9999 (1
for 100% match and 0 for no match) for cross distance (p,), yaw (¢), and yaw rate

(R) respectively.



Chapter 6

Conclusion and Future Work

This chapter concludes the research work presented in this dissertation, along with

some future avenues that can be explored for further study.

6.1 Conclusions

The challenges involved in the landing of fixed-wing UAVs have been highlighted
in this work. The landing problem is divided into phases, and the contribution of

each phase is concluded in the subsequent sections.

6.1.1 Airborne Phase

A different approach for landing fixed-wing UAVs is presented in this work. Glide
and flare reference trajectories are predefined, and the UAV is forced to follow
the altitude of the reference trajectory. The UAV encountered a wind disturbance
during the landing. The vortex-ring model is used to simulate the moderate and
severe wind disturbances in the system. Various scenarios are simulated and stud-
ied. The results demonstrate the effectiveness and correctness of the proposed

technique under both wind shear effects. A qualitative analysis is also performed

121
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to compare the results with the benchmark work. The landing results demon-

strated a significant improvement.

6.1.2 Ground Taxi Phase

The on-ground dynamics and control are complex due to the coupling between
aerodynamics and tire-ground friction forces. Moreover, the lateral control during
the deceleration phase becomes more challenging due to the high initial longi-
tudinal velocity at touch-down and uncertainty in the tire-ground friction model.
These effects are significantly amplified in high wind or gust conditions. This work
establishes a non-linear mathematical model of a UAV during the taxi phase. The
model is linearised analytically and shown that its lateral dynamics depend on
the forward speed. Then the LPV model is constructed by a set of linear models
covering the taxi envelope. It is shown that the constructed LPV model is in high
fidelity with the established non-linear model. Simulation results show that the

error between both models is less than 1 %.

The H,, based LPV-MPC is proposed for the lateral control of the UAV. The
model is robustly stabilized by the normalized coprime factorization method to
design the controller and observer gain matrices. Then, an LQR-based inverse
optimisation problem is formulated and solved to design a set of cost function
matrices (P, Q and R) for plants that cover the whole taxi envelope. This set
of matrices used to design the parameter varying cost function matrices LPV-
MPC. The proposed MPC inherits the small-signal properties (stability margin
and closed-loop performance) of the H,, LSDP when constraints are inactive (i.e
the perturbation around the equilibrium point that system remains within limits).
The results show that the designed MPC is in high fidelity with the H., controller.
Moreover, the quantitative comparison of both techniques is done by taking the
NRMSE between the outputs. The NRMSEs between the outputs are 1, 1, and
0.9999 (1 for 100% matching and 0 for no matching) for cross distance (p,), yaw
(¢), and yaw rate (R) respectively.
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6.2 Future Work

The potential research avenues in landing UAVs based on the current work that

can effectively contribute are as follows.

6.2.1 Airborne Phase

A challenging task in the autonomous landing of fixed wind UAVs is to maintain
baseline control performances in the presence of wind shear. An unknown and
transient wind disturbance in the system can cause significant deviation in the
UAV’s position. One can estimate the wind by using onboard wind measurement
sensors. In the aerospace industry, LiDAR’s (Light Detection and Ranging) remote
sensing capabilities have been used to detect wind disturbances. This wind preview
can be used in a feed-forward controller to compensate for the effects of wind

disturbance more efficiently.

6.2.2 Ground Taxi Phase

There are several parameters that can vary during ground taxi control of UAVs.

Some of the important parameters are:

e Ground surface: The type and condition of the ground surface can affect the
movement of the UAV during taxiing. Different surfaces such as concrete,

grass, or gravel can affect the UAV’s speed, stability, and handling.

e Wind speed and direction: Wind conditions can significantly affect the
UAV’s movement during ground taxi control. Strong winds can cause the

UAV to drift or lose control, especially during takeoff and landing.

e Weight and balance: The weight and balance of the UAV can affect its
handling characteristics during taxiing. If the UAV is not balanced correctly,

it may be difficult to control or may tip over.
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e Temperature and humidity: Temperature and humidity can affect the UAV’s
battery performance, motor performance, and other systems, which can af-

fect its handling and control during ground taxi.

e Obstacles and terrain: The presence of obstacles such as trees, buildings, or
other UAVs can affect the UAV’s movement during ground taxi. The terrain
can also affect the UAV’s handling and stability, especially if it is uneven or
sloped.

To ensure safe and efficient ground taxi control of UAVs, one can explore the taxi

problem by considering and adjusting these parameters accordingly.
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