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ABSTRACT

DESIGN, FABRICATION, AND SOFT IMPACT
MODELING AND SIMULATION OF A
COLLISION-RESILIENT FOLDABLE MICRO
QUADCOPTER

Amirali Abazari
M.S. in Mechanical Engineering
Advisor: Onur Ozcan
September 2022

Despite the appreciable advancements in mobile robot navigation and obstacle
avoidance algorithms using an abundance of sensors and sensor fusion methods,
the navigation of moving robots through confined and cluttered spaces is still a
great challenge. The physical interaction and collision between mobile robots and
surrounding obstacles in these environments are unavoidable. This becomes more
concerning for the case of Vertical Take-Off and Landing (VTOL) Unmanned
Acerial Vehicles (UAV) that the system is naturally unstable, and a minor fault

or disturbance may result in severe crashes.

In this thesis, a Collision-Resilient Quad-rotor Micro Aerial Vehicle (MAV) is de-
signed using the Origami-inspired design fabrication techniques. The quadcopter
is lightweight (220g max) and is designed for outdoor inspection and surveil-
lance missions. This compliant drone provides an stable flight for a duration of
5 — 10 min, depends on the flight condition.

A dynamic model is derived for the quadcopter to represent the realistic features
designed for this specific UAV. In addition to that, the impact of the compliant
body to surrounding obstacles is modeled as visco-elastic contact force and is
added to the quadcopter’s dynamic model. The contact dynamic friction force
between the protective soft bumpers and the surface is also modeled.

The developed dynamic model is then used to simulate the impact of the collision-
resilient quadcopter in two different simulation environments; MATLAB Simulink
and ROS Gazebo. A cascaded PID control scheme is suggested for low-level
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(attitude) and high-level (global position) control of the drone in experiments
and simulation. The result of these soft impact simulations closely imitate the
collision-resilient properties of the actual quadcopter in experiments. Coefficient
of Restitution (CoR) for the compliant drone impact, both in simulations and
experiments, is in the interval [0.5 0.6]. This shows a great capacity for the drone

to dampen the collisions.

Keywords: Quadrotor, Collision-Resilient, Foldable, UAV, VTOL, MAV, Soft

Impact Dynamics, Soft Impact Simulation.



OZET

CARPIMAYA DAYANIKLI, MIKRO VE DORT
PERVANELIHELH«NTHH{ROBOTLARHQTASARMM
URETIMI, YUMUSAK DARBE MODELLEMESI VE
SIMULASYONU

Amirali Abazari
Makine Miihendisligi, Yiiksek Lisans
Tez Damsmant: Onur Ozcan
Eyliil 2022

(Cok sayida sensor ve sensor birlestirme yontemi kullanan mobil robot navigasy-
onu ve engellerden kaginma algoritmalarindaki kayda deger gelismelere ragmen,
hareketli robotlarin kapal ve dagimik alanlarda navigasyonu hala biiyiik bir zor-
luktur. Bu robotlarin etrafindaki objelere carpmasi ve bu nesneler ile fiziksel
etkilesimde bulunmasi ka¢inilmazdir. Bu durum dikey inig-kalkig yapabilen in-
sansiz hava araclari gibi dogal olarak dengesiz olan araclarda daha da énemli hale
gelmekte ve ufak hatalar ve bozunumlar sistemde ciddi kazalara sebep olmaktadir.

Bu tezde carpismaya dayanikli, mikro ve dort pervaneli helikopter robotun
origamiden esinlenen tasarim ve iiretiminden bahsedilmistir. Oldukca hafif (en
fazla 200 gram) olan bu robot dig mekanlarin denetleme ve gozetlenmesi amaciyla
tasarlanmigtir. Bu etkilere dayanikli hava araci dig etkilere bagh olarak 5 — 10
dakika arasinda kararli bir ucug gerceklestirebilmektedir.

Bu 6zel insansiz hava araci i¢in tasarlanmig gercekgi ozellikleri temsil etmek icin
bir dinamik model tiiretilmistir. Buna ek olarak, yumusak govdenin gevredeki
nesneler ile ¢carpigmasi viskoelastik temas kuvveti olarak modellenmis ve robotun
dinamik modeline eklenmistir. Ayrica, yumusak tamponlar ile ylizey arasindaki

temas dinamik siirtiinme kuvveti modellenmistir.

Gelistirilen dinamik model carpigmaya dayanikli robotun etkisini simiile etmek
i¢in iki farkli ortamda kullanilmigtir. Bunlar MATLAB Simulink ve ROS Gazebo
ortamlaridir. Basamakl yapiya sahip PID kontrolcii hem diigiik-seviye (y6nelim)

hem de yiiksek-seviye (global posizyon) kontrolde simiilasyonlar ve deneyler igin
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kullanilmigtir. Bu yumusak darbe simiilasyonlarinin sonuclari deneyler ile uyumlu
sonuglar vermistir. Bu uyumlu hava araci i¢in eski haline gelme katsayisi (CoR)
hem deneylerde hem de simiilasyonda [0.5 0.6] araliginda kalmigtir. Bu insansiz

hava aracinin carpigmalari sontimleyebildigini ortaya koymaktadir.

Anahtar sozcikler: Carpismaya dayamkl, Katlanabilir, Insansi Hava Araci,
Dikey inig-kalkig, Mikro Hava Araci, Yumusak Etki Dinamikleri, Yumusak Etki
Simiilasyonu.
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Chapter 1

Introduction

1.1 Motivation and Objectives

The recent developments in electrical motors and power storage technologies in
the past two decades have resulted in rapid growth in the utilization of mobile
robots in different applications. Modern technologies in electrical motors such as
Direct Drive motors, Brush-Less DC (BLDC) motors, and Coreless motors pro-
vide a higher Power-to-Weight ratio making it possible to supply higher output
torques with smaller and lighter rotors. New versions of commercial high-density
power storage technologies like Lithium-ion batteries (Li-ion) also supply a spe-
cific power of up to 250 Wh/kg with relatively high output currents (discharge

rate) compared to their earlier versions.

As aresult, nowadays, mobile robots are capable of performing complex tasks fully
autonomously, untethered to a power/control source. Further enhancements in
the production of the smaller elements, including sensors, actuators, and power
supplies, facilitate the transition of mobile robots to smaller scales where they can

perform the same tasks with lower energy consumption rates and higher agility.

Employing the new advancements in technology, Bilkent Miniature Robotics Lab



(MRL) have developed many mesoscale miniature robots with compliant bodies.
The primary objective of these robots is to provide access to hazardous confined
environments for rescue and inspection purposes where human/animal presence

is dangerous or impossible.

The Miniature Collision-Resilient Foldable Quadcopter project started in 2016.
The earlier version of this Vertical Take-Off and Landing (VTOL) Unmanned
Aerial Vehicle (UAV) was developed as a 50g X-shaped quadcopter [1]. Mini-
CoRe was utilizing a commercial flight controller and was being controlled by
a Radio Control (RC) device. The indoor collision experiments for this drone
demonstrated considerable damping effects during impacts in comparison to an

equivalent rigid drone of the same size and shape [2].

In the continuation of this project, as objectives of the present thesis, a new ver-
sion of the collision-resilient foldable micro quadcopter is developed for outdoor
inspection and surveillance applications. Remaining under the predefined crite-
ria of the project (maximum dimensions of 30cm * 30cm and maximum weight of
300g), the new version of the collision-resilient foldable micro quadcopter main-

tains a stable fully-autonomous flight during its surveillance mission outdoors.

As another objective of this project, the compliant interaction of the quadcopter
with the physical environment is modeled and added to the quadcopter’s equa-
tions of motion. Later, this set of dynamic equations is solved to simulate dif-
ferent scenarios of soft impact between the compliant drone and a rigid surface

(simulations are conducted in Simulink and Gazebo).

1.2 Contributions

While many impact-resilient bodies and structures are designed for VIT'OLs, few
have included compliance into the multicopter’s arms. In other words, the quad-
copter developed in this project is one of the first multi-rotor UAVs that uses the

compliance of the main body to dampen impacts. This demonstrates itself by



varying place of the rotors during the impact, unlike the rigid frames in which
the relative distance between the rotors is the same (and equal to each other)
at all times. In addition to the compliant frame, the quadcopter utilizes soft
bumpers and landing gears to prevent any possible damage to the propellers and
the battery during impacts and landings. It is good to mention that lowcost

manufacturing process of the quadcopter’s body is also unrepeated.

In the modeling and simulation part, the integration of the soft impact dynamics
with the quadcopter’s equations of motion is investigated for the first time. The
derived dynamics are then solved in a single simulation scenario while an active
controller is controlling the attitude and position of the quadcopter (both in

Simulink and Gazebo).

1.3 Structure of the Thesis

This thesis is organized in the following arrangement:

Chapter 2 begins with a short introduction to collision-resilience in multi-rotor
UAYV design in the literature. After this intro, the fabrication steps and consider-
ations for the collision-resilient foldable quadcopter’s design are detailed. Later,
it is explained how different components such as motors, propellers, etc., are se-
lected to fit the predefined features of the system. Eventually, the system design
for the drone and how different parts and components are connected related to

each other and communicate with each other is explained.

In chapter 3, developed dynamic models for multi-rotor vehicles in literature are
presented. Then a mathematical model representing the dynamics of the collision-
resilient foldable quadcopter is derived for an X-shaped quadcopter. Eventually,
soft impact dynamics are derived in this chapter. This section describes how the
contact forces are generated during an impact and how they can be calculated

and added to the system dynamics.



Chapter 4 consists of four sections. After a brief literature review of the VT OL
UAYV control problem, the recommended control scheme for the quadcopter’s at-
titude and global position control is discussed. After that, the implementation
of this control scheme in MATLAB Simulink is explained. Later the results for
the soft impact scenarios conducted in simulations are represented. Soft impact
simulation for the foldable drone in Gazebo is explained as an alternative dynami-
cal simulation environment. Ultimately, the performance of the collision-resilient

foldable body in field experiments is described and analyzed.



Chapter 2

Design and Fabrication

This chapter introduces the development of the collision-resilient foldable micro
quadcopter for outdoor inspection and surveillance purposes based on the ear-
lier model developed in [I]. After reviewing the previous works in literature,
the design and fabrication process of the origami-inspired foldable body and its
components are discussed. Later, selection of the mechanical, electrical, and

electronic components of the UAV is presented in this chapter.

2.1 Collision-Resilient Multi-Rotor UAV in Lit-

erature

Since the early stages of multi-rotor drones’ emergence in the 2000s, development
of micro-size multicopters have been getting attention. To achieve this purpose,
the first step was to investigate the governing physical rules applied to VTOL
multi-rotors and derive the mathematical equations for them [3, [4]. Further im-
provements in the dynamic modeling and control of micro drones on one side, and
overcoming the existing limitations in the hardware (actuators, micro-controllers,
power storage, etc.) on the other side, gave a more vivid perspective of how the

micro-drone world will change in the future [5].
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With the recent proliferation of Micro Aerial Vehicles (MAV) in industry and
commercial applications, the interaction between these vehicles and the physical
environment/human has drawn the attention of both industry and academia.
The outcomes of these investigations suggest a wide range of solutions for various
applications, including the employment of peripheral structures and cage-like
platforms [0, [7, §], utilizing innovative origami-inspired protective bumpers [9,
10, 1T}, 12}, 13], and benefiting from variable stiffness/softness in the design as an
impact-resilient mechanism [2, (14, [15, [16, [17]. Active/passive change in drone
configuration is also represented as an effective way of protecting MAVs during
their mission in the literature [18, [19] 20} 21].

2.2 Design of the Collision-Resilient Foldable
Body

As outlined previously, the new version of the collision-resilient foldable quad-
copter is designed based on a primary version (MiniCoRe) developed in Bilkent
Mainiature Robotics Lab. This section elaborates on the design, modifications,
and improvements made to the foldable body to make it prepared for its outdoor

missions.

2.2.1 Define Foldable

It appears that it is necessary to define what the term Foldable denotes in this
thesis. In the literature, the majority of the papers have indicated this term as a
capability of the drone’s arms to fold by rotating around a revolute joint to form
different morphologies like in [I9]. This is also the case for commercial drones,

where folding arms are a measure of easy portability.

In this thesis, the term foldable shows that the body is manufactured by folding

a single 2D sheet into a 3D structure using origami techniques - similar to [11].



2.2.2 Material Selection and Fabrication Methods

One of the objectives of this project is to keep the manufacturing costs of the
compliant robot low by using readily available materials in the market and con-
ventional manufacturing methods. 250um PET (Polyethylene Terephthalate)
sheets are chosen for the manufacturing of the foldable parts. These sheets are
easily available in a wide range of colors and widths at stationer’s and print
shops. The mechanical properties of the material also make it a good candidate
for origami structures fabrication. A desktop laser cutter machine is used to cut

the PET sheets and engrave the folding lines and origami patterns on them.

It is worth mentioning that the use of Kapton®) Polyimide films is investigated
as an alternative for PET sheets, but because of its relatively high yield strength
and low plastic deformation range, it cannot be folded properly, and it is not

good for origami manufacturing.

Figure 2.1: a) Transparent PET sheets in different colors. b) A roll of Kapton(®)
sheet. ¢) A roll of TPU 3D-printing filament

An intermediate connector part, which holds to the main electronics of the quad-

copter on one side and fastens to the drone arms on the other side, is fabricated



from TPU (Thermoplastic Polyurethane) filaments using the 3D printing meth-
ods. During the test stages of the project, many rigid quadcopter bodies were

also made of PLA (Polylactic Acid) filaments using 3D printing.

2.2.3 Foldable Arm Design

The arms of the quadcopter are modified versions of the previous design for
MiniCoRe [I]. The two-sided triangular structure of the arms provides a lower
moment of inertia about the z-azis, making it possible for the arms to easily
bend during the horizontal impacts, while the higher moment of inertia about
the z and y axes prevents undesirable bending, twisting, and vibration. Figure

2.2 illustrates a pair of foldable arms and how they are cut from a single sheet.

im v v v ViI

NN AU

77.6 mm

Figure 2.2: Design of the foldable arms with the illustration of folding sequence,
mating holes and slots, and the folding buffer zones.



In the figure above, the numbers beside the dashed lines indicate the folding
sequence for the origami structure. The mating slots are also demonstrated in
the same colors in the middle of the arms. On the lower left part of the figure,

the concentric holes after folding are also shown in the same colors.

On the top left part, the highlighted zones on the motor mounts depict the
buffered folding zones. The reason for changing the whole design for the motor
mounts in the new version and embedding a folding buffer zone instead of a single
folding line is that by scaling up the arms, the previous motor mounts lose their
rigidity and are not able to hold the motors. The new design, on the other hand,
maintains the strength during the flight without any considerable vibrations or
mechanical failures. The folding buffer zones also secure the alignment of the

concentric screw holes.

Figure 2.3: A pair of mating foldable arms



2.2.4 Central Housing Design

The central housing of the foldable quadcopter is responsible for maintaining the
drone’s structural integrity by holding the foldable arms together and providing
space for the installation of drone electronics. Figure 2.4 illustrates the design of
the central housing, its folding sequence, and the mating screw holes and slots

(designated in the same colors).
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Figure 2.4: Design of the central housing - illustration of the folding sequence,
mating screw holes, and mounting slots

As depicted in the figure above, the central housing is being installed on the locks
I through IV (designated by Roman numbers in Figures 2.2 and 2.4) of all four

arms.
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2.2.5 Protective Bumper Design

The protective bumpers are initially installed on the motor mounts beneath the
motor itself through the motor screws. After the installation of the motors,
bumpers are tight-fastened to extension lock number VII of the arm they are
installed on using four extension hands (as shown in Figure 2.5). The middle

extension hands are added to increase the bumpers’ stiffness and strengthen their

weakest part.

I
<

198mm

A4

Figure 2.5: Design of the foldable protective bumpers - illustration of the folding
sequence and mating slots

One of the fold lines of the protective bumper is curved with a curvature radius
of 600mm. This curvature helps the bumper not to buckle during installation.
Figure 2.6 demonstrates an installed bumper from different angles before the

installation of the motor.
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Figure 2.6: Protective foldable bumper’s installation on the arms

2.2.6 Landing Gear Design

To protect the drone from the impacts during its landing, a compliant landing
gear is designed and assembled under four sides of the drone. The length of the
landing gear is determined such that the battery housing located under the drone
does not touch the ground, even in relatively harsh landings. Figure 2.7 shows

the design and assembly of this part.

171.5mm

Figure 2.7: Landing gear design and assembly
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As illustrated in the figure above, each landing gear uses three locks on the arm
it is installed (locks IV, V, VI). On one side, the landing gear grips the foldable
arm and locks around it after it is fastened to the lock extension number VI. On
the other end, the landing gear fastens into the extension lock number IV and
then grips both the arms and the central housing through the slots embedded on
the housing. This helps improve the foldable body’s rigidity in the required zones

by limiting excessive bending and twisting along the foldable arm.

2.2.7 Battery Housing Design

The design for this part is somewhat simple. The battery housing essentially
consists of a rectangular box in which sides are locked through the edges of the
box. The battery can be easily placed in the box from one side. The opening side
is fastened by two locks. Some edges of this box have extensions folded towards
out that help increase the edge strength and also protect the battery housing

from sudden fracture during harsh landings (shaded areas in Figure 2.8).

i i il

i
i
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i

Figure 2.8: Battery housing design
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The battery housing uses locks number I, IT on all four sides of the arms to be
installed under the foldable drone. Figure 2.9 illustrates the installation of the
battery housing under the quadcopter.

Reinforced edges

1™

l Side locks

Figure 2.9: Battery housing assembly under the foldable drone

2.2.8 First-Person-View (FPV) Camera Case Design

As mentioned before, the new version of the collision-resilient foldable quadcopter
is required to do outdoor inspection and surveillance missions. In order to do
this, an FPV camera is installed on the front side of the quadcopter using a
case made of folded PET sheet. The following figure demonstrates the design
and installation of the FPV camera case on the front side of the central housing,
where the camera is connected to the video transmission circuit through the cables

passing through the slots cut on the front side of the central housing.

14



Figure 2.10: FPV camera case design and its assembly

2.2.9 Intermediate Electronics Holder Board Design

An intermediate board is designed to connect the electronics into the arms inside
the central housing. This board is made of TPU using 3D printing. On the top
side, the board is connected to the main electronic board of the drone, and on
the lower side, it has fork-like extensions that go through the rectangular slots on
the central housing (shown in orange in Figure 2.4). These extensions are then
bolted through the purple holes and slots illustrated in Figures 2.2 and 2.4. The
softness of the TPU material helps with the vibration canceling and maintaining
the required compliance of the foldable drone. Figure 2.11 demonstrates this part

and how the electronics are assembled on it.

2.2.10 MiniCore Vs. New Version

Figure 2.12 demonstrates MiniCoRe (right) and the new version of the Collision-

Resilient Foldable Quadcopter in the same frame.
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Figure 2.11: Assembly of the drone electronics on the intermediate holder board

Figure 2.12: MiniCoRe (right) and the new version of the collision-resilient fold-
able micro quadcopter (left)
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2.3 Component Selection

Regarding the design criteria in this project (maximum weight of 300gr and max-
imum dimension of 30cm*30cm), the following components are selected to ensure

that the foldable quadcopter will fulfill its outdoor missions without failure.

2.3.1 Main Processor

As the main processing unit for the drone, ESPRESSIF’s ESP32-DevKitC-
32E [22] is selected for the drone. Apart from its great computational capacity
compared to other commercial microprocessors kits like Arduino series, ESP32
provides up to 26 General Purpose Output Input (GPIO) pins. Furthermore,
the above-mentioned kit has integrated WiFi and BlueTooth modules inside it,

making no need to attach any peripheral modules/kits to secure communication.
Figure 2.13 shows a ESP32-DevKit-V1 board.

Figure 2.13: ESP32-DevKit-V1 micro-processing unit

2.3.2 Flight Controller

A commercial flight controller (GepRC STABLE F411) is selected as the low-level
controller of the collision-resilient foldable quadcopter. This small-packed flight
controller enables a perfect attitude (the Euler angles) control for the quadcopter.

It includes a three-level circuitry; a 200mW VTX video transmission card, the
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F4 flight controller, and a 4*1 Electronic Speed Controller (ESC) unit to drive
the BLDC motors [23].

5.8G 200mW VTX

F4 FC

BL12A ESC

Figure 2.14: GepRC STABLE F411 flight controller

2.3.3 Inertial Measurement Unit (IMU)

IMUs are motion sensors, including MEMS (Micro Electro-Mechanical Systems)
Gyroscopes and Accelerometers (and sometimes MEMS Magnetometers). Gyro-
scopes measure the apparent angular velocity (angular velocity in the body frame
of the vehicle) about body frame z-y-z axes, while MEMS accelerometers mea-
sure the absolute acceleration along the inertial X-Y-Z axes. Fusing the output
measurements of these two sensors, the Euler angle rates of the body can be
calculated. Adding a 3DOF MEMS magnetometer to these two sensors would

improve the state estimation and prevent any drift in the data.
Although there is not direct use of IMUs in the quadcopter in this project, GepRC
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STABLE F411 utilizes an MPU6000 (3DOF Gyroscope + 3DOF Accelerometer)
for attitude estimation and control. It is good to mention here that during this
research, a flight controller is developed in the MRL with MPU9250 IMU embed-
ded in its PCB (Printed Circuit Board). In this flight controller, MPU9250 is
connected to ESP32 using I2C' serial communication protocol. Using GepRC is
preferred to the mentioned flight controller because of more reliable and smoother

attitude control in it.

Figure 2.15: MPU6000 chipset (left), and MPU9250 IMU kit (right)

2.3.4 Altitude Sensor (Barometer)

To measure the altitude (elevation) of the quadcopter, a barometric pressure
MEMS sensor MS5611 is embedded into the main PCB. The sensor is connected
to the ESP32 on the drone through an I?C serial connection and provides the
absolute barometric pressure of the environment. Then this pressure can be
converted to the sea-level elevation, which represents the height at which the

drone is flying (with an accuracy of £15¢m).

Figure 2.16: MS5611 barometric pressure sensor
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2.3.5 Global Positioning System (GPS) and Compass
(Magnetometer)

This sensor gives the location of the quadcopter on the Earth. For limited local
use, its measurement can be used to determine the X — Y position of the drone
in the inertial frame. A NEO-MS8 GPS sensor is selected for this purpose. This
sensor connects to the ESP32 through the UART port (an asynchronous serial

communication protocol) and updates the location with a frequency of 10Hz.

The NEO-MS kit is also equipped with a compass (MEMS magnetometer sensor
- IST8310), which estimates the heading angle of the drone with respect to the
Earth’s Magnetic North Pole. The accuracy of this sensor depends on the number

of satellites it can connect to [24].

GPS MODULE

with compass

M8N

Figure 2.17: NEO-M8 GPS+Compass module
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2.3.6 BLDC Motors and Propellers

Meeting the requirements defined in the project, the quadcopter is allowed to
have a maximum weight of 300g (that is equal to 220g in the final version). To
ensure that a quadcopter with this weight can do the expected maneuvers, it
must be equipped with motor-propeller sets that secure a thrust force twice its
weight. FMAX RS1106 6000KV BLDC motor and AVAN MINI 3” propeller are
selected for this purpose. This motor-propeller set provides a nominal maximum
of 150g (600g of overall thrust for four propellers). Figure 2.18 illustrates the

motor-propeller set.

Figure 2.18: FMAX RS1106 6000KV and AVAN MINI 3” motor-propeller set

2.3.7 Power Storage (Battery)

Two 550mAh 2S (7.6V) high-discharge-rate (60C) DC Lithium-Polymer (Li-Po)
batteries supply the drone’s power. The maximum flight duration depends on the
quadcopter’s mission and batteries’ age, but regardless of the battery condition,

they guarantee a 5-min flight for surveillance purposes.
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Figure 2.19: Two parallel 2S Li-Po batteries used to power the collision-resilient
foldable drone

2.3.8 FPV Camera and Video Transmission

A compatible analog FPV camera is chosen to be installed on the quadcopter.
This camera is connected to the video transmission (VTX) board on GepRC,
which sends the video to a 5.8GHz video receiver. The video receiver outputs
the received video through an HDMI output which can be readily converted to a

USB output to be received and processed in the ground station computer.

Figure 2.20: FPV camera (left), 5.8GHz video receiver (right)
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2.4 System Design

Regarding the missions defined for the collision-resilient foldable quadcopter in
the current project, two to five of these quadcopters should fly at the same time
for an inspection and surveillance task and provide images from a targeted in-
frastructure from different angles. To achieve this goal, the drones are communi-
cating with a ground station from which they receive start (take-off), terminate
(landing), and abort (emergency landing) commands. The ground station is an
ESP32 kit, connected to a portable computer (laptop). The ESP32, receives the
commands from the user and sends them to the ESP32 boards on the other end
(on drones) through ESP-NOW (a peer-to-peer WiFi protocol specific to ESP32).
The ESP on the drones is responsible for acquiring data from the sensors (barom-
eter, compass, and GPS), state estimation, and communication. The full map
of the system components and the communication between them is illustrated in
Figure 2.21. It is good to mention that this diagram demonstrates the connec-
tion between the ground station ESP32 and one of the drones. The connection

is scalable for multiple drones.

The total mass of the quadcopter is 220g, and the foldable body parts only
constitute 36.5g of it. The mass distribution of the different components of the

quadcopter is illustrated in Figure 2.22.
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Figure 2.21: System demonstration for the collision-resilient foldable quadcopter
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Figure 2.22: Mass distribution of different components of the collision-resilient
foldable quadcopter

25



Chapter 3

Quadcopter and Soft Impact

Dynamics

The governing mathematical equations representing the dynamics of the collision-
resilient foldable quadcopter and the soft impact spatial dynamics are derived in

the course of this chapter.

3.1 Multi-Rotor VI'OL Dynamics in Literature

Anticipating the rapid growth of applications for multi-rotor drones in the mid-
2000s, several researches and investigations started to identify the dynamics of
multi-rotor VT'OLs. The more accurate the dynamic model represents the system
behavior, the easier it becomes to design a controller capable of controlling the

system as desired.

While the early research was focused on investigating the effects of existing forces
on the multi-rotor VTOLs [4, 25], recent studies mostly explore new potential
dynamics like tilted-angle actuators [26, 27] and over-actuated redundant con-

figurations [28, 29]. Also, with the growth in consumer drone production and

26



use, to ease the flight control for unskilled drone pilots, the effects of minor
disturbing forces on drone dynamics are investigated, and many solutions have
proposed (both in academia and industry) to solve these issues. The most sig-
nificant addressed issues are Ground Effect and Propwash. Ground effect is the
forces resulting from turbulent air flow affecting the multi-rotor VTOL during
take-off and landing [30, B1, 32, [33]. Propwash is the lateral force caused by
sudden changes in the propeller’s speed in agile maneuvers causing vibration in
the rotors [34].

3.2 Quadcopter Dynamics

The collision-resilient foldable quadcopter is designed in a way to show compli-
ance during lateral impacts. However, the designed body is stiff enough that it
does not bend or vibrate during flight. Therefore, the general dynamic model of
the quadcopter is derived based on the existing models for rigid quadcopters in

literature [4]. The assumptions made to derive this model are listed below:

e The quadcopter’s structure is fully rigid in the absence of collision.

e The quadcopter’s Center of Gravity (CoG) is placed in its geometrical

center, where all four rotors have the same distance to it.
e The body-centered inertial coordinate system coincides with the CoG.

e The quadcopter is fully symmetric about the axes of the CoG-centered

inertial frame.

e The existence of minor forces and moments (hub forces and rolling mo-
ments) are neglected due to the efficient design of the quadcopter and
Stable-Mode controller design that always keeps it close to the hovering

point.
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3.2.1 Quadcopter Configuration

As mentioned in the previous chapter, quad-rotor multi-copters are introduced in
various configurations. However, the most popular configurations are +-shaped
and X-shaped. The collision-resilient foldable quadcopter is developed as an
X-shaped quadcopter. Figure 3.1 illustrates these two popular quadcopter con-

figurations.

Figure 3.1: Quadcopter configurations, coordinate definition, and rotor sequence;
+-shaped (left) and X-shaped (right)

3.2.2 Coordinate System Definition and Kinematics

The state of the quadcopter (position and orientation) is defined using the coor-
dinate systems demonstrated in Figure 3.2. The coordinate system represented
by [ ¢X €Y <¢Z] shows the Earth-fixed frame (Inertial) with Z-axis toward the
Earth center (direction of gravity), while [ *X *Y" *Z] is the Body-centered
frame (Inertial)— always parallel to the Earth-fixed frame coordinates. The other
coordinate system [ bz Py °z] is the Body-fixed frame (rotating). The air-
frame orientation in the inertial frame can be represented by a rotation from the

Body-centered inertial frame to the Body-fixed rotating frame.
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Figure 3.2: Illustration of the inertial and rotating reference frames on the quad-
copter

blep — R ¥ty (3.1)

where R is the resultant rotation matrix that can be decomposed into three

consecutive elemental rotations about Z (), Y (), and X (¢) axes.

R=Z(y)Y(0) X(¢) (3.2)

where ¢, 0, and ¢ are the Euler angles Roll, Pitch, and Yaw, respectively. There-

fore, Equation 3.1 can be rewritten as
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Y | =]|sYv o 0 0 1 0 0 cp —s¢ Y
A 0 0 1 —s0 0 cf 0 s¢ co z
: (3.3)

clcp  —cosy + spsbcp  spsy + coshcy x
=1 s coc) + spsls)  —sopch + cpsbsy Y
—s0 spct coc z

3.2.3 Equations of Motion (EoM)

It is assumed that the minor forces influencing the quadcopter can be neglected in
this study because of the efficient design and stable-mode flight of the quadcopter.
Therefore, considering the forces and moments resulting from propellers’ thrust
and drag force, the drone body’s gyroscopic effect, and the propellers’ gyroscopic
effect as the only affecting forces on the drone, the quadcopter’s dynamic model

can be derived as follows.

Defining the state vector as

X=[0¢000v ) XXYY ZZ" (3.4)

where [X Y Z] is the CoG position vector of the quadcopter in the Earth-fixed
inertial frame and [¢ 6 |7 is the drone body Euler angles represented in the

CoG-centered body frame. The dynamic model is defined as
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where coefficients a; to as and b; to bs are defined as
ay = (Iyy - ]zz) /]xx
a9 = I‘i—; bl = l/]mc
as = (L, — Ly) /1y, | b2 =1/1, (3.6)
ay = I‘i—’; b3 = 1/[zz
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and
U, = (cos ¢ sin B cos 1 + sin ¢ sin
(cos ¢ (U ¢siny) (3.7)

u, = (cos ¢sinfsin ) — sin ¢ cos )

in which J, is the rotor inertia and I, I,,, and /., are moments of inertia about
x, y, and z axes, respectively. [ is the roll/pitch angle arm, and €2, is the residual

angular speed of the quadcopter’s four rotors defined as

Q= Q) — Qo+ Q5 — Q| (3.8)
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where €; is the angular speed of the i-th rotor (in [rpm]) in an X-shaped quad-
copter (Figure 3.1). Parameters U; are the input forces and moments to the

system defined as

U, = K (PWM; + PWMy + PWM; + PWM,)
Uy = Kz (PWM, — PWMy — PWM; + PWM,)
Us = K (PWM; + PWMsy — PWM; — PWM,)
Ui = Kp (PWM, — PWM,+ PWM; — PWM,)

where Kr and Kp are linear thrust and drag coefficients for variable-pitch pro-
pellers selected for the quadcopter (The complete process of obtaining the value
for these variables is elaborated in Appendix A). The PW M; is the PWM signal

ratio sent to the i-th rotor in the interval [0 1]

The mass and inertia properties of the quadcopter, alongside the rotor inertia, are
extracted from the Solid Works model developed for the collision-resilient foldable
micro quadcopter. Table 3.1 displays the values for the parameters and constants

in the dynamic model.

Table 3.1: Parameter and Constant values for collision-resilient foldable micro
quadcopter’s dynamic model

H Param./Const. ‘ Definition Value [unit] H

Ls moment of inertia about | 4.190758 x 10~ [kg.m?]
the body-fixed z-axis

L, moment of inertia about | 4.523956 x 10~ [kg.m?]
the body-fixed y-axis

I.. moment of inertia about | 8.304871 x 10~ [kg.m?]
the body-fixed z-axis

Iy rotor inertia 1.4844 x 1077 [kg.m?]

l rolling/pitching arm 8 x 1072 [m)]

kr linear thrust coefficient 1.589 [pmeT —]

kp linear drag coefficient 0.09 [pmer —]
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3.3 Soft Impact Dynamics

The collision-resilient foldable quadcopter is designed such that it is rigid enough
during its normal hovering and flight. But while an impact happens, the quad-
copter’s structure shows compliance, corresponding to the intensity of the impact,
to alleviate the effect of the collision. The reason for using this dual-stiffness is
that a completely soft structure is prone to serious oscillations, and also deriving a
dynamic model for a soft body is not an easy job, and it is not attainable without
hiring computational methods like machine learning. On the other hand, using a
fully rigid body gives no compliance and damping in the impacts and makes the

drone subject to serious damage and crashes.

Although the quadcopter is assumed as a fully rigid body during flight, it is
necessary to investigate its compliant nature during collisions and augment the

dynamic model developed in the previous section.

3.3.1 Definition of Collision as Impact Force

Primary studies investigating the dynamic contact between rigid bodies suggest
that the behavior of the bodies in contact is similar to the case when there is
a mechanical impedance between them. As a result, the physical collision be-
tween two solids is modeled as a linear spring and a linear damper in the contact
point (or surface) in these studies [35]. While the linear model (Kelvin-Voigt
model) justifies many simple cases of viscoelastic solid impact with acceptable
accuracy, it does not adequately explain the impact behavior for softer materi-
als and high-velocity contacts/collisions [36]. To solve this problem, a nonlinear
loading/unloading behavior is suggested by Hunt and Crossly [37]. They present
their solution as a viscoelastic nonlinear spring-damper element generating a nor-
mal force to the contact surface during the high-velocity impacts (vibro-impacts)

represented by

33



N = K" + Db (3.10)

where, N is the normal impact force, ¢ is the deformation (or penetration) depth,
and n is the nonlinear spring exponent. K and D are spring and damping ratios,

respectively.

More established impact theories also consider the effect of existing friction forces
on the contact surface [38, 39, 40].

3.3.2 Impact Detection

To determine whether the quadcopter is in contact with a surface or not, in the
simulation environment, a simple geometry is introduced to represent its mor-
phology. The bumpers installed on the collision-resilient foldable quadcopter are
the first components touching the colliding surface. In the model, the bumpers
are considered to be spheres with a radius of p = 4em. Therefore, if any rotor
center approaching an obstacle has a distance 6 < 4ecm to the closest point of
that obstacle, its protective bumper has a contact/impact with that surface/ob-
stacle. Figure 3.3 shows an illustration of the simplified geometry representing

the collision-resilient quadcopter in MATLAB approaching a wall in X = 10m.

Since the detection of the contact/impact between the bumpers and an arbitrary
obstacle depends on the geometry of the colliding obstacle (it can be a plane,
curved surface, column, prism, or any irregular shape or surface), the simple case

of impact to a vertical wall is addressed in this section.
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— 10.1

Figure 3.3: Simplified geometry of the collision-resilient quadcopter in MATLAB

For each rotor in the drone, the rotor center’s position in the body-fixed rotating

frame is always fixed and can be represented as

b/ = [+0.08, —0.08, 0]”

bt = [+0.08, +0.08, 0]T (3.11)

bibf, s = [—0.08, +0.08, 0]T |
]

b/bf 4 = [—0.08, —0.08, 0]”

Using the rotation matrix derived in Equation 3.3, the position vector for the i-th

rotor center in the body-fixed inertial frame can be calculated as

efy = R P, (3.12)

Adding the position of the CoG of the drone in the global frame (7o) to these

vectors, the position of the rotor centers in the Earth-fixed inertial frame is

35



6/67:;712‘ = FCOG + b/eFmi = FCOG +R b/mei (313)

Checking the distance between each rotor center and a general plane (wall) defined
by aX +bY + ¢Z = —d in the global frame assuming ¢/*7,,; = [X; V; Zi]"

5 (3.14)

If 9; < p, it can be concluded that the i-th bumper is colliding with the plane.

To extract the effecting forces during the impact, two scenarios can be considered.
In the first one, the arms and bumpers of the collision-resilient quadcopter bend
when it collides with the plane (wall), and it is the amount of deformation (Ay)
and its rate that defines how much force is being applied to the quadcopter due
to stiffness and damping. This almost represents what happens during the soft
impact in reality. The other case is to assume the quadcopter’s body as a rigid
frame colliding with a soft obstacle where the amount of penetration (A,) and
its rate can be used to determine the stiffness and damping forces generated
in the contact [41]. The difference between the deformation approach and the

penetration approach is illustrated in Figure 3.4.

Since the first approach requires involving the solid mechanics and vibration
analyses of the soft bending membrane in the dynamics, it is not recommended
to be used in the simulation. Using the second approach, on the other hand,
incredibly simplifies the impact dynamic model and allows us to see the collision-

resilient foldable quadcopter as a compliant bulk colliding with another body.
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Figure 3.4: Soft impact represented as visco-elastic deformation (A,) in the com-
pliant body (right), and visco-elastic penetration (A,) into the colliding surface
(left)

3.3.3 Determining the Penetration Vector

Assuming that the colliding plane can be approached from both sides, to define
the penetration vector for each motor bumper, first it is essential to define some

parameters.

Definition: The distance between the CoG of the drone and the collision plane

dop = 0coG—P

Sop = laXcoq + bYcoe + cZooc + d|
Vaz + b2+ 2

(3.15)

Definition: The distance between the CoG of the drone and the plane passing

from the i-th rotor center parallel to the collision plane dcnr; = dcoag—s i

CLXCOG + bYCoG + CZCoG + dz /

deni = Va2 + b2+ 2

(3.16)

37



where d; = |aX; + bY; + cZ|
Definition: The angle between */¢7,,; and the collision plane normal vector i; ;
blep .7
Yi; = acCos (#) (317)
| T [77 |

If any collisions have been detected for any of the bumpers (Equation 3.13), the
penetration vector can be determined as follows (defining p; as the penetration

vector for the i-th bumper starting at point P,; and ending at point Py; )
o if dop > donn & 73 < 7'('/2

Py =%+ p i (3.18)

o if bop < bomi & vy < /2

By =T+ p 7 (3.19)

o if bop <domi & /2 <~y <m
Py = /T + 0; 1
By =Py — p 1t (3.20)

—

ﬁ; :ﬁbi_Pai
° if50p>5CMi&7T/2<%’§7T

Pai = e/ef’mi - 51 ﬁ

B = /F — p i (3.21)
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3.3.4 Deriving the Impact Forces from the Penetration

Vector

From Equation 3.9, the normal visco-elastic reaction of the presumed spring-

damper element in the contact surface can be calculated as

N; = — |K ||" fip, + D |}

np} (3.22)

where n,, and 7, are the normal vectors representing p; and ﬁz directions. The
minus sign shows that the normal visco-elastic forces act in the opposite direction

of the penetration vector and its growth.

The friction occurs at the contact surface between two colliding objects and its

magnitude is equal to

where g is the dynamic coefficient of friction. The direction of the dynamic
friction force always opposes the direction of the tangential velocity on the surface.
This direction can be determined by projecting the ﬁz vector on the contact plane

which is basically parallel to ﬁm-

Projs (1) || P (3.24)

where, S represents the contact plane defined by equation aX + bY + ¢Z = —d.

Therefore,

(3.25)
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It should be mentioned that the existence of static friction is neglected due to the
continuous movement of the quadcopter during collisions and ignoring the side
movements of the bumpers caused by arm deflections. This assumption does not
affect the nature of the impact because, in the case of drones, the friction force
is not considerable, and it is not a driving force for the robot— unlike the legged
robots [41].

The resultant force at each bumper is the sum of the normal and tangential forces

exerted on that bumper

F,=N; + F, (3.26)

The resulting moment from this force about the CoG is equal to

M; = Foag—sp,, X Fy (3.27)

The resultant force and moment applied by the impact on the drone’s CoG can

be easily determined as

_;m act — E
{ pact. = 2. (3.28)

_)impact - Z Mz

Figure 3.5 illustrates the acting forces on the contact surface as the bumpers
impact into it. The penetration vector, the normal spring force, the normal
damping force, and the tangential friction force are depicted in black, blue, red,

and cyan, respectively. (proportions are not right)

40



Figure 3.5: Demonstration of the impact forces
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Chapter 4

Control, Simulation, and

Experiments

In this chapter, a control scheme identical to the real controller used in to control
the collision-resilient foldable micro quadcopter is developed to navigate the drone
in the simulation environment in Simulink. The same scheme is used to control the
quadcopter’s model in Gazebo— the physical simulation environment in Robotic
Operation System (ROS). Ultimately, the soft impact dynamics are added to
the simulations, and various impact scenarios are simulated, and the results are

discussed.

The performance of the designed collision-resilient foldable body in the field ex-

periments is also discussed.

4.1 Compliant Multi-rotor M AV Control in Lit-

erature

Since the emergence of multi-rotor UAVs in the early 2000s, their control problem

has been appealing to researchers in academia and industry. Due to the complex
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nonlinear nature of multi-rotor VTOL dynamics, the use of nonlinear control
methods was investigated for attitude and position control of these UAVs [42] [43].
But at that time, because of the hardware limitations like limited computational
capacity, especially for MAVs, implementation of these algorithms on small-scale

drones was not feasible. Hence, in practice, simpler controllers were used [44] [45].

Due to their simplicity and therefore popularity in the industry, Proportional-
Integral-Derivative (PID) controllers were utilized as a primary choice for at-
titude and altitude control for consumer drones [46] [47]. This was possible by
linearization of the drone dynamics around its hovering point and decomposition
of the Multi-Input-Multi-Output (MIMO) representation of the multi-rotor dy-
namics into multiple Single-Input-Single-Output (SISO) representations. Use of
cascaded PID controllers in different configurations (P-PID, PI-PI, PI-PID) is
preferable to achieve a fine control of drone’s attitude/altitude [48], 49].

With recent advancements in microprocessors, flight controllers, and commu-
nication technologies [50), [51], the implementation of computationally expensive
control algorithms on MAVs is no longer an issue. As a result, complex estimation
algorithms [52, 53], 54, 55] and advanced controller schemes [56] 57, 58, 59] are be-
ing used on MAVs. Currently, investigations in a variety of areas of micro VITOL
UAVs are going on, such as trajectory planning and optimization [60] 61, [62] [63],
swarm and formation [64] [65] 66, 67], and Simultaneous Localization And Map-
ping (SLAM) [68, [69], [70].

It is good to mention here that, in collaboration with the current project, Eraslan
and Yildiz at Bilkent Systems Laboratory investigated the modeling, flight con-
trol, and human-in-the-loop stability of a flexible quadcopter [71] [72].
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4.2 Flight Control Strategy and Controller De-

sign in Simulink

A cascaded PID control scheme is selected for low-level (attitude) and high-
level (altitude and position) control of the collision-resilient foldable quadcopter.
The reason for this is the fast implementation, easy tuning, and relatively low
computational load of the PID controllers. The drawback of this method is the
low reliability of the controller during aggressive, agile maneuvers far from the
drone’s hovering point. However, this would not be the case for the real drone in
outdoor missions because of smooth path definition and tracking in stable-mode

(not acro-mode) during its inspection and surveillance missions.

A similar scheme is used here to control the model of the collision-resilient foldable
quadcopter in the simulation environment in Simulink. The full control loop in

the simulation is illustrated in Figure 4.1.

The modeling of each block in the control loop designed in Simulink is elaborated

in the following subsections.
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Figure 4.1: Cascaded PID controller scheme used for low-level and high-level
control of the collision-resilient foldable quadcopter— in experiment and simulation
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4.2.1 Plant Design

Primarily, the plant is the dynamic model developed in Section 3.2 and added
as a MATLAB function block in Simulink. The MATLAB function code for the
plant is attached in Appendix B.

4.2.2 Sensor Modeling

Sensor measurements are naturally noisy, and the structural and electronic el-
ements of the sensor cause inevitable delays in data transmission. Therefore,
to model the utilized sensors, it is rational to add noise and delay to the dy-
namic plant output in the simulations. To do so, first, the magnitude of noise for

different sensors should be approximately measured.

Sensor noises can be modeled as a normal distribution function (Gaussian distri-
bution) with a specific standard deviation o [73]. An average value for standard
deviation can be determined by recording the sensor output for limited numbers
of data and averaging them. Then, by choosing the noise amplitude equal to
20 in the simulation, > 95% confidence in sensor data distribution is guaranteed
(Figure 4.2).

68.3% of data
- A
B

-t

- 95.5% of data \‘

|- 99.7% of data

]
T
-3sD -2sD -1SD MEAN +1SD +2SD  +3SD

Figure 4.2: Normal sensor data distribution
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In an experiment, 1200 data are read from each DOF of the IMU sensor
(MPU9250). Then, averaging the resulting data vector and finding the stan-

dard deviation for each DOF, a noise magnitude is estimated for the sensors.

Figure 8 illustrates the result of this experiment for the 3-DOF accelerometer

and gyroscope.
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Figure 4.3: Sensor reading results for 3DOF accelerometer and 3DOF gyroscope

The sensor delay value is available in the sensor package datasheet [74]. For
MPU9250, the delay for the 3DOF gyroscope is specified as 2.9ms, where this

value for the 3DOF accelerometer is equal to 5.9ms. Figure 4.4 demonstrates the

sensor modeling for the accel and gyro sensors by adding noise and delay to the

measured data in Simulink.

Gyro Sensor Data

Accel Sensor Data

—]

Gyro Delay = 2.9 ms

=0,

Y

Accel Delay = 5.83 ms

Figure 4.4: Modeling MPU9250 IMU sensor output in Simulink
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Table 4.1 lists the noise amplitudes and delay values used for the different sensors

in the simulation in Simulink.

Table 4.1: Noise amplitude and delay time values used in the simulation

H Sensor Model | Noise Amplitude [unit] ‘ Delay [ms] H
Accelerometer | MPU9250 5x 1072 [m/s?] 6
Gyroscope | MPU9250 2.5 x 1073 [rad/s] 3
Barometer MS5611 1.5 x 1071 [m] 10
GPS NEO-MS 15x 101 [m] 100

4.2.3 Estimator Block

As a popular and computationally low-cost method, the Complementary filter is
chosen to estimate the attitude of the system in both experiment and simulation.
A complementary filter is basically a Low-Pass Filter (LPF) and a High-Pass
Filter (HPF) in parallel [75]. For a measured quantity of u by accelerometer
and gyroscope sensors, the estimated value by the complementary filter u can be

calculated as

i = F(s)u, + F(s)u, (4.1)

where F'(s) represents the low-pass filter applied to the gyroscope reading and

F(s) is the complementary high-pass filter applied to the accelerometer data such
that

F(s)+ F(s) =1 (4.2)

Assigning a constant value a € [0, 1] to F'(s), Equation 4.1 can be rewritten as

t=au,+ (1 —a)u, (4.3)

48



For MPU9250, the value of this constant is selected as o = 0.98 in the simulation.

For the barometer and GPS sensors, a simple LPF is applied to reduce the noise
and simulate the sluggish nature of these sensors. The code for the MATLAB

function used as an estimator block in the simulation is attached in Appendix C.

It is good to mention that the use of Madgwick Filter [53] as an alternative for
state estimation algorithm is investigated in this study. Although Madgwick filter
demonstrates a more accurate and reliable state estimation, basic complementary
filter is still preferred to be used in the real system due to its simplicity and easy

implementation. Appendix D compares these two methods.

4.2.4 Cascaded PID Controllers

As mentioned earlier, the cascaded PID scheme is chosen as the attitude, altitude,
and global position controller for the collision-resilient foldable quadcopter. On
the real drone, the PID constants are determined using trial-and-error. However,
in the simulation, PID controller blocks are used, and they are tuned step-by-step
using the PID Tuner App in Simulink. The controllers are tuned in specific order

shaping the overall control structure in the simulation environment.

4.2.4.1 Altitude (Elevation) PID Controller Tuning

The throttle command (Ao ), Which controls the elevation (Z) of the quad-
copter, is the main command for its flight and hovering because it determines
how fast all rotors must turn in combined to exert the required thrust force for
a specific maneuver. The other control commands (attitude control commands)
are somehow added/subtracted to/from the throttle value (this will be discussed

ahead in the mixing algorithm section).

Therefore, the altitude (Z) PID controller is the first controller to be tuned.

This is done by assigning Ao, Apiten, and Ay, values equal to 0 (around the
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hovering point) and using the PID tuner app to specify the desired transient
response characteristics of the Z-controller (The assumptions of section 3.2 are
valid here). The following table shows the transient response characteristics and

the PID constant values for the altitude controller.

20



Table 4.2: PID gains for altitude (Z) controller

Transient Response Char. PID Gains
PID Controller | e (6,) | Max, Overshoot | K, K, Ky
Altitude (Z) 1.0 [s] 10% 0.03526 | 0.004146 | 0.07363

4.2.4.2 Angular Rate Controller Tuning

After tuning the PID controller for altitude, the angular rate controllers for roll,

pitch, and yaw angles are added to the control loop and tuned. These controllers

are also tuned around the equilibrium point [qb7 0; @ZJ] = [0;0;0]. The error signal

input to these three rate controllers is the apparent angular rates [p; ¢; 7] measured

directly from the gyro sensor subtracted from the desired angular rate, which

is the output from the outer loop angular position controller.

The output of

these three PID controllers are the differential PWM values (Ao, Apitch, Dyaw)
added/subtracted to/from the throttle value to control the quadcopter’s attitude

(the Euler angles).

The transient response characteristics used to tune the PID controllers and the

resulting PID gains are shown in table 4.3.

Table 4.3: PID gains for angular rate ((;5, 0 w) controllers

Transient Response Char. PID Gains
PID Controller Rise Time (¢,) hsl)ax. Overshoot K, K; K,
Roll rate ¢ 0.2 [s] 10% 0.007877 | 0.024234 | 0
Pitch rate 0 0.2 [s] 10% 0.008786 | 0.013915 | 0
Yaw rate @b 0.2 [s] 10% 0.022785 | 0.036088 | 0

It should be noted that a saturation block is used to limit the output signal of

angular rate controllers in the simulation. Because, in reality, the control input

to the system is limited. This also helps with keeping the system close to the

equilibrium point around which the PID controllers are tuned.
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Figure 4.5: Use of saturation blocks to limit the final output of the controllers
(control inputs)

4.2.4.3 Angular Position Controller Tuning

Having the angular rate PID controllers tuned, the outer loop PID controllers
that are responsible for the Euler angle control of the quadcopter can be tuned
now. The controllers are tuned around the equilibrium point [¢;6; ] = [0;0; 0].
The input error signals to these controllers are the subtraction of the estimated
drone Euler angles (output of the complementary filter) from the desired Euler
angles from the position controller (or a path-generation algorithm). Table 4.4
shows the transient response characteristics and the PID gains for the angular

position controllers.

Table 4.4: PID gains for angular position (¢; ;1) controllers

Transient Response Char. PID Gains
PID Controller Rise Time (¢,) hl/iax. Overshoot K, K; K,
Roll rate ¢ 0.5 [s] 10% 5.2665 | 0.53648 | 0O
Pitch rate 0 0.5 [s] 10% 5.0797 | 0.4539 | O
Yaw rate ¢ 0.5 [s] 10% 5.1967 | 0.48043 | 0
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4.2.4.4 Global Position [X,Y] PID Controller Tuning

From the quadcopter’s dynamic equations (Equation 3.5), it can be concluded
that an isolated deviation in pitch angle while the quadcopter is hovering makes
it move in the body-fixed rotating z-direction (a negative pitch results in positive
x movement). Therefore, for small pitch angles, if the drone’s heading (yaw 1))
is equal to zero, it moves along the global inertial X-axis. The same relationship
is true for the roll deviation and Y-axis movement if the heading is v = 0 (a

positive deviation in roll angle results in positive Y movement).

Therefore, keeping the heading equal to zero, the quadcopter can reach any [X, Y]
position in the global coordinate by controlling only the roll and pitch angles.
Using this to keep the simulations simpler, two PID controllers are placed in the

outer loop to perform the high-level position control for the drone.

The input error signals are the subtraction of the estimated position of the quad-
copter in the global frame, X and ?, from their desired value, X, and Y, provided
by the defined path for the quadcopter. The output of the controllers are the de-
sired pitch (6;) and roll (¢4) angles supposed to take the drone along the defined
X4 and Yy, respectively. The transient response characteristics and the PID gain

values for the global [ X, Y] position controllers are arranged in Table 4.5.

Table 4.5: PID gains for global [X, Y] position controllers

Transient Response Char. PID Gains
PID Controller Rise Time (¢,) | Max. Overshoot K, K; K,
Y position 0.5 [s] 10% 0.022556 | 0 | 0.0732
X position 0.5 [s] 10% 0.016 0 | 0.06549

4.2.5 Mixing Algorithm Block

What this algorithm fundamentally does, is that it relates the control inputs
from the altitude and attitude controllers to the input forces and moments to the
quadcopter system (Equation 3.9). The code for this MATLAB function block is
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mentioned in Appendix E.

4.2.6 Flight Simulation

Having the low-level (attitude) and high-level (global position) controllers tuned,
the following scenario is designed to test the modeled quadcopter’s performance in
simulation. In this simulation, starting from rest at point [0; 0; 0], the quadcopter
goes up to the height of —2m (Z-axis is downwards) and goes through a 10mx10m
square path (with a change in altitude up to —4m at point [X,Y] = [10,10]).
Figures 4.6 and 4.7 demonstrate the path tracking of the developed control loop

in Simulink.

-Z [m]

Figure 4.6: 3D view of the tracked 10m x 10m square path in the simulation
environment (MATLAB Simulink)
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Figure 4.7: [X,Y, Z] view of the tracked 10m x 10m square path in the simulation
environment (MATLAB Simulink)
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There is a considerable deviation in the Z direction at the beginning. The result
for this deviation is that no grounds are defined in the simulation environment,
and as soon as the simulation begins, the drone falls due to the gravitational
force. It takes about 40sec for the quadcopter to compensate for this initial fall
and to catch up with the defined path. Obviously, to this point, the overall
tracking error is significant. After this point (¢ = 40s), the average tracking error
is about error = 0.2314m. Considering the +15¢m noise amplitude defined for
the GPS and Barometer sensors and the dimensions of the defined path, this

much tracking error is acceptable.

It is good to mention that in another simulation, in order to observe the effect
of noise on the path tracking accuracy of the designed cascaded PID controllers,
the amplitude of the noises are doubled and the drone’s movement is simulated
along the same path defined above. The results of this simulation shows that the

tracking error after ¢ = 40s is equal to 0.2949m, which is a 27% increase.
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4.2.7 Adding the Soft Impact Block

This block, augmented to the control loop in Simulink as a MATLAB function
block, receives the robots state X and outputs the visco-elastic contact forces
and moments (Equations 3.15-3.28) exerted by the obstacle (a vertical wall in
X = 10m in the case of this simulation) to the foldable drone (plant block) as
disturbance forces and moments. Figure 4.8 depicts how the impact block is
added to the control loop. The code for this block is attached in Appendix F.

>

[Faiss  Mais]

Athrottle — U 1
—-
Aroll U. 2
— — - —
Mixing [FCDTlt: Mcont] g _1.-
Apiccn | Algorithm I
—_—
Ayaw U,
—

Figure 4.8: Soft impact detection algorithm added as the obstacle block to the
simulation environment

4.2.8 Soft Impact Simulation

The scenario designed to simulate the soft impact in Simulink starts with a stabi-
lizing period in the beginning. During this phase, which takes long about 30sec,
the drone starts at the origin [X,Y, Z] = [0,0,0] at rest and stabilizes at an al-
titude of —2m (| +7%). Then, maintaining the altitude, the foldable quadcopter
approaches a vertical wall at X = 10m with a constant linear velocity controlled
by the cascaded PID controllers. Figure 4.9 illustrates the tracked path by the
quadcopter in the simulation. As mentioned before, the initial drop is due to the

sudden effect of gravity as the simulation starts.
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Figure 4.9: Collision scenario designed in Simulink (the size of the quadcopter is
exaggerated )
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Table 4.6: Visco-elastic and friction coeflicients used in the simulations

| Parameter || Definition | Value [unit] |
K Spring Ratio 1.8 x 10%
D Damping Ratio 8
n Nonlinear Spring Exponent 2
[bq Coefficient of Dynamic Friction 0.3

The values for the constants in Equations 3.10 and 3.23 are assigned as shown in
Table 4.6. The values are found with trial and error in the simulations such that

the obtained results imitate the actual collision experiments in [2].

Figures 4.10 and 4.11 display the position and velocity of the quadcopter during
a collision to the above-mentioned wall along X-axis direction (direction of the
collision). The line along X = 9.88m indicated the point where the bumpers

start contacting the obstacle.

W/ iz

9.95— —

9.9 Max 1 .

penetration /»\

X [m]
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25.82 25.84 25.86 25.88 259 25.92 25.94
Time [s]

Figure 4.10: The movement of the compliant foldable quadcopter during the
impact - purple area shows the penetration in the direction of impact
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Figure 4.11: Velocity change of the CoG of the quadcopter (X-direction) during
the soft impact - shaded area indicates the impact duration

Coefficient of Restitution (CoR) is a measure indicating the amount of elasticity
of a collision that is the ratio of the magnitude of the colliding object’s velocity an
instant before the collision to the magnitude of the velocity an instant after the
impact ends (|Uout|/|vin]). In other words, CoR shows how much of the colliding
object’s kinetic energy is dissipated during the impact. The more elastic (or
let’s say, visco-elastic) the impact, the more energy dissipates during the impact,
therefore, the lesser the CoR [37].

The simulation scenario above is repeated for different velocities, and the CoR is
calculated for each case. The diagram in Figure 4.12 depicts the CoR for different
collision velocities. It can be concluded that for vy, > 2m/s, the result is close to
the experiments in [2], where the CoR of the collision for MiniCoRe is equal to
0.556 (Figure 4.13)
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Figure 4.12: CoR for different impact velocities for the simulations in Simulink
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Figure 4.13: Velocity change during the collision for MiniCoRe and its rigid
equivalent [2]
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It should be noted that impact simulations are also conducted for higher collision
velocities, but since the quadcopter exceeds its linearized range about the hov-
ering point to provide such velocities, the controller cannot compensate for the
quadcopter’s attitude (the controller is not even capable of compensation for the
drone’s altitude at Z = —2 m before the impact). This results in an immediate
loss of control and crash in the simulations after the impact. For an approaching
velocity of 9 m/s the approaching pitch angle is equal to § = —0.63 rad = —36°
which is far from the linearized hovering range of +5° (this constraint is also used

in the real drone), while the approach pitch angle for a 5 m/s impact velocity is

equal to 8 = —0.07rad = —4° which is in the maximum linearized working range.
2r 2r
e
1.5 1.5
N N "
1 i

Figure 4.14: Approching pitch angle before the impact for v;, = 9 m/s (right),
and v, = 5m/s (left)
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4.2.9 Discussion on the Ordinary Differential Equation
(ODE) Solving

Equation 3.5 introduces a set of Ordinary Differential Equations (ODEs) as the
EoMs of the system. To solve this set of ODEs for the system in simulations,
Stmulink uses various types of nonstiff and stiff solvers. The most popular solver
used in Simulink is ode45, a nonstiff solver based on the fourth-order and fifth-

order Runge-Kutta method.

Due to the stiff nature of the ODEs in Equation 3.5, especially during the impacts
where large impact forces are generated during a small time span, ode45 is not a
suitable choice for solving them. As an alternative, odel5s, which is a variable-
order variable-step stiff ODE solver, is recommended to solve this set of ODEs.
odel5s uses first-order to fifth-order Runge-Kutta ODE solvers with variable
time steps during the solution interval to overcome the stiffness of the EoMs. The
fact that Simulink itself selects ode15s as the default solver for this simulation,
when the solver type and time step settings are set to ” Automatic”, approves that
use of odel5s is a rational choice in the simulations. It is obvious that using

odel5s instead of ode45 considerably increases the simulation time.

It is recommended to set the maximum time step of the stiff solver to 1073[s].
This helps the simulation be closer to the real drone in which the fastest loop on

the microprocessor runs at 1kH z.
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4.3 Soft Impact Simulation in Gazebo

In parallel to the development of a dynamic model for the collision-resilient fold-
able quadcopter in MATLAB, another model is developed in this project to use
Gazebo, the popular robotic simulation environment in ROS, to simulate the im-

pact of the compliant drone to a solid object.

The ROS libraries developed in this investigation are based on an earlier library
developed by Kumar Robotics Lab at the University of Pennsylvania [76]. The
cascaded PID controller structure, used in both the real quadcopter and the
MATLAB simulations, is added to this library. In addition to the control scheme,
a Unified Robotics Description Format (URDF) model is developed based on
the foldable quadcopter’s real model.

To build a .xacro URDF model, an importable file format to ROS, the first step
is to design the quadcopter in a CAD software like SolidWorks. Figure 4.15
illustrates the designed model in SolidWorks based on the real quadcopter design

and its components.

Figure 4.15: SolidWorks model for the collision-resilient foldable quadcopter
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Although the developed model provides an accurate estimate of the mass and
inertia properties of the system, it is an extremely heavy model to be added to
the Gazebo simulation environment due to the excessive number of components
and details, resulting in a disproportionate number of meshes introduced by the
dynamic solver. It is proved that a simplified equivalent model, consisting of
fewer components that each represent the mass and inertia properties of many
parts, gives an almost accurate representation of the system in finite element
solvers [(7]. Therefore, using the mass and inertia properties extracted from
the model above, an equivalent model is developed with fewer components to be
imported as a URDF file (Figure 4.15).
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Figure 4.16: Simplified model imported as a URDF file in Gazebo

Gazebo libraries do not allow to add compliance to the bodies, and all bodies
are defined as rigid bodies in the simulation. However, these rigid bodies relate
to each other by fizes and joints that can exhibit the required compliance for
a soft impact. Defining the mating relation between the quadcopter arms and
its main body by joints with torsional stiffness, damping, and friction properties,
the visco-elastic impact forces can be generated in the joints. Therefore, by
using an equivalent and close-to-reality model in Gazebo, the soft impact of a
compliant quadcopter can be modeled. Using the values for the joint properties
and the surface friction tabulated below, some collision scenarios are simulated

in Gazebo.
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Table 4.7: Joint and surface properties used to simulate the soft impact in Gazebo

{ Parameters H Value ‘
Torsional Spring Stiffness 1 [N.m/rad]
Joint Properties Friction 0.0001 [N.m]
Damping 0.0005 [N.m.s/rad]
[ Surface Properties [ Friction H 0.01 ‘

Employing the above values for the joint and surface parameters, a set of exper-

iments are conducted in Gazebo where the developed model collides with a rigid

wall while it is being navigated directly toward it with different velocities ranging

from 0.5m/s to bm/s. The COR values calculated for these impacts are close to

the results of the experiments for MiniCoRe in [2].

It should be mentioned that the motor-propeller properties required for the Ro-

torX plugin in Gazebo are acquired from UIUC Propeller Database [78].

Figure 4.17 illustrates the "COR vs. v;,” diagram for conducted impact experi-

ments in Gazebo. Figure 4.18 shows the folded arms of the quadcopter towards

the body in a collision simulation.
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Figure 4.17: COR values for different impact velocities in Gazebo
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Figure 4.18: Soft impact (into a fixed, rigid block) simulation for the compliant
foldable quadcopter in Gazebo

Simulations in Gazebo are not continued for higher velocities, since at v, = 5m/s

the arms are being folded backwards and the central housing touches the block.

Figure 4.19: Simulation failure due to backward folding of the arms and central
housing contact to the block at vy, = 5m/s in Gazebo
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4.4 CoR Comparison for the Simulations and

Experiments

The following diagram plots the CoR for the simulations in MATLAB Simulink
and ROS Gazebo alongside the scattered data from 15 impact experiments for
MiniCoRe. The average CoR for the experiments is illustrated by the dotted
horizontal blue line of CoR = 0.556.
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Figure 4.20: Comparison between the simulation results in MATLAB Simulink,
ROS Gazebo, and experiments for MiniCoRe
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4.5 Collision-Resilient Foldable Body in Out-

door Field Experiments

The final mission defined for the collision-resilient foldable quadcopter was to
make multiple of these drones fly at the same time and inspect a predefined
target by providing images from different angles. The following figures show the

quadcopter on its outdoor missions.

Figure 4.21: Single collision-resilient foldable quadcopter during a field inspection
mission

Figure 4.22: Three collision-resilient foldable quadcopters during a field inspec-
tion mission
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4.5.1 Protective Bumpers and Landing Gear

In many outdoor experiments during the design and test process of the quad-
copter, the drone encountered numerous failures and crashes due to communi-
cation loss or sudden disarming. While some of these crashes were significant,
and sometimes the drone fell off from an altitude around 50m high, the damage
to the drone body was minor and repairable (by changing the bumpers, landing
gear, or one or two propeller(s)) in most cases. But it is for certain that in none

of the crashes, the main flight controller or the motors damaged.

Figure 4.23 demonstrates a collision-resilient foldable quadcopter that has crashed
and fallen off from an approximate altitude of 20m with minor fractures in landing

gears as all four protective bumpers are intact. It should be mentioned that no

damage to the body is recorded in a normal landing sequence.

Figure 4.23: Damaged collision-resilient foldable body after a 20m high free fall
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4.5.2 FPV Camera Streaming During the Inspection
Flight

The FPV camera video streaming is elaborated in Section 2.3.8, and it is illus-
trated in the schematic in Figure 2.21. The following image shows a snapshot of
the video streaming for three FPV cams on the collision-resilient foldable drones

during the inspection mission.

Figure 4.24: FPV cam streaming from three collision-resilient foldable drones
during an inspection mission
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Chapter 5

Conclusion and Future Works

The Collision-Resilient Foldable Micro Quadcopter is designed, so it meets the
predefined criteria for the project. With a maximum weight of 220g and a
maximum dimension of 23cm x 23c¢m, the drone remains below the 300g and
30ecm x 30cm threshold. The protective bumpers and the landing gear cushion
the quadcopter during physical contact with surrounding obstacles and faces. The
foldable body frame constitutes only 16% of the total drone weight that demon-
strates the superiority of the design in comparison to the existing MAV models
(the inexpensive fabrication and compliance of the body frame should be taken

into account making any comparison with other drones of the kind).

The field experiments indicate incredible aerodynamic stability of the foldable
body during its inspection missions. The compliance of the body protects the
drone even in serious crashes. The protective parts are designed and fastened to
the body in a way that makes it easy for the user to replace them in the field as
they fail. Further improvements can be made in body design by strengthening
the weak parts prone to failure in impacts. The performance of different origami

structures and inclination angles for the bumpers can also be investigated.

The designed cascaded PID control scheme provides a reasonable low-level and

high-level control for the quadcopter, both in simulation and experiment. Easy
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implementation and tuning, low computational cost, and acceptable error bounds
for the defined missions are advantages of using PID controllers in this project.
Integrating additional sensors (like optical flow sensors) and employment of more
accurate sensor fusion algorithms (advanced complementary filters like Mahony
and Magdwick, or EKF) will further improve the state estimation in the drone
and, consequently, the control performance. With an improved controller, the

post-impact trajectory planning for the soft drone can be investigated.

The simulation results demonstrate accurate and close-to-reality modeling of the
soft impact, both in MATLAB Simulink and ROS Gazebo. The dynamic model
can be enhanced by adding a reliable Pseudo-Coulomb dry friction model to the
surface dynamics instead of using a coefficient of dynamic friction at all times.
Repeating the collision simulations in the vertical direction can also be utilized
to simulate the soft landing of the quadcopter on its compliant landing gears.
These simulations can be later utilized to optimize the landing sequence of the
quadcopter. Also, to extract an exact dynamic model of the compliant body
during collisions, a combination of Finite Element Methods (FEM) and Machine
Learning (ML) can be hired.
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Appendix A

Obtaining the Linear Coefficients
of Thrust and Drag

The motors and propellers used in micro-scale drone projects are mainly devel-
oped in the hobby industry and lack detailed datasheets. Hence, the motor and
propeller coefficients required for simulation and controller design purposes are
not available. In this section, an experiment is designed to investigate the static
relationship between the input PWM voltage to the BrushLess DC (BLDC) mo-
tor drivers (known as ESC: Electronic Speed Controller) and the output lift and

drag forces.

It should be noticed that the actuation system in this project consists of three
components working in series and feeding each other to generate the lift (per-
pendicular to the propeller surface) and drag (parallel to the propeller surface)
forces. Quadcopter’s main controller generates PWM signals that are being fed
to ESC. ESC converts this DC signal into a proper 3-phase AC and feeds it to
the BLDC motor. The output rotational speed of the loaded motor determines
the magnitude of the lift and drag forces generated in the attached propeller

(knowing the aerodynamic characteristics of the propeller).

83



PWM  [rpm] % Lift [N]
— E——

o\ Drag [N]

Figure A.1: Actuation mechanism in collision-resilient micro quadcopter

Thrust

Figure A.2: Lift (thrust) and drag forces definition on propeller

To measure the lift and drag forces generated by the actuation system, a lever

mechanism is designed to hold the BLDC motor on one side in a horizontal

direction and exert the same force on a scale in a vertical direction on the other

side. Figure A.3 illustrates the test setup for this experiment.

Resultant
Lift

Figure A.3: Setup for static lift and drag force coefficients experiment

In general, the lift and drag forces generated by a constant-pitch (a propeller

that has a constant angle of attack (AoA) along its blade) relates to its rotational

speed as
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L= CT . wz (Al)
D=C D" wQ (A2)
where, C'r and Cp are lift and drag force coefficients, respectively. The above
equation may change for a variable-pitch blade. For a BLDC motor, the relation

between the input voltage (or PWM signal duty-cycle) and the output rotational

speed is represented as

w = (KV) - (pwm[%]) (A.3)

Therefore, (A.1) and (A.2) can be rewritten as

L=Cr-w?=Cr-(KV-pwm)?=(Cr-KV)*- (pum)? = kr - (pwm)? (A.4)

D=Cp-w?=Cp-(KV -pwm)? = (Cp-KV)*- (pwm)? = kp - (pwm)? (A.5)

Equations (A.4) and (A.5) can be linear instead of quadratic for variable-pitch
blades.

Experiments are done on two different motors and seven different propellers to
find the kr and kp values for them and decide which motor-propeller set produces

more thrust.
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Table A.1: Motor and Propeller types used in the thrust and drag coefficient
experiment

H Motor # ‘ Model H
1 Emaz RS1106ii 6000KV
2 Emax RS1106ii 7500KV
H Propeller # ‘ Model — [Diameter[inches]*Pitch*Blade] H
1 Emaz AVAN Mini — 3.0%2.4*3
2 Emaxz AVAN Rush — 2.5*X*3
3 Emaz AVAN Blur — 2.0%*X*3
4 Emaz AVAN - 2.0%X*4
S PCK HBRC - 2.5%X*5
6 GEMFAN (rotorX) RX2535 — 2.5%3.5%2
7 GEMFAN (rotorX) RX2035 — 2.0%3.5%4

Results of the experiments are illustrated in plots in figure A.4. It can be con-
cluded from the diagrams that propeller#1 produces more lift in both motors. Al-
though the 7500KV BLDC motor produces a slightly higher lift than the 6000KV
version, the 6000KV version works at a lower temperature, making it a better
candidate to serve as an actuator in our system. Also, it can be seen that the
3-inch 3-blade propeller Emax AVAN Mini produces the highest lift for a specific
PWM input amongst all.

From the plots in figure A.4, it can be easily concluded that a linear function
L = kp.(pwm) can be fitted on the experimental data with high confidence. Doing
such for the selected BLDC motor and propeller set, the following equations are

derived for lift and drag forces with respect to the input PWM ratio

{ L = kr - (pwm) = 1.586 x (pwm) (A.6)

D = kp - (pwm) = 0.0915 x (pwm)

Where (pwm) is in the interval [0,1] (0 means 0% duty-cycle and 1 means 100%
duty-cycle for a 2S battery providing a continuous DC voltage of 7.9v.
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Lift-Throttle graph for Emax RS11061l 6000KV BLDC Motor using different Propellers
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Figure A.4: Thrust force (Lift) test results for all motor-propeller combinations
mentioned in table A.1
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Appendix B

Plant Model - MATLAB

Function in Simulink

1 function [ddX1l, ddX2, ddX3, ddX4, ddX5, ddXe] = DDX(t,
Omega.r, fx, fy, fz, mx, my, mz, Ul, U2, U3, U4, X1, X2,
X3, X4, X5, X6,dX1l, dX2, dX3, dxX4, dX5, dXo)

w
o\

this MATLAB function defines the Equations of Motion (EOMs
for the test quadcopter regid model)

IS
o\

the state vector is defined as

S
o° o

4
o\

X = [phi theta psi z x y] dX = d/dt (X) ddx =
d*2/dt "2 (X)

o\

10 defining the mass, inertia, and geometric properties of the

quadcopter
1 g = 9.81;
12 m = 191.3%x10"-3; % [kg]
13 I_xx = 419075.83%107-9; % [kg.m™2]
14 I_.yy = 452305.61%x107-9; % [kg.m"2]
15 I_zz = 830487.08%x10"°-9; % [kg.m"2]
16 arm = 80x10°-3; % [m]




17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

J.r = 148.44%«10"-9; % [kg.m"2]

% defining intermediate variables

al = (I.yy - I_.zz) / I_xx;

a2 = J.r / I.xx;

a3 = (I.zz - I.xx) / I_.yy;

ad = J.r / I_.yy;

a5 = (I.xx - I.yy) / I.zz;

bl = arm / I_xX;

b2 = arm / I_.yy;

b3 = 1/ I.zz;

U_X = cos(X1l)*sin(X2)*cos (X3) + sin(X1l)*sin (X3);
cos (X1) *sin(X2) xsin (X3) - sin(X1l) *cos (X3);

u-y

% % disarming point definition (if needed in simulation)
% t.disarm = 37.5; % [sec]

% 1f t < t_disarm

% ul = Ul;
% u2 = U2;
% u3 = U3;
% ud = U4;
% else

% ul = 0;
% u2 = 0;
% ul = 0;
% ud = 0;
% end

o\

system dynamics

o

([fx; fy; fz; mx; my; mz] is the resultant collision force

and moment vector added to the EoMs as disturbance)

o\

the minus sign in x, y directions is to keep consistency
for the downward z-axis direction

ddX1l = blx (u2+mx);

ddX2 = b2x (u3+my) ;

ddX3 = b3x (ud+mz);

ddX4 = g — cos(X1)*cos (X2)*(1/m)*ul - (1/m)=xfz;

ddX5 = —u_x * (1/m)=*ul + (1/m)~*fx;

ddX6 = —u.y * (1/m)xul + (1/m)=*fy;

89




Appendix C

Complementary Filter Code -

Estimator Block in Simulink

1 function [yaw, pitch, roll] = ...
Complementary_Filter (gyroAngleX, gyroAngleY, gyroAngleZ,

ax , ay , az)

3 accAngleX = atan(ay / sqgrt(ax"2 + az"2)); % roll
angle from accelerometer [rad]

4 accAngleY = atan(-1 * ax / sqgrt(ay"2 + az"2)); % pitch ...
angle from accelerometer [rad]

6 % Complementary Filter Logic

7 roll = 0.98 » gyroAngleX + 0.02 * accAngleX;
8 pitch = 0.98 x gyroAngleY + 0.02 % accAngleY;
9 yaw = gyroAngleZz;
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Appendix D

State Estimation Methods

D.1 Sensor Fusion using Complementary Filter

a complementary filter is a combination of two low-pass and high-pass filters. The
high-pass filter is used to remove the low-frequency noise of one sensor, and the
low-pass filter is used to cancel out the high-frequency noise in the other. Then,
the combination of the outputs of these sensors is represented as the estimated
value for the measured quantity. In practice, for the case of a 6-DOF IMU
(accelerometer + gyroscope), the simplest utilization of the complementary filter
can be represented as the following linear weighted summation of the separately

calculated angles from the accelerometer and the gyroscope.

{ Roll Angle (qb) = Wq X Qbaccel + Wq X ngyro (D 1)

Pitch Angle (0) = w, X Oaccel + Wy X Ogyro

where, w, and w, are the complementary weights and
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¢acce1 =tan~! (+ay/\/W+aE)
Opecel = tan™! (—ax/‘ Jaz + aﬁ)
Dgyro = f(f gdt (D.2)
Ogyro = fot gydt
z/}gyro - fot gzdt
]T

la; a, a,]" and [g, g, g.]T are the apparent acceleration [m/s? and apparent

angular velocity [rad/s] vectors measured in the body frame, respectively.

As it is seen from the equations above, using a 6-DOF IMU, only roll and pitch
angles can be determined by the complementary filter because the yaw motion
cannot be detected and measured by the accelerometer. Therefore, using the
simple complementary filter, there would be no sufficient yaw angle estimation
and this is one of the drawbacks of this method.

During this project, an experiment is conducted to see the performance of the
simple complementary filter using the accelerometer and gyroscope sensors of
MPU9250. The values for the weights are chosen as w, = 0.98 and w, = 0.02 by

observing the oscillations of the calculated values for the roll and pitch angles.

The results show that other than the drift in yaw angle, there is also significant
drifts in roll and pitch angle. For example, as it is illustrated in Figure D.1, after
some harsh movements of the sensor and positioning it in the same position as
the start point, the complementary shows more than 90° turn in roll angle (the

arrow is turned over and the bottom side (red side) is facing up).
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Figure D.1: Experiment on the result of the complementary sensor using the ac-
celerometer and the gyroscope of MPU9250 (the blue side of the arrow represents
the top of the sensor and the red side represents the bottom part)

There are some advanced and developed versions of the complementary filter in
the literature that utilize data from all 9-DOF of the IMU sensor to cancel out
the dynamic error in all angles during the estimation process. Madgwick Filter
is one of these state estimation algorithms that its performance is investigated in

the following section.

D.2 Sensor Fusion Madgwick Filter:

This estimator uses the Gradient Descent algorithm, which is an optimization
method, to minimize the measurement errors of the sensors and obtain an ex-
act attitude estimation of UAVs from Magnetic, Angular Rate, and Gyroscope
(MARG) sensors (9-DOF IMUs like MPU9250). Figure D.2 illustrates the math-

ematical representation of the Madgwick IMU sensor fusion algorithm.
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Figure D.2: Madgwick Filter’s schematic mathematical representation

Apart from the use of the gradient descent algorithm to minimize the measure-
ment errors in Madgwick Filter, another superiority of this algorithm is that it
utilizes quaternions instead of the Euler angles to represent the rotations. In
fact, the Madgwick filter tries to use the estimation of the quaternion rotation of
the previous step and the normalized gradient of this estimation to calculate the
current step quaternion vector. Using quaternions to represent the attitude of the

system helps to avoid the singularities known as Gimbal Lock in the calculations.

It should be noticed that the Madgwick filter starts the estimation from an initial
guess which is always equal to [ do by o ]T = [ 000 }T in the case of UAV
control. Therefore, it takes time for the algorithm to converge to the real attitude
values measured by the sensor when it has just started to work. The speed of this
convergence can be adjusted by setting the [ coefficient in the algorithm. In this
study, the value of this coefficient is set equal to \/g (40 [%] X 1;;—0). Assigning
this value for , the Madgwick algorithm converges to the final value in about 2

seconds.
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Figure D.3 shows the experimental results for the Madgwick filter at the start
position at rest (after stabilization and convergence of the algorithm), and going

back to the initial rest position after some harsh movements of the sensor.

Figure D.3: Experiment on the result of the Madgwick filter using the MPU9250
MARG (the blue side of the arrow represents the top of the sensor and the arrow
shows the same attitude at start (left) and end of the motion (right))

As it is seen in the figures, the orientation of the arrow, which illustrates the
estimated attitude of the sensor using the Madgwick filter, is the same at the
beginning of the test (when the sensor is at rest), and by the end of the test
(when the sensor is again left at the rest in the same position and orientation)

after some harsh maneuvers.
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Appendix E

Mixing Algorithm MATLAB
Function Block Code

1 function [Omega.r, Ul, U2, U3, U4] =

mixing_algorithm(throttle, a_pwm_.roll, a_pwm_pitch, aA_pwm_yaw)

3 c¢T = 1.589; % [N / pwm_.ratio]
4 ¢cD = 0.09; % [N / pwm_.ratio]
5 pwm_to_rpm = 30000 » (2xpi) = (1/60); % [(rad/s) / pwm_ratio]

7 motorl throttle + a_pwm_.roll + a_pwm_pitch + a_pwm_yaw;

g motor2 = throttle - a_pwm.roll + a_pwm.pitch - a_pwm_yaw;

9 motor3 throttle - a_pwm_.roll - a_pwm_pitch + a_pwm.yaw;

10 motor4 = throttle + a_pwm_roll - a_pwm_pitch - a_pwm_.yaw;
11

12 Ul = c¢T * (motorl + motor2 + motor3 + motorid

4

( )
13 U2 = cT * (motorl - motor2 - motor3 + motor4);
14 U3 = ¢cT * (motorl + motor2 - motor3 - motord);
15 U4 = cD * (motorl - motor2 + motor3 - motorid);
16
17 Omega.r = abs( pwm_to_.rpm * (motorl - motor2 + motor3 -

motor4d) );
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Appendix F

Collision Detection Block
MATLAB Function Code

1 function [pen, d.pen, p.a, FX, FY, FZ, MX, MY, MZ] =
Impact_Obj_l (pen.old, d_pen_old, p.a.old, dt, Phi, Theta,
Psi, 7z, X, Y, dPhi, dTheta, dPsi, dX, dYy, dz)

this Simulink MATLAB function receives the quadcopter's CoG

w
o\

position and
4 % attitude as inputs and gives the resultant forces and
moments on the

drone if it has any Collision with the Object#1l (defined in

o
o\

the code)

8 %%% initializing the quadcopter's attitude (body-frame Euler
angles) and

9 %$%% CoG position

10 cog-pos = [X; Y; Z]; % [m]

11 rpy = [Phi; Theta; Psil]; % [rad]

12

13 %$%% defining the linear and angular speed vectors

(translational speed

14 %$%% for the CoG and rotational speed for body (Euler rates))

97




15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

v_cog = [dX; dY; dz]l;
omega = [dPhi; dTheta; dPsi];

%$%% defining motor position vectors in body frame (cog —> mi)

[m]
mlb = [ 0.08; -0.08; 0];
m2_.b = [ 0.08; 0.08; 0];
m3_.b = [-0.08; 0.08; 0];
m4d_ b = [-0.08; -0.08; 0];

$%% defining the initial motor center positions in the
inertial frame (I)

roll = Phi;

pitch = Theta;

yaw Psi;
C.roll = [1 00 ; 0 cos(roll) sin(roll)
; 0 —-sin(roll) cos(roll) 1;
Cpitch = [cos(pitch) 0 -sin(pitch) ; 010
; sin(pitch) 0 cos(pitch)];

C_yaw = [cos(yaw) sin(yaw) O ;  —sin(yaw) cos(yaw) O
; 001 17
C.nb = C_.yaw * C_pitch x C_roll;

)

% calculating the CoG to motor center vector in Inertial

frame (I)

cog_2_.m_inI = zeros(3,4);

cog.2.m_inI(:,1) = C.nb * ml_b;
cog.2.m_inI(:,2) = C.nb * m2_b;
cog.2m_inI(:,3) = C.nb * m3.b;
cog-2.m_inI(:,4) = C.nb * md_b;
m = zeros(3,4);

m(:,1) = cog.pos + C_.nb * ml_b;
m(:,2) = cog_pos + C_.nb * m2_b;
m(:,3) = cog_pos + C_.nb * m3_b;
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49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

T

78

m(:,4) = cog.pos + C_.nb * mé_b;

$%% defining quadcopter's bumper radius
r = 0.04; % [m]

%%% defining the stiffness coefficient of the quadcopter arm
contact point
C.k = 1.8e4;

%$%% defining the damping coefficient of the quadcopter arm
contact point
C_.b = 8e0;

%$%% defining dynamic friction coefficient of the colliding
surface

mu_.d = 0.3;

% defining the coefficients for Surface#l - the general
equation for a

% plane surface in inertial frame is considered to be like "

aX + bY + cz = -d

al = 1;

bl = 0;

cl = 0;

dl = 10;

norml = sqgrt(al”2 + bl"2 + cl172); % calculating the
normal vector 2nd norm

norm_vec = [al/norml; bl/norml; cl/norml]; % normalized

normal vector of the plane
%$%% checking for possible collision between the bumper
spheres and a

%$%% generally defined plane - Surface#l (an obstacle like a wall)

d = zeros(1,4);

d(l) = abs(al*m(l,1) + blxm(2,1) + cl*m(3,1) — d1) /
sgrt (al”2 + bl"2 + cl172);
d(2) = abs(al*m(l,2) + blxm(2,2) + cl*m(3,2) - dl) /

sgqrt(al”™2 + bl"2 + cl17°2);
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79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

108

109

d(3) = abs(al*m(1,3) + blxm(2,3) + cl*m(3,3) - dl) /
sqrt(al”™2 + bl"2 + cl172);

d(4) = abs(al*m(1,4) + bl*m(2,4) + cl*m(3,4) - d1) /
sgqrt(al”2 + bl"2 + cl17°2);

% d.1 = d(1);
$ d.2 = d(2);
$ d.3 = d(3);
$ d.4 = d(4);

% checking if the bumper spheres are penetrated into the
plane surface more

% or less than a radius long ( pen(i)>r or pen(i)<r )

$ — finding the plane that is parallel to the colliding

surface and

o\

passes from the colliding motor/propeller's center and

calculating the

o\°

distance between the CoG and the plane and the contact

plane (if clause)

o

— finding the direction of collision (checking if the arm

direction is in

o\

the direction of the colliding surface's norm - <90 deg or
> 90 degqg)

% parameter initialization
cog.2_contact_plane = zeros(1l,4);
cog_2_motor_center_plane = zeros(l,4);
arm_plane_normal_angle = zeros(l,4);

arm_angle_flag = zeros(1l,4);

for j= 1:4

if d(3) <«
alprime = al;
bl prime = Dbl;

cl.prime = cl;

dl_prime al_prime*m(1l,j) + bl_prime*m(2,]) +

cl primexm (3, 3);
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110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

134

135

136

137

139

140

141

cog-2_contact_-plane (j) = abs(alxcog-pos(l) +
blxcog_pos(2) + cl*cog_pos(3) — dl) / sgrt(al”2 +
bl"2 + cl172);

cog_2_motor_center_plane (j) = abs(al_primexcog_pos (1)
+ bl primexcog._pos(2) + cl_primexcog_-pos(3) -
dl_prime) / sgrt(al_prime”2 + bl prime”2 +
clprime”2);

end
arm_plane_normal_angle (j) =

acos (dot (cog_2_.m_inTI (:, j),norm_vec)/ (norm(cog_2_m_inI (:,J))*nor

if arm_plane normal_angle(]j) < pi/2
arm_angle_flag(j) = 1;

else
arm_angle_flag(j) = -1;

end

end

o)

% parameter initialization

p-a = zeros(3,4); % contact point (projection of the
penetrating edge on the contact surface)

p-b = zeros(3,4); % penetration vector end-point

(penetrating edge)

pen = zeros(3,4); % penetration vector for all bumpers
pen_normal = zeros(3,4);

d_pen = zeros(3,4);

k_a = zeros ) ;

(3,4
k_b = zeros(3,4);

(3,4

(3,4

4
4
4
4

b_a = zeros ) ;
b_b = zeros ) ;
tang = zeros(3,4);
tang_direction.normalized = zeros(3,4);
t_a = zeros(3,4);

t.b = zeros(3,4);
resultant = zeros(3,4);
p-r = zeros(3,4);
arm_inI = zeros(3,4);
moment = zeros(3,4);

res_force_cog = zeros(3,1);
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142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

158

159

160

161

162

163

164

165

166

168

169

171

172

173

res_moment_cog = zeros(3,1);

p-f
p-m

for

= zeros (3,1);

zeros (3,1);

if cog.-2_contact_plane (k) >

cog_-2_motor_center_plane (k) && arm_angle_flag (k)

== 1

p-a(:,k) = m(:,k) + d(k) * norm_vec;
p-b(:,k) = m(:,k) + r x norm.vec;
pen(:,k) = pb(:,k) - p-a(:,k);

elseif cog.2_contact_plane (k) <
cog_-2_motor_center_plane (k) && arm_angle_flag (k)

== ]

p-a(:,k) = m(:,k) - d(k) * norm_vec;
p-b(:,k) = m(:,k) + r x norm_vec;
pen(:lk) :p—b(irk) _p—a(irk);

elseif cog_2_contact_plane (k) <

cog_-2_motor_center_plane (k) && arm_angle_flag (k)

= -]

p-a(:,k) = m(:,k) + d(k) * norm_vec;
p-b(:,k) = m(:,k) — r x norm_vec;
pen(:,k) = pb(:,k) - p-a(:,k);

elseif cog.2_contact_plane (k) >
cog-2_-motor_center_plane (k) && arm_angle_flag (k)

== -1

p-a(:,k) = m(:,k) - d(k) * norm_vec;
p-b(:,k) = m(:,k) — r x norm_vec;
pen(:,k) = pb(:,k) - p-a(:,k);
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174

175

177

178

179

180

181

182

183

184

185

186

188

189

190

191

192

193

194

195

196

197

199

200

201

202

204

205

206

207

208

209

210

end

else
p-a(:,k) = zeros(3,1);
p-b(:,k) = zeros(3,1);
pen(:,k) = zeros(3,1);
end

[

% spring (stiffness) force vector start and end point
calculation

if norm(pen(:,k)) # O
pen_normal (:,k) = pen(:,k) / norm(pen(:,k));

else

pen_normal (:,k) = [0;0;0];

end
k_a(:,k) = p.a(:,k);
$kb(:,k) = p_.a(:,k) = C_.k * pen(:,k);

kb(:,k) = p.a(:,k) = C.k % (norm(pen(:,k))"2) =
pen_normal (:,k);
% damping force vector start and end point calculation
if arm_angle_flag(k) ==
d_pen(:,k) = (pen(:,k) - pen_old(:,k)) / dt;
elseif arm_angle_flag (k) == -1
d_pen(:,k) = (pen_old(:,k) - pen(:,k)) / dt;
end
if norm(d.pen(:,k)) > norm(v_cog)
d_pen(:,k) d_-pen_old(:,k);

end

b_.a(:,k) = p_a(:,k);

bb(:,k) = p.a(:,k) — C.b x dopen(:,k);

% Coulomb friction force (tangent to the colliding
surface) calculation

tang(:,k) = p.a(:,k) — p_a_old(:,k);

if norm(tang(:,k)) > norm(v_coqg)
tang(:,k) = [0;0;0];

end
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211

212

213

214

215

216

217

218

219

220

221

222

223
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if norm(tang(:,k)) == 0
tang.direction_normalized(:,k) = [0;0;0];
else
tang_direction_normalized(:,k) = tang(:,k) /

norm(tang(:,k));

end
t_a(:,k) = p.a(:,k);
tb(:,k) = t_.a(:,k) — mu.d * norm(pen(:,k)) =

tang.direction_normalized(:,k);

[

% calculation of the resultant force in the contact point

of each

% bumper

resultant(:,k) = (k.b(:,k) - k_a(:,k)) + (b.b(:,k) -
b_a(:,k)) + (tb(:,k) - t_a(:,k));

Q

% calculation of the end-point of the resultant forces at
each contact point

p-r(:,k) = p_a(:,k) + resultant(:,k);

% CoG to contact point vector in Inertial frame (moment arm)
if p.a(:,k) # [0;0;0]
arm_inI(:,k) = p.a(:,k) - cog_pos;
else
arm_inI(:,k) = [0;0;0];
end
% calculation of the resultant moment at each bumper

moment (:,k) = cross(arm_inI(:,k), resultant(:,k));

end

% calculation of the Resultant force and moment on the
drone's CoG

res_force_.cog = resultant(:,1) + resultant(:,2) +
resultant (:,3) + resultant(:,4);

res_moment_cog = moment (:,1) + moment(:,2) + moment (:,3) +
moment (:,4);

% CoG resultant force and moment vectors end-point calculation

$p-f = cog.pos + res_force_cog;
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244

245

246

247

248

249

251

o\

p

-m

= cog.pos + res_moment_cog;

% output assignment

FX
FY
FZ
MX
MY
Mz

res_force_cog(l,1);
res_force_cog(2,1);
res_force_cog(3,1);

res_moment_cog(l,1

4

) .
res_moment_cog(2,1);
)

14

res_moment_cog (3,1
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