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A Guidance and Control System for VIT'OL UAVs operating in Con-

tested Environments

Paul E. Binder

(ABSTRACT)

This thesis presents the initial components of an integrated guidance, navigation, and con-
trol system for vertical take-off and landing (VTOL) autonomous unmanned aerial vehicles
(UAVs) such that they may map complex environments that may be hostile. ~ The first
part of this thesis presents an autonomous guidance system. For goal selection, the map is
partitioned around the presence of obstacles and whether that area has been explored. To
perform this partitioning, the Octree algorithm is implemented. In this thesis, we test this al-
gorithm to find a parameter set that optimizes this algorithm. Having selected goal points,
we perform a comparison of the LPA* and A* path planning algorithms with a custom
heuristic that enables reckless or tactical maneuvers as the UAV maps the environment. For
trajectory planning, the fMPC algorithm is applied to the feedback-linearized equations of
motion of a quadcopter. For collision avoidance, standalone versions of 4 different constraint
generation algorithms are evaluated to compare their resulting computation times, accu-
racy, and computed volume on a voxel map that simulates a 2-story house along with fixed
paths that vary in length at fixed intervals as basis of tests. The second part of this thesis
presents the theory of Model Reference Adaptive Control(MRAC) along with augmentation
for output signal tracking and switched-dynamic systems. We then detail the development
of longitudinal and lateral controllers a Quad-Rotor Tailsitter(QRBP) style UAV. In order
to successfully implement the proposed controller on the QRBP, significant effort was placed

upon physical design and testing apparatus.



A Guidance and Control System for VIT'OL UAVs operating in Con-

tested Environments

Paul E. Binder

(GENERAL AUDIENCE ABSTRACT)

For an autonomously operated, Unmanned Aerial Vehicle (UAV), to operate, it requires
a guidance system to determine where and how to go, and a control system to effectively
actuate the guidance system’s commands. In this thesis, we detail the characterization
and optimization of the algorithms comprising the guidance system. We then delve into the
theory of MRAC and apply it toward a control system for a QRBP. We then detail additional

tools developed to support the testing of the QRBP.
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Chapter 1

Introduction

1.1 Motivation and Scope

This thesis presents the first step toward a long-term, multi-stage, research project aimed
at the design of an integrated guidance, navigation, and control system for vertical take-off
and landing (VTOL) autonomous unmanned aerial vehicles (UAVs) operating in contested,
cluttered environments. In particular, the first part of this thesis studies the design of a
vision-based guidance system aimed at tactical mapping of unknown, potentially hostile
environments. In its second part, this thesis presents a robust adaptive control system for a
specific class of VTOL UAVs, namely quadrotor-biplanes (QRBPs), such as the one shown
in Figures 1.1 and 1.2. These aircraft are equipped with four propellers that, as quadcopters,
allow for VT'OL operations, as well as two pairs of wings that provide the efficiency necessary
for long-distance cruises. As identified by Colonel Mark A. Moser of the US Army Aviation
Center of Excellence in 2011, the Unmanned Aerial Vehicle (UAV) has the potential to
dramatically improve reconnaissance and surveillance for individual military units [5]. With
the Russo-Ukrainian war, ten years after Colonel Moser’s observation, the world has seen a
significant emergence in the use of UAVs on the battlefield [6, 7, 8, 9]. As such, the demand
for more autonomous and more efficient UAVs operating in contested environments continues

to grow.

The proposed guidance system assumes that the UAV is equipped with front-facing cam-
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Figure 1.1: The Advanced Control Systems Lab’s current configuration of a QRBP.

eras and operates at low altitude in cruise. A key facet of this work allows the user, through
specific parameters, to pre-determine the UAV’s approach to navigating an environment.
Once placed into an environment in which no previous information is provided to the guid-
ance system, these user-defined parameters will determine the degree to which the UAV will
navigate recklessly or tactically, that is, in a manner that is more or less prone to exposing
the UAV to opponents[1, 10]. This guidance system leverages and further expands the results
presented in [11], which were initially designed for point-to-set navigation, and enables map-
ping of unknown environments. The efficiency of the proposed vision-based guidance system
for mapping is proven by means of numerical simulations in highly complex environments,

such as two-story buildings.

The second part of this thesis presents a unique control system for QRBPs, which is
based on switched systems theory. Indeed, consistent with the literature on classical fixed-

wing aircraft, we separate these UAVs’ equations of motion into longitudinal and lateral-
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Figure 1.2: The CRC-20 QRBP, a design inspiration for the ACSL’s QRBP implementation.

directional modes. Within the longitudinal mode, we recognize that the vehicle dynamics
are captured by substantially different equations when operating at high pitch angles, that
is, when the QRBP operates more like a quadcopter, than at low pitch angles, that is,
when the QRBP operates more like a biplane. To enable safe operations across flight modes
and prevent instabilities due to rapid switching between modes, a control system based on
switched dynamical systems theory is deemed necessary. The proposed control system is
validated though numerical simulations as well as outdoor flight tests. To enable such flight
tests on a QRBP already developed at the Advanced Control Systems Lab (ACSL) [4, 12],
extensive characterizations of the motor-propeller combination were performed. Successively,
the UAV’s rotational dynamics were tested on a gimbal, custom-designed for this research.

Finally, outdoor flight tests were performed. It is worthwhile to remark how the control
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system presented in this thesis is considerably more articulated than those presented in
[4, 12], which were predicated on the classical model reference adaptive control and the H,

architectures, respectively.

1.2 Thesis Outline

This thesis is structured as follows. The rest of this chapter surveys the literature involved
with the fields of research covered in this thesis. In particular, we survey the literature on
the guidance of autonomous UAVs, with special emphasis on those employed in contested
environments. Successively, we discuss the state-of-the-art in control systems for QRBP
UAVs. Finally, we review the literature the characterization of rotor for UAVs, set-ups for

static experimentation for UAVs, and QRBP modeling.

In Chapter 2, details of a novel guidance system for tactical mapping of unknown environ-
ments are presented. Special emphasis is given to the characterization of the algorithms that
comprise the guidance system in terms of their computation time and impact of user-defined
parameters upon the system’s ability to execute tactical maneuvers, that is, maneuvers that
reduce the risk of detection by opposing agents, whose location and threat capabilities are
unknown. The proposed guidance system, in very broad terms, contains a path planner and
a trajectory planner. Within the path planning portion, the proposed guidance system must
determine a sequence of goal points to completely explore an unknown environment char-
acterized by some user-defined closed, connected boundary. This goal selection algorithm
enables greedy or systemic exploration of the environment. To enable fast computations and
rapid explorations of the environment, the map of the environment produced in real time
using the onboard cameras is stored employing the Octree algorithm. Part of this thesis

assesses the computational speed of this approach. Having selected a goal point, a sequence
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of waypoints from the UAV’s current location to the goal point is determined by means of
heuristic-based algorithms. In particular, two algorithms are considered, namely A* and
LPA*, and their performance compared by means of a relevant, high-fidelity numerical sim-
ulation. The formulation of A* considered in this thesis allows reference paths to coast
obstacle sets and thereby behave more tactically. LPA* is an augmented version of A* in
which previously calculated paths are reused when possible, and, hence, is faster and more
suitable in the presence of moving obstacles. The trajectory planning portion of this guid-
ance system is built on a fast model predictive control (fMPC) algorithm. To enable more
aggressive maneuvers, the fMPC algorithm is applied to the feedback-linearized equations of
motion of the UAV. To enable collision avoidance, the guidance algorithm employs dedicated
algorithms aimed at identifying convex sets containing the UAV and excluding point clouds
that belong to obstacles, which are identified by the onboard cameras. In this thesis, we
compare four algorithms, based upon their computation times and generated volumes to find

the most suitable for the proposed guidance system. Part of these results are presented in

1, 10].

Chapter 3 marks the beginning of the second part of this thesis, which is dedicated to the
design and testing of adaptive control systems for VITOL UAVs. In particular, in Chapter 3,
we present a proposed control algorithm for the QRBP, split into a controller for the longi-
tudinal and lateral states. Next, we discuss how classical MRAC can be modified to enable
tracking of a user-defined signal instead of tracking the trajectory of a user-defined reference
model. Finally, we show how classical MRAC can be extended to regulate plant models,
whose dynamics are affected by switching between distinct modes. The implementation of

these algorithms is detailed along with the modeling used of the QRBP.

In Chapter 4, we present solutions to the challenges presented in flying the QRBP with

the controller proposed in Chapter 3. Namely, we present methods to accurately characterize
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the performance of QRBP’s rotors, refine the process of tuning and validating the controller,
and make improvements to the physical design of an existing QRBP to make it more flight
capable. To most effectively apply the forces and moments generated by the proposed control
system, we delve into how to characterize the thrust and reaction torque of each motor
onboard the QRBP. Existing solutions to this issue [13] use a different micro-controller that
is not directly analogous to what is available to us in our flight architecture. Rather than
changing the flight control system’s architecture, we develop a method to measure our forces
and moments with our existing micro-controller. For refinement of the proposed control
system, experimental set-ups are developed so that specific modules of the proposed control

system may be tuned before actual flights.

In Chapter 5, the theoretical and numerical results presented in Chapter 4 are tested by
means of two sets of flight tests of increasing complexity. In Chapter 6, we draw conclusions
on the material presented in this thesis. From our own findings and that of the literature,

we discuss the implications of this work and future efforts to continue it.

1.3 Literature Review

In this section, we survey the literature concerning the key topics of this thesis, namely
guidance for UAVs in contested environments and control of QRBPs. From this, we can

draw conclusions about where gaps in knowledge lie and how to improve future work.

1.3.1 Autonomous Guidance for UAVs in Contested Environments

In the available literature, subject matter on autonomous guidance is typically presented

as individual algorithms, such as path planners, trajectory planners, or collision avoidance
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algorithms, whereas the proposed guidance system is a much more comprehensive approach.
As such, we first begin by acknowledging previous attempts to make the processing of an
environment more efficient, such as the approach shown in [14]. Furthermore, there is a rel-
atively small literature on the problem on guidance systems for autonomous UAVs operating
in contested environments [11]. In this paper, the authors discuss the implementation of a
quadtree data structure for representation of the environment in which a mobile robot must
navigate. The implication of this is a more efficient way in which an onboard computer can

process its environment and subsequently make decisions.

An approach to mapping a potentially hostile environment is to cause the mapping UAV to
maneuver in an unpredictable way. To achieve this behavior, [15] presents a guidance system
in which a modified logistics map and a modulo tactic are used. Another approach involves
the use of nonlinear programming [16]. This approach maximizes the area being scanned by
the UAVs sensors and tracks which areas have not been explored recently. The approach is
validated on increasingly complex environments and with multiple mapping UAVs. Other
approaches rely on genetic algorithms for trajectory planning, such as [17]. This approach
uses genetic algorithms to produce reference trajectories for groups of UAVs operating as a

swarm in low altitudes and potentially hostile environments.

The subject of generating obstacle free spaces within a contested environment is also stud-
ied in the literature. One such approach, as shown in [18], proposes to partition a navigation
space, which contains obstacles, with a convex lifting algorithm. They then construct feasible
corridors based upon the generated graph of interconnections in the obstacle ridden environ-
ment. From this, they can then propose a path with obstacle avoidance guarantee. Another
approach, found in [19], presents a novel method of decomposing an obstacle-containing en-
vironment into convex sets of obstacle-free regions. This is accomplished via stereographic

projection with the sub procedures of convex hull generation and inverse vertex enumera-
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tion. The advantage of this approach is its lack of reliance on computationally demanding

numerical optimization methods as it instead relies on more simple geometric properties.

1.3.2 Control Algorithms for Quadrotor Bi-Planes

The existing literature on robust, adaptive control specifically for QRBP’s is limited.
Direct MRAC has been implemented as seen in [4]. This thesis derives a longitudinal control
system for the QRBP built on the theory of MRAC and then provides real-world flight tests
for validation. Other robust control architectures have been implemented, such as [12]. In
this thesis, the theory of Hoo is implemented to produce a robust longitudinal control system
for the QRBP. More advanced modifications of the MRAC theory have been developed for the
longitudinal control of QRBPs as seen in [20]. In this paper, the authors present MRAC for
prescribed performance in which the operator can dictate bounds on the trajectory tracking

error and the tracking error’s convergence rate without modifying the reference model.

1.3.3 Refinements to the Experimental Process of Developing the

Quadrotor Bi-Plane

There is significant literature regarding the modeling and validation of electric multirotor
unmanned aerial vehicle system energy dynamics. The primary application is to characterize
the thrust of rotors modified for a very particular application. In one such example, the
author’s present a mathematical model of a rotor for use on an octocopter UAV [21]. They
validate the model by measuring the thrust and reaction moment forces with a measuring
device. The device sends direct PWM signals and the authors explore the conversion between
throttle inputs and the PWM signals. In another example, the author’s present design

modifications to the rotors used on a UAV intended for mining purposes [22]. To verify
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the validity of their designs, they employ a Tyto robotics thrust test stand to perform their

measurements.

There is however, not much literature in regards to experimental setups that constrain
the movement of a UAV in one manner or another. One example that does exist is a
detailed description of the building of a constraint setup for very large quadcopters [23]. In
this experimental setup, the vehicles motion is constrained and a load sensor for each rotor
allows for the forces of the vehicle to be tracked. The approach is rudimentary relies on more

moving parts than the more common Tyto measuring stands.

The literature around the design of QRBP heavily features modeling. In future design
considerations, the resulting ability to model the final design should be a very high priority.
For example, the impact of the rotors upon the airframe is non-negligible as noted in [24].
The authors derive a model of QRBP that includes the effects of propwash from the rotors
on the aerodynamics of the vehicle. They then derive a backstepping algorithm for control
of this vehicle and validate it in simulation. In another detailed design, the authors present a
methodology with which to understand how the dynamics of a QRBP change with size [25].
The authors present a scalable vehicle configuration for QRBP style vehicles. In doing so,
they provide a model for other researchers to base their own QRBP models off of. Naturally,
some literature simply details improvements to the physical design of QRBP’s as in [26]. The
authors present a design and validation of a QRBP. They provide their design methodology;,
production techniques, and detail their design considerations and trade-offs. They validate

their design with flight tests.



Chapter 2

A Tactical Guidance System of

Autonomous UAVs

2.1 Overview of the Proposed System

Given the problem of mapping and exploring unknown environments with varying degrees
of danger, the use of autonomous UAVs is a proposed solution. In this application, it is
assumed that due to the danger presented by the situation, that the UAV will operate

completely isolated from external communication and data sources such as GPS.

In this chapter, we propose a novel guidance system for autonomous UAV operating in
unknown and potentially hostile environments, where the location and threat capabilities of
the opponents, if any, are unknown. In this guidance system, the three-dimensional area in
which the UAV operates is considered to be of fixed dimensions and partitioned into par-
allelipids of fixed size and known as wvozels. As such, the environment in which the UAV
operates will be referred to as the voxel map and all of the following algorithms are imple-
mented via this dissection of the environment. The UAV model used in the implementation
of this guidance system relies solely on forward-facing cameras to provide motion tracking

and obstacle detection.

The first problem addressed in this thesis concerns an efficient way to survey a given

10
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environment that allows for tactical operations. Classical approaches, which consist in sys-
tematically sweeping the environment, are clearly inappropriate, and alternative methods
are needed. To design sequences of goal points for the UAV to follow and, hence, map the
environment with its onboard cameras, we resort to the octree algorithm [27], [28] to store
voxel data and choose goal points efficiently. In the Octree algorithm, dara are stored in a
hierarchical structure. In this structure, each parent node has eight children nodes comprised
of portions of the original data set. In the proposed guidance system, each node of the Octree
algorithm represents a cluster of voxels, also know as bin. These bins yield groups of contigu-
ous voxels that can be classified by various measure of the comprising voxel’s explored and
occupied status. The goal selection process then uses these voxels that have been grouped
into bins as the basis for selecting goal points. This implementation of the Octree algorithm
allows for the user to optimize how the voxel map is partitioned based upon a given voxel’s
state of being explored and occupied. The goal point is selected as the barycenter of the
particular bin selected by the goal selection algorithm. In this thesis, the computation times

required to generate bins for a particular map are evaluated.

Having selected a goal point, the UAV’s reference path, that is, a sequence of waypoints,
and then the reference trajectory interpolating those waypoints must be found. The UAV’s
path and the associated trajectory define the vehicle’s behavior. The UAV’s behavior will
span an infinitely large spectrum, which ranges from purely reckless, wherein the UAV aims
for its next goal point irrespective of the presence of threats, to purely tactical, wherein
the UAV exploits every possible obstacle to seek shelter while continuing towards the goal
point. The higher the degree of tacticality, the longer the UAV’s trajectory and subsequent
flight time may be. Essentially, the navigation system needs to decide where to go and how
to get there. The path planner is selected to optimize the computational time required to

find a suitable path. Two path search algorithms, A* and its variation Lifelong-Planning-A*
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(LPA*), are selected as candidates due to their incorporation of a heuristic into their search.
The LPA* search algorithm is an augmentation to the A* algorithm as it incorporates a
mechanism allowing it to reuse paths if the voxel map remains unchanged. Thereby, LPA*

should require less computation time as the UAV traverses its environment.

Once a path has been planned, a trajectory interpolating this path must be determined
which requires quantifying where the UAV can actually travel. To do so, the free space
surrounding the computed path must be defined. This is done by a constraint generation
algorithm that produce a closed set of planes that separate the obstacles from the free space
surrounding the path. Four algorithms are compared on the basis of the time to calculate

closed sets of constraint planes and subsequent volume generated.

2.2 Octree Algorithm for Map Partitioning

To autonomously map an environment, the path planner must aim the UAV towards unex-
plored areas and away from already explored areas while simultaneously avoiding obstacles.
In this section, we present the key elements of the algorithmic framework used to partition
maps, and, hence, identify goal points for the UAV. This section is structured as follows. In
Subsection 2.2.1, we provide a summary of the Octree algorithm. Subsection 2.2.2 explains
the theory employed by the Octree algorithm. Subsection 2.2.3 provides an explanation
of the notation used in this section. Subsection 2.2.4 shows the testing procedure used to

evaluate the Octree algorithm along with the results of this experiment.
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2.2.1 A Brief Overview

The voxels comprising the environment have two classifications. A voxel in the map is
either explored or unexplored, and occupied or unoccupied. Voxels are considered explored
when they have been seen by the UAV’s camera system, and voxels are considered occupied
when the probability that their interior is occupied reaches a confidence level above a user-
defined threshold. By default, voxels are considered unexplored and unoccupied to encourage
a more aggressive behavior. However, several guidance systems for UAV’s employed to cover
unknown environments assume that, by default, voxels are unexplored and unoccupied.
This alternative approach enables a more cautious behavior, but prevents the UAV from
investigating areas that are difficult to access. The Octree algorithm [28] [27], Algorithm
2.2.1, creates partitions about the multiple ways of defining acceptable levels of exploration
and occupation by obstacles. For flights with higher degrees of recklessness, the goal point
is taken as the barycenter of bins with the highest number of unexplored voxels. For flights
with a higher degree of tacticity, the UAV selects the barycenter of adjacent bins. Having
selected a goal point, the UAV’s path in terms of recklessness and tacticity is determined by

the heuristic used by the path planner.

2.2.2 Theory

In this thesis, the Octree algorithm is employed by partitioning the space in the paral-
lelepids, also known as bins. Thus the barycenter of each bin is identified, and the bin is
partitioned into 8 sub-bins. The bin before it has been partioned is referred to as the parent
bin, and the resulting bins post-partion are known as children bins. A corner of each child
bin is located at the barycenter of their parent bin. The 4 user-defined parameters to decide

when to partition a bin are:
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Algorithm 2.2.1 Octree iterative algorithm to partition voxel map

1: Initialize P, = minimum bounding box, np =1
2: ComPUte TL750, nexplgred,’ﬁg’ noccupied,’ﬁg’ gﬁo,min

3: procedure Divipg(P;)

4 Compute vertices of child parallelipipeds {Ppn,+1, .-, Pupis}

5 ComPUte n?%-’ nexplored,ﬁj’ noccupied,?sj7 fﬁj,mim j < {np + 1’ cnp 8}
6 np =np+8

7 for j = (np — 7):np do

8

75]' ,min

. nexplored,’lS ;
if TJ < 1 and B > o then
’P] n )
. occupied,P;
9: if Nxplored,p; = H3 OF ————= > [ig then
fi
10: Divide(P;)
11: end if
12: end if
13: end for

14: end procedure

1. pq: the maximum ratio of the number of explored voxels to total voxels.
2. o % the length of the smallest side of a partition
3. ps: largest number of explored voxels in a given partition

4. py: maximum ratio of occupied voxels to total voxels.

2.2.3 Notation

A detailed description of how the Octree algorithm is employed to partition maps is shown
in Algorithm 2.2.1. The notation used to describe this algorithm is summarized as follows.
VY C R? denotes the set of contiguous voxels that comprise the environment to be mapped.
np is the number of partitions of the set V. P, is a rectangular parallepid that contains
the set of partitioned voxels, the combination of 750” a€{l,...,np} comprises V. 750 is the

smallest partition of V. np Is the total number of voxels contained within Po. Neplored Py
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is the number of explored voxels contained within Po. n is the number of occupied

occupied,ﬁo

voxels contained within Py. ¢ is the length of the shortest side of Po.

Po,min

2.2.4 Octree Performance Test and Results

For testing, a map of dimensions 20x20x6m? is employed as it is roughly representative of
a potential office/business space to be explored. 10 maps are created that contain randomly
placed 1x1x1m? obstacles. The percentage of the map occupied by obstacles is increased in
10 even increments until 30% of the map is occupied. For each of these generated maps, 10
sets of occupied voxels are generated. This process is repeated 10 times for a grand total of

1000 maps to be tested and is done to eliminate potential bias.

In Algorithm 2.2.1, the first condition to split a bin is based upon (u1, t2) and the second
condition is based upon (us, ptg). Therefore, the test is performed by varying each pair of
(i1, p2) against each pair (us, pq) on the 1000 maps. The output of each simulation is the

computation time required to partition the map.

The values for the user defined parameters are chosen as the following: The parameter
1 is varied on the interval [0.30,0.90] as values less than 0.3 do not elicit partitioning and
values over 0.9 create partitions that are impractically small. The parameter ps is varied
in the interval [0.2,2.40] as 0.2m is the edge length of one voxel while the upper bound of
2.40m is selected as it represents an edge length of 12 voxels which is the largest width of an
area to be considered for exploration of the UAV. The parameter u3 is varied on the interval
of [4,160] as 4 voxels is roughly the size of the model of the UAV and 160 voxels occupy the
maximum diameter of the cone representative of the mapping camera. The parameter py is
varied on the interval of [0,0.30] as areas more than 30% occupied are inaccessible to the

UAV.
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Figure 2.1 shows a heatmap of the averaged computational times in milliseconds for each
combination of (p1, o) and (us, pg). Figure 2.2 is a boxplot of the Algorithm 2.2.1 as a
function of (1, o) with the averaged out results of (us, pt4). The mean length of the whiskers
are 1.46ms and the mean interquartile range is 0.40ms. The median computational tends to
increase with larger values of (i1, pi2), however the relation is non-linear and approximated

with the line of best fit:

p(7) = 0.000477 — 0.01657° + 0.28827° — 2.46867*

+10.67107° — 22.63037% + 30.29127 + 65.0882, 7 € [1,12]

where p(7 = 1) approximates the median computational time in milliseconds of (u1, o) =

(0.35,0.2) and p(7 = 12) approximates the median computational time in milliseconds of

(,U1, ,UQ) = (09, 240)

(160,0.01) 80.95 87.46 2y 3.4 120.3

(148,0.03) 80.87 87.35 2 24 120.3

(136,0.05) 81.14 87.6 2, 3 3. 120.3

(124,0.08) 81.25 87.57 A 3. 3.6 5.5 120.3

(112,0.10) 81.45 87.66 25 3 3.8 5 .8 120.3
~ (100,0.12) 81.45 87.59 2y 3 5 120.3
3"; (88,0.14) 81.52 87.56 2 3. 5 5 120.3
3

(76,0.17) 81.5 87.65 2.4 5 120.4

(64,0.19) 81.57 87.65 2:5 - 5 120.3

(52,0.21) 81.61 87.71 g b 5. 120.3

(40,0.23)|  81.59 87.74 3 3. 5. 120.3

(28,0.26) 81.67 87.76 2. 3.4 120.3

(16,0.28) 81.91 88.04 2.6 3.5 5 120.3

(4,0.30)| 82.67 89.03 3 2 5 5. 120.9

(0.35,0.20) (0.40,0.40) (0.45,0.60) (0.50,0.80) (0.55,1.00) (0.60,1.20) (0.65.1.40) (0.70,1.60) (0.75.1.80) (0.80,2.00) (0.85,2.20) (0.90.2.40)

(,uh M2)

Figure 2.1: Computational times of each possible configuration of the sets (uq,p2) and
(113 f14)
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Figure 2.3 is a boxplot of the Algorithm 2.2.1 as a function of (p1, p2) with the averaged out
results of (us, pt4). The mean length of the whiskers are 1.37ms and the mean interquartile
range is 0.34ms. The median computational tends to increase with larger values of (1, j12),

however the relation is non-linear and approximated with the line of best fit

p(T) = —0.00097" + 0.04247° — 0.78177° + 7.39407"

— 38.03227° + 104.36337% + —147.56 777 + 231.3665, 7 € [1,12]
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(g s 1)
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Figure 2.2: Computational times of Algorithm 2.2.1 as a function of the set (1, j12) over the
averaged results of varying (us, p4) where both pq and ug are increasing.

Figure 2.4 is a boxplot of the Algorithm 2.2.1 as a function of (y1, pe) with the averaged out
results of (us, pg). The mean length of the whiskers are 38.84ms and the mean interquartile

range is 12.00ms.

The positive slope of the median computation times in Figure 2.2 and the negative slope



18 CHAPTER 2. A TacticaL GUIDANCE SYSTEM OF AutoNoMmous UAVs

160 — -

= S Iy
S S S
[ [ [

Computational time [ms]

=
S
[

90 —

80—

\ \ \ \ \ \ \ \ \ \ \ \
(0.90,0.20) (0.85,0.40) (0.8,0.60) (0.75,0.80) (0.70,1.00) (0.65,1.20) (0.60,1.40) (0.55,1.60) (0.50,1.80) (0.45,2.00) (0.40,2.20) (0.35,2.40)
(b 5 )
1> M

Figure 2.3: Computational times of Algorithm 2.2.1 as a function of the set (u, 112) over the
averaged results of varying (us, jt4) where p; increases and o decreases

displayed in Figure 2.3 show that the dominant parameter in computation time is pp. It
appears from Figure 2.4 that (ug,4) has a minimal impact on the computational time of
Algorithm 2.2.1 and can therefore be selected purely upon the basis of the resulting partitions.
Therefore, in selection of parameters in terms of reducing computational time cost, small

values of i, larger values of sy , smaller values of ug and larger values of 4 are ideal.

2.3 Comparison of Path Planning Algorithms

Having partitioned the map as described in Section 2.2.2; a goal point is selected and a
path from the current position to said goal point is handled by the path planning algorithm.
This section, provides an explanation of the process to compare and select an appropriate

path planning algorithm. Subsection 2.3.1 provides an overview of why certain algorithms
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Figure 2.4: Computational times of Algorithm 2.2.1 as a function of the set (us, pq) over the
averaged results of varying (u1, fo)

are selected and the criteria upon which they will be compared. Subsection 2.3.2 provides
the notation used, specifically as it is relevant to describe the underlying theory. Finally,

Subsection 2.3.3 outlines the underlying theory of A* and LPA*

2.3.1 A Brief Overview

Two path planning algorithms have been considered for this study, namely A* [29] and
LPA* [30]. A* is used because it features a heuristic that allows for the user to define the
degree of tacticality and recklessness of the flight. LPA* is an augmentation of A* that allows
for paths to be reused in areas of the map that do not change. It is expected that LPA* is
faster than A* at calculating new paths. However, its implementation is more challenging.

Through numerical simulation, the computation times of both algorithms are compared to
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verify that the added complexity of LPA* provides a benefit over A*.

2.3.2 Notation

A detailed description of how the A* and LPA* algorithm’s are employed to plan paths is
shown in Algorithm 2.3.1 and Algorithm 2.3.2 respectively. The notation used to describe
these algorithms is summarized as follows. A finite graph denoted by G = (X, A) consists of
the set of nodes, X and the set of arcs A that connect said nodes. The total number of nodes
within G is denoted by n. The number of potential arcs in GG is denoted by r. Particular
nodes are specified by N, most frequently it refers to the current node being evaluated. The
node adjacent to N is denoted by ', such that there is an arc within G that connects N to
N’. The node from which the path planning algorithm begins its search is denoted by Nj,;.
The goal node which the path-planner seeks to connect via a cost-minimized arc to N;,; is
denoted by Nyo. A data tree spanning the arcs so far explored in G is denoted by 7. A
cost function for nodes within G is denoted by f(N). The list of nodes within G sorted by
values of f is denoted by OPEN. The function that calculates the cost of each arc in G is

denoted as k : X x X — R™.

2.3.3 Theoretical Formulation

A* Optimization: At its essence, A* takes the set of nodes G with a given start and end
node, then finds a sequence of connected edges that is influenced by a user defined heuristic
function. The A* algorithm starts with the assumption that Nj,; and Ny, are known
and that the other nodes within GG are otherwise unvisited. Starting with the start node,
paths between nodes are extended one edge at a time until the cheapest sequence of edges

that reaches the goal is found and the criteria for terminating the search is attained.While
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exploring the cheapest path from the Nj,; to Ny, the cost of a path is estimated as the
cost of the path from Nj,; to the current node, namely N, and then estimating via the
heuristic function the path’s cost from N to Ny . If a path from the start node to the goal
node exists, then A* will return a path of minimum cost. The paths are saved to the tree T
in which all nodes that are visited after N;,;; are placed on this list with a pointer to their

parent node. The A* algorithm minimizes the function:

f(N) = g(N) + h(N) (2.1)

where g(N) is the cost of the path between N;,;; and N and h(N) is a heuristic estimate of

the minimum-cost path from the current node and the goal node [31].

In order for the Ax algorithm to return the optimal path, the heuristic function must be
admissible and consistent. An admissible heuristic does not overestimate the cost of reaching
a goal and as such guarantees that the optimal solution is not overlooked by guaranteeing
that all arcs are evaluated with the same criteria. That is, all nodes are evaluated such
that the path between them is assumed to be ideal and therefore of minimum cost. The
consistence of the heuristic guarantees that the estimated cost of traveling from N to Ngyq

is less than or equal to the cost of traveling from N to N’ and then from N’ to Ny [32],[33].

While computing the optimal path, the list OPEN plays a pivotal role, and the operations

on this list are:

o« FIRST(OPEN): returns the node with the smallest f value and removes it from

OPEN;

e INSERT(N,OPEN): inserts N into OPEN;
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« DELETE(N,OPEN): removes N from OPEN;,

e« MEMBER(N,OPEN): checks whether N is contained within OPEN, returns true

if N is within OPEN and false if N is not contained in OPEN;

o EMPTY(OPEN): checks whether there are still nodes in OPEN to be checked.

Given 2.1 these operations, the A* algorithm works as detailed in Algorithm 2.3.1.

Algorithm 2.3.1 A* Algorithm

Ninit is set as the first entry of T
INSERT(Ninit, OPEN);
Ninit is marked visited;
while EMPTY(OPEN) == false do
N < FIRST(OPEN)
if N == Ngyoq then
Exit
end if
for Each node N’ do
if N’ is not visited then
add N’ to T by assigning N as the parent node
INSERT(N',OPEN)
mark N’ as visited
else if g(N’) > g(N) + k(N,N’) then
change T such that the parent node of N’ is now N
if MEMBER(N',OPEN) == true then
DELETE(N',OPEN)
end if
INSERT(N',OPEN)
end if
end for
end while
if EMPTY(OPEN) == true then
return the list of connected nodes from Ngoq; to Ningt
else
end if

> current node is selected
> Checking if the goal has been reached

> evaluates each node in G adjacent to N

LPA* Optimization: If the map changes in a way that impacts only a select portion of

the previously calculated path, then it may not be necessary to recalculate the entire path

as parts of the original path can be reused. LPA* provides a valuable tool address these

situations. LPA* differs from A* by maintaining 2 estimates of start distance, the g-value

defined above in 2.1 for A*, and a new value, the right-rand-side-value(RHS-value). RHS-

values are one-step lookahead values based on the g(-) in 2.1 values(the path of least cost

between Ny,;; and N). If the g-values of N’s predecessors are not equal to the RHS-value
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of N, then the node is considered locally inconsistent and the path is recalculated from
N. Locally inconsistent nodes are placed in a priority queue, where they are re-evaluated.
These priority values are denoted as key values, denoted by k. There are two priority values

assigned to each node, namely nodes listed in OPEN are sorted by k; and then by k:

EV) = ki(N) _ min [g(N),rhs(N)] + h(N) (2.2)

ko (N) min [g(N), rhs(N)]

The operations applicable to the list OPEN for use in LPA* are largely the same as A*,

and the following additional operations are employed:

« TOPKEY(OPEN): the priority value of the node with lowest priority value is re-

turned unless OPEN is empty, in which case oo is returned;

o« FIRST(OPEN): the node with the lowest priority value is returned and removed

from OPEN,

e CONTAINS(N,OPEN): checks whether N is contained within OPE N, returns true
if N is within OPEN and false if N is not contained in OPEN;

e INSERT(N,k,OPEN): inserts N into OPEN and its corresponding priority value

are inserted into OPEN;

« DELETE(N,OPEN): removes N from OPEN;,

e« MEMBER(N,OPEN): checks whether N is contained within OPEN, returns true
if N is within OPEN and false if N is not contained in OPEN.

Given these operations, the LPA* algorithm works as detailed in Algorithm 2.3.2.
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Algorithm 2.3.2 LPA* Algorithm

It is assumed that a set of connected nodes from Nj;,;; to Ngoaql exists
Initialize()
while Algorithm is running == TRUE do
computeShortestPath()
while Map Has Changed == FALSE do
Sleep
end while
for Map Has Changed == TRUE do
Update Node Costs
UpdateVertex(N)
end for
end while
function InrmiaLize(G) > Setting all nodes € G as Locally Consistent
for All nodes € G do
g(N) = oo
RHS(N) = oo
end for
RHS(Nipit) =0
Key(Ninit) = kinit
INSERT(N;nit>kinit, OPEN)
end function
function ComputeSuortEsSTPATH(OPEN)
while TOPKEY (OPEN) < Key(Ngoq1)|lThs(Ngoar) == 9(Ngoq1) do
N = FIRST(OPEN)
if g(N) > RHS(N) then
9(N) = RHS(N)
else

g(N) = oo
UpdateVertex(N)
end if

for succesors of N do
UpdateVertex(Ngyeesesor)
end for
end while
end function
function UppateVertex(N) > recalculates rhs value of N and removes it from OPEN. If N is locally inconsistent, it is reinserted into OPEN
with the new KEY (N) value
if N! = N;,;¢ then
RHS(N) = oo
for all Predecessors of N do
RHS(N) = min (RHS(N), g(Npredecessor) + f(IN))
end for
if MEMBER(N,OPEN) then
DELETE(N,OPEN)
end if
if g(N)! = RHS(N)) then
INSERT(N, KEY (N, OPEN))
end if
end if
end function
function CarcuLateKeyVaLue(N)
Key(N) = [min (g(N), RES(N)) + h(N), min (g(N), RHS(N))]
end function

2.3.4 Path-Planning Performance Tests and Results

To quantify the effectiveness of LPA* versus A* and whether it is worth while implement-
ing this algorithm within the context of tactical path planning, these two algorithms are
compared by means of two sets of software-in-the-loop numerical simulations. In the first
set of simulations, the heuristic function parameters are set such that the A* and LPA*
algorithms seek tactical paths. In the second set of simulations, the heuristic function pa-
rameters are set such that the A* and LPA* algorithms seek reckless paths. The test are

performed on an Ubuntu running computer with an 8-core Intel i7 processor at 4.30GHz.
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Figure 2.5: Computational time data of the A* Algorithm with a reckless parameter set. The
average computation time across all obstacle sets is 62.1114ms with a standard deviation of
0.3421ms.

Standalone versions of Algorithm 2.3.1 and Algorithm 2.3.2 run on a voxel map captur-
ing of an office space by the navigation system presented in [11] with given Ny, and Nyeq
points that are selected to have calculable path between them. Despite being run on a pre-
viously recorded and thereby static GG, obstacles are introduced to G to simulate a changing

environment.

In testing, an initial path between Nj,; and Ngoq is found on the recorded office map. Al-
gorithms 2.3.1 and 2.3.2 are then executed to recalculate paths with incrementally increasing
number of obstacles are placed along the previously generated path. Obstacles are placed at
a distance from one another that is slightly longer than the length of the UAV model. With
the selected Nj,ix and Ngoq, this results in each algorithm being run 13 times so that the
final test involves 12 added obstacles. This process is repeated 50 times for both algorithms

for both sets of tactical and reckless numerical simulations.
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Figure 2.6: Computational time data of the LPA* Algorithm with a reckless parameter set.
The average computation time across all obstacle sets is 11.4467ms with a standard deviation
of 17.3388ms.

Figures 2.7 and 2.8 show the results of the numerical simulations of the A* algorithm
and the LPA* algorithm respectively, with a tactical parameter set. Figures 2.5 and 2.6
show the results of the numerical simulations of the A* algorithm and the LPA* algorithm

respectively, with a reckless parameter set.

Figures 2.5 and 2.7 show a near-constant computational time regardless of the number
of additional obstacles added to the map. This is the predicted result as the A* algorithm
is forced to recalculate the entirety of the path in each instance of the simulation. Figures
2.6 and 2.8 show the computation times taken by the LPA* algorithm using a reckless and
tactical parameter set, respectively. From these figures, the LPA* algorithm generated com-
parable computation times compared to the A* algorithm for the tests with [0, 1] additional
obstacles added. For tests with 2 or more additional obstacles, the LPA* algorithm yielded

significantly lower computational times that slowly increased as the number of added ob-
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Figure 2.7: Computational time data of the A* Algorithm with a tactical parameter set. The
average computation time across all obstacle sets is 80.9330ms with a standard deviation of
0.3715ms.

stacles increases. This increase in time correlated to the number of obstacles is due to the
fact that additional obstacles reduce the length of previously generated paths that can be

reused. Due to these results, the LPA* algorithm is selected as the better option.

2.4 'Trajectory Planning

Having calculated a series of waypoints to follow, in the form of a reference path as dis-
cussed in Section 2.3, the proposed guidance system makes use of the MPC framework to
produce an interpolation of multiple waypoints such that the UAV has a reference trajectory
to follow. The underlying function accounts for the UAV’s need to reach the next waypoint
as well as thrust allocation. This Section is organized as follows. Subsection 2.4.1 provides

the notation used through this section. The cost function that underlies the proposed tra-
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Figure 2.8: Computational time data of the LPA* Algorithm with a tactical parameter set.
The average computation time across all obstacle sets is 15.4479ms with a standard deviation
of 26.8677ms.

jectory planner is presented in Subsection 2.4.2. The equations of motion employed by the
proposed trajectory planner and attitude constraints are shown in Subsection 2.4.3. The
boundary conditions are covered by Subsection 2.4.4. Subsection 2.4.5 covers the usage of
collision avoidance constraints within the proposed trajectory planner, this topic will be dis-
cussed further in Subsection 2.5, where we perform a comparative analysis to find a suitable

constraint generation algorithm.

2.4.1 Notation

The system’s time is denoted by ¢ and it is assumed that ¢ > 0. Third-order derivatives
of functions with respect to time are denoted by (-)®®). The span of a time interval, AT > 0,
and number of time intervals, denoted ny € N, are both user-defined and generally vary

between pairs of consecutive waypoints in the reference path. We assume the UAV is able
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to successfully fly between consecutive waypoints. A generic waypoint is denoted 74, k €

{0,...,ny — 1}, torfgy1 in ny AT time units.

The UAV’s position on the interval of [0,nyAT] at specific time step is designated 5 :—
R3\ O, k € {0,...,ny, —1}. The UAV’s position is hereby expressed in the inertial reference
frame I with the origin placed at a location conveniently. The UAV’s roll angle is denoted

by ¢ : [0,nAT] — ( z 5), k € {0,...,ny — 1}, the UAV’s pitch angle is denoted by

T 202
Or : [0,nAT] — (—E 1), the UAV’s yaw angle is denoted by vy : [0,nAT] — [0,27),

272

the UAV’s wvelocity with respect to I is denoted by vy, : [0,n,AT] — R3, the UAV’s an-
gular velocity with respect to I is denoted by wy : [0,nAT] — R3. The UAV’s state
vector contains its position, attitude, velocity and angular velocity. As such, it is de-
noted by z,(JAT) 2 [rF(JAT), 6(jAT),0(AT), p(JAT), vF GAT), wr(GAT)]" for all j €
{i,...,ne},1€{0,...,n}, k€ {0,...,ny — 1}

2.4.2 Cost Function Definition

The cost function underlying the proposed trajectory planner is defined

k‘-i-l/s,k—l

Tlre(0), 0k (0), A()] 2 > viFle(ri(nAT), i (n AT))
=k
k+Vs,k’_1nt71

+ > URFIGAT, ry(iAT), y(iAT), N (IAT)),

=k =0

ke{0,... ny—1}, (2.3)
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where: vgs € (0,1),

T
N A Tk 5 Tk R T
(T, Ty Vi, Ak) = Ry () + gy (Vr — Veg)” + G, Tr + G\ Ak,
Ak A
(7, 7k, Ui, M) € [0, ek AT] x R? x R x RY, (2.4)
. T .

Ce(ri V) 2 (T = Prrony) Bt (Te = Prsn) + @o(Wr — Uer)?, (2.5)
> A 1 R’“ RM B 3x3 : : I 3x4 4x4 :
Ri(T) = Gparrier s (T) . , R, € R is symmetric, R,y € R and Ry € R** is

Rr,)\ R)\

positive-definite and defined such that
R, — 2R\ R'R, > 0, (2.6)
q~7" € R37 (I)\ € R47

7:/6<ZAT) = (1 - M13)fsat (PJ14(7A7€ - roc,i,k)) ’ [Tk(ZAT> - roc,i,k:| + H13 [Tk(ZAT> - ’ﬁk-ﬁ-’/s,k] )

i€{0,... ,nwy — 1}, (2.7)

w1z € (0,1] and py4 > 0 are user-defined, ri(-) denotes the UAV’s position, Ax(-) denotes

t
a control input, fa(w) 2 W’
w

distance between 7 and O, and R,; € R¥*® is symmetric and nonnegative-definite, g, > 0,

w e R r £ dy(7, Ocix) denotes the Euclidean

Oc,ik

gbarrier,k(jAT) = [ max (bk (]AT)} [G?nax 62 (]AT)}

4

4
H[ p,k .]AT Tinin H max pk jAT)]

p=1 p=1

ge{i,...onvsi}, 1 € {0, ... nsit k€ {0,...,ny — 1}, (2.8)
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and Ppax € (0, %), Omax € (O, g) are user-defined and denote the maximum roll and pitch
angles, respectively, and 0 < Tin < Thax are user-defined and capture the minimum and

maximum thrust, respectively.

The barrier function gpamier(+) used in the Lagrangian function (2.4) is utilized to enforce
the nonlinear, time-varying constraints. These constraints set bounds the upper and lower
bounds on the UAV’s pitch, roll, and the individual thrust delivered by each propeller.
As discussed in Section 2.4.4, at the waypoint 74y, ,, boundary conditions are imposed

upon the trajectory planning problem. Therefore, the reference trajectory is only imposed

when traversing the waypoints 7, ..., 7x+1. The need to outline a reference trajectory that
approximates the waypoints 7441, ..., 74y, ,—1 for all & € {0,...,ny — 1} is captured by the
cost function (2.3). In order to reduce the impact of waypoints 4y2,. .., x4, ,, While the

UAV approaches 7411, the term v, k € {0,...,ny,—1}, in (2.3) is a discount factor applied

to the objective function.

The proposed trajectory planner requires the UAV’s to reach the waypoint 74, ,, k €
{0,...,ny—1} while also pointing the camera, aligned with the vehicle’s roll axis, toward the
waypoint. The UAV’s distance from the waypoint 74y, ,, & € {0,...,ny — 1} and distance
from the obstacles is captured by the first term and second on the right-hand side of (2.7)

respectively.

The UAV’s requirements of reaching the next waypoint 7, ,, k € {0,...,ny,—1}, coasting
the obstacles’ set, and pointing the onboard cameras toward 74, , potentially conflict and
as such, are captured by the Lagrangian function (2.4). Thereby, allowing for the user
to define py3 and w14 such that a reckless or tactical behavior may be expected. Setting
pas = 1, then 7 (iAT) = 1 (IAT) — Fpqu,,, @ € {0, ..., mvsp — 1}, k€ {0,...,ny — 1}, and
additionally, by minimizing (2.3), the user induces a reckless behavior in the UAV, as its

only goal becomes reaching the waypoint, and if smaller values of 113 € (0, 1) make coasting
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the obstacles’ set a higher priority. The function fu:(-) in (2.7) reduces the attractive effect
of obstacles at a distance from the waypoint 7, k € {0,...,n, — 1}, that is larger than ;.
Indeed, faui(w) — 1 as [|Jw|| = 0, fes(paw) =1 for all w € Eﬂ;41(0n), feat(p1aw) < 1 for all

w e R" \E/hll (On)7 and hmw—ﬂ)o fsat(:U/Mw) =0.

2.4.3 Equations of Motion

The subject of the proposed trajectory planner is the direct control of the UAV’s position
ri(+), k € {0,...,ny, — 1}, along with its yaw angle ¥ (-). The yaw angle requires specific
control via the trajectory planner, as it impacts the ability of the UAV to map an environment
with appropriate coverage. The UAV’s cameras’, which provide pose and point cloud data,
have their focal axes aligned with the UAV’s roll axis. The measured output is [r (), ¢x(t)] T
t €0, nevs AT, k € {0,...,ny, — 1}, and proceeding as in [34], [35, Prop. 5.1.2], the UAV’s

output-feedback linearized equations of motion are

Xe(t) = Axp(t) + BAi(t), t € [0, nyvs AT, (2.9)

. T
where y;(t) = [rkT(t),v'";f(t),f,f(t),r,gg)T(t),wk(t),wk(t)} , virtual control input is denoted

~ ~ ~ - ~ ~ T
Ar € RY A 2 blockdiag(A,, 4,), B 2 [B;F, B;g] ,

O3x3 13 0O3x3 Osx3

iz Osx3 Osxz 13 Osxs € RPA. (2.10)
O3x3 0O3x3 O3zxz 13
AT‘,O Ar,l AT,Q A’I“,.?)

- 0 1

Ay 2 € R¥*? (2.11)
Apo Apa
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are Hurwitz, A,; € R*? i€ {0,...,3}, Ayo € R, and A, € R are user-defined,

o ) 0
B 2| er>, B2 e R¥4 (2.12)

B, By

[I>

and the pairs (A,, B,) and (A, By) are controllable. Using (2.9), the discrete-time, lin-
earized, zero-order hold [36], output-feedback linearized equations of motion of a quadcopter

UAV are defined:

xk((J + 1)AT) = Axp(JAT) + BA(JAT),
jged{i, ... omusr — 1}, €40, nyvy — 1},

ke{0,... ny—1}, (2.13)

where A = 42T and B = OAT eA7do B.

Therefore, the equality constraint for the MPC algorithm employed to outline tactical

reference trajectories for UAVs is given by (2.13).

The total thrust force produced by the UAV’s propellers is defined as uy (+), k € {0,...,ny—
1}, such that uy ,(FJAT) = [1,0] 6 (JAT), j € N, and

. 11 . 1 | AT? ‘
0k((j + 1AT) = O(JAT) + 5 ms(JAT). (2.14)
0 1 2AT

Given \y(JAT), j € {i,...,mwsp — 1}, 0 € {0,.. .,y — 1}, k € {0,...,ny — 1}, the
total thrust force’s virtual control input is denoted by n; x(7AT), and the roll, pitch, and
yaw moment as produced by the UAV’s propellors is denoted by ug ;(JAT), usx(jAT'), and
uy 1 (JAT) respectively. The control inputs [y x(JAT), us k(JAT), us x(JAT), us x(JAT)] are
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computed as
1k (GAT), w2k (GAT), u 1 (FAT), ua k (GAT) " = G(JAT), (2.15)

where

Ck = G(Tlm Ok, Ok wkawkaul,k) ( - f(Tk, Ok, O, wk,wk,ul,k)

Arore(t) + Anirp(t) + Apoin(t) + AngrD (1) ) B,

Ay ot (t) + Ay 1t(t) By,

for all (Tka ¢ka eka ¢kawk7ul,k7 )\k> € R3 X (_%7 %) X (_%7 %) X [07 27T) X R3 X R x R4' The ex-
pressions for f(-) and G(+) are omitted for brevity and can be found by applying Proposition
5.1.2 of [35].

2.4.4 Boundary Conditions

To ensure feasible trajectories, the boundary conditions imposed on the UAV’s transla-
tional dynamic equations (2.9) and (2.13), are given in Table 2.1. For successful initialization
of the MPC algorithm, conditions on the UAV’s initial position and acceleratio, i, and
Tinitk, ensure that the UAV’s reference position and acceleration are equal to the UAV’s
position and acceleration at time of initialization. In order to ensure that the reference
trajectory traverses the next waypoint 744, ,, k € {0,...,ny — 1}, the conditions denoted
Tend,r 15 imposed to constrain the UAV’s final position. The condition on the UAV’s final

acceleration are defined so that

vy 2 0 (do(Phpne s O)) di k€40, 0y — 1}, (2.17)
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Table 2.1: Parameters needed to define the boundary conditions for position and yaw control
of the proposed trajectory planner for k € {0,...,n, — 1}.

Tinit,k = Tk (ntys,kAT>a
Finit kg = T (Nels ks AT),
Tend,k = fk‘#llsyk?
fend,k - dk—&—us’k-
Tinit. g = Tk (1AT),
Finit e = Tk (1AT),
Tendk = Thtug s
7xend,k = dk+us P

ie{l,... ,nsy — 1}

where

(0, if o € [0, pu1s),
a(o) = uul;iLm (o — pa5), if o € |5, < 16, (2.18)
| M7, otherwise,
de 2 g Thtver — Thtvep—1 1= i) Phtvg 1 — Thtvep (2.19)

||/f;k+ys,k - fjk"rl/s,k_lH ||’flk+l’s,k+1 - /f,k"rljs,k | ’

and fu15, 16, 17 > 0 and juys € [0, 1] are user-defined.

If the UAV is sheltered by its proximity to an obstacle and therefore operating in a safer
area, then it is desirable for the UAV not to accelerate. The UAV is considered to be within
safe proximity at a distance smaller than p5 such that dg(f'kﬂ,&k, O) < s, k€{0,...,ny—
1}, then ||#enar|| = 0. Alternatively, if the UAV is operating outside the proximity of
shelter provided by an obstacle, it is desirable for it to rapidly traverse its environment.
Therefore if dy(71s, ,, O) > 16, k € {0,...,ny — 1}, then ||Fenar|| = par so that the UAV
will move through dangerous areas more quickly. Finally, when da(7x4.,,,O) € [u1s, ps),
k € {0,...,ny—1}, the condition ||#enq k|| increases as a linear function of dy (7., ,, O) from

0 to Hi7-
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For both values of 13 = 1 and p15 = 0, then Fepar, & € {0,...,ny — 1}, is set to point
in the direction joining the waypoint 7y, ,, which is set as the endpoint for the trajectory,
and 7g1p,,—1 and Try, 41, Tespectively. Setting p1s = 1 allows the proposed trajectory
planner set the endpoint acceleration condition such that the trajectory planner’s path is an
interpolation of all waypoints. Similarly, setting 115 = 0 also allows the trajectory planner to
set the endpoint acceleration condition such that it generates a reference path based on the
interpolation of all waypoints, however, this option begins the interpolation of all waypoints
after 74, , has been reached. For brevity, and relevance, initial conditions at the beginning
of the mission and the endpoint conditions at the end of the mission are not included in

Table 2.1.

2.4.5 Collision Avoidance Constraints

The UAV, and an obstacle free space with sufficient room for the trajectory planner to

generate viable reference trajectories, is captured by the affine constraint set
F o ((AT)r,iAT) << f.x(iAT), i€40,...,nVsp}, ke{0,...,ny, — 1}, (2.20)

where the F}.j : R — R"01*3 is such that

T
cos (fg + 2p9(q — 1)) cos (p10 + 2410(q — 1))

Cgmean Frn((AT) £ | sin (119 + 2u9(q — 1)) cos (1o + 2p10(q — 1)) |+

(_1)q sin (/140 + 2#10(q - 1))

q c {17--'7ncoll}a (221)
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o > 0 and g9 > 0 are user-defined and such that ne.; = 1672/ (pgp1o) is an even integer
and denotes the number of collision avoidance constraints, f,j : R — R" is such that

egnconfr,k(iAT)émin{ min e!, F..(iAT)p,

pESqﬂOc,i,k q,Ncoll

L2 T,k
s€{l,neon\{g} ool

min e, I (iAT)ps(iAT)}, (2.22)

S, C R? is a right square spherical pyramid, whose apex is centered in the UAV, whose

bisector is given by (2.21), and whose sides have user-defined length,

ps(iAT) £ argmin F, (iAT)e,,. el F.(iAT)p, se{l,...,ncon}, (2.23)
pessmoc,i,k

and O, C O captures a set of obstacles’ points that are more likely to be impacted by the
UAV and therefore relevant to the generation of reference trajectories. In practice, the convex
constraint set with affine boundaries captured by (2.20) is produced by partitioning a sphere
centered in the UAV in n.y right square spherical pyramids, and constructing hyperplanes
orthogonal to the bisector of each pyramid [37]. The use of the affine inequalities (2.20) to
capture collision avoidance constraints is essential to guarantee fast numerical solutions of the
proposed trajectory planning problem. The generation of the collision avoidance constraint

set is the subject of the experiment discussed in Section 2.5.

2.5 Constraint Generation

Reference paths, such as those produced by the algorithms presented in Section 2.3, are
sequences of waypoints that the vehicle needs to traverse. However, reference paths do not
provide any information on the speed and acceleration the vehicle is supposed to have while

interpolating these waypoints. To design reference trajectories, that is, curves parameterized
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by time that interpolate a reference path’s waypoints and are compatible with the vehicle’s
dynamics, a trajectory planner is required. One of the key problems in trajectory planning
is to assure that the reference trajectory does not intersect any obstacle. For this reason, in
this section, we discuss the problem of separating the obstacle-free space, where the reference

trajectory may lie, from obstacles.

This section is outlined as follows. Section 2.5.1 describes the basic premise of constraint
generation, and Section 2.5.2 provides specifics of four algorithms that are compared. The

results of the comparison are shown in Section 2.5.3.

2.5.1 A Brief Overview

The problem of separating obstacles from obstacle-free spaces has been explored abun-
dantly in the literature [14, 18, 19, 38, 39, 40]. In general, the techniques employed in this
vast topic can be grouped into two broad categories, namely those that aim to bound the
set of constraints and exclude the obstacle-free space, and those that aim to bound the
obstacle-free space and, hence, exclude obstacles. These two classes of techniques are clearly
complementary to one another. The former approach is more appropriate for techniques,
such as potential field methods [41], which do not have special requirements on the set where
the reference trajectory is to be found. The latter approach, instead, is more suitable for
techniques, such as model predictive control, where the geometric properties of the search
space do impact the ability to find reference trajectories. In this thesis, we employ a trajec-
tory tracking technique based on the linear-quadratic model predictive control. Thus, the
constraints on the search space must be affine in the state vector, and bounding the search

space by means of hyperplanes forming a convex search space is a necessity.

In this section, we consider four state-of-the-art techniques that allow finding convex search
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spaces bounded by hyperplanes. Specifically, we consider: Safe Flight Corridor (SFC)[2],
Iterative Regional Inflation by Semi-Definite Programming (IRIS)[3], Minimum Distance
Constraint Algorithm (MDCA)[11], and the Bubble-Bath algorithm[42] [1].

2.5.2 Theoretical Formulation

In this section, we present four state-of-the-art techniques to find convex subsets of the

obstacle-free space.

MDCA Constraint Generation. The MDCA algorithm was first presented in [11] as a
novel solution for the problem of finding the free space surrounding a UAV’s flight path with
far less computational time than the SFC and IRIS algorithms. The algorithm begins by
generating through a semi-definite programming algorithm, an ellipsoid about a point on the
path and of a size such that it touches at least one point of a nearby obstacle. A quantity,
N, of points are sampled from the surface of the ellipsoid from which N hyperplanes are
calculated tangent to the ellipsoid. These ellipsoids contain an obstacle-free volume and the
UAV. If the next waypoint of the path is not contained within the generated polyhedron, such
as points located around the corner of the wall, an intermediate point is taken through a ray
tracing technique. As the UAV approaches the intermediate point, the algorithm recomputes
hyperplanes such that the goal point is now contained. A schematic representation of MDCA

is shown in Figure 2.9.
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Starting Path Point

|

Nearest obstacle
point

. -

Figure 2.9: This example provides a 2-D example of the MDCA algorithm. Steps are pre-
sented left-to-right, top-to-bottom. Step 1: An obstacle point nearby the path point is
identified. Step 2: The ellipsoid, tangent to the previously identified obstacle point, is
stretched such that it is tangent to other nearby obstacles point. Step 3: N = 7 points
are randomly sampled from the surface of the ellipsoid. Step 4: The final constraint set
is calculated as the planes tangent to the randomly sampled points and the surface of the
ellipsoid.
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Bubble-bath Constraint Generation. The Bubble-bath algorithm, initially presented in
[1], expands the process used by MDCA in order to increase the unoccupied voxels captured
within the volume defined by a convex set of hyperplanes. To reduce computational load, only
points contained within a sphere of user defined radius and centered at the UAV’s current
position, the half-space of the UAV’s velocity, and accessible to the UAV are considered by

this algorithm.

An initial, obstacle-free ellipsoid, denoted as the parent ellipsoid is generated such that it is
centered about the UAV’s current position. This ellipsoid is expanded until it coincides with
a single obstacle within the obstacles set. Additional ellipsoids, denoted as children ellipsoids
are generated such that their origin is located on the surface of the parent ellipsoid. These
ellipsoids are also expanded until they intersect an obstacle contained by the UAV’s obstacle
set. These additional child ellipsoids capture the unoccupied voxels not captured by the
parent ellipsoid. It is expected that this algorithm will take slightly more computational

time and generate larger volumes than MDCA.

The set of occupied point within an environment is denoted by . In the bubble bath
method, O, denotes a subset of O that are the points most accessible to the UAV. The
closed set H,(rx(iAT)), denotes all obstacles points that are within a certain distance,
denoted by p from the UAV’s position at a given time, at ¢ = ¢AT', and are contained in the

closed half-space determined by the UAV’s velocity vector. We define the closed set as

H,(riiAT)) £ {x € B,(ryiAT)) N O : 2" v, (iAT) > 0},

i€40,...,nVsp}, ke{0,...,ny—1},  (2.24)

where p = max{|vy(iAT)|,v}iAT and © > 0 is user-defined. Increasing the UAV’s velocity

thereby increases the size of p, which in turn increases the size of O.;j. There exists a
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user-defined safety margin, denoted by, ¥, which provides an upper bound to p. Having
defined the set of obstacle points that we are now most concerned with, can now compute
the closed parent ellipsoid as € (Py(iAT), r,(iAT), ek (iAT)/p11), i € {0,...,nvsr}, k €
{0,...,ny — 1}. In the computation of £, Py(iAT) € R*3 and ¢;(iAT) € R are solutions

to the quadratic programming problem in which the cost function is defined

min ¢, (1AT) (2.25)

and the constraints of the problem are given by

G (PLGAT), r(iIAT), wa, cu(iAT)) >0, a€{l,...,nuav}, (2.26a)
G2(Pe(iAT), rp (iAT), wg, ch(GAT)) <0, B e {l,... ,nu}, (2.26b)
93(Pr(iAT)) < O3x3, (2.26¢)
94(cr(iAT)) <0, (2.26d)

The equations used in the constraints are as follows

n(Porw, ) 2 (w—r)"Pw—r)—c, (2.27a)
g(Prw, ) 2 (w—r)"Pw—r)—c (2.27D)
g3(P) £ P+ 13 (2.27¢)
ga(c) £ ¢ (2.27d)

where (P,7,w,c) € R¥3 x R3 x R® x R, p1; > 1 is a user-defined safety margin, and ny
denotes the cardinality of the set H,(rr(iAT)). The conditions imposed by (2.26¢) and
(2.26d) ensure that & (P,(iAT), rx(iAT), c,,(iAT)/p11) is an ellipsoid. While (2.26a) and

(2.26b) are employed to guarantee that the parent ellipsoid includes all the points occupied
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by the UAV, denoted w,, a € {1,...,nyav}, while excluding all points contained within
H,(rx(iAT)). Having computing the parent ellipsoid, there may still exist unoccupied points
within the vicinity defined by p. Therefore, for alli € {0,...,nyvs,} and k € {0, ..., ny—1},
we compute ¢ closed children ellipsoids, denoted by E(Py (iAT), 7y (iAT), é,,(iAT)), I €
{1,...,£}. The variable ¢ is user-defined, while Py;(iAT) € R**3 and &,(iAT) € R are

solutions of the quadratic programming problem with cost function defined as

min & (iAT) (2.28)

and constraints given by (2.26b)~(2.26d) with Pi(-) replaced by Py;(-), m(-) replaced by

Tea(),

COS 7Y, COS 1);
o cx(iAT) P (i AT .
rkvl(@AT)é\/ il )Mk (AT) siny; cosny | + re(1AT), (2.29)
11
sin

cx(-) replaced by ¢(-), and v, € R are user-defined. These constraints ensure that
the children ellipsoids do not contain the obstacle points captured in H,(rx(iAT)) and,
specifically due to (2.29), are centered on the boundary of the parent ellipsoid. Finally, we

define the subset of @ of interest

Ocir 2 {r € H,(re iAT)) : |lc;, P ((AT) P2 GAT) (r — rp GAT))|| < 1+ p1}
Uiy {r € H,(reGAT)) : ||, GAT) B GAT) (r = 7y (GAT)) | < 1+ pa},
i €40,...,nls i}, ke {0,...,ny — 1},
(2.30)
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Figure 2.10: A 2-D representation of the Bubble-Bath algorithm as used to generate affine
constraint sets from the set of occupied points O, originally presented in [1]. Steps are
presented left-to-right. Step 1: the parent ellipsoid, which contains the UAV and excludes
all obstacle points, is created. Step 2: the children ellipsoids are generated such that they
are centered upon the boundary of the parent ellipsoid. Step 3: a subset of O is computed
and denoted O, such that these occupied points exist within a user-defined distance from
the boundary of the volume captured by the parent and children ellipsoids. Step 4: the
affine set is computed as the subset of the state-space that contains the UAV and excludes
the entirety of O, .

where we denote a user-defined safety margin as uo > 0. In practice, the subset of obstacle
points O, is given by the set of all points that are within a distance smaller than or
equal to 15 from any of the children ellipsoids or £ (P,(iAT), rx(iAT), e (iAT)); It is worth
noting that the conditions imposed by (2.26b) mean that 0E (P,(iAT), r(iAT), cr(iAT))

comprises at least one point of the obstacles’” set O.

This technique is referred to as the bubble bath method because the emergence of children
ellipsoids from the parent ellipsoid, for the purpose of capturing unoccupied points not
captured by the parent ellipsoid, mimic the behavior of bubbles in a bathtub. As the number
of children ellipsoids increases, this technique becomes more accurate at identifying which

occupied points have the potential to impact the UAV.
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Figure 2.10 provides a graphical representation of the bubble bath algorithm’s approach
to identifying the subset O, of the obstacles’ set O for some i € {0,...,nvsx} and

k € {0,...,ny — 1}, and thereby creating an affine constraint set.

SFC Constraint Generation. The SFC algorithm [2] generates a series of hyperplanes
that form a set of intersecting, convex polyhedra that contain a volume within which a UAV
may safely traverse. The flight corridor is generated with the following procedure for a given
pair of points (74, 7,y1) contained by the path calculated for the UAV to follow. Let L;

denote the line segment joining 7, and 7x.1. The ellipsoid,

where a,b,c > 0, devoid of obstacles is found. The z-axis of the ellipsoid is co-linear with
L; € R? and the origin of the ellipsoid is located at the mid-point of L;. Initially, we set
a=b=c= % so that the ellipsoid reduces to a sphere. The semi-axes lengths b and ¢ are
then stretched iteratively until the ellipsoid touches the nearest obstacle to the path, denoted
p*. A polyhedron is derived from the previously found ellipsoid. Initially, the intersection of
the unaltered ellipsoid and the corresponding obstacle is used to define the first hyperplane.
The ellipsoid is then dilated, while maintaining its aspect ratio, and further intersections
of the now stretched ellipsoid and other obstacles define additional hyperplanes. To reduce
the computational load, only obstacles local to the path are considered. This is done via a
bounding box which is cubic and centered at the mid-point of L; such that only obstacles
within this bounding box are considered by the SFC algorithm. The resulting polyhedra
constructed by the previously found hyperplanes is shrunk down so that a buffer between
the edge of the obstacle free volume and the obstacles exists. This is done by modeling the

UAYV as a sphere of radius ry 41y and then moving the hyperplanes along their normal axis a

distance of ry 4y, thereby guaranteeing that the UAV will always operate in a volume that
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is a safe distance from the walls of its environment. An example of this is shown in Figure

2.11.

.-

Thel

S

Figure 2.11: A 2-D example of the SFC algorithm adapted from [2]. Steps are presented
left-to-right, top-to-bottom. Step 1: An initial sphere, free of obstacles and located at the
midpoint of Lj, is expanded until it intersects an occupied point. Step 2: The resulting
ellipsoid is shrunk as occupied points closer to the path are found. Step 3: An ellipsoid
in contact with the occupied point nearest the path is determined. Step 4: A hyperplane
is taken tangent to the ellipsoid and occupied point nearest the path. Step 5: Additional
hyperplanes are taken as the ellipsoid is stretch to intersect other obstacle points. Step 6:
The resulting polyhedron is then scaled down to accommodate the width of the vehicle.
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IRIS Constraint Generation. While SFC generates a set of hyperplanes about the mid-
point between two points on the path, IRIS, initially presented in [3]|, generates a set of
constraint planes about each point on the sequence of waypoints comprising the UAV’s
path. Initially, an ellipsoid with equal semi-axes lengths is generated about a point on the
path. The obstacles surrounding the ellipsoid are used to create hyperplanes that intersect
the obstacle and are tangent to the ellipsoid. This set of hyperplanes, represented as a
set of linear constraints, becomes a polyhedron of free space. A new ellipsoid is generated
such that it now maximizes the space contained by the set of hyperplanes. This process is
repeated until the change of the volume of the ellipsoid in each cycle falls below a certain
threshold. It is guaranteed that between iterations, the volume of the free space contained
by the polyhedron does not decrease but it is possible for the initial point about which the
algorithm operates to no longer be captured within the polyhedron. An example of this is

shown in Figure 2.12.

Initial
Ellipsoid O

|
Y

Final Ellipsoid

Figure 2.12: This 2-D example of how the IRIS algorithm operates is adapted from [3]. Steps
are presented left-to-right, top-to-bottom. Step 1: An initial sphere, free of obstacles and
located at a point along a path is formed. Step 2: A set of linear constraints(shown in red)
are taken tangent to the initial sphere and the surrounding obstacles. Step 3: The ellipsoid is
stretched such that it intersects the initial linear constraint set and then continues to expand
until it intersects the adjacent constraint set. In this step, the final ellipsoid is found. Step
4: The final constraint set is taken tangent to the local obstacle set and the final ellipsoid.
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2.5.3 Constraint Generation Performance Tests and Results

In this section, we compare the performance of MDCA [11], the Bubble-Bath algorithm
[1, 42], SFC [2], and IRIS [3], and asses their performance within the context of a trajectory
planner for UAVs employed in tactical missions. A single obstacle set is employed, shown in
Figure 2.13, modeled to emulate a two-story house within which occupied voxels that capture
shapes such as walls and stairs. Ten paths are manually selected to reflect possible flight
paths of the UAV. The paths, shown in Figure 2.14, are comprised of adjacent voxels and
vary in length from 175 to 400 voxels long in increments of 25 voxels. Each path converges
and shares the approximately 150 path-points leading to a common endpoint. The four
algorithms being tested are set up to output the constraint planes generated at each point

of a given path. Fach algorithm is executed on each path 50 times.

Z[m]

Figure 2.13: Wireframe diagram of the voxelmap used for testing.
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Figure 2.14: Paths used for testing. The left image shows the first floor and the right image
shows the second floor. The numbers present on the plot signify the length of each path.

The values displayed in Table 2.2 reflect the coefficients of the 1% order linear regression
that fits the relationship between number of points in a path and the computation time
of the generation of constraint planes. These lines-of-best-fit are displayed in Figure 2.15.
The IRIS and SFC algorithms increase in computation time more rapidly than MDCA and
Bubble Bath indicating that for paths longer than 400 points, Bubble Bath and MDCA will

generate faster results.

Table 2.2: Coefficients of 1*¢ order linear regression relating path size and computation time

’ Algorithm \ Slope \ Offset ‘
MDCA 3.374 | 12.920
Bubble-bath | 8.669 | 64.354
SFC 19.684 | 3.693
IRIS 12.537 | 16.510

Figure 2.16 shows the average computational times of the algorithms considered in the
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Figure 2.15: The 1% order linear regression relation of path size and computation time.

study. MDCA begins and consistently remains the fastest algorithm. Bubble-bath begins
approximately 40 seconds slower than the other three algorithms but completes the final
path in approximately the same time as IRIS and approximately 50 seconds faster than
SFC. From the size of the whisker plots for each path, Bubble-bath and and MDCA are the
most consistent for a given path and therefore for a path of a fixed length, most predictable

as to how long a given constraint set will take to be generated.

In terms of expected volumes, it is apparent from Figure 2.18 that the IRIS algorithm
generates constraint sets with the largest average volumes. The Bubble-Bath algorithm
generates larger constraint sets than the MDCA technique. The maximum and minimum
values of volume of a constraint set similarly follow the trends of average constraint set

volume. Notably, SFC is the only algorithm to have a deviation in the maximum volume of
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Figure 2.16: Average computation time of each path tested by the four algorithms.

a constraint set.

From Figure 2.17, we deduce that the IRIS algorithm generates constraint sets with the
largest deviation in volume while MDCA is the most consistent. The SFC algorithm is the
only technique to yield unbounded constraint plane sets along the test path and has the
highest median number of obstacles contained within the constrained volume surrounding
the path. The MDCA and Bubble-bath algorithm both have the fewest contained obstacles
with near-equivalent median values of contained obstacles at 17821 and 18133 respectively.

It can be concluded from this analysis that for consistency of generated volumes, fewest
contained obstacles, and speed, MDCA is the ideal algorithm among the state-of-the-art ones
considered herein. In the case where volume plays a more relevant role than the computation
time, IRIS should be considered. SFC does not generate larger constraint set volumes in a
short enough period of time to give it any advantage over the other algorithms. Additionally,

as the only algorithm to generate unbounded sets, in this evaluation, it is the most unreliable.
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Figure 2.17: Included here is the data signifying the standard deviation of volume generated
by each constraint plane set and the number of unbounded constraint sets per path.

Bubble-bath has the most consistent volume generated and computation time, making it

worthy of consideration for applications where predictability is a top priority.

2.6 Numerical Simulations Results

The proposed guidance system is validated by means of two numerical simulations in which
a tactical and reckless parameter set is employed. The simulation is performed on a map
that mimics the layout of an office setting. The boundaries of obstacles are denoted with
solid black lines, the UAV’s starting position is marked with a green star, the time-history
of the UAV’s position is indicated with the red line, and the pink and yellow contour map
is a projection of the explored set of voxels into the horizontal plane. The UAV is required

in each simulation to explore at least 97% of the map.
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Figure 2.18: Volume information from the collected data sets. The data presented here is
the average volume of constraints sets along each path for each algorithm, and the maximum
and minimum volume of a constraint set. The red line signifies the median value of the data
collected.

Figure 2.19 shows simulation results in a single-floor indoor environment mapped employ-
ing a reckless tactic. A heat map showing how many voxels have been explored is projection
on three orthogonal planes. Figures 2.20 shows simulation results employing a tactical ap-
proach. The horizontal projection of the UAV’s coverage of the environment shows that
the reckless parameter set produces a less consistent mapping coverage of the environment.
In both Figure 2.19 and 2.20, the UAV’s trajectory intersects itself, due to Algorithm 2.2.1
not considering the coverage problem explicitly but instead to focus the UAV on nearby

unexplored regions.
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Figure 2.19: A numerical simulation of the proposed trajectory planner with user-defined
parameters set to induce reckless guidance and a systematic goal selection behavior. The
UAV travels at an average distance of 3.92m from the obstacle set with a standard devia-
tion of 2.78m. The flight time is 306.52s, during which, the UAV traverses 129.57m while
exploring voxels at a rate of 531.58 %‘J’ZS

2.7 Conclusion

The novel guidance system presented in this chapter allows for a front-facing-camera
equipped UAV to autonomously map an environment while simultaneously seeking cover
via nearby obstacles. User-defined parameters allow for the tuning of flight behavior to
induce a more tactical or reckless behavior from the UAV. In particular, the emphasis of
this chapter is placed upon the study to optimize Algorithm 2.2.1 in order to reduce com-
putational time, the experiment performed to decide the suitability of 2.3.1 versus 2.3.2,
and the experiment to compare the effectiveness of the MDCA, Bubble-Bath, SFC and IRIS
algorithms in generating obstacle free environments as part of the trajectory planner. The
implication of this chapter is an effective, as shown via numerical simulations, guidance

system that can be employed on UAVs.



2.7. CONCLUSION 55

Explored: 99.48% Percent

—Obstacles’ set explored
+ 10(0) — 100
—Tk(iAT)
© Projection of Vexplored
183.3
- 66.7
50

Figure 2.20: A numerical simulation of the proposed trajectory planner with user-defined
parameters set to induce tactical guidance and greedy goal selection behavior. The UAV
travels at an average distance of 1.02m from the obstacle set with a standard deviation of
0.94m. The flight time is 463.65s, during which, the UAV traverses 221.85m while exploring
voxels at a rate of 445.87 %;ls



Chapter 3

An Adaptive Control System for

Quad-Rotor Biplanes

3.1 Introduction

Having examined in Chapter 2 the problem of designing a vision-based guidance system
for multi-rotor UAVs, in this chapter, we address the second main problem of this research,
namely, the design of the control system for a vertical take-off and landing (VTOL) UAV
that is poorly modeled. In particular, we focus on the Quad-Rotor Biplane (QRBP) UAV,

pictured in Figure 3.1.

A key feature of this vehicle is that, being equipped with four propellers like a conventional
quadcopter, it is able to take-off, land, and hover vertically. Furthermore, being equipped
with wings, it is has a considerably longer range than classical quadcopters. When pitched
upward, the QRBP’s propellers must produce sufficient thrust to sustain the UAV’s altitude
and follow some user-defined trajectory. However, when pitched forward, the lift produced
by the wings sustains the UAV, whereas the propellers need only to produce a sufficiently
high forward velocity, and, usually, much less power is required to operate a fixed-wing UAV
compared to a quadcopter of the same size and weight. The vehicle employed in this research
is identical to the Army Research Lab (ARL) Common Research Configuration (CRC), and

a considerable challenge for this vehicle lies in the fact that it has no control surfaces and

56
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as such, all maneuvering is done as a result of the differential thrust as produced by its four

propellers.

While the vehicle is traveling in the near vertical regime, it is considered to be in quadcopter
mode, and while the vehicle is traveling near-horizontally, it is considered to be in biplane
mode. In this research, the critical point whereby the QRBP switches between quadcopter
and biplane mode is identified by the pitch angle such that, in purely longitudinal motion, the
wings are not stalled. Ideally, such switching condition should be marked by the UAV’s stall
angle. However, this approach would not be practical for our vehicle. Indeed, classifying the
UAV’s behavior as a function of the stall angle would require both a reliable way to measure
the UAV’s angle of attack relative to the wind velocity and a good characterization of the
UAV’s aerodynamic profile. These two requirements involve the use of sufficiently reliable
Pitot tubes or equivalent meters and some work in a wind tunnel. However, one of the scopes

of this research is to produce control systems for poorly characterized VIOL UAVs.

Since the vehicle’s dynamics is captured by two alternative models, the underlying control
system reflects this separation. Furthermore, as it is common practice in the dynamics
and control literature for fixed-wing UAVs, we separate both the dynamical models and
the corresponding control systems into longitudinal and lateral-directional modes [43, Ch.
2]. The longitudinal control problem involves regulating the vehicle’s pitch angle and its
position in a vertical plane in the global reference frame. The lateral-directional control
problem consists of regulating the vehicle’s roll and yaw angles as well as controlling the
vehicle’s lateral displacements. Shown in Figure 3.2 is a diagram of the QRBP with the
outputs of the longitudinal and lateral controllers noted.

To capture the longitudinal dynamics, we consider the state vector Ziong = [2c, 2, 0, u, w, q]T,

and to capture the lateral-directional dynamics, we consider the state vector x4 = [ye, ¢, 1,

v,p,r]T € RS, where [z, ¥, 2¢|T : [to,00) — R? captures the UAV’s position in the global
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Figure 3.1: The Quad-Rotor Biplane with Vicon-Motion Capture reflectors as used with
indoor flight tests.

reference frame, ¢ : [ty,00) — [0,27) denotes the UAV’s roll angle, 6 : [ty,00) — (—g, %)
denotes the UAV’s roll angle, 9 : [tg, 00) — [0,27) denotes the UAV’s yaw angle, [u, v, w] :
[to,00) — R3 captures the UAV’s position in the global reference frame, and [p,q,r]T :
[to,00) — R3 captures the UAV’s angular velocity, expressed in the UAV’s frame. The
longitudinal dynamics of the vehicle are controlled by an output-feedback MRAC system.
The lateral dynamics of the vehicle are controlled by a novel adaptive system. The adaptive
controller used for lateral movement is novel in its use of a dynamically switched model to

account for the change of dynamics as the QRBP switches between quadcopter and biplane

mode.

This chapter is organized as follows. Section 3.2 provides a derivation of the classical
MRAC algorithm, employing the same formulation as in [44], along with the underlying

arguments regarding stability. The classical MRAC architecture steers the controlled plant
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Figure 3.2: A diagram of the Quad-Rotor Biplane with body reference frame axes and Euler
angles noted in black, and the outputs of the longitudinal controller and lateral controller
denoted in blue and red respectively.

trajectory toward the trajectory of a reference model. Thus, the user unable to provide an
arbitrary reference signal to follow. In Section 3.3, we present an adaptive control archi-
tecture that modifies the classical MRAC law by means of an integral error term, which
steers the plant trajectory toward an arbitrary reference trajectory. Section 3.4 provides
the theory of a switched MRAC system which underlies the lateral controller of the UAV.
Section 3.5 details the specific implementation of the previously mentioned theories into a

control system for the QRBP. Finally, Section 3.6 draws conclusions about this work.
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3.2 Fundamentals of Model Reference Adaptive Con-

trol

In this section, we recall key elements of the classical MRAC architecture [44]. According
to this architecture, we consider the problem of controlling a plant affected by matched
and parametric uncertainties. In particular, we consider the problem of steering the plant
trajectory toward the trajectory of a user-defined reference model. Later in this chapter,
we will discuss how this approach can be extended to address the problem of following a

reference signal that is not the generated as the state of a dynamical model.

To present the direct MRAC framework, consider the plant model
@(t) = Ax(t) + BA(u(t) + 0T d(t, 2(1))), x(tg) = o, t > to. (3.1)

The system state is denoted by x : [tg,00) — R™. The control input generated by the
presented controller is denoted u : [tg,00) — R™. The matrix representing the system’s
dynamic is unknown, assumed constant and denoted by A € R™*™. It is worth noting that,
in practice, the structure of A is known. The control matrix, known to the user, is denoted
by B € R™™. Control failures and modeling errors are modeled by A € R™*™ where A
is unknown and constant, diagonal, with elements, \;, that are positive. The known basis
functions ® : [ty, 00) — R¥ are assumed to be Lipschitz-continuous, is known as the regressor

vector, is denoted by ®(x,t) € RY.

Part of the controller design is the selection of a reference model that is stable and reflects

the user-desired response of the system to bounded command trajectories. The general form
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of the reference model is

iref(t) - Arefxref(t) + Brefr<t)7 xref<t0) = Tref,0, t Z tO- (32)

The reference model state is denoted by e @ [to, 00) — R™. Additionally, r : [ty,00) — R™
is the user defined, externally bounded command trajectory of the reference model. The
matrix representing the reference model’s dynamics, denoted by A,.s € R"*", is user defined

and Hurwitz. The reference model control matrix, is denoted by B, € R™*™.

To track the error between the system and its reference model, the trajectory tracking error
is defined as e(t) = (t) — xye(t). Thus, a control law for the control input w(t) is defined
such that e(t) tends globally uniformly asymptotically to 0 as ¢ — oo. To generate an ideal
solution for a completely known system in which there are no parametric uncertainties, the

control law is defined as

Uideal(£) = Ko (t) + Ko (1) — 670 (x (1)), (3.3)

where K, € R"™™ and K, € R™*™ verify the matching conditions

A+ BAK! = A, (3.4)

BAK! = By (3.5)

In practice, the matching conditions can not be verified because A and A are unknown.

Thus, inspired by (3.2), the MRAC control law is given by

u(t) = KTz(t) + KIr(t) — 67 ®(x(t)), (3.6)

where K, : [tg,00) — R™™ K, : [ty,00) — R™™ and © : [ty,00) — RV*™ are the
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adaptive gains replacing the unknown matrices used in the ideal control law.

Applying the control input given by (3.2), the closed-loop plant trajectory is given by

() = (A + BAkg) (t) + BA (KTTT(t) —(O) — @)T<I>(x(t))) ,

x(to) = X, t 2 to, (37)

and the trajectory tracking error dynamics is given by

e(t) = () — Zref(t)
= Aee(t) + BA (AKITx + AKTr — A@T(I)(JJ)) , e(to) = To — Treto, t > to,

(3.8)

where AK,(t) = K,(t) — K,, AK,(t) = K,(t) — K,, and A©(t) = ©(t) — ©.

Adaptive gains are chosen to enforce Lyapunov stability of the origin of (3.2) and uniform
asymptotic convergence of the trajectory tracking error to zero. These adaptive laws are

given by

K, = -T,a()e()"PB,  K.(to) = Kn, >t (3.9)
Ky = —Lr(e®)PB,  Kilto) = Ko, t>to, (3.10)
O = Tyd(z(t))e(t)TPB,  O(t) = Oy,  t>to, (3.11)

where the adaptive rate matrices I'y € R™ " T, € R™™ and I'y € RV*V are symmetric
Yy )

positive-definite, and user-defined and P € R™*" denotes the symmetric, positive-definite
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solution of

PAes+ AL P = —Q (3.12)

ref

with Q € R™*" symmetric, positive-definite, and user-defined.

3.3 Model Reference Adaptive Control with Output

Signal Tracking

The theory laid out in Section 3.2 is augmented in this section for bounded signal tracking.
A challenge in the use of classical model reference adaptive control lies in the fact that the
user is unable to design the reference trajectory directly, but through the design of A,
Biet, and r(+). The approach proposed in this section, instead, allows the user to design the

reference trajectory explicitly.

Consider the plant model
ip(t) = Apzp(t) + BpA (u(t) + ©7®(z,(t))) | z(to) = xo, t > to. (3.13)

The state vector of the system’s plant is denoted by x, : [0, 00) — R™. Matched nonlinear
uncertainties are captured by the unknown matrix © € RY*™ and the user-defined regressor
vector @ : [tg,00) X R™ — RN, The matrix A, € R™*" is constant and unknown while
the plant dynamics matrix B, € R"™™ is constant and known. Control actuation errors are
captured by A € R™*™ which is constant, diagonal, unknown, and is comprised of positive

elements.

The pair (A,, B,A) is assumed to be controllable. In order to accomplish the goal of
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bounded command tracking, wu(-) is designed so that the system’s output can track any

bounded, time-varying command. As such, the system’s output is given by
y(t) = Cpap(t) + Dplu(t) + @Tq)(tv zp(t))], (3.14)

where C, € R™*" and D,, € R™*™\{0}. Remarkably, the fact that D, can not be set equal to
zero is not a limitation for the purposes of this control scheme. Now, let yemq : [to, 00) — R™
denote the user-defined command signal. Thus, the system’s output tracking error is given by

ey(t) = y(t) —Yema(t), and the integrated output tracking error is defined e, (t) = fot ey(T)dr.

The augmented system state-vector is written as x(t) = [egl(t),xg(t)f € R", where

n = n, +m. Therefore, the augmented open-loop dynamics can be written as

i(t) = Az(t) + BA (u(t) + ©T0(t, 2(t))) + BretYema(t), (3.15)
y(t) = Cx(t) + Du(t), (3.16)
where
Ome Cp Omxm _Ime
A= , B= , Bret = , and C= |:Om><m Cp:| :
Onpxm Ap Bp Onpxm

Assuming that the matching condition in Equation (3.4) and Equation (3.5) are verified,

the reference model of the system is given by

Tref(t) = AvetTref(t) + BretYema (), Tret(t0) = Tref 0, t > to, (3.17)

yref(t) = eref(t)- (318)
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for this regulation problem, the MRAC control input is given by
u(t) = Kz (t) (3.19)

where K, (-) verifies Equation (3.9).

3.4 Switched MRAC

This section presents an MRAC architecture for nonlinear, time-varying switched dynam-
ical systems, that is, for systems whose dynamics vary instantaneously at unknown time
instants [45]. This architecture is employed to derive a control law capable of handling the

QRBP operating in the two distinct modes of quadcopter and biplane mode.

As discussed in [46], there exist multiple notions of solution of switched differential equa-
tion. In this thesis, we focus on the Carathéodory solutions. Given the switched dynamical

model

i(t) = fow(t, (), x(to) =x0, t>to, (3.20)

Carathéodory solutions are absolutely continuous functions [47, Def. 6.1.1] so that

z(t) = xo ~|—/t f(r,z(r))dr, (3.21)

where o : [tg,00) — X C N and the integral is defined in the sense of Lebesgue. As shown in
[45], thus far, there exist MRAC systems for switched plants only in the Carathéodory and
the Filippov framework. In this thesis, we consider the former only, and omit the latter for

brevity.



66 CHAPTER 3. AN ADAPTIVE CONTROL SYSTEM FOR QUAD-ROTOR BIPLANES

Consider the nonlinear system

#(t) = Aga(t) + Buylult) + O 0o (t,2(D)),  alto) a0, t>fo,  (3.22)

where the set D C R" is open, connected and such that 0 € D. The plant’s trajectory is
denoted by x : [ty,00) — D, in the sense of Carathéodory, and the control input is given by
u : [tg,00) — R™. The user-defined switching signal is denoted o : [tg, 00) — 3, and ¥ C Nis
bounded and, hence, we assume that the first & positive integers comprise ¥, where & denotes
the cardinality of 3. The parametric uncertainties of the plant are captured by the unknown
matrix A, € R"*" s € ¥, with the mapping s — A, also considered to be unknown. While
the elements of A, are unknown, in practical applications, the structure of A, is known.
The control matrix, denoted by B, € R"*™ is known. We assume that the corresponding
pairs (A, B,) are controllable for all s € 3. The term ©T®,(¢, z), (s,t,7) € ¥ X [ty,0) X R,
captures matched uncertainties where © € RY*™ is unknown and the regressor vector,
denoted by @, : [tg,00) x R® — R is known, Lebesgue integrable, and jointly continuous
in its arguments. The regressor vector, ®4(t, -) is Lipschitz continuous in z uniformly in ¢ on

compact subsets of [tg, 00).

The plant’s dynamical reference model, with time dependent switching, is given by

i’ref(t) = Aref,a’(t)xref(t) + Bref,a(t)r(t)y xref(t[)) = Tref,05 t > 1. (323)

where the reference model trajectory is denoted by zyef @ [tg,00) — R™. Additionally, r :
[tg,00) — R™ is the piecewise continuous and bounded command input of the reference
model. The matrix representing the reference model’s dynamics, denoted by A,e;s € R™*7,

is user defined and Hurwitz. The reference model control matrix, is denoted by Biets € R™*™.
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For all s € ¥, we assume that pairs (K, s, K, ) € R™™ x R™*™ exist such that matching
conditions

Avets = Ay + ByK ) sSEX (3.24)

z,8?

Brets = BoK,!, (3.25)

are verified. Each linear, time-invariant, dynamical system comprising the reference model
(3.23) is input-to-state stable, therefore we assume that there is a dwell-time such that the
reference dynamical model (3.23) is stable. The dwell-time is the parameter such that, if
the switching time between two consecutive modes is larger than the dwell time, then no

instability is induced by the switching.

Let P € R™"™ denote the symmetric, positive-definite solution of Lyapunov matrix in-
equalities

AL, P+ PAgs < —Q, sEY, (3.26)

ref,s

where Q € R™™ is symmetric, positive-definite, and user-defined. If u(t) = ¢(O(t), D) (t, 2(t))),

t > tg, the control law, denoted by

A ~

$(O0,d,) =0Td,,  (5,0,d,) € & x RECFTm+TN)xm o Rolntm)+N) (3.27)
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AO(t) 2 O(t) — 6,0 : [ty, 00) — REMFM)FN)xm

~

O(t) = Ty (t,2(t))e" (t)PByy,  Olto) = O, (3.28)
Z(s) ® z(t)

D (t,x) £ I(s)@r(t) | (s,t,z) € ¥ X [tg,00) x R™, (3.29)
—d,(t, )

I(s) = [1{562:5—1:0}<S)7 S 1{362:5—5:0}(8)}T ) (3.30)

62K, .. K, K5, . K. e, (3.31)

[ € REMTm)FN)x(@n+m)+N) denotes the adaptive rate matrix, o : [tp,00) — ¥ denotes
the user-defined switching signal, ¥ C N is bounded, and ¥ comprises the first & positive
integers, where ¢ denotes the cardinality of X. The trajectory tracking error dynamics are

given by
é(t) = Areﬁa(t)e(t) + Bg(t)A@T(t)ci)g(t) (t, l’(t)), 6(75()) = Lo — Tref,0, t Z to. (332)

Theorem 3.1.  Consider the closed-loop trajectory tracking error dynamics (3.32) and the
adaptive law (3.28). Assume that the matching conditions (3.24) and (3.25) are verified, and
there exists positive-definite matrices P, Q) € R™*™ so that both the trajectory tracking error
e(-) and the adaptive gain matriz ©(-) are bounded uniformly in both ty € [0,00) and o(-),

and e(t) — 0 as t — oo uniformly in both ty and o(-).

3.5 Implementation

This section details how the theory of Model Reference Adaptive Control, discussed in

Section 3.2, and its derivations are utilized in the control of a QRBP.
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._....* ZQ]]'

Figure 3.3: Schematic representation of the QRBP, inertial, longitudinal axes, and pitch
angle. The UAV’s roll and yaw axes are denoted by x and z, respectively. The thrust
generated by the propellers along the —z’ axis is denoted by Typper- The thrust generated
by the propellers along the 2! axis is denoted by Tiower-

By proceeding as in [20], longitudinal control of the QRBP is performed by applying
MRAC with output tracking discussed in Section 3.3. The lateral control is handled by a

switched MRAC system discussed in Section 3.4.

3.5.1 Longitudinal Control

The longitudinal controller features an inner and outer loop controller to control attitude
and position, respectively. A diagram of the QRBP in purely longitudinal motion is shown

in Figure 3.3.
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Remarkably, in light of the proposed approach, the pitch angle is not constrained in the

T T

interval (—5, 5). Initially, we assume the UAV is symmetric and moving only in the plane

created by the x and z axes of the inertial frame, denoted by I. The translational dynamic

equations of the QRBP are given by

Fa(t) =m ™ [Fx(t) — L(t,v(t)) siny(t) — D(t,v(t)) cosy(t)], (3.33)
za(to) =xap0, Ta(to) =204
2a(t) =m [~ Fy(t) + mg — L(t,v(t)) cosy(t) + D(t,v(t)) siny(t)] (3.34)

za(to) = za0, 2a(to) = 24,04
where the components of thrust force are defined as

FX(t) = (Tupper () + Thower (£)) cos (2), (3.35)

the lift and drag of the vehicle, respectively, are given by

L{t,v) = oIl PSCila(t)), (337)

D(t,v) = spllel PSCafa(r). (3.39)

air density is denoted by p > 0, the platform area of the wing is denoted S > 0, the
aerodynamic lift coefficient is denoted by C; : [0,27) — [0,00), the aerodynamic drag

coefficient is denoted by Cy : [0,27) — (0, 00), the angle of attack is denoted by

a(t) = atan2(24(t), 2a(t)), (3.39)



3.5. IMPLEMENTATION 71

with the function

arctan (%) if x>0,

arctan (%) +7m ifxr<0andy >0,
arctan (3) —7m ifx<0andy<D0,

A x
atan2(y, x) = ;

o) ifxr=0andy >0,

-5 ifxr=0andy <0,
undefined ifx=0andy=0,

and v(t) £ 0(t) — a(t) denotes the UAV’s flight path angle.

The rotational dynamic equation of the QRBP is given by

A(t) = IV [My(8) — My(t,0()], 0(to) =0y, 6(to) = 0bpa, t> to, (3.40)

where I, > 0 denotes the UAV’s principal moment of inertia about the y' axis, M,(t,v) £
2p||v|[2S1C,, (a(t)) denotes the acrodynamic moment, and Cy, : R — R denotes the aerody-

namic moment coefficient. The moment of the thrust is denoted by

My(t) = 1 [Tiwer (t) ~ Tupes (0], 2 1, (3.41)

where [ > 0 denotes the distance from the center of mass to the rotors.
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The outer loop dynamics are captured by

Fx(t)
:touter <t> = Aouter Touter (t) + BOUter "
—Fy(t)
n —Lpllo@®)|2S [(Cro + Crac(t)) siny(t) + (Cag + Cagalt)) cosy(t)]
outer ’
mg + 2pllv()[|2S [(Cao + Cana(t)) siny(t) — (Cro + Cra(t)) cos(t)]
Touter (t0) = [Ta,0, 240, T, ds 20, a] > to, (3.42)
02 2 IQ 02 2 g
where Aouter = " ) Bouter = m~! g ) and Zouter = |:xA(t> ZA(t) TA ZA:| ’
O2x2  O2x2 I

FY(t) = touer 1(8) + 570 S1(Cro + Craa(®) ) siny(t) + (Cuo + Caaa(t) ) cos 7 (1),

t>1, (3.43)
and

1 ~ A A A .
~F5(t) = touer 2(t) = 5ll0(1)[25 (Cd,o + Cd@a(t)) sin (L), t > to. (3.44)

Therefore, (3.42) reduces to

jjouter (t) = Aouter Louter (t) + Bouter [uouter (t> + @Euter (I)outer (t)}

Touter (t0) = [4.0, 24,0, T a0, d> Za0, ) » L >to, (3.45)

where the virtual control input is denoted ugyter = [uouter,l(t%uouteLQ(t)]T € R? and the

expressions comprising Ogyer(t) € R%*? and @y (t) € R are given in the Appendix B.
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For inner loop control, the pitch command is given by

FL(t), Fx (1)), if |Fx(t)]>ex and — FL(t) +mg > ez,

,FX (1)), if ‘F}I((t)} >ex and — FL(t) +mg < —eg,

VX)), i [F(t)| > ex and |mg— FL(t)| <ez,
6)cmd(t) £

,F}I((t)), if ‘F}I{(t)} <ex and — F_(t)+mg > ez,

z if |Fx(t)] <ex and —mg+ FL(t) > ez,
3 if |[F%(t)] <ex and ‘F%(t) - mg! <egz,
\
t >t (3.46)

where ey and ez are user defined constraints used to eliminate arbitrarily small reference

trajectories.

The inner loop dynamics are given by

. 1
xinner(t) - Ainnerxinner(t) + Binner My<t) - §p||’(}(t>”25l (Cm,() + Cm,aa(t))} )

minner<t0) = [607 90,d]T7 > tO? (347>

01 0

A

T
where Ainner é 0 0 ) Binner = I—l ) and :L‘iﬂnel”(t) = |:9<t)7 (9(t):| ’

The pitch moment is given by

1 N ~ ~
My () =t (1) + 57[0(8)|2S1 ((JWO + cm,aa(t)) L t>t, (3.48)
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such that the system comprising the inner loop of the QRBP is given by

iinner (t) = Ainnerwinner(t) + Binner [uinner (t) + @;Ir‘mer@inner(t)} )

xinner(tO) = [907 QO,d}Ta t 2 tO- (349)

Combining the dynamics equations of outer (3.42) and inner (3.47) loops yields a system

in which we define the state z,(t) = [z, (t), 2} (t)]T, the control signal is denoted by

inner » ~outer

u(t) = [uih e (0), uguter(t)]T , and the matrices comprising this system are

Binner 0 1,0 0 0
A, = blockdiag (Amers Aouter) , By = ‘|, and G, = 1.0] O Oy
04><1 Bouter O2><2 IZ 02><2
~ Omxm  Cp . D, -
We define A = , B = ,and C' = [Omxm,Cp]. We let Pgr €
Onsm Ay B,

R +m)x(n+m) denote the symmetric positive-definite solution of the algebraic Riccati equation
0= A"Pgr + PugrA + Qror — Prqr BR™'B" Prgg, (3.50)

where R € R™™ and Qrqr € RT™X(+M) are user-defined, symmetric, and positive-

definite.

The integral tracking error is defined as e, 1(t) £ ftz [Y(T) = Yema(T)]dT, t > to, such that the
augmented state vector is written z(t) = [e](t), xg(t)}T. We define A, & A — BR™'BTP,

Biot = [— I, Omxn]T, and C.op = C — DPR’IBTP such that Zef(+) is the solution to

- <L ~ ~ T
xref(t) = Arefxref + Brefycmda xref(tO) = [07’27 x};ﬂo] ) t > to. (351)
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The augemented trajectory tracking error is defined é(t) £ w(t) — Z.¢. The feedback

control law is given by

¢MRAC,tracking (Wtracking<t7 JE) ) K) é _er + KTWtracking(ta .T),

(t,z, K) € [ty,00) x RT™ x Rn+mEN)pxm (3 59)
where the LQR gain matrix is denoted K, = R~'BT P qrz, and
. T T
Tosacking(£,7) 2 {— (RB"Pigne) ,—@"(t m} (3.53)

denotes the vector of feedback variables,

K(t) = Diacking (t, 2(t))E* (t) P, B, K(t) = Ko, t > to, (3.54)

IS blockdiag (I'Lqr, ['e), the user-defined adaptive rate matrices 'y qr € R(+m)x(ntm) and
I'e € RY*N are symmetric and positive-definite, P, € R(tm)x(ntm) denotes the symmetric,

positive-definite solution of the algebraic Lyapunov equation

0=AYP, 4+ P At + Q,, (3.55)

ref

and @, € R+m)x(ntm) ig symmetric, positive-definite, and user-defined.

The thrust force is computed as
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[ (FL®) + (FL0)?
o8 (Oema(t) — 6(t))

if [Oema(t) — O(t)] < Omax and  FL(t) <0, t > to,

if [Oema(t) — ()] < Omax and  FL(t) >0,

VEL0) + (L)%, otherwise,

(3.56)

where 0.« € (0, g) is a user-defined value that specifies a maximum allowable error in the
QRBP’s pitch. The thrust force T'(t), t > to, and the moment of the thrust force M, (t) are

realized by setting

0, if T(t) < Mz(t) and M,(t) > 0, t > 1o,
_Myl(t) if () < —MyT“) and M, (t) < 0,
Tapper(t) = 3 @ - M;l(t), it T(t) > 'Myl(t” and [fma(t) — 0(0)] < e, (3:57)
0. it 7(t) > ‘M@;“)’ and Buma(t) — 6(t) > O,
\ |Myl(t)|, if T(t) > ML Oema(t) — (1) < —Omax.
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and
( Myl(t), if T(t) < yl(t> and M, (t) > 0,
0 it T(t) < —Mﬂé(’f), and M, () < 0,
Tower () = @ + M;l(t), if T(t) > |Myl(t)| and |fema(t) — 0(t)] < Omax, (3.58)
|Myl<t>|, if T(t) > |M@2(t)| and Oepma(t) — 0(t) > Onax,
0, if T(t) > |Myl(t)| and Oena(t) — 0(t) < —Omax.

3.5.2 Lateral Control

In order to control the lateral states of the QRBP, the following novel switched adaptive
controller is employed. This architecture is employed to handle the different dynamics of
the QRBP as it operates in quadcopter and biplane mode. An additional facet of this novel

controller, is its integration into the Longitudinal Controller presented in Section 3.5.1.

The implemented lateral control architecture produces a force along the Y direction of the
inertial reference frame, denoted Y, such that the QRBP tracks the commanded trajectory

along Y'. The dynamics are given by

yal(t) _ 0 1| |ya(t) N 0 [Fy(t)+@T(p(tay<t))]v t > to,

ja@)| [0 0] ga(®)]| |m™
yalto) | _ Yo L (3.59)
Y (to) Y0

where ya : [tp,00) — R denotes the UAV’s position along Y!, m > 0 denotes the UAV’s
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mass, © = CgpS, Cs > 0 denotes the lateral drag coefficient, p > 0 denotes the air density,

O =—pS[Cp,Cs,C1]" € R?, (3.60)

R2,l(¢<t)7 Q(t), ¢(t))v1 (t)
o(t,5(1) = o) | Roa(e(t), (1), b(t))ua(t) | € R, (3.61)
Ros((1), (1), %(2))ws(t)

R; j(+) denotes the element of R(-) on the i-th row and j-th column, and

costp(t) —sinep(t) 0| | cosf(t) 0O sind(t)| |1 0 0
Ry(¢,0,¢) = siny(t) cosy(t) O 0 1 0 0 coso(t) —sino(t)|
0 0 1| |—sinf(t) 0 cosf(t)| |0 sing(t) coso(t)

(6,0,4) € [0,27) x (‘%%) % [0, 271).

(3.62)
Consider the reference model
yAJef(t) 0 1 yA,ref(t) 0
= + ycmd(t)a t 2 tO?
/yA,ref<t) —hp A _kd,A yA,ref(t> 1
Yaret(t YA ref,
()] _ “1, (3.63)

yA,ref(tO) yA,ref,Oa
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where k, 4, k44 > 0 are user-defined. If m > 0 were known, then matching conditions

0 1 01 0
= + K, (3.64)
—Rp,A _kd,A 0 0 m~!
0 0
= K., (3.65)
1 m1

can be verified explicitly by setting

K, = —mkya,kan]" €R2 (3.66)

K, =m. (3.67)

Thus, we set

Fy(t) = —mbkpaya(t) — mkaaga(t) + myena(t) — ©T (£, 5(t)) + KT () 2(t,9a(t)),

t Z tO?
(3.68)
where © € R? denotes an estimate of ©,
: - 0
K(t) = —T'®(t,ya(t))e, P, E (3.69)
-

the matrix P € R?*? is the symmetric, positive-definite solution of the algrebraic Lyapunov



80 CHAPTER 3. AN ADAPTIVE CONTROL SYSTEM FOR QUAD-ROTOR BIPLANES

equation

T

0 1 0 1
Py + P, = —Qy, (3.70)

—kpa —kaa —kpa —kaa

the matrix @, € R?*? is user-defined, symmetric, and positive-definite, the adaptive rate

Ya t YA ref t
matriz I' € R**3 is symmetrix, positive-definite, and e, (t) £ ®) ®)

yA (t) yA,ref(t) .

Since the UAV’s y(+) axis and the inertial Y axes are not necessarily coaxial, we let

Fx(t) cosp(t) sing(t) 0| | Fx(¢)
Fe(t)]| = |—sing(t) coso(t) 0| |Fr(t)]|, t>to, (3.71)
Fy(t) 0 0 1| |Fz(t)

where Fx(t) and Fyz(t) are calculated using (3.43) and (3.44) respectively.

Thus, we compute the reference yaw roll angle as

p

atan2 (FZ(t),F’y(t)> 1z, it |E, (1) >ey and — Fu(t) +mg > ez,
atan2 <|FZ(t)| ,Fy(t)> —z i [F(t)] > ey and — Fy(t) +mg < —5,
)2 atan2 <|FZ(t)],Fy(t)> — I i |F(t)| > ey and |mg — Fs(t)] < £z,
mmmwmmm—g it |F,(t)] <ey and — Fy(t) +mg > ey,
0, if |[F,(t)|<ey and —mg+ Fy(t) > ez,
\(), if |Fy(t)| <ey and |Fz(t) —mg| <egz,
(3.72)

where ey and ez are user defined constraints used to eliminate arbitrarily small reference
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trajectories. Considering the QRBP’s roll dynamics, the reference signal ®cmq(t) € [—3, 5]
is user-defined and arbitrary.
We note that the angular kinematics is given by
ot p(t o(t ¢
( ) = Bkin,a(t) ( ) ) ( 0) = " ) t > o, (373)
»(t) r(t) (to) Yo
where
1 tan Qevg(t)
Byin1 = : (3.74)
0 1
Buin2 = 1o, (3.75)

the subscript “1” denotes the biplane mode, and the subscript “2” denotes the quadcopter
mode. If the UAV is tasked with flying in biplane mode, then the UAV’s pitch angle at trim

is assumed to be given by 6., € (—5, 5), where 6 € (0,7/2).

Thus, we choose

Pemalt Gemallt o(t Gemall
a!) - B3l d()«—A}Mn e T, (3.76)

Temd (t) ¢cmd (t) w(t) wcmd (t>

where Kpyin € R2*2 is user-defined, symmetric, and positive-definite and

1 —tan ee’o—(t)
k_irl1,1 = ) (3'77)

0 1

Bgl, = 1.. (3.78)
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Next, we design M,, M, : [to,00) — R such that lim;

formly in tq > 0. To this goal, note that

p(t) p(t) M, (t)
= Adyn,o(t) + den )
7(t) r(t) M. (t)
where
- ey ON I, 9L
A A I.2°2—1I,1, Op I2,—1I.1, Op
dyn,1—
_Izz 8L Iz 8N

I2.—I, I, 0p 12,—I,I, dp

Adyn,Q = Oax2 )

Iz Izz

Bay A 12 —I,1, 12 —I.1,
Iz Iy

12 —I,1, 12 —I,1,

Furthermore, we consider the reference model

pref(t) pref(t)

= Adyn,ref,a(t) + denpcmd (t>a

f’ref(t) Tref(t>

where Agqynreto € R?*? is a full matrix (just like Aqyn,) and Hurwitz, and

_ pcmd(t)

Pemd (t) = deln _Adyn,ref,a(t)
T'emd (t)

pcmd(t) _ écmd(t)
Bkirll,g(t) ) — Kpyin

’f‘cmd (t) wcmd (t)

T2 I, or

T2, —I I, or  12,—I,I, Or

= 0 uni-

(3.79)

(3.80)

(3.81)

(3.82)

t2t07

(3.83)

(3.84)

(3.85)
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Thus, we set

Kogo(t) 0 Kag o) 0
Kpp o) =
0 Koy o(t) 0 Kap,o(t)
such that
o(t)
M, (t) b1 oo
T = —KPD,g(t) + [A(g;/n(t) T(t) ’ (386)

M.(t) p(t)

pcmd(t)
r(t)

where Kpog o(6): Kago(t): Kpwot) Kap,or) are user defined for o € {1,2} the adaptive gain

Kayn : [to, 00) — R*? is such that

M L] [eew])
A _ b Pref ~ ~
Kdyn(t) =T ! T(t) - deanym Kdyn<t0) = Kdyn,07
r(t) Tref(t)
pcmd(t)

(3.87)

[' € R** is user-defined, symmetric, and positive-definite, and Pyy,, € R?*? is symmetric,

positive-definite, and verifies the Lyapunov inequality

AdTyn,ref,sden + denAdyn,ref,s < _Qdyn (388)

for all s € {1,2} with Qqyn € R**? user-defined, symmetric, and positive-definite. ~ The
thrust force to be produced by the upper pair of propellers T, : [0,00) — R, the thrust

force to be produced by the lower pair of propellers 7; : [0,00) — R, as calculated via the
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Figure 3.4: Schematic representation of the thrust forces acting on a quadbiplane UAV. The
vector Ty(-) denotes the thrust force produced by the left propeller of the upper pair, T, ,(+)
denotes the thrust force produced by the right propeller of the upper pair, 7j,(-) denotes the
thrust force produced by the right propeller of the lower pair, 71;(-) denotes the thrust force
produced by the left propeller of the lower pair, the upper left propeller and the lower right
propeller are assumed to rotate clockwise and the lower left propeller and the upper right
propeller are assumed to rotate counter-clockwise.

controller in Section 3.5.1, and the moments of the thrust force about the roll and yaw axes

M,, M, : [0,00) — R, the thrust force produced by each propeller can be computed as

T{t)=M" , t>0, (3.89)
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where T(t) 2 [T,1(t), Tux(t), Tix(t), T11(t)] ", the mixer matrix is given by

M= , (3.90)

cr £ eppD®, cp > 0 denotes the drag coefficient, ly denotes the distance of the rotors from
the vehicle’s center of mass along the 3’ axis, and D > 0 denotes the propeller’s diameter. A

diagram is provided of the corresponding layout of the distribution of thrust in Figure 3.4.

3.6 Conclusion

The MRAC theory presented in this chapter is the basis of the proposed control algorithm
for the QRBP. In its simplest form, MRAC allows for the control of a nonlinear system to
adapt to unknown perturbations and modeling errors. The addition of output state tracking
is the foundation for the proposed longitudinal control algorithm of the QRBP. Similarly,
the theory of MRAC for dynamically switched systems is employed for the lateral controller
of the QRBP. We detail the implementation of these theories with models of the longitudinal
and lateral dynamics of a QRBP. In effect, we provide the control architecture of a QRBP
that can effectively actuate user defined position commands. In future applications, this
ability to maneuver the QRBP could be paired with a guidance system, such as the one
presented in Chapter 2. The tools developed to refine the implementation of the proposed
architecture are presented in Chapter 4 and the validation of the proposed architecture is

presented in Chapter 5.



Chapter 4

Refinement of Experimental Process

4.1 Introduction

Efforts to streamline the validation of the control algorithm presented in Chapter 3 with
real-world flight tests present unique challenges. This chapter details those challenges and

the solutions proposed to resolve them.

Flying the QRBP requires accurate thrust realization, the tuning of many user-defined
parameters, and a particularly robust physical design of the vehicle. The motion of the
QRBP is actuated purely by thrust, which cannot be directly controlled with the available
flight-companion computer that executes the proposed control system. In the current ar-
chitecture, the companion computer is interfaced to each motor through a micro-controller
and a dedicated ESC (electronic speed controller). A procedure and mechanism are em-
ployed such that the output of the controller, namely [Tuppers Tiowers M, MZ]T discussed in
Section 3.5.2, can be accurately mapped to the normalized control inputs of the micro-
controller [Uy, Uy, Us, Uy|t € R*, where U; € [0,1] denotes the desired total thrust and
U,,Us, Uy € [—0.5,0.5] denote the desired roll, pitch, and yaw moment of the total thrust
in the micro-controller’s frame, respectively. In a typical flight, a poor quality controller
response results in the UAV crashing. To mitigate this likelihood, and restrict the degrees

of freedom of the UAV, we designed apparatus to streamline the tuning process.

86
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Figure 4.1: (Left)An early iteration of the thrust measurement stand. Due to limited ma-
chining access, the lever arm swings on 3D printed bushings and the plywood comprising
the super structure is bolted in such a way to allow the plate to be realigned as necessary
to avoid the apparatus binding up. The electronics necessary to run the experiment are in-
cluded as they are identical to those used on the QRBP. (Right) A comparison of the thrust
generated by a particular throttle input and the data provided by the motor’s manufacturer.
The experimental thrust values are significantly lower than the manufacturer’s data and the
relation of throttle to resulting thrust is not linear.

This chapter is structured as follows. Section 4.2 shows the development of a mecha-
nism and process used to effectively characterize the actuation of commercial-off-the-shelf
(COTS) UAV components. Section 4.3 details the development and implementation of a
static structure from which to test the UAV’s rotational dynamics. Section 4.4 details the
physical design of the QRBP such that it is capable of handling flight. Finally, Section 4.5

draws conclusions on the material presented in this chapter.

4.2 The Thrust Stand

It is customary for manufacturers of brushless motors for UAVs to provide thrust curves
for multiple, common types of propellers. Before attempting flight tests, the thrust curves

for the chosen motors, an AirA 2508, with a 7045 propeller, were verified employing the
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thrust stand designed as part of this research and shown in Figure 4.1a. As it appears in
Figure 4.1b, the manufacturer data resulted to be inaccurate, especially for larger values of

the normalized values of the input parameter U;, which captures the desired thrust force.

This section is structured as follows. Section 4.2.1 provides a brief overview of the system
to be tested and the motivation for conducting accurate thrust measurements. In Section
4.2.2, we describe the process by which we map throttle inputs to resulting thrust forces. In
Section 4.2.3, we present the results of this experiment. Section 4.2.4 provides a discussion

on the results of this effort.

4.2.1 A Brief Overview

To operate autonomously, with the only user-input being a pre-determined trajectory, the
onboard control system of the QRBP features a Pixhawk micro-controller and an Odroid-
XU4 single board computer. The Odroid-XU4 receives estimates on the vehicle’s state from
the Pixhawk, executes the control system as described in Chapter 3, and translates the
resulting forces and moments into a series of throttle values. The Pixhawk executes the PX/
Autopilot operating system and effectively acts as the control system’s interface with the
world, in that it filters the various sensor data into the vehicle state and applies power via

the ESCs to the motors. A diagram of this architecture is provided in Figure 4.2.

The control system discussed in Chapter 3 determines [Tipper(t), Tiower (t), My (£), M, (t)]T,

t > to, where Typper(+) denotes the thrust of the two rotors located along the _—

axis(see
Figure 4.3), Tiower(-) denotes the thrust of the two rotors located along the 2! axis, M,(-)
denotes the moment to be generated about the 2’ axis and M, (-) denotes the moment to be

generated about the 2’ axis. The dimensional input to the micro-controller is given by the
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Figure 4.2: Diagram of the electronics comprising the control system of the QRBP. Boxes
with a dashed border indicate values and boxes with solid borders indicate physical compo-
nents or algorithms. The micro-controller, a Pixhawk 6¢, combines and then filters the data
received from the listed sensors. This data is provided to the control algorithm described
in Chapter 3 which returns the normalized signals [Uy, Uy, Us, Uy]T. The micro-controller
applies these throttle values to the motors via the ESC to each motor.

total thrust ' € R, and the moment of the thrust [M, M, MI]" € R* so that

where the mizer matrix is given by

<
I3

T Tupper
M]P ﬂower
- M ,
P
M M,
MP M,

(4.2)

the distance from the center of the vehicle to the rotors along the 2% axis is denoted by [,

and the superscript P denotes the local reference frame of the micro-controller. A diagram of
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Pixhawk 6c¢
Microcontroller

%

Figure 4.3: Diagram representation of the fixed relation of the J and P reference frames of
the QRBP.

the relation between the QRBP’s reference frame and the micro-controller’s reference frame,

along with [ is shown in Figure 4.3.

The control signal U; is an input to the micro-controller for the normalized thrust force
of the entire vehicle. We measure the effect of this control input by measuring the force
produced when various values of U; are applied. To measure the moment created by the
control signals of [Us, Uz, Uy]T, we measure the underlying force, and, from there, deduce the
generated moment. With the knowledge of how [Us,, Us, Uy]T can impact the thrust of each
motor, we deduce the resulting moments from the geometry of the vehicle. The measurement

of the thrust forces and moments will unavoidably suffer from errors. However, these can be
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(a) Diagram of the stand used to measure the thrust generated by varying values of [Uy, Us, Us).
Special attention is paid so that the center of the rotor and the the point of the test-arm that
contacts the scale are equi-distant from the fulcrum point. The test arm is rigid and balanced with
a counterweight so that it remains approximately level in the absence of external forces. To reduce
aerodynamic interference such as ground effect, the stand is positioned so that the air traveling
through rotor is unimpeded by foreign objects such as furniture.
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(b) Diagram of the stand used to measure the resulting moment of varying values of [Uy, Uy|. Special
attention is paid to the geometry of [,y such that it should be level when force is applied

Figure 4.4

reasonably modeled as parametric uncertainties, and hence, accounted for by the proposed
MRAC systems. Additionally, we did not have access to a power supply that is capable of
providing a constant voltage source and are reliant upon a battery. Thereby, while not a
primary concern, it is considered during testing that we operate within a certain operating

range in terms of voltage.

A diagram of the contraption used to take measurements of resulting thrust, as used to
measure the impacts of [Uy, Uy, Us]T, is shown in Figure 4.4a. Similarly, a diagram of the
contraption used to take measurements of resulting moment, as used to measure the impacts

of [Uy, Uy)T, is shown in Figure 4.4b.
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For this experiment, we employed the Racerstar AirA 2508 1200KV motor paired with a
propeller with a 7”7 diameter and 4.5” of pitch. Mirroring the electronics of the QRBP, we
used a Holybro PM07 power distribution board and T-Motor F35A 35 Ampere ESC. We
employ a digital scale capable of 0.1g precision to measure force. For the test stand designed
to measure thrust, l,,, = 0.28m. For the test stand designed to measure reaction torque,

lorm = 0.085m.

4.2.2 Process

The procedure used to measure the relationship between the inputs [T'(-), M} (-), M, (), M (-)]
generated by the control algorithm and the normalized control inputs [Uy(+), Ua(+), Us(+), Us(+)]*
while considering the micro-controller as a black box, is detailed in the following. To map
the impact of our control inputs, the ACSL flightstack is modified such that direct values of
[UL(+), Us(+), Us(+), Us(+)]* may be applied and all other controller components negated. For
testing values of [Uy(+), Us(+), Us(+)]*, we measure the resulting thrust via the experimental
setup shown in Figure 4.4a. For testing the impact of Uy(:), we employ the experimental

setup shown in Figure 4.4b.

To begin the mapping of control inputs with the overall thrust created by the vehicle, we

follow the procedure laid out in Algorithm 4.2.1 such that we measure the resulting thrust

Algorithm 4.2.1 Thrust Mapping

for U; = 0.055,5 € {1,2,3,...20} do > Net effect of U;
for i e {1,...,4} do > Accounting for all 4 rotors
Trotor,i(Ur) <= Scale Reading
end for
Tiota1(Ur) = Z?Zl Trotor.i(U1) > Thrust of each rotor combined

end for
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generated by each motor over a series of test values given by

Ui J
U, 0
Us 0
Uy 0

where j € {0.05,0.10,...,1}. The thrust measured for a single motor as a result of the
applied value of Ui (+) is denoted Trotor:(Ur(+)),7 € 1,...,4. A summation of these thrusts is

then taken as the total thrust that the vehicle can produce and denoted Tioa1 (Ui (+)).

Algorithm 4.2.2 MF Mapping

for Uy = 0.05k, k € {—10,-9,...,10} do > Applying range of values for U,
for U; =0.15,j € {4,5,6} do > Accounting for a range of U
forie {1,...,4} do > Accounting for all 4 motors

Trotor,ijk (U1, Uz) <= Scale Reading
Trotor,ijk,net(U2) = Trotor,ijk(Ula UQ) - Trotor,ijk:(Ula O)
Mrotor,ijk(UQ) - SIGN(i) : l:r: : Trotor,ijk:,net(U2>
end for
Miotar i (Uz) = Zle M,otor,iji(Uz) > Moment due to each rotor combined
end for
Mtotal,k(UZ) = % 2521 Mtotal,jk(UQ)

end for

function sign(i) > Accounts for the direction that thrust is applied about z*
if i == 2 or i == 3 then
Return 1 > Thrust of rotor creates positive moment about z*
else
Return —1 > Thrust of rotor creates negative moment about
end if
end function

We then proceed to map the moment related to Us with Algorithm 4.2.2 We measure the
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thrust generated by each motor over a series of test values given by

U
Us
Us

o e > .

Uy

where j € {0.40,0.50,0.60} and k € {—0.5,—0.45,...,0.45,0.5}. The range of j is selected
as it reflects the intended throttle value at which the UAV hovers. We select a range of values
for U; to verify that the moment created due to Us is largely unaffected by U;. However, U,
does impact the amount of thrust available to create MY. The range of k is selected such

that it leaves power available for M, and M.

We conduct the experiment by applying U; = 0.05k, k € {—10,-9,...,10}, fixed U; =
0.15,5 € {4,5,6}, for each rotor and measuring the thrust output of the rotor, denoted by
Trotor,ijk (U1, Uz). The thrust produced for a particular value of U; when U, is set to zero is
denoted Tiotorijk(U,0). We account for the net impact of U, on the measured thrust of a
single rotor, denoted by Trotor.ijknet (U2) = Trotor,iji (Ut 0) = Trotorijk (Ur, Uz). The contribution
of a single rotor to MY produced by the UAV for a particular combination of U; and U, is
defined as Motor,ijk(Uz) = rotor,ijknet (U2)l; and accounting for the direction to which the
rotor’s thrust impacts ML, denoted by the sien(i) function. For each value U; and Us, we
perform a summation of each rotor’s contribution to Mf , denoted by Miotarjx(Us). We then
average the net moment about Mot jx across Uy = 0.15,j € {4,5,6}, such that we have a
set of moments, denoted Miotarx(Usz), that correspond to the control inputs Uy = 0.05k, k €
{-10,-9,...,10}.

The process of mapping Us is performed with Algorithm 4.2.3. We measure the thrust
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Algorithm 4.2.3 M, Mapping

for U; = 0.05k, k € {—10,—-9,...,10} do > Applying range of values for Us
for Uy =0.15,j € {4,5,6} do > Accounting for a range of Uy
for i € {1,...,4} do > Accounting for all 4 motors

Trotor,ijk (U1, Us) <= Scale Reading
Trotor,ijknet (Us) = Trotor,ij (U1, Us) — Trotor,i(Ut, 0)
MTOtOY,ijk(U3> = SIGN(i) : ly : Trotor,i,net<U3)
end for
Miotar,jk(Us) = Zle M,otor,ij (Us) > Moment due to each rotor combined
end for
Mtotal,k(U3) — %Zizl Mtotal,j(U?))
end for

function sign(i) > Accounts for the direction that thrust is applied about y*
if 1 ==1 or i« == 3 then
Return 1 > Thrust of rotor creates positive moment about y*
else
Return —1 > Thrust of rotor creates negative moment about 3"
end if
end function

generated by each motor over a series of test values given by

U
Uz
Us

o e o .

Uy

where 7 € {0.40,0.50,0.60} and k£ € {—0.5,—0.45,...,0.45,0.5}. The range of j is selected
as it reflects the intended throttle value at which the UAV hovers. We select a range of values
for U; to verify that the moment created due to Us is largely unaffected by U;. However, U,
does impact the amount of thrust available to create Mg’ . The range of k is selected such

that it leaves power available for MY and MT.

We conduct the experiment by applying Us = 0.05k,k € {—10,-9,...,10}, fixed U; =
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Algorithm 4.2.4 M¥ Mapping

for Uy = 0.05k,k € {-8,—7,...,8} do > Applying range of values for Uy
for U; =0.15,j € {4,5,6} do > Accounting for a range of Uy
for i € {1,...,4} do > We assume 4 rotors

Frotor,ijk (U1, Uy) <= Scale Reading
Mrotor,ijk(Uh U4) = larm : Frotor,ijk(Ula U4)
Mrotor,ijk,net(U4> = SIGN(i)(Mrotor,ijk<Ul7 U4) - Mrotor,ijk<U17 0))
end for
Motor,jx(Us) = Z?Zl Motorijk et (Us) > Moment of each rotor combined
end for
Mtotal,k(U4) = % Zgzl Mtotal,jk(U4)
end for

function sign(i) > Accounts for the direction that thrust is applied about 2
if i ==1 or i == 2 then
Return 1 > Thrust of rotor creates positive moment about 2"
else
Return —1 > Thrust of rotor creates negative moment about 2
end if

end function

0.17,5 € {4,5,6}, for each rotor and measuring the thrust output of the rotor, denoted by
Trotor,ij (U1, Us). The thrust produced for a particular value of U; when Us is set to zero is
denoted Tiotor,ijk(Ur,0). We account for the net impact of Us on the measured thrust of a
single rotor, denoted by Tiotor ijk.net (Us) £ Trotorijk (U1, 0)=Tiotoriji (U, Us). The contribution
of a single rotor to ME produced by the UAV for a particular combination of U; and Us is
defined as M;otor,ijk(Us) £ rotor,ijkmet (Us)l, and accounting for the direction to which the
rotor’s thrust impacts Mf , denoted by the sian(i) function. For each value U; and Us, we
perform a summation of each rotor’s contribution to ME , denoted by Miotar jx(Us). We then
average the net moment about Mo jx across Uy = 0.15,5 € {4,5,6}, such that we have a
set of moments, denoted Miqta1x(Us), that correspond to the control inputs Us = 0.05k, k €
{-10,-9,...,10}.

The procedure for mapping Uy is shown in Algorithm 4.2.4. This experiment is conducted
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with the setup shown in Figure 4.4b, and our sensor reading does not reflect the thrust
generated, rather the reaction torque of the rotor due to air drag. We measure the moment

generated by each motor over a series of test values given by

Ui
Uz
Us

o e} o .

Uy

where j € {0.40,0.50,0.60} and k € {—0.4,—0.35,...,0.35,0.4}. The range of j is selected
as it reflects the intended throttle value at which the UAV hovers. We select a range of values
for U; to verify that the moment created due to Uy is largely unaffected by U;. However, U;
does impact the amount of thrust available to create M*. The range of k is selected such

that it leaves power available for MY and Mg’ .

We conduct the experiment by applying Uy = 0.05k,5 € {-8,-7,...,8}, fixed U; =
0.15,7 € {4, 5,6}, for each rotor, and measuring the resultant force, denoted by Fiotor,iji (U1, Us).
The resulting reaction torque of a single rotor is defined Miotor,ijx (U1, Us) £ laxm Frotor ik (U1, Us).
The moment produced for a particular value of U; when U, is set to zero is denoted
M,otor,iik(U1,0)).  We account for the net impact of of U; on the measured torque of a
single rotor, denoted Miota1 jk(Us) =S Miotor,ijie(Ur, Us) — Migtorij(Ut, 0)) and account for the
direction to which the rotor’s torque impacts ME, denoted by the sien(i) function. For
each value U; and Uy, we perform a summation of the torques acting about z*, denoted by
Miotar,ik(Us). We then average the net moments of Mg ;1 across Uy = 0.15,5 € {4, 5,6},
such that we have a single set of moments, denoted by M;ota1x(Us), that correspond to the

control inputs Uy = 0.05k, k € {-8,—7,...,8}.
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Figure 4.5: The plotted results of the procedure detailed in Section 4.2.2

4.2.3 Results

The results of the experiment, following the process detailed in Section 4.2.2, are provided
in this section. A second order polynomial interpolation of measured thrust and correspond-

ing throttle input, Uy, as detailed by Algorithm 4.2.1 and shown in Figure 4.5a, yields

Uy(T) = 0.0982 + 0.0195T — 0.0001117%, T € [0, 71]. (4.3)
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A third order polynomial interpolation of Mia1x(Us2) and corresponding U, values, as de-

tailed by Algorithm 4.2.2 and displayed in Figure 4.5b, yields

Us(ME) = —0.00515 4 0.737M> + 0.00581(M:)? — 0.237(M3)?, MY e [-1.5,1.5].
(4.4)

A third order polynomial interpolation of M. x(Us) and corresponding Us values, as de-
tailed by Algorithm 4.2.3 and displayed in Figure 4.5¢, yields

Us(M,) = —0.0284 + 0.588M,, + 0.0173(M,)* — 0.119(M,)*, M, € [-1.5,1.5]. (4.5)

Y

A third order polynomial interpolation of Miutax(Us) and corresponding Uy values, as de-

tailed by Algorithm 4.2.4 and displayed in Figure 4.5d, yields

Uy(ME) = 6.711073 + 1.56 ML — 0.0624(M~)? — 0.435(M~)3, M €1-0.6,0.6]. (4.6)

4.2.4 Conclusion

In this section, we presented the motivation, setup, implementation, and results of an
experiment designed to accurately control the QRBP discussed in this thesis. While initially
intended for the QRBP, this process is applicable to any other quadcopter or X8 configuration
coaxial UAV. Improvements to this experiment include automation such that the force of
more complex combinations of control signals may be examined, changes to the physical
layout such that multiple motors may be tested at once, and further refinements to eliminate
disturbances of sensor readings. The characterization and mapping of [T, M, M,’, M| to

(U1, Uy, Us, Uy]T can be enhanced with an adaptive component in future work.
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(a) (b)

Figure 4.6: Displayed here is a test of the QRBP’s longitudinal control in which a small
hover is performed. In this configuration, the polyethelene bracket provides torsion against
the QRBP’s lateral states of movement. Obstructing the view of the experiment is safety
netting that drapes the VICON motion capture system used in these experiments.

4.3 Static Fixture Experimentation

As part of testing the control architecture presented in Chapter 3, we incorporate physical
apparatus which allow us to examine the response of the controller in very specific scenarios,
provide an added layer of safety and improve the consistency of a given flight test. This
section details design considerations, development, and resulting impact of employing such

experimental set-ups.

This section is structured as follows. Subsection 4.3.1 provides a brief description of the
motivation and design considerations for a static structure for refining control algorithms.
Subsection 4.3.2 details an experimental set-up that suspends a UAV in the air to allow
for testing of either lateral or longitudinal states. Subsection 4.3.3 details the development
of a static structure for use in testing the attitude control of the UAV. Subsection 4.3.4

presents the results of experiments performed on static structures. Subsection 4.3.5 presents
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conclusions on the subject matter of this section.

4.3.1 A Brief Overview

When designing an experimental set up to streamline the process of refining the control
architecture proposed in Chapter 3, we specifically consider which degrees of freedom we wish
to allow the vehicle to move in while also restricting it from hitting things such as the VICON
motion capture system, equipment, and operators. As a consideration for improving the
repeatability of experiments and the efficiency with which they are performed, the following
apparatus are designed such that the UAV starts and ends each flight at the same or very
similar position. The following structures are built from materials that are easy to obtain and
work with. For this reason, initial test stands are constructed from standard framing lumber,
steel carriage bolts, polyethelene sheets, and decking screws. For more complex parts, a 3-D
printer with Polyethylene terephthalate glycol (PETG) filament is used. Later experimental
set-ups are constructed from welded steel and make use of commercially available machine

parts for moving parts.

4.3.2 Isolated Controller Testing Stand

The first testing apparatus employed is built to evaluate the isolated response of the
control algorithms presented in Sub-section 3.5.1 and Sub-section 3.5.2. This testing stand
is constructed with the intention of suspending the QRBP in the air in such a way that only

the states whose controller is being tested are free.

In one configuration, a bracket made from a bent sheet of polyethelene is used to constrain
the motion of the QRBP, by adding torsion against movement of the lateral states, so that

it can only move in the longitudinal plane. Shown in Figure 4.6, is an experiment in which
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Figure 4.7: Displayed here is a configuration of the static structure that constrains all of the
QRBP’s motion but roll and yaw.

this configuration is used and as such, the vehicle is able to perform a rudimentary hover

maneuver without need for lateral control.

In another configuration of this test stand, the longitudinal states of the QRBP are con-
strained to allow for testing of the lateral controller. This is done via a steel eye-hook
mounted to the test stand with metal rod. This configuration, as shown in Figure 4.7,

allows the QRBP’s movement to be constrained solely to roll and yaw.

The tests performed on this structure are used to verify basic efficacy of the two control
algorithms presented in Sub-Sections 3.5.1 and 3.5.2 respectively, in isolation. This structure
does not replace actual flight and faces several issues. Namely, by hanging a UAV from
a structure, the actual effort required on the part of the controller was far less than it
would be in actual flight, and by isolating the control algorithms comprising Chapter 3,

it could not be definitively proven that the two comprising algorithms worked seamlessly
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(a)

Figure 4.8: Displayed here is the initial Inverted-Pendulum Stand shown with (left) and
without (right) the QRBP mounted to it.

together. Additionally, the test stand could obstruct the motion capture system, thereby
reducing the quality of the vehicle’s state data. Essentially, the experimental set-up presented
in this Sub-Section does not provide a test-bed with which to effectively tune the gain
values dictating the proposed controller’s response, but it does allow for verification that
the proposed controller’s response does attempt to drive the UAV toward a commanded

trajectory, thereby determining the controller to be ready for the next stage of refinement.

4.3.3 Inverted Pendulum Test Stand

To continue refining the proposed control algorthim of the QRBP and improve upon the
static test fixture presented in 4.3.2, another static structure is employed, the Inverted Pen-
dulum Stand, which fixes the position of the QRBP and provides a UAV with all three degrees
of rotational freedom. The intention of this static structure is to verify that the compris-

ing parts of the control algorithm presented in Chapter 3 are cohesive, thereby allowing us
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Figure 4.9: The redesigned Inverted-Pendulum Stand shown with (left) and without (right)
the QRBP mounted to it.

to determine preliminary gain values with which to dictate the controller’s response, while
negating the need for position control. We then employ this structure to ensure capability

of the proposed control algorithm to track user-defined attitude trajectories.

The initial Inverted Pendulum Test Stand, shown in Figure 4.8 is built from framing
lumber, steel bolts, polyethelene, and 3-D printed parts. Due to part availability, 3-D printed
bushings are used with limited effectiveness as they lack tight tolerances and ruggedness.
From testing, it is apparent that the gains needed for a vehicle to balance atop this structure

are generally 4 times higher than the gains needed for actual flight.

To address these shortcomings and to take advantage of different machining capabilities,
a new Inverted Pendulum Test Stand, shown in Figure 4.9, is built from welded steel tubing.

To replace the previously 3-D printed parts, a tie-rod end is utilized. From testing, this
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greatly reduces friction and gains found in this system are able to be directly used in actual

flight tests with only minor adjustments.
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Figure 4.10: An experiment of the QRBP’s attitude control while mounted to the Inverted-
Pendulum Stand.

4.3.4 Results

This section presents the results of experiments performed on the static fixture presented

in Sub-Section 4.3.3.

Tests of the attitude control of the QRBP require disabling the position control elements
of the longitudinal and lateral controller. Whereas previously the commanded yaw and pitch
of the aircraft are calculated as a function of the forces used for the QRBP to track a user-
defined trajectory, we omit those forces from our commanded attitude values. We directly
define the command pitch and yaw of the inner-loop of the proposed longitudinal and lateral

controllers. The commanded roll trajectory of the aircraft remains user-defined.

Having determined that the proposed controller could track a commanded trajectory in

the longitudinal and lateral regimes, the controller’s gains are more closely tuned with the
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Figure 4.11: A test of the QRBP’s attitude control, given a sinusoidal ¢ command, while
mounted to the Inverted-Pendulum Stand.

QRBP affixed to the Inverted-Pendulum Stand. For the initial test, we tune of the gain

values that impact attitude control by first setting,

¢Cmd 0
ecmd = % ) (4 7)
wcmd 0

such that the vehicle must balance itself. Shown in Figure 4.10 are the results of this

experiment.

Shown in Figure 4.11 are the results of a test in which we set

¢cmd A SiIl(B . t)
z : (4.8)

ecmd

Q,Dcmd 0

where A = 1.0472 and B = 0.6283 resulting in a sine wave with an amplitude of 60° and a

period of 10s. As g = § and Yema = 0, the QRBP in this experiment must balance itself
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vertically while rolling about z?.

4.3.5 Conclusion

The experimental set-ups presented in this section are used to refine the control algorithm
presented in Chapter 3. The ability to isolate the lateral and longitudinal states of the QRBP
is invaluable for debugging the implementations of those controllers. Furthermore, refinement
of the vehicle’s attitude control before attempting hover flight saves a tremendous amount of
potential crashing. Results of the testing performed on the experimental setup presented in
4.3.3 demonstrate the capability of the proposed controller in tracking a commanded attitude
and provide a jumping off point. Future work to improve the functionality of a fixed jig that
isolates degrees of freedom of a UAV would be well served with the incorporation of t-slot
aluminum extrusion and pillow-block bearings to reduce complexity of production, offer a

far more adjustable geometry and produce smoother movements.
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Figure 4.12: The previous configuration of the QRBP, originally presented in [4].

4.4 Vehicle Design

This section details improvements to the QRBP platform previously developed at the
ACSL [4], shown in Figure 4.12, and is detailed as follows. Sub-section 4.4.1 presents an
overview of the design requirements of the QRBP. Sub-section 4.4.2 presents the changes
made to the vehicle’s design along with justifications for said changes. In Sub-section 4.4.3

we draw conclusions about the changes made and explore possibilities for future work.
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Figure 4.13: The current configuration of the QRBP.

4.4.1 Brief Overview

The theoretical QRBP is designed very simply such that it can operate in two distinct
modes, quadcopter and biplane, with the only actuation being performed by its 4 rotors.
Symmetric airfoils are chosen so that lift is not generated while the vehicle is in quadcopter
mode. Our particular implementation of the QRBP is designed with the consideration of

making flight testing as efficient as possible. This is accomplished by minimizing manufac-
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turing time and relying more on COTS parts. Additionally, we incorporate intentional weak

points such that we can anticipate and plan accordingly for inevitable breaks.

4.4.2 Physical Design

The version of the QRBP shown in Figure 4.12 weighs approximately 3.2kg, with a 0.75m
wingspan, 0.5m of spacing between the wings, a chord-length of 0.29m, a platform area of
0.41m?, and a symmetric airfoil closely resembling the NACA 0012 airfoil. This configu-
ration provided satisfactory flight performance, however it does have drawbacks, namely
manufacturing time and available control bandwidth. It takes approximately 160 hours to
3-D print the parts required by this design. Additionally, with the weight of the vehicle,
available thrust and the large moment necessary to conduct and maintain flight transition,
it is advantageous to seek to reduce the mass of the vehicle and increase the thrust that it

can produce.

To address these issues, the vehicle, as shown in Figure 4.13 is redesigned in such a way to
maintain its aforementioned aerodynamic properties while reducing weight, increasing thrust
and decreasing manufacturing time. The redesigned QRBP weighs approximately 2.4kg, with
a 0.75m wingspan, Xm of spacing between the wings, a chord-length of 0.29m, a platform
area of 0.41m?, and a symmetric airfoil closely resembling the NACA 0012 airfoil. For thrust,
we use Racerstar AirA 2508 1200 KV motors paired with propellers of 7”7 diameter and 4.5”
pitch. This combination provides us with a nearly 3:1 power-to-weight ratio as each rotor can
generate up to 1.8kg of thrust. To the extent possible, 3-D printed parts are replaced with
COTS parts. Parts that interface with the wings remain 3-D printed due to the complexity
of their shape, however we optimize their design by further reducing mass. We do this by

relying more heavily on the wings for structural integrity. This change reduces the required
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3-D printing time from 160 hours to about 60 hours.

We incorporate intentional weak points in the design of the QRBP, so that in the event of
a crash, more expensive and valuable components are spared. The motor mounts employed
have an intentionally narrow neck to absorb the impact of of landing after flipping over.
We use bent polypropylene to mount our GPS module to and shield the more valuable and
fragile flight computer and micro-controller during flight. Should the vehicle pitch too far
during transition to biplane mode and land on its top, the electronics shield absorbs this

impact, likely breaking and thereby saving the more valuable components.

4.4.3 Conclusion

The design changes presented in this section result in a QRBP that is substantially lighter
with greater control authority and faster to manufacture. The implication of these changes
is the ability to pursue more aggressive trajectories with the QRBP and when the inevitable
mishap occurs, it can be repaired and returned to testing much more quickly. Future im-
provements to the QRBP should include more robust wing construction and a stiffened frame.
Larger and more powerful motors could be considered for even more ambitious trajectories

and if payload delivery is part of mission requirements.

4.5 Conclusion

In this Chapter we present the considerations taken in the development of the control
algorithm presented in Chapter 4. The experiment performed to characterize the QRBP’s
rotors allows us to more precisely actuate forces and moments during flight testing. The

experimental set-ups we employ, allow us to test and analyze elements of the QRBP in a
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more efficient manner while reducing risk of damage to the vehicle. To further increase
the capabilities of the QRBP, the presented redesign allows for more ambitious flight tests
and faster turnaround time, if and when accidents occur. Effectively, we have established
tools and procedures for introducing new physical components and additions to the proposed

control algorithm.



Chapter 5

Preliminary Flight Tests

In this Chapter we present the initial results of in-flight testing of the control algorithm
presented in Chapter 3. Having conducted the thrust-mapping experiments presented in
Section 4.2, initial tuning via the experiments presented in Section 4.3, and incorporating
the design changes of Section 4.4, we now conduct tests of the proposed controller with

outdoor flight tests.

This chapter is structured as follows. Section 5.1 provides an overview of the experi-
mental process employed for flight testing. Section 5.2 provides the results of our testing.
Finally, Section 5.3 draws conclusions on the material discussed in this chapter and provides

observations in regards to future testing.

5.1 Brief Overview

Generally speaking, the strategy of tuning the proposed controller is to tune as few gains
at a time as possible and verify that the QRBP’s physical characteristics are capable of
performing increasingly demanding maneuvers while considering where we would like the
QRBP’s available control authority to be assigned. Considering our desire for the QRBP
to take advantage of the lift generated by its wings, we want it pitch aggressively so that
it minimizes the time at which it is operating at a stall angle-of-attack. With these con-

siderations, we tune the user-defined gain values connected to the x and # states such that

113
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Figure 5.1: The QRBP’s longitudinal states during hover flight. The actual measured
state(black) and the commanded trajectory(red) are displayed. The states are sorted by
the order in which they are output from the proposed controller. In this trajectory, we
command the vehicle to ascend at a rate of 0.5% to a height of 1m, hold position for 10s,
and then descend at a rate of 0.57.

they are more aggressive than the gains dictating the response that tracks y and . The
reason for this choice is to free up available control bandwidth for more demanding pitch
maneuvers. We begin the tuning process by giving the baseline component of the proposed
controller full control bandwidth and a simple hover trajectory. Upon identifying gain values
that enables the QRBP to follow a commanded trajectory, we appropriate larger swaths of
control bandwidth to the adaptive component of the proposed controller and give the vehicle

increasingly demanding trajectories.

Tests are conducted in an open field, selected due to their lack of obstacles and visibility

of GPS satellites. During the initial controller testing in Section 4.3, we use the ACSL’s
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Figure 5.2: The QRBP’s lateral states during hover flight. The actual measured state(black)
and the commanded trajectory(red) are displayed. The states are sorted by the order in which
they are output from the proposed controller. During this flight the commanded trajectory
of the outer-loop lateral states is for y and ¢ to remain at zero.

VICON Motion Capture system for position data. In order to push the QRBP to perform
more ambitious maneuvers, we need an area far larger than that covered by the VICON
system, so we operate the QRBP in the outdoors and use an RTK GPS set-up for position
data. As we are replacing a near-perfect source of position data for a less consistent solution,
we select a testing area by the number of visible satellites to our GPS receiver. The area

selected typically has 12-15 satellites visible.
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Figure 5.3: The QRBP’s longitudinal states during forward flight. The actual measured
state(black) and the commanded trajectory(red) are displayed. The states are sorted by the
order in which they are output from the proposed controller. In this trajectory, we command
the vehicle to ascend at 0.57 to a height of 1m, hold position for 5s, we then command a
step-input trajectory to ze.mq of 6m, hold position for 12s, and then descend at a rate of
0.5%,

5.2 Flight Tests

We begin flight tests by commanding the QRBP to hover 1m off the ground. Shown in
Figure 5.1 are the states of the QRBP controlled by the longitudinal controller. Shown in
Figure 5.2 are the states of the QRBP controlled by the lateral controller. In this experiment,
we have the adaptive component of the proposed controller fully enabled. The user-defined

parameters as used in this experiment are given in Appendix A.1.

The vehicle is able to track the commanded trajectory, allowing it to ascend, hover and

descend in a controlled manner. In the last 1s, there is a slight loss of control of the states of
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x and #. From observation, this is due largely to ground effect which becomes particularly

pronounced when attempting to slowly approach the ground.

In the next set of flight tests, we give the QRBP a commanded position that requires it to
pitch significantly in order to track x.,q. Shown in Figure 5.3 are the states of the QRBP
controlled by the longitudinal controller. Shown in Figure 5.4 are the states of the QRBP

controlled by the lateral controller.

In this flight, we push the QRBP towards a significantly more ambitious trajectory in
which we give a step-input of 6m to Z.,q. In doing so, we push the QRBP to pitch 30°,
which nears entering biplane mode. It is apparent that when the significant horizontal
maneuver is performed, there are relatively large magnitude disturbances in nearly all other
controlled states. This presents an impediment to more ambitious user-defined trajectories
as the QRBP clearly forfeits a significant portion of its control authority in order to perform

the pitch maneuver.

5.3 Conclusion

In this chapter we presented the preliminary flight tests to validate the controller presented
in Chapter 3. We begin by presenting a brief overview of our gains tuning strategy and
considerations of our testing environment. We present a flight test in which the QRBP, with
all elements adaptive of the proposed controller enabled, successfully hovers. In the second
presented flight test, we operate the QRBP with certain adaptive elements disabled, while

pushing the vehicle to perform an aggressive maneuver.

From testing, we can conclude that the proposed controller, with all elements enabled,

can produce a cohesive control-response that enables the vehicle to stabilize itself in mid-air.



118 CHAPTER 5. PRELIMINARY FLIGHT TESTS

-y
0.4+ |7 Yemd

0.2 | | | | | | |
0 2 4 6 8 10 12 14 16 18

5-20

-40

15

]

Time [s]

Figure 5.4: The QRBP’s lateral states during forward flight. The actual measured
state(black) and the commanded trajectory(red) are displayed. The states are sorted by
the order in which they are output from the proposed controller. During this flight the
commanded trajectory of the outer-loop lateral states is for y and ¢ to remain at zero.

We can also determine from this test that our throttle mapping is sufficiently accurate, and
that the QRBP, as it currently exists, is capable of gentle maneuvering. The difficulties of
maintaining control through an aggressive trajectory suggests of course that further tuning
is required. However, deeper issues may be present and different trajectories should be

considered in addition to further improvements to the QRBP’s physical design.



Chapter 6

Conclusion

6.1 Summary of Results

This thesis presented key results toward the ambitious goal of creating a unified guidance
and control system for autonomous VTOL UAVs operating in contested environment. Specif-
ically, this thesis presented an optimization-based guidance system for UAVs able to map
unknown, contested environments, where the potential threats’ location and capabilities are
unknown. Special emphasis has been put on the problem of characterizing by means of ex-
tensive numerical simulations of the speed of each of the components of the guidance system
as well as the performance of the overall system. This thesis also presented a control system
for QRBPs that is based on a switched-system formulation of MRAC, showed the results
of numerical simulations, and outlined preliminary experimental results collected through
outdoor tests. To perform these tests, several indoor tests to characterize the performance
of the propulsion system as well as the UAV’s inner loop dynamics have been performed and

documented in this thesis.

In detail, the contributions of this thesis have been as follows. In Chapter 2, we began by
describing an implementation of the Octree Algorithm as used to partition a space in which
our autonomous quadcopter is exploring. Extensive numerical simulations highlighted the
effect of user-defined parameters on the speed of the algorithm as well as in the UAV’s ex-

pected behavior, and allowed us casting recommendations for the user. Having characterized

119
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the way the map is partitioned, we use this information to select goal points, which must be
reached by the UAV to complete its mapping task. Fixed a goal point, the guidance system
outlines a path from the UAV’s current position to said goal point. Two heuristics-based
path planners have been considered, namely A* and LPA*. In both algorithms, the heuris-
tic function and the cost-to-come function were biased by means of user-defined parameters
to allow for more or less tactical trajectories, that is, for trajectories more or less prone to
drawing the opponent’s attention on the UAV. To navigagte along this path, we then derive
the equations of motion of a quadcopter within the MPC framework, demonstrating the
need for a constraint generation algorithm to create separations between areas in which it
is safe for a UAV to traverse and where there are obstacles. We compared four state-of-
the-art algorithms to identify obstacle-free regions surrounding the UAV, namely the SFC,
IRIS, MDCA and Bubble-bath algorithms. In this thesis, we found that for consistency of
volumes generated, minimal amounts of unbounded sets and speed, MDCA is the preferable
choice. We also find that in applications in which a user seeks to maximize the volume gen-
erated by their constraint generator, IRIS should be considered. We then presented results
of numerical simulations in which the entire guidance system is tested and we confirm that
when given a reckless user-defined parameter set, the simulated UAV explores the given en-
vironment faster and less consistently, whereas the simulation in which the simulated UAV
is given a more tactical and greedy user-defined parameter set, resulted in a slower and more

consistent approach to exploring the environment.

In Chapter 3, we provided the theory of MRAC as it allows for control of a nonlinear
system while adapting to external disturbances and modeling errors. We then provided an
augmented theory of MRAC with output tracking for use in the longitudinal component of
the proposed control algorithm.Successively, we provided the theory of MRAC for dynami-

cally switched systems, such that it can capture the distinct operation modes of the QRBP
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for the lateral component of our proposed controller. Finally, we combined these theoretical

results to create a control system for a QRBP UAV.

In Chapter 4, we present solutions to challenges that arose during validation of the control
algorithm presented in Chapter 3. We begin by presenting an experiment to characterize the
rotors used in our design of the QRBP with readily available parts and the micro-controller
used in actual flight tests. Due to the complexity of the proposed controller, we then present
the static experimental test stands used to isolate and refine the control of various degrees of
freedom. As testing progresses and a testing strategy evolves, we determined what physical

characteristics are necessary to refine in order to improve flight performance.

In Chapter 5, we presented the results of preliminary flight tests to validate the proposed
controller presented in Chapter 3. The first set of flight tests shows a hover flight in which
all adaptive components are enabled which verifies that the proposed control algorithm
does work. The second set of flight tests shows a forward flight in which several adaptive
components are disabled and the QRBP relies primarily on its baseline controllers. In this
second set of tests, we showed a sudden and large commanded pitch maneuver which the
QRBP is able to perform, however, in doing so it loses a good deal of control authority in other
states, thereby limiting this configuration of the QRBP from more aggressive trajectories

until that issue is resolved.

6.2 Recommendations for Future Work

By the numerical simulations presented in the end of Chapter 2, the proposed guidance
system is validated and therefore, it should be employed in actual flight tests. Furthermore,
the trajectory planner could be augmented to include the additional forces and moments that

comprise the difference between a regular quadcopter and the QRBP. In addition, object
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detection could be added to provide more detailed information about what is found during
exploration. This feature could enable a user to send a quadcopter into an environment com-
pletely autonomously and upon return, provide a list of items that are potentially dangerous

or of note.

The next step in improving the control algorithm presented in Chapter 3 is to implement a
longitudinal control algorithm that makes use of MRAC with output tracking and prescribed
performance as detailed in [20]. In the long term, more accurate modeling of the QRBP
would allow for more aggressive maneuvers as it becomes more predictable as to where power
needs to be delivered. This is particularly relevant for applications in which the QRBP is
used to deliver a slung payload. Similarly, a trajectory planner integrated with the control
algorithm would allow for optimized trajectories to be generated that particularly suit the

control architecture.

The next steps in improving the rotor characterization presented in Section 4.2 should be
to employ steady state load cells and automate data collection. The 3D printed bushings
originally used for moving parts in the thrust stand wore out quickly and bound up often.
Logically, replacing them with smoother operating bearings would decrease the impact of
friction but removing moving parts and instead using a solid state load cell would com-
pletely negate the issue. Careful geometry of the load cells would also allow for thrust and
reaction torque to be measured simultaneously. Adding an automated measurement aspect
to this experiment would allow not only for more accurate data and time average data to
be collected, but more complicated thrust commands and a feedback mechanism. Further
along in the development of this work, a series of rotors should be able to be tested at once,
thereby allowing for the testing process to be done in batches. Even further refinements
include designing the mounting pattern of the load cells in such a way that a UAV may

be mounted to it. With the various load cells providing thrust and torque data, that data
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could be combined into what is essentially a very large combination of an accelerometer and
gyroscope. Having emulated this sensor, a proposed control algorithm could be tested on a

UAV without the chance of it crashing.

The static experimental set-ups presented in Section 4.3 can generally be improved by
either making the dynamics smoother and more isolating, or by integrating these style of
set-ups with an automated thrust and moment measuring stand. Regardless, there is an
enormous value in being able to test just a small part of a control algorithm at a time
and the main issue with the presented experimental set-ups is that they do not perfectly
align with the dynamics of real flight or the proposed control algorithm. By developing a
stand that physically constrains a UAV while simultaneously measuring the output forces

and moments, and providing state data, would alleviate those issues.

The material presented in Section 4.4 will progress in a predictable manner as flight tests
continue. The problem with the QRBP configuration is that one rotor ends up doing most of
the work, which can work when the margins of the vehicle’s thrust-to-weight are high enough.
The design of the vehicle will continue to shed weight while increasing power. Additionally,
it is an inevitability with the QRBP and the manner in which we want it to fly that on
occasion, it will flip over in testing. For this reason, future iterations may have the wings
extended out further along the vertical inertial axis and have the propellers closer to the
center of mass. This would protect the more fragile rotors and leave the brunt of the damage

to the leading of the wings which can be more easily repaired.

The flight results presented in Chapter 5 indicate that the proposed control system works
but has room for improvement before the QRBP will be able to fly in biplane mode for
extended periods of time. Future improvements include pushing the QRBP to perform more
ambitious maneuvers, such as maintaining a pitched angle for longer periods of time, and

tuning the various gains accordingly. If the vehicle in its present configuration demonstrates
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a consistent saturation of the control effort available by one of the rotors, it is a sign that
the vehicle needs to be lightened and possibly requires larger rotors added. The bandwidth
allotted to the baseline control should also be decreased and the adaptive gains increased as

permitted by flight performance.
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Appendix A

First Appendix

A.1 Section one

The following tables list the parameters used for indicated fight. We list the user defined

longitudinal and lateral controller’s parameters, respectively.

H Parameter Hover Forward H

€ 0.15 0.15
. 30 30
T, 1-1071 0
T, 3.1073 0
I, 3.10°3 0

Toq 2-1073 0

Lo 2.1073 0

Tos 2-1073 0

o4 2.1073 0

Tos 2.1073 0

Tog 2-1073 0

T 2.1073 0

132



A.l. SECTION ONE 133

H Parameter Hover Forward H

€y 0.15 0.15
€, 30 30
kp.a 5 5
ka.a 1.5 1.5
kp,kin,w 2 2
kp,kin,(j) 2 2
Kpp1 0.06 0.06
Kaga -0.10 -0.10
Kopa 1.12 1.12
Kapa 0.15 0.15
Koo 0.80 0.80
Kago -0.10 -0.10
Kooz 1.12 1.12
Kaypo 0.25 0.25
i 1-10°% 1-10°3
a0 1-107% 1-1073
[Mat.3 1-107% 1-1073
Tpgmp  1-1077 1-107
Tpgne  1-1070 1-107°
FDynvpcmdvp 1 ) ]‘072 ]' i 1072
Tbynpone 1-1072 1-1072
For the hover flight, we set
2.0234 0 0 1.1096 0.2895 0 0 0 0
K, = 0 4.4721 0 0 0 7.5969 0 5.3345 0 ;
0 0 77.4597 0 0 0 49.8308 0 16.0271
(A.1)
and for the forward flight, we manually select the values of K, such that we set
070 0 0O 10 025 0 0O O O
K,=|0 60 0 0 0 50 0 40 0]- (A.2)

0O 0 100 0 0 0 24 0 15



Appendix B

Third Appendix

The equations comprising the regressor vector:

2]
2|
[[02]] cos(y)
Ot wp = |[[0?|| cos(7)a
[[2]] sin?(+)

[[v*[ sin(7)e

9
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