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Summary

Objective of this thesis is to describe the design and realisation phases of
a multirotor to be used for low risk and cost aerial observation. Starting
point of this activity was a wide literature study related to the techno-
logical evolution of multirotors design and to the state of the art. Firstly
the most common multirotor conbgurations were debPned and, according to
a size and performance based evaluation, the most suitable one was cho-
sen. A detailed computer aided design model was drawn as basis for the
realisation of two prototypes. The realised multirotors were OX-shapedO
octorotor with eight coaxially coupled motors. The mathematical model of
the multirotor dynamics was studied. OProportional Integral DerivativeO
and OLinear QuadraticO algorithms were chosen as techniques to regulate
the attitude dynamics of the multirotor. These methods were tested with

a nonlinear model simulation developed in the Matlab SimulinkR  environ-
ment. In the meanwhile the Arduino board was selected as the best compro-
mise between costs and performance and the above mentioned algorithms
were implemented using this platform thanks to its main characteristic of
being completely Oopen sourceO. Indeed the multirotor was conceived to
be a serviceable tool for the public utility and, at the same time, to be an
accessible device for research and studies. The behaviour of the physical
multirotor was evaluated with a test bench designed to isolate the rotation
about one single body axis at a time. The data of the experimental tests
were gathered in real time using a custom Matlab code and several indoor
tests allowed the Obne tuningO of the controllers gains.

Afterwards a portable Oground stationO was conceived and realised in ad-
herence with the real scenarios users needs. Several outdoor experimental
Rights were executed with successful results and the data gathered during
the outdoor tests were used to evaluate some key performance indicators as



the endurance and the maximum allowable payload mass. Then the fault
tolerance of the control system was evaluated simulating and experimenting
the loss of one motor; even in this critical condition the system exhibited
an acceptable behaviour.

The reached project readiness allowed to meet some potential users as the
OTurin Fire DepartmentO and to cooperate with them in a simulated emer-
gency. During this event the multirotor was used to gather and transmit
real time aerial images for an improved Osituation awarenessO.

Finally the study was extended to more innovative control techniques like
the neural networks based ones. Simulations results demonstrated their ef-
fectiveness; nevertheless the inherent complexity and the unreliability out-
side the training ranges could have a catastrophic impact on the airworthi-
ness. This is a factor that cannot be neglected especially in the applications
related to Rying platforms.

Summarising, this research work was addressed mainly to the operating pro-
cedures for implementing automatic control algorithms to real platforms.
All the design aspects, from the preliminary multirotor conPguration choice
to the tests in possible real scenarios, were covered obtaining performances
comparable with other commercial d -the-shelf platforms.



Sommario

Obiettivo di questa tesie la descrizione delle fasi di progettazione e realiz-
zazione di una piattaforma multirotorica per IQosservazione aerea a basso
rischio e costo. Punto di partenza del lavoro é stata una vasta ricerca
storico-bibliograbca @ ettuata allo scopo di conoscere |Qevoluzione tecnolo-
gica nel design dei multirotori ed il relativo stato dellQarte. Sono state
dunqgue individuate le principali conbgurazioni di multirotori e sulla base
della valutazione delle dimensioni minime e delle potenziali prestazioni ot-
tenibili & stata scelta la conbgurazione ottima tra quelle possibili. Succes-
sivamente € stato realizzato un modello CAD di dettaglio sulla cui base
sono stati costruiti due prototipi di multirotore con otto rotori coassiali a
coppie. Constestualmente e stata &ettuato uno studio di dettaglio sulla
modellazione matematica del comportamento dinamico del prototipo. Sono
stati inoltre progettati due regolatori automatici, uno di tipo OProporzionale
Integrale DerivatoO e IQaltro di tipo OLineare QuadraticoO per il controllo
della dinamica di assetto del velivolo costruito. Questi controllori sono stati
validati in ambiente Matlab Simulink 'R veribcandone IQinterazione con il
modello non lineare del velivolo. Nel contempoé stata eseguita unO indagine
di mercato sui principali produttori di hardware programmabili per il con-
trollo automatico ed e stata selezionata la scheda Arduino come miglior
compromesso tra costo ed adeguatezza al raggiungimento degli obiettivi
prebssati. Lo studio delle caratteristiche di tale scheda elettronica e del
relativo linguaggio di programmazione ha permesso di implementare su tale
piattaforma gli algoritmi di controllo delle tecniche precedentemente men-
zionate. EO dOuopo menzionare che una caratteristica peculiare del sistema
di controllo utilizzato € la logica open source valida sia per quanto at-
tiene all®hardware che per quanto concerne il software. Il velivolo & stato
difatti concepito con IQobiettivo di essere immediatamente utilizzabile per



IQosservazione aerea ed essere, al tempo stesso, un dispositivo di studio
e ricerca con il quale sperimentare, senza vincoli imposti dal produttore,
nuove leggi di controllo automatico ed ulteriori funzionalia. Il comporta-
mento del velivolo é stato dunque testato mediante un banco prova svilup-
pato ad hoc con IQobiettivo di isolare la variazione di uno solo dei tre angoli
di Eulero per ogni test di dinamica eseguito. Al Pne di valutare rapidamente

e con precisione |@ecacia del sistema di controllo, & stato sviluppato, in am-
biente Matlab, un software di acquisizione ed elaborazione dei parametri di
assetto e dei comandi acquisiti in tempo reale. LOesecuzione di numerosi
test al banco prova ha permesso dileettuare il Pne tuning dei guadagni
dei controllori. LOattiviea descritta @ stata seguita dallOassemblaggio di una
ground station portatile realizzata in modo da poter rispondere alle esigenze
degli utenti in uno scenario reale. EQ stata dunque eseguita una campagna
di test sperimentali nella quale & stato valutato e confrontato IOketto dei
controllori automatici sulla dinamica di assetto del velivolo. | dati rac-
colti sono stati utilizzati per veribcare le stime dei parametri prestazionali
pll limitanti per questa tipologia di velivoli quali IOautonomia di durata

ed il massimo carico utile. Successivamente é stato sperimentato, prima
in simulazione e poi realmente, il comportamento del velivolo in caso di
perdita totale di spinta da parte di uno degli otto rotori disponibili. | test,

che hanno avuto esito positivo, hanno permesso di veribcare la robustezza
dei controllori di assetto implementati, nei limiti di accettabilia prevedi-

bili per un possibile impiego reale. La maturi&a raggiunta dal progetto ha
reso fattibile I1Qincontro con potenziali utenti. Particolare interesse & stato
manifestato dai Vigili del Fuoco del Comune di Torino con i quali é stata
avviata una stretta collaborazione. Questo ha permesso di partecipare at-
tivamente a simulazioni di calami& naturali fornendo, ai gestori del piano

di emergenza, la trasmissione, in tempo reale, di immagini aeree dellQarea
interessata e garantendo dunque la necessargtuation awareness
Parallelamente e stata data enfasi allo studio dei fondamenti teorici alla
base di pu innovative tecniche di controllo automatico. In particolare sono
state utilizzate le tecniche basate sullOuso di reti neurali per costruire, al cal-
colatore, delle simulazioni di sistemaclosed loop | risultati ottenuti hanno



permesso di dimostrare la potenziale 'ecacia di questo strumento quando
utilizzato nei range di addestramento della rete neurale. Tuttavia IQattivie

di ricerca eseguita in tale ambito ha permesso di evidenziare che IQintrinseca
complessit e IOinattendibilit. del controllore al di fuori dei range di adde-
stramento potrebbero avere éetti catastrobci sulla condotta di un volo e
pertanto esistono ancora necessari margini di perfezionamento prima che
gueste tecniche possano Hondersi, con adeguata garanzia di successo, nel
settore aeronautico.

In conclusione IQattivit di ricercaé stata principalmente indirizzata allOap-
prendimento delle modalié operative di implementazione di leggi di con-
trollo su piattaforme aeree reali. Gli aspetti progettuali inerenti lo sviluppo

di tali sistemi sono stati curati nella loro interezza, dalla fase preliminare

di scelta della conbgurazione alla realizzazione e sperimentazione in scenari
operativi, evidenziando performance comparabili a quelle di velivoli com-
merciali della medesima categoria disponibili sul mercato.






To my darling wife



The master in the art of living makes little distinction
between his work and his play, his labor and his leisure,
his mind and his body, his education and his recreation,

his love and his religion. He hardly knows which is which.
He simply pursues his vision of excellence at whatever he does,
leaving others to decide whether he is working or playing.
To him he is always doing both.
From the Zen Buddhist Text
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Introduction

1.1 UAVs

Unmanned Aerial Vehicles (UAVS) are autonomous or remotely piloted aircraft. They
range in size from full-scale craft, similar to those Rown by humans, to miniature air-
craft centimetres in size. UAVs are driven by a variety of power plants, including petrol
engines, gas turbines and electric motors. The utility of UAVs in military applications
is readily apparent, UAVs can potentially carry out the range of tasks normally ex-
ecuted by piloted aircraft without placing human pilots in jeopardy. However, these
benebts also carry over to civilian aircraft that operate in hazardous conditions or re-
quire tedious or onerous piloting during lengthy operations. For example, unmanned
aircraft could carry out power-line inspection in close proximity to live electrical ca-
bles, a task currently performed by manned aircraft as reported in [4]. Autonomous
rotorcraft also have the potential to revolutionise commercial practice in a variety of
Pelds such as mining, infrastructure and agriculture, which do not presently employ
aircraft due to the size and expense of full-scale vehicles as detailed in [5]. Small-scale
UAVs, or OMicro Air VehiclesO (MAVs), expand the range of possible aero-robot duties
further with their high portability and ability to operate in small spaces as reported
in [6]. Recent advances in miniaturisation, battery and control technology have made

very small rotorcraft possible [7].
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1.2 Multirotors

Multirotors are a special form of rotorcraft UAV that use pairs of counterrotating rotors

to provide lift and directional control. Unlike conventional helicopters, multirotors
typically have bxed-pitch blades and vary their thrust by changing rotors speed. Flight
attitude is regulated entirely by rotors speed. When the vehicle tilts, a component
of the thrust is directed sideways and the aircraft translates horizontally. Two major
motivators for multirotors are reliability and compactness, both are essential for a
system that will be portable and useful in close proximity to people and structures
in commercial applications. Conventional helicopters are mechanically very complex.
They rely on a complex, adjustable mechanism that causes each blade to go through
a complete pitch cycle each revolution of the rotor, providing attitude control of the
rotor plane that, in turn, is used to control airframe attitude. The most common system
used is a OswashplateO structure that consists of two parallel moving bearings Pxed on
the rotor mast to transmit angular displacement to the pitch horns of the rotor blades

(see Fig. 1.1). Small helicopters may further require a Bell-Hillier stabilizer linkage to

Figure 1.1: Full-scale helicopter swashplate [1]
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slow the natural dynamic response of the rotor. Swashplates are sophisticated pieces
of high-speed machinery operating in a vibrating environment and are highly prone to
failure without constant maintenance. Failure of the swashplate causes catastrophic
loss of cyclic control and, typically, destruction of the vehicle. The inherent mechanical
robustness of electric multirotors stems from the simplicity of the rotor head. The
easy and inexpensive maintenance required by multirotors is a key consideration for
civilian craft that must operate reliably in proximity to humans, without regular skilled
maintenance. The compactness of multirotors is due to reduced rotor diameters and
closely spaced layout. They do not have a single large rotor or long tail boom that
can readily collide with nearby obstacles and, instead, use small rotors that are easily
shrouded for protection. This makes them ideal for tasks indoors or in enclosed spaces,
such as inspecting ceilings of a factory, Bying down mine shafts or scanning close to

civil infrastructure such as bridges or dam walls.

1.3 Historial context

The utility of unmanned aerial vehicles has always been dictated by the technology
available to control and direct the craft. As early as 1917 (only 14 years after the in-
vention of the aeroplane itself) EImer Sperry constructed a self-stabilising aircraft using
gyroscopes, barometers and servo-motor control [8]. After takelocontrolled by a hu-
man, the Hewitt-Sperry Automatic Aeroplane was capable of Bying up to 48 km and
dropping a bag of sand within 3.2 km of a predebned target. The prst fully-unmanned
Right was the 1918 Curtis-Sperry Flying Bomb, which was launched from a moving
car and RBew a preset distance of 900 m [9]. In the 1930s, development continued on
both sides of the Atlantic, but the emphasis was on radio-controlled drones for target
practice rather than on autonomous vehicles. The outbreak of the Second World War
in 1939 prompted renewed interest in Bying bombs. Advances in radio, gyroscopic con-
trol technology and television produced more sophisticated weapons, but with mixed
results. The Allies focused on radio-control of modibPed bombers, using telemetry taken
from cameras in the nose looking forward and in the cockpit pointed at the instruments.
These attempts had only limited success. The Axis Bying bombs, specibcally the V-1,
enjoyed great notoriety for their part in the London blitz. The V-1 used a weighted
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pendulum for attitude control, a gas-powered gyroscope compass for bearing and a
barometer for altitude control [8]. A free-wheeling propeller at the front of the craft
estimated distance and caused the bomb to dive when a preset nhumber of rotations
was reached. In practice the V-1 was as inaccurate as other Bying bombs of the era,
but the sheer number of launches accounted for more than 6,000 casualties. Captured
V-1s catalysed the Allies to continue developing cruise-missile, Remote-Piloted Vehicle
(RPV) and radio-controlled drone technology, which formed the basis of modern UAVs.
Notable among the early post-war RPVs was the QH-50 Gyrodyne (see Fig. 1.2), the
prst unmanned helicopter. Developed for anti-submarine warfare in 1950, the Gyro-
dyne was remotely piloted from ships and used gyroscope feedback control stability in

the air [10]. Post-war cruise-missiles such as Navaho and Matador advanced the capa-

Figure 1.2: QH-50 gyrodyne ASW UAV

bilities of bPxed-wing drones. The N-69 Snark and X-10 Navaho introduced an Inertial
Navigation System (INS) to manoeuvre through a trajectory on approach to its target
[8]. The TM-61C Matador had a microwave-based positioning system that allowed
it to map its location using signals received from known transmitters. The TM-76A
had INS and down-looking terrain-following radar. Drones such as the MQM-57 Fal-
coner and Model 147J Lightning Bug added cameras and automated Right capability
to remotely-piloted aircraft; they were used for reconnaissance missions over China and
the Soviet Union after the loss of several U-2 spy planes in the 1960s. This technology
culminated in the SLCM Tomahawk missile, which features INS, Global Positioning

System (GPS), terrain-following radar and terminal guidance based on video feature
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recognition. The Tomahawk was used to good 'eect during the 1992 Gulf War, demon-
strating a 94% strike rate in its brst combat deployment [11]. Today, robot aircraft
combine modern computer power with technology originally developed for drones and
cruise missiles to perform a variety of roles including reconnaissance, surveillance, air-
to-ground and air-to-air attack missions. Progress in computers, light-weight cameras
and Micro Electro-Mechanical System (MEMS) inertial sensors [12] has now made UAV
technology d ordable for non-military use.

1.4 Manned Quadrotors

The brst manned quadrotor was the Breguet-Richet OGyroplane No. 10 constructed
in 1907 (see Fig. 1.3). The gyroplane consisted of a cross-beam fuselage with four

Figure 1.3: Breguet-Richet Gyroplane No.1 - The First Quadrotor

bi-plane rotors (for a total of 32 blades) at each end. The machine could carry a small
person but it never Bew outside of ground Eect. As can be read in [13], its handling
was reported to be poor and it required a team of men to stabilise it during hovering
RBight. Other early quadrotors that achieved Right were the 1921 ®hmichen quadrotor
and 1922 Jerome-de Bothezat quadrotor OFlying OctopusO [2]. Two notable manned
quadrotor craft were built during the 1960s as part of the United States OX-PlaneO
research vehicle series. The Curtiss-Wright X-19 (see Fig. 1.4) was a quad tilt-rotor
the size of a business jet that used a special type of radial propeller. The propellers
used high-angle high-twist rotors to induce vertical thrust even when the rotors were
aligned horizontally. The X-19 was destroyed on its Prst test Bight and the radial lift
rotor technology was not developed further [14]. The Bell X-22 was a quad ducted-
fan craft that saw long service as a research vehicle (see Fig. 1.5). The X-22 could
be conbgured to emulate the Right behaviour of theoretical aircraft and was used as
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Figure 1.4: Curtiss-Wright X-19 Radial Propeller Craft

Figure 1.5: Bell X-22 Ducted Fan Research Vehicle
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a test-bed for the Hawker Siddeley GR.1 Harrier [14]. Both the X-19 and the X-22
used variable pitch rotors for attitude control and the X-22 had additional vanes in its
outBow to allow for low-speed yaw control. Following the success of the V-22 Osprey
tilt-rotor, Boeing produced conceptual designs for a quad tilt-rotor based on the same
technology. Although no aircraft has yet been built, quad tilt-rotor models have been
tested in wind tunnels for aeroelastic loading of its wings and surfaces (see Fig. 1.6) as
well as in simulation with complex Computational Fluid Dynamics (CFD) programs
for analysis of infRBow behaviour and vortex-ring states that plagued the V-22.

Figure 1.6: Boeing Quad Tilt-rotor Half-model in the Langley Wind Tunnel

1.5 Micro Quadrotors

In the last 15 years the number and variety of micro quadrotor vehicles has increased
substantially. Early e! orts to build small quadrotors were based upon radio-controlled
toys. The Hoverbot, built in 1992, was constructed from four radio-controlled heli-
copters joined at the tail [15] (see Fig. 1.7). The aircraft could lift o in a test frame
and stabilise itself in orientation using potentiometers built into its test gimbal. It used
variable pitch on all four rotors to change thrust. The mid-90s ORoswell FlyerO and
OHMX-40, later to become the ODraganRyerO, consisted of cheap motors and rotors,
a foam frame and early MEMS gyros in feedback for pilot-assist. The craft were very
light and small, limited to carrying tens of grams of payload. Flying the craft required
continuous pilot attention. This craft has formed the basis of numerous research ve-
hicles. The OMesicopterO was a late-90s Stanford University project aimed at creating



Chapter 1. Introduction

Figure 1.7: Borenstein Hoverbot

centimetre-scale quadrotors. The total aircraft weight was of the order of a gram and
special wafer-cut moulds were required to fabricate its rotors. The brst OMesicopterO
prototypes had bxed-pitch rotors in a conventional quadrotor conbguration, but later
models used shrouded rotors with inverted mass and a passive aerodynamic system with
rotor cowls and bxed vanes for control [16] (see Fig. 1.8). Post-2000, quadrotors have

Figure 1.8: Stanford OMesicopterO Micro UAV

proliferated as toys and research tools. The Draganf3y Innovations produced several
multirotor versions aimed at professional applications as shown in [17] and illustrated
in Fig. 1.9. The basic Draganf3yer quadrotor lifts approximately 250 g of payload for
about 10 minutes. The pilot must stabilise the craft with the assistance of damping
from rate gyros, although more advanced models can self-stabilise using ultrasonic sen-
sors. Draganfyer parts are used by many control and robotics researchers around the
world. The number of purpose-built quadrotors is low, compared with derivative craft,
due to the high overheads involved in constructing aircraft from scratch. Typically, a
research quadrotor will consist of Draganf3yer chassis, rotors and motors complemented
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Figure 1.9: DraganByer OX4-PO

by custom avionics and control. Numerous universities have used quadrotors for re-
search into attitude control, visual servoing, swarm control and aerodynamics. The
following is only a brief overview of selected quadrotor research projects. CEAOs OX4-
FlyerO project seeks to develop quadrotor technology for intuitive pilot operation and
operation in hazardous environments [18]. This quadrotor is a novel departure from
other modibPed Draganf3yers in that it doubles the number of blades on each motor as
illustrated in Fig. 1.10.

It also has custom drive electronics consisting of 1 GHz Discrete Signal Processor

Figure 1.10: CEAOs OX4-FlyerO

(DSP) card that provides excellent Right stability. In 2008 Guenard added four ducts
around the rotors [19]. Bourquardez used visual feedback in an outer control loop for po-
sition and altitude [20]; the system can guide the CEAOs quadrotor through waypoints
using a single down-facing camera. TheEcole Polytechnique Federale de Lausanne
(EPFL) O0S40 project is aimed at developing autonomous indoor Vertical Take-O
and Landing (VTOL) vehicles [21], capable of using di erent navigation schemes. The
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00S40 quadrotor began as a DraganRyer test-bed on a gimbal but has evolved into
an entirely original vehicle, including custom avionics, airframe and rotors (see Fig.

1.11). The craft has been successfully used for testing a variety of control schemes as

Figure 1.11: EPFL O0S40 Quadrotor

detailed in [22, 23]. Tayebei and McGilvray have investigated quadrotors deeply, focus-
ing on quaternion and nonlinear control [24]. Their experimental apparatus consists of
a non-Rying modibed DraganfRyer with original airframe and drive systems, but with
custom avionics. The quadrotor is bxed to a ball-joint test rig with o! -board power
that allows limited rotation in all three axes [25]. The Stanford Testbed of Autonomous
Rotorcraft for Multi-Agent Control (STARMAC) project uses multiple vehicles Rying

in formation for collision and obstacle avoidance [26]. Quadrotors were chosen for this
project beca