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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 conÞgurations were deÞned 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 ÒX-shapedÓ

octorotor with eight coaxially coupled motors. The mathematical model of

the multirotor dynamics was studied. ÒProportional Integral DerivativeÓ

and ÒLinear QuadraticÓ 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 Òopen sourceÓ. 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 ÒÞne tuningÓ of the controllers gains.

Afterwards a portable Òground stationÓ was conceived and realised in ad-

herence with the real scenarios users needs. Several outdoor experimental

ßights 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

ÒTurin Fire DepartmentÓ 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 Òsituation awarenessÓ.

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 ßying 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 conÞguration choice

to the tests in possible real scenarios, were covered obtaining performances

comparable with other commercial o! -the-shelf platforms.



Sommario

Obiettivo di questa tesi è la descrizione delle fasi di progettazione e realiz-

zazione di una piattaforma multirotorica per lÕosservazione aerea a basso

rischio e costo. Punto di partenza del lavoro è stata una vasta ricerca

storico-bibliograÞca e! ettuata allo scopo di conoscere lÕevoluzione tecnolo-

gica nel design dei multirotori ed il relativo stato dellÕarte. Sono state

dunque individuate le principali conÞgurazioni di multirotori e sulla base

della valutazione delle dimensioni minime e delle potenziali prestazioni ot-

tenibili è stata scelta la conÞgurazione ottima tra quelle possibili. Succes-

sivamente è stato realizzato un modello CAD di dettaglio sulla cui base

sono stati costruiti due prototipi di multirotore con otto rotori coassiali a

coppie. Constestualmente è stata e! ettuato uno studio di dettaglio sulla

modellazione matematica del comportamento dinamico del prototipo. Sono

stati inoltre progettati due regolatori automatici, uno di tipo ÒProporzionale

Integrale DerivatoÓ e lÕaltro di tipo ÒLineare QuadraticoÓ per il controllo

della dinamica di assetto del velivolo costruito. Questi controllori sono stati

validati in ambiente Matlab Simulink R! veriÞcandone lÕinterazione con il

modello non lineare del velivolo. Nel contempoè stata eseguita unÕ indagine

di mercato sui principali produttori di hardware programmabili per il con-

trollo automatico ed è stata selezionata la scheda Arduino come miglior

compromesso tra costo ed adeguatezza al raggiungimento degli obiettivi

preÞssati. 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. EÕ dÕuopo menzionare che una caratteristica peculiare del sistema

di controllo utilizzato è la logica open source, valida sia per quanto at-

tiene allÕhardware che per quanto concerne il software. Il velivolo è stato

difatti concepito con lÕobiettivo di essere immediatamente utilizzabile per



lÕosservazione 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 funzionalità. Il comporta-

mento del velivolo è stato dunque testato mediante un banco prova svilup-

pato ad hoc con lÕobiettivo di isolare la variazione di uno solo dei tre angoli

di Eulero per ogni test di dinamica eseguito. Al Þne di valutare rapidamente

e con precisione lÕe" cacia del sistema di controllo, è stato sviluppato, in am-

biente Matlab, un software di acquisizione ed elaborazione dei parametri di

assetto e dei comandi acquisiti in tempo reale. LÕesecuzione di numerosi

test al banco prova ha permesso di e! ettuare il Þne tuning dei guadagni

dei controllori. LÕattività descritta è stata seguita dallÕassemblaggio di una

ground station portatile realizzata in modo da poter rispondere alle esigenze

degli utenti in uno scenario reale. EÕ stata dunque eseguita una campagna

di test sperimentali nella quale è stato valutato e confrontato lÕe! etto dei

controllori automatici sulla dinamica di assetto del velivolo. I dati rac-

colti sono stati utilizzati per veriÞcare le stime dei parametri prestazionali

più limitanti per questa tipologia di velivoli quali lÕautonomia di durata

ed il massimo carico utile. Successivamente è 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. I test,

che hanno avuto esito positivo, hanno permesso di veriÞcare la robustezza

dei controllori di assetto implementati, nei limiti di accettabilità prevedi-

bili per un possibile impiego reale. La maturità raggiunta dal progetto ha

reso fattibile lÕincontro con potenziali utenti. Particolare interesse è stato

manifestato dai Vigili del Fuoco del Comune di Torino con i quali è stata

avviata una stretta collaborazione. Questo ha permesso di partecipare at-

tivamente a simulazioni di calamità naturali fornendo, ai gestori del piano

di emergenza, la trasmissione, in tempo reale, di immagini aeree dellÕarea

interessata e garantendo dunque la necessariasituation awareness.

Parallelamente è stata data enfasi allo studio dei fondamenti teorici alla

base di più innovative tecniche di controllo automatico. In particolare sono

state utilizzate le tecniche basate sullÕuso di reti neurali per costruire, al cal-

colatore, delle simulazioni di sistemaclosed loop. I risultati ottenuti hanno



permesso di dimostrare la potenziale e" cacia di questo strumento quando

utilizzato nei range di addestramento della rete neurale. Tuttavia lÕattività

di ricerca eseguita in tale ambito ha permesso di evidenziare che lÕintrinseca

complessità e lÕinattendibilità del controllore al di fuori dei range di adde-

stramento potrebbero avere e! etti catastroÞci sulla condotta di un volo e

pertanto esistono ancora necessari margini di perfezionamento prima che

queste tecniche possano di! ondersi, con adeguata garanzia di successo, nel

settore aeronautico.

In conclusione lÕattività di ricerca è stata principalmente indirizzata allÕap-

prendimento delle modalità 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 conÞgurazione 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 ßown 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

beneÞts 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

Þelds 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 ÒMicro Air VehiclesÓ (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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Chapter 1. Introduction

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 Þxed-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 ÒswashplateÓ structure that consists of two parallel moving bearings Þxed 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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Chapter 1. Introduction 1.3 Historial context

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, ßying 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) Elmer Sperry constructed a self-stabilising aircraft using

gyroscopes, barometers and servo-motor control [8]. After take-o! controlled by a hu-

man, the Hewitt-Sperry Automatic Aeroplane was capable of ßying up to 48 km and

dropping a bag of sand within 3.2 km of a predeÞned target. The Þrst fully-unmanned

ßight was the 1918 Curtis-Sperry Flying Bomb, which was launched from a moving

car and ßew 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 ßying 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 modiÞed 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 ßying bombs, speciÞcally 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 number of rotations

was reached. In practice the V-1 was as inaccurate as other ßying 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

Þrst 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 Þxed-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 ßight 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 e! ect during the 1992 Gulf War, demon-

strating a 94% strike rate in its Þrst 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 a! ordable for non-military use.

1.4 Manned Quadrotors

The Þrst manned quadrotor was the Br«eguet-Richet ÒGyroplane No. 1Ó constructed

in 1907 (see Fig. 1.3). The gyroplane consisted of a cross-beam fuselage with four

Figure 1.3: Br«eguet-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 ßew outside of ground e! ect. 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

ßight. Other early quadrotors that achieved ßight were the 1921 ®hmichen quadrotor

and 1922 Jerome-de Bothezat quadrotor ÒFlying OctopusÓ [2]. Two notable manned

quadrotor craft were built during the 1960s as part of the United States ÒX-PlaneÓ

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 Þrst test ßight 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 conÞgured to emulate the ßight 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

outßow 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 inßow 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 ÒRoswell FlyerÓ and

ÒHMX-4Ó, later to become the ÒDraganßyerÓ, 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 ÒMesicopterÓ was a late-90s Stanford University project aimed at creating
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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 Þrst ÒMesicopterÓ

prototypes had Þxed-pitch rotors in a conventional quadrotor conÞguration, but later

models used shrouded rotors with inverted mass and a passive aerodynamic system with

rotor cowls and Þxed vanes for control [16] (see Fig. 1.8). Post-2000, quadrotors have

Figure 1.8: Stanford ÒMesicopterÓ Micro UAV

proliferated as toys and research tools. The Draganßy Innovations produced several

multirotor versions aimed at professional applications as shown in [17] and illustrated

in Fig. 1.9. The basic Draganßyer 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. Draganßyer 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 Draganßyer chassis, rotors and motors complemented
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Figure 1.9: Draganßyer ÒX4-PÓ

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. CEAÕs ÒX4-

FlyerÓ project seeks to develop quadrotor technology for intuitive pilot operation and

operation in hazardous environments [18]. This quadrotor is a novel departure from

other modiÞed Draganßyers 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: CEAÕs ÒX4-FlyerÓ

(DSP) card that provides excellent ßight 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 CEAÕs quadrotor through waypoints

using a single down-facing camera. The«Ecole Polytechnique F«ed«erale de Lausanne

(EPFL) ÒOS4Ó 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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ÒOS4Ó quadrotor began as a Draganßyer 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 ÒOS4Ó 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-ßying modiÞed Draganßyer with original airframe and drive systems, but with

custom avionics. The quadrotor is Þxed 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 ßying

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

project because they are not as cumbersome as other rotorcraft and can operate in

small environments. The STARMAC quadrotors use Draganßyer rotors and motors

(see Fig. 1.12), but incorporate a sliding-mode controller for attitude stability [27].

MITÕs Aerospace Controls Laboratory uses quadrotors for UAV swarm experiments.

As many as Þve quadrotors may ßy simultaneously and cooperate with Unmanned

Ground Vehicles (UGVs). In one experiment, a quadrotor was landed successfully

on a moving UGV. MIT uses unmodiÞed Draganßyers with onboard video, which are

controlled by o! -the-shelf hobby radios via a PC interface connected to the handsetÕs

Òtrainer portÓ [28]. KITECHÕs Division of Applied Robotic Technology Quad-Rotor

Type (QRT) is designed to investigate quadrotor technology for use in indoor emer-

gency observation applications [29]. The QRT consists of a 1.5 kg custom-made ßyer

built around a Draganßyer chassis. It uses rigid hobby propellers, driven by geared
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Figure 1.12: Stanford STARMAC Quadrotor

motors with encoders, that produce a total maximum Òmass thrustÓ of 1.8 kg for 20%

headroom; no information is given on ßight time or non-battery payload. The QRT uses

custom avionics, INS and has an onboard camera, IR and ultrasonic sensors. UTCÕs

Centre de Recherche de Royallieu quadrotor project aims to develop simple control

strategies for four-rotor helicopters [30, 31]. The early hardware setup was similar to

that used by MIT, the quadrotor was an unmodiÞed Draganßyer with mounted inertial

sensors transmitting wirelessly to a PC interfaced to a hobby radio handset. In this

case, the PC interface card is connected to the handset potentiometers, rather than

to a Òtrainer portÓ [32]. More recently, the onboard system was replaced with custom

electronics built around the Rabbit Microprocessor RCM3400 core, which reads inertial

sensors, controls the motors and communicates over a wireless modem [33]. It includes

onboard video transmitting to an o! board PC that sends command signals via the radio

handset. The University of Pennsylvania quadrotor project focuses on vision control

for autonomous UAV rotorcraft. The quadrotor consists of an HMX-4 connected to a

tether that allows it to ßy vertically and pitch, roll and yaw without lateral translation

[34]. A pair of cameras connected to a PC detect ßyer position and pose, using coloured

blobs attached to the craft. A second PC receives the pose information and controls

the orientation of the ßyer via a parallel port Òremote control deviceÓ [35]. Next to the

Hoverbot, the largest quadrotor found was the 6.2 kg Cornell Autonomous Flying Ve-

hicle (AFV). The craft was custom-built and consisted of hobby rotors, motors, speed

controllers and early lithium polymer batteries. A try-and-see method was used to Þnd

the best mix of rotors, motors and gearing. The craft used rotor speed control loops
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via shaft encoders and performed bias estimation for its inertial sensors using Kalman

Þlters. Although the vehicle achieved hover stability on a test platform with tethered

power, damage during testing prevented free ßight experiments.

1.6 Multirotor most common conÞgurations

This section presents an overview of the most common multirotorßight and design

conÞgurations. They are shown from Fig. 1.13 to Fig. 1.19.

Fig. 1.13 shows two possible tricopter ßight conÞgurations; in the Þrst one, to the

left, all the rotors are co-rotating; in the second one, to the right, one of the three

rotors (coloured in green) counterrotates. In both conÞgurations the rotation axis of

one motor can be modiÞed by means of a servo motor.

Figure 1.13: Trirotor ßight conÞgurations

Fig. 1.14 shows the, probably, most widely di! used conÞguration: the quadrotor.

Quadrotors, as well as hexarotors (see Fig. 1.15) and octorotors (see Fig. 1.16), can be

controlled to ßy either in Ò+ ßight conÞgurationÓ, i.e. pointing an arm in the navigation

direction, or in ÒX ßight conÞgurationÓ, i.e. with the navigation direction in the middle

plane between two arms.

Figure 1.14: Quadrotor + and X ßight conÞgurations

12



Chapter 1. Introduction 1.6 Multirotor most common conÞgurations

Figure 1.15: Hexarotor + and X ßight conÞgurations

Figure 1.16: Octorotor + and X ßight conÞgurations

Some other, less common, design conÞgurations, more suitable for heavier payload and

major safety demanding ßight missions, are possible. Fig. 1.17 shows the octorotor V

design conÞguration in which the 8 motors are equally split on two divergent bars.

Figure 1.17: Octorotor V design conÞguration

Fig. 1.18 presents the hexarotor Y design conÞguration in which the multirotor is lifted

by 6 coaxially coupled rotors.
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Figure 1.18: Hexarotor Y design conÞguration

The case in which 8 rotors are coaxially coupled represents the octorotor X design

conÞguration (see Fig. 1.19).

Figure 1.19: Octorotor X ßight and design conÞguration

This thesis presents a thorough analysis of an octorotor, in ßight and design X conÞgu-

ration, named Qx-Rotor, developed at Politecnico di Torino, Italy. This design conÞg-

uration has been chosen for its higher thrust to weight ratio among the most common

ones. Fig. 1.20 shows theQx-Rotor preliminary computer aided design (CAD), while

Fig. 1.21 shows the realized prototype.
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Figure 1.20: Octorotor CAD

Figure 1.21: Qx-Rotor : the realized prototype
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2

Reference frames

This chapter describes the various reference frames and coordinate systems that are

used to deÞne the position and the orientation of an aircraft and the transformation

between these coordinate systems. It is necessary to use several di! erent coordinate

systems for the following reasons:

¥ NewtonÕs equations of motion are derived relative to a Þxed, inertial reference

frame. However, motion is most easily described in a body-Þxed frame.

¥ Aerodynamic forces and torques act on the aircraft body and are most easily

described in a body-Þxed reference frame.

¥ On-board sensors like accelerometers and rate gyros measure information with

respect to the body frame. Alternatively, GPS measures position, ground speed

and course angle with respect to the inertial frame.

¥ Most mission requirements like loiter points and ßight trajectories, are speciÞed

in the inertial frame. In addition, map information is also given in an inertial

frame.

One coordinate frame is transformed into another through two basic operations: rota-

tions and translations. Section 2.1 describes rotation matrices and their use in trans-

forming between coordinate frames. Section 2.2 describes the speciÞc coordinate frames

used for MAV systems. In section 2.3 we derive the Coriolis formula which is the basis

for transformations between translating and rotating frames.
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Chapter 2. Reference frames 2.1 Rotation Matrices

2.1 Rotation Matrices

We begin by considering the two coordinate systems shown in Fig. 2.1. The vectorp

Figure 2.1: Rotation in 2D

can be expressed in both theF0 frame (speciÞed by (öi 0, öj 0, ök0)) and in the F1 frame

(speciÞed by (öi 1, öj 1, ök1)). In the F0 frame we have

p = p0
x
öi 0 + p0

y
öj 0 + p0

z
ök0.

Alternatively in the F1 frame we have

p = p1
x
öi 1 + p1

y
öj 1 + p1

z
ök1.

Setting these two expressions equal to each other gives

p1
x
öi 1 + p1

y
öj 1 + p1

z
ök1 = p0

x
öi 0 + p0

y
öj 0 + p0

z
ök0.

Taking the dot product of both sides with öi 1, öj 1, ök1 respectively and stacking the result

into matrix form gives

p1 !

!

"
p1

x
p1

y
p1

z

#

$ =

!

"
öi 1 áöi 0 öi 1 áöj 0 öi 1 áök0

öj 1 áöi 0 öj 1 áöj 0 öj 1 áök0

ök1 áöi 0 ök1 áöj 0 ök1 áök0

#

$

!

"
p0

x
p0

y
p0

z

#

$ .

From the geometry of Fig. 2.1 we get

p1 = R1
0p0, (2.1)
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Chapter 2. Reference frames

where

R1
0 !

!

"
cos$ sin$ 0

" sin$ cos$ 0
0 0 1

#

$ .

The notation R1
0 is used to denote a rotation matrix from coordinate frame F0 to

coordinate frame F1. Proceeding in a similar way, a right-handed rotation of the

coordinate system about they-axis gives

R1
0 !

!

"
cos$ 0 " sin$

0 1 0
sin$ 0 cos$

#

$ ,

and a right-handed rotation of the coordinate system about thex-axis results in

R1
0 !

!

"
1 0 0
0 cos$ sin$
0 " sin$ cos$

#

$ .

As pointed out in [36], the negative sign on the sin term appears above the line with

only ones and zeros. The matrixR1
0 in the above equations are examples of a more

general class of rotation matrices that have the following properties:

P.1. (Rb
a)" 1 = ( Rb

a)T = Ra
b.

P.2. Rc
bR

b
a = Rc

a.

P.3. det
%
Rb

a

&
= 1.

In the derivation of Eq. (2.1) note that the vector p remains constant and the new

coordinate frame F1 was obtained by rotating F0 through a righted-handed rotation

of angle $. We will now derive a formula, called the rotation formula that performs

a left-handed rotation of a vector p about another vector ön by an angle of µ. Our

derivation follows that given in [36]. Consider Fig. 2.2 which is similar to Fig. 1.2-2 in

[36]. The vector p is rotated, in a left-handed sense, about a unit vector ön by an angle

of µ to produce the vector q. The angle betweenp and ön is ! . By geometry we have

that

q = &ON + &NW + &W Q. (2.2)

The vector &ON can be found by taking the projection of p on the unit vector ön in the

direction of ön:
&ON = ( p áön)ön.
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Chapter 2. Reference frames 2.1 Rotation Matrices

Figure 2.2: Left-handed rotation of a vector p about the unit vector ön by an angle ofµ
to obtain the vector q

The vector &NW is in the direction of p " &ON with a length of NQ cosµ. Noting that

the length NQ equals the lengthNP which is equal to #p " &ON # we get that

&NW =
p " (p áön)ön

#p " (p áön)ön#
NQ cosµ =

= ( p " (p áön)ön) cosµ.

The vector &W Q is perpendicular to both p and ön and has length NQ sinµ. Noting

that NQ = #p#sin ! we get

&W Q =
p $ ön

#p#sin !
NQ sinµ =

= " ön $ p sinµ.

Therefore Eq. (2.2) becomes

q = (1 " cosµ)(p áön)ön + cos µp " sinµ(ön $ p), (2.3)

which is called the rotation formula. As an example of the application of Eq. (2.3)
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Chapter 2. Reference frames

Figure 2.3: Rotation of p about the z-axis

consider a left handed rotation of a vectorp0 in frame F0 about the z-axis as shown in

Fig. 2.3. Using the rotation formula we get

q0 = (1 " cos$)(p áön)ön + cos ! p " sin ! ön $ p =

= (1 " cos! )p0
z

!

"
0
0
1

#

$ + cos !

!

"
p0

x
p0

y
p0

z

#

$ " sin !

!

"
" p0

y
p0

x
0

#

$ =

=

!

"
cos! sin ! 0

" sin ! cos! 0
0 0 1

#

$ p0 =

= R1
0p0.

Note that the rotation matrix R1
0 can be interpreted in two di! erent ways. The Þrst

interpretation is that it transforms the Þxed vector p from an expression in frameF0

to an expression in frameF1 where F1 has been obtained fromF0 by a right-handed

rotation. The second interpretation is that it rotates a vector p though a left-handed

rotation to a new vector q in the same reference frame.

Right-handed rotations of vectors are obtained by using (R1
0)T .

2.2 Multirotor Coordinate Frames

For multirotors there are several coordinate systems that are of interest. In this section

we will deÞne and describe the following coordinate frames:
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Chapter 2. Reference frames 2.2 Multirotor Coordinate Frames

¥ the inertial frame,

¥ the vehicle frame,

¥ the vehicle-1 frame,

¥ the vehicle-2 frame,

¥ and the body frame.

Throughout the thesis we assume a ßat, non-rotating earth: a valid assumption for

multirotors.

2.2.1 The inertial frame Fi

The inertial coordinate system is an earth Þxed coordinate system with origin at the

deÞned home location. As shown in Fig. 2.4, the unit vectoröi i is directed North, öj i is

directed East and öki is directed toward the center of the earth.

Figure 2.4: The inertial coordinate frame. The x-axis points North, the y-axis points
East and the z-axis points into the earth

2.2.2 The vehicle frame Fv

The origin of the vehicle frame is at the center of mass of the multirotor. However, the

axes ofFv are aligned with the axis of the inertial frame Fi . In other words, the unit

vector öi v points North, öj v points East and ökv points toward the center of the earth, as

shown in Fig. 2.5.

21



Chapter 2. Reference frames

ki^

ji
^

ii
^

(East)

(into the Earth)

(North)
kv^

jv
^

iv
^

(East)

(into the Earth)

(North)

Figure 2.5: The vehicle coordinate frame. Thex-axis points North, the y-axis points
East and the z-axis points into the earth

2.2.3 The vehicle-1 frame Fv1

The origin of the vehicle-1 frame is identical to the vehicle frame, i.e, the center of

gravity. However, Fv1 is positively rotated about ökv by the yaw angle % so that if the

airframe is not rolling or pitching, then öi v1 would point out the nose of the airframe,
öj v1 points out the right, ökv1 is aligned with ökv and points into the earth. The vehicle-1

frame is shown in Fig. 2.6. The transformation fromFv to Fv1 is given by

pv1 = Rv1
v (%)pv,

where

Rv1
v (%) =

!

"
cos% sin% 0

" sin% cos% 0
0 0 1

#

$ .

2.2.4 The vehicle-2 frame Fv2

The origin of the vehicle-2 frame is again the center of gravity and is obtained by

rotating the vehicle-1 frame in a right-handed rotation about the öj v1 axis by the pitch

angle$. If the roll angle is zero, thenöi v2 points out the nose of the airframe,öj v2 points

out the right and ökv2 points out the belly, as shown in Fig. 2.7. The transformation
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jv
^

iv
^

(East)

!

(North) iv1
^

jv1
^

Motor 1 UP & 6 DOWN
Motor 2 UP & 5 DOWN

Motor 3 UP & 8 DOWN

Motor 4 UP & 7 DOWN

" /2

Figure 2.6: The vehicle-1 frame. If the roll and pitch angles are zero, then the x-axis
points out the nose of the airframe, they-axis points out to the right and the z-axis points
into the earth

iv1
^

kv1
^

iv2
^

kv2
^

!

Figure 2.7: The vehicle-2 frame. If the roll angle is zero, then thex axis points out the
nose of the airframe, they-axis points out the right and the z axis points out the belly
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jv2 ^

jb
^

kv2 
^

kb 
^

!
1, 4

6, 7

2, 3

5, 8

Figure 2.8: The body frame. The x-axis points out the nose of the airframe, they-axis
points out the right and the z-axis points out the belly

from Fv1 to Fv2 is given by

pv2 = Rv2
v1($)pv1,

where

Rv2
v1($) =

!

"
cos$ 0 " sin$

0 1 0
sin$ 0 cos$

#

$ .

2.2.5 The body frame Fb

The body frame is obtained by rotating the vehicle-2 frame in a right handed rotation

about öi v2 by the roll angle ! . Therefore, the origin is the center of gravity, öi b points

out the nose of the airframe,öj b points out the right and ökb points out the belly. The

body frame is shown in Fig. 2.8. The transformation fromFv2 to Fb is given by

pb = Rb
v2(! )pv2,

where

Rb
v2(! ) =

!

"
1 0 0
0 cos! sin !
0 " sin ! cos!

#

$ .
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The transformation from the vehicle frame to the body frame is given by

Rb
v(! , $, %) = Rb

v2(! )Rv2
v1($)Rv1

v (%) =

=

!

"
1 0 0
0 cos! sin !
0 " sin ! cos!

#

$

!

"
cos$ 0 " sin$

0 1 0
sin$ 0 cos$

#

$

!

"
cos% sin% 0

" sin% cos% 0
0 0 1

#

$ =

=

!

"
c$c% c$s% " s$

s! s$c%" c! s% s! s$s%+ c! c% s! c$
c! s$c%+ s! s% c! s$s%" s! c% c! c$

#

$ ,

where c! ! cos! and s! ! sin ! .

2.3 Equation of Coriolis

In this section we provide a simple derivation of the famous equation of Coriolis. We

will again follow the derivation given in [36]. Suppose that we are given two coordinate

frames Fi and Fb as shown in Fig. 2.9. For example,Fi might represent the inertial

frame and Fb might represent the body frame of a multirotor. Suppose that the vector

p is moving in Fb and that Fb is rotating and translating with respect to Fi . Our

objective is to Þnd the time derivative of p as seen from frameFi . We will derive

the appropriate equation through two steps. Assume Þrst thatFb is not rotating with

respect to Fi . Denoting the time derivative of p in frame Fi as
d

dti
p we get

d
dti

p =
d

dtb
p. (2.4)

On the other hand, assume thatp is Þxed in Fb but that Fb is rotating with respect

to Fi , let ös be the instantaneous axis of rotation and'! the (right-handed) rotation

angle. Then the rotation formula, Eq. (2.3), gives

p + ' p = (1 " cos(" '! ))( p áös)ös + cos(" '! )p " sin(" '! ) (ös $ p) .

Using a small angle approximation and dividing both sides by' t gives

' p
' t

%
'!
' t

(ös $ p) .

Taking the limit as ' t & 0 and deÞning the angular velocity ofFb with respect to Fi

as ! b/i ! ös ú! we get
d

dti
p = ! b/i $ p. (2.5)
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Figure 2.9: Derivation of the equation of Coriolis

Since di! erentiation is a linear operator we can combine Eq. (2.4) and Eq. (2.5) to

obtain
d

dti
p =

d
dtb

p + ! b/i $ p, (2.6)

which is the equation of Coriolis.
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3

Kinematics and Dynamics

In this chapter we derive the expressions for the kinematics and the dynamics of a

rigid body following the approach given in [37]. While the expressions derived in this

chapter are general to any rigid body, we will use notation and coordinate frames that

are typical in the aeronautics literature. In particular, in section 3.1 we deÞne the

notation that will be used for the state variables of a multirotor. In section 3.2 we

derive the expressions for the kinematics and in section 3.3 we derive the dynamics.

3.1 Multirotor State Variables

The state variables of the multirotor are the following twelve quantities:

pn = the inertial (north) position of the multirotor along öi i in Fi ,

pe = the inertial (east) position of the multirotor along öj i in Fi ,

h = the altitude of the aircraft measured along öki in Fi ,

u = the body frame velocity measured alongöi b in Fb,

v = the body frame velocity measured alongöj b in Fb,

w = the body frame velocity measured alongökb in Fb,

! = the roll angle deÞned with respect toFv2,
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$ = the pitch angle deÞned with respect toFv1,

%= the yaw angle deÞned with respect toFv,

p = the roll rate measured alongöi b in Fb,

q = the pitch rate measured along öj b in Fb,

r = the yaw rate measured alongökb in Fb.

The state variables are shown schematically in Fig. 3.1. The position (pn , pe, h) of the

multirotor is given in the inertial frame, with positive h deÞned along the negativeZ

axis in the inertial frame. The translational velocity ( u, v, w) and the angular velocity

(p, q, r) of the multirotor are given with respect to the body frame. The Euler angles

(roll ! , pitch $ and yaw %) are given with respect to the vehicle-2 frame, the vehicle-1

frame and the vehicle frame respectively.

(u, ! , p) 
Roll axis

(v, ! , q) 
Pitch axis

(w, " , r) 
Yaw axis

1
6

2
5

3
8

4
7

Figure 3.1: DeÞnition of axes

3.2 Multirotor Kinematics

The state variablespn, pe, and" h are inertial frame quantities, whereas the velocities

u, v and w are body frame quantities. Therefore the relationship between position and
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velocities is given by

d
dt

!

"
pn

pe

" h

#

$ = Rv
b

!

"
u
v
w

#

$ =

= ( Rb
v)T

!

"
u
v
w

#

$ =

=

!

"
c$c% s! s$c%" c! s% c! s$c%+ s! s%
c$s% s! s$s%+ c! c% c! s$s%" s! c%
" s$ s! c$ c! c$

#

$

!

"
u
v
w

#

$ ,

where c! ! cos! and s! ! sin ! .

The relationship between absolute angles! , $ and %and the angular ratesp, q and r

is also complicated by the fact that these quantities are deÞned in di! erent coordinate

frames. The angular rates are deÞned in the body frameFb, whereas the roll angle!

is deÞned inFv2, the pitch angle $ is deÞned inFv1 and the yaw angle% is deÞned in

the vehicle frameFv.

We need to relatep, q and r to ú! , ú$ and ú%. Since ú! , ú$ and ú%are small and noting that

Rb
v2( ú! ) = Rv2

v1( ú$) = Rv1
v ( ú%) = I,

we get
!

"
p
q
r

#

$ = Rb
v2( ú! )

!

"
ú!
0
0

#

$ + Rb
v2(! )Rv2

v1( ú$)

!

"
0
ú$
0

#

$ + Rb
v2(! )Rv2

v1($)Rv1
v ( ú%)

!

"
0
0
ú%

#

$ =

=

!

"
ú!
0
0

#

$ +

!

"
1 0 0
0 c! s!
0 " s! c!

#

$

!

"
0
ú$
0

#

$ +

!

"
1 0 0
0 c! s!
0 " s! c!

#

$

!

"
c$ 0 " s$
0 1 0
s$ 0 c$

#

$

!

"
0
0
ú%

#

$ =

=

!

"
1 0 " s$
0 c! s! c$
0 " s! c! c$

#

$

!

"
ú!
ú$
ú%

#

$ , (3.1)

where c! ! cos! and s! ! sin ! .

Inverting we get
!

"
ú!
ú$
ú%

#

$ =

!

"
1 sin! tan $ cos! tan $
0 cos! " sin !
0 sin! sec$ cos! sec$

#

$

!

"
p
q
r

#

$ . (3.2)
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3.3 Rigid Body Dynamics

Let v be the velocity vector of the multirotor. NewtonÕs laws only hold in inertial

frames, therefore NewtonÕs law applied to the translational motion is

m
dv
dti

= f ,

where m is the mass of the multirotor considered constant,f is the total force applied

to the multirotor and
d

dti
is the time derivative in the inertial frame. From the equation

of Coriolis we have

m
dv
dti

= m
'

dv
dtb

+ ! b/i $ v
(

= f , (3.3)

where ! b/i is the angular velocity of the airframe with respect to the inertial frame.

Since the control force is computed and applied in the body coordinate system and since

! b/i is measured in body coordinates, we will translate Eq. (3.3) in body coordinates

obtaining

m
'

dv b

dtb
+ ! b

b/i $ v b
(

= f b, (3.4)

where v b ! (u, v, w)T , ! b
b/i ! (p, q, r)T and f b ! (f x , f y, f z)T are all expressed in

the body reference frame. Therefore Eq. (3.4) becomes
!

"
úu
úv
úw

#

$ =

!

"
rv " qw
pw " ru
qu" pv

#

$ +
1
m

!

"
f x

f y

f z

#

$ . (3.5)

For rotational motion, NewtonÕs second law states that

dh
dti

= m,

where h is the angular momentum andm is the applied torque. Using the equation of

Coriolis we have
dh
dti

=
dh
dtb

+ ! b/i $ h = m. (3.6)

Again, Eq. (3.6) is most easily resolved in body coordinates giving

dhb

dtb
+ ! b

b/i $ hb = m b, (3.7)

where hb = J! b
b/i and J is the constant inertia matrix given by

J =

!

"

)
(y2 + z2) dm "

)
xy dm "

)
xz dm

"
)

xy dm
)

(x2 + z2) dm "
)

yz dm
"

)
xz dm "

)
yz dm

)
(x2 + y2) dm

#

$ !
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!

!

"
Jx " Jxy " Jxz

" Jxy Jy " Jyz

" Jxz " Jyz Jz

#

$ .

As shown in Fig. 1.19, the multirotor is essentially symmetric about all three axes,

therefore Jxy = Jxz = Jyz = 0, which implies that

J =

!

"
Jx 0 0
0 Jy 0
0 0 Jz

#

$ .

Therefore

J" 1 =

!

*
"

1
Jx

0 0
0 1

Jy
0

0 0 1
Jz

#

+
$ .

DeÞning m b ! (( ! , ( " , (# )T we can write Eq. (3.7) as
!

"
úp
úq
úr

#

$ =

=

!

*
"

1
Jx

0 0
0 1

Jy
0

0 0 1
Jz

#

+
$

,

-
.

!

"
0 r " q

" r 0 p
q " p 0

#

$

!

*
"

1
Jx

0 0
0 1

Jy
0

0 0 1
Jz

#

+
$

!

"
p
q
r

#

$ +

!

"
( !

( "

(#

#

$

/

0
1 =

=

!

*
"

Jy " Jz
Jx

qr
Jz " Jx

Jy
pr

Jx " Jy
Jz

pq

#

+
$ +

!

*
"

1
Jx

( !
1

Jy
( "

1
Jz

(#

#

+
$ .

The six degree of freedom model for the multirotor kinematics and dynamics can be

summarized as follows:
!

"
úpn

úpe
úh

#

$ =

!

"
c$c% s! s$c%" c! s% c! s$c%+ s! s%
c$s% s! s$s%+ c! c% c! s$s%" s! c%

s$ " s! c$ " c! c$

#

$

!

"
u
v
w

#

$ (3.8)

!

"
úu
úv
úw

#

$ =

!

"
rv " qw
pw " ru
qu" pv

#

$ +
1
m

!

"
f x

f y

f z

#

$ (3.9)

!

"
ú!
ú$
ú%

#

$ =

!

"
1 s! tan $ c! tan $
0 c! " s!
0 s!

c"
c!
c"

#

$

!

"
p
q
r

#

$ (3.10)
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!

"
úp
úq
úr

#

$ =

!

*
"

Jy " Jz
Jx

qr
Jz " Jx

Jy
pr

Jx " Jy
Jz

pq

#

+
$ +

!

*
"

1
Jx

( !
1

Jy
( "

1
Jz

(#

#

+
$ , (3.11)

where c! ! cos! and s! ! sin ! .
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4

Physical architecture

4.1 Physical architecture and parameters

The primary structure of the prototype is constituted by the central Þberglass housing

which accommodates the control electronics, the power distribution board, the ßight

sensors and the power supply. Four arms, equally spaced, depart from the primary

structure, each one sustaining, at its extremity, two brushless coaxial, counterrotating

DC motors and the relevant electronic speed controllers (ESCs).

The body Þxed reference frame (Fb) of the multirotor is set, as shown in Fig. 1.19, in

its centre of gravity (COG), with:

¥ the X b axis along the front direction;

¥ the Yb axis in the right direction;

¥ the Zb axis resulting downwards.

The used control electronics, available on the market, is named Ardupilot Mega board

(A.P.M.); the board can be coupled with an Inertial Measurement Unit (IMU) plat-

form, namely OilPan IMU, that contains accelerometers and gyroscopes from whose

measurements we derive the attitude and velocity of the multirotor. The chosen board

allows linking other useful devices like a sonar for height measurements. The A.P.M.

is supplied by a lithium polymer battery and a dedicated board distributes power to

sensors and rotors. Communication with a ground control station is possible through
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the use of XBee radios. For a more thorough description of the used electronics refer

to [38].

Qx-Rotor is composed of several major (e.g. motors, batteries, etc...) and minor com-

ponents (e.g. bolt, screws, etc...); in order to reduce the mass analysis complexity, all

the single masses have been concentrated in some major units, as presented in Tab. 4.1.

The mass of the whole multirotor results accordingly to be equal tom = 2 .645 [Kg ].

With the aim of simplifying the identiÞcation process and seeking a good approximation

Table 4.1: Main components masses

Component Quantity Mass value [Kg] Symbol

Motor 8 0.071 mm

Propeller 8 0.020 mp

Battery 2 0.432 mb

Central structure 1 0.937 mcs

Arm 4 0.029 ma

Totale mass // 2.645 m

of the parameters, the multirotor inertial structure is regarded as two perpendicular

rods, with four concentrated masses, at the four ends. Each one of these four concentred

masses,mc, is given by Eq. (4.1).

mc = 2mm + 2mp + 1 / 2ma = 0 .197 [Kg ] (4.1)

Recalling that the Fb is set as in Fig. 1.19, the distance of these four concentrated

masses from theZb axis is equal to) = 0 .220 [m], while the distances from theX b and

Yb axes are both equal to) c = ) cos(* / 4) = 0 .156 [m].

The aircraft mass balance (i.e. the central structure, the batteries and the half part

of each arm) is assumed to be homogeneously distributed inside a sphere of radius

+ = 0 .070 [m], centred at the origin of the body axes. The mass of this sphere,ms, is

shown in Eq. (4.2).

ms = mcs + 2mb + 1 / 2 á4 áma = 1 .859 [Kg ] (4.2)

Hence we can calculate the moments of inertia with respect to the body axes as in Eqs.

(4.3) and (4.4).

Jx = Jy = 4mc) c
2 +

2
5

ms+2 = 0 .023[Kg m 2] (4.3)
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Jz = 4mc) 2 +
2
5

ms+2 = 0 .042[Kg m 2] (4.4)

4.2 The Ardupilot Mega board

The Ardupilot Mega board (A.P.M.) is a printed circuit board (P.C.B.) provided with

an embedded processor and combined with circuitry to switch between the radio control

(R.C.) and the autopilot control. The A.P.M. is shown in Fig. 4.1.

It is based on a 16 MHz Atmega 2560 processor and provided with a built-in hardware

Figure 4.1: The Ardupilot Mega board

failsafe that uses a separate circuit (multiplexer chip and Atmega 328 processor) to

transfer control from the R.C. system to the autopilot and back again.

The A.P.M. dual processor design allows 32 million instructions per second (M.I.P.S.)

and supports up to 700 waypoints memorization, thanks to the 4 Kb EEPROM. Other

memory embedded devices are a 128 Kb Flash Program Memory and a 8 Kb SRAM.

The board is equipped with a 6-pin G.P.S. connector, 16 spare analog inputs - each one

provided with an analog to digital converter (A.D.C.) - and 40 digital inputs/outputs

for additional sensors. Four dedicated serial ports for two-way telemetry (using XBee

modules) are available. Finally 8 R.C. channels, including the autopilot on/o! one, can
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be processed by the autopilot. Sensors are mounted on a di! erent P.C.B., the Inertial

Measurement Unit (I.M.U.) board, commercially known as OilPan I.M.U., shown in

Fig. 4.2. This P.C.B. is equipped with

¥ a dual 3.3 volts voltage regulator,

¥ 3-axis accelerometers,

¥ 3-axis gyros,

¥ 12-bit A.D.C. for gyros,

¥ a built-in 16 MB data logger (Óthe black boxÓ),

¥ a temperature sensor,

¥ a barometric pressure sensor for altitude sensing,

¥ a voltage sensor for battery status.

Figure 4.2: The OilPan Inertial Measurement Unit

4.3 Competitiveness aspects

Two are the main competitiveness aspects linked to the described autopilot system.

The Þrst one is the overall price of about 400 $ comprising the A.P.M., the OilPan
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I.M.U., the sensors and the telemetry modules. This price is far away from the other

C.O.T.S. platforms.

The main factor is, of course, the open source nature of this autopilot system, since

it is made of both open source software and hardware. This means that the hardware

schematics, P.C.B. Þles, parts list are all freely available on the web, published under a

Creative Commons license that allows free use and modiÞcations as long as the resulting

product retains the producer credit.

Also the software is open source, published under a Lesser General Public License

(L.G.P.L.) that allows free use and modiÞcation, as long as also the resulting product

is open source and the producer attribution is retained.

4.4 Endurance

One of the main issue with multirotors is the endurance. Multirotors are generally

supplied by lithium polymer (LiPo) batteries. A LiPo battery can consist of multiple

cells. One cell delivers approximatively 3.7 Volts [V]. A three cells LiPo battery is

called a 3S LiPo and can supply 11.1 [V]. Another important parameter to know when

dealing with LiPo batteries is the discharge rate identiÞed with the letter ÒCÓ. For

example a discharge rate of Ò25C to 40CÓ means that 25C is the nominal discharge

rate and 40C is the maximum burst discharge rate. It is advisable to stay on or below

nominal discharge level to preserve battery future life. Not all brands say something

about the peak discharge rate on the battery itself. The battery capacity is deÞned

in milli-Ampere per hour [mAh]. A battery with a 1000 [mAh] capacity can deliver

1000 milli-Ampere [mA] for 1 hour as well as 1 [mA] for 1000 hours and so on so far.

The battery capacity, together with the LiPo battery discharge rate, will deÞne its

maximum current output (Amp«ere, [A]). This fact is very important to keep in mind,

when choosing a LiPo battery. The combination of capacity and discharge rate is what

we have to focus on. It is important to know that the battery cells do not count up for

maximum current draw. The amount of cells only determine the voltage of the LiPo,

as needed for the equipment.
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4.4.1 Calculation of discharge rate

For the multirotor described in the thesis, two 3S LiPo batteries, in parallel connection,

have been used. Each one of them has a capacity of 5000 [mAh] giving a total avail-

ability of 10000 [mAh] which is equal to 10 [Ah]. The nominal discharge rate is 30C

and the maximum burst discharge rate is 50C. When connected in parallel the whole

pack has a discharge rate of 30C as well. Therefore the maximum current draw can be

calculated as

C ádrn = 10[Ah] á30C = 300[A] (4.5)

where

¥ C is the battery capacity,

¥ drn is the nominal discharge rate.

So, a 10000[mAh]/30C LiPo battery can only handle a maximum current draw of 300

[A]. This clariÞes why the combination capacity/discharge rate is of such importance

for selecting the right LiPo for the own project.

4.4.2 Calculation of maximum ßying time

During this research it has been decided to evaluate theQx-Rotor endurance charac-

teristics for several payload masses.

Two ßight tests techniqueshave been considered. The Þrst one could have been abrute

force approach, consisting in measuring the ßight times for several payload conÞgu-

rations. The second one, more elegant technique, consisted in designing opportune

manoeuvres to highlight the endurance for severalvirtual payload masses although

keeping the real payload constant. The second approach has been followed and the

chosen manoeuvres were a simple sequence of vertical accelerations. As shown in Fig.

4.3 during this sequence of manoeuvres the vertical position, the current draw and the

voltage were measured. These graphs allow us to observe that the average current draw

to keep theQx-Rotor in hovering is approximatively 50 [A]. Moreover it can be observed

that obviously the current peaks correspond, with a small delay, to the altitude peaks

reached by the multirotor. The second time derivative of the altitude position is the

vertical acceleration. The vertical acceleration multiplied by the Qx-Rotor mass, equal
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Figure 4.3: Parameters measured during the sequence of vertical accelerations

to 2.645 [Kg ], gives theexcess or the lackof thrust with respect to the hovering needed

thrust which allows the multirotor to climb or descend. This thrust is a force but in

order to give a better perception of its magnitude it has been preferred to calculate the

relevant mass. Therefore theexceeding or lacking thrusthas been divided by the grav-

ity acceleration obtaining the values shown in the second graph of Fig. 4.3, graphically

aligned with the relevant drawn current values. These graphs are truly signiÞcative

since they give the indication of the current draws relevant to the peaks values of the

exceeding thrust. By analysing numerically the relation between these peaks we observe

that there exist an average proportionality factor, øpf , between the current draw and

the exceeding thrust. This value, derived experimentally and valid only in the Qx-Rotor

case, is presented in Eq. (4.6),

øpf !
I d

Te,m
= 0 .039

[A]
[g]

(4.6)

where

¥ I d is the drawn current expressed in Amp«ere,

¥ Te,m is the exceeding thrustexpressed in terms of mass grams,
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¥ øpf is the average proportionality factor.

This value allows to express theQx-Rotor endurance as a function of the payload mass

as in Eq. (4.7),

E (pg) =
C

I d|hov + pg áøpf
á60 (4.7)

where

¥ pg is the payload mass, expressed in grams, that is the function independent

variable,

¥ C is the battery capacity, expressed in Ampere per hour [Ah], equal to 10 [Ah]

in the Qx-Rotor case,

¥ I d|hov is the current drawn while the multirotor is in hovering condition, expressed

in Amp«ere, equal to 50 [A] in the Qx-Rotor case,

¥ øpf is, again, the average proportionality factor, equal to 0.039 in theQx-Rotor

case,

¥ E is the endurance, expressed in minutes [min], that is the function dependent

variable.

Equation (4.7) is graphically translated into Fig. 4.4 considering the whole range of

possible payload masses, until the maximum value of 800 [g], evaluated experimentally.

During the ßight tests a safety endurancevalue, equal to the 80% of the total endurance,

has been considered. This is extremely advisable due to the high risk of damage in case

of impact and since it is not recommended to completely drain the LiPo batteries. The

curve of the safety enduranceis also illustrated in Fig. 4.4.
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Figure 4.4: Multirotor endurance as a function of the payload mass

4.5 Coaxial rotors

One advantage of the contrarotating coaxial rotors design is that the net size of the

rotors is reduced (for a given multirotor gross weight) because each rotor now provides

vertical thrust. However, the two rotors and their wakes interact with one another,

producing a somewhat more complicated ßow Þeld than is found with a single rotor

and this interacting ßow incurs a loss of net rotor system aerodynamic e" ciency. In

[39] Coleman gives a good summary of coaxial helicopter rotors and a comprehensive

list of relevant citations on performance, wake characteristics and method of analysis.

Following [40], consider a simple momentum analysis of the hovering coaxial rotor

problem. Assume that the rotor planes are su" ciently close together and that each

rotor provides an equal fraction of the total system thrust, 2T, where T = W
2 . The

e! ective induced velocity of the rotor system will be

(vi )e =

2
2T
2+A

. (4.8)

Therefore, the induced power is

(Pi )tot = 2T(vi )e =
(2T)

3
2

'
2+A

. (4.9)
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However, if we treat each rotor separately then the induced power for either rotor will

be T vi and for the two separate rotors

Pi =
2T

3
2

'
2+A

. (4.10)

If the interference-induced power factor, int is considered to be the ratio of Eqs. (4.9)

and (4.10) then

, int =
(Pi )tot

Pi
=

3
(2T)

3
2

'
2+A

4 3
2T

3
2

'
2+A

4 " 1

=
'

2, (4.11)

which is a 41% increase in induced power relative to the power required to operate the

two rotors in complete isolation. This simple momentum analysis of the problem has

been shown to be overlay pessimistic when compared with experimental measurements

for closely spaced coaxial rotors as reported in [39, 41]. The main reason for the over

prediction of induced power is related to the actual (Þnite) spacing between the two

rotors. Generally, on coaxial designs the rotors are spaced su" ciently far apart that the

lower rotor operates in the vena contract of the upper rotor. This is justiÞed from the

ßow visualisation result of Taylor reported in [42]. Based on ideal ßow considerations

this means that only half of the area of the lower rotor operates in an e! ective climb

velocity induced by the upper rotor. This problem can be tackled by means of the

simple momentum theory and the application of the mass, momentum and energy

conservation equation in the integral form. We will assume that the performance of

the upper rotor is not inßuenced by the lower rotor. The induced velocity at the upper

rotor is

vu =

2
T

2+A
= vh, (4.12)

where A is the disk area andT is the thrust on the upper rotor. The vena contract

of the upper rotor is an area of A
2 with velocity 2 vu. Therefore, at the plane of the

lower rotor there is a velocity of 2vu + vl over the inner one-half of the disk area as

shown in Fig. 4.5. Over the outer one-half of the disk area, the induced velocity is

vl . Assume that the velocity in the fully developed slipstream of the lower rotor (plane

3 in Fig. 4.5) is uniform with velocity wl . The mass ßow through the upper rotor

is (+Avu)2vu = 2+Av2
u. This is the momentum of the ßuid into the lower rotor. The
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Figure 4.5: Flow model for a coaxial rotor analysis where the lower rotor is considered
to operate in the fully developed slipstream of the upper rotor [2]

mass ßow rates over the inner and outer parts of the lower rotor are+( A
2 )(2vu + vl ) and

+( A
2 )vl , respectively. Therefore,

úm = +
A
2

(2vu + vl ) + +
'

A
2

(
vl = +A (vu + vl ) . (4.13)

The momentum ßow out of plane 3 is úmwl , so the thrust on the lower rotor is

Tl = +A(vu + vl )wl " 2+Av2
u. (4.14)

The work done by the lower rotor is

Pl = Tl (vu + vl ), (4.15)

and this is equal to the gain in kinetic energy of the slipstream. Therefore,

Tl (vu + vl ) =
1
2

+A(vu + vl )w2
l "

1
2

+
'

A
2

(
(2vu)(2vu)2 =

1
2

+A(vu + vl )w2
l " 2+Av3

u. (4.16)

Assuming Tl = Tu = T, then T = 2+Av2
u, then from Eq. (4.14) we get

Tl = T =
1
2

+A(vu + vl )wl , (4.17)
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and from Eq. (4.16) we get

T(2vu + vl ) =
1
2

+A(vu + vl )w2
l . (4.18)

Using Eqs. (4.17) and (4.18) giveswl = 2vu + vl , substituting this into Eq. (4.17) and

remembering that T = 2+Av2
u gives

4+Av2
u = +A(vu + vl )wl = +A(vu + vl )(2vu + vl ). (4.19)

Rearranging as a quadratic in terms ofvl and solving gives

vl =

3
" 3 +

'
17

2

4

vu = 0 .5616vu. (4.20)

The power for the upper rotor is Pu = T vu = T vh and for the lower rotor Pl =

T(vu + vl ) = 1 .5616T vh. Therefore, for both rotors the total power is 2.5616T vh. This

is compared to 2T vh when the rotors are operating in isolation. This means that the

induced power factor from interference,, int , is given by

, int =
(Pi )coax

(2Pi )isolated
=

2.5616T vh

2T vh
= 1 .281, (4.21)

which is 28.1% increase compared to a 41% increase when the two rotors have no

vertical separation. This is closer to the values deduced from experiments for which

, int % 1.160, as reported in [43], but the theory still overpredicts the interference value.

When the coaxial is operated at equal rotor torque, it can be shown that the induced

power factor is given by

, int =
2Pu

(Tu + Tl )vu
= 2

'
2

'
Tu

Tl

( 3
2

'
1 +

Tu

Tl

( " 3
2

= 1 .281, (4.22)

which is the same result as for the thrust balanced case when compared to two isolated

rotors operated at the same thrust. When compared to two isolated rotors at the

thrusts needed for a torque balance, then, int = 1 .266.

4.6 Classical vs. X8 octorotor conÞguration

Figures 1.16 and 1.19 show two possible octorotor conÞgurations. The choice among

them depends on the speciÞc needs and mission requirements. Two main parameters

can be used to compare them:
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¥ endurance,

¥ minimum possible size.

4.6.1 Endurance comparison

From section 4.5 it is known that two coaxial rotors are less e" cient than two isolated

identical rotors. This means that, at equal overall produced thrust, the coaxial system

absorbs more power with respect to the two isolated rotors. Section 4.5 explained

also that the ratio between these values is between, int % 1.160 (experimental) and

, int = 1 .281 (theoretical). Since the absorbed power is directly proportional to drawn

current which, in turn, is inversely proportional to the endurance, we have that the

endurance of the classical octorotor system of Fig. 1.16 is, int times higher than the

endurance of the X8 octorotor shown in Fig. 1.19.

Unfortunately this is not exactly true since a classical octorotor requires four more arms

compared to an X8 shaped one. Moreover the arms need to be longer to guarantee

adequate spacing among the rotors. In our case we have that the arm mass per unit

length is mas = 1 .32g/cm. As illustrated in Fig. 4.6, considering propellers with

a diameter equal to dp = 25.4cm (10 inches), the minimum arm length for an X8

octorotor is equal to

laX 8 =
1
2

á
'

2 ádp = 17.96cm, (4.23)

which corresponds to a mass of

maX 8 = mas álaX 8 = 23.70g. (4.24)

Therefore the total minimum arms mass for the X8 octorotor case is equal to

maX 8tot = 4 ámaX 8 = 94.80g. (4.25)

The minimum arm length for a classical octorotor is instead equal to

la8 =

2

a2
8 +

'
1
2

ádp

( 2

= 33.18cm, (4.26)

where a8 is the apothem of the octagon depicted in Fig. 4.6 that can be calculated as

a8 =
1

2 átan
%$

8

&ádp = 1 .207ádp = 30.66cm. (4.27)
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Therefore the minimum arm mass for the classical octorotor case is equal to

ma8 = mas ála8 = 43.80g (4.28)

and the total minimum arms mass for the classical octorotor case is equal to

ma8tot = 8 áma8 = 350.40g. (4.29)

This calculations guide us to deÞne that there is a minimum di! erence between the

total arms mass of the X8 octorotor with respect to the classical octorotor that is equal

to

mdif f min = ma8tot " maX 8tot = 255.60g (4.30)

and the ratio between these two masses is equal to

mratio min =
ma8tot

maX 8tot

= 3 .70. (4.31)

It follows that, if we want to derive the endurance for the classical octorotor conÞg-

uration, we have to consider the e! ect of the increased mass which, obviously, has a

negative impact on the endurance. In Fig. 4.7 the classical and X8 octorotor endurances

are compared. The red continuous line represents the X8 octorotor endurance. The

blue dash-dot line represents the endurance of the classical octorotor derived from the

X8 endurance times, int = 1 .281 and translated to the left by the mdif f min = 255.60g

mass. The black dashed line is instead obtained for, int = 1 .160. Thus, from Fig.

4.7, we observe that the maximum possible endurance gain that can be derived from

the classical conÞguration is, on average, equal to 11%. In particular when considering

, int = 1 .160, that is the interference factor derived experimentally, the endurance of

the two conÞgurations are, on average, approximately equal; in other words there is a

very low endurance advantage in using the classical octorotor conÞguration.

From Fig. 4.6 we observe also another important aspect that is the overall size.

Indeed the ratio between the areas of the circles circumscribed around the minimum

size classical octorotor and the X8 octorotor is equal to 2.24. This can be considered a

signiÞcative advantage of the X8 conÞguration.

For the reasons expressed above the conÞguration chosen for this work is the X8 one.
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