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Abstract

Quadcopters are prone to accidents and collisions with objects in urban environ-
ment such as building walls, power lines, poles and fences. During a wall collision,
there is a high probability that one of the propellers on the vehicle will be damaged,
as a result breaking the nominal control loop and causing the quadcopter to crash.
This thesis deals with flight control recovery for when a quadcopter collides with a
solid wall and experiences a loss of one propeller. Such a scenario is directly rele-
vant to quadcopters flying in urban environments in close proximity to buildings.
Following the literature review on fault-tolerant controllers for loss of one actuator,
the dynamics model for a vehicle undergoing a collision with a wall is presented.
A recovery flight control law using “relaxed hover” approach was selected, where
the requirement for having zero angular velocity is relaxed and the vehicle hovers
while rotating around a fixed axis. The recovery control strategy is made up of
two cascaded controllers and consists of three phases. In the first, the impact event
is identified, and the normal direction of the contact surface is estimated from ac-
celerometer measurements. The second phase uses the surface normal direction to
calculate a desired position at a safe distance away from the wall, which is used in
the outer position controller to define the desired acceleration. For the case where
position estimates of the vehicle are not available, an alternative velocity controller
is proposed to calculate a desired acceleration and control the velocity of the vehi-
cle during the recovery. In the last phase, the inner controller regulates the attitude
of the vehicle so that the desired acceleration is achieved. This control strategy is
simulated in MATLAB simulator of the system for different incoming impact veloc-
ities and attitudes, in order to demonstrate the performance of the controller and to

define a bound for successful recoveries.






Résumeé

Les drones sont sujets a des accidents et des collisions avec des objets dans un
environnement urbain tels que les immeubles, les lignes électriques, des poles et
des clotures. Durant une collision, il y a de fortes chances qu'un des propulseurs
du véhicule soit endommagé, résultant dans une défectuosité du cycle de controle
principal et causant la destruction du drone. La these présentée gére la récupéra-
tion du controdle de vol lorsque le drone entre en collision avec des obstacles solide
et perd un des propulseurs. Dans un tel scénario, il est directement en lien avec
des drones volant dans un environnement urbain a proximité des immeubles. En
suivant la littérature sur les controleurs tolérants la perte d’un actionneur, le mod-
ele dynamique d'un véhicule entrant en collision avec un mur est présenté. Un
récupérateur de contrdle de vol suivant la méthode « planage relaxé » a été sélec-
tionné. Ici, les requis accordant une vitesse angulaire nul ont été relaxées ce qui
permet au véhicule d’avoir une vitesse angulaire lors du planage. La stratégie de
récupération de contrdle est faite de deux controleurs en cascade et est constituée
de trois phases. Dans la premiére phase, I'impact est identifié et la surface de con-
tacte est considérée normal a la direction estimée par les mesures de 1’accéléromeétre.
La seconde phase utilise la direction normale de la surface pour calculer une posi-
tion désirée a une distance sécuritaire du mur qui est utilisée dans le controleur de
position externe pour déterminer 1’accélération nécessaire. Dans le cas ot la posi-
tion estimée du véhicule n’est pas disponible, un controleur de vitesse alternatif est
proposé pour calculer une accélération optimale et contrdler la vitesse du véhicule
durant le rétablissement. Dans la derniére phase, le contrdleur interne régularise le
comportement du véhicule afin d’atteindre 1’accélération calculée. Cette stratégie

de contrdle est simulée dans MATLAB pour des impacts de différentes vitesses et
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comportements dans le but de démontrer la performance du contrdleur ainsi que

pour déterminer la limite des rétablissement réussis.
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Chapter 1

Introduction

1.1 Background and Motivation

Quadcopters ! and multicopters, in general, have evolved into popular and ver-
satile flight platforms over the years. Their capability to offer great agility along
with their mechanical simplicity, due to having only a few moving parts, have in-
creased their demand. The outward positioning of the motors results in a larger
torque which leads to high angular accelerations. This along with a large thrust-
to-weight ratio, gives quadcopters their excellent agility. The mechanical simplicity
which arises from the quadcopter having only four moving parts motors/propellers
makes the repair and mechanical maintenance much easier than helicopters with
their complex swash-plate mechanism. In addition, the use of relatively low cost,
off-the-shelf components, makes quadcopters more economically attractive. These
advantages have led to applications of quadcopters into many different fields no-
tably as platforms to deliver packages [1] [2], humanitarian aid [3] [4], and uses in
real estate [5], film [6], and agriculture [7], and many others.

A typical strategy to increase the safety of multicopters is redundancy, where

multiple independent systems exist which can perform the same task. An example

!In this thesis, the term quadcopter is used which has the same meaning as quadrotor.
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of redundancy in a multicopter is the use of a backup safety pilot in autonomous
missions, where the pilot can remotely take over in case of an anomaly in the au-
tonomous control. Another example would be the use of a hexacopter (6 propellers)
or even octocopters (8 propellers) that can fly with even a lost propeller due to their
redundant architecture [8], [9]. Such redundancies come at a significant cost. Safety
pilots must be highly skilled, and according to current FAA and Transport Canada
airspace regulations only one drone can be monitored and controlled by each pilot,
making their use more expensive the longer the experiment is and the more vehi-
cles are involved. The use of mechanical redundancies in the case of hexacopters
and octocopters comes at a cost also: adding redundant propellers, which might
not be needed, increasing the weight (and thus power requirements at the cost of
flight time) and complexity of the vehicle.

Quadcopters are prone to crashes, especially when in autonomous flight. Wind
gusts, pilot losing line of sight, pilot errors, loss of connection, and colliding with
objects are all risks which can cause any UAV to lose stability and eventually crash
which is hazardous to its surroundings [10]. The collision of quadcopters with ob-
stacles is a major safety issue since many quadcopter uses require close proximity
to buildings. Due to the fragility of the propellers, new quadcopter designs offer
protection of their propellers with bumpers to prevent propeller damage and loss
of flight in case of an accident. There is a lot of research covering obstacle avoid-
ance but only a few researchers considered recovery from an impact with a solid
wall [11]. In their paper, Dicker et al. [11] demonstrated that it is possible for a
quadcopter with bumpers to recover safely from a nondestructive impact with a
wall. When a quadcopter propeller impacts an object, there is a high chance it gets

damaged and can not be operated anymore. The flight controller will fail since it
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requires all four propellers to be operational, unless the flight controller has capa-
bilities to recover stability and to continue the mission with the remaining three
operational rotors. For instance, Freddi et al. [12] were able to re-stabilize a quad-
copter following a complete motor failure where the strategy was to give up yaw
control, so that the vehicle rotates freely around an axis which can be tilted for trans-
lational control. However, if a quadcopter impacts an object, the collision can cause
moments and forces that will cause the quadcopter to become vertically flush with
the wall and the lost propeller will add a layer of complexity to recover from the
impact. To date, this type of failure has not been examined in the literature and a

recovery strategy for such impacts is still to be developed.

1.2 Literature Review

This thesis touches upon various topics in quadcopter control-related research
areas. The order of the literature review will be as follows: quadcopter dynamics
and control; collision detection; collision recovery; fault-tolerant control strategies;
and finally, the work where the recovery controller and the relaxed hover theory are

presented which form the foundation of the research in this thesis.

1.2.1 Quadcopter Control

A standard quadcopter configuration has four uni-directional motors with pro-
pellers mounted on them which are placed in symmetrical formation at a distance
away from the center of the vehicle. In a nominal hover attitude, these propellers
generate thrust pointing upwards to counter gravity. Each pair of opposing pro-
pellers rotate in the same direction, opposite to the other pair [13]. There are two

types of control formulation for quadcopters, which are commonly referred to as
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the plus (+) and cross (X) configuration [14]. Different control theories and methods
have been developed over the years, most notably: PID controllers [15] [16], LOR
controllers [17] [18], back-stepping controllers [19] [20]. These controllers require
accurate information about the position and attitude of the vehicle which is pro-
vided by measuring devices such as the GPS, gyroscope, accelerometer and other

sensors [21].

1.2.2 Collision Modeling and Detection

A lot of existing research addresses the problem of obstacle avoidance to avoid
collisions while very few papers cover collision detection and recovery. Tomic et
al. [23] developed a model-based method for estimating an external wrench in fly-
ing robots due to a sustained low velocity impact. Gentili et al. [24] modeled the
interaction of a UAV with a fixed vertical surface at a specified point using the lin-
ear Kevin-Voigt model. Galea et al. [25] designed a robust control algorithm to
command a tethered quadrotor to fly to different stipple positions to make contact
with a canvas using an ink soaked sponge. Vempati et al. [26] developed a control
law to fly an autonomous UAV for spray painting on three-dimensional surfaces.
In [25] and [26], the robot trajectory involves regular controlled collisions with a
wall or flying in close proximity to a wall which present a high chance of mission
failure due losing a propeller. Recent works at McGill’s Aerospace Mechatronics
Lab (AML) have addressed modelling collisions between a quadcopter and a verti-
cal wall [27]. In their work, they developed a full contact model between a quad-
copter platform with protective bumpers around its propellers and a wall. The
model developed is the most general compared to other models covering quad-

copters interaction with a stationary object. The contact model included contact
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forces and moments that resulted from the impact force applied at the point of col-

lision, that were not defined beforehand.

1.2.3 Attitude and Collision Recovery

Faessler et al. [28] developed a three-stage controller to reinitialize stable flight
after an aggressive maneuver using only onboard sensors. In the first stage, the
roll and pitch angles are stabilized at zero (hover orientation). Then the vertical
velocity is stabilized using measurements from the barometer and the accelerom-
eter sensors. Finally the horizontal velocity is brought to zero using a downward
facing camera. The controller by Faessler et al. [28] formed the basis for the recov-
ery control law developed by Dicker et al. [11] in McGill’s Aerospace Mechatronics
Lab (AML). The control law by Dicker et al. [11] along with the contact model of
Chui et al. [27], which includes detection and characterization of a collision with a
wall, formed the full recovery control strategy. It is important to note that the recov-
ery control strategy developed by Dicker et al. applies to nondestructive collisions
where the four propellers remain fully functional throughout the duration of the

recovery period.

1.2.4 Actuator Failure Control Strategies

Freddi et al. [12] proposed the first fault-tolerant control for a quadcopter in case
of an actuator failure. The goal of the fault tolerant control is to stabilize the attitude
of the vehicle and make it reach the desired position in space. The fault tolerant con-
trol developed has a double loop structure, where the inner and faster loop controls
the attitude and altitude of the vehicle, while the outer and slower loop controls the

positions of the vehicle by modifying the desired values of the attitude angles. The
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inner controller is based on the conservation of angular momentum around a verti-
cal axis that the vehicle rotates around. When one of the actuators fails, the speed
of the opposite actuator to the damaged one is adjusted such that the attitude angle
controlled by this pair of rotors is zero. The quadcopter body will be parallel to the
ground, spinning around the imaginary axis with a steady state rotational velocity
that depends on the rotational drag. By changing the rotational speed of the healthy
pair of motors, it is possible to achieve any position in the cartesian space. There-
fore, once an actuator fails, the yaw control is sacrificed, and the quadcopter starts
rotating around an axis. In this configuration the vehicle will be rotating around a
vertical imaginary axis fixed to the body frame; to maintain the collective thrust in
a desired direction, it is required to vary the thrust on each operational motor with
a proper frequency proportional to the angular velocity of the vehicle. Simulation
results they presented show the applicability of this fault tolerant strategy.

Lanzon et al. [29] expanded the work in [12], with a control law for the rotor
failure scenario based on a model-based double control loop scheme. This model
uses feedback which linearizes the system around a point where the roll and pitch
angles are zero but with a constant yaw speed around the vehicle body frame z-axis.
The closed-loop system relies on an He, loop shaping technique to control the roll
and pitch. The outer loop controls the translational displacement of the quadcopter
with small angle approximations for the roll and pitch angles.

The controllers proposed by Freddi et al. [12] and Lanzon et al. [29] are challeng-
ing for the quadcopter motors and the flight computer. The two opposite healthy
motors must be able to provide high thrust to accommodate the weight of the vehi-
cle and must have high saturation levels. In addition, relying heavily on air drag to
stabilize the yaw rate may not work for all vehicles, especially those with a low air

drag profile.
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Lippiello et al. developed a method to control a quadcopter after it loses one
propeller [30]. The control law is based on the back-stepping control and requires
turning off the motor opposite to the disabled one. This results in a bi-rotor that
can reach any point in space but lacks the yaw control, as the one proposed earlier
in [29], [12]. The back-stepping approach is used for translational movements along
with a PID controller for angular control. Simulation results show the feasibility of
this method. In [31], a quadcopter suffering from a lost propeller was transformed
into a different system able to be controlled using only three propellers. The control
law uses the generic PID controller used by the quadcopter, but redistributing the
control effort to the three working propellers. However, to be able to control the
tricopter a weight redistribution maneuver must be performed to shift the center
of gravity of the vehicle towards the propeller opposing the faulty propeller. This
is not necessarily feasible since performing a weight redistribution maneuver can
increase the complexity of the vehicle, especially if the maneuver is to allow for
redistributing the weight to any one of the four propellers.

Periodic solutions are used in [32] together with an LQR controller to control the
quadrotor in case of single, two opposing, or three propellers failure. This will be

discussed further in the next section.

1.2.5 Hover Solutions and Recovery Controller

Mueller et al. in [33] presented the novel relaxed hover condition. Here the re-
quirement for having zero angular velocity is relaxed and instead the hover solu-
tions are obtained such that the vehicle will be at an approximately constant posi-
tion. These solutions have certain constant parameters over the hover period which
means the vehicle may rotate at a constant velocity in hover. Given that the so-

lutions are constant in the body frame the powerful techniques of time-invariant
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system theory can be used for control design. In the paper, Mueller et al. discussed
how to formulate and determine such relaxed hover solutions. This approach is
used in [32] to compute hover solutions for a quadcopter experiencing up to three
rotor failures [32]. In addition, this concept can be used to control a multicopter
where the center of gravity of the vehicle is located far from the propellers” geo-
metric center. Finally, a new type of vehicle, the spinner, was presented; here the
propellers are placed in a rotationally symmetrical configuration and all rotate in
the same direction. At hover these vehicles rotate at high angular yaw rates oppo-
site to the direction of rotation of propellers.

In [32], Mueller et al. used the novel approach developed in [33] to present a
control strategy for a quadcopter after losing up to three propellers, which forms
the basis for the control law presented in this thesis. The strategy consists of the
quadcopter spinning around a primary axis fixed with respect to the vehicle and by
tilting this axis and varying the amount of produced thrust the vehicle’s position
can be controlled. The control strategy is made up of two cascaded controllers,
a slow outer position controller that defines the desired acceleration and an inner
taster loop that controls the attitude of the vehicle so that the desired acceleration is

achieved.

1.3 Objectives

This thesis investigates a quadcopter recovery strategy following a rotor failure,
which allows a quadcopter to recover from an impact with a wall despite the com-
plete loss of one of its propellers. After such a failure occurs, the quadcopter can
no longer maintain hover in the conventional sense, but needs to enter a new hover

condition, where the vehicle’s angular velocity is non-zero. This means the vehicle
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will rapidly rotate about an axis, but it is still fully possible to control its position.
The research assumes the wall with which the vehicle collides is flat, vertical and
stationary and that coulomb friction exists between the quadcopter and the wall
during impact. In addition, it is assumed that the impact with the wall occurs at
one bumper only and that the corresponding actuator fails upon impact. It is as-
sumed that all three remaining propellers are fully functional during and after the

impact. This thesis will address these three main objectives:

1. The cascaded control strategy presented in [32] is applied on a custom vehicle
equipped with protective bumpers and tested in simulation. The vehicle starts
at a certain position, lose a propeller and be able to maintain its position and
altitude and move to the desired position in space. A batch simulation will
show a wide range of initial conditions from which the vehicle will be able to

lose a propeller and recover into the hover solution.

2. Next, a recovery control strategy using the controller presented earlier is de-
veloped in simulation on the same custom quadcopter used in the first objec-
tive. The simulation uses the contact and dynamics model presented in [27]
which includes detection of the collision with a wall and the contact forces due
to the collision. A batch simulation is presented which shows a range of initial
conditions for which the recovery controller succeeds in recovering from the
impact with the wall using three propellers. These results are compared with
the ones presented in [11] which is a recovery controller for a non-destructive

collision.

3. Finally, a less robust velocity controller is developed that does not rely on

position estimate (either from GPS or motion capture system like VICON) to
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the problem of recovering from an impact with a wall after losing a propeller.

The results are compared to the ones from the second objective.

1.4 Thesis Outline

The organization of the thesis is as follows. Chapter 2 covers the quadcopter
dynamics and contact modeling used in the simulation. Chapter 3 presents the con-
trol law which will be referred to throughout this thesis and covers objective one.
Chapter 4 presents and analyzes the simulation results of the controller presented
in Chapter 3. Chapter 5 introduces the two developed recovery control strategies
for a quadcopter recovering with only three propellers; as well as the results from a
batch simulation of collisions and discusses in which range of initial conditions the
quadcopter can and can not recover. Finally, Chapter 6 summarizes this thesis with

several conclusions and potential improvements to the recovery controller.
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Chapter 2

Quadcopter Dynamics and Contact

Modelling

A quadcopter is made up of four motors on which propellers are fixed. These
motors are mounted on an X-shaped frame, where usually the arms make a 90-
degree angle with one another. The speed of rotation of the motors, which produces
the lift force, can be separately controlled, therefore changing the attitude of the
vehicle, which allows the quadcopter to move in 3D space.

The dynamics equations for the quadcopter presented here assume certain phys-
ical properties that are an approximation, which greatly simplifies the model. These

particular assumptions are:

1. The quadcopter is a single rigid body that cannot be deformed. In case of a
collision, the impact forces and moments get transmitted to the single rigid

body, even though in reality the bumpers experience deformations.
2. The actuators and the motors are identical in geometry, mass and lift power.

3. Propellers are rigid.
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2.1 Attitude Representation

A quadcopter’s attitude can be described in many ways. The most popular and
common is by using Euler angles because they separate the attitude into three sep-
arate rotations. The three rotations in order are yaw rotation, pitch rotation and
roll rotation. This modeling works when the four propellers are pointing upwards
which is the normal operating condition for the vehicle (i.e., regular hover condi-
tion). However, if 90-degree rotations occur (pitching or rolling up to 90 degrees),
Euler angles fail which is known as gimbal lock [34]. This occurs when any two
of the three Euler angle rotations describe a rotation about the same axis. For this
reason, a quaternion system, with four elements, must be used to describe the quad-
copter attitude in case the vehicle has a possibility of pitching or rolling to extreme

angles.

2.2 Quadcopter Dynamics Nomenclature

The quadcopter vehicle is modeled using the convention shown in Figure 2.2,
where two opposite motors spin in the same direction opposite to those adjacent to
them.

Two frames are used to study the system motion. A frame integral with the
earth which is the inertial frame, labeled F; = {ex ey ez} is centered at an arbitrary
point O and follows the east-north-up convection (ENU); a body-fixed frame Fo =
{ex e, e;} where O, is fixed to the center of mass of the quadcopter and follows the
north-east-down convection (NED).

The body-fixed frame in this thesis is defined by the X-configuration which al-

lows for more stable flight control [35]. As is shown in Figure 2.1, the difference



2.2. Quadcopter Dynamics Nomenclature

13

Forward Forward

A

. 4 @ Rightward Rightward

(a) Plus-Configuration (b) X-Configuration

Figure 2.1: Plus and X-Configurations for a Quadcopter

Cy

Cx

Figure 2.2: Inertial and body-fixed frames
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between the two configuration is in which direction the forward flight is. In the X-
configuration, the pitch and roll axes can be controlled by all the propellers; while,
the plus configuration only has a pair of propellers to control each axis. Hence, the
X configuration is more stable in movement and easier to fly intuitively.

Therefore, e, is defined as pointing outwards from the front of the quadcopter
bisecting the two front propeller arms, and e, is set according to the right-hand rule,
taking into account that e, points downwards (see Figure 2.2).

The attitude of the quadcopter relative to Fj in quaternion form is given as
a4 = [qu 9x gy qz)T where the subscripts represent the elements of the quaternion.
Although Euler angles, which are denoted by Greek letters [¢ 0 ] for roll, pitch,
and yaw respectively, are not directly used because of the gimbal lock issue, they

are used in the analysis section to intuitively understand the vehicle’s performance.

They can be computed from the quaternion form of the attitude using:

¢ tan™ " (2(qwqx + qyq2)/ (1 — 2(9:* + 94%)))
0| = sin™! (2(quwfy — q24x) (2.1)
¥y tan" (2(qug: + 9xqy)/ (1 = 2(qy* +q2)))

To compute the Euler angle rates from the angular velocity of the body, defined in

the body frame Fg as w = [p q r]7, a transformation as shown below can be used.

p cosf 0 —cos¢sinf| |6
gl =10 1 sin 6 ¢ (2.2)

r sinf 0 cos¢cosh | |¢

The position of the quadcopter in F is defined as p = [X Y Z]7, its velocity in the
body frame F as v = [u v w]’, its velocity in the inertial frame Fjas p = [X Y Z]T,

its acceleration in the inertial frame as p = [X Y Z].



2.3. Equations of Motion 15

2.3 Equations of Motion

The quadcopter rotational and translational dynamics are modeled using the
Newton-Euler formulation for a single rigid body expressed in the body frame F,.
The equations presented here are used in the simulations presented in Chapter 4

and 5 to validate the control law developed in Chapter 3.

mv +mw X v =Fg+ Fr+ Fo (2.3)
4

Ie = —wxIw+ (Y, rrj x Frj) + Mr + Mq + Mc + My (2.4)
j=1

The parameters m, I, and rr, represent, respectively, the mass, moment of inertia
matrix the center of mass, and the position of the motor j with respect to the center
of mass. The cross-product operator is represented by x.

The pose kinematics and quadcopter velocities vary as follow:

j e JOXY (2.5)
. 10
a=-5 ®q (2.6)
w

Vectors can be rotated between the two frames F5 and F; by the quaternion rota-
tion operator ©. The reverse rotation from JFj to F is represented by an inverse
quaternion rotation (i.e. v = ¢~ ® p). The ® operator in Equation (2.6) refers to
the quaternion multiplication opertor.

The forces F' and moments M in (2.3) and (2.4) are referred to by the subscripts
G, T, Q, A and C respectively to represent the gravitational, thrust, gyroscopic, aero-
dynamic and contact forces and moments. In the following two sections, we will

define each one of these forces and moments.
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2.3.1 Standard Forces on a Quadcopter

The gravitational force in ]—"Q is:

Fg = q_1 o mg (2.7)

where g = [0 0 — g] is the gravity vector in Fj and g is the acceleration due to
gravity.

The thrust force is expressed as:

0
4 4
Fr=)Y Fr;=Y 0 (2.8)
—thJZ

Here k; represents the propeller thrust coefficient which relates the propeller thrust

Fj to the angular velocity (); squared. The thrust moment is expressed as:

0

Korg Ty (—1)02 = [, £X (~1)i€8

where ko4 represents the drag torque coefficient relating the drag torque generated
by the rotation of propeller j to ();. The second term in (2.9) represents the mo-
ment due to the change of propeller angular momentum, which uses the propeller

moment of inertia around its rotational axis J,.
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The gyroscopic moment is expressed as:

_q]r Z}L:l (_1)ij
0

The (—1)j term in the moment equations (2.9) and (2.10) is there to account for
the rotation direction of each pair of propellers: the propeller pair (1,3) rotates in
one direction opposite to that of the propeller pair (2,4) (see Figure 2.2). Note that
all propellers generate thrust upwards when in regular hover condition but rotate
in opposite directions to maintain moment equilibrium about the yaw axis..

In the present model, the aerodynamic drag of the whole vehicle is assumed to
act only opposite to the yaw rate r with a drag coefficient k;. The aerodynamic drag

is expressed as:

0
Maga=1| 0 (2.11)
—kgr
The drag moment is assumed to be linear in the yaw rate axis. This is justified
in [21] by the asymmetric relative air velocity over the advancing and retreating
propeller blades. Other aerodynamic forces were omitted from the model since

they are insignificant in an indoor environment.

2.3.2 Contact Forces

The contact forces used in this dynamics model were developed previously
in [27]. The effect of impact on a single bumper results in a normal and a friction
force at the contact point. The vertical wall is defined by ez, er and ey as shown in

Figure 2.3. The wall normal vector ey is the unit vector normal to the wall, pointing
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Po,t

en e
or °T

Figure 2.3: Contact force model at one bumper impact as derived
in [27]
outwards from the wall to the open space. A contact occurs between a quadcopter
and a vertical wall at a point pc. The non-linear compliant model first introduced
by Hunt and Crossley [22] is used to explicitly model the normal force F, which is

directed in the direction of ex applied at the contact point pc and is expressed as:
E, = A6d+ké (2.12)

Here, J stands for deformation (a.k.a., penetration) of the bumper at pc, k the coef-
ticient of stiffness, and A the damping coefficient.

The friction force Fy is applied at the point of contact pc in the direction oppo-
site to pc, which is component of the velocity of pc projected on the wall. This

projection is computed as:

Pc: = (Pler)er + (Plez)ez (2.13)
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The friction force Fy is modelled with the modified Coulomb friction model is pre-
sented below:

Fy = uE, (2.14)

In the above, u stands for the coefficient of friction defined as:

oo I pee Il if || ey 1< va
p=2J ’ ’ (2.15)
Ue otherwise

where vy, is the threshold velocity of pc; after which y remains constant, and ji is
a constant Coulomb friction coefficient for sliding.
With the normal and friction forces presented in Equation (2.14) and Equation (2.12),
a full contact model can be presented for a bumper impact with a wall:
Pct

Fc=qg '® (Feny — Fp—2— 2.16
c=q O (Fen —Fyp ) (216)

Mc =1rc X F¢ (2.17)

where r¢ represents the position of contact point relative to Og.

24 Reduced Attitude Kinematics

A quadcopter has a total of six degrees of freedom between the Euclidean linear
space and rotation space. On the other hand, a quadcopter has only four control
inputs which correspond to the four motor commands. This makes the quadcopter
an under-actuated system where it is impossible to control all six degrees of free-
dom simultaneously. Therefore, only four degrees of freedom can be controlled by

the four control inputs and usually, these are the quadcopter Euler angels [¢ 6 ]
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and the altitude z. Therefore, a typical quadcopter controller allows the control of
the quadcopter full attitude to some desired attitude.

In the event of a propeller failure, which is the focus of the present thesis, the
quadcopter loses one control input and hence can only control three degrees of free-
dom. Furthermore, the propeller failure implies the loss of controllability of one de-
gree of freedom among roll, pitch, yaw and altitude. The most important variables
to control are the roll, pitch, and altitude. Regulation of the roll and pitch angles is
necessary in order for the vehicle to maintain its stability, in addition these angles
affect the longitudinal and lateral displacements in the inertial Earth frame. On the
other hand, altitude is a critical variable to control since it must always be kept a
minimum positive value to avoid a collision with the ground. The loss of yaw con-
trol however, implies not being able to affect the heading of the quadcopter which
is not of vital importance for quadcopter recovering from a propeller loss.

The strategy adopted in this thesis is to give up control of the full attitude of the
vehicle, once a propeller has failed, and instead only control the pitch and roll of
the quadcopter’s attitude. This is referred to as reduced attitude [36]. In Chapter 3,

the controller for a propeller loss case will be presented.
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Chapter 3

Quadcopter Control with One

Actuator Failure

This chapter focuses on presenting the control law that can recover and fly a
quadcopter with only three propellers without a collision. First, the relaxed hover
concept is presented, followed by solving for the equilibrium periodic solution for
our custom vehicle NAVI. A control law is presented based on the control law
in [32], that attempts to fly and control a quadcopter after losing a propeller. This
control law is a cascaded system of a slower outer position controller that tracks a
certain position in space and a faster inner reduced attitude controller that tracks a

reference attitude.

3.1 Hover Condition

3.1.1 Conventional Hover

A typical quadcopter has four propellers that produce thrust in the same di-
rection. The propellers are made to rotate in opposite directions and arranged such
that the torques they produce can be made to sum to zero, while the propeller thrust

supports the weight of the vehicle. Therefore, in a conventional hover condition, a
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vehicle is at the same position in space with zero acceleration, zero angular velocity,
and the total thrust vector pointing opposite to gravity. For a symmetrical quad-
copter in conventional hover, this means each propeller produces a quarter of the
total thrust required to balance gravity. The propellers” angular momenta also sum

to zero which leads to the vehicle’s total angular momentum to be zero in hover.

3.1.2 Relaxed Hover

Relaxed hover refers to a flight condition where we relax the constraint on the
conventional hover conditions. Here, the vehicle remains near the same point in
space, but the vehicle has non-zero angular velocity. The translational acceleration
is non-zero as well; but, it must average out to zero along the periodic solution,
in order for the vehicle to remain substantially at the same location. The solutions
that will be considered are constant when described in the body-fixed frame; in
addition, the angular velocity vector of the vehicle must be constant.

When a propeller is lost, the total forces and torques acting on the quadcopter
will not be zero, and therefore static moment equilibrium will not be achieved
around the center of mass. This prevents the vehicle from hovering in the con-
ventional way, but it can settle in a relaxed hover condition. In this relaxed hover,
the reduced attitude of the vehicle will be constant. In the next section, the periodic

hover solution for our vehicle will be derived.

3.2 Equilibrium Solution

This section presents the equilibrium periodic solution that will be used for the
position and attitude controller for a vehicle with a disabled propeller. An overbar

refers to values that are constant along the periodic hover solution.
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The goal is to find a periodic solution where a primary axis 7 is fixed with respect
to the body fixed frame. The evolution of this primary axis 7 in the inertial frame is

governed by the following differential equation
n=—-wXn (3.1)

In the relaxed hover condition, the vehicle will be in a periodic state where it is
rotating around this imaginary axis # with a constant angular velocity w. The pri-
mary axis is fixed with respect to the body frame and is defined as 7 = [1y, 71, 71; T,

since the axis is constant along the periodic solution, we have that
n=20 (3.2)

and from the properties of the cross product, it follows from equation (3.1) that 7

has to be parallel to the angular velocity of the body w such that

n=ew (3.3)
Since 7 is a unit vector, the norm constraint is expressed as
17 [|=[l ew [|=1 (3.4)

The primary axis 7 is chosen to point opposite to gravity along the periodic

solution. The period of the periodic hover solution can be obtained from

N
=

Thover = m (3-5)
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:

Figure 3.1: A quadcopter with a lost propeller where the total thrust
vector is not pointing opposite to gravity, but has a component in the
horizontal direction

g

Since the vehicle must not accelerate in the gravity direction, the fraction of the

total thrust force 72 = 2;4:1 7]- pointing opposite to gravity is fzﬁz, such that

Fp =2l 56)

where 71, is the z-component of the primary axis.
An interpretation of equation (3.6) is illustrated in figure (3.1) which shows that
the fraction of the total thrust required by the vehicle during the hover condition

that is pointing opposite to gravity must equal 7.

3.3 Vehicle Trajectory

If 7, < 1, then from equation (3.6) the total thrust force is not pointing in the

gravity direction but has a component perpendicular to it. This portion of the thrust
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is directed in the horizontal direction which will result in an acceleration in that
direction. The horizontal component ay,,;, of this acceleration can be calculated

from:

(mneriz)* + (m || g 1)* = (fy)? (37)

This horizontal component of the force will make the vehicle move in a circular
horizontal trajectory of radius R_j..j.. To solve for this radius R, the centripetal
acceleration equation || acent | = || w 2R irete will be utilized and by replacing 72
in equation (3.7) by the expression found in equation (3.6) and solving for R_j.;., we

obtain:
lgll v1-—n.2
2 p—

fw | 7=

circle —

(3.8)

Therefore the vehicle will move along a circular horizontal trajectory of radius R,

given by equation (3.8) in the hover solution.

3.4 Solution for Hover Equilibrium

Without loss of generality, we assume the fourth propeller (4 in Figure 2.2) has

failed which means

fa=0 (3.9)

Therefore the periodic hover solution is defined by the following 10 unknowns
ﬁJC/ ﬁ]// ﬁZ! ?I q/ 71 €, 711 72/ 73

where p, g, 7 refer to the constant periodic components of the angular velocity of the

body w.
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3.4.1 Simplifying Assumptions

Since the vehicle is one propeller deficient, the three remaining propellers must
generate the thrust required without causing the vehicle to flip. One solution is
to have the two opposing working propellers generate equal thrust to prevent the
vehicle from having instabilities or a flipping moment along that direction as well.

Therefore, a new constraint is introduced such that

fr=13 (3.10)

The final constraint is on the force ratio between f, and f,, where a tuning factor p

is introduced such that

p=fa/fi (3.11)

where p can be used to generate a large range of possible values for the equilibrium
solution.

An optimal p value can be chosen based on the application. For example, an
optimal hover solution can be found either to minimize the power required by the
vehicle, minimize the rotation of the quadcopter in hover, or maximize the differ-
ence between the propeller thrust force generated in hover and the limits of the
propellers.

In the case of a quadcopter recovering after impacting a wall and losing a pro-
peller, the top priority is to minimize the rotation of the quadcopter and be at a safe
threshold from the propeller maximum limits to allow for good maneuverability.
This is important because after the quadcopter impacts a wall, it has to stabilize to
the hover solution as fast as possible and be able to move away from the wall. In
addition, having the equilibrium thrusts of the propellers at a safe margin from the

maximum limits helps in recovering and moving the vehicle away from wall, rather
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than saturating the propellers which may lead to the loss of lift and crash towards
the wall.

Therefore the 10 unknowns presented earlier in this section that define the equi-
librium solution can be computed by solving the 9 equations (3.3), (3.4), (3.10), (3.11)
as well as equation (2.4) with the angular acceleration w set to zero. These equations

are presented below:

i = ew (3.12)

|7 ||=]lew [|=1 (3.13)

fi="13 (3.14)

0= fo/f1 (3.15)
—wam(irTj><f_Tj)+MT+MQ+MA=0 (3.16)

j=1

Note that equations (3.12), and (3.16) each represent 3 scalar equations which makes
for a total of 9 equations. Here p will be an additional variable that will be studied

further in the next section.

3.4.2 Force Ratio Analysis

The equilibrium solutions of our custom quadcopter NAVI for different values
of p, which represents the force ratio of the two adjacent healthy propellers, are

shown in Figure 3.2.
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Figure 3.2: The hover solution variation as a function of the force ratio

p = f,/f;. The plots show the angular velocity, primary axis compo-

nents, propeller forces with the motor thresholds, and the radius of the
circular trajectory as a function of the force ratio

At a force ratio of zero, f,, the propeller facing the one that was damaged is shut
off. Therefore only two of the vehicle’s propellers are producing thrust. For this
solution, the angular velocity of the vehicle is maximum at a value of 15 rad/s and
the vehicle’s primary axis has only a component in the z-direction (i.e., n;). From
equation (3.6), for n, = 1 all the thrust of the vehicle is pointing opposite to grav-
ity and the vehicle will have no force in the horizontal direction, hence the radius
of the circular trajectory is zero as shown in the fourth plot in figure (3.2). As the
force ratio increases from zero, which means the second propeller is producing a
thrust, the vehicle primary axis moves away from the body z-axis and 7, decreases
while the 1, component increases. The pitch rate starts increasing as the thrust from
the second propeller increases. A minimum for the magnitude of the angular ve-
locity of the vehicle occurs at around 9.5 rad/s at a force ratio of 0.55 as well as a
minimum of the propeller thrusts f; and f3 occurs at a force ratio of 0.53. A discon-
tinuity occurs at a force ratio of 2, where the vehicle is standing upright in a vertical
position (i.e. pitched 90°) which can be seen in the components of primary axis,

that is n, = 1 while n, = 0. As p increases away from the discontinuity, the yaw
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rotation of the vehicle switches direction as can be confirmed by the negative yaw
rate r in the first plot. An important consideration to keep in mind is the maximum
thrust of the propellers. The required thrust for some of the equilibrium solutions
is not achievable, which is shown by the dashed line in the third plot. All the equi-
librium solutions beyond the value of approximately p = 1.2 are not possible due
to the limitation on the thrusts produced. Therefore we are confined to solutions
corresponding to p = [0 — 1.2] interval.

Since the minima of the angular velocity and of the force f; occur in close prox-
imity, a value of force ratio p = 0.51 which lies in between the two minima was
chosen to be the equilibrium solution. This gives enough difference between the
propeller thrusts in hover and the maximum thrust limits for the vehicle to be able
to maneuver and converge to the solution. In addition, it is preferable to choose a
low angular velocity for the vehicle in the hover solution, which helps the vehicle to
converge faster to the hover solution, recover faster after losing the propeller, and
be more stable during the periodic solution. It is interesting to incorporate several
equilibrium solutions in the recovery, for instance during landing it would be opti-
mal to transition to a solution with a zero radius of circular trajectory (which is the
solution at p = 0). For simplicity only one solution will be used in the recovery.

Therefore, the equilibrium solution that will be used in this thesis is defined by

7= (0,0.14,0.99)T
f=(42,21,42,0)T

@ = (0,1.4,10)T
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3.5 Control Law

The control law presented in this thesis from [32] incorporates a cascaded con-
trol strategy with a faster outer position module and a slower inner module that
regulates the reduced attitude of the vehicle. Figure (3.3) illustrates the block dia-
gram of this controller. The goal is to converge to the periodic hover solution, to be
able to maintain the relaxed hover condition, and to control the vehicle’s position
and reduced attitude. The following section will go over each block of the cascaded

controller, starting with the position controller and followed by the reduced attitude

controller.
Desired Desired Motor Forces
Positi HH Acceleration H
osition Position Reduced Attitude{ _,
Controller Controller

Attitude, Angular Velocity

Position, Velocity

Figure 3.3: Block diagram showing the cascaded control design used

in this thesis. An outer controller regulates the positions and a faster

inner controller adjusts the reduced attitude. The inner controller com-
putes the required thrust by each propeller.

3.5.1 Position Controller

The deviation of the center of mass of the quadcopter from a desired point is
space in the inertial frame will be referred to as d. This deviation d can be con-
sidered as the error in the position of the vehicle, i.e., the difference between the
current position and the desired position. Similarly, the deviation in the velocity of
the vehicle can be expressed as d. The goal of the position controller is to make this

deviation d behave as a 2" order system as defined by the following dynamics:

diges + 2Cwnd + wy?d = 0 (3.17)



3.5. Control Law 31

where the damping ratio and the natural frequency are chosen such that the posi-
tion controller is slower than the inner control loop.

As described earlier, the body fixed vector n is parallel to the angular velocity
of the body and is directed to point upwards; n can be thought of as the thrust
direction of the vehicle averaged over one rotation of the vehicle. Therefore, by
rotating and controlling n, it is possible to control the acceleration and the position
of the vehicle.

A new vector n g4 (f) is introduced which defines the desired acceleration direc-
tion. The desired acceleration denoted as d,s from equation (3.17) can be used to
solve for the total thrust force fy-(t) and the desired primary axis 7m4,(t) using the
following equations:

m
— |
z

fr(t) = -

ndes(t)ﬁsz(t) = mq_l © (Jdes(t) - g) (319)

(ddes (t) - g) || (3°18)

In equation (3.18), after calculating d.s and compensating for gravity, the desired
total thrust force fy- can be calculated. Similarly in equation (3.19), the desired total
acceleration is rotated to the body frame using the inverse quaternion rotation, from
which the desired primary axis 14, can be computed after substituting fy- that was
just computed. Note that 77, is a constant computed as part of the equilibrium. The
relationship between relevant accelerations and direction of n 4, is illustrated in

Figure 3.4.
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Figure 3.4: A diagram showing the relationship between the vectors

used in the position control. The desired acceleration computed by

the position controller from equation (3.17) followed by computing the
desired primary axis from equation (3.19).

The goal of the reduced attitude controller is to make the body primary axis n
align with the desired primary axis n4,s while producing a total thrust fy-. This will

be expanded on further in the next section.

3.5.2 Reduced Attitude Controller

The quadcopter reduced attitude has to be controllable near the equilibrium
hover solution. This is achieved by linearizing the system near the equilibrium
solution by using the time invariant nature of the hover solution. Given that the to-
tal force fy- can be chosen, and the direction of the primary axis n can be specified,
the vehicles acceleration can be controlled and hence also its position.

The vehicle’s reduced attitude can be described by the state vector = (p, q, ny, ny).
Since the outer controller computes the desired acceleration based on the desired

position, the reduced attitude controller will exploit the attitude deviation from the
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equilibrium hover point. In other words the goal of the attitude controller is to drive
the primary axis of the vehicle n to 7 and n to zero. This is expressed by the state
deviation

T=x—X (3.20)

where x is the current state and x represents the periodic hover solution derived in
Section (3.4.2).
Linearising about the equilibrium solution yields the following system in state-

space form:

X = AX + Bu (3.21)
0 K 0 0 0 1
K 0 0 0 I |10
A= ,B = - (3.22)
0 -n, 0 7 x 10 0
n, 0 —7 0| _ 0 0|
L 4 x=x = - X=X

In the above, [ is the distance from the center of mass of the vehicle to each propeller
arm, Iy, the first component of the inertia matrix of the quadcopter about its center
of mass, 7 is the yaw rate equilibrium solution solved for in Section (3.4.2), and K is
a constant that emerges from the linearisation of the system defined as follows:

Lex — Jr_ =

xx—]rr — L(wl + wy + w3) (3.23)

Ixx Ixx

K=

where J; is the moment of inertia of the propeller around its rotational axis.

Since the total thrust is computed at each simulation time step, one of the three
input variables is used to control the altitude; the 3 functional propellers have only
2 free input variables which can be used to control the attitude. These form the

input vector u, where u = (11, 1) which represents the deviations of the propeller
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forces from the equilibrium hover solution propeller forces and is expressed with
the following equation:

oMl (fs—f3) = (fi—f1) (3.24)

uz (f2— 72)
Given the linear system of equation (3.21), a linear-quadratic regulator (LQR)
controller is used to solve for the control input. In the present controller design, the

LQOR cost matrix Q and input matrix R are defined as follows:

100 0
01 0 0
Q= (3.25)
002 0
00 0 20
10
R= (3.26)
01

where the cost value on the deviation from the primary axis was set to 20 and the
cost value on the angular rates set to 1 s?rad 2. These values were optimized with
the goal to minimize the vehicle’s drift from the primary axis overall.

The feedback control law that minimizes the value of the cost can be defined as
follows:

u = _KLQRw (327)

where Kj or is computed by the 'LOR” MATLAB function using the linearized sys-
tem defined in Equation 3.22, the cost and the input matrices. Thus, the three pro-

peller thursts fi, f», f3 are computed using equation (3.24) combined with the total
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thrust constraint equation:

fr=HA+h+f (3.28)

Using the inner and outer controller, the vehicle can be controlled to converge
to the hover solution. In the following chapter, simulation results are presented to
test performance and the robustness of the controller presented here to converge to

the hover solution from different initial conditions.
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Chapter 4

Quadcopter Simulation for One

Propeller Failure

Before applying the control theory presented in Chapter 3 to collision recovery
of a vehicle with a failed propeller, it is first tested in a simulation environment
for stabilizing the vehicle from a wide range of initial conditions. The motivation
for testing the reduced attitude controller alone for basic stabilization, without the
additional complexity of collision with an obstacle, is to validate and thoroughly
test the control law and understand its limitations and strengths.

The reduced attitude control law was coded into the quadcopter dynamics sim-
ulator described in Chapter 2. Batch simulations were performed to ensure that the
control law is capable of recovering the vehicle to a reduced hover state from a wide
range of initial orientations. The model employed in the dynamics simulator repre-
sents the custom propeller protected quadcopter NAVI. The following sections will
describe the simulation environment and the various analyses conducted to test the

controller.
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4.1 Quadcopter Dynamics Simulator

Simulations were performed in MATLAB using the standard MATLAB libraries
along with MATLAB Aerospace Toolbox. The simulation environment was pro-
grammed using the MATLAB structure data type to log variables, to manage, and
to access them efficiently.

The dynamics model used was the one presented in Chapter 2, where the most
essential dynamics effects were modeled while omitting others to simplify the model.
Most notably, the terms due to yaw drag, propeller acceleration and propeller sat-
uration were modeled. Also, the thrust and drag generated by the propellers were
calculated as a quadratic function of the motor speeds. All other aerodynamic ef-
fects caused by the propeller interactions were neglected.

The simulator used ODE45 to propagate the state with a time step of 200 Hz
to match that of NAVI's flight controller. At each time step, the complete state of
the quadcopter and the controller output were updated and stored in different data
structures. Four Matlab ’struct” data types were used to store these values: Pose,
Twist, Propstate, and Control. Pose and Twist were updated directly from the state

of the quadcopter which is defined as
c=uowpqrXYZqwq:qyq:]" (4.1)

The vehicle parameters used in the simulation are presented in Table 4.1 below.
The moments of the inertia, as well as the geometric parameters, were obtained
from a detailed computer-aided design model of Navi. The DJI propeller datasheet
was used to obtain the propeller moment of inertia about its rotation axis for the

8-inch propellers defined as J,. The propeller thrust coefficient k;, which relates the
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square of the rotational speed of the propellers to the thrust generated, was experi-
mentally obtained by using a force torque sensor to measure the thrust force gener-
ated at different propeller speeds. Similarly, the propeller drag moment coefficient
k;, was obtained via the force-torque sensor by measuring the moment about the
axis of rotation at different propeller rotational speeds. The quadcopter yaw drag
coefficient k, was approximated by considering values for similar vehicles from the

literature [32] [33].

Table 4.1: Navi quadcopter parameters used in simulation

Parameter Value Unit Description
1.05 kg Mass of Navi
g 9.81 m/s? Gravitational acceleration
l 0.22 m Arm length
ki 8.7e-8 N/RPM?  Propeller thrust coefficient
kg 8.7e-9 Nm/RPM?  Propeller drag coefficient
Ir 2.208e-5 Kg-m? Propeller moment of inertia
ky 0.08 Nms/rad Vehicle drag coefficient
1122 x 1072 —562x107° —142x10°8
I —562x107° 1.123x 1072 —45x10° Kg -m? Navi moment of inertia
-142x107% —45x107% 2108 x 1072

4,2 Simulation Results

In this section, the results of the controller presented in Chapter 3 will be tested
under different initial conditions to test its robustness. Two sets of simulation re-
sults will be presented. In the first set, the goal is to make the vehicle stabilize to
the reduced hover condition around the point where the vehicle lost its propeller.
In the second set of simulations, the quadcopter will be commanded to reposition

to a specific location away from where the propeller was lost. In both simulations,
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propeller 4 (see Figure 2.1) fails at t = 0.1 and the recovery controller is activated

immediately.

4.2.1 Case 1: Maintaining Hover

The first set of simulations tested the controller’s capabilities of maintaining po-
sition control as well as to reach hover. The priority as always is for the inner con-
troller to reach the equilibrium hover condition while the outer position controller
slowly drives the vehicle to the desired location which is the location of the vehicle
when the propeller failed. The initial and desired states for the first set of simula-
tions are summarized in Table 4.2 and Table 4.3. Euler angles will be used to define
the initial attitude condition because of their simpler and intuitive representation.
The built-in MATLAB function ‘angle2quat’ offered in the Aerospace Toolbox is
used to convert the initial Euler angles to quaternions to propagate the dynamics of

the system.

Table 4.2: Initial conditions for the controller simulations

Description ~ Value  Unit
x 2 m
y 2 m
z 5 m
X)Y,Z Variable m/s
p,q,r 0 rad/s
$,0,¢ Variable deg

Simulations are executed for 8 seconds which is considered sufficient time for
the vehicle to converge to the equilibrium solution as well as to reach the desired po-
sition; otherwise, the vehicle will be considered to have drifted far away or crashed.

Therefore, the recovery task is considered a failure if the vehicle loses more than
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Table 4.3: Desired parameters for the outer position controller

Description  Value Unit
Xdes 2 m
Ydes 2 m
Zdes 5 m

Xdeerdeerdes 0 m/s

2.5 min altitude, drifts horizontally by more than 4 m, or does not reach the desired
position in 8 seconds.

In the first simulation, the quadcopter is initialized with zero Euler angles and
no initial horizontal velocity which represents a normal hover condition.

As can be seen in the first plot of Figure 4.1, the x, y and z variables converge to
the desired values with a slight error in the altitude after approximately 4 seconds.
This steady state error in the altitude is due to the fact that there is no integral term
in our feedback controller. The vehicle deviates by almost 0.7 m in the x-direction
before converging back to the initial position. The oscillations, particularly promi-
nent in the velocity responses (second plot in Figure 4.1) after the vehicle reaches
the desired position(t > 4 s) represent the periodic equilibrium solution; at equi-
librium the vehicle wobbles around the desired position with a non-zero velocity
but the average velocity over the period of oscillation is zero. In the third subplot,
the vehicle’s angular velocity converges in approximately one second; however,
the vehicle’s pitch and roll rates exhibit small offset from the equilibrium solution
computed in Chapter 3. This can be explained by the simplifying assumptions and
approximations used to derive the equilibrium solution. On the other hand, the an-
gular velocity in the yaw direction r converges precisely to the equilibrium value.
The propeller thrust plot shows the two opposite working propellers (f; and f3) ex-

2nd

perience an increase in thrust coincident with the drop in thrust of the 2""* propeller
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Figure 4.1: Simulation results after losing the 4th propeller where the
position and desired position are shown in the first plot, velocity com-
ponent variation in the second, angular velocity and the equilibrium
vales for each component in the third. Propeller forces and there equi-

librium values for the three propellers.
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in response to loss of thrust in propeller 4. The drop in the 2" propeller thrust be-
low the equilibrium value f, results as the controller tries to increase the angular
velocity of the vehicle about the body z-axis before activating the 2" propeller. As
shown in Figure 4.2, in the absence of thrust on the 4 propeller, f, thrust will cause
the vehicle to flip.

Meanwhile, while f; is at a minimum in the short time immediately after failure
of f1, the thrusts of f; and f; reach a value of =¥, thus generating the required
thrust to provide the lift to cancel out the gravitational force. When the vehicle has
gained sufficient angular momentum to handle a moment from f, without causing
the vehicle to flip, f, converges to the equilibrium solution f, with a slight offset and
f1 and f3 converge to their equilibrium solutions with a slight offset. The fact that
the vehicle is able to reasonably maintain its altitude with only a small drop 0.2m
implies that the three working propellers are able to collectively generate sufficient
thrust at all times after the loss of a propeller.

74 A

fi

£l V> -l >
é@_)@ ®®©

Figure 4.2: A diagram showing the reason behind the sudden drop in
f2 below the equilibrium solution value in the first second after f; is
disabled

The next set of simulation tests is designed to demonstrate the effect of the ini-
tial conditions on the performance of the vehicle, specifically the effect of different
initial Euler angles and the initial horizontal velocity.

The effect of varying the yaw angle will be addressed first. To test the sensitivity

of the control law to a change in the yaw angle, the remaining initial conditions are
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kept the same as in the first scenario presented (zero pitch, zero roll, and zero initial
velocity).

The results in Figure 4.3 compare simulated position of the vehicle for three
initial yaw angles to the results presented in Figure 4.1. Since the only response that
revealed interesting outcomes is the vehicle position response, the other states are
not considered in this comparison. The results in Figure 4.3 show a major difference
in the drift direction of the vehicle as the initial yaw angle is changed. The 3™ case
for the initial yaw angle of 180° shows the diametrically opposite results to the
zero yaw angle case as would be expected. Therefore an interesting conclusion can
be summarized from the results: as long as the other initial conditions remain the
same, a change in only the yaw angle will not cause the vehicle to drift further than
the absolute value of any one of the cases, but only result in a change in the direction
of the drift.

Next, the impact of the initial velocity will be addressed. For simplicity, an ini-
tial velocity in the x-direction only is assumed and all the Euler angles are set to
zero. The plots in Figure 4.4 show the position responses (x-axis, y-axis, z-axis com-
ponents respectively). Each plot shows the responses of the vehicle for the initial
velocity in the x-direction varying from 0 to 3.5 m/s. It can be seen that as the ini-
tial velocity increases, the vehicle’s position drift is more substantial and increases;
however, the controller is still able to stabilize and regulate the vehicle around the
equilibrium solution. Although the vehicle recovered from the loss of a propeller
for all velocities considered, the high drift in the horizontal direction is worrisome
especially since the vehicle is uncontrollable in a sense that the pilot can not change
the path of the vehicle during this time. An interesting pattern that emerged from
these plots is the sequence of the drift as the velocity increases which shows that

the results are not chaotic but are sensitive to many variables that can affect the
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Figure 4.3: Simulation results showing the propagation of the vehicle’s
position at different initial yaw angles (45°,90°,180°) compared to the

first case with zero yaw deflection
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Figure 4.4: Simulation results showing the propagation of the vehicle’s
3D position at different initial velocities superimposed in one plot for
each axis

Finally, only two results will be presented for the change of the initial pitch and
roll angle due to the complex, chaotic behaviour and the dependency of the re-
sponse on the other variables (initial yaw and initial velocity). The first scenario
will assume the initial roll and pitch of the vehicle are 15° each, with no yaw angle

offset or a horizontal velocity. The second scenario assumes the initial roll and angle
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are —15°. The results will be compared to the results presented in Figure 4.1 which

account for the standard hover case (zero pitch, roll, and yaw).
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Figure 4.5: Simulation results showing the propagation of the vehicle’s
position at two different initial roll and pitch angles compared to the
first case at normal hover

Figure 4.5a reveals that as the pitch and roll angles increase, the vehicle overall
drifts further to recover. There was not much of a change in the altitude of the ve-
hicle from the normal recovery, and it stabilizes to the same offset error. Overall the
vehicle recovers at the same time (3.5 s) in both cases. For the sake of maintaining
consistent results, we will always assume the 4! propeller has stopped working.

Figure 4.5b results differ slightly from the results presented in Figure 4.5a. The max
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drift (1 m) is still the same as that in Figure 4.5a but now in the x-direction rather
than the y-direction. This is logical since the location of the 4" propeller relative
to the orientation of the vehicle plays a big part in the path the vehicle will take to

reach the recovery stage.

4.2.2 Case 2: Position Regulation

In the previous section, the response of a quadcopter losing a propeller and its
ability to maintain its position were scrutinized. The dependency of the response
on initial conditions was investigated. In this section, we will test the capability of
the control law presented in Chapter 3 to reach any desired point in space. This is
important since upon impacting a wall and losing a propeller, a reliable controller
incorporated in a control recovery pipeline should be able to reach the desired point
away from the wall, which will be addressed in the next chapter.

The scenario presented will be initialized at normal hover condition (zero Euler
angles and no velocity) at (x,y,z) = (2,2,5) and have a desired set point for the

outer position controller at the coordinates (Xjes, Yies, Zdes) = (4,4,7).
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Figure 4.6: Simulation results showing the propagation of the ve-
hicle’s position starting from normal hover to a desired point of

('xdES/ Ydess Zdes) = (4/ 4/ 7)

Figure 4.6 shows that the position controller is capable of reaching the desired
point in space and not just maintain its position. The vehicle gained altitude to
reach the desired height with a small offset without overshooting but still over-
shoots around 0.4 m in the horizental direction compared to 0.7 m in Figure 4.1. The
change in the desired position did not cause the controller to take more time to re-
cover, as the recovery still took approximately 3.5 s to reach and stabilize around

the desired position.

4.2.3 Batch Simulation Validation

To evaluate the recovery controller, a batch simulation was performed by vary-
ing the initial conditions of the simulation six thousand times. The batch method

provides essential information about the average deviations for variables such as
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drift in the horizontal direction off the path to the desired point, height loss, as well
as the recovery time.

The range of initial conditions was chosen to cover a large number of possible
scenarios that could happen in a normal flight. The initial linear velocity of the
quadcopter in the X direction was varied from 0 m/s to 2 m/s. The angular body
rates and the initial yaw of the vehicle were set to zero. The initial roll and pitch
were varied from —7t/6 to 7t/6. The initial conditions used in the batch simulation
are summarized in Table 4.4.

Table 4.4: Initial conditions for the batch simulation

Range Units Description
—t/6<¢<m/6 rad Initial roll
—m/6<0<m/6 rad Initial pitch

=0 rad Initial yaw

0<X<2 m/s  Initial linear velocities
w=0 rad/s Initial angular velocities

The histograms of the simulation results for height loss, horizontal drift, and
time to recover are presented in Figure 4.7. Simulations were run for six simulated
seconds each. The recovery success rate of over 98.7% was obtained where the
vehicle recovered within a 5-second time window. This demonstrates that close
to the full range of possible initial conditions can be handled by the controller. The
average recovery time, which is the time for the vehicle to reach the desired position
hovering around the equilibrium solution, needed to reach the desired position was
4.1 seconds with a standard deviation of 0.4 seconds. The average height loss over

the simulations was 0.25 m with a standard deviation of 0.02 m. This shows that the
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vertical drop is not a significant issue for the range of cases considered. Finally, the
average horizontal drift is 0.7 m with only around 13% of the simulated scenarios
with a drift greater than 1 m. In the latter cases, the initial velocity is not zero and

the attitude deviations are large.
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Figure 4.7: Histograms of the batch simulation results showing the
number of simulations with respect to respectively the horizontal drift,
height loss and recovery time.
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4.3 Hardware in the Loop Simulation

Once the recovery control law was tested in simulation, it was programmed onto
the Pixracer micro-controller of the NAVI vehicle. Pixracer is a micro-controller op-
timized for a wide variety of small racing quadcopters and planes. The firmware
flight stack called 'PX4” runs the flight control, state estimation, and all middle-
ware functions. The PX4 flight stack is open source and the most well maintained
and developed option for developers. It uses the Mavlink protocol to communi-
cate with other devices and modules. A desktop ground station application called
QGroundControl, which also uses Mavlink, is used for parameter setting, flight

time debugging, and calibration.

Figure 4.8: Pixracer microcontroller

Due to safety concerns of testing with a real vehicle, firmware validation and
parameter tunning were carried out via hardware in the loop which is a simulation
mode which runs PX4 firmware on the real flight controller Pixracer. Hardware in

the loop is run in conjunction with Gazebo, a powerful 3D simulation environment
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for autonomous robots that runs on the desktop ground station. A micro-USB con-
nects the controller running Hardware in the loop to the ground station running
Gazebo and QGroundControl. A model of our vehicle including its physical and
motor properties was input into Gazebo. This model helps Gazebo in simulating
the effect of the environment on the vehicle while in flight.

One of the PX4 flight controller modules ‘mc_att_control” was modified to run
the recovery controller in conjunction with the standard attitude and manual con-
trollers. The recovery controller is triggered upon the pilot switching one of the
switches on the radio control. The goal is to have the vehicle lift off to a certain
altitude and hover there using the altitude control mode. The pilot then switches
using the manual button on the radio controller to the recovery controller. Since the
vehicle will not actually be losing a motor, one of the four propeller thrusts will be
set to zero and the three remaining propeller thrusts will be supplied by the con-
troller output. For safety reasons, PX4 sets all zero thrusts signals to the minimum
arming rpm; therefore, the minimum arming rpm was set to zero as well as other
fail-safes had to be removed in the ‘'motor_rpm” module in the PX4 firmware. This
ensures that when the recovery control switch is triggered, only three propellers
will produce thrust.

Activation of the recovery controller always led to crashes in the Gazebo simu-
lation. After cross examining the crashes to the Matlab simulation it was found that
the crashes were due to a missing yaw drag term in the Gazebo dynamics model.
Gazebo is designed such that it is only possible to change the vehicle physical di-
mensions and motor properties and not the dynamics of the environment; since
the yaw drag is rarely used for general aircraft simulations it was never coded into

the Gazebo environment. Due to the risks of vehicle damage and difficulties with
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tethering a vehicle that is yawing at high rates, we did not pursue further experi-
ments. It was critical to verify that the yaw drag plays a big role in the recovery,
especially in the first seconds of the recovery. Having sufficient drag in the yaw
direction helps the vehicle to stabilize and reach the equilibrium solution. It is im-
portant to also note that the value for the yaw drag used in the Matlab simulation is
an estimated value, and the equilibrium solution was derived based on that specific

value.

4.4 Summary

The simulation results presented in this chapter show that the developed control
law is capable of recovering the vehicle after losing a propeller from a wide range
of initial conditions. Also, the vehicle was able to recover and reach a desired point
in space in any direction. However, higher initial velocities and higher initial pitch
or roll angles increase the horizontal drift of the vehicle. The batch simulations
provided consistent results on the efficiency of the control law in recovering the
vehicle in a certain period of time for a wide range of initial conditions. The time
for recovery was not affected by the initial conditions. Finally, Hardware in the
loop simulation failed due to a missing yaw drag term in the Gazebo environment
which prevented us from conducting an experimental evaluation of the recovery

controller.
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Chapter 5

Collision Control with One Actuator

Failure at Impact

In this chapter, the recovery controller as described and tested in the previous
chapters was applied to the research objective of recovering from a collision with a
vertical wall after losing one actuator. A batch simulation was performed on a wide
range of initial conditions to test and validate the control strategy adopted. The
results were also compared to the controller developed in [11] to recover from an
impact with a wall but without losing any actuator, that is, where the vehicle uses
all four propellers to recover.

Section 5.1 goes over the control pipeline, or strategy, that was developed to re-
cover from a destructive impact with a wall that caused a propeller failure. The
pipeline consists of three stages, starting with impact detection to position control
and finally the reduced attitude controller. However, to allow for the case of loss
of the GPS signal, which is easily compromised by tall buildings and big struc-
tures [37] [38], the position controller is replaced by a velocity controller with an
alternative overall control strategy; this strategy is less effective but it is indepen-

dent of the vehicle position estimate.
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The contact dynamics model introduced in [27], that defined the interaction be-
tween the quadcopter’s bumpers around the propellers and the wall, was used in
the MATLAB simulator. This simulator was utilized to generate results with a batch
simulation for a wide range of initial conditions to identify the most challenging
scenarios to recover from, as well as to find the critical initial conditions and param-
eters where the vehicle was not able to recover with a lost propeller. The setup for
these simulations is described in Section 5.2. The two control strategies suggested
in this chapter were also compared to identify the strength and weaknesses of each.
Finally Section 5.3 contains the analysis of simulation results which uncovers that

majority of impacts were recoverable up to a certain critical angle.

5.1 Collision Recovery Strategy

The collision recovery strategy is composed of three consecutive stages as shown
in Figure 5.1. The first stage detects that an impact has occurred. The second stage
allows for two possible options depending on whether there exists a reliable po-
sition estimate of the vehicle. If there is a vehicle position estimate, the position
controller computes the desired acceleration required to move away from the wall
based on the output of the first stage; otherwise, the velocity control computes the
desired acceleration based on velocity estimates. Finally, the last stage recovers the
vehicle’s reduced attitude while producing the desired thrust of each propeller to
match the desired acceleration. The third stage differs slightly based on which of

the two aforementioned options was taken in the second stage.
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Figure 5.1: A block diagram showing the proposed three-stage recov-
ery strategy of a vehicle after impacting a wall and losing a propeller.

5.1.1 Collision Detection

It is assumed that impacts only occur with vertical walls, which can be detected
by a sudden increase in the vehicle horizontal acceleration. The absolute accelera-
tion can be calculated by rotating the acceleration measurement a, into the inertial

frame, and compensating for gravity as shown below:

a=qOag.+§g (5.1)

where a = [ay, ay, aZ]T is the vehicle’s center of mass acceleration in Fj.
A collision is detected whenever the magnitude of the horizontal components of

the acceleration exceeds a certain threshold k as shown below:

1if | [ax,ay]" [|> K
CollisionDetected = v (5.2)

0 otherwise

At the time of collision detection, the wall normal ey, to be used in subsequent
stages can be estimated as follows:
[ax, ay] !

- - 5.3
N = ay a7 53)
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5.1.2 Desired Acceleration Calculation

After a collision is detected, the second phase is triggered where the controller
computes the desired acceleration to send to the inner controller to achieve. Since
GPS signal is not very reliable in indoor environments or adjacent to tall build-
ings [38] [39], a position estimate is not always available; therefore, a velocity con-
troller is incorporated as an alternative to the position controller.

Starting with the position controller, and using the computed wall normal ey =
lenxs eNy; 0]7, a desired position can be found that lies along the normal direction at
the same altitude as the impact, at a certain distance away from the wall. To make
the recovery time faster and have enough clearance away from the wall, a clearance
variable dj.,, was introduced. Therefore the desired position is computed such

that:

ENx Ximpact
Pdes = dclear €Ny + Yimpact (5.4)
0 Zimpact

where zjy,pact is the altitude at the time of impact which can be easily obtained from
the barometer measurement and X;pact and Yiypact are obtained from the GPS sig-
nal. In the results presented here, d,,, was chosen to be 3 m. The desired velocity
Ddes is always set to zero. Afterwards, Equation (3.17) can be rearranged to calculate

the desired acceleration a;,; as shown below

Ages = —28wWnp — wnz(pdes - p) (5.5)

In case of a missing position estimate, Equation (5.5) cannot be used to com-
pute the desired acceleration, which means the vehicle cannot be tracked during

the recovery; therefore, an alternative recovery strategy is needed.
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Velocity estimates are obtained from various sources and do not solely rely on a
GPS signal or a position estimate [40] [41]. Integrating the accelerometer measure-
ments would result in an approximate velocity estimate which may be good enough
over a short time frame immediately after impact to recover the vehicle. However,
if there is no position feedback, the vehicle can drift from any external perturbations
and it is impossible to command the vehicle to a certain position in space. There-
fore, using the wall normal vector ey, we can compute the desired acceleration that
scales over time to recover to a safe distance. Since we can not control the vehicle’s
position, we can command the vehicle to head in a certain direction through the
desired acceleration while its velocity is controlled.

Starting with the wall normal, which is estimated from acceleration measure-
ments only, and compensating for gravity, we define the desired acceleration vector

to incorporate a velocity dependent term as follows:

Qles = _2€wnp + (eN + g) (56)

However, the second term in the above equation, (ex + g), is not changing as time
progresses and as the vehicle points away from the wall. Therefore, a scaling of the
desired acceleration is proposed, to autonomously scale the acceleration vector as
the vehicle moves away from the wall, as illustrated in Figure (5.2). A maximum
scaling time T, of 2 seconds was chosen through trial and error; a higher value
would result in the vehicle drifting far from the wall and a value less than 2 seconds
risks the vehicle to remain too close to the wall. Since the final desired acceleration
vector at the end of the T, period should be pointing opposite to gravity, that is
the final acceleration vector should only have a z-component, the following time-

dependant expression for a,,, is proposed
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_Zgwnp + KN(BN) (1 - t/Tscale) + g if t < Tscule
Qges — (5.7)

—2wuyp+8 otherwise

where the ey term decreases linearly with time to zero at t = Ty.,,. The coefficient
Ky allows to adjust the magnitude of the horizontal component of the acceleration

vector to help move the vehicle away from the wall more aggressively.

ﬂl

Ages

Figure 5.2: A diagram showing how the desired acceleration changes
over the duration of the recovery (t=T;.4, s)

5.1.3 Reduced Attitude Controller

The third stage is similar to the reduced attitude controller presented in Chapter
3. The desired acceleration computed in stage 2 is used to find the total thrust force
fs- which can be calculated using Equation (3.18) and the desired primary axis 714,

using Equation (3.19).
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The overall goal of the control strategy is slightly different from the controller
presented in Chapter 3, where the priority was to stabilize the attitude of the vehicle
and subsequently move it to a desired position. The goal now is to move the vehicle
away from the wall and to achieve convergence to the equilibrium solution at the
same time. It can be said that the recovery control in this chapter is characterized by
a two-point failure as compared to the controller of Chapter 3. If the vehicle is not
able to reach the equilibrium solution for whatever reason, or it collides again into
the wall while in recovery, then the vehicle crashes. Therefore, a slight adjustment
has to be made to the parameters of the outer controller to make both objectives of

the controller a priority. This is explored further in the simulations.

5.2 Simulation Parameters

The collision recovery strategy was validated by running thousands of simu-
lations in batch through a wide range of initial collision conditions. The wall is
assumed to be a vertical plane that the vehicle impacts at a 45-degree yaw angle so
that only one propeller bumper comes in contact with the wall during impact. Be-
fore presenting the results, we will define the initial conditions and the parameters

used in the simulations.

5.2.1 Initial Conditions

From the previous chapter, it was concluded that the initial velocity, as well as
the attitude of the vehicle (Euler angles) have an effect on the response of the vehi-
cle after losing a propeller. Similarly, the incoming velocity and the inclination of
the vehicle with respect to the wall have a significant impact on the post-collision

response of the vehicle. The yaw angle of the vehicle dictates whether one or two
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propellers impact the wall and as already stated, the yaw angle is fixed at 45 degrees
for all the simulations. Initial angular velocities were set to zero for all the simula-
tions because a typical quadcopter flying into a wall would not generally have large
body rates. The incoming velocity for the vehicle was set to be along the ex axis of
the inertial frame. Since the vehicle is symmetrical about the roll and pitch axes,
we varied the orientation of the vehicle pre-collision such that it is pitched into or
away from the wall. However, if both pitch and roll angles are nonzero, the pitch
angle is not a measure of the inclination of the vehicle into or away from the wall.
Therefore, a new parameter 7y defined as the inclination angle is introduced, which
is the angle between the projection of the body fixed — z-axis onto the vertical plane
normal to the wall, and the inertial Z-axis. The inclination is positive when the ve-
hicle is pitched into the wall, and negative if directed away. A wall tangent vector

er is defined in the inertial frame as:

er = ez X eN (58)

The body fixed —z axis can be described in the inertial frame as:

e;=q O (—e:) (5.9)
So that 7y can be computed as:
= sign(y) - cos ™! (e2— ((ex) er) eT)T °z (5.10)
Foe [ el —((eDTerer | |

Using the inclination angle <y allows to combine the two variables ¢ and 6 into
one value which helps in analyzing the simulation results; besides, it provides an

intuitive way to think about the orientation of the vehicle with respect to the wall.
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The batch simulation initial conditions and parameters are summarized in Table
5.1.

Table 5.1: Initial conditions for the batch simulation

Range Units Description
¢=07 - Damping of the outer controller
wy =12 - Natural frequency of the outer controller

Kjor = 9.81 m/s> Acceleration threshold for collision detection

—20< ¥ <40 deg Inclination Angle
P =45 deg Initial yaw
05<X<4 m/s Incoming linear velocities along ex axis
w=0 rad/s Initial angular velocities

5.2.2 Bumper Deflection Critical Value

The simulation starts with all four motor speeds set to their hover thrust value
and the vehicle placed close to the wall starting at the initial conditions predefined.
The collision occurs within milliseconds of the simulation depending on the initial
attitude and incoming velocity of the scenario. Although we are only setting the
initial velocity of the vehicle pre-collision and not at impact, for the analysis of the
results it will be assumed that the vehicle’s state at collision is approximately the
same as the initial state of the vehicle pre-collision.

After the collision occurs, the propeller with the bumper impacting the wall is
assumed to be damaged and is shut off in the simulation (by setting its thrust output

to zero). The timing of when to shut off the propeller was considered, either when
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the collision is detected or slightly later. In reality, the propeller is likely to be dam-
aged at the instant when the bumper deflects the maximum amount and interferes
with the propeller blades, causing the motor to stall or to shutdown and possibly
damaging the blades. Numerous simulations of quadcopter impacts showed that
positive inclination impacts caused a bumper deflection of over 0.01m; on the other
hand, most negative inclination angles (where the vehicle points away from the
wall) impacts caused a peak bumper deflection of less than 0.01 m. Taking this into
consideration, a bumper deflection of 0.005 m was used as a threshold to turn off
the propeller to ensure the propeller is shut off after the collision in all the cases

considered.

5.3 Results and Analysis

In this section, the performance of the impact recovery controllers presented
earlier in this chapter is evaluated. First, the batch results for a wide range of initial
conditions as summarized in Table 5.1 are presented followed by an analysis of
several interesting cases and observations. Three main results will be presented:
a set for the position controller, a comparison between the position controller and
the velocity controller, and finally a comparison between our recovery controller
and the recovery controller developed in [11] that was successful in recovering a
quadcopter from an impact with a wall without losing a propeller.

Each simulation ran for 5-8 seconds depending on which controller was used,
which is considered ample time for the vehicle to recover and move away from the
wall. A failure is defined to occur when the vehicle crashes (falls to ground), or
drifts by more than 3 m from the final desired location at the end of the simulation

time.
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5.3.1 Impact Recovery with Position Control

The results of the batch simulations for the position controller are summarized
in Figure 5.3. Out of 2700 simulations, 81.75 % of were successful in recovering from
the impact. All of the failures were due to the vehicle crashing to the ground, and

no failures occurred due to the vehicle drifting too far from the goal position.
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Figure 5.3: Histograms of the failed trials of the batch simulation re-
sults.

All the trials were successful for impacts at negative inclination angles (when
the vehicle is pitched away from the wall). Failures started to occur in the posi-

tive spectrum of the inclination angles considered. As can be seen in Figure 5.3,
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the failure rate heavily depends on the inclination angle, where failures begin to
occur when the inclination angle exceeds 25°. On the other hand, no strong corre-
lation was found between incoming velocity (in the range a considered here) and
tailure rate, as can be seen in Figure 5.3b, where some failures were occurring at all

incoming velocities.
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Figure 5.4: Simulated failures vs inclination and velocity

Figure 5.4 summarizes the trial outcome (success or failure) as a function of the
incoming velocity and positive inclination angles. Starting at an inclination of 25°,
the vehicle crashed in most of the simulations. A critical angle is reached at 26°,
where all simulations failed regardless of the incoming velocity. Interestingly, after
an inclination of 28° a trend can be seen where as the inclination angle increases
the failed recovery rate decreases at high incoming velocities. This will be explored

turther in the following section.
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To further understand the recovery controller performance, a successful recov-
ery with ¢=22° and incoming velocity of 2 m/s is presented and analyzed in Fig-
ure 5.5.

Figure 5.5a shows the position response of the vehicle and the z-component
demonstrates that the vehicle was able to maintain its altitude throughout the re-
covery. It is interesting to see that the altitude of the vehicle increases immediately
after the impact. This can be explained in Figure 5.5d where after losing the im-
pacted propeller, the two opposing propellers f; and f3 peak in thrust to spin the
vehicle in the yaw direction to reach the equilibrium solution for the yaw rate which
causes the vehicle to gain altitude. The vehicle was able to reach the desired posi-
tion within 6.5 seconds after impact with an overshoot on the y-axis.

Figure 5.5b reveals that initially the vehicle had a positive velocity heading to-
wards the wall; upon the impact, the vehicle bounces away from the wall, and the
velocity component of the vehicle in the x-axis points away from the wall. This
helped the controller to reach the equilibrium solution without drifting into the
wall’s plane but instead away from it towards the desired position. Therefore, hav-
ing a bumper around the propeller, even though it did not help in preventing the
actuator from getting damaged, did help in preventing the vehicle from collapsing
towards the wall and giving the controller the required conditions to move away
from the wall.

Figure 5.5c shows that the controller converged to the equilibrium angular ve-
locity solution within the first 2 seconds; even though, angular velocity response
exhibits larger fluctuations compared to that without impact, as the one shown in
Figure 4.1. This is expected as the impact with a wall induces additional moments
on the vehicle. To visualize the vehicle’s response throughout the recovery, several

snapshots of the vehicle during the first seconds are presented in Figure 5.6.
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Figure 5.5: Simulation results of a successful impact recovery at y =22°
and incoming velocity of 2 m/s where the vehicle starts at 0.2 m away
from the wall and loses the propeller upon impact.
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Figure 5.6: Snapshots of an example simulation trial
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To understand the successful recoveries at the high velocity and high inclination
cases that were predicted by the batch simulation results in Figure 5.4, we inves-
tigated several of these trials. In these cases, it appears that the vehicle is able to
move away from the wall and recover its attitude; however, the response that takes
place and the recovery path taken by the vehicle are not likely to lead to a recovery
in a real-life scenario. Figure 5.7 illustrates several snapshots of these false-positive
recoveries. Upon impact, due to the steep angle of the vehicle and high velocity
at impact, the vehicle becomes nearly flush against the wall in a vertical orienta-
tion, causing at least one other bumper to impact the wall. As a result, the vehicle
bounces off the wall and is able to recover. In a real-life scenario, this may not be
possible since the second impact may result in the second propeller damage and
actuator failure, which are not modelled in our simulation nor accounted for in the
recovery controller. Therefore we will consider these recoveries as false positives

and not count them as successful recoveries.

¥ ~ o

Figure 5.7: Snapshots of the false-positive recovery

5.3.2 Height Loss and Horizontal Drift

Height loss and horizontal drift of the vehicle were investigated for the suc-
cessful recoveries. Height loss was not significant since it usually occurs when the
vehicle becomes flush against the wall, and the propeller thrusts are pointing hor-
izontally, so that no force is countering gravity which causes the vehicle to lose

altitude. All these cases led to failures which therefore did not affect the height
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loss results for the successful recoveries. All the successful recoveries ended with
a slight altitude gain during recovery and then the same offset of 0.2 m from the

desired altitude.
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Figure 5.8: Horizontal drift for successful recovery simulations

The deviation in horizontal position or horizontal drift off the straight line path
to the desired position is shown in Figure 5.8. The average horizontal drift was 2.2 m
with the majority of the trials requiring less than 2.5 m to recover. Several options
could be implemented to reduce this drift. One would be to more aggressively
track the goal position by changing the tuning parameters in the position controller
(damping ratio and frequency). However, the priority should always be to move the
vehicle away from the wall. Therefore, a switching or an adaptive controller could
be implemented where immediately after impact the goal is to move the vehicle
away from the wall, and after the vehicle is at a satisfactory clearance from the wall,

the controller can be switched to optimizing the position tracking.
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5.3.3 Failed Recoveries

All the failed recoveries were due to the vehicle collapsing into the wall in a
vertical orientation. This is similar to the scenario for the false positives discussed
earlier, but in these cases, the vehicle does not bounce away from the wall, but
rather, tends to flip towards the wall instead of away from it. Usually, if the vehicle
is stuck in the vertical orientation flush against the wall, it is impossible to recover
using uni-directional motors since the propeller thrusts are pointing directly into
the wall. To solve this mode of failure, several solutions were thought of that could

be implemented to improve the response.

.:02".\-
C
(a) Stuck vehicle (b) Free fall (c) Bi-directional Pro- (d) Structural modifi-

pellers cation

Figure 5.9: Stuck vertical condition with three possible solutions

Figure 5.9 depicts the three solutions (b,c,d) from the easiest to hardest to im-
plement. The first solution is upon detecting the impact and knowing that this
scenario will result in a failure from the inclination angle and velocity at impact,
all four propellers are shut off to use gravity to generate a moment to reorient the
vehicle in an upright attitude. This approach was tested in simulation, and it was

revealed that for gravity to generate a sufficient angular impulse to tilt the vehicle
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back to hover attitude would require too long of a time period, resulting in the ve-
hicle dropping a large distance. Even then, this may not necessarily "unlock" the
vehicle from the vertical orientation facing the wall. The second proposed solution
is to use bi-directional propellers instead of uni-directional propellers to generate
thrust away from the wall. Incorporating bi-directional propellers into the recovery
controller will likely improve the recovery rate and should result in vehicle recov-
ery from all scenarios. Finally, a structural component can be added to the center
of the vehicle to prevent it from reaching the vertical lock position by contacting
the wall at point b as shown. This additional structure would help in "bouncing"
the vehicle away from the wall, and in addition it may contribute to increasing the
rotational drag in the yaw direction of the vehicle. This in turn would result in a
lower yaw rate at equilibrium which would improve the stability of the vehicle and

result in a quicker convergence to the equilibrium solution.

5.3.4 Position Control vs Velocity Control

In this section, the velocity control strategy is tested and compared to the po-
sition controller presented earlier. Overall, the failure rate matched that of the po-
sition controller and the only difference was in the response of the vehicle during
the recovery. In general, the vehicle experienced a larger horizontal drift, as to be
expected since the strategy does not control the position of the vehicle but its ve-
locity and orientation. Accordingly, the final position reached by the vehicle after 8
seconds varied depending on the initial condition, but the vehicle was able to sta-
bilize and maintain its position around the hover equilibrium solution when it was
reached. The horizontal drift experienced by the vehicle velocity control compared

to the goal position specified by the position controller for that case is illustrated in
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Figure 5.10. On average, the difference between the two controllers was a drift of

0.7 m higher in the velocity control.
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Figure 5.10: The absolute value of the change of the horizontal posi-
tion of the vehicle from the desired final position found using position
control for the velocity controller simulations that recovered

In simulations, the velocity controller was able to maintain the vehicle’s position
without tracking its position in the second stage of the velocity controller, although
in a real life scenario this would be difficult to achieve since any external perturba-
tions (example wind gust) would cause the vehicle to drift. Without position feed-
back and position control, it is recommended to land the vehicle as soon as possible

since the longer the vehicle is in the air, the more it is at risk of drifting away.

5.3.5 Comparison to Recovery Control with Four Actuators

Comparing our recovery controller to that of AML recovery controller devel-
oped by Dicket et al. [11], can help to understand the limits of our recovery con-

troller. The AML recovery controller is capable of recovering a vehicle from an
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impact with a wall but without losing any propeller, at a wide range of initial con-
ditions. Using the same initial conditions, the AML recovery results are compared
to our recovery controller under a loss of actuator, as shown in Figure 5.11. Three
sets of data where obtained, where the first set, color-coded blue, refers to the re-
coveries where both controllers were able to recover. The second set, color-coded
green, which appears starting at 25° inclination angle, refer to recoveries where only
the AML recovery was able to recover. Finally, the third set color-coded red refers

to when both controllers fail to recover the vehicle.
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Figure 5.11: Simulated failures vs inclination and velocity of the recov-
ery controller and the AML recovery controller

It should be noted that all the successful recoveries of the AML recovery con-
troller past 32° inclination involve multiple bumper impacts as the one shown in
Figure 5.7. As expected, the AML controller has a lower failure rate than the re-
covery controller under loss of actuator. In addition, the full actuator scenario does
not exhibit a hard limit for recovery like what occurs for the 3 actuator scenario at

25°. Although both controllers were able to recover in the blue region, the AML
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recovery controller was able to recover with less horizontal drift overall, again as
expected since our controller has to recover to the periodic solution first, before

moving towards the desired position.

54 Summary

In summary, a collision failure recovery strategy was developed and tested in
simulation using a contact dynamics simulator between a bumper protected vehicle
and a vertical wall. A less effective velocity controller was also developed and
tested to replace the position controller in the failure recovery strategy in case of
a missing position estimate. Batch simulations demonstrated a high success rate
of recovery but also some unrecoverable situations. The initial conditions for the
batch simulations were parametrized in terms of inclination angle and incoming
velocity. The recovery rate is highly influenced by the inclination angle and less
so by the velocity at impact; after a critical inclination angle of approximately 25°
the recovery controller fails to recover at any incoming velocity. At high velocities
and inclination angles, the simulations predict that the vehicle is able to recover
after a double propeller impact, where the vehicle became flush with the wall; these
cases are considered a false positives. Horizontal drift during recovery was also
investigated and was shown to be significant and greatest for collisions near the
critical inclination angle with high incoming velocity. In general, the quadcopter
fails to recover and crashes when it locks into the vertical mode of failure. This
mode of failure is only preventable by incorporating substantial hardware changes

to the vehicle.
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Conclusion

6.1 Summary of Research

A collision recovery control strategy was developed to recover a vehicle from an
impact with a wall that results in a loss of one actuator and to be able to move to
a safe distance away from the wall. This is a challenging scenario since the vehicle
has only three actuators to recover, stabilize and move away from the wall.

As a first attempt at collision recovery with three propellers, a recovery control
law from [32] was presented that is capable of flying a vehicle with only three pro-
pellers. The strategy is to make the vehicle rotate freely around an axis fixed with
respect to the body. The three remaining propeller thrusts are used to rotate this
axis in the inertial frame which allows the vehicle to move to the desired location
in 3D space. This hover state is refereed to as reduced hover, which is characterized
by pre-computed equilibrium solutions, specific to the vehicle being used. After
deriving the custom equilibrium solution for our custom vehicle Navi, simulations
demonstrated that the recovery control law could be used to recover a vehicle af-
ter losing a propeller, from a wide range of initial conditions and orientations, to

a state of reduced hover. The motion that a quadcopter undergoes after losing a
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propeller is challenging to anticipate since it is highly affected by the initial con-
ditions, i.e., the state of the vehicle when the actuator is lost. Horizontal drift is a
major concern since the vehicle drifts from the desired position in order to converge
to the equilibrium solution. This recovery control law was tested in Hardware in
the Loop simulation in Gazebo simulation environment but failed to recover the
vehicle due to missing drag terms in the Gazebo model. No further experiments
were conducted due to the high likelihood of the vehicle crashing without tuning
the controller parameters in a simulated environment first.

The recovery control law investigated earlier served as the basis for the collision
recovery strategy for the scenario when the vehicle looses one of its actuators as a
result of collision. The collision recovery pipeline is comprised of three stages. The
tirst stage involves detecting the impact and estimating the wall normal direction.
The second stage allows for two possible options depending on whether there exists
a reliable position estimate of the vehicle. If the vehicle position estimate is avail-
able, the position controller computes the desired acceleration required to move
away from the wall based on the output of the first stage; otherwise, the velocity
controller computes the desired acceleration based on velocity estimates. Having
a reliable position estimate is challenging in urban environments where high rise
buildings interfere with the GPS signal. Also, motion capture systems used indoors
(like VICON) face difficulties in tracking a fast rotating body [42], which motivated
the development of a velocity control independent of a position estimate. Finally,
the last stage recovers the vehicle’s reduced attitude while producing the desired
thrust of each propeller to match the desired acceleration. The collision recovery
control strategy was verified with batch simulations covering a wide range of initial
conditions. Overall, the strategy was able to produce recovery of the vehicle and to

move it away from the wall in the majority of the simulations. It was concluded that
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the control law is more sensitive to high inclination angles rather than impact ve-
locity. Past a critical inclination angle of approximately 25°, the recovery controller
failed to recover the vehicle at any incoming velocity. The failed simulations all
consist of the same mode of failure, where the quadcopter becomes vertically stuck
to the wall. Both the position and the velocity controller led to the same failure rate
with the difference being a larger horizontal drift under the velocity controller, as
to be expected. Finally, a comparison was made between the collision recovery con-
troller with three actuators to the AML collision recovery controller with all four
actuators, presented previously in [11]. Overall, the AML recovery had a higher
recovery rate, and it did not exhibit a hard limit for recovery like what occurs for
the 3 actuator scenario. Finally, the AML controller recovered with less horizontal

drift overall.

6.2 Suggestions for Future Work

There are several paths that could be pursued for future work. First, the equi-
librium solution for the reduced hover could be chosen in an optimized way to
improve performance. It can be chosen such that the total power consumed by
the quadcopter is minimized while in the reduced hover state; another alternative
would be to choose an optimal solution that minimizes the total horizontal drift of
the vehicle after impact.

A strategy for the collision recovery that was not pursued is to shut off the pro-
peller opposing the one that was damaged by the impact; this may help the vehicle
to avoid becoming "stuck" to the wall. The two still operational propellers could
ensure the vehicle maintains its altitude (provided high enough thrust to weight

ratio). At the same time, the torque produced by the two active propellers induces
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a yawing moment which helps the vehicle to reach the equilibrium yaw rate faster.
Also, this would relocate the propeller that was intentionally shut off near to the
wall which could help in moving the vehicle to the desired position after activating
the three propeller recovery controller. This strategy may potentially improve the
response of the vehicle in recovering but it requires an additional layer of complex-
ity for the two-propeller controller that can fly the vehicle.

Another path would be adding a detection of actuator failure module into the
recovery pipeline. This along with the AML recovery using four propellers would
result in a complete collision recovery strategy. The literature is extensive on fault-
tolerant control and fault detection of actuators in aerial vehicles [43], [44], [45], but
most fault tolerant controllers are tuned to detect an impact and switch controllers
within 0.5 seconds. In our scenario, after impact is detected, 0.5 seconds may not be
sufficiently fast enough since the AML recovery controller executing for 0.5 seconds
after the impact with only three propellers would lead to a crash of the vehicle.
Therefore, there is a need for designing a custom fault tolerant strategy. A proposed
strategy would, upon detecting an impact, invoke the AML recovery controller as
the default; the switch to the collision recovery with three propellers would occur
if within the first few milliseconds of the recovery the vehicle is not able to pitch
away from the wall.

Testing the firmware in a simulated environment would be the safest before con-
ducting experiments. Simulation-In-Hardware (SIH) is a new promising alternative
to Hardware in the Loop being developed by Chiappinelli at Coriolis-g Corpora-
tion [46]. In SIH, the controller, state estimator, and the simulator are all imple-
mented and executed on the Pixracer board. In this setup, it is possible to provide
our own dynamics model and specifically modify the aerodynamic model to exe-

cute on the board itself.
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One interesting path that was not investigated in this thesis is to replace the stan-
dard uni-directional propellers of a quadcopter with bi-directional propeller, that is
propellers capable of producing thrust in either direction. With such propellers, the
stuck condition which was a common failure mode identified in simulations would
likely be recoverable because thrust can be generated away from the wall. This
would require major modifications to the control law but would improve the recov-
ery rate. Designing a control law to fly the vehicle with three propellers, capitalizing

on the use of bi-directional capabilities would yield interesting results.
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