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Resumo

As vantagens dos sistemas de propulsão de VTOL (vertical take-off and landing) elétricos levaram ao

desenvolvimento de veı́culos aéreos não tripulados (UAVs) com essa capacidade. Esta tese apresenta

o design do sistema de propulsão de quatro UAVs e-VTOL, avaliando a massa e o consumo de energia

das configurações lift-and-cruise e vectored-thrust.

Com o objetivo de diminuir a interferência magnética, o estudo da distribuição assimétrica de propulsão

para quadrotores e trirrotores foi realizado, concluindo que para a missão definida, o uso de menos

motores tem um impacto maior no peso total do sistema do que a eficiência das configurações, tornando

a configuração vectored-thrust tri-rotor a de melhor desempenho. Em relação à eficiência, verificou-se

que dimensionar o sistema para VTOL, rodando os rotores traseiros para voo retilı́neo não tem um

impacto negativo na energia necessária para a missão.

Adicionalmente, foram realizados estudos sobre a interferência asa-rotor, determinando que, para uma

força necessária dos rotores, a distância mı́nima entre as superfı́cies pode ser calculada conhecendo a

percentagem de área coberta do rotor.

Os métodos aplicados para a escolha do sistema de propulsão incluem vortex propeller theory e a

teoria da hélice de Corke, enquanto que a interferência asa-rotor foi estimada com estudos CFD. O

desempenho estimado das configurações foi então comparado com o seu desempenho experimental

através de testes estáticos, tendo-se obtido resultados semelhantes.

Finalmente, um modelo dinâmico foi desenvolvido, confirmando que as configurações eram estáveis e

controláveis, antes da realização de um voo pairado da aeronave desenvolvida.

Palavras-chave: e-VTOL, propulsão eléctrica, UAV, interferência asa-rotor
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Abstract

The advantages of electric vertical take-off and landing (e-VTOL) propulsion systems for military appli-

cations have led to the development of unmanned aerial vehicles (UAVs) with this capability. This thesis

presents the propulsion system sizing of four e-VTOL UAVs, assessing the mass, power consumption

and installed power for lift-and-cruise and vectored-thrust configurations, for a magnetic anomaly detec-

tion application.

A study of asymmetric thrust distributions for quadrotors and tri-rotors was performed in order to de-

crease magnetic interference, concluding that for the defined mission, the use of fewer motors has a

higher impact on the total system weight than the efficiency of the configurations, making the vectored-

thrust tri-rotor configuration the best performing of all. Regarding efficiency, it was found that sizing the

system for VTOL and tilting the rear rotors for forward-flight does not have a negative impact on the

required energy for the mission.

Additionally, studies on wing-rotor interference were conducted, determining that, for a required minimum

relative net force from the rotors, a minimum distance between surfaces can be calculated knowing the

percentage of rotor covered area.

The methods applied for propulsion sizing include vortex theory and Corke’s empirical method, while

CFD studies were completed to determine wing-rotor interference. The estimated performance of the

configurations was then compared with their experimental performance through static tests, rendering

similar results.

Finally, a dynamic model was developed, confirming the configurations were stable and controllable,

prior to an indoor hover test of the manufactured UAV.

Keywords: e-VTOL, electric propulsion, UAV, wing-rotor interference
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Chapter 1

Introduction

1.1 State of the Art

The history of unmanned aerial vehicles (UAVs) dates back to World War I, to gather and transmit real-

time information from hostile areas without endangering aircrew. Those early models suffered from

landing and stabilization issues, which resulted in their progress being slower when compared to that

of manned aviation, with other factors such as insufficient cost-effectiveness and lack of investment

backing. It would not be until the state of the art progressed in automatic stabilization, remote-control,

and autonomous navigation that UAVs would become a viable alternative to manned aircraft [1]. The

development of multirotor manned aircraft happened simultaneously with that of UAVs, backdating to

1907 with the Breguet-Richet Gyroplane, the first quadrotor. However, it took almost half a century more

to develop a rotary-wing vehicle that allowed different thrust per rotor to perform manoeuvres without

additional rotors - the Convert wings Model A. Figure 1.1 presents these aircraft.

(a) Breguet-Richet [2] (b) Convertawings [3]

Figure 1.1: The first quadrotors

As UAVs evolved, new developments would fit into one of three categories: fixed-wing, rotary-wing, and

flapping wing [4] [5] [6] [7]. While the first is destined towards long-range, long-distance, and high-altitude

roles, rotary wings are used for missions that require the ability to hover as they are less susceptible

to air turbulence. Flapping wing UAVs, on the other hand, are low-payload, low-power, low-endurance

devices with vertical take-off and landing (VTOL) capability.
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Through the available UAV configurations, electric vertical take-off and landing (eVTOL) [8] capability

is one of the most common features, as it combines the negligible variation in efficiency at different

dimensions of electric motors with the ability to take-off without a runway [9][10]. More specifically, the

decrease in efficiency of gas engines as they are scaled down united to the added weight make elec-

tric propulsion a favourable choice for small scale UAVs [11]. To that point, over 130 eVTOL concepts

have been proposed in categories such as vectored thrust, lift-and-cruise and wingless over the last few

years. While both the first and second categories feature a fixed-wing, their major difference is the use

of the same rotors for VTOL and forward flight in vectored thrust, against the dedicated rotors for each

flight segment in lift-and-cruise. Wingless UAVs are multirotor concepts [12] [13].

Figure 1.2: Energy consumption of eVTOL configurations per mission range [14].

Bacchini and Cestino [14] have determined that the efficiency of the chosen configuration depends on

the ratio of VTOL to cruise flight time, as vectored thrust better performs in long-range missions, where

cruise is predominant, and wingless are better for short-range missions, where the VTOL and cruise

flight times are balanced. Lift-and-cruise concepts are a compromise between both. Figure 1.2 presents

the energy required per mission range for the three aforementioned types of configurations.

While choosing the right configuration highly impacts mission performance, sizing the propulsion sys-

tem itself also plays a major role in achieving an efficient design. Therefore, the propulsion system’s two

main components - propeller and motor - determine the overall efficiency of the system.

In electrically-propelled UAVs , brushless DC motors are the most common choice, as the lack of brushes

decreases maintenance costs. The sizing of the motor depends on the mission and configuration, as

the required thrust-to-weight ratio per motor will dramatically increase with manoeuvres [15][16] [17][18].

Since take-off is the most demanding flight stage, requiring the highest thrust-to-weight ratio, it dictates

the motor selection in vectored thrust configurations. However, motors for lift-and cruise configurations

can be sized according to the flight stage they perform.

On the other hand, propeller choice hinges on design priority, as performance and efficiency can be

traded for stealth or even compliance with a specific motor. Assuming a design to maximize thrust out-

put, while maintaining a power consumption compatible with the chosen motor, around a specific design

point, parameters such as thrust and power coefficients, in addition to efficiency indicate performance

[19]. These are dependant on advance ratio and pitch, as presented in figure 1.3.
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Figure 1.3: Efficiency (ηP ) vs advance ratio (J) for different pitch (β) values for two bladed propellers
[20].

Pitch is a critical parameter for a propeller, as it highly affects performance. Considering efficiency peaks

at a specific advance ratio, for a given fixed-pitch propeller, the choice is often a compromise between

the pitch that maximizes performance for take-off and the one that maximizes efficiency for cruise [21].

Alternatively, variable-pitch propellers offer the benefit of adjusting their pitch to the flight condition, in-

creasing the overall efficiency of the system. Taking into account that the use of a variable-pitch propeller

results in a heavier, more complex structure, their application is most effective in tilt-rotor configurations,

where the same propeller is operated at different flight conditions [22] [23] [24]. Figure 1.4 presents how

fine changes in pitch can result in a peak propeller efficiency throughout a large range of airspeed.

Figure 1.4: Illustration of the effect of variable-pitch [25]
.

When considering fixed-pitch propellers, optimized design methods can be applied to increase the sys-

tem’s efficiency. These have a large range of both complexity and accuracy, going from blade element

methods, passing by vortex methods, to numerical ones [26] [27] [28]. The simplest axial momentum

theory was developed by Rankine and Froude, modelling the rotor as an infinitely thin, finite area, ac-

tuator disc. Its simplicity didn’t account for blade geometry, which made blade element methods more

accurate, while still requiring correction factors for induced velocity. These correction factors originated

blade element momentum methods (BEM) [29] [30] [31], the most accurate of the above. Vortex theory

is another valid approach for optimized propeller design [32] [33] [34], started by Prandt [35] with his

fixed-wing theory, that ultimately let to Betz’s rigid wake condition [36] [37]. Later on, Goldstein [38] [39]

was able to determine an exact solution that was built on by both Theodorsen and Larrabee to produce
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a straightforward process to optimized propeller design.

Piancastelli [40], in a recent paper, compared Larrabee’s [41] [42] and Theodorsen’s methods, conclud-

ing that Larrabee’s renders thin blades with a very large chord that are more efficient but also heavier,

while Theodorsen’s generates tapered blades where the maximum chord section is closer to the hub .

Figure 1.5 presents geometry obtained by application of Larrabee and Theodorsen’s methods.

(a) Larrabee [40] (b) Theodorsen [40]

Figure 1.5: Comparison of geometries obtained with propeller design methods

While propeller optimized design increases the overall efficiency of the propulsion system, a multidisci-

plinary optimization (MDO) of the whole system delivers better results, as it can take into account not

only the aerodynamic effects of the propeller’s geometry but also noise signature, structural consider-

ations, motor and battery performance [8]. An alternative to MDO studies is parametric studies using

computational fluid dynamics (CFD) software.

Currently, CFD software is used to determine propeller behaviour and assess performance by solving the

Reynolds-Averaged Navier-Stokes (RANS) equations [43] . Since the RANS method is computationally

costly, BEM methods can be coupled with RANS for quicker solutions without significantly compromising

in accuracy [44].

CFD analysis allows the study of more complex problems and flow conditions, such as the interaction

between rotor and wing. In hybrid - fixed-wing VTOL - UAV configurations [45], due to the positioning of

both rotors and wing, these can overlap, interfering in each other’s performance. Rotor coverage CFD

analysis is particularly interesting to compare against available empirical/experimental data, quantifying

the decrease in rotor performance by wing proximity [46]. Figure 1.6 presents the experimental data and

setup obtained by Chen in a recent paper [47], where he concluded that as the rotor is lowered towards

the wing, the thrust ratio increases up to 33%, at a quarter radius of vertical distance.

Granting that optimized propulsion design can increase efficiency and performance, there are some

other fundamental aspects to be considered in order to achieve a successful mission. For instance,

parameters derived from control, like perceiving the environment, analyzing the sensed information,

communicating, path planning and manoeuvre performance as well as basic dynamic stability should be

investigated when evaluating the UAVs behaviour. The controller addresses this topic, predicting and

adjusting the UAVs attitude by managing the actuators [48].
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Figure 1.6: Chen’s experimental results on rotor-wing interference [47]

Multicopters, specifically quadcopters, present a particular challenge control-wise, as they are under-

actuated systems, unstable in open loop, requiring extra labour to balance and reach the desired atti-

tude [49] [50]. These difficulties can be addressed by control schemes categorized as linear, nonlinear

or learning-based intelligent, as shown in figure 1.7.

Figure 1.7: Different quadrotor control methodologies [51]

Linear controllers have been widely used in quadrotor applications due to their ease of design and im-

plementation, rendering good experimental results. The most common linear controller is the PID (pro-

portional integrative derivative), considering it can be applied without knowing the dynamic model and

tuned by trial and error [52] [53] [54] [55] [56]. These controllers are well suited for a stationary or quasi-

stationary flight where the dynamics are approximately linear, but have issues with disturbances and

manoeuvres, inducing large errors in the system that affect the transient response, presenting weaker

robustness and yielding large tracking errors. These issues have been addressed by Czyba [52], intro-

ducing different PID structures by moving either the derivative term or both the derivative and propor-
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tional terms to feedback, as well as by Wang [57], that introduced cascade PID controllers to effectively

improve robustness when compared to regular PIDs. These controllers have also been applied in com-

bination with linear quadratic regulators (LQR) [58] for a more robust controller, improving performance

and efficiency.

Since linear controllers suffer when the quadrotor is operating outside of the designated regime, a combi-

nation of linear and nonlinear models can frequently be found in the literature, including gain scheduling

[59] and H∞ methods, as well as nonlinear methods [60] [61].

Nonlinear methods offer better robustness, disturbance rejection and trajectory tracking, yet their high

computational costs to implement hinder their progress [62]. The most common nonlinear method is

backstepping, for its fast convergence rate and great responses to external disturbances, achieving in-

ner loop stability for both attitude and altitude. Other methods, such as model predictive controller (MPC)

[63] [64], along with the adaptive controller [65], and sliding mode controller (SMC) [66], have also shown

better performance when compared to linear methods.

Figure 1.8: Control Methods Comparison [67]

Figure 1.8 presents a comparison of linear and nonlinear methods published by Dikmen [68], where

SMC methods converge significantly faster than backstepping and PD [69]. It is also common to find

combinations of nonlinear methods, as the adaptive integral backstepping controller as well as learning-

based methods [70] [71].

The latter is trained via data obtained and validated through flight experiments, enabling the controller

to be used in different UAV configurations. This approach is well suited for models where the dynamics

are not well known, since it is model-free, yet the high computational costs, increased complexity and

unavailability of training data has limited these methods to simulation work [72].

.
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1.2 Motivation

The pressure from resource scarcity and environmental concerns on the industry of today has resulted in

alternative propulsion systems garnering renovated attention [73]. Electrically-propelled, high-efficiency

vehicles offer an answer to this paradigm shift [15].

This fundamental change has made UAVs an attractive investment, resulting in numerous developments

in the area. Military grade surveillance is one of the new purposes that rose from such innovations. To

thrive in this field, low heat and noise signatures as well as efficiently sized propellers and weight man-

agement have to be implemented [74]. Additionally, the current interest in urban air mobility (UAM) [75]

has stimulated major aviation companies to put their electric VTOL prototypes forward, further propelling

the field. As a result, the focal point of these vehicles becomes the propulsion system [76].

As such, experimenting with different propulsion architectures and configurations, determining which

one best fits a specific mission type is highly useful for both current and future applications.

1.3 Project Overview and Requirements

Under the authority of Defence and Research Department Canada (DRDC), the Center for Aerospace

Research (CfAR) and Quaternion Aerospace are developing a UAV with vertical take-off and landing

capability to monitor the Canadian coast, surveilling passing submarines with a magnetic signature sen-

sor, the MAD-XR.

The end goal of this project is to achieve an efficient design featuring a canard and tilt tri-rotor config-

uration. The propulsion system should have two rotors at the front, producing twenty percent of thrust

and a rear rotor that produces the remaining, tilting for forward-flight. This distribution of power allows

the front rotors to be further from the magnetic sensor, decreasing the interference between the two.

To achieve this, the project was divided into four stages propulsion-wise: starting with a regular quadro-

tor lift-and-cruise configuration, evolving it into an 20-80 VTOL power distribution, changing this 20-80

from lift-and-cruise to vectored-thrust and finalizing with a trirotor configuration, tilting the rear rotor for

forward-flight.

As a proof of concept, scaled down prototypes are being developed, resembling the four stages of the

full scale aircraft as much as possible. This thesis focuses on the propulsion system’s evolution, sizing,

analysing, building and comparing the small scale UAVs, while respecting a few requirements.

In order to maintain the proof of concept UAVs similar to the full scale aircraft, the prototypes would have

the same ratio between cruise and dash speed, as well as a the same lift and thrust distributions. Ad-

ditionally, it would have to carry a small magnetic sensor, while maintaining a maximum take-off weight

(MTOM) of seven kilograms.

Regarding specific propulsion requirements, the system must be fully electric, functioning with one bat-

tery only - all motors must work with the same voltage. Also, the VTOL system would have to satisfy a

minimum maximum thrust-to-weight ratio of 1.3, take-off thrust-to-weight ratio of 1.05, and a maximum

propeller diameter of fifteen inches. Other, more specific requirements will be displayed later on.
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1.4 Objectives

The purpose of this thesis is to size the propulsion system for VTOL and forward-flight of the four scaled

down prototype UAV’s. To that end, all four configurations will be designed and compared against each

other, determining which best fits the mission.

In addition, this thesis aims to prove that an asymmetric propulsion distribution in VTOL is favourable

when compared to the usual system, especially when progressing to a tilt-rotor instead of a lift-and-

cruise configuration.

To reach a conclusion in this matter, studies will be performed comparing size, weight, efficiency, perfor-

mance, stability and dynamic response.

To validate the used models, one of the scaled down prototypes will be developed and flown, gathering

data to compare with the estimated performance.

1.5 Thesis Outline

Chapter 2

This chapter contains the theoretical concepts used to develop the thesis. In the first instance, it presents

the necessary approach to size the VTOL system, choosing the adequate motor, propeller and electric

speed controller (ESC). Afterwards, it explains the methods used to estimate the required power for

forward flight, facilitating the choice of the motor-propeller combination.

This chapter also contains some of the theory behind the used software for computational fluid dynamics

(CFD) analysis, justifying some of the applied simulation parameters, and introduces the procedure used

to develop the flight dynamics model (FDM) and the controller.

Chapter 3

This chapter contains the parametric studies performed on both the rotor positioning and the T/W ratio,

that led to the chosen configurations. Additionally, it describes the four configurations in detail, explaining

the requirements for each rotor as well as the process for it’s selection and validation.

Afterwards, it presents the expected energy consumption of each configuration, based on data from the

manufacturers, in order to assess the required battery and lists all the components used to estimate the

propulsion the system’s mass. Finally, it presents a computational study for wing-rotor interference to

compute the required distance as a function of rotor coverage.

Chapter 4

This chapter contains the results of the static tests performed to validate the performance of the selected

propulsion system, describing the setup and the software used. It compares the results with the ones

obtained through theoretical models, in the previous chapter. Additionally, it presents studies done with

partially covered rotors to determine the required wing-rotor distance as a function of covered area.
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Finally, it presents the thrust and torque constants computed from experimental results to be used in the

flight dynamics model.

Chapter 5

This chapter contains the flight dynamics model (FDM) derived to compare against the experimental

hover tests. It describes the SIMULINK® model as well as all the assumptions made during its devel-

opment, showcasing the different steps taken to ensure a satisfactory degree of accuracy. Additionally,

it explains the tuning process and the methodology to calculate actuator inputs. Finally, it shows the

results achieved with step commands to the system, for the modeled configurations.

Chapter 6

This chapter describes the procedure established to perform the different flight tests, explaining the

necessary commissioning required by Transport Canada (TA), as well as the safety measures and flight

protocol. It compares the experimental data with the estimated from models and static tests, assessing

the propulsion system’s performance.

Chapter 7

This chapter recapitulates the previous chapters, assessing the overall performance of the propulsion

system against the objectives set in the beginning of the project. It contains a review of the work done

and lists the next steps that should be taken, proposing alterations to the current propulsion system to

increase performance.
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Chapter 2

Theoretical Background

This chapter presents the theoretical notions used in the development of the UAV’s propulsion system,

for both sizing and performance evaluation, as well as the methodology to develop the flight dynamic

model and implement the controller.

2.1 Propeller Design

Development of propeller theory has advanced from the simple leadscrews from Da Vinci [77], to actua-

tor disks, reaching the complex vortex theories of Betz, Goldstein, Theodorsen and Larrabee. Figure 2.1

presents an illustration of Betz’s wake model as well as the values that Goldstein obtained for circulation

as a function of the radius.

Figure 2.1: Betz’s propeller wake model and Goldstein’s typical results [77]

2.1.1 Corke’s Propeller Design for Cruise

The sizing of the pusher propeller was done, in an initial stage, with Corke’s methodology. This method

is an empirical approach that assumes a known altitude and Mach number for cruise, as well as propeller

diameter and estimated motor shaft power. By application of this method, the propeller’s advance ratio

and efficiency can be computed, in addition to both power and thrust coefficients. This process assumes

a three-bladed propeller, requiring additional corrections for propellers with a different number of blades.
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In the selection process, equation 2.1 was used to estimate efficiency [78].

ηp =
TV

P
, (2.1)

where T is the required thrust in N, V is the velocity in m/s, P is the required power by the propeller in

W and ηp is the propeller’s efficiency.

2.1.2 Vortex Theory of Screw Propellers

Vortex theory of screw propellers assumes there is circulation around the blade, that vanishes at root

and tip, and can be replaced by a bound vortex system of strength Γ, the circulation round the blade

section. From the bound vortex, trailing free vortices are shed, building a helical or screw surface -

helical sheet.

This approach allows the performance assessement of propellers of known geometry as well as the

design of propellers optmized for a specific design point - such as cruise condition. Figure 2.2 presents

some of the important geometrical parameters used in this theory [79].

Figure 2.2: Geometry of the vortex theory for screw propellers [79]

The incident velocity on the blade, Vb can be decomposed into free stream velocity V∞, induced velocity

Vi and rotational velocity ωr. The induced velocity contains Vxi, in the axial direction and Vθi in the

tangent direction.

Vb
2 = ω2r2

[(
1− Vθi

ωr

)2

+

(
V∞
ωr

+
Vxi
ωr

)2
]

(2.2)

Equation 2.2 relates the blade incident velocity with the remaining ones, where ω is the blade’s rotational

speed and r is the radial coordinate.

Knowing the blade section’s 2D drag, Cd, and lift, Cl, coefficients as well as the section’s chord, cb,

differential thrust and torque can be computed, as show in equations 2.3 and 2.4.

dT

dr
=
nblades

2
ρcbω

2r2

[(
1− Vθi

ωr

)2

+

(
V∞
ωr

+
Vxi
ωr

)2
]

(Cl cos εB − Cd sin εB) (2.3)
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dQ

dr
=
nblades

2
ρcbω

2r3

[(
1− Vθi

ωr

)2

+

(
V∞
ωr

+
Vxi
ωr

)2
]

(Cd cos εB + Cl sin εB) (2.4)

In order to obtain the overall thrust and torque by integration, both the induced angle εi and the down-

wash angle εB must be known. These parameters can be derived from Betz’s principle - Vθi is normal

to the resultant velocity - combined with the geometrical relations present on Figure 2.2. Equations 2.5

and 2.6 represent these relations.

Vb =
ωr

cos ε∞
cos εi (2.5)

Vi =
ωr

cos ε∞
sin εi =

√
Vθi

2 + Vxi
2 =

√
[Vi sin(εi + ε∞)]2 + [Vi cos(εi + ε∞)]2 (2.6)

The circulation, Γ, can be calculated with Prandtl’s tip loss factor, f, where βr is the aerodynamic pitch

angle at the blade tip, combined with Goldstein’s relation between Vθi and the section’s circulation.

f =
2

π
cos−1

[
exp

(
nblades(1− 2r/r)

2 sinβr

)]
(2.7)

nbladesΓ = 4πfrVθi. (2.8)

Solving the equations above for εi, all the variables are known to accurately calculate both torque and

thrust, by integration, as well as the consumed power, for a lightly loaded propeller.

2.1.3 Propeller Momentum Theory

Propeller momentum theory assumes that a streamtube encloses the propeller, extending to planes

far upstream and downstream that are parallel to the propeller [80]. The flow, of constant velocity and

pressure across each streamtube section, enters the upstream plane of the streamtube, passes the

propeller and exits at the far downstream plane, as shown in figure 2.3.

Figure 2.3: Propeller momentum theory model [80]

Like vortex theory, this model assumes an inviscid and incompressible flow, yet it neglects any fluid

rotation [81].

Considering the velocity upstream of the propeller is given by V∞ + Vi, the free stream velocity and the

induced velocity, respectively, the velocity on the dowstream of the propeller Vd can be obtained from
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mass conservation.

ρVdAp = ρ(V∞ + Vi)AP ⇒ Vd = V∞ + Vi (2.9)

By application of Bernuilli’s principle both upstream and dowstream of the propeller,

Vs
2 − V∞2

2
=
pd − pu

ρ
, (2.10)

where Vs is the slipstream velocity, pd is the downstream pressure, pu is the upstream pressure, Ap is

the disk area and ρ is the air density.

The thrust and brake power can be calculated with equations 2.11 and 2.12,

T = 2Apρ(V∞ + Vi)Vi, (2.11)

P = 2Apρ(V∞ + Vi)
2Vi. (2.12)

Solving equation 2.11 for the induced velocity,

Vi =

√
V∞

2

4
+

T

2Apρ
− V∞

2
. (2.13)

Substituting equation 2.13 in equation 2.12, the required power can be calculated as a function of thrust

and freestream velocity.

P = T

V∞
2

+

√
V∞

2

4
+

T

2Apρ

 (2.14)

2.2 Computational Fluid Dynamics (CFD)

Computational fluid dynamics numerically analyze fluid flow, heat transfer and related phenomena, pre-

dicting its behaviour under specified conditions. It iteratively solves the Navier-Stokes equations with

additional models to account for turbulence, multiphase flow, chemical reactions, and radiative heat

transfer, providing information such as pressure loss and flow distribution [82] [83].

2.2.1 Frozen Rotor Model

The multiple reference frame model (MRF), also known as the frozen rotor model, assumes that a

control volume rotates at a constant speed, considering non-wall boundaries as surfaces of revolution.

This is a steady-state approximation, used for its accurate results and simplicity while requiring less

computational time than the alternatives.

For the case of a propeller rotating in a control volume, a moving reference frame is assigned to the

propeller, used to solve its surrounding flow. The outside flow is solved in a stationary frame, assuming

steady-state flow conditions at the interfaces [84] [85] [86].
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2.2.2 Mixing Plane Model

The mixing plane model, just like MRF, is a steady-state method that uses relative and absolute refer-

ence frames. In this case, the coupling between the two domains is done by exchanging circumferentially

averaged flow quantities. This method is the simplest steady-state model, requiring 50x less computa-

tional effort than sliding mesh model, with the capacity of calculating flow properties for rotor and stator

almost independently[86].

The low computational costs combined with its simplicity have led this model to be widely used in turbo-

machinery, rendering accurate predictions of flow conditions in axial flow machines [87] [88] .

2.2.3 Transient Rotor-Stator Model

Sliding mesh model (SM), also known as transient rotor-stator, is theoretically the most accurate ap-

proach, describing the transient start-up without requiring mesh deformation. It requires two domains, a

cylindrical one that contains the propeller, rotating a prescribed angle per time step during the simulation,

and a second one where the mesh doesn’t move during calculations. The interface of the two domains

uses an arbitrary mesh interface (AMI), that projects patches of one geometry into the other, ensuring

the values are the same on both sides. This method is computationally costly, requiring 30x more com-

putational time than the previous model [88] [89] [90] [91] [86] . Figure 2.4 presents an illustration of the

domains used in CFD analysis when the MRF or SM models are applied .

Figure 2.4: Typical domains for SM and MRF simulations [92]

2.2.4 Turbulence Model - Shear Stress Transport

Shear-stress transport (SST) is a two-equation eddy-viscosity model that uses k-ω formulation for the

inner parts of the boundary layer, switching to a k-ε behaviour in the free stream. It solves both the

equation for turbulent kinetic energy, k and the equation for turbulence frequency, ω, by taking advan-

tage of k-ω’s accurate predictions of adverse pressure gradient and separating flows while avoiding its

sensitivity to inlet free-stream turbulence properties, that is best represented by the k-ε model. This

Reynolds-averaged Navier-Stokes method accounts for the transport of the principal turbulent shear-

stress, assuming the turbulent boundary layer shear stress is proportional to the turbulent kinetic energy

[93] [94].
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2.2.5 Finite Volume

Finite volume method, (FVM), is a numerical technique that transforms the partial differential equations,

(PDE’s) that represent the conservation laws over differential volumes into discrete algebraic equations

over finite elements. It requires the discretization of the geometric domain into non-overlapping finite

volume to then transform the PDE’s into algebraic equations by integration over a discrete volume,

solving them to obtain the values of the dependant variable for each of the volumes.

This is a strictly conservative approach that can be formulated with unstructured polygonal meshes as

well as a variety of boundary conditions, since the variables are evaluated at the centroids of the volume

elements [95] .

2.3 Flight Dynamic Modeling

The flight dynamic model for the developed prototypes was derived with a Newton-Euler formulation,

assuming the structure is rigid with y-symmetry, the center of gravity coincides with the origin of the

fixed body frame and both thrust and torque are proportional to the square of the propeller’s angular

velocity. Additionally, the propeller’s gyroscopic effects were neglected, for simplicity [96].

Reference Frames

To derive the equations of motion, two reference frames are required: the Earth frame and the body

frame. The first is a fixed, inertial frame, connected to Earth, with a NED (North-East-Down) orientation,

while the latter is a moving reference frame, connected to the body, often called ABC (Aircraft body-

centred). Figure 2.5 presents both reference frames [97].

Figure 2.5: Earth and body frames [98]

The distance between the origins of the reference frames, represented by r = [x y z]T , describes the

absolute position of the prototype, while the orientation is given by Euler angles η = [φ θ ψ], that repre-

sent roll, pitch and yaw, respectively. The rotation matrix R transforms the body frame’s orientation into

inertial frame coordinates, to relate vector quantities measured in both frames. The rotational velocity of

the UAV can be represented by the body rates ω = [p q r] or by the inertial Euler rates η̇ = [φ̇ θ̇ ψ̇],

that are related by equation 2.15.
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ω = Rrη̇ (2.15)

The rotation matrices R and Rr are presented below.

R =


cθcψ sφsθcψ cφsθcψ + sφsψ

cθ sφsθsψ + cθsψ cφsθsψ − sθcψ

−sθ sφcθ cφcθ

 (2.16)
Rr =


1 0 − sin θ

0 cosφ sinφ cos θ

0 − sinφ cosφ cos θ

 (2.17)

To derive the dynamics equations, the relative position of the rotors in the body frame must be de-

fined. The two typical configurations are (+) and (x) and have different purposes. In this case, the rotors

aren’t positioned in a way that allows a (+) configuration, therefore an (x) configuration was selected.

Figure 2.6 presents illustrations of both possible types of configurations. A tri-rotor configuration will be

designed and its reference frame presented with the equations to develop its flight dynamics model.

Figure 2.6: Types of quadrotor reference frames [99]

2.3.1 Dynamics Model

The classical Newton-Euler approach can be used to derive the dynamics equations for the prototype, in

the body frame. Equations 2.18 and 2.19 present the translational and rotational motions, respectively.

d

dt
[mV ]B + ω × [mV ]B = F, (2.18)

d

dt
[Iω]B + ω × [Iω]B = M, (2.19)

where m is the mass of the prototype in kg, V is the linear velocity vector in m/s, ω is the angular velocity

in rad/s and I is the inertia tensor in kgm2. The forces and moments generated by each rotor in the body

frame are calculated with equations 2.20 and 2.21, where the quadratic relation to the angular speed is

used. The torque and thrust constants -Kτ and KT -, were experimentally determined [57] [100] [101].

Fi = KTω
2
i (2.20)
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Mi = Kτω
2
i (2.21)

The remaining forces to account for in the model are drag and gravity. These are included on equations

2.18 and 2.19 [102].

2.3.2 State Space Representation

The state space equation is a first order differential equation that represents the dynamics of any system,

namely a UAV. Assuming a model with no disturbances or noise, the equation is given by,

ẋ = Ax+Bu, (2.22)

where A is the dynamics matrix, Bt is the input matrix, x is the state vector and u is the input vector. The

state vector defines the linear and angular velocity of the UAV, as well as its position and orientation. It

is represented by,

X = [u v w p q r x y z φ θ ψ]. (2.23)

The input vector represents the rotation of each rotor in rad/s. For the case of a quadrotor it is given by

U = [Ω1 Ω2 Ω3 Ω4]. (2.24)

The B matrix is a four line matrix with as many columns as there are actuators, rotors in this case. It’s

lines represent the upwards force and the three moments generated due to the rotors. On the other

hand, the A matrix’s purpose is mostly to account for the effects of drag and gravity [102][103][104].

2.3.3 Control

To verify the validity of the assumptions previously established, as well as to ascertain the accuracy of

the mathematical model, a closed-loop controller was derived by use of PID controllers [105]. As sug-

gested by figure 2.7, these controllers compute the desired output signal to the rotors by summing the

proportional, integral and derivative responses.

Figure 2.7: Schematic structure of a PID controller

The proportional component of the PID controller has the most impact, changing the output proportion-

ally to the error. It depends on the proportional gain constant KP ; the system could become unstable if

set too high, or insensitive to control if set too low.
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The integral side of the PID is responsible for the speed of the response, controlled by the integral con-

stant, KI . In this case, the system’s response becomes faster with a higher value of KI , though it may

begin to oscillate past a certain threshold; should the value be too low, the influence on the system

would be negligible, making the integral component of the system inadequate. Additionally, it eliminates

the static error.

Lastly, the derivative control mode is responsible for the rate of change of the error, which renders it

ineffective with constant errors. Its performance is tied to the derivative constant KD, which may also

produce oscillations if set too high. The combination of these three components results in a faster con-

trol action while reducing the effects of disturbances [106] [106].

Figure 2.8: Response comparison for different controllers [107]

Figure 2.8 presents a comparison of step responses with a proportional P controller, a proportional-

integral controller PI and a PID controller. The PID has a faster response time with less oscillation than

the other options.
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Chapter 3

Propulsion System Sizing

This chapter describes the steps taken to size the propulsion system for the selected configurations,

including the methodology for the motor selection and the process of estimating the total mass of the

system. It also describes the chosen configurations, comparing their performance in cruise, dash and

hover. Finally, it quantifies wing-rotor interference.

3.1 VTOL Parametric Studies

The initial phase of the project development was characterised by the study of the different propulsion

options available. With a defined maximum take-off mass (MTOM) of 7kg, electrical propulsion was

already pre-determined, leaving rotor position, number of rotors, and available T/W ratio to be stipulated.

To help the decision-making process, parametric studies were performed.

3.1.1 Power estimations

Given the interest in asymmetric VTOL thrust distributions, studying power demands for a quadrotor

became necessary, considering different RPM and propeller sizes. Aside from the regular symmetric

quadcopter, estimates were done considering 60%-40% to 90%-10% thrust distributions between the

front and rear rotors, favouring the latter. To perform these studies, the rotor position as a function of its

thrust output had to be computed. Equation 3.1 presents this relation .

2(Trxr + Tfxf ) = 0

2(Tr + Tf )−W −D = 0,

(3.1)

where Tr and Tf are the thrust produced by the rear and front motors, respectively, and xr and xf are

the distances of the rotors to the centre of gravity. The drag force D had been stipulated as 5% of the

UAV’s weight for take-off and climb, defining a required T/W ratio of 1.05. For each of the five possible

thrust distributions, the required power per rotor Pi was calculated with equation 3.2, based on propeller

momentum theory.
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Pi = TiVc −
ki
2
TiVc +

kiTi
2

√
Vc

2 +
2Ti
ρAi

+
σCd0

8
ρAiVtip

3 (3.2)

Where Ti and Ai are the thrust and area of each rotor, Vc is the axial climb speed and Vtip is the blade’s

tip velocity. The remaining parameters were defined according to typical values.

• The rotor blade solidity σ ∈ [0.07, 0.12], using 0.1 in all calculations [108];

• The blade drag coefficient Cd0 can take the typical value of 0.01 [108];

• The induced power correction factor ki, has a value of 1.15 for axial flight [109];

The blade tip speed followed from equation 3.3, where Rp is the radius of the ith propeller and ωp is the

propeller rotation speed.

Vtip = ΩpRp (3.3)

Rotor Positioning

For a given T/W ratio and axial climb speed, the required power for take-off will depend on the position

of the rotors, radius and the rotational speed of the propeller. Table 3.1 seen bellow, presents the thrust

requirements for each possible configuration with a T/W ratio of 1.05.

Rotor Positioning 50-50 60-40 70-30 80-20 90-10

Tf [N] 18.03 14.42 10.82 7.21 3.61
Tr [N] 18.03 21.63 25.24 28.84 32.45

Table 3.1: Required thrust per configuration

To estimate the minimum required power per case, the derivative of the required power with radius is

calculated, obtaining the radius that minimizes power consumption for a given propeller rotation. Table

3.2 shows the results for minimized power for a total area of
∑
Ai = 0.4 m2 at a climb speed Vc of 2

m/s, where the reference power is the required for a symmetric configuration.

Rotor Positioning 50-50 60-40 70-30 80-20 90-10

Power front [W] 245.61 192.86 136.89 88.32 37.38
Power rear [W] 245.61 298.47 359.85 408.49 455.93
Radius front [m] 0.1777 0.1646 0.1553 0.1444 0.1232
Radius rear [m] 0.1777 0.1906 0.1974 0.2077 0.2191
Total power [W] 982.46 981.86 993.47 997.61 986.63
Total power [%] 100% 99.94% 101.12% 101.54 % 100.42%

Table 3.2: Required power and area distribution per configuration

For a given total disc area and thrust-to-weight ratio, the power doesn’t shift significantly with the position

of the rotors, which made a 90-10 configuration most appealing considering that the main objective is

to have an asymmetric thrust distribution, favoured towards the rear rotors. However, placing 90% of
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the trust at the back would result in having less margin to locate the rear rotors, shifting the front ones

beyond the UAV’s nose with the potential of lacking authority for manoeuvres. For that reason, an 80-20

configuration was chosen as the best compromise.

Maximum Thrust-to-Weight Ratio

The maximum trust-to-weight ratio impacts power consumption of the VTOL system, linearly increasing

it as shown in figure 3.1(a). The data estimated for comparison assumes a 2m/s axial climb speed, with

a total disc area of 0.4m2 for an 80-20 configuration.

The increase of power demands with T/W ratio is significant enough to choose the minimum ratio that

fulfils the manoeuvrability requirements defined by the control team at T/W = 1.3.

(a) Power variation with T/W ratio (b) Load factor chart

Figure 3.1: Effects of T/W ratio [110]

Typical UAV T/W ratios are usually higher, depending on the application - from 1.67 for aerial photog-

raphy to 2.22 for first-person view race copters [76]. However, a T/W ratio of 1.3 is already enough to

sustain flight with a bank angle of 40◦ , as shown in figure 3.1(b), which was deemed sufficient for the

mission.

3.2 Configuration Definition

To study the effects of an asymmetric propulsion system, four configurations were defined and com-

pared. The first configuration, a symmetrical quadrotor with a lift-and-cruise propulsion system was

established as the base for all comparisons. The second configuration is the first attempt at an asym-

metric thrust VTOL system, having a ratio of distance to the c.g. of 4/1, that distributes 20% of the thrust

to the front rotors and the remaining to the rear ones. Similarly to the first configuration, configuration

two is also a lift-and-cruise quadrotor. The third configuration has the same VTOL rotor positioning as

the second, changing the lift-and-cruise into vectored-thrust, tilting the rear rotors for forward-flight. The

last configuration is the end goal of the project, where configuration three is transformed into a tri-rotor,

while maintaining a vectored-thrust setup and the thrust ratio between front and rear rotors. Figures 3.2

through 3.5 present representations of VTOL rotor positioning for the configurations mentioned, where

configurations three and four feature retractable booms for forward-flight, being stored in the fuselage.

21



The direction of the tilt of configurations three and four has yet to be defined and will depend on the

chosen mechanism. In configurations two through four, the rotors are expected to be covered by the

wing and/or canard, which will impact their thrust output. This topic will be discussed further later in this

chapter.

Figure 3.2: Configuration 1 Figure 3.3: Configuration 2

Figure 3.4: Configuration 3 Figure 3.5: Configuration 4

3.3 Propulsion System Selection

The selection of the propulsion system was divided into two categories: VTOL and forward-flight. For

the VTOL subsystem, the demands were based on static thrust, as the axial speed is low, thus making

the approximation valid, while for forward-flight, the estimations were based on power consumption. The

propulsion requirements are presented on table 3.3.

Requirement Description

Minimum T/Wmax 1.3
T/WClimb 1.05
T/WDescent 0.95

Cruise speed 20 m/s
Dash speed 35 m/s

Dpusher propeller 15 in
Dmax propeller 15 in (quadrotors)
Single battery 6S - 22.2V (quadrotors)

Table 3.3: Propulsion requirements
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Additionally, the propulsion system must be able to perform the defined mission, requiring a battery

capable of providing 60 seconds of power for take-off, 30 seconds of power for landing, 10 seconds of

power at maximum throttle, 20 minutes of cruise time and a 20% backup.

Selection Criteria

The selection was made based on the least system mass, including components and battery mass. On

the components side, the full set of propeller, motor and ESC was considered, while the battery mass

was estimated from the power consumption during the mission. Figure 3.6 presents a flow chart of the

selection process for the defined criteria.

Figure 3.6: Flow chart of motor selection process

3.3.1 VTOL System Selection and Validation

The selection of the motor-propeller combination for the VTOL system was done via a survey of the

available options in the market while respecting the project requirements.

The three major brands considered were KDE motors, T-Motors and AXI motors, all of which have

high-efficiency products with a long life-span. For VTOL, brands with experimental static thrust data

for motor-propeller combinations were privileged, as it added an extra security factor to the previous

estimations while providing data for comparison with the performed static thrust tests. For that reason,

T-motors was chosen as the go-to brand for all VTOL motors.

Table 3.4 presents the required maximum thrust values - correspondent to a T/W ratio of 1.3 - that were

used for the selection process of the motor-propeller combinations from T-motors.

Thrust Configuration 1 Configuration 2 Configuration 3 Configuration 4

Front Rotor [N] 22.31 8.93 8.93 8.93
Rear Rotor [N] 22.31 35.71 35.71 71.42

Table 3.4: Required thrust per configuration

Selected Components

The components for each configuration are listed on table 3.5, where the ESCs were chosen based

on voltage and current compatibility with the motor, taking into consideration the manufacturers advice.
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All the chosen motors for configurations one through three are from the Navigator series, with a speed

constant - KV - from 420 to 480 RPM/V. The rear rotor of configuration four required a more powerful

motor, from the P series, with a speed constant of 170 RPM/V.

Component Configuration 1 Configuration 2 Configuration 3 Configuration 4

Front rotor motor MN4012 KV480 MN3110 KV470 MN3110 KV470 MN3110 KV470
Front rotor propeller 14x4.8 11x3.7 11x3.7 11x3.7

Front rotor ESC Air 40 Air 20 Air 20 Air 20
Rear rotor motor MN4012 KV480 MN5212 KV420 MN5212 KV420 P60 KV170

Rear rotor propeller 14x4.8 15x5 15x5 22x6.6
Rear rotor ESC Air 40 Flame 70 Flame 70 Flame 60

Table 3.5: Component list

Component Validation

Prior to purchasing the components, the experimental data available from the T-motors website was

compared against data derived from vortex theory. To do so, a MATLAB® script was developed, based

on the mentioned theory, where the thrust output of a specific motor-propeller combination was com-

pared to the experimental data for the same power and RPM.

In order to increase the fidelity of the model, the propeller’s characteristics were also entered into the

script, accounting for number of blades, pitch, diameter, chord distribution along the radius and hub size.

Since chord distribution and hub size were not provided, these were extrapolated from known propellers.

The results are presented on table 3.6, where the values correspond to maximum throttle.

Propeller Power Rotation Thrust Experimental Thrust Theoretical Thrust Difference
D[in]xP[in] [W] [RPM] [N] [N] [%]

11x3.7 164.28 8200 10.89 12.31 13.23
14x4.8 472.86 8000 25.50 29.02 13.8
15x5 881.3 9091 40.95 46.53 13.6

22x6.6 1632 6374 82.54 93.7 13.52

Table 3.6: Thrust validation

The discrepancy between the experimental and theoretical values is between 13% and 14%, resulting

from approximations made for unknown parameters of the propeller geometry, as well as from assump-

tions from the vortex theory’s model itself. Despite the difference in results, the choice was validated for

purchasing.

Due to shortage in supply, the propellers for the front rotors of configuration 2 through 4 were no longer

available. To solve this problem, a propeller of the same model with higher diameter and pitch (12x4),

ensuring the required thrust.

Since configurations three and four feature a vectored-thrust propulsion system, their components must
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also be validated for forward-flight. This verification will take place in the next section, where the forward-

flight performance is assessed.

3.3.2 Forward-Flight Selection and Validation

The method for the motor-propeller selection for forward-flight is similar to the VTOL process, basing

the choice on required power rather than static thrust. To compute the required power Corke’s propeller

design method was used, as shown by equation 3.4.

P =
TV

ηp
=
WV
L
Dηp

, (3.4)

where P is power in W, T is thrust in N, W is weight in N, V is the forward velocity in m/s, L
D is the UAV’s

lift-to-drag ratio and ηp is the propeller’s efficiency - typically 70% to 80% in cruise for commercial aircraft.

The efficiency of propellers also depends on the number of blades, the operational Reynolds number,

the scale and even the relationship between the diameter and the advance ratio. Table 3.7 presents the

data used to compute the required power for cruise and dash, where the values of LD were obtained with

Ansys® CFX simulations.

L/D Configuration 1 Configuration 2 Configuration 3 Configuration 4

Cruise 16.44 13.91 18.55 19.34
Dash 6.74 5.67 8.05 8.73

Table 3.7: L/D for the different configurations

Pusher Selection

The selection of components for forward-flight was only necessary for configurations one and two, as

the remaining feature a vectored-thrust propulsion system, tilting the rear VTOL rotors. Unfortunately, at

this point, only configuration one had been fully designed and simulated, leaving the L
D of configuration

two as unknown at that moment. For this reason, the selection was aimed at satisfying configuration

one’s requirements, computing the penalties of the usage of the same components in configuration two

later on.

Since power consumption is mostly determined by the propeller, the selection of this component took

priority. Out of the known brands, APC was defined as the source for the propellers, as they offer exper-

imental curves with performance data for their products, making it easier to estimate their behaviour.

To select the propeller, a MATLAB® script was developed, following the assumptions made on equation

3.4, where T = D and L
D = W

T . The program’s algorithm is described below.

1. Generate thrust vs RPM curves for cruise and dash velocity;

2. Calculate RPM at which cruise and dash thrust is achieved;

3. Generate power vs RPM curves for this flight condition;
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4. Substitute RPM from item 2 to calculate absorbed power by the propeller;

5. Use equation 3.4 to compute efficiency;

The selection was performed based on the highest efficiency , as propeller mass variation was not

significant. Table 3.81 shows the estimated performance of the chosen propeller - APC 15x13N - for

configurations one and two.

Flight Condition Efficiency [%] Power2 [W] RPM

Configuration 1
Cruise 80.68 103.37 3434.6
Dash 96.27 370.42 5827.3

Configuration 2
Cruise 83.31 118.12 3621
Dash 96.39 439.74 6070.3

Table 3.8: Estimated propeller performance

The motor choice criteria were based on the propeller power demands while ensuring that it was able to

output the required RPM. However, a survey of the available products showed that motors that function

within the range of power mentioned above are not compatible with the required 6S - 22.2V - batteries,

which limited the choice to oversized motors that consume up to 1kW at maximum throttle.

Within the surveyed motors, three stood out as possible candidates, presenting reasonable characteris-

tics and respecting all propulsion requirements. Once again, brands that showcased experimental data

were favoured, reducing the choice to KDE’s 4012 KV400 RPM/V.

To complete the propulsion system, an ESC was chosen from KDE to couple with the motor. The choice

was KDE-UAS55HVC, as it can handle the voltage and current of the motor while featuring a protective

case that decreases vibration noise.

Component Validation

Before purchasing, a second performance estimation was conducted using the vortex theory model pre-

viously mentioned. This model was used both to validate the choice for configuration one, as well as

to ensure forward flight performance of the remaining configurations. Table 3.9 displays the values for

power and efficiency for each configuration, confirming that the selected propulsion system is capable

of reaching cruise and dash conditions.

The power estimated for cruise condition with the vortex theory model is 8% and 3.5% lower for config-

urations one and two, respectively, than the one estimated from propeller curves. Regarding dash, the

difference between the experimental curves and the model is 7.32% and 8.65%. This discrepancy can

be due to the errors induced by interpolating the experimental data, approximating propeller properties

and assumptions made with the vortex theory model. In any case, the similarity of the results was close

enough to validate the choice for purchasing3.
1The data presented bellow was obtained from the manufacturer’s website. The efficiency values are unusually high for a

propeller of this type, which will be validated with fixed-wing flight tests in the future.
3The data gathered on the table 3.9 already accounts for the correct L

D
, computed with Ansys® CFX
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Configuration 1 Configuration 2 Configuration 3 Configuration 4

Cruise Power [W] 95 114.16 92.02 92.64
Cruise Efficiency [%] 87.79 86.54 80.42 76.64

Dash Power [W] 400.44 481.39 387.32 390.79
Dash Efficiency [%] 89.05 88.06 77.17 70.45

Table 3.9: Power and efficiency of the different configurations

3.3.3 Power Distribution and Consumption

With the selected components it is possible to evaluate the installed power of each configuration, esti-

mating the ratio available for forward-flight, as well as front-to-back power distribution. Table 3.10 shows

these estimates for the different configurations.

Starting with the total installed power, configurations one and three present similar values, despite the

difference in the number of motors. Although all four configurations are able to perform the mission, con-

figuration four has the least excess power installed, as it only features three motors, while configuration

two has the most excess power.

When it comes to forward-flight, the vectored-thrust configurations have more available power, since

the tilting rear rotors are responsible for this flight condition. Configurations one and two feature less

available power, as the pusher was sized specifically for forward-flight.

The ratio of front-to-back power for configurations one through three mirrors the thrust ratio between the

rotors. Configuration four’s slight discrepancy is due to having only one rear rotor, reducing the extra

power available from motor oversizing.

Configuration 1 Configuration 2 Configuration 3 Configuration 4

Total installed power [W] 3285.6 4040.4 3330 2490
Power forward-flight [%] 21 18 80 73
Power front rotors [W] 1287.6 666 666 666
Power front rotors [%] 50 20 20 27
Power rear rotors [W] 1287.6 2664 2664 1824
Power rear rotors [%] 50 80 80 73

Table 3.10: Available power per configuration

Besides studying the power distributions, it is relevant to estimate power consumption per configuration,

assessing which are most efficiently sized. To do so, an estimation of the required power for cruise

and hover was conducted. Table 3.11 presents these power estimations, where the data for hover was

derived from the manufacturer’s data - except for the power for front rotors of configurations two through

four - and the power for cruise which were estimated with vortex theory. All relative data is presented as

a function of the base configuration, configuration one.

In hover, configurations one through three show similar results, with a difference under 3% between

them, while configuration four has the least power demands, consuming over 8% less.
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Power Configuration 1 Configuration 2 Configuration 3 Configuration 4

Hover [W] 1089.28 1119.6 1119.6 997.52
Hover [%] 100 102.8 102.8 91.6
Cruise [W] 95 114.16 92.02 92.64
Cruise [%] 100 120.3 96.9 97.5
Dash Power [W] 400.44 481.39 387.32 390.79
Dash Power [%] 100 120.3 96.8 97.7

Table 3.11: Power consumption per flight condition

In cruise, configuration two has a penalty of 20% increase in power consumption, when compared to

configuration one, whereas configurations three and four reveal benefits under 5%, neutralising the lower

efficiency of the propellers.

Similarly to cruise condition, configuration two requires the highest amount of power in dash, since it has

the lowest value of L
D . Configurations three and four present lower values for required power, despite

exhibiting lower propeller efficiency. Overall the relative power consumptions don’t shift significantly from

cruise to dash.

3.4 Propulsion System Mass Estimation

The mass of the propulsion system can be divided into two major contributors: the propulsive com-

ponents and the battery. The components include the ESC-motor-propeller combinations, neglecting

structural mass for motor mounts and supporting booms, as well as tilt-mechanisms and cabling, while

the battery mass comprises the estimated required battery to fulfil the desired mission once. The battery

mass estimation process is described in figure 3.7, following the criteria mentioned below.

Figure 3.7: Battery mass estimation

1. The power required is the sum of the demands of the motors functioning at that mission segment;

2. The total energy required includes 20% backup;

3. The energy density used is 170.33 Wh/kg;

The energy density was estimated from the chosen battery itself. Knowing the capacity and the nominal

voltage, the energy in Wh was calculated and divided by the weight of the battery to give an estimation
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of the impact of the energy efficiency in the overall weight of the propulsion system and range of the

mission.

The estimations of power for the VTOL motors were done by interpolating the manufacturer’s experimen-

tal data for the motor-propeller combinations. This was not possible for the front rotors of configurations

two through four, where this data was not available; for these configurations, as well as for all forward-

flight power estimations the vortex theory model was used. Table 3.12 presents energy requirements,

the total component mass, as well as the battery mass estimation for the mission.

Configuration 1 Configuration 2 Configuration 3 Configuration 4

Energy [Wh] 77.91 81.27 72.42 75.29
Battery mass [kg] 0.46 0.48 0.43 0.44
Component mass [kg] 1.115 1.238 0.924 0.7595
Total mass [kg] 1.57 1.72 1.35 1.20
Mass difference [%] 0 9.08 -14.20 -23.59

Table 3.12: Total energy consumption and propulsion system’s mass

As expected, configurations three and four have a lighter propulsion system, given that they feature

fewer components. When it comes to energy demands, configuration three has the least required en-

ergy, due to a more efficient cruise condition - the longest mission segment. For this particular mission,

both vectored-thrust configurations perform better than their lift-and-cruise competitors, having a lighter

and more energy-efficient propulsion system.

Table 3.13 shows the percentage of battery consumption per mission segment to assess the influence

of the VTOL flight conditions in the overall battery mass.

Configuration 1 Configuration 2 Configuration 3 Configuration 4

Cruise [%] 48.77 56.19 50.82 49.22
VTOL [%] 51.23 43.81 49.17 50.78
Take-off [%] 30.02 23.83 26,74 28.78
Landing [%] 13.11 10.50 11.79 12.34
Max Throttle [%] 8.09 9.49 10.65 9.66

Table 3.13: Propulsion system’s energy breakdown per mission segment

All configurations feature around 50% of their battery mass for the VTOL system and the remaining for

cruise condition. When comparing the 100 seconds of VTOL system to the 1200 seconds of cruise, 50%

of the battery for VTOL type seems excessive. A possible solution would be to revise project require-

ments and decrease the time allocated for VTOL.

Assuming all the prototypes have the same propulsive system mass of configuration one, the mass

difference presented on table 3.12 can be translated into battery mass: lighter, more efficient configura-

tions may have more battery mass whereas heavier, less efficient ones might have less battery mass.

This difference is to be noted in cruise condition, where it can increase or decrease the range of the
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configuration, while still accounting for the required energy to perform the VTOL mission segments. Ta-

ble 3.14 presents the variation in range due to battery mass variation.

To compute these values, the mass difference was converted into energy and added to the energy as-

signed for cruise. With the energy and power consumption the endurance was calculated and multiplied

by cruise velocity to obtain the new mission range.

Configuration 1 Configuration 2 Configuration 3 Configuration 4

Range difference [km] 0 -20.79 23.22 46.00
Total Range [km] 24 3.21 47.22 70.00

Table 3.14: Range variation

The range of the mission suffers significant changes with the mass fluctuations between configurations,

increasing to over double the initial range for configuration three and to almost triple the range for con-

figuration four, while decreasing it to less than a sixth of the range for configuration two. This is due

to having only 50% of the battery allocated for cruise, making a mass difference of 140g sufficient to

reduce over 20Km in range for configuration two as well as increasing the range in 46 Km with 370g, for

configuration four.

If the penalties in excessive mass of configuration two were to be distributed proportionally throughout

the mission segments - with the percentages calculated on table 3.13- the decrease in mission range

wouldn’t be as significant. On the other hand, applying this battery distribution to the other configurations

would result on a decrease of the total range - relative to the on presented on table 3.14 -, increasing

the power available for the other mission segments. Table 3.15 presents the variation of time available

for the different mission segments as well as the predicted variation of endurance and range with a pro-

portional battery distribution.

Variation Configuration 2 Configuration 3 Configuration 4

Take-off time [s] -21.54 37.81 60.42
Landing time [s] -10.77 18.9 30.21
Max throttle time [s] -3.59 6.30 10.07
Endurance [s] -430.8 756.12 1208.35
Range [Km] -4.62 15.12 24.17

Table 3.15: Range variation with proportional battery distribution

With this battery distribution, the penalties in range are not as severe for configuration two, while main-

taining the ability to perform take-off at the desired vertical climb velocity, making landing the mission

segment the most problematic. As for the two other configurations, there is a significant increase in time

- or power - allocated for each mission segment, with an increase of over 60% relative to the initial range

for configuration three, reaching double the range for configuration four.
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3.5 Rotor Coverage

As previously mentioned, some of the configurations feature designs that have partially covered rotors

by the wing and/or the canard, which will affect the thrust output of the rotors. Leishman [108] has

established through empirical data that the thrust decrease due to coverage is dependent on the relative

covered area and the relative distance between the rotor and the covering surface, as shown in figure

3.8.

Figure 3.8: Rotor-tail interference for helicopters [108]

An estimation of this kind was deemed necessary for all configurations with partially covered rotors,

assessing the net thrust available with the coverage defined in the design. To do so, the percentage of

covered rotor area was calculated for each configuration.

Table 3.16 presents this data for the front and rear rotors of all configurations for VTOL.

Covered Area Configuration 1 Configuration 2 Configuration 3 Configuration 4

Front Rotors [%] 0 10 10 10
Rear Rotors [%] 0 69 69 63

Table 3.16: Covered rotor area

To estimate the vertical distance from the wing at which the rotors much be placed, CFD studies were

performed for different distances and covered areas. This study was performed with Ansys® CFX, based

on an SST turbulence model and a sliding mesh algorithm - transient rotor-stator, where two domains

were used:

• Rotational domain moving at 5000 RPM, containing a propeller with a 23” diameter,

• Static domain, containing the surrounding fluid.

An illustration of both domains may be seen on figure 3.9, where the dimensions are relative to the

propeller size.4 The width of the wing changed with the covered area, while the span was kept constant

and equal to the length of the static domain - 5x propeller diameter.
4Figure 3.9 is not scaled, to save page space.
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Figure 3.9: CFD domain representation

As for boundary conditions, the top face of the static domain was considered an inlet with 0 m/s airspeed,

and the remaining were defined as openings with zero relative pressure. The wing and propeller were

categorized with a no-slip wall boundary and the interfaces of the domains with transient rotor-stator

(sliding mesh) mixing frame featuring no pitch change.

To ensure an acceptable degree of accuracy, multiple simulations were conducted for each case, in-

creasing the number of elements of the mesh in both domains until the relative net force difference was

under 1%. Table 3.10 presents the data obtained for an uncovered rotor, while figure 3.10 shows a

graphical representation of its convergence. For the uncovered rotor, the thrust output was analysed,

while net force - rotor + wing - was studied for covered rotors.

Figure 3.10: Convergence for uncovered rotor

Number of Thrust Thrust Difference
Elements [N] [%]

1203323 59.34 22.14
2922756 67.80 11.04
7487035 75.54 0.88

15088276 76.21 0.00

Table 3.17: Convergence data

In the interest of estimating the variation of net force with distance and covered area, two types of sim-

ulations were performed. One where the covered area is kept constant, changing the distance between

the rotor and the wing and another where the distance is kept constant and covered area is incremented.

The results are presented on figure 3.11, where the net force is relative to an uncovered rotor and the
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distance is relative to propeller radius.

(a) Net force variation with covered area (b) Net force variation with distance

Figure 3.11: Rotor coverage studies

Figure 3.11(a) shows a slight decrease in net force for 100% distance, decreasing below 4% for 10%

to 70% area coverage. The 25% distance curve displays a much more significant net force decrease,

losing up to 40% vertical force in the same area variation. Figure 3.11(b) presents the net force increase

with distance, where there is a 10% variation on vertical force from 17.5% to 100% distance.

Assuming similar variations for different geometry propellers, the thrust losses for covered rotors in con-

figurations two though four can be calculated, estimating the distance at which the rotors must be placed

to fulfil project requirements - 1.3 T/W ratio. Since there was no available information for thrust output of

the front rotors’ motor+propeller combination, this study was only applied to the rear rotors, which were

significantly covered.

Table 3.18 presents the required distance at which the rotors should be placed, as a function of their

radius, in meters, to output a T/W ratio of 1.3. The data was obtained for the different covered areas

through linear interpolation.

Rear Rotors Configurations 2 & 3 Configuration 4

Available Thrust [N] 40.96 79.60
Required Thrust [%] 87.18 89.72
Required distance [%] 88.75 92.82
Required distance [m] 0.169 0.259

Table 3.18: Computational required rotor-wing distance

This data will be validated with experimental static tests to obtain the minimum required distance at

which the rotors must be placed from the wing.
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Chapter 4

Static Experimental Tests

This chapter contains the performance validation of the selected components, describing the test bench

set up, software and requirements. It compares the experimental values with the ones obtained with

theoretical models for uncovered and partially covered rotors and calculates the required constants for

the tested motors.

4.1 Test Bench Set Up and Experimental Procedure

The static tests on the ESC-motor-propeller combinations were performed on a static test bench com-

prised of a motor mount, a power box, a data acquisition system, a power source and a safety button.

Figure 4.1 presents the mentioned components.

Figure 4.1: Test rig representation
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The motor mount secures the motor to the table and features a load and torque cell that register net

force and torque, respectively. Afterwards, there is the power box, that manages electric signals, send-

ing the LabVIEW commands to the ESC and powering the motor with the connected power source. The

power box is also connected to the data acquisition system, recording force, torque, current and voltage

for a given throttle. Finally, the last component is the kill switch ”stop button”, that shuts down the motor.

All the elements of the setup were developed in house, except the data acquisition hardware, that was

purchased from National Instruments and the power source. The components of the test bench setup

were assembled following the procedure described below.

• Screw the motor mount to the optic table;

• Mount the motor and propeller;

• Connect the power box the motor mount, plugging it in;

• Connect the ESC to the power box and motor;

• Connect the power supply to the power box;

• Connect the data acquisition system to the power box;

To control the setup hardware, a previously developed LabVIEW GUI was used. It’s display is presented

on figure 4.2.

Figure 4.2: Software representation

On the right, the battery voltage and current are displayed as well as the power consumption and the

measured thrust and torque. The throttle percentage and the ESC signal are also presented in this area.

Of the remaining fields, the safety cutoff and ESC control were filled, ensuring motor operation.

Once all the components were assembled, the first step taken was calibrating the ESC to arm with a

specific motor. The first approach is a gross estimation of the ESC’s limits by connecting it to a servo

and recording the values at which the motor starts working and at which its thrust stops increasing.
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These limits were imput into the LabVIEW software to perform a finer tuning, where the upper limit was

defined over the maximum thrust registered, to ensure peak thrust was reached. Once these limits were

established, they were kept constant during testing. With the ESC properly calibrated, the experimental

tests took place, with a minimum of three runs per case, going from 0% to 100% throttle in steps of 5%.

4.2 Experimental Results

The results were processed with a MATLAB® script, averaging the data of the different logs and taring

thrust and torque values with the ones obtained for 0% throttle. Relations for thrust with throttle and

power were derived, comparing the experimental values with the computational ones derived from vortex

theory. Additionally, relations between RPM and thrust were derived to calculate thrust and torque and

constants.

4.2.1 Thrust vs Throttle

As mentioned before, to ensure maximum thrust is achieved, the ESC’s were calibrated beyond the

estimated upper limit. These results were then re-scaled to reach peak thrust at maximum throttle -

100%. The thrust-throttle curves for all the purchased motor-propeller configurations are presented on

figure 4.31.

Figure 4.3: Thrust vs Throttle

The curves follow the expected quadratic relation for all motor-propeller combinations. Table 4.1 presents

the throttle at which each motor reaches the required T/W ratio for hover, take-off and landing, as well

as the T/W ratio available at maximum throttle.

All rotors respect the required T/W ratio, with significantly more thrust available. Configuration one

performed VTOL with a 70%-75% throttle, having an available T/W ratio of 1.7. Since the avionics team

determined that the controller wouldn’t perform properly at a T/W ratio of 1.29, making 1.3 the bare

minimum, the extra thrust available may come as a benefit. However, if after VTOL flight tests the thrust

output is deemed too high, some estimations can be performed to determine whether a smaller propeller

can increase efficiency while still respecting project requirements.
1Configuration four’s rear motor was not purchased within the acceptable time-frame, therefore experimental data is only

available for the remaining configurations.
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Configuration 1 Configuration 2 & 3
All Rotors Front Rotors Rear Rotors

Throttle Take-off [%] 73.94 51.15 82.20
Throttle Hover [%] 71.55 53.04 80.02

Throttle Landing [%] 69.08 51.15 77.71
T/WMax 1.70 2.57 1.51

Table 4.1: Throttle and T/W comparison

On the other hand, configuration two is oversized, especially regarding the front rotors. The unavailability

of the chosen propellers hinders efficiency since the motors will only be used at around 50% throttle. The

other available propellers at T-motors with the desired diameter are significantly heavier and inadequate

for the application, meaning other brands must be surveyed to find a better solution.

Nevertheless, the front and rear rotors of configurations two and three are partially covered, reducing

the actual thrust output and thus the T/W ratio. The experimental results for rotor coverage presented

later in this chapter will determine whether the chosen propulsion system is oversized.

4.2.2 Thrust vs Power

The relationship between thrust and power for the VTOL motors is showcased on figure 4.4, where black

lines represent experimental data and grey lines data derived from vortex theory.

(a) Front rotors of configurations 2 & 3 (b) All rotors of configuration 1 (c) Rear rotors of configuration 2 & 3

Figure 4.4: Thrust vs Power performance

Regardless of the differences between the model and the experimental procedure, the results of the

static test are very close to the ones from vortex theory for all three ESC-motor-propeller combinations,

validating the previous use of the model to estimate performance in static cases. Table 4.2 presents

the relative differences between the two results for the thrust obtained at 100% throttle, where the error

goes up to 5.18%. At low throttle values, the error goes up to 20%. This, however, has a low impact on

the system, as the motors will be used at higher throttle settings.

Comparing the maximum thrust output with the one provided by the manufacturer, all comparable motors

present more thrust at maximum throttle while consuming additional power. The extra thrust can be ex-

plained by the use of a fully charged battery - over 22.2 V - during the experimental procedure, reaching

higher RPM values and requiring more power. This comparison was not performed for the forward-flight

system since there was no interest in assessing the static performance of the ESC-motor-propeller com-

bination. The comparison with the model will be done with future flight tests featuring fixed-wing mission
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Configuration 1 Configuration 2 & 3
All Rotors Front Rotors Rear Rotors

Thrust [N] 29.23 17.61 41.12
Experimental Power [W] 498.92 270.48 725.50
Vortex Theory Power [W] 477.97 256.46 732.17

Difference [%] 4.20 5.18 0.92

Table 4.2: VTOL results

segments.

Table 4.3 presents the comparison in power demands for hover, take-off and landing for the different

configurations, where the reference is the power required by configuration one.

Configuration 1 Configuration 2 & 3

Hover [W] 936.99 948.57
Hover [%] 100 101.24

Take-off [W] 1000.94 1015.47
Take-off [%] 100 101.45
Landing [W] 874.78 883.58
Landing [%] 100 101.01

Table 4.3: VTOL experimental comparison

Configurations two and three consume slightly more power at every flight stage. However, the 1% differ-

ence is a small penalty when compared to the advantages of having an asymmetric thrust distribution.

Additionally, the data corroborated the initial assumption that power consumption for a given T/W ratio

and total disc area doesn’t significantly change with rotor position 2.

With the power required for the different VTOL mission segments, a new estimation for battery mass

can be performed to obtain a more accurate prediction of the mass of the propulsion system. Table 4.4

presents these results where the estimations for cruise power presented in the previous chapter were

used 34.

Configuration 1 Configuration 2 Configuration 3

Total Energy [Wh] 73.42 81.55 72.69
Total Energy [%] 100 111.07 99.01
Battery Mass [kg] 0.431 0.479 0.427
Total Mass [kg] 1.546 1.717 1.351
Total Mass [%] 100 111.06 87.39

Table 4.4: VTOL system’s mass - uncovered

When compared to the estimations performed in Chapter 3, the same tendency is observed and the

total system mass of the different configurations doesn’t change significantly, confirming the accuracy of
2The total disc area of configurations two and three is 94% relative to the disc area of configuration one.
3The relative results use configuration one as reference
4Without the rear motor of configuration four, its performance was not experimentally assessed.
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the initial predictions.

Evaluating the configurations relative to each other, configuration three has the least energy demands

and component mass, resulting in a significantly lighter propulsion system. While having the same

VTOL system as configuration three, configuration two has a severe penalty in power consumption dur-

ing cruise condition, due to a lower L
D , as well as a heavier component mas, featuring one extra rotor,

that results in a significant propulsion system mass difference.

4.3 Rotor Coverage Experimental Results

To estimate the actual thrust output decrease due to wing-rotor interference and calculate the minimum

distance between surfaces to fulfil project requirements, an experimental procedure was performed par-

tially covering the rotors. Figure 4.5 presents the added components to the conventional static test

bench.

Figure 4.5: Experimental rotor coverage setup

The system is comprised of one 3D printed support structure, one wooden flat plate, four rods and eight

washers. The green structure is attached to the motor mount, ensuring the load cells detect the net

force produced. From this structure, four rods are screwed in, connecting the covering plate to the green

support. The plate can move horizontally across the rods, reaching a maximum distance of 42 cm. As

for the covered area, the plate can be moved vertically, changing the percentage of covered area, that

will depend on the propeller used for the tests - 15”, in this case.

Covered Area and Distance

Prior to the experimental tests, the desired distance and covered area, relative to propeller dimensions

had to be computed. Regarding the distance, it was defined that four different distances would be

tested, going from 25% to 100%, relative to the propeller radius, plus an extra test at 200% to find
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whether the predicted asymptotic behaviour of the curve was correct. The possible covered areas were

pre-determined by the existing holes on the flat plate that together with the propeller dimensions would

define the possible percentages of covered area. The method to calculate the covered area from the

height of the plate is presented on figure 4.6.

d = RP cos

(
θ

2

)
(4.1)

θ = 2 cos−1

(
d

RP

)
(4.2)

Ac = RP
2

(
θ − sin θ

2

)
(4.3)

Figure 4.6: Covered area illustration

Knowing the vertical distance between the flat plate and the propeller d, as well as the propeller’s radius

RP , the covered area can be calculated with equations 4.1 to 4.3 , where Ac is the covered area. Table

4.5 presents the covered areas with the propeller mentioned previously as reference.

d [cm] θ [rad] Ac [cm2] A [%]

First position 8 2.28 274.45 24.07
Second position 4 2.72 418.77 36.73
Third position 0 π 570.05 50
Fourth position -4 3.56 721.32 63.27
Fifth position -8 4.01 865.63 75.93

Table 4.5: Experimental covered area

Each position corresponds to a set of four holes in the flat plate, where the rods should be placed in order

to achieve the calculated covered area. Having five sets of different covered areas and five distances to

test, there will be 25 different experimental procedures, with three runs each, for a total of 75 static tests.

Testing Procedure

The experimental tests followed a slightly different procedure from the one mentioned previously, as

the influence of the supporting structure had to be accounted for and all voltage variation had to be

eliminated. Figure 4.7 shows the procedure followed to obtain the experimental data.

All tests were completed with the components for the rear rotors of configurations two and three since

these were the ones with the highest percentage of covered area.

The first round of tests was carried out with a battery as a power source. However, nor a battery nor a

set of batteries in parallel were able to maintain a constant voltage across a batch of tests, significantly
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Figure 4.7: Experimental procedure

affecting the results. To solve this issue, a power source was used, keeping the available voltage and

current at 24.5V and 50A, respectively. This solution allowed the tests to be performed on the same day,

eliminating discrepancies associated with atmospheric conditions.

4.3.1 Data Treatment and Results

For each of the 25 cases, the three runs were averaged, having the thrust read at 0% throttle removed,

as well as the influence of the green supporting structure. The results obtained are showcased on fig-

ures 4.8 and 4.9 5.

Figure 4.8: Net force variation with covered area Figure 4.9: Net force variation with distance

In Figure 4.8, the predicted behaviour of thrust with the covered area is confirmed. For a distance of

25%, there is a decrease of over 25% in net force from a relative coverage of 24% to 76%, whereas

for a distance of 100% the net force decrease is below 3.5%. Figure 4.9 also validates the tendency

estimated with computational simulations, confirming the asymptotic behaviour of the net force with dis-

tance for all covered areas. As expected, the variation in net force is more significant for the cases with

more covered area, decreasing 12.5% with coverage of 24% and 28% for a covered area of 63%, across

the same relative distance variation.

Some conclusions can also be drawn for the data at 200% distance, where 24% coverage renders

99.63% net force while 63% coverage only renders 95.88% net force. This variation is significant enough

to define that at 200% distance covered area still influences thrust output. Comparing the results at

100% and 200% distance, there is a difference from 1.2% to 2.2% between readings, implying that the

5The data for a covered area of 76% at 200% distance was omitted due to its clear contradiction of the remaining results.
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asymptotic behaviour is already present at 100% relative distance.

Figure 4.10: Experimental and computational data for a distance of 25% and 100%

Figure 4.10 presents the comparison between experimental and computational data for 25% and 100%

distances relative to the radius. For both distances the experimental and computational data are similar,

showing the same linear tendency.

Figure 4.11: Experimental and computational data for a covered distance of 33% and 37%

On the other hand, figure 4.11 shows larger discrepancies between computational and experimental

results. Given that the comparison is not done for the same covered area - 33% computational and 37%

experimental - some differences are to be expected. Additionally, the data gathered from computational

simulations were obtained with a 23” propeller with significantly different characteristics from the 15”

propeller used experimentally. Regardless of the differences in the studies, both data curves show the

beginning of an asymptotic behaviour at 100% relative distance as well as an increase in net force with

distance.

With the experimental data, the minimum relative distance at which the rotors must be placed to ful-

fil project requirements can be calculated for the rear rotors of configurations two, three and four with

interpolations6. The data from table 4.1 was used to estimate the minimum thrust required per motor-

propeller configuration as well as the manufacturer’s data for the rear motor of configuration four. Table

4.6 shows these results.

The required thrust from both rotors is similar to the one obtained with computational data, having a

6This was not performed for the front rotors, which would require data extrapolation.
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Rear Rotors Configurations 2 & 3 Configuration 4

Available T/W 1.5 1.45
Required Thrust [%] 86.66 89.66
Required distance [%] 53.75 62.2
Required distance [cm] 10.25 17.34

Table 4.6: Experimental required rotor-wing distance

discrepancy of less than 1% relative to the predictions presented in the previous chapter.

To obtain a similar trend in both computational and experimental curves the difference between the

data was linearized. Figure 4.12 presents both data sets.

Figure 4.12: Experimental and computational data interpolated for an area of 69%

Table 4.7 shows the final results for the minimum required distance between the rotor and wing.

Rear Rotors Configurations 2 & 3 Configuration 4

Available T/W 1.5 1.45
Required Thrust [%] 86.66 89.66
Required distance - Computational [%] 66.19 65.76
Required distance - Experimental [%] 53.75 51.22

Table 4.7: Experimental required rotor-wing distance

The difference between computational and experimental results is significant, with over 10% in both

cases. As mentioned before, some of the discrepancies come from the use of different propellers as

well as differences between the conditions set in the Ansys® model and the conditions during the exper-

iment.

Given that the bare minimum to satisfy the project requirements is to place the rotors at about 65% of a

radius of distance, a distance of 75% was defined, in order to have a safety margin. Assuming this 75%

distance, the actual power consumption to perform the mission increases relative to uncovered rotors,

increasing battery demands. Table 4.8 shows the new estimations for total mass of the system, account-

ing for the required battery of covered rotors at 75% distance, where once again the 10% coverage of

front rotors of configurations two and three were neglected.

The data for configuration one is used as reference, since it is the base configuration, presenting all

rotors uncovered. The 69% covered rotor area of configuration three affects its power consumption,
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Configuration 1 Configuration 2 Configuration 3

Total Energy [Wh] 73.42 84.8 75.96
Total Energy [%] 100 115.5 103.50
Battery Mass [kg] 0.431 0.498 0.446
Total Mass [kg] 1.546 1.736 1.370
Total Mass [%] 100 112.3 88.6

Table 4.8: VTOL system’s mass - covered

increasing it relative to the uncovered case. Regardless, it performs the mission with over 10% less

propulsion system mass due to an efficient cruise condition as well as a light component mass.

On the other hand, configuration two, with the same covered area, presents over 10% more propulsion

system mass as a result of having a lift-and-cruise configuration with a pusher motor and a low L
D . Com-

paring with the uncovered situation, both configurations feature around 1% total mass increase, since

the variation in required energy is about 4.5%. The data for configuration four was not presented, since

its rear motor was not purchased for testing.

4.4 Motor Constants

The flight dynamics model developed for this UAV requires the torque and thrust constants of each

motor, representing the torque and thrust relations to the propeller rotation, respectively. Since the

static test bench setup does not include an RPM sensor, the propeller’s angular speed was derived from

the known power and torque, as seen in equation 4.4, where τ represents torque in Nm and Ωp the

propeller’s rotation in rad/s.

P = τΩp (4.4)

Thrust Constant

The thrust constant KT describes the relationship between thrust and rotation and can be derived from

equation 4.5, below.

CT =
T

ρn2dP
4 ⇒ T = CT ρd

4
Pn

2 = CT ρdP
44π2Ωp

2 ⇒ KT = CT ρdP
44π2, (4.5)

whereKT is inN/(rad/s)2, ρ is air density in kg/m3, dP is propeller diameter, n is the propeller rotational

speed in rps, CT is the thrust coefficient and Ωp is the propeller rotational speed in rad/s.

To obtain this relation, the experimental thrust output of each motor-propeller combination was divided

by the square of the angular velocity, in rad/s.
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Torque Constant

Similarly to the thrust constant - Kτ , in Nm
rad/s2

the torque constant represents the relationship between

torque and propeller angular rotation. Its value can be determined analytically through equation 4.6.

Cτ =
τ

ρn2d5
⇒ τ = Cτρd

5n2 = Cτd
54π2Ωp

2 ⇒ Kτ = Cτρd
54π2 (4.6)

This constant was also derived from experimental data by calculating the slope of trendline of the torque

relationship with the square of propeller rotation. Figure 4.13 presents the curves obtained experimen-

tally to calculate the required constants.

Figure 4.13: Thrust and torque curves with propeller rotational speed

Table 4.9 presents the averaged constants derived from experimental data for all the purchased motors.

Constant KT

[
N

rad/s2

]
Kτ

[
Nm
rad/s2

]
MN4012 KV480 3.18× 10−5 4.95× 10−7

MN3110 KV470 1.71× 10−5 2.37× 10−7

MN5212 KV420 4.90× 10−5 8.36× 10−7

KDE4012 KV400 4.00× 10−5 1.29× 10−7

Table 4.9: Thrust and torque constants
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Chapter 5

Flight Dynamic Modeling

This chapter describes the flight dynamics model developed for configurations one through three, list-

ing the changes that must be made to adapt it into a trirotor propulsion system for configuration four.

It explains the assumptions and approximations made during the model’s development, presents the

controller and its tuning, showcasing the results obtained.

5.1 Quadrotor Dynamics

The typical dynamics model of a quadrotor assumes the UAV is a point-mass rigid-body and accounts

for thrust and torque, neglecting aerodynamic forces. This approximation is somewhat accurate due to

the size and type of airframe of the usual quadrotor.

However, the developed configurations follow a geometry similar to an aircraft, with a wing and canard

as well as actuators that produce aerodynamic forces too significant to neglect, even in multicopter

mode. The derived model describes the dynamics of the quadrotor configurations when functioning in

multicopter mode with the system of six equations presented below.



Fxa + Fxp = m(u̇+ qw − vr) +W sin θ

Fya + Fyp = m(v̇ + ur − pw)−W cos θ sinφ

Fza + Fzp = m(ẇ + vp− uq)−W cos θ cosφ

Mxa +Mxp = Ixxṗ− Ixz(ṙ + pq) + qr(Izz − Iyy)

Mya +Myp = Iyy q̇ + Ixz(p
2 − r2) + pr(Ixx − Izz)

Mza +Mzp = Izz ṙ + Ixz(qr − ṗ) + pq(Iyy − Ixx)

(5.1)

Where Fxa , Fya , Fza , Mxa , Mya and, Mza are aerodynamic forces and moments, Fxp , Fyp , Fzp , Mxp ,

Myp and, Mzp are propulsive forces and moments, m is mass in kg, W is the UAV’s weight in N and I is

the UAV’s moment of inertia in kgm2. The linear velocity is represented by the three dimensional vector

of components u, v, w in m/s, the angular velocity is given by p, q, r, in rad/s, and the Euler angles are

given by φ, θ and ψ, in the x, y and z directions, respectively, in rad.

46



5.1.1 Propulsive Forces and Moments

The propulsive components of force and moments can be accounted for as a function of propeller rota-

tional speed, as mentioned in the previous chapter. Equations 5.2 and 5.3 translate this relation.

Ti = KTiΩpi
2 (5.2)

τi = KτiΩpi
2 (5.3)

Where Ti, τi and Ωpi are the thrust, torque and angular velocity of the ith rotor. TheKτ andKT constants

correspond to the torque and thrust constants calculated previously. Using the relations presented on

equations 5.2 and 5.3, as well as the reference frame shown on figure 5.1, the propulsive force and

torque can be computed, calculating the moments that arise as consequence.

Figure 5.1: Reference Frame

Since the studied case is a UAV in quadcopter mode, there is only thrust in the z-direction, neglecting

the thrust produced by a pusher in the other directions during fixed-wing flight. The equations that define

the propulsive forces and moments are presented on the system 5.4, below.



Fzp = −(KT1
Ωp1

2 +KT2
Ωp2

2 +KT3
Ωp3

2 +KT4
Ωp4

2)

Mxp = yf (KT4Ωp4
2 −KT1Ωp1

2) + yr(KT3Ωp3
2 −KT2Ωp2

2)

Myp = xf(KT1
Ωp1

2 +KT4
Ωp4

2)− xr(KT3
Ωp3

2 +KT2
Ωp2

2)

Mzp = Kτ1Ωp1
2 −Kτ2Ωp2

2 +Kτ3Ωp3
2 −Kτ4Ωp4

2

(5.4)

These equations assume rotors one and four are at distance (xf , yf ) of the centre of gravity while rotors

two and three are at distance (xr, yr). This differentiation allows the model to be easily adjusted from
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configuration one to configurations two and three. Table 5.1 shows the values of these variables for each

configuration.

Distance Configuration 1 Configuration 2 & 3

xf [m] 0.5238 0.891
xr [m] 0.5238 0.222
yf [m] 0.51 0.483
yr [m] 0.51 0.242

Table 5.1: Rotor distance to the CG

5.1.2 Aerodynamic Forces and Moments

The quadrotor is subject to several complex aerodynamic effects, such as ground effect, propeller per-

formance, wall effect and even rotor inflow damping [111][112]. These may be relevant to analyze

performance but can be neglected in the scope of a simplified flight dynamics model.

Furthermore, the approximation of the UAV’s motion to a simple multicopter, eliminating fixed-wing flight

mode, can reduce the aerodynamic effects to drag in the multiple directions, as well as the moments

that arise from it.

The drag in the longitudinal direction was computed traditionally, using the drag coefficient obtained

through Ansys® simulations. Regarding the lateral direction, the drag force was approximated to the

fuselage drag, since wing and canard are less influential. Finally, the vertical drag force was estimated,

accounting for the components with origin in the fuselage, canard and wing. Equations 5.5 to 5.7 present

the estimated drag components in the three directions.

Fax = Dx = −1

2
ρCd0Swu

2 (5.5)

Fay = Dy = −1

2
ρCdfSfv

2 (5.6)

Faz = Dz = −1

2
ρ(CdwSw + CdcSc + 0.5CdfSf )w2 (5.7)

Where Sc, Sf and Sw represent the canard, fuselage and wing bottom surfaces inm2. Table 5.2 presents

the values of the surface areas of the different UAV parts.

Surface Canard Fuselage Wing

Surface Area [m2] 0.08 0.61 0.5

Table 5.2: Aerodynamic surface areas

The drag coefficient Cdα0
, shown on equation 5.5, corresponds to the zero angle of attack coefficient,

where the induced drag was neglected due to insufficient production of lift. As for the drag coefficient of

the fuselage Cdf , present on equations 5.6 and 5.7, it was approximated to the cylinder drag coefficient.
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The remaining drag coefficients, Cdw and Cdc , were approximated to the drag coefficient of a flat plate.

The values of the coefficients used are presented below.

• Drag coefficient on a flat plate - Cdc & Cdw - 1.98 [113]

• Drag coefficient on a cylinder - Cdf - 2.1 [114]

• Zero angle of attack drag coefficient - Cd0 - 0.044284 and 0.0506, for configurations one and two

& three, respectively.

Knowing the aerodynamic forces acting on the quadrotor, the aerodynamic moments can also be es-

timated. In the longitudinal direction, the moment is approximated to zero, since the influence of v, p

and r are assumed to be negligible. The lateral moment May was calculated from Faz , multiplying the

different drag components by their distance to the centre of gravity. Figure 5.2 presents an illustration of

the position of the vertical aerodynamic forces.

Figure 5.2: Vertical aerodynamic forces

Table 5.3 presents the distances required to compute the lateral moment, where it was assumed that

the drag forces of the wing and canard are applied at mid-chord, and not quarter chord, as it is an ap-

proximation to a flat plate and not an airfoil. The fuselage drag is assumed to be at the geometric centre

of the fuselage.

Surface Canard Fuselage Wing

Distance [m] 0.822 0.438 0.138

Table 5.3: Aerodynamic distances

Using the data presented in table 5.3, the lateral moment was computed with equation 5.8.

May =
1

2
ρ(−CdwSwdw + CdcScdc + 0.5CdfSfdf )w2 (5.8)

The moment in the vertical direction - given by equation 5.9 - was computed by assuming a uniform

distribution of drag along the fuselage in the lateral direction, applied at the geometric centre.

Maz = −1

2
ρCdf

Sf
2
dfv

2 (5.9)
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Figure 5.3, illustrates the position of the force relative to the centre of gravity.

Figure 5.3: Vertical aerodynamic moment

5.1.3 Linearization

Admitting that physical systems have nonlinearities, their behaviour can often be represented with a

reasonable degree of accuracy by a linear approximation around an equilibrium point. This approach

has the advantage of simplifying the system, allowing the application of linear control techniques, at the

cost of only being valid within a range, containing the chosen equilibrium point. To linearize the system,

each variable was decomposed in two - the equilibrium value and the variation, as shown in equation

5.10.

x = x0 + ∆x (5.10)

Where x0 represents the equilibrium term and ∆x the disturbance term. Applying this method to the

rotational and translational equations of motion presented above, the force and moment variations can

be computed, as shown in equation 5.11.



∆Fx = m(∆u̇+ q0∆w + w0∆q − v0∆r − r0∆v + g cos θ0∆θ)

∆Fy = m(∆v̇ + u0∆r + r0∆u− p0∆w − w0∆p− g cos θ0 cosφ0∆φ+ g sin θ0 sinφ0∆θ)

∆Fz = m(∆ẇ + v0∆p+ p0∆v − u0∆q − q0∆u+ g cos θ0 sinφ0∆φ+ g sin θ0 cosφ0∆θ)

∆Mx = Ixx∆ṗ− Ixz(∆ṙ + p0∆q + q0∆p) + (Izz − Iyy)(q0∆r + r0∆q)

∆My = Iyy∆q̇ + 2Ixz(p0∆p− r0∆r) + (p0∆r + r0∆p)(Ixx − Izz)

∆Mz = Izz∆ṙ − Ixz∆ṗ+ (p0∆q + q0∆p)(Iyy − Ixx) + Ixz(q0∆r + r0∆q)

(5.11)

Assuming the state of equilibrium around which the equations are linearized is hover - compatible with

a UAV in multicopter mode, all equilibrium variables have the value of zero, simplifying the equations to

the ones presented below.
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∆Fx = m∆u̇+mg∆θ

∆Fy = m∆v̇ −mg∆φ

∆Fz = m∆ẇ

∆Mx = Ixx∆ṗ− Ixz∆ṙ

∆My = Iyy∆q̇

∆Mz = Izz∆ṙ − Ixz∆ṗ

(5.12)

Propulsive Forces and Moments

The propulsive terms can also be linearized around an equilibrium point, by calculating the trim pro-

peller rotation - Ω0 required to achieve hover condition. This calculation was performed for configuration

one as well as configurations two and three and presented on equations 5.13 and 5.14, respectively.



Ω01 =
√

mg
4KT

Ω02
=
√

mg
4KT

Ω03 =
√

mg
4KT

Ω04
=
√

mg
4KT

(5.13)



Ω01
=
√

0.1mg
KT

Ω02 =
√

0.4mg
KT

Ω03 =
√

0.4mg
KT

Ω04
=
√

0.1mg
KT

(5.14)

Linearizing equations 5.4, the following system of equations can be obtained.

∆Fzp = −2(KT1Ω01∆Ω1 +KT2Ω02∆Ω2 +KT3Ω03∆Ω3 +KT4Ω04∆Ω4)

∆Mxp = 2yf (KT4
Ω04

∆Ω4 −KT1
Ω01

∆Ω1) + 2yr(KT3
Ω03

∆Ω3 −KT2
Ω02

∆Ω2)

∆Myp = 2xf (KT1
Ω01

∆Ω1 +KT4
Ω04

∆Ω4)− 2xr(KT3
Ω03

∆Ω3 +KT2
Ω02

∆Ω2)

∆Mzp = 2Kτ1Ω01∆Ω1 − 2Kτ2Ω02∆Ω2 + 2Kτ3Ω03∆Ω3 − 2Kτ4Ω04∆Ω4

(5.15)

Aerodynamic Forces and Moments

Similarly to the previous section, the aerodynamic forces and moments can be linearized around hover

condition, as shown in equation 5.16.



∆Fxa = ρCd0Swu0∆u

∆Fya = −ρCDfSfv0∆v

∆Fza = −ρ(CdwSw + CdcSc + Cdf
Sf
2 )w0∆w

∆Mxa = 0

∆Mya = Mw = ρ(CDw(Scdc − Swdw) + CDf
Sf
2 df )w0∆w

∆Mza = − 1
2ρCdf

Sf
2 dfv0∆v

(5.16)
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Since all equilibrium terms are zero, the aerodynamic forces aren’t accounted for in the current linear

model. To address this issue, considering that drag is the most relevant aerodynamic force acting on

the quadcopter, the components that arise due to the square of the perturbation shall be considered,

introducing non-linearities in the system, as shown below.



Fxa = − 1
2ρCd0Sw∆u2 = Xu∆u

Fya = − 1
2ρCDfSf∆v2 = Yv∆v

Fza = − 1
2ρ(Cdw(Sw + Sc) + 0.5CdfSf )∆w2 = Zw∆w

Mxa = 0

Mya = − 1
2ρ(CDw(Swdw + Scdc) + CDf

Sf
2 df )∆w2 = Mw∆w

Mza = − 1
2ρCdf

Sf
2 df∆v2 = Nv∆v

(5.17)

Where Xu, Yv, Zw, Mw and Nv are variable matrix coefficients and not the force derivatives, as they are

used in other literature.

5.1.4 Mathematical Model

Given the equations derived previously, it is possible to express the dynamics of the system in matrix

form, by means of equation 5.18. ∆F

∆M

 = A∆x+B∆u (5.18)

Where ∆X is the state vector, comprised of the variations in linear and angular velocity, as well as the

Euler angles and earth frame positions, and ∆U is the actuator vector, containing the variations in rotor

angular velocity. Both these vectors are presented on equations 5.19 and 5.20.

∆X =
[
∆u ∆v ∆w ∆p ∆q ∆r ∆x ∆y ∆z ∆φ ∆θ ∆ψ

]T
(5.19)

∆U =
[
∆Ω1 ∆Ω2 ∆Ω3 ∆Ω4

]T
(5.20)

The A and B matrices represent the dynamics and actuation of the system, respectively. These matrices

and their coefficients are presented below.

A =



Xu 0 0 0 0 0 0 0 0 0 −mg 0

0 Yv 0 0 0 0 0 0 0 mg 0 0

0 0 Zw 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 Mw 0 0 0 0 0 0 0 0 0

0 Nv 0 0 0 0 0 0 0 0 0 0


(5.21)

52



The A matrix accounts for all the aerodynamic effects, such as drag and the moments it produces, as

well as the weight components on each direction. It accounts for the non-linearities and changes at each

timestep, as it contains variables of the state vector in its coefficients.

B =



0 0 0 0

0 0 0 0

−2KT1Ω01 −2KT2Ω02 −2KT3Ω03 −2KT4Ω04

−2Ω01KT1yf −2Ω02KT2yr 2Ω03KT3yr 2Ω04KT4yf

2xfKT1
Ω01

−2xrKT2
Ω02

−2xrKT3
Ω03

2xfKT4
Ω04

2Ω01
Kτ1 −2Ω02

Kτ2 2Ω03
Kτ3 −2Ω04

Kτ4


(5.22)

The B matrix accounts for the force and moment variations due to rotor actuation, using the thrust and

torque constants as well as the trim velocity. Unlike the A matrix, the B matrix does not have any non-

linear coefficients.

With all the necessary vectors and matrices defined, the quadrotor’s dynamics can be computed from

equation 5.18, by substituting the mentioned variables, as seen below.



∆Fx

∆Fy

∆Fz

∆Mx

∆My

∆Mz


=



Xu 0 0 0 0 0 0 0 0 0 −mg 0

0 Yv 0 0 0 0 0 0 0 mg 0 0

0 0 Zw 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 Mw 0 0 0 0 0 0 0 0 0

0 Nv 0 0 0 0 0 0 0 0 0 0


∆X +



0 0 0 0

0 0 0 0

−2KT1Ω01 −2KT2Ω02 −2KT3Ω03 −2KT4Ω04

−2Ω01KT1yf −2Ω02KT2yr 2Ω03KT3yr 2Ω04KT4yf

2xfKT1
Ω01

−2xrKT2
Ω02

−2xrKT3
Ω03

2xfKT4
Ω04

2Ω01
Kτ1 −2Ω02

Kτ2 2Ω03
Kτ3 −2Ω04

Kτ4


∆U

This mathematical model will be used in the Simulink® model to predict the behaviour of the quadro-

tor, computing the variation in forced and moments due to a variation in state and actuation at each

timepstep.

5.2 Simulink ® Model

A Simulink ® model was derived, in combination with MATLAB ® scripts to simulate the behaviour of

the quadrotor, registering its response to different stimuli. This model is comprised of three MATLAB®

scripts, that calculate trim conditions, forces and moments and actuator gains, as well as a Simulink®

block.
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5.2.1 Model Description

The model is run through a MATLAB® script, where the trim function is called. This function computes

the hover propeller rotation for a given choice of configuration, knowing the motor’s thrust and torque

constants, as well as the UAV’s mass and inertia. It outputs the reference state vector, xref. This vector

is subtracted from the current state to obtain ∆x, that goes into the function dof, together with the actua-

tor vector ∆u. This function will then calculate the variation in forces and moments, through the derived

flight dynamics model, and input them into the last block. Figure 5.4 presents the process described

thus far.

Figure 5.4: Simulink model overview

The calculated variations on the forces and moments are then imputed into a six degree of freedom

equation of motion (6DOF EoM) Simulink ® block, that calculates velocity and rates in the body frame,

Euler angles as well as the position in the fixed frame coordinates, corresponding to the new state. This

state is then transmitted to the control block, as shown in figure 5.5.

Figure 5.5: Simulink model DOF and control blocks

The control block contains one block for altitude control and three blocks for attitude control, in roll, pitch

and yaw, respectively. The altitude and attitude blocks have the same type of structure, outputting a

signal each that is then passed to the gains function, that calculates the new ∆u vector, defining the

actuation on all four rotors. This is presented on figure 5.6.
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Figure 5.6: Simulink control blocks

The gains function uses a mixer matrix to calculate the inputs to the rotors from the signals that exit

the PID controllers. The operation behind it is presented below.


∆Ω1

∆Ω2

∆Ω3

∆Ω4

 =


−2KT1

Ω01
/m −2KT2

Ω02
/m −2KT3

Ω03
/m −2KT4

Ω04
/m

−2Ω01

IxzKτ1+IzzKT1yf
IxxIzz−Ixz2 2Ω02

IxzKτ2−IzzKT2yr
IxxIzz−Ixz2 2Ω03

−IxzKτ3+IzzKT3yr
IxxIzz−Ixz2 2Ω04

IxzKτ4+IzzKT4yf
IxxIzz−Ixz2

2xfKT1Ω01

Iyy

−2xrKT2Ω02

Iyy

−2xrKT3Ω03

Iyy

2xfKT4Ω04

Iyy

2Ω01

IxxKτ1−IxzKT1yf
IxxIzz−Ixz2 −2Ω02

IxxKτ2+IxzKT2yr
IxxIzz−Ixz2 2Ω03

IxxKτ3+IxzKT3yr
IxxIzz−Ixz2 2Ω04

Ixx−Kτ4+IxzKT4yf
IxxIzz−Ixz2



−1 
PID1

PID2

PID3

PID4


(5.23)

Altitude Controller

The altitude controller is done with an integrator, a proportional gain and a PID controller. The velocity

on the vertical direction is integrated and subtracted from the desired altitude to compute the error. This

error is then multiplied by a proportional constant K and added to the difference between the current

velocity and the desired velocity. Finally, this value is transmitted to the PID controller that outputs a

signal. This process is shown in figure 5.7.

Figure 5.7: Altitude controller

Attitude Controllers - Roll, Pitch and Yaw

The controller for each Euler angle and rate follows a similar process to the one described above. The

angle value from the state vector is subtracted to the desired angle and the error is multiplied by a
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proportional constant K. This new error is then added to the difference between the desired and the

current angular rate, and entered into a PID controller, that outputs a signal, as shown in figure 5.8.

Figure 5.8: Z direction attitude controller

5.2.2 Controller Tuning

In order to achieve a stable model that does not oscillate unnecessarily, yet has a controlled and fast

response, the gains of the proportional controllers as well as the ones from the PID controllers must be

tuned.

The process of tuning the PID controllers is presented on figure 5.9, where the objective was to achieve

minor deviations from the desired state, responding to changes in the latter quickly and with minimal

overshoot. These two last objectives conflict with each other, therefore a compromise must be reached.

Figure 5.9: PID tuning process

With all the gains set to zero, the proportional gain Kp was increased until the system became unstable

and oscillations presented themselves, taking approximately half that value. Afterwards, the integral

gain KI was increased, eliminating the offset to the desired condition with a reasonably fast response,

without destabilising the system. Lastly, the derivative gain Kd is increased, affecting the damping oh

the system.

Although this process was done manually, tuning the gains until the objectives were reached, there are

other popular methods of PID tuning - Simulink® offers the option of autotune. The values defined for

the main PID controllers of each block are presented of table 5.4.

Controller Proportional Integral Derivative

Altitude 50 5 1
Roll 5 1 0
Pitch 5 1 1
Yaw 50 2 0

Table 5.4: PID tuning
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Once the PID controllers were tuned with rates and axial velocity as inputs, the remaining proportional

controllers were tuned with Euler angles and altitude, following an iterative process. The values obtained

are presented on table 5.5.

w φ θ ψ

KP 0.15 7 1 3

Table 5.5: Proportional controller tuning

5.3 Results

The results presented in this section were obtained for configuration one, as it is the one that was built,

therefore worthy of comparing with the experimental results presented in the next chapter. During the

tuning process, there was a clear decoupling between longitudinal and lateral dynamics. As such, the

results of the flight dynamics model will be presented separately for each case. Additionally, with no

trajectory tracking or active control for u, v, x and y variables, these will not be presented. Finally,

a comparison is made between the results obtained for configuration one, and the ones obtained for

configurations two and three, by adjusting the model, maintaining the same gains.

5.3.1 Longitudinal Dynamics

The longitudinal variables are the vertical velocity and position, as well as the pitch angle and rate.

Figure 5.10 shows the controller’s response to a request of -10m in altitude. The time to reach 90% of

the request is about 15 seconds, requiring a rate of -1.5 m/s. The controller performs this request, forcing

the velocity back to zero to maintain position. While there is a slight pitch manoeuvre, it is corrected,

returning to the initial position. Figure 5.11 presents the response of the same controller to a request of

-30m. The time to reach 90% of the request is similar to the one of the previous case, requiring a higher

rate - -4m/s. The higher rate is due to a heavier motor actuation, within the saturation limits. In this case

the pitch movement is more noticeable, but still stable, as it balances out.

Figure 5.10: Configuration 1 - 10 m altitude requestFigure 5.11: Configuration 1 - 30 m altitude request

The same type of analysis can be produced for pitch, requesting the UAV to perform a rotation around

the y axis. For a request of 10º, the controller reaches the request within 5 seconds, with a pitch rate

over 0.1 rad/s. The vertical velocity remains unchanged, allowing the position to remain constant at 0m,
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as seen in figure 5.12. On figure 5.13, the response to a request of 30º is shown, where the same time

is required to fulfil the desired attitude. Here, the rate achieved is about 0.3 rad/s, with a slight oscillation

on the vertical velocity that is corrected.

Figure 5.12: Configuration 1 - 10º pitch request Figure 5.13: Configuration 1 - 30º pitch request

5.3.2 Lateral Dynamics

The variables used in the lateral dynamics are the roll rate and angle as well as the yaw rate and angle.

These were excited, as in the longitudinal dynamics, to prove the system is stable and controllable.

Figure 5.14 shows the behaviour of the UAV to a request of one degree in roll, where there is a slight

overshoot, prior to reaching the desired attitude. Figure 5.15 shows a similar curve, reaching the 3º

request within a similar time frame. In this case the roll rate achieved is about 0.2 rad/s, as opposed to

the 0.1 achieved in the previous image. In both cases the yaw variation is negligible.

The model presented an unstable behaviour for requested angles over 3º for roll, due to the yaw moment

that surfaced with the lateral velocity that is characteristic of this motion, which the torque of the motors

couldn’t balance with the implemented saturation. From the dynamics presented, either the lateral drag

force is being overestimated, by assuming it has the drag coefficient of a cylinder, or the UAV itself can’t

perform aggressive roll manoeuvres, in which case the motors should be changed into ones with higher

torque constant and/or KV to balance the aerodynamic yaw moment.

Figure 5.14: Configuration 1 - 1º roll request Figure 5.15: Configuration 1 - 3º roll request

Finally, there is the study of the yaw rate and angle. Figure 5.16 presents the behaviour of the system to

an excitation of 10º, where the request is fulfilled with five seconds, with no oscillations in roll. The same

can be seen on figure 5.17, where the rate achieved is over 0.4, as opposed to the 0.2 of the previous

case.
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Figure 5.16: Configuration 1 - 10º yaw request Figure 5.17: Configuration 1 - 30º yaw request

5.3.3 Configuration Comparison

Here a comparison of the behaviour of configurations two and three is displayed against the curves

obtained for configuration one. In order to adjust the model for the two latter configurations, their Cd0 was

altered, as well as the moments of inertia and maximum allowed limits of rotation for each configuration.

To simplify the analysis, it was assumed that configurations two and three would have the same moments

of inertia, disregarding the pusher of configuration two. The values for the moments inertia are presented

on table 5.6 1.

Inertia Configuration 1 Configuration 2 & 3

Ixx 0.62512 0.3539
Iyy 0.7109 0.3984
Izz 1.3323 0.7487

Table 5.6: Configuration’s moments of inertia

The variation of the moments of inertia is due to differences in structural components in their position,

weight and geometry, as well as the shift in position of the motors, combined with their mass variation.

Longitudinal Dynamics

Regarding the longitudinal dynamics, to reach the same altitude configurations two and three require

roughly the same time and the same rate - figure 5.18. However, a higher pitch rate is reached prior to

stabilization. This difference can be due to a different inertia, as well as motor placement, as the front

motors produce less thrust than the rear ones. As for the pitch manoeuvre, no differences can be seen,

as displayed in figure 5.19.

Lateral Dynamics

The lateral dynamics will also be compared for both configurations. When regarding roll, the angle is

reached within the same time frame, with a similar roll rate and no disturbances in yaw, as presented in

figure 5.20. In contrast, figure 5.21 shows that the yaw manoeuvre has a higher rate to reach the desired

1The moments of inertia values were calculated with Solidworks, by a third party, the results from BFP were not used. The Ixz
is assumed to remain constant at 0.013
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Figure 5.18: Configuration 2 & 3 - 10m altitude Figure 5.19: Configuration 2 & 3 - 10 º pitch

attitude, while exhibiting close to no overshoot. This is expected due to a lower inertia. Additionally, it

features significant roll oscillations that are then stabilized.

Figure 5.20: Configuration 1 - 1º roll Figure 5.21: Configuration 1 - 10 º yaw

5.4 Tri-rotor Dynamics

In order to produce a fight dynamics model for configuration four, the dynamics equations must be ad-

justed to account for the different number of rotors, as well as its position.

Since the same structure will be used for this configuration, the aerodynamic forces and moments re-

main unchanged, leaving only the propulsive forces to adjust. With the loss of one rotor, another degree

of freedom must be added to the system. To do so, a rotation of the booms that support the front rotors

was added, to balance the moments. The rotation of the rotors around the booms will produce forces in

all three components, as seen of figure 5.22.

Assuming both rotors rotate in the same direction, the forces and moments due to rotor actuation are
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Figure 5.22: Thrust direction due to boom rotation Figure 5.23: Tri-rotor rotor positioning

given by the system of equations below.



Fxp = −KT1
Ω1

2 sinβ cosα+KT2
Ω2

2 sinβ cosα

Fyp = KT1Ω1
2 sinβ sinα+KT2Ω2

2 sinβ sinα

Fzp = −KT1
Ω1

2 cosβ −KT2
Ω2

2 cosβ −KT3
Ω3

2

Mxp = yf (KT2
Ω2

2 cosβ −KT1
Ω1

2 cosβ) + sinβ cosα(Kτ2Ω2
2 −Kτ1Ω1

2)

Myp = xf (KT1
Ω1

2 cosβ +KT2
Ω2

2 cosβ)−KT3
Ω3

2xr + sinβ sinα(Kτ1Ω1
2 +Kτ2Ω2

2)

Mzp = cosβ[yf (KT1
Ω1

2 +KT2
Ω2

2) + xf (KT1
Ω1

2 +KT2
Ω2

2)− (Kτ1Ω1
2 +Kτ2Ω2

2)] +Kτ3Ω3
2

(5.24)

This system of equations was derived following the rotor positioning presented on figure 5.23, where

the front rotors are at distance (xf , yf ) of the centre of gravity and the rear rotor is at (xr, 0). These

distances are the same as the ones presented for configurations two and three, previously presented.

Rotors one and two rotate in the negative direction, producing torque upwards, while rotor three rotates

in the opposite direction, producing positive torque. With such alterations, the tri-rotor dynamics can be

given be derived, linearizing the equations above and adding them to the previously calculated matrices.
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Chapter 6

Flight Testing

This chapter describes the flight testing procedure, the data gathering method and the process through

which power consumption was estimated for hover condition for configuration one, comparing it with the

one from the static bench tests.

6.1 Flight Test Preparations

Prior to the flight tests, several experimental preparations had to take place. From the mechanical point

of view, the UAV had to be trimmed, the centre of gravity had to be verified and the inertia values

had to be obtained. Additionally, structural tests were performed in the wing and canard to ensure it

would endure the desired flight conditions. The avionics had to be tuned, guaranteeing a safe degree of

robustness of the controller, by testing the same exact system in a smaller scale UAV. On the propulsion

side, all motors were tested with the propellers and ESCs chosen for this configuration.

Mission Plan

Having configuration one fully built and instrumented, with all the required commissioning tasks per-

formed, it could fly in both multicopter mode for VTOL and in fixed-wing mode for forward-flight. How-

ever, the transport authorities in Canada require specific bureaucracy to allow a UAV with over 0.25 kg

to fly outdoors, which prevented the test of the forward-flight propulsion system within the available time-

frame. With this constraint, configuration one was only tested in multicopter mode, since VTOL tests

could be performed indoors, leaving the experimental testing of the forward-flight propulsion system do

be carried out later on.

Pre-test assembly

Due to the large scale of the UAV, configuration one was transported disassembled to the testing facility

and assembled on sight. The VTOL motors had already been secured to motor mounts fixed to the

booms, and the pusher motor was integrated at the end of the fuselage. The ESCs were inserted in the
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wing, with all cabling passing through the booms. Once all connections were made and the propellers

attached, only the battery was missing to complete the propulsion system of the UAV. Figure 6.1 shows

configuration one after the assembly process.

Figure 6.1: Configuration 1

Configuration one weighs 7.2 kg, 0.2 kg over the initial MTOM. All the fixed-wing actuators were set to

zero degrees and the pusher propeller aligned with the rudder to avoid interference during the VTOL

flights.

6.2 Flight Tests

In order to ensure safety of the crew, the first test performed was a hover test, confirming all rotors were

rotating in the correct direction, that the centre of gravity was placed at the design position and that

there are no severe structural oscillations. This flight lasted 30 seconds, with positive results, allowing

the remaining tests to be performed.

The second flight test was performed with the goal of ensuring proper tuning of the controller with small

inputs in roll, pitch and yaw. These tests were followed by tests where doublets were input into the UAV

in the three directions to observe its response. Figure 6.2 presents the UAV performing roll, pitch and

yaw manoeuvres.

(a) Roll manoeuvre (b) Pitch manoeuvre (c) Yaw manoeuvre

Figure 6.2: In-flight manoeuvres

With all the previous tests guaranteeing a high level of robustness of the controller, two tests in altitude

63



control mode were performed, discharging one full battery each.

6.2.1 Hover Power Consumption

The two last tests were used to assess the UAV’s performance, since they had a longer duration, which

resulted in an abundance of data to analyze during hover condition. However, the avionics part that had

been responsible for recording the power allocated to each motor was malfunctioning and was removed.

Lacking this device, the power consumption of each motor was unknown and had to be estimated from

the battery consumption. Table 6.1 shows the battery consumed by the motors during each flight

Flight Test Battery Consumption Avionics Consumption Motor Consumption Duration
[Ah] [Ah] [Ah] [s]

1 5.29 0.21 5.08 382
2 6.96 0.7 6.26 466

Table 6.1: Flight test power consumption

Knowing the total capacity consumed by the motors and the duration of the flight, the average current

passing to each motor can be calculated, as presented on equation 6.1.

Capacity Consumption

F light Duration
= 4×Motor Current⇒Motor Current =

Capacity Consumption

4× Flight Duration
(6.1)

The average current was multiplied by the average voltage per test to calculate the power consumption

for each flight test.

Flight Test Current [A] Voltage [V] Power [W] Total Power [W]

1 11.97 23.81 285.0 1140.0
2 12.09 23.73 286.9 1147.6

Table 6.2: Hover performance

Comparing to the results obtained in the static test bench, these values are significantly higher than the

expected, exceeding the estimations in 21.7% and 22.5% for flights one and two, respectively. While

significant, the discrepancy can be explained by an accumulation of factors:

• The flight tests include manoeuvres where the rotors consume over hover power

• The UAV was slightly overweight

• The power was calculated with average voltage, that fluctuated with battery discharge

• There was significant aerodynamic interference from ground effect during take-off and landing

• There was visible structural bending in the structure, deviating the thrust vectors from the ideal

vertical direction

• Presence of drag from the structures
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• Rotor-wing interference - rear rotors

• Overestimation of propeller performance

• Differences in the atmospheric conditions

When comparing the average throttle setting at which the motors were operating to the expected throttle

setting there is also a discrepancy. Figure 6.3 presents the throttle over time for flight two, where the

average is around 76%.

Figure 6.3: Average throttle

The estimated throttle for hover from the static tests was 71.55% , 4.45% lower than the setting required

during the flight tests. This difference can be partially explained by the 3% added mass.

Regarding thrust, the 76% throttle setting can be matched to 78N of force which represent a hover

condition for a 7.95 kg UAV. The extra thrust can be explained with the constant motor actuation to

perform manoeuvres 1.

1Assuming a constant ESC calibration between static bench and hover tests
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Chapter 7

Conclusions

This chapter presents a review of the work done so far, pointing out the achievements and hurdles en-

countered during the research. It compares the models used with the experimental data to evaluate their

validity and accuracy, indicating which yielded the best results. Finally, the next steps in this research

are enumerated, highlighting the major points and their significance to the project.

7.1 Summary

Under the supervision of DRDC, CfAR and Quaterinon Aerospace, the development of a VTOL UAV to

detect submarines through their magnetic signature is taking place. This research has presented the

sizing of the propulsion system of four scaled down eVTOL UAV prototypes with the aim of validating the

sizing and design models, as well as ensuring the full scale UAV has the most adequate configuration

for the mission.

The mission profile can be see in figure 7.1, where there are two VTOL segments, two transition seg-

ments and one forward-flight segment that may include both cruise and dash conditions.

Figure 7.1: Mission profile

The importance of a mission as such is the ability to take-off and land in ships, by use of the VTOL

system and then transitioning to forward-flight in order to detect and follow the intended targets. The

evaluation criteria for the developed configurations became mission performance - being able to com-

plete the mission efficiently and with the least required mass.
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The four configurations chosen follow a logical path from the basic symmetric quadrotor to a vectored-

thrust tri-rotor configuration, that was the preliminary propulsion system architecture chosen for the full

scale UAV. Figure 7.2 shows the evolution of configurations one to four.

Figure 7.2: Configuration evolution

Configuration one adds a VTOL system to the previous UAVs developed for the mission, featuring a

pusher to complete the lift-and-cruise architecture; comparatively, configuration two has the same archi-

tecture, but an asymmetric thrust distribution, with the rear rotors producing 80% of the thrust required

during VTOL. On the other hand, configuration three has the same VTOL system of configuration two,

but has a vectored-thrust architecture, tilting the rear rotors for forward flight. This configuration also fea-

tures retractable front rotors to have a higher L/D during cruise condition. Finally, configuration four has

the same features as configuration three - retractable booms, tilting rear rotor, having a tri-rotor VTOL

system instead of a quadrotor.

The VTOL system selection of all configurations was conducted with experimental data from manufac-

turer websites, comparing it with the results of a vortex theory model for validation. The propulsion

system selection for forward-flight of configurations one and two was performed with data from propeller

manufacturers, choosing a motor that fulfils the power required by the propeller. Finally, configurations

three and four were sized with the vortex theory model, by adjusting the required parameters.

Having all configurations sized, their performance was assessed, studying total installed power as well

as power available for forward flight, the total mass of the system, and its energy requirements. Regard-

ing installed power, configuration four performs the mission with the least excess power, having over 73%

available for forward flight, while configuration two has the most installed power combined with the least

available for forward-flight due to its lift-and-cruise architecture. As for power consumption, configuration

four consumes the least power during hover condition - 91.6% relative to configuration one, whereas

the VTOL system of configurations two and three consume the most, with 102.8% relative to the same

configuration. While significant, cruise condition is likely to determine the overall energy efficiency of the

system, since it is the longest mission segment. In cruise, configurations three and four are the most

efficient, with 97 and 97.5% of the power of configuration one, while configuration two has a penalty of

over 20%. The vectored-thrust configurations perform better in cruise, despite having a forward-flight
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system sized for VTOL, due to having a higher L/D, when compared to the lift-and-cruise configurations.

When evaluating mass, configurations three and four stand out, by having both least total energy re-

quirements and the lightest component mass. Spending the mass difference in battery could result in

doubling the cruise range of configuration four, increasing it in over 15Km for configuration three. These

results were confirmed through static thrust tests, validating the models used thus far.

The increased performance of configurations three and four was hindered by having partially covered

rotors, requiring a minimum distance between surfaces to achieve a satisfactory net force. With both

the CFD simulations and the experimental results, the asymptotic behaviour of the curves was proved,

concluding that for the given cases there is a minimum relative required distance of half a radius, having

a penalty of 1% in total mass - including battery for one mission and all components- for a distance of

75% of the propeller radius; that still makes them the lightest, yet not the most energetically efficient.

Finally, a dynamic model was developed for configurations one through three, where it was concluded

that all simulated configurations are controllable and stable, with close to no differences in behaviour for

the same desired attitude. This model gave another degree of confidence to proceed with the flight tests

that were performed shortly after.

From the flight test data it was concluded that the system consumed significantly - 20% - more power

than estimated from static tests. Although this discrepancy is considerable, it can be explained through

the approximations made when disregarding the manoeuvres done in-flight and the added power they

required.

7.2 Achievements

The most significant achievement of this research, thus far, is undoubtedly the progress from starting

with no definition of the UAV’s propulsion system at the outset, to seeing the project hover. Actually,

regardless of the lack of fixed-wing flight tests, the propulsion system of configuration one was able

to successfully perform hover flight tests by use of its VTOL system, in spite of some structural flaws,

ensuring the correct sizing of the system. This, however, does not encompass all the accomplishments

evident in the process which lead to the eventual success.

As evidenced in this document, the initial set of objectives have been met; from sizing the propulsion

system of all four configurations, to confirming that the target configuration better performs the stated

mission in almost every metric.

With regard to the used models, the vortex theory model has been validated with marginal errors when

compared to experimental tests. The CFD simulations on rotor coverage were similarly validated against

experimental data confirming the asymptotic tendency of the net force curve as a function of the relative

distance between surfaces. Furthermore, the experimental tests on rotor coverage can set a standard

for determining the minimum relative distance between rotor and wing for a given covered area. This, in

and of itself, is an achievement.

Other accomplishments include the development of a flight dynamics model, tuning the controller to

respond correctly to step inputs in all its rates for all the quadrotor configurations.
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7.3 Future Work

First and foremost, this research lacks the experimental evaluation of the chosen forward-flight propul-

sion system. As mentioned before, there are complicated steps that must be taken in order to fly a UAV

outdoors in Canada, which is required to test the pusher rotor in fixed-wing mode. While the bureaucracy

couldn’t be completed within the time frame of this thesis, the UAV is ready to fly, and given permission

from TA, the performance of the pusher rotor can be ascertained.

Secondly, the purchasing of the rear motor of configuration four should take place, in order to have ex-

perimental data to further validate it as the best choice for the mission.

Additionally, the evaluation of the magnetic signature of the VTOL system, comparing it against the pre-

vious configurations should take place, ensuring it doesn’t compromise the purpose of the UAV. This

step can take place as soon as the Qu-spin magnetic sensor is available, as the UAV was manufactured

already accounting its mass and volume.

The quantification of the magnetic interference of the VTOL system of configuration one should be fol-

lowed by the development of the remaining configurations, evaluating their performance and comparing

it with the base configuration. This step will confirm the conclusions presented so far, ensuring the

vectored-thrust tri-rotor configuration is the best for the chosen mission.

The next step requires the continuity of the project into the future, extending the partnership between

the institutions to develop the full scale propulsion system. Since the full scale prototype weighs 25

kg, investigation into other types of propulsion, while maintaining the defined architecture should take

place.
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