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Sammendrag

Den raske veksten av droner de siste arene har muliggjort ulike bruksomrader pa tvers av
forskjellige bransjer. Samtidig har Norge vedtatt European Aviation Safety Agency (EA-
SA) regelverket som ble innfgrt i 2021 for a regulere bruken av ubemannede luftfartgyer
(UAV). Ettersom mange UAV-er er avhengige av batteri, er deres flytid begrenset. Der-
for dukker det opp et rom for & optimalisere energiforbruket gjennom justeringer i UAV-
flyhastigheten for a spare tilgjengelige energiressurser.

Hovedmalet med denne oppgaven er a undersgke kraftoptimalisering av multirotorer
under foroverflyvning mens de overholder lovbestemmelser i ulike operasjonsscenarier.
For a ngyaktig simulere kraftforbruk under flyging, vil studien benytte en nylig publisert
innstrgmningsmodell utviklet av Matras og Pedersen [1]]. I motsetning til helikoptre med
én rotor, har multirotorer flere tett plasserte rotorer som pavirker hverandre. Modellering
av denne intrikate rotorinteraksjonen er avgjgrende for presis kraftestimering, og er imple-
mentert uten tunge beregninger.

For a demonstrere anvendeligheten av simuleringsrammeverket av [1]] for navaerende
droneoperatgrer, ble relevante casestudier konstruert for & gjenspeile virkelige scenarier.
Gjennom parameteridentifikasjon ble rammeverket dermed satt opp og tilrettelagt for a
simulere de respektive multirotormodellene brukt for ulike scenarier.

Av de fire casestudiene som er presentert, viser resultatene at regulatoriske begrensnin-
ger kan komme til & pavirke den foreslatte optimale flyhastigheten for minimalt kraftfor-
bruk. Ved a justere UAV-ens foroverhastighet, kan maksimal flytid eller maksimal rekke-
vidde oppnas. Resultatene fra disse simuleringene kan hjelpe operatgrer med utvikling
av energisparende strategier innenfor gjeldende UAV-regelverk. Videre legger resultatene
grunnlaget for & inkludere flere scenarier og omfatte andre multirotorer.
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Abstract

The rapid growth of drones in recent years has facilitated diverse applications across vari-
ous industries. Simultaneously, Norway has adopted the European Aviation Safety Agency
(EASA) regulations that were introduced in 2021 to govern the operation of unmanned
aerial vehicles (UAVs). As many UAVs rely on battery power, their flight endurance is
inherently constrained. Therefore, optimising energy consumption through adjustments in
UAV flight speed emerges as a potential strategy to conserve available energy resources.

The primary objective of this thesis is to examine the power optimisation of multiro-
tors during forward flight while complying with legal regulations in various operational
scenarios. To accurately simulate power consumption during flight, the study will utilise a
recently proposed inflow model developed by Matras and Pedersen [[1]. Unlike helicopters
with a single rotor, multirotors feature multiple closely positioned rotors that influence
each other. Modelling this intricate rotor interaction is crucial for precise power estima-
tion, and is embodied in the model without heavy computational effort.

To demonstrate the applicability of the simulation framework by [1] to current drone
operators, relevant case studies were constructed to reflect real-world operating scenar-
ios. Through initialising and parameter identification, the framework was thus set up and
facilitated in order to simulate the respective multirotor models applied for different sce-
narios. Since the simulation framework offers scalability to existing drones with planar,
non-overlapping rotors, valid simulations of power usage were conducted.

Of the four case studies presented, results show regulatory constraints influence the
proposed optimal flying speed for minimised power consumption in half of them. By
adjusting the UAVs forward speed, maximum flight time or maximum range can be at-
tained. The insights gained from these results can help operators with the development
of energy-saving strategies within current UAV regulations. Furthermore, the results lay
the foundation to include additional scenarios and encompass other multirotor platforms,
thereby facilitating further advancements in the field, especially with the new regulations
arranging for larger UAVs, not necessarily operating in the very low-level (VLL) airspace.
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1 Introduction

In recent years, rotary wing unmanned aerial vehicles (UAVs) have attracted more interest
due to the wide range of applications they can address, including research, commercial
and recreational use. Among the promising applications that have emerged are package
delivery, cinematography, agriculture and inspection L1, p. 215].

However, these applications are still somehow restricted since the available embedded
energy, whose source often is Li-Po batteries, is limited. Since multirotors are heavier-
than-air vehicles that rely on several rotors to generate lift, a significant proportion of the
available energy is expended in sustaining the weight aloft. As a result, the energetic cost
of flying remains a primary challenge, leading to incomplete mission assignments [[12}
p. 1423]. Moreover, new UAV regulations are currently being implemented in the Eu-
ropean Union (EU), including Norway, which provide general guidelines and restrictions
for drone operators [7]. Therefore, completing drone missions efficiently and conserving
power while adhering to legal regulations is crucial.

In 2018, Pedersen proposed a novel method for describing inflow in multirotor sys-
tems, which was thereafter implemented by Matras [13]. In 2023, Matras and Pedersen
published their modelling approach, which in forward flight, predicted a 60% increase in
induced velocities at the rear rotors compared to when the rotors operated in isolation [1}
p. 1]. This approach enables the computation of energy-optimal thrust allocation with-
out the need for computationally intensive fluid dynamics (CFD) analysis. The findings
from [1] yield less waste of energy and can then be applied to enhance the performance of

multirotors already used by operators in various industries and disciplines.

This project will make use of the framework to minimise the waste of energy and pro-
vide practical examples of its operational uses. The aim is to showcase the inflow model’s
potential benefits in real-world settings, thereby bridging the gap between theoretical re-
search and practical application. By showcasing the model’s applicability for a selection
of different case studies of relevance to the current drone industry, the research seeks to
provide insight that can inform future energy-saving strategies within current UAV regu-
lations.



1. Introduction

1.1 Motivation

Figure [I.T| provides an informative visualisation of the interconnections between the opti-
misation problem, drone regulations, and physics, illustrating how the optimisation prob-
lem is linked to the cost function along with both physics and regulatory constraints. This
visualisation serves as an overview of the factors involved in optimising energy mission

planning, highlighting the integration of various elements.

Physics Operation type la—=  Regulations
Cost function Constraints
Optimisation

\/

Optimal energy mission planning

Figure 1.1: Interconnections between optimisation problem, cost function, constraints and
drone regulations

The model takes into account a range of physical parameters to describe the drone’s
characteristics, such as mass, size, rotor configuration, and power consumption. These
parameters serve as constraints that enforce the laws of physics and relationships between
different variables. The model also uses a combination of linear and nonlinear constraints
to ensure that the drone operates within the boundaries of the laws of physics. In summary,

the physics constraints can be listed as follows:

* Nonlinear equality constraints for the drone model, specifically for the body frame
velocity of the drone in x and z directions, which are constrained by the pitch angle

0 indicating the drone’s orientation and the velocity in the x-direction

* Nonlinear constraints to ensure the horizontal forces in body coordinates cancel out.
The lift generated by the propellers must balance the gravitational force, as well as
the generated thrust must be sufficient to counteract the drag. This is later illustrated
in Chapter 2]



1.2 Research agenda

* Nonlinear constraints are required for the rotational speed of the propellers. Ad-
ditionally, linear constraints are needed for the torque applied by each propeller
around the z-axis. as well as a linear constraint to ensure the sum of torques around

the z-axis is zero

¢ The inflow model has several nonlinear constraints related to inflow conditions,
specifically inflow angle y, torques 7 and moments M z experienced by the ro-
tors, and thus important for modelling the behaviour of the drone’s rotors and their

interaction with the surrounding airflow

» Power equality constraints that must be satisfied, specifically parasitic, profile and
induced power, used for power calculations of the drone. These will be discussed
later in Chapter 3| regarding power

Additionally, the constraints could also be influenced by regulatory conditions. Oper-
ation type will greatly depend on the operation purpose. For drone operations with public
law purpose character, regulations about civil state aviation will apply, whereas commer-
cial purposes require other regulatory conditions depending on the level of risk associated
with the activity. As a result, the optimisation problem may be directly or indirectly con-

strained by several factors listed as follows:
* Maximum speed
* Maximum flight height above ground level (AGL)
» Safety distances, such as the ground risk buffer

The regulatory constraints will eventually be implemented as an inequality constraint
on the following form, where Vi, represents the speed in the x-direction in the inertial

frame and V},,,x is the maximum allowable speed.

0 < Vix < Vinax (1.1)

Finally, the optimisation problem can be solved by minimising total power losses while

considering all constraints. This approach will provide optimal values for pitch 6 and speed
Vix.

1.2 Research agenda

The research was devoted as follows:
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* Identify realistic drone case studies where minimisation of power loss is of relevance

and operational advantage
¢ Parameter identification and validation of the model

» Optimisation and simulation of case studies where both physics and regulatory con-

straints are taken into account

1.3 Objectives

The topic can be divided into three categories. Firstly about the formulation of multirotor
modelling and control allocation. The second category regards minimising available power
losses with the aim to:

* Maximise flight time

e Maximise travel distance

The third category revolves around the Norwegian drone regulations in Norway, which
first were implemented back in 2016 in Norway, and how findings and optimisation results
can be aligned with the legislation in mind. That is, how utilisation of these techniques
can bring benefits to drone operations in various industries by minimising energy losses.
Specific scenarios will be given as examples to give insight to reduce the gap between

theoretical research and practice.

1.4 Outline

Short overview of the structure of the report.

Chapter - Introduction

Chapter([I]is an introductory chapter and is intended to present fundamental material to pro-
vide some introductory insight. UAVs, drag and power performances will be mentioned.
In addition, the section will present background insight into the regulatory framework
surrounding civil drones in Norway. The structure of authorities enforcing these regula-
tions will also be accounted for to give a comprehensive understanding of the regulatory
landscape that drone operators need to navigate. Towards the end previous work done re-
garding the power optimisation field will be briefly summarised. Lastly, contributions will
be carefully listed.

4



1.4 Outline

Chapter - Multirotor modelling

Chapter 2] will revolve around the modelling of the quadcopter, its fly physics and its equi-

librium state. Additionally, the control allocation matrix will be derived and illustrated.

Chapter - Power analysis

Causes of power consumption in flight will first be presented, as well as formulation of
optimisation problems in order to optimise the flying speed in forward flight to achieve

minimum power loss both for maximum flight time and maximum range.

Chapter@ - Regulations on aviation with unmanned aerial vehicles

Chapter [4| revolves around drone regulations in both Norway and the EU and provides
information about navigating the legislation in Norway. The purpose of the chapter is to
present basic knowledge relevant to the case studies in Chapter [5] and provide essential
background material on the matter.

Chapter - Case studies

Chapter [5] examines four different case studies, each presenting a unique operational sce-
nario that reflects various aspects of the current drone regulations in Norway. The main
objective of the chapter is to investigate how these regulations can affect the optimisation
problem and how they can be integrated into the simulation framework. By analysing
these case studies, the chapter will highlight the importance of complying with regulations

while optimising drone operations to ensure both safety and efficiency.

Chapter@ - Parameter identification and model validation

In Chapter[6] the method of procedure for identifying the parameters required by the mod-
elling framework is well documented. This includes the use of DJI data sheets and test

data from sources such as NASA and Xoar propellers.

Chapter - Results

Chapter /| presents the results, and discusses and evaluates findings. First validation of
the mathematical model and its framework will be discussed, followed by simulations
carried out. The operational constraints highlighted in the case studies in Chapter [5] are
also considered here.
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Chapter|§| - Conclusion

The conclusion is found in Chapter [§] towards the end of the report and cites key results.

Suggestions for future work also are enclosed in this chapter.

1.5 Physics background

1.5.1 Types of UAVs

There exist several categories of UAVs, as shown in Figure [I.2] [14] p. 71. In this
project, the multirotor type will be the focus scope, specifically the quadcopter.

| Rotor type || Wing type |

| Single | | Multi |

Helicopter
Quadcopter
Hexacopter
Flying wing
Fixed-wing
Balloon
Blimp

Figure 1.2: Overview of different types of UAVs

1.5.2 Multirotors

Multirotors, also referred to as multicopters, are types of UAV's or drones that utilise mul-
tiple rotors for lift and propulsion. They typically consist of a central frame with multiple
rotors mounted, each driven by a separate electric motor. There are various configurations,
such as quadcopters (four rotors), hexacopters (six rotors), and octocopters (eight rotors)
[13]. Multirotors offer several advantages over fixed wings, including their ability to hover
in place without requiring forward motion to generate lift, perform vertical take-offs and

landings (VTOL), greater user-friendliness, and accessibility.

6



1.5.3 Power and drag

1.5.3 Power and drag

The relationship between power and drag is an important concept in aerodynamics. Power
is the rate at which work is done or energy is transferred, while drag is a force that acts
opposite to the motion of an object moving through a fluid (such as air). In general, as

drag increases, a greater amount of power is necessary to overcome it.

During flight, multirotors are affected by three primary types of drag: parasitic drag,
profile drag, and induced drag. The total drag is the sum of these three forces, which can
be represented by a total drag curve. The minimum point on this drag curve signifies a
speed where the total lift capacity of the multirotor, compared to its total drag, is most
favourable. This factor is important for determining the performance of a multirotor [[16}
p.2-7].

Parasitic drag and power

Parasitic drag is comprised of form drag, interference drags and skin friction drag. Form
drag is generated by the UAV due to its shape and airflow around it. Interference drag
comes when intersections of airstreams arise as this can create eddy currents and turbu-
lence, or possibly restricts smooth airflow. Skin friction drag arises due to the contact
of moving air with the surface of the UAV [17, 5-6]. Thus parasitic drag will mainly be
determined by the surface roughness, the object’s shape, and the fluid’s viscosity and den-
sity. Parasitic drag will rise as the airspeed is increased as well as reduced by streamlining
the object’s shape or reducing its surface roughness [18]. It mainly represents the loss
produced by the actual body of the multirotor, excluding the propellers, in this project.

Parasite power is thus the power required to counteract the drag generated when the
aircraft body, components that do not aid in lift generation, is moving through the air
[19 p. 278]. As the speed of the drone increases, the parasite power, which is directly
proportional to the cube of airspeed, experiences a substantial rise [20, p. 177].

Profile drag and power

Profile losses can be viewed as a specific form of parasitic drag, and be considered the
parasitic drag of the wing or propeller [[13| p. 21]. It is incurred from frictional resistance
of the propellers passing through fluid, or in particular air. Equivalent to parasitic drag,
profile drag will increase as forward speed is increased.

Profile power is thus defined as the power necessary to overcome the friction drag on
the propeller blades and push the rotor’s shape through the air [19, p. 278].
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Induced drag and power

Induced drag is an inherent byproduct in the production of lift when an object moves
through a fluid, such as air, and is a necessary trade-off in aerodynamics. When the pro-
peller generates lift, there is a difference in pressure between the upper and lower surfaces
of the blade, which can disrupt the flow of air over the wings, creating turbulence and drag
(17 p. 5-7].

The pressure difference causes fluid to flow around the object, and this resulting motion
of the fluid creates a wake [17, p. G-34]. The size and shape of the wake depend on the
speed and size of the object and the properties of the fluid it is moving through. The
presence of a wake can affect the performance of other objects or vehicles that are passing
through the same fluid, as well as the stability and control of the object that created the
wake [17, p. 6-6].

Induced power is thus the power that must overcome the drag developed during the
creation of rotor thrust [19, p. 278]. At low speeds, induced drag can be a significant
factor in power consumption, requiring a large amount of power just to maintain altitude
and speed [17, p. 5-5]. One of the factors contributing to induced drag is the creation of
wingtip vortices at the tips of the propellers. These swirling masses of air induce drag and
increase power consumption. However, as the speed of the vehicle increases, the wingtip
vortices become weaker and less pronounced, resulting in a decrease in induced drag [[17}
p. 5-8]. Consequently, less power is required to counteract the decreased induced drag,
resulting in lower demand for induced power.

1.6 Regulatory background

1.6.1 Regulatory hierarchy

International Civil Aviation Organization (ICAO) is a specialised agency of the United
Nations (UN) and is established to develop and promote cooperation on international civil
aviation standards and recommended practices on a global level. Nevertheless, ICAO is not
a global regulator and therefore primacy of national regulatory requirements always takes
precedence over international standards. As of now, there are 193 members, including
Norway [21].

European Union Aviation Safety Agency (EASA) is the EU’s aviation safety agency
responsible for setting and enforcing common safety standards for all EU member states.
The responsibilities include drafting aviation safety legislation, providing technical advice,
certifying and approving airworthiness and type certification of aircraft and aircraft parts
for aircraft operating in the EU [22]. As of now, EASA member states consist of 27 EU
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1.6.1 Regulatory hierarchy

countries, along with Iceland, Liechtenstein, Norway, and Switzerland [23]. Since 2021,
Norway has adopted EASA’s rules in order to achieve common European regulations [24].

Further, each country has its own National Aviation Authority (NAA). In Norway, this
is the Norwegian Civil Aviation Authority (CAA), which is responsible for regulating,
inspecting and supervising aviation activities in Norway [25]. The Norwegian CAA has
largely adapted to both regional and global guidelines and regulations and implemented
both ICAO and EASA standards in its regulation of aviation activities.

In Figure [I.3] an overview of the connections between global, regional and national
regulatory actors for civil unmanned aviation in Norway. Essentially, the CAA is respon-
sible for regulating unmanned civil aviation in Norway, Avinor provides air traffic services
and sets rules and regulations for flying UAVs close to airports, National Security Author-
ity (NSM) decides prohibition areas for airborne sensor systems while the Norwegian
Environment Agency determines protected areas with associated restrictions. In conclu-
sion, operators must deal with multiple instances and gain an understanding of the legal
and regulatory landscape in order to efficiently collect data or perform a diverse range of
tasks. Furthermore, the Norwegian Data Protection Authority has established general reg-
ulations, although not exclusively for data collected from the air, regarding the collection
of personal information that should be taken into consideration in certain circumstances.

EU UN

Y Y
EASA ICAO

~

Norwegian state

T

Ministry of Ministry of Ministry of
Transport Defence Climate and environment
/ \ Y \J
CAA Avinor NSM Norwegian Environment Agency

N

Drone operator

Figure 1.3: Overview of the global, regional, and national entities that civil drone operators
must comply with
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1.6.2 Operations manual

Similar to civil manned aviation, an operations manual (OM) is required in unmanned avi-
ation for operators who wish to undertake operations associated with a higher level of risk.
The OM is the governing document for an aviation operator [26] and is a comprehensive
document that describes the standard operating procedures for the safe and efficient oper-
ation of drones. It mainly serves as a reference for pilots and personnel and is designed to
ensure that operations are conducted in compliance with regulations and safety standards.
Its contents usually include the concept of operations (ConOps) where the nature of the
operation and associated risks are described, pilot training and qualifications, maintenance
procedures as well as risk assessments and emergency response plans [26].

In addition to an OM, drone operators must choose a category to operate within based
on risk assessment related to the drone operations to be approved by the CAA. These are
named open, specific and certified respectively [7]. The chosen category will depend on

the type of drone being used as well as its intended purpose.

1.6.3 Open, specific and certified categories

A simplified overview of the categories and their contents can be viewed in Figure |1.4
Open is considered low-risk operations and drones can therefore be flown without prior
authorisation from the CAA. However, operational rules must be abided by operators as
well as mandatory registration and a basic online course on drone safety. Although an
OM is not mandatory, there are requirements on procedures adapted to the activity and
complexity of the firm [27]. Normally, simpler visual line of sight (VLOS) operations fall
within this category.

Drones operated in the specific category are considered to pose a higher risk and there-
fore require prior authorisation from the CAA. The authorisation can be obtained through a
simplified procedure if the purpose can be categorised as a predefined commercial purpose
[28]]. Operations requiring larger-sized drones, which also typically are bearing payloads
such as different camera equipment, fall into this category as well as beyond visual line of
sight (BVLOS) operations. Examples include monitoring of sulfur emissions from ships
[29] and plant stand count in agriculture [30]]. Overall, the operational rules for the specific
category can be seen as more restrictive than those for the open category.

The certified category caters for the operations with the highest level of risk and also
requires operators to be certified prior to operations by the CAA [31]]. Certified is intended
for larger drones, similar to helicopters or airplanes, used for commercial purposes such as
the transportation of goods or people. The air taxi will likely fall into this category. How-
ever, the implementation is not yet completed and it is reasonable to assume the process
will be time-consuming as even EASA has yet to publish considerate material [8].
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Operator
\J
Open Specific Certified
AT/ A¢2 \;3 Type‘#»‘l/ Typt #ZR;C #3
SORA PDRA LUC STS

Figure 1.4: Simplified version of the possible categories for drone operators to be classified
in for operations in accordance with BSL A 7-2

1.6.4 Definitions for flight operations

The following key terms portrayed in Figure[I.5]can be applied in calculations in order to
undergo risk assessment [32, p. 28]. In this project, some of these boundaries will assist
as constraints in the optimisation problem.

Flight geography

The volume the operator plans to conduct the operation in following normal procedures
[32] p. 27].

Flight geography area

The area of the Earth’s surface onto which the flight geography volume is projected is
referred to as the flight geography area 32| p. 27].

Contingency volume

Contingency volume is defined as the volume where the operator needs to apply contin-
gency procedures in order to bring the unmanned aircraft (UA) back to a normal situation
within the flight geography [32, p. 27].

Contingency area

The contingency area is the projection of the contingency volume on the surface of the
Earth [32, p. 27].
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Operational volume:

Flight geography + Contingency volume Operational air risk buffer

cy
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Figure 1.5: Definitions and relationship between different operational volumes and buffers

Operational volume

The operational volume consists of the flight geography and the contingency volume
p. 271

Ground risk buffer

The ground risk buffer is a designated area on the Earth’s surface surrounding the oper-
ational volume of the UAS. This buffer zone is established by the operator to mitigate
potential risks to third parties on the ground in the event that the UA exits the operational
volume [32 p. 27]. In the SORA methodology, the ”1-to-1 rule” (1:1) is the standard
method used to control ground risk, whereby the minimum ground risk buffer is equiva-
lent to the height of the UAV AGL.
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Air risk buffer

An air risk buffer is established in order to protect third parties in the air outside the
operational volume [32] p. 224].

1.7 Previous work

Various efforts have been conducted to extend the flight duration of rotary wing unmanned
aerial vehicles (UAVs). The existing research has among other things focused on the
following aspects:

» Enhancing power to weight rate by reducing the weight of the UAV, such as the
use of carbon fiber airframes and high energy density intelligent-soft materials [[11}
p- 215]

* Reducing energy consumption and increasing UAV endurance, with a primary focus
on designing automated battery recharging or replacement systems [33]]

* [34] proposed an optimisation model focused on minimising energy consumption
and maximising battery lifetime for a low-power drone by transition strategy from
the normal phase to the energy-saving phase to ensure the safe landing of the drone.

However, little to no work was found regarding the optimisation of power usage through
the analysis of inflow power consumption. Additionally, there is a gap in research that con-
siders both performance enhancement and adherence to regulatory requirements.

One study worth mentioning is [12]], where Gandolfo evaluated the relationship be-
tween navigation speed and energy consumption in a miniature quadcopter, which follows
a predefined path through experimental testing. The results show the speed control law
can lead to 24 % extra path coverage for a fixed time while using 25% less energy when
flown for a fixed distance [12, p. 1430].

Furthermore, Murray and Chu [35] highlighted the relationship between speed and
flight endurance (range). Their analysis assessed the trade-offs between increased flight
speed and longer flight endurance. The findings suggest that the travel speed of a drone
plays a crucial role in drone delivery operations, as it directly impacts its range. The study
concludes that higher speeds are favoured for drone package delivery, even if they result
in a lower flight time [35 p. 105].

Nevertheless, exactly which speed is optimal, is not specified or suggested in either
study. The studies do not consider different drone models differing in size and available
energy either. Regulatory considerations nor regard were mentioned. These are aspects
with which this report will concern itself.

13



1. Introduction

1.8 Contributions

In this report, the following contributions have been made:

14

Get the Matras’ simulation framework set up and facilitated in order to enable sim-
ulations with the respective multirotor models

Show and demonstrate the existence of potential energy savings in the available
energy of multirotors by the usage of the inflow model by [1]]

By identifying and constructing relevant drone case studies and associated descrip-
tion and practice, exemplify how the simulation framework can be of use for drone

operators and thus show its applicability value for real-life practices

Based on optimisation results with simulation framework, highlight advantages and
how this information can be used to strategically plan drone operations more effec-

tively



2 Multirotor modelling

This chapter will begin by presenting and illustrating the four primary forces acting on a
multirotor. The drag equation will also be introduced, along with the relevant coordinate
systems and the six degrees of freedom (6-DOF) kinematic and kinetic equations. Addi-
tionally, the equilibrium state of the multirotor will be derived, and control allocation be
accounted for.

2.1 Forces and torques

The UAV is typically composed of six elements that must be controlled in order to fly,
three forces and three torques. Motions in X, y and z directions are surge, sway and heave
respectively, The roll ¢, pitch # and yaw v torques cause the UAV to rotate around its
longitudinal, lateral and vertical axis, respectively [2, p. 18]. The UAV can be assumed a
rigid body which is capable of motion in six different directions, 6 DOFs where three are
linear and three are angular.

Forces acting on the aircraft are lift F, weight Fiz, thrust Frr and drag Fp. Firstly, lift
is the upward force that opposes the weight of the UAV and keeps it in the air. Secondly, the
weight is the force due to gravity acting, and thirdly thrust is generated by the propellers
to propel the UAV forward. Lastly, drag is a rearward force caused by airflow disruption
by the propellers and vehicle body [17, p. 5-1]. In steady forward flight, with no change
in airspeed or vertical speed, these four forces must be in balance [16} p. 2-17].

To control the orientation of a multirotor drone, for example, a quadcopter with four
rotors, the speed of certain rotors must be speed-up or slowed down. In Figure[2.1] a free-
body diagram of a quadcopter is shown with identified forces. Propeller force, or thrust
force, is marked with F} 5 3 4 and lift F, respectively, while gravitational force is assigned
F. The rearward force representing the drag force is Fp. The distance from the rotor to
CO, which is placed in CG, is marked with [.
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2. Multirotor modelling

Fi,54 ropeller force

Fs Fs gravitational force
Fp lift
Fp drag

F,

Figure 2.1: Free body diagram of a quadcopter

2.1.1 Propeller forces

Each propeller generates aerodynamic forces, a thrust force f, ; along the propeller’s axis
and a drag 74 acting around the propeller axis. The steady-state thrust and drag generated
by the i-th propeller modelled in equation and (2.2) respectively, where k, and kq are
constants of thrust and drag coefficients [36| p. 3]. Equation (2.1) represent the idealised
case, where the propeller operates without any loss of efficiency.

I = ki|wi|w; 2.1)

7 = ka|wilw; 2.2)

2.1.2 Drag

The drag equation can be viewed in equation (2.3) p. 5-3].

1
Fp = 3pACpo’ 2.3)

% is a constant, p is the air density, A is the front-facing area that is directly into the

oncoming airflow, Cp is the aerodynamic drag coefficient, and v the relative speed [20,
p- 177]. The drag coefficient depends on the shape of the drone and the orientation of the
obstructing surface.
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2.2 Coordinate systems

An overview of drag coefficients for different object shapes can be viewed in Table[2.1]
[37. p. 237]. In the report, the drone will be treated as a facing cube.

Table 2.1: Overview of drag coefficients for object shapes

Sphere 0.47
Cube, edge on 0.8
Cube, face on 1.05

2.2 Coordinate systems

To obtain a mathematical model, two coordinate systems are defined:
* Body fixed frame - F5
* Inertial frame - 77/

where the quadcopter position is defined by =, y and z in FZ, while ¢, 6 and v are
expressed as rotations about xp, 1, and z, respectively [2, p. 18]. F B is fixed to the
quadcopter body and has its positive z;, direction in the forward direction of the drone, ¥,
towards its left arm and 2, in upwards direction. F? has its CO in CG. F' is considered
to be fixed relative to the Earth’s surface and does not rotate with the Earth. An illustration

of a quadcopter with coordinate systems is depicted in Figure[2.2]

Figure 2.2: Quadcopter coordinate systems
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2. Multirotor modelling

2.3 Kinematics and kinetics

The 6-DOF kinematic and kinetic equations can then be expressed as (2.4) and (2.5)) re-
spectively [2, p. 31, p. 64].

i =J(mv 2.4)

v=M"1 (r(u) - C(V)V> (2.5)

2.3.1 Kinematic equation

For multirotor in 6-DOFs, the generalised position depicted in (2.6) can be chosen [2
p. 22].

n=low = o 6 0] 2.6)

The generalised velocity vector is denoted as (2.7) in FZ [2} p. 22].
T
u:{u vow p q r} 2.7

However, for forward motion in x-direction and considering only non-rotational states,
simplifications in equation (2.8)) can be done since linear motion mainly will be considered.

u:[u v ow 0 0 O}T 2.8)

The transformation matrix J(n) that can be given as (2.9) [2| p. 31].

R; 0343

(2.9)
03x3 Ty

J(n)=l

Rotations and transformations of velocities and angular rates from FZ to F7 is shown
in (2.10) and (2.11) respectively, where ¢, s and t are shortened for cos, sin and tan [2}
p. 28, p. 29].

cpcd  —sed + cpsfsgp  syse + cpedsh
R} = |scl  ched + sipslst)  —cpsg + sBsed (2.10)
—sb cs¢p clcg

18



2.3.2 Kinetics for rigid body equation

1 sotd cotd
T:=10 cp —s¢ .11
0 32 cd
ch ch

2.3.2 Kinetics for rigid body equation

M is the mass matrix, C is the Coriolis centripetal matrix, and 7 the total vector of external
forces and moments expressed in FZ [2] p. 55]. M is given in (2.12), where m is the UAV
mass, Is the identity matrix, and I is the moment of inertia defined in (2.13)) [2 p. 64].

I, 0
M= | T3 (2.12)
0343 1

Assuming the quadcopter frame has a symmetrical structure where rotor arms are
aligned with the x;,- and y;, axes, the inertia matrix becomes a diagonal matrix I where
I, =1,[38, p.91].

I, 0 0
I=|0 I, © (2.13)
0 0 I,
C is given as a simplified version in (2.14) [2| p. 67].
[0 0 0 0 mw  —mu|
0 0 0 —mw 0 mu
0 0 0 — 0
Clv) = e (2.14)
0 —mw  mv 0 ILr  —Iyq
mw 0 —mu —1I,r 0 L.p
| —mv  mu 0 I,g —Ip 0 |

The sum of identified forces and moments is represented by 7 in (2.I5), where the
actuators, propellers, are represented by T, gravity given by 7,, and the resistance of
moving the vehicle through a fluid by 75 [[13] p. 28].

T = Tact — Tg — Tres (2.15)

The total forces and moments generated by the actuators given by T, is stated in
[13 p. 54]. It is assumed that the thrust is solely along the z-direction, and the drag
is due to rotations around this axis, allowing for simplifications. Here, nr represents the
number of propellers, and w; denotes the rotational speed of the ¢-th propeller while k; and

kq are associated with the thrust and drag forces, respectively.
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2. Multirotor modelling

nr k:
Tact =Y | | w} (2.16)

i

Ty is stated in (2.17), where g is the gravitational acceleration and m is the mass [13,
p- 28].

mgsin 0
—mg cos @ sin ¢

—mg cos 0 cos ¢ 2.17)

Furthermore, the resistance 7.5 is assumed linear and expressed as shown in equation
@I), where R,, R, and R,, represent the resistance coefficients specific to the drone
model [13| p. 28]. It is important to note that these coefficients will vary depending on the
characteristics of the individual drone models.

Tres — RV
R, O 0O 0 0 O
0O R, 0 0 0 O (2.18)
=10 0 R, 0 0 O|v
0 0 0O 0 0 O
0 0 0O 0 0 O

Then the kinetic equation from (2.5) can be reformulated, and the kinematic and kinetic
equations can then be given as in (2.19) and (2.20) respectively.

i =J(n)v 2.19)

5 =M (1) = 7 = 1) — 0 ) 220
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2.4 Control allocation

2.4 Control allocation

Control allocation is the process of distributing generalised forces 7 € R™ given by 7 =
Bu to actuators with physical control inputs u € R". This is illustrated in Figure [2,
p. 317]. The goal can be to achieve a desired flight path or manoeuvre by controlling the
various systems that affect the drone’s movement.

T u v

>N
—| Control law — Control allocation |—! UAV —

Figure 2.3: Control allocation loop as illustrated in [2} p. 317]

Equation yields the mapping B between the desired moments 7 and total forces
T to the required thrusts f, ; that each propeller must produce in order to generate the
total force and achieve the desired moments. Here T represents the generalised force
generated in the x, y and z-direction of the airframe, and consists of T = [F, F, FZ]T,
while 7 presents the the generalised moment generated about X, y, z, and can be expressed

as T = [rp 7, 7|7

7 =Bu
fp,l
o I (2.21)
T fp,3
fp,4

2.4.1 Equilibrium

The multirotor flying at a constant speed in a horizontal moving state is an example of
Newton’s first law of motion > F' = 0. In the equilibrium state, all forces cancel each
other in order to produce no net force. This includes Fg, Fr, Fr, and Fp acting on the
drone, as well as the ¢, 0, and ¥ moments. The upward lift equals the downward force
of gravity, while the forward thrust of the propellers is matched by the backward drag
on the multirotor. Thus the multirotor will continue to move in a straight line. If the
forces generated by each propeller are not equal, it can cause the drone to drift or spin
uncontrollably. Equation (2.22) is therefore presumed to hold.

Fi=F,=F;=F,=F; (222)
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2. Multirotor modelling

In Figure 2.4 the decomposition of the quadcopter forces is illustrated.

~—————————— Forward motion

Figure 2.4: Tllustration of the equilibrium state of quadcopter

Furthermore, it can be assumed equation [2.23is true for Fp.

Fr=F +F+F+F =4F, (2.23)

Fp can be found by calculating the forward thrust in equation [2.24] as it can be as-
sumed drag is acting in continual opposition to forward motion and is equal in equilibrium.

FD = sin(G)FT
= sin(@) (Fl + FQ + F3 + F4)

4 F;

(2.24)
= 4F; sin(0)

The force F; provided by each propeller can be found as shown in equation [2.25] from
Fe.
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2.4.2 Forward flight equilibrium

Fo =cos(8) (Fy + F» + F5 + Fy)

AF,
= 4F; cos(f) (2.25)
Fa
F=-—C_
— 4 cos(6)

For nr number of propellers, equation [2.26]is applied.

The total force including all nr propellers T then becomes (2.27]).

Fa
nr cos(0)
~ cos(f)

T =nr-
2.27)

When the quadcopter is hovering in a stable position, or alternatively flying forward
on a straight path, it is desired that the moments 7, 7, and 7, are equal to zero. Thus,
the quadcopter is not rotating around any of its principal axes but maintaining a stable
orientation. Hence, it is assumed 7, 7, and 7, are equal to zero since the sum of all

moments must be so in the state of equilibrium.

Combing the result in equation [2.27] result in equation [2.28]

F
T cos(GG) fPJ
| 0 | Zpg|fee (2.28)
Ty 0 o3
Tz 0 fp,4

2.4.2 Forward flight equilibrium

In Figure from the previous subsection, Subsection [2.4.1] it can be observed Fp and
F can be decomposed as shown in equation (2.29), where Fpr = Fy + Fy + F3 + Fy.

Fp =sin(0) - F-
D (0) - Pr (2.29)
Fg =mg = cos(f) - Fr

Therefore, by dividing the equations in (2.29), the following equation in (2.30) is
yielded.
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2. Multirotor modelling

Fp
0 = —
tan(6) g
mg -tan(d) — Fp =0 (2.30)

1
myg - tan(d) — §pACD1)2 =0

By utilising Newton’s method, the value for pitch angle 6 can be obtained for a given
speed v. Then the optimal pitch can be used in equation (2.28) which further be used to

calculate the forces fed to each propeller by the control allocation matrix B.

Determining the pitch 6 is illustrated in Figure@ where 6 can be found when Fp ,,
and F . are equal. Specifically, when the drag force component in the x-direction and the
gravitational force component in the x-direction are equal, indicating a state of equilibrium
in forward flight.

Figure 2.5: Optimal pitch angle 6 can be found when Fp , and Fg . are equal
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2.4.3 Derivation of the control allocation matrix

2.4.3 Derivation of the control allocation matrix

For a multirotor, a control allocation matrix must be obtained in order to distribute forces to
the rotors in the system. The general setup is shown in equation[2.31] and then decomposed
and multiplied in equation [2.32] Figure 2.6]shows an illustration of the decomposition.

Figure 2.6: Illustration of forces decomposed

T] I ]
_|Is 03x3| | f 231)
T S(l) I3 t
(F] [ 1 0 0 ]
F, 0 1 0
, fi
| | o o 1 ;
o AR e32)
Ty s 0 [ °
L7z | L —lg ll 0 |

B = control allocation matrix

By simplifying Equation [2.32] to include the union between heave, roll, pitch, and
thrust components, the relationship between the thrust force f3 and the torque control
inputs for heave, roll, and pitch, as expressed in equation @, can be established. It can
also be noted that the equation is derived for a single propeller.
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2. Multirotor modelling

F,
= [Tz

Ty

1
= |—la| f3
Iy

(2.33)

To ensure proper distribution of control inputs among the available actuators and guar-
antee that the sum of control inputs matches the desired thrust, it is common practice to
normalise the control allocation matrix. Specifically, the first column is normalised to a
sum of one. In equation (2.33)), the total force F' is normalised for a multirotor with nr
propellers. Notably, for roll and yaw control, these elements sum to zero because of the
geometric symmetry of the multirotor system.

Yaw can also be included but is however modelled as in where b, ¢ and k repre-
sent constants. The result is ones with an alternating sign matching the rotational direction
with respect to the right-hand rule [13| p. 61].

T, & Fclwlw

f 7 blfw (234)

c
=4+- =4k
I3 blw|w b

For four rotors the control allocation matrix is shown in equation (2.35). Propellers
1-4 are represented by pl, p2, p3, and p4 respectively.

1 1 1 1
F wr wr wr A | [f3m
Te | —ZQ,pl —lz,pz _l2,p3 —l2,p4 f3.,p2
Ty Lhpt  lhipe lLips  lipa f3.p3 (2.35)
Tz 1 -1 1 -1 fg,p4

B

2.4.4 Standard control allocation matrix

An alternative allocation matrix, shown in (2.36), can also be derived for nr numbers of
rotors [13] p. 60]. Both matrices will still yield the same result.

o7 —h sin(arctan(£-)) ly cos(arctan(£)) 1

(2.36)
I cos(arctan(¥2c))  —1

Ty

—lp, sin(arctan(¥2z))

Tnr

B
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3 Power analysis

An important aspect of power analysis is the calculation of rotor forces and power losses
during flight, as these losses can impact the performance and efficiency of the drone. Usu-
ally, power consumption is dependent on several factors, such as the type, weight and
design of the UAV as well as the flight speed. In this chapter derivation of power con-
sumption and description for multirotors will follow.

3.1 Power consumption in flight

Power is necessary to lift the drone off the ground and gain altitude. Additionally, power
is required to counteract the parasitic drag that is hindering its forward movement through
the air 20, p. 177].

The general equation of power can be formulated as equation (3.1) respectively [39],
where P is the power given in watts (W), F' the force in Newton (N) and v the speed and
direction of motion of an object in meters per second (m/s).

P=Fu 3.1)

Further, the total power P;,a1 required for a single rotor in forward flight can be ex-
pressed as (3.2), where P, is the parasitic power, Py is induced power and F; is the induced
(40, p. 217].

PtotaIZPp+Pf+Pi (32)

The different power losses are simplified and illustrated in figure [3.1|respectively. The
first and second figures are parasitic and profile losses due to the vehicle body and pro-
pellers moving through the fluid. In the third figure, the induced loss is depicted as the
airborne quadcopter generates lift and redirects the airflow coming at it.
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3. Power analysis

s /95
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(a) Parasitic (b) Profile

(c) Induced

Figure 3.1: Illustration of the different types of power losses

3.1.1 Parasitic losses

Using the drag equation (2.3)), parasitic drag D,, can be modelled as in (3.3)

1
D, épAC’Dv2

1 (3.3)
= §pACD|v|v

Hence, by combing the parasitic drag equation (3.3) and power equation (31)), the
power P, required to overcome parasitic drag D,, of the vehicle body is @)

P, = Dyv
1 2
= <§pACDv >v (3.4)
1 3
= §pACDv

Since parasitic drag D), is caused by friction between the vehicle body and fluid, the
drag will increase as the speed increases. The faster the vehicle moves through the fluid,
the more resistance it encounters due to friction. Therefore, the power P, will increase in
faster speed as well [20} p. 179].
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3.1.2 Profile losses

3.1.2 Profile losses

Profile power losses Py occur due to the drag of propellers of the drone in viscous fluid
(19} p. 34]. Similar to parasitic power P,, profile power Py can be modelled as in (3.5)
where Dy is the profile drag.

Pf = wa
1
= 5pACDIwlw | w (3.5)
1 3
= ipACDw

Profile drag is a subtype of parasitic drag, and the Py will therefore also increase with

faster speed.

3.1.3 Induced losses

Unlike parasitic drag, the induced drag D; is associated with the generation of lift. When
a propeller is producing lift during level flight, it incurs the penalty-induced drag that
will gradually decrease as the speed of the vehicle increases [17, p. 5-6]. To properly
capture the dynamics of inflow, the newly published inflow model proposed by Matras
and Pedersen will be employed.

In 2023, Matras and Pedersen [1]] presented a novel modelling approach that is de-
rived from first principles by employing the linearised Euler equation in combination with
Fourier analysis [, p. 3]. Notably, what distinguishes this model is its comprehensive
treatment of the intricate interactions among multiple rotors. In particular, it takes into
account the interaction effect, which arises from the impact of the wake generated by one
rotor on the flow conditions experienced by the other rotors in the system. This interac-
tion effect plays a crucial role in the increased complexity of modelling multirotor systems
compared to systems with only a single rotor [1, p. 1].

Based on the findings presented in [[1], it has been observed that during forward flight
of a quadcopter, the rear rotors experience a significant increase in mean induced velocity
compared to the front pair [1, p. 1]. This is visually depicted in Figure where the
rear rotors exhibit higher velocities compared to the front rotors. The observed increase
in induced velocity for the rear rotors can be attributed to the rear rotors operating within
a flow field that contains components of the induced velocity generated by the front ro-
tors. Furthermore, [[1, p. 1] conclude the rear rotors experience a 19% reduction in inflow
skew. These findings highlight the substantial aerodynamic interaction between the rotors,
which has a direct impact on the induced velocities, and consequently affects the power
consumption of the system [1} p. 20].
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3. Power analysis

(b) Flow fields and the parameterizations of these fields portrayed as disks

Figure 3.2: Tllustrations of quadrotor in forward flight (skew angle x = 60°) is reproduced
with permission from Matras

The multirotor steady-state inflow model is shown in equation (3.6). In this model,

v=['v2 ... vN]Tand T =[r! 72 ... 7V]T correspond to the inflow and forces for
N numbers of rotors, respectively [1l, p. 12]. Furthermore, the L and D matrices represent
the flow on each grey disk illustrated in Figure [3.24] effectively describing the model’s

behaviour [}, p. 11].

Hence, the model offers a finite state reconstruction of the flow field while facilitat-
ing efficient inflow simulation with excellent computational efficiency [1}, p. 12, p. 22].
Importantly, the approach employs an efficient parametrization, enabling the model to be
formulated on a linear time-varying state-space form. This makes the model particularly
well-suited for real-time applications that are involving multirotor dynamics, as well as
stability and control problems [} p. 1].

v=Lt+D1 3.6)
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3.2 Optimisation

Induced power losses P; are thus calculated according to (3.7), where T represents the
thrust and v denotes the inflow velocities. Neglecting this effect can lead to a power graph
that shows a continuous increase as the speed rises, failing to accurately capture power
usage, especially at lower speeds where induced power is at its maximum. Therefore,
considering induced power is crucial for the comprehensive total power modelling of a
multirotor.

P; = Tv (3.7

3.2 Optimisation

Battery-powered UAVs are subject to limited flight endurance, which is a function of the
aircraft’s travel speed [35) p. 104]. Unlike traditional winged aircraft, multirotors do not
have enough wing surfaces to provide a lift phenomenon (as fixed-wings do), and must
therefore rely solely on propulsion for lift [12, p. 1424]. Thus continuously consuming
energy to support their weight during flight. To address this challenge and achieve energy

conservation, multirotors can employ two potential strategies:

1. Minimise power usage by moving at an optimal speed, such that the power con-
sumption can be lowered, resulting in extended flight endurance. This approach
focuses on finding an optimal balance between speed and power efficiency.

2. Minimise power usage per unit of speed in order to achieve the highest distance
covered or task completed with the least amount of power consumed

In both cases, the relationship between speed and power consumption is important
to consider. When a quadcopter needs to move at higher speeds, an increase in body
inclination results in a loss of lift, necessitating additional propulsion effort to remain
airborne [12, p. 1424]. Furthermore, during forward flight, power demands escalate as
rotor torque must overcome parasitic drag, which becomes a significant and dominant
resistance force at higher speeds. Therefore, it is essential to assess whether the energy
saved from increased speed outweighs the additional energy required to counteract the loss
of lift. Eventually, the choice of the optimal flying speed depends on whether the objective
is to maximise airborne endurance or cover the maximum distance range.

To determine the optimal pitch angle for the optimum flying speed must be identified.
The optimum flying speed for minimum total power loss is referred to as the speed that
results in the least amount of drag [20, p. 179], where the total drag F'p consists of parasitic
D, profile Dy and induced D; drag as shown in equation @ respectively. Thus, when
the total drag F'p is at its minimum, the total power required P;ot,; by the multirotor is
also at its minimum.
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3. Power analysis

FDZDP—I—Df—‘rDi (3.8)

3.2.1 Physics constraints

Since it is assumed the system has reached steady-state, = 0. Subsequently, T from
(2.13)) in Subsection 2.3.2| must therefore satisfy equation (3.9). Thus, these physics-based
constraints form an essential component of the optimisation problem formulation.

v =0
Mt <T - C(u)l/) =0

=T17-Clv)r=0

(3.9)

Tact — TG — Tres — C(W)r =0

In addition to physics-based constraints, regulatory constraints will also be taken into
account in the optimisation problem. However, due to the great variation of regulatory
requirements from different cases, these will instead be discussed later in Chapter [/| for
each individual case study.

3.2.2 Optimisation problems
Optimum flying speed for maximum flight time

The optimisation problem can be formulated as a nonlinear programming problem on the
form shown in (3:10).

min  Piotal(v)
s.t.  Physics constraints:
Tact — TG — Tres — C()v =0 (3.10)
Regulatory constraints:

0 < Vix < Vinax

Optimum flying speed for maximum range

It is assumed the simplification in (3.11)) can be applied to the optimisation problem.

~

|~ T

@3.11)

|
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3.2.3 Implementation of optimisation problems

Then the optimisation problem can be formulated as displayed in (3.12)) respectively.

Ptotal(v)
v

min
s.t. Physics constraints:
Tact — TG — Tres — C(V)V =0 (312)
Regulatory constraints:

0 g V}x S Vmax

3.2.3 Implementation of optimisation problems

All computational work was conducted on a 16-inch Macbook Pro with an Apple M2
MAX-chip with a 12-core CPU, 17-core GPU and 32 GB RAM running macOS Ventura
13.2.1. The optimisation process is implemented in Julia, a high-level programming lan-
guage [41]. Moreover, the JuMP package [42] is utilised in conjunction with the IPOPT
(Interior Point OPTimizer) solver [43] for solving the optimisation problem.

JuMP is a domain-specific modelling language used for mathematical optimisation,
which is embedded in Julia. It supports a wide range of problem classes, including lin-
ear, mixed-integer, second-order conic, semidefinite, and nonlinear programming, and can
be used for constrained optimisation problems for which formulate using the language of
mathematical programming [44]]. JuMP provides flexibility for both open-source and com-
mercial solvers, including IPOPT. IPOPT is an open-source software package specifically
designed for large-scale nonlinear optimisation problems [45]], and is used to solve general
nonlinear programming problems of the form:

min  f(z)
st. gF <g(x) <gY (3.13)
xF <z < Y

Then the optimisation problems defined in Subsection [3.2.2] can be implemented in
Julia. A brief overview of the process can be seen in Listing [3.1]

Example

In the following example, an initialisation set-up file is provided for each multirotor. The
initialisation file contains crucial information such as weight, propeller radius, and battery
energy. The code then utilises this information, along with data sheets or wind tunnel test

results, to calculate the drag and thrust coefficients required for further computations.
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3. Power analysis

Furthermore, the code defines variables and constraints relevant to the drone model,
with different constraints assigned using @variable, @ NLconstraint, or @constraint. To-
wards the end of the code, the cost function is specified to minimise the total power, and
the problem is subsequently optimised. Finally, the code allows for reading and plotting

of the resulting values.

Listing 3.1: Example of implementation of optimisation problem

using JuMP, Ipopt # JuMP and IPOPT
model = Model (Ipopt.Optimizer) # model generated

## Simulation initialisation setup of multirotor

s|include ("M300.31™) # M300 details

| ## Inflow setup

InflowModel.init # inflow model initialised

## Drone model variables and constraints

@variable (model, theta >= 0) # Pitch angle
@NLconstraint (model, Vbx, Vbx == - cos(theta) x Vxi)
)| @NLconstraint (model, Vbz, Vbz == - sin(theta) * Vxi)

s| # More variables and constraints

[...]

## Regulatory constraints

## Power constraints

# Parasitic, profile and induced power constraints

»|# Cost function

@objective (model, Min, P_total) # Cost function created

5| # Solve the problem

optimize! (model) # Optimisation

# Values can be read and thus plotted
theta = value. (theta)*180/pi # optimal theta

Vix = value. (Vxi) # optimal forward speed
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4 Regulations on aviation with
unmanned aerial vehicles

The development of all aspects of the drone market has proceeded at a fast pace that has
shown to be demanding to catch up with from a regulatory point of view. In Norway,
drone regulations have been implemented since 2016 and it is still an ongoing work [6].
However, people have been flying drones both privately and professionally long before
the implementation. DJI, SZ DJI Technology, the world’s largest consumer drone manu-
facturer was already established in 2006 [46], and the famous DJI phantom model hit the
market back in 2013 [3]]. The (less) well-known models 3DR iris+ and FreeFly’s CineStar
for consumer and professional application date back to 2014 and 2011 respectively. Thus,
BSL A 7 was a step towards professionalising the drone industry which up until 2016 was
allowed to largely unfold on its own.

In this chapter, the regulations in Norway will first swiftly be accounted for. After-
wards, specific parts of the regulatory framework relevant to later chapters will be high-
lighted, namely civil state aviation and the specific category. The aim is to provide some
insightful and relevant information about the regulatory framework in order to navigate
through paragraphs and laws that still to this date are under constant development and
revision.

Figure 4.1: The drones DJI Phantom 1 [3]], 3DR iris+ [4] and CineStar 6 [5] where some
of the models sold on the market long before BSL A 7 took effect
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4. Regulations on aviation with unmanned aerial vehicles

4.1 U-space

Although not directly relevant to the report, it is worth mentioning U-space as it con-
tributes to a comprehensive overview of the ongoing efforts aimed at facilitating the future
integration of UAs. From the perspective of the foreseen increase of drone traffic due to
the scale-up volume of drone operations, safe operations and management of drone traffic
are of importance. EASA has since 2017 been working on U-space which gradually will
be implemented in Norway from 2023 [24].

The term U-space is used to describe the management of unmanned aircraft traffic in
order to ensure safe interaction between entities that are using the same airspace [47)]. Thus
by introducing new services and procedures, such as air traffic management (ATM) infor-
mation service, detect and avoid (DAA) system and geofencing for drones, the objective
is to facilitate unmanned and manned aircrafts operating along each other [24]].

Up until today, the number of drone flights across a wide range of applications has
risen under an initial regulatory framework where small drone operators only have regu-
lated access to the VLL airspace. Therefore, it will be essential for a safe and equitable
integration of current and future operations, especially in more urban airspace where the
density of traffic is larger and ground risk is expected to be higher [48] p. 2].

42 BSLA7

On the Ist of January 2016 BSL A 7-1, Norway’s first national regulation on unmanned
air crafts took effect [6]. However, in 2021, BSL A 7-2 was added, which incorporated
the EASA Regulations into Norwegian law, thereby extending the regulations established
in 2016 [7]. BSL A 7-1 was then mainly reserved for civil state aviation [7]. The new
regulations, specifically EU Regulations 2019/947, 2020/639, 2020/746, 2021/1166 and
2022/425, were then adopted in order to achieve a common European regulatory frame-
work for the safe operation of civil drones. The purpose of the reform is to obtain a
harmonised drone market, where operators are allowed to circulate freely in the EU once
authorised by their country’s NAA. Overall, the implementation of BSL A 7-2 will have
significant financial and administrative consequences both for the CAA, manufacturers
and drone operators, and certain consequences for consumers as well as other authorities
[49].

BSL A 7 provides general restrictions and requirements applied to civil UAS operators.
Thus regulations will encompass commercial and recreational purposes, as well as gov-
ernmental. The regulations include but are not restricted to requirements associated with
operators, air crafts and areas overflown. For instace, safety distances, weight- and speed
limitations of aircraft, and OM adapted to the complexity of the undertaking’s operations.

36



4.2.1BSLA7-2

The regulations aim to ensure that operations are conducted in a considerate manner
without risk of harm to people, animals or property by identifying and mitigating risk as
well as increasing knowledge of personnel executing operations. It can also be mentioned
BSL A 7 does not apply to the Norwegian Armed Forces’ use of unmanned aircraft as well
as military aviation within restricted or danger areas [50].

42.1 BSLAT7-2

Figure 4.2] provides a comprehensive overview of BSL A 7-2, which includes open, spe-
cific, and certified categories. The boxes with three dots represent upcoming categories
that have not been released yet but are anticipated to be included in the near future. Given
that professionals often carry out and plan more higher-risk operations, and therefore are
more likely to operate within the specific drone category, this report will primarily focus
on the specific category to provide relevant insights for operators encountering similar

circumstances.
Operator
\J
Open Specific Certified
Al A2 A3 / \ Type #1 Type #2 | Type #3
SORA PDRA LUC STS

T

STS-01 STS-02

PDRA-SO1 | | PDRA-S02 | |PDRA-GO1| |PDRA-G02| |PDRA-G03

Figure 4.2: Total overview of categories and sub-categories of BSL A 7-2. The figure is
composed based on information found in BSL A 7 [6} [7] and EASA’s directory
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4. Regulations on aviation with unmanned aerial vehicles

4.3 Specific category

As already depicted in figure there are four different ways to operate in the specific
category [31]:

» Obtaining an operational authorisation through Specific Operation Risk Assessment
(SORA)

* Obtaining an operational authorisation following a Predefined Risk Assessment (PDRA),
which eventually is a pre-made SORA developed by EASA for the drone operator

* Submitting a declaration based on a standard scenario (STS), but it necessitates the

drone to possess a specific C-classification

* Have a Light UAS Operator Certificate (LUC), which grants the operator the au-
thority to approve SORA, PDRA, or STS

It can be mentioned STS first is set to be applicable from the 1st January 2024, and
thus not yet relevant [S1]. LUC is on the other hand an operational certificate intended
for experienced operators that allow them to obtain authorisation to approve their own
operations [52]]. Hence, the continuous focus in this report will only encompass the SORA
methodology and PDRA.

4.3.1 SORA

SORA is a risk assessment methodology designed specifically for drone operations, pro-
posed by the Joint Authorities for Rulemaking on Unmanned Systems (JARUS). It is es-
sentially a ten-step process that assesses the risk of operations in a comprehensive and
standardised manner. The aim is to identify potential safety risks associated with drone
operations, evaluate identified risks and determine the acceptability of a proposed oper-
ation as well as develop appropriate measures in order to prevent possible accidents or
injuries [S3].

The SORA methodology involves a systematic approach to risk assessment, taking a
wide range of factors into account, such as the operating environment, the drone charac-
teristics, the competency of the pilot, and the potential impact of the operation on people,
property, and other airspace users, in order to determine the boundaries required for a safe
operation [5354]. By using a standardised approach to risk assessment, SORA provides
a consistent and repeatable process for evaluating drone operations and ensuring that ap-
propriate risk management measures are implemented. The ten-step SORA methodology
can be briefly summarised as follow [32} 153 54]:
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10.

4.3.1 SORA

. ConOps description: Describes both the UAV and the operation

. Intrinsic ground risk class (GRC) determination: The classification relates to

the risk of a person being struck by the UAS. Thus based on the UAS characteristics
dimension, expected typical kinetic energy and operation scenarios, a numerical

value is indicated

Final GRC determination: The intrinsic risk can be reduced and modified by
means of mitigation. Thus the final GRC determination is based on the availability
of these mitigations to the operation and established by adding all the correction
factors, namely M1, M2 and M3

Initial air risk class (ARC) determination: The initial assignment of airspace
collision risks before mitigations are applied, and are specified with a letter from A
toD

. Strategic mitigation for air risk: Application of strategic mitigations to determine

the residual ARC, but can only be applied if the UAS operational volume has a

different collision risk than the one that the initial ARC would indicate

. Tactical mitigation of air risk: The aim is to ensure that Tactical Mitigations Per-

formance Requirements (TMPR) are satisfied. Mitigations are applied to mitigate

any residual risk of a mid-air collision

. Specific Assurance and Integrity Level (SAIL) determination: The SAIL value

provides an overall assessment of the risk level and is determined by the final GRC
and residual ARC, and represents the level of confidence that the UAS operation

will remain under control

Operational Safety Objectives (OSOs) determination: The SAIL value is used to
evaluate the defences within the operation in the form of 24 OSOs, and to determine
the associated level of robustness. Then the OSOs define requirements for technical

systems, training and procedures

Adjacent area/airspace considerations: The objective is to address the risk posed
by a loss of control during an UAS operation that could result in infringement of
adjacent areas on the ground or in the adjacent airspace.

Comprehensive portfolio: The safety portfolio usually consists of OM, ConOps,
checklists etc.
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4. Regulations on aviation with unmanned aerial vehicles

4.3.2 PDRA

To avoid repetitive individual approvals for ConOps with known hazards and acceptable
risk mitigations, EASA has applied the SORA methodology to define STSs and PDRAs
[32, p. 42]. Thus, if an operation falls within the scope of one of the published PDRAs, it
enables the applicant to swiftly develop the operator manual and the evidence of compli-
ance using the PDRA table to demonstrate the safety of the operation [55]].

As of now, five PDRASs have been published, namely PDRA-SO1, PDRA-S02, PDRA-
GO1, PDRA-G02 and PDRA-GO03. However, PDRA-05, PDRA-06, PDRA-07, and PDRA-
08 are still undergoing evaluation by EASA, and have not yet been adopted by the Nor-
wegian CAA [55]]. The different PDRAs cater distinct operating scenarios, where each is
clearly defined in scope and limitations [55 56]. For instance, PDRA-GO03 can be briefly
described as follows:

* PDRA-GO03: BVLOS flight over a sparsely populated area. Within radio range.
Customised for line inspection, but can also be used for agricultural works. PDRA-

GO03 can only be issued for precisely defined areas.

4.4 Civil state aviation

According to § 69 in BSL A 7-1, civil state aviation is defined as police operations, cus-
toms operations, public search and rescue services, firefighting, coast and border guards or
similar activities and services [6]. The operations are required to be of public law purpose
character in order to be categorised as civil state aviation [57]. Other operations are sub-
ject to the general operating rules for drones in BSL A 7-2, regulations on aviation with
unmanned aircraft in the open and in the specific category.

Civil state aviation is divided into three RO categories, each governed by its own set of
rules and properties. Figure[4.3]offers an overview of the architecture, which appears to be
simpler in comparison to BSL A 7-2. One of the shared requirements for all RO categories
is the need to obtain an OM, which provide detailed information about the organisational
structure, types of operations, and maintenance procedures, as well as risk analysis and
assessment of the respective operations.

Table [4.1] highlights significant distinctions among the RO categories. To operate as a
RO 1 operator, self-declaration and insurance coverage are adequate. However, both RO
2 and RO 3 operators require approval from the CAA. In terms of vertical and horizontal
safety distances for RO 3, the exact distances can vary depending on the approved OM.
The CAA will evaluate the sufficiency of safety measures and emergency plans to ensure
compliance with the reduced safety distances.
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4.4 Civil state aviation

RO 1

RO 2

RO 3

Figure 4.3: Civil state aviation

Table 4.1: Overview of certain different features between different RO categories

AGL 120 m 120 m 120 m but can
also be more*

Safety distance to people, | 50 m 50 m 50 m but can

motor vehicles or building also be less*

not under the pilot’s and

commander’s control

Safety distances close to | 150 m 150 m 150 m but can

population of more than 100 also be less*

people

MTOM 2,5kg 25 kg > 25 kg

Maximum speed 60 knop ~ 30 | 80 knop ~ 41 | > 80 knop or

m/s

m/s

powered by a
turbine engine

Types of operation VLOS VLOS, EVLOS | VLOS, EVLOS
and BLOS and BLOS
Light Daylight Any Any
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5 Case studies

Optimising the energy consumption of drones can be socially beneficial in several opera-

tional scenarios. Some examples could include:

* Infrastructure inspection of power lines, railway tracks, bridges or buildings
* Monitoring of agriculture or livestock
» Search and rescue (SAR) missing persons i.e. after a natural disaster

 Transportation of goods, for instance, medicine between hospitals, food to house-
holds as well other packages

* Give situational awareness in order to search and identify the source of for example
gas leakage, fire, people who’ve fallen into the ocean or alternatively lost in the

woods

In the upcoming sections, four distinct case studies will be presented, each examining
different aspects of BSL A 7. The aim of these case studies is to assess whether the
limitations outlined in the legislation have the potential to restrict the optimisation problem
in certain operating scenarios. The objective is to offer insights that drone operators can
consider or potentially incorporate into their procedures. Through the analysis of these
scenarios, potential constraints within the current regulatory framework that may affect
the efficient energy operation of drones can be identified.

The following case studies have been strategically selected to showcase various oper-

ation scenarios for different purposes:
1. State aviation, in particular, police
2. State aviation, SAR
3. Power line inspection

4. Filming in close proximity to crowds
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5. Case studies

The first case study will examine drone police missions during large events in state
aviation, while the second case is an avalanche SAR scenario carried out by either state
aviation instance. The third will address power line inspections using PDRA methodology,
and the fourth will focus on close proximity filming using the SORA framework. The case
studies presented in this report are intended to provide a general overview and insight
into real-life drone operations. While the scenarios may be simplified for the purpose
of discussion, they nevertheless serve as illustrative examples of drone applications in
different operational contexts.

It is important to recognise that regulatory constraints for drone operations may not
apply universally. While PDRA and RO 2 entail more stringent requirements, such as a
maximum altitude or fixed speed limit, the SORA framework serves as a guiding frame-
work for conducting drone operations. Consequently, the specific conditions approved for
each operator will depend on the risk assessment and mitigation measures outlined in the
OM, where each drone operator is responsible for demonstrating their capabilities within
the regulatory framework to the CAA.

5.1 Case study: Police mission during larger events

The introduction of drones into police fieldwork in four police districts in Norway was
carried out through pilot projects that began in 2019. Today drones are utilised by the
Norwegian police for various operational missions, preparation for major events, SAR
operations, and crime scene photography [58]].

For large events, such as festivals and sporting events [59], the police use drones to
gain an overview of gatherings of people to ensure people’s safety, as well as monitor
and record specific incidents when it is proportionate and necessary [60]. Drones are also
employed in situations where they search for missing individuals who may have become

lost in forests, ended up in the sea, or found themselves on the outskirts of events [S9].

5.1.1 Drone specifications

Dji Matrice 300 RTK (M300), as shown in figure [5.1] is one of the drones commonly
utilised by the police in Norway [61]. It has also been adopted by multiple fire depart-
ments for tasks such as monitoring wildfires, assessing damage from fires, and locating in-
dividuals who require rescue [62,63]]. Therefore, it can be argued that this drone model is
frequently selected for performing state aviation tasks. A summary of the relevant specifi-
cations for the M300, obtained from the manufacturer’s data sheet [64 65, 66], is provided
in Table[5.1]
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5.1.1 Drone specifications

Figure 5.1: Dji Matrice 300 RTK [9]

Table 5.1: DJI Mavic Matrice 300 RTK specifications

Dimensions L x W x H (pro- | 810 x 670 x 430 mm

pellers excluded)

Diagonal wheelbase 895 mm

Weight 3.6 kg (with single downward
gimbal excluding batteries)
Approximately 6.3 kg (with sin-
gle downward gimbal and dual
TB60 batteries)

Max speed 23 m/s (S mode)
17 m/s (P mode)

Max flight time 55 min (7 m/s without payload)

Unfolded diameter
Capacity 5935 mAh
Energy 274 Wh
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5. Case studies

5.1.2 Mission during larger events

The utilisation of quadcopters offers an aerial perspective that can aid in situational aware-
ness and facilitate ground staff investigations. A prevalent aerial search technique involves
hovering over specific vantage points, which offers a bird’s-eye view of the surrounding
area. This approach can prove particularly advantageous in scenarios where locating miss-
ing persons or identifying stranded individuals in difficult terrain or inaccessible areas is
necessary.

Furthermore, quadcopters are capable of flying between various vantage points to cap-
ture a more comprehensive view of the area. This feature can be especially beneficial in
circumstances where ground access is restricted or hazardous. An example of such a sce-
nario can be observed in Figure [5.2] which depicts a festival area in close proximity to
the sea, where circles indicate hovering vantage points and dotted lines routes between the
respective points. In this setting, vantage points can be utilised to monitor both the water

and the streets, ensuring comprehensive coverage of the vicinity.

* Hover on station: Monitoring people on the outskirts of the crowds by hovering over
low population density areas and pointing IR-camera and photo-camera in different
directions

» Flight: Searching for missing people on the outskirts of the crowds by flying to

nearby locations such as the sea, rooftops or side curbs in an alley

513 RO3

From Table 4.1]in Subsection #.3.1] it becomes apparent operations involving drones for
civil state aviation purposes often will either require RO 2 or RO 3 approval either due
to the daylight requirement or MTOM. It can be noted the term night is defined as when
the centre of the sun is 6° below the horizon [67]]. Then it will for instance almost be
impossible to operate during daylight during polar night in the northern part of Norway.
In light of the fact that RO 3 limitations are contingent upon the outcomes of individual
risk assessments, which may vary significantly between operators, a proposal which differs
from RO 2 will be given. As such, the optimisation problem for this particular case be

constrained by the following suggested conditions [6]:

* A maximum altitude of 100 meters above ground level (AGL)

* A minimum ground risk buffer of 50 meters from populations consisting of more
than 100 individuals
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5.2 Case study: SAR mission conducting a surface search operation in the sea

63,

High density populated area

Hovering locations

Figure 5.2: High-density populated area with four hovering locations marked with circles,
and dotted lines representing routes to get another angle of the situation

5.2 Case study: SAR mission conducting a surface search

operation in the sea

Drones have proven to be invaluable tools in SAR missions because of their ability to effi-
ciently cover large areas, reach inaccessible locations, and provide rescuers with real-time
data. However, drones can so far not replace other resources on the ground during SAR
operations but rather complement them. For instance, in areas characterised by dense
vegetation, ground crews remain indispensable and a critical component. Similarly, in
the aftermath of an avalanche, helicopters continue to play a vital role due to their supe-
rior response time, specialised transmitter/receiver equipment, and capacity to efficiently
transport individuals when necessary.

SAR drones are equipped with various sensors, including Electro-Optical/Infra-Red
(EO/IR) cameras (that include both visible and infrared sensors), which can provide valu-
able information to rescuers to locate and assess the situation of people in distress. Effec-
tive use of SAR drones requires knowledge of SAR techniques, such as search patterns and
communication with other rescue personnel. Additionally, operators must possess the nec-
essary skills and familiarity with established routines to operate the equipment proficiently

and to ensure that it is used correctly and effectively in the given situation.
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The Joint Rescue Coordination Centre (JRCC) generally holds overall responsibility
for coordinating and summoning resources for a search and rescue mission until the Local
Rescue Centre assumes control [68]. At the local level, the incident manager is tasked
with making informed decisions and overseeing the operation. This includes coordinating
the drone operation and defining the search pattern based on observations of the conditions
and terrain. It is customary to rely on the nearest available resource, such as the police,
Coast Guard, the Red Cross, or Norwegian People’s Aid, to respond to the mission under

the given circumstances.

5.2.1 Drone specifications

For the sake of simplicity, the use of M300 will be continued as it is a widely adopted
model by state aviation operators and a frequently used model by other organisations as
well. The specifications are thus summarised in Table [5.1]in Subsection[5.1.1]

5.2.2 Search flying patterns

Various visual search patterns exist for SAR missions, such as sector search, expanding
square search, track line search, and parallel sweep search (PS) [[69} p. 5-6]. The selection
of the search pattern depends on factors specific to the mission, such as the size of the
search area, weather conditions, and available resources. An essential factor to consider is
whether there is any information regarding the scope of the search, whether it is a fine or
rough search.

For certain SAR missions conducted with airborne vehicles, such as those involving
drones or helicopters, the PS search pattern is particularly effective for providing uniform
coverage of a large area when uncertainty in the survivor’s location is large [69, p. 5-9].
Therefore, variations of parallel search patterns are often chosen in cases when conducting
a surface search operation in the sea, namely pattern 1 (P1), pattern 2 (P2) and pattern 4
(P4). These patterns are illustrated in Figures[5.3}[5.4} and[5.5] respectively. A standard for
the M300 involves flying all patterns with the H20T gimbal angle set to 75° and a search
height of 100 m AGL.

P1 is mainly utilised in open terrain and can be executed rapidly, although its accuracy
is usually low to medium. P2 is suited for larger areas with varying vegetation but takes
longer and depends on the search area’s size for completion. The accuracy of P2 ranges
from medium to high, depending on vegetation density. P3 is a meticulous search and
requires much more time to complete than the other patterns.
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5.2.2 Search flying patterns
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Figure 5.4: P2: Parallel search with overlap
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Figure 5.5: P4: Parallel pattern crossing with overlap

5.23 RO2

Surface search operations in the sea for SAR missions are typically conducted in areas
with low population density and can therefore classify as RO 2 operations. Although the
maximum allowable flight height is 120 m, the common practice is to set it at 100 m AGL.
This is likely due to extended air space segregation and improved ground view coverage.

Consequently, the following operating conditions are listed [6]):

* Max 100 m AGL
* Min 150 m safety distance to a population of more than 100 people

* Max speed 41 m/s
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5.3 Case Study: Commercial entity conducting BVLOS
power line inspections in sparsely populated area

The inspection and maintenance of power lines are critical in order to ensure the safe and
continuous distribution of electricity. Any damage or fault in the lines may lead to serious
safety hazards for both people and property. Thus the inspection can help identify these
hazards as well as prevent accidents as the lines are subject to degradation.

Inspection of high-voltage power transmission lines has traditionally been carried out
by manned aerial vehicles or foot patrol. However, these maintenance methodologies are
inefficient and expensive compared to drones, which have emerged as a popular tool for
conducting power line inspections instead. UAVs represent an alternative to manned sys-
tems, both reducing the risk to personnel involved as well as cutting costs, for a wide range
of activities related to monitoring transmission lines as well as other types of strategic in-

frastructure [70l p. 1].

5.3.1 Drone specifications

For manual inspection of single wiring masts, a small drone such as DJI Mavic 3 can be
used for a brief examination. However, for autonomous inspection, M300 is more useful
because of its advantageous power capacity and will therefore be served in this case. The
details are already summarised in Table[5.1]in the previous section.

5.3.2 Normal flight procedures

During a power line inspection using a quadcopter, it is common to equip the drone with
a combination of different sensors, including cameras, LIDAR, and/or IR cameras. The
quadcopter is flown along the power lines and captures images and data for inspection,
which potentially can help identify corrosion, damage or vegetation encroachment. The
flight path will typically follow the trajectory of the power lines, where forward flying
constitutes the largest part of the flight operation compared to hovering.

For simplicity, two key procedures that can be identified during a power line inspection

are as follows:

* Hover over poles in order to inspect specific details or discrepancies on power poles

* Maximising the distance of lines covered by the drone using the available power
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5.3.3 PDRA-G03

PDRA-GO3 is specifically designed for linear inspections, and has been documented by
EASA p. 136]. As a result, it can be used as a simplified alternative to developing a
SORA, which is why it was utilised in this case study. Furthermore, it can also be used as
a basis for future assessments if desired.

A selection of operational preliminaries for the PDRA-GO03 is condensed into Table
[5:2] which details will be taken into account. A full overview of the operating scope as
well as more detailed requirements are provided by the Norwegian CAA on their respective
website [56]].

In Figure [5.6) two different scenarios are defined, where the height of the power pole
either has a height (a) up to 20 m or (b) higher. Thus the height at which the drone can fly
from the top of the pole being inspected will vary depending on the height of the pole. It
can also be noted the operational volume requires the contingency volume to be at least 20
m taller than the flight geography.

Table 5.2: PDRA-GO03

Maximum characteristic dimen- | 3 m
sions (maximum distance be-
tween rotors)

34 k]
30 m AGL

Max typical kinetic energy

Maximum flight geography
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(a) Maximum distances when
operating in the proximity of nat-
ural or artificial obstacles (e.g.
trees, buildings, towers, cranes,
fences, etc.) whose height is be-
low 20 m

30 m horizontally and 30 m ver-
tically from the top of the over-
flown. The maximum flight ge-
ography height is 50 m

(b) Maximum distances when
operating in the proximity of nat-
ural or artificial obstacles (e.g.
trees, buildings, towers, cranes,
fences, etc.) whose height is
above 20 m

30 m horizontally and 15 m ver-
tically from the top of the over-
flown obstacle

Contingency volume

Minimum 20 m taller than the
flight geography

Ground risk buffer

Default criterion: 1:1 rule




5.3.4 Typical kinetic energy
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(a) If the obstacle height does not exceed 20 m, (b) If the obstacle height is taller than 20 m, then
the height of the operation may be up to 30 m the height of the operation may be up to 15 m
from the top of the obstacle. The maximum op- from the top of the overflown obstacle. The max-
erating height is 50 m AGL. The maximum hori- imum horizontal distance from the obstacle is set
zontal distance from the obstacle is 30 m to 30 m

Figure 5.6: Safety distances in order to decrease air risk according to PDRA-GO03

5.3.4 Typical kinetic energy

Although not explicitly included in the cost function, there are certain requirements related
to the typical kinetic energy that must be fulfilled. To estimate the energy possessed by
a drone upon impact with the ground, the typical kinetic energy is computed using the
equation (5.I)), where the net force F is the difference between drag F'p and weight F.

F=Fp—-Fg 5.1)

When Fp is equal to Fg, there is no net force [71]. By inserting the drag equation
into (5.1), equation (5.2) is obtained.
Fp =Fg
1 9 5.2)
§ pAC DU = F G

Terminal velocity vy is then calculated as in (3.3) [71]].

B 2Fq

T V PACD (5.3)
_ [ 2mg
pACD
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Thus the total typical kinetic energy tke can be estimated in (5.4).

1
the = 5mv% (5.4)

To comply with the legal regulations, it is necessary to ensure that tke remains below
34 kJ. This restriction imposes limitations on the selection of drones suitable for the mis-
sion, including factors such as weight Fiz and size, which directly influence the frontal
area A of the drone.

5.3.5 Maximum horizontal speed

The horizontal distance that the quadcopter travels between the moment of failure and
hitting the ground can be calculated according to [72| p. 2], where air resistance in the
horizontal axis will be taken into account.

First, S is defined as (5.5)), which originates from drag equation in (2.3) [73}, p. 8].

pACpH
2m

8=

(5.5)

The vertical velocity v of an object that has fallen from a height h is given by equation
(5.6) respectively.

v? = (1 - e728) (5.6)

B

Given the vertical velocity v, the elapsed time ¢ between the moment of failure and
impact is given in (5.7) [72, p. 3].

__ In (B~ 5>
WBg (0B +/9)?

The distance « is the minimum ground risk buffer, which as the default criteria should

) (5.7)

be according to the 1:1 rule. Then the horizontal velocity at the time of failure is given by

Umag i equation (5.8).

T

Umax = ; (5.8)

This can further be implemented as constraints in the optimisation problem. For the
calculation of the cross-sectional area A, this can for instance be done according to [72}
p. 3]. Although the calculation is not accurate, it gives an estimate.
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5.4 Case study: Filming in close proximity to a high den-

sity of people (crowds) in an urban environment

Drones have become an increasingly popular tool for capturing aerial footage in a variety
of industries, allowing professionals to capture angles that were previously impossible to
achieve. As aresult, a wide range of professions, such as film creators, news organisations,
sporting events, as well as event planners and real estate agents, can benefit from using

drones.

However, filming in close proximity to crowds also imposes increased risks. Therefore,
if high photo resolution is essential for the project, SORA may be a better option than
the open category as it allows for the additional weight of larger cameras. Nevertheless,
this may require drones with greater lifting capacity, which can amplify the consequences
in case of a drone crash. The next section will outline an operational scenario, but the
principles and guidelines can also be applicable to executing drone operations in various

contexts.

5.4.1 Drone specifications

The DJI Inspire 2 (I2) has been a popular tool in the aerial photography industry due to
its RAW image quality, compact size, and competitive price point. In this case study, the
latest addition in line, DJI Inspire 3 (I3) seen in Figure |31|, which was released to the
global market in June 2023 will be the focus. Data sheet specifications provided by the
manufacturer of the aerial cinematography drone are summarised in Table [5.3] [10].

Figure 5.7: Dji Inspire 3 [10]
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Table 5.3: DJI Inspire 3 specifications

Dimensions L x W x H (pro-
pellers excluded)

425mm x 427mm x 316 mm

Weight (includes gimbal camera, | 3.995 kg
two batteries, lens, PROSSD,

and propellers)

Max horizontal speed 26 m/s

Max hovering time (with landing
gear raised)

Approx. 25 minutes (with gim-
bal camera and lens)

Max flight time (10 m/s)

Diameter

Approx. 26 minutes (landing
gear raised)
Approx. 28 minutes (landing

gear lowered)

Weight 0.470 kg
Capacity 4280 mAh
Energy 98.8 Wh

5.4.2 Normal flight procedures

During drone operations, the drone may not always fly continuously in a forward direction.

However, in order to simulate, some generalisations are necessary. Similar to the previous

case studies, the following manoeuvres can be identified:
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* When waiting for a scene to unfold, maximising flight time can be useful. In single-
camera productions, there may be some waiting time on the subject, while in multi-
camera productions, camera operators may need to queue up, making it advanta-
geous to stay airborne for as long as possible to avoid missing any shots or incidents.
On a film set, time is considered everything

It is normal to take advantage of all the camera axes in flight, but some very com-
mon movements are dolly zooms and panorama shots, which often only require
movement in surge or sway (in addition to some camera movement)



5.4.3 SORA

5.4.3 SORA

It is assumed that the following conditions can be achieved through a thorough SORA
process, making it applicable to represent a realistic operational scenario. The necessary
actions to fulfil the final GRC, residual air risk, SAIL, and OSOs should be implemented in
the OM. Table[5.4]briefly summarises the results of the risk assessment with mitigations.

Table 5.4: Main features and assumed final risk values for SORA

Operation type VLOS
Area Urban
Height Maximum 120 m

Inherent ground risk 4
Mitigation Ml=-1 | M2=0 M3=0 -1
Final ground risk (GRC) !
Initial air risk ARC-C

Residual air risk

SAIL

The detailed documents to support the SORA are the OM, ConOps as well as a con-
tingency plan and emergency plan in the occurrence of accidents and incidents. However,
it is not normal procedure to enclose these documents as they are considered proprietary
information and trade secrets that are critical to a company’s operations and competitive
advantage. Nevertheless, it should be possible to attain similar results through the ten-step
SORA process previously described in Subsection 4.3.1]

Two different horizontal proximity limits, S0 m and 25 m, are listed with accompa-
nying operation limits. These could later potentially constrain the optimisation problem,
and is shown in Table [5.5 and [5.6] and illustrated in Figure [5.8]and [5.9} respectively. The
maximum horizontal speed is determined based on the calculations outlined by Shelley in
mind [72| p. 2], which already is described in detail in Subsection[5.3.3]
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Table 5.5: Horizonal proximity: 50 m

25 m 15 m/s
50 m 9.5 m/s
80 m 6.5 m/s
120 m 4.5 m/s
Contingency Flight geography
volume %\
L " I . _
Adjacent area  Ground risk buffer Contingency area Flight
40 m 10 m geography area
T
Proximity
50 m

Figure 5.8: Horizontal proximity of 50 m

Table 5.6: Horizonal proximity: 25 m

25m 7.5 m/s
50 m 4.5 m/s
80 m 3 m/s
120 m 2.5 m/s
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Figure 5.9: Horizontal proximity of 25 m
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5.5 Implementation of operation types

5.5 Implementation of operation types

Listing [5.1] provides a condensed representation of the regulatory constraints associated
with the different types of drone operations listed in the previous sections. These con-
straints specify the maximum allowable values for the horizontal speed in the x-direction
within the inertial frame, which may vary depending on the specific operation type.

To ensure compliance with regulatory requirements, it is essential to incorporate these
constraints into Listing [3.1] of Subsection [3.2.3] which shows an overview of the imple-
mentation of the optimisation problem. By including the regulatory constraints as part of
the "model” variable, these constraints become an integrated component of the objective

function, which allows for optimisation.

Listing 5.1: Types of operations implemented as constraints

7S

###44# Regulatory constraints #####

;| ## RO 3
/h = 100 # height AGL
sid = 50 # horizontal distance
cd # drag coefficient
# cross section area
RO3_v_max = max_speed(h, d, Cd, S) # function max v

@variable (model, 0 <= Vxi <= RO3_v_max) # constraint

| ## RO 2
)| RO2_v_max = knots_to_ms (80) # conversion

@variable (model, 0 <= Vxi <= RO2_v_max) # constraint

| ## PDRA-GO3
7ltke_max = 34000 # max typical kinetic energy

h = 50 # height AGL
d = 50 # horizontal distance
Cd # drag coefficient
S # cross section area
»|v_max = max_speed(h, d, Cd, S) # function max v
@variable (model, 0 <= Vxi <= v_max) #constraint
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## SORA: urban

heights = [25, 50, 80, 120]
v_max_50m = [15, 9.5, 6.5, 4.5]
v_max_25m = [7.5, 4.5, 3, 2.5]
v_max_50m_25m = [v_max_50m, v_max_25m]

»|for 1 in 1l:length (v_max_50m_25m)

v_max = v_max_50m_25m[i]

end

@variable (model, 0 <= Vxi <= v_max)

## No operation type
@variable (model, Vxi >= 0)

HH oH =

AGL
proximity 50 m
proximity 25 m

max v values

max v

constraint

no constraint
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6 Parameter identification
and model validation

Model accuracy greatly depends on assigning accurate parameter values. These values can
be determined either using data sheets or experimental data from wind tunnel experiments.
Once identified, the model must be validated to ensure accurate predictions of system
behaviour. This chapter will provide a detailed account of the techniques employed for
parameter identification, along with the underlying assumptions. Furthermore, the chapter

will delve into the validation of the model.

6.1 Calculation of parameters

6.1.1 M300 with DJI data sheet

The M300 drone by DJI is equipped with four DJI 6009 motors and 2110 propellers [64]].
Characteristics for M300 are thus summarised in Table[6.1]and are essential in determining

the appropriate simulation parameters.

Table 6.1: Additional M300 specifications

Hover power 175 W
Max power (full capability) 1000 W
Hover rotation speed (average) 2685 RPM
Max rotation speed (full capability) 5489 RPM
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Thrust estimation

The thrust exerted during hover can be calculated as in equation (6.I), where m is the
mass of the M300 drone and g is the gravity. This result can be then used to yield the
thrust coefficient later on.

Thover =m-g (61)

Power estimation

In hover, the total drag experienced by the multirotor is the combination of profile and
induced drag [[L7]. In this state, parasite power loss is absent. Therefore, it is reasonable
to assume that the total hover power FPjgver, as provided in Table @ can be expressed

as the sum of profile power P; and induced power Py. This relationship is represented in

equation (6.2).

Phover = P + Pf (6.2)

Further, momentum theory relates the rotor thrust and the induced velocity at the rotor
disk by equation[6.3][19, p. 31].

T = 2pAv? (6.3)

Induced velocity in hover vy, is therefore (6.4).

T

oo (6.4)

Vp =

Thus the induced power loss for hover follows as in when (6.4) is inserted [19}
p. 31].

(6.5)

3
T 2
=24 ( —
g <2PA>

Then equation can be utilised to calculate P as in (6.6) in order to obtain the
profile drag coefficient.

Pf = Phover — P = kdw3 (66)
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6.1.1 M300 with DJI data sheet

Approximation of profile thrust coefficient

According to Nguyen, Liu and Mori [74} p. 36], the thrust coefficient Cr of a quadcopter
is the average value of four rotors, as shown in (6.7).

4
1
Cr =7 ; Cr, 6.7)

Equation @ shows the theoretical thrust 7j,,yver during hovering, where p is the air
density, A is the area of the propeller, w is the angular velocity, and R is the propeller’s

radius.

Thover = CTPA (WR) 2

(6.8)
= CrpAR*W? = kpw?
From equation (6.8), k7 can be calculated as follows in (6.9).
T over

kr = *; : (6.9)

Then Cr can be obtained as a dimensionless constant in (6.10).

kr

Cr=—— 6.10
T = AR (6.10)

The thrust coefficient, C, is known to vary depending on the angle of attack, angular
velocity, and other factors. In addition, during forward flight, the interference of multiple
rotor configurations can also affect C'r. According to [74, p. 39], the thrust coefficient of
the rear rotor is lower than that of the front rotor by a maximum of 11 %, which can degrade
hovering performance. However, for the purposes of this report, the thrust coefficient will
be treated as a constant value for simplicity.

Approximation of profile drag coefficient

From (6.6), kp can be found in (6.11). The motor efficiency constant ¢ is added as well.
A constant of € = 0.883 is used for data sheets unless specified otherwise [75].

kp =L ~e—L 6.11)

The dimensionless profile drag coefficient Cp defined in (3.5)) can then be calculated

in equation (6.12).
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1
Pf=§pAch3 vV Py =kpw?

1
§pACD = k‘D (612)
2kp

6.1.2 13 with DJI data sheet

To protect trade secrets, DJI did not want to disclose all characteristics related to I3 or
the DJI 3511s motor. As a result, the details were limited [10]. Therefore, the hover
rotation speed (average) is provided by Mejzlik propellers instead, which provides a wide
database of different propulsion systems in order make a baseline for further development
and customisation [76]. The data from Mejzlik are marked with an asterisk (*) and is thus
an approximation based on DJI 1671 propeller size and pitch. Table[6.2]thus provides an
overview of the available information that will be used.

Since parameters were obtained through a data sheet similar to M300, identification
was conducted by following the same method already stated in the previous subsection.

Table 6.2: 3511s and Mejzlik propeller specifications

Hover power 119 W
Hover rotation speed (average) 3089 RPM*
Max rotation speed (full capability) 7100 RPM

6.1.3 NASA wind tunnel test measurements

National Aeronautics and Space Administration (NASA) published 2018 wind tunnel and
hover performance test results for a few selected multicopter vehicles, namely 3DR solo,
DIJI Phantom 3 (P3), 3DR Iris+, Drone America x8 and SUI Endurance. Characteristics
from NASA’s Phantom 3 test setup are collected in Table [6.3] [77, p. 3, p. 11], as well
as additional details from the DJI datasheet [78]], marked with (*), have been included to

provide a more comprehensive overview.

Thrust coefficient

The thrust coefficient k7 and dimensionless version ¢y were calculated as previously and
defined in equation (6.13).
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6.1.3 NASA wind tunnel test measurements

Table 6.3: P3 test characteristics

Weight 2.81b
Dimensions L x W x H (excluding 9.9in x 9.81in x 7.6 in
propellers)
Factory prop propeller diameter 23.88 cm
Baseline RPM 5300 RPM
Torque 0.398 in-1b
Max speed 16 m/s *
Max flight time (hover) Approx. 25 minutes *
T
kr = —
w (6.13)
k .
op = —2
pAR?

Estimation of profile drag coefficient

Since the test data from NASA includes data for the torque 7 in the z-direction, these
measurements can be used to calculate kp (6.14)

T = kpw?
T (6.14)
kp=—
w

Moreover, the dimensionless profile drag coefficient Cp can be obtained utilising the

drag equation (2.3) as seen in (6.13)) and (6.16).

Fp = %/)AC’Dw2
T
R
T = % pACH Rw?

= %,;ACD& (6.15)
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1
T= §pARCDw2 vV 1= kpw?

1
épARCD = kD (6.16)
2kp
Cp=—=
b= HAR

6.1.4 12 Xoar data

Lastly, performance data collected from a closed lab environment from the American pro-
peller manufacturer Xoar Propellers will be listed, which was carried out using 12 com-
bined with their carbon propellers [79]]. Though I2 is similar to I3, it is simulated without
camera equipment and a gimbal as another battery in order to replicate Xoar’s conditions.
Specifications for the drone and propellers can be briefly listed in Table [6.4] Additional
information from DJI is included, marked with (*), that can be used to discuss and validate
the simulation result [80].

Similar to the NASA tunnel data, information on thrust, torque and RPM is available.
Therefore, the parameters can be calculated in a similar manner conducted in the previous
subsection.

Table 6.4: 12 specifications

Weight 3.440 kg
Dimensions L x W x H (excluding 425mm X 427mm x 316
propellers) mm
Xoar propeller diameter 15”7
Hover RPM 3559 RPM
Torque 0.155 Nm
Max speed 26 m/s *
Max flight time Approx. 2* min (without

camera) (hover) *

Approx. 27 min (with
Zenmuse X4S) (hover) *
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6.2 Identified simulation parameters

6.2 Identified simulation parameters

Calculations from the previous section are summarised in Table [6.5] The obtained pa-
rameters are rounded to three significant figures for comparison, where kr is the thrust
constant, cp is the dimensionless thrust coefficient, kp is the drag constant, and cp is the

dimensionless profile drag coefficient.

Table 6.5: Identified simulation parameters

M300 1.95e-4 0.010 3.67e-6 2.72e-5
13 9.36e-5 0.014 1.91e-6 2.40e-5
P3 1.10e-5 0.014 1.46e-7 4.46e-5
12 6.35¢e-5 0.013 1.13e-6 8.51e-5

6.3 Validation of parameters

The study carried out by Nguyen, Liu and Mori p- 36], shows the T-w relationship
when hovering for a quadcopter gives a k7 and cr equal to 4.0e-5 and 0.013 respectively.
However, for a forward flight, the study visualises how c7 might changes based on forward
speed, RPM and AOA. There is a slight trend in the data that suggests cr increases with
forward speed while it decreases with increased RPM and AOA. The smallest value for
cr is thus given as 0.006 during a forward flight of 4 m/s at AOA -18° and 3000 RPM,
whereas the largest is estimated to be 0.02 during a forward flight of 10 m/s, AOA of 5°
and 2000 RPM p. 37].

Comparing the hover data with the obtained results in Table [6.3] it can be seen 12
coincides closely with these findings. The same holds true for I3 and P3. However, M300’s
0.010 deviates slightly from 0.013 as well as 1.95e-4 from 4.0e-5. Nevertheless, none of
the results deviates considerably from each other. This similarity also applies to the values
of cp, which exhibit only small variations. Considering the diversity of data sources and
the utilisation of different methods to calculate the parameters, it is reasonable to expect
some uncertainty and a certain level of variability.
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6.4 Validation of model

6.4.1 eCalc

The web-based calculator eCalc [81] is often used by companies [82] and multicopter en-
thusiasts in the estimation of drone performance, allowing its users to select a variety of
components and adjust various parameters to calculate flight time and range. The cal-
culator takes factors such as motor and propeller specifications into account, as well as
battery capacity and voltage, model frame size and weight. Then users can determine the
configuration for their specific needs.

By inserting the specifications for the M300 into the calculator, Figure [.1a]is given
as a response. It can be observed flight time is decreasing steadily from hover at 0 m/s as
the speed is increasing. This trend can be seen for both I3 and P3 as well in figures
and [6.1b] The available flight time for M300 does not fully match the numbers from DJL
Whereas the data sheets state a flight time of 55 minutes (at 7 m/s), 25 minutes (at 0 m/s),
and 23 minutes (at 0 m/s) for M300, I3 and P3, eCalc states approximately 37 minutes, 23
minutes and 26 minutes, respectively.

Furthermore, when comparing the results from eCalc (Figure[6.1a}[6.16} and[6.1c) with
the simulations in Section[6.5] a notable difference is observed. The eCalc results show a

consistent decrease in flight time as the speed increases, whereas the simulations demon-
strate a slight increase in flight time before eventually decreasing as the speed increases.
This may be an indication that an accurate model of inflow is not included in the eCalc

calculations.
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6.5 Simulated power consumption
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6.5 Simulated power consumption

For all simulations conducted, multirotors are modelled with evenly spaced rotors that
are positioned at equal distances from each other on the same plane with non-overlapping

rotors.

Furthermore, the rotor layout designates the rear rotor pair as rotors 1 and 2, while the
front rotor pair comprises rotors 3 and 4. This is illustrated in Figure[6.2]
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6. Parameter identification and model validation

Figure 6.2: Rotor layout configuration where rotors 1 and 2 are situated at the rear, while
rotors 3 and 4 are located at the front of the multirotor

6.5.1 M300

Figure[6.3alillustrates the distribution of power, parasitic, profile and induced. The findings
presented in Figure[6.3b]indicate that a speed of 7 m/s results in a flight time of 54 minutes,
which aligns closely with the reported flight time of 55 minutes at the same speed as stated
in the DJI data sheet. Moreover, hovering at 0 m/s results in 50 minutes of flight time,
which can be attributed to the reduced induced drag that occurs when drones operate at

lower speeds compared to hover.

According to Johnson [19} p. 34], the power loss distribution for a rotor in hover for
helicopters is typically estimated to be approximately 60% induced power, 30% profile
power, and 7-12% for other factors such as nonuniform inflow, wake swirl, and tip losses.
However, the simulation results presented in Figure [6.3a] do not align with these percent-
ages. At 0 m/s, the profile power and induced power values are nearly equal, with values
of 328 W and 326 W, respectively. This is closer to a 1:1 ratio rather than the 1:2 ratio.

As air flows through the front rotors of the drone, the energy extraction by these rotors
and the disturbances created by the rotating blades interacting with the air can weaken and
disrupt the smooth airflow. This disturbance results in the formation of a wake, leading to
a significant reduction in power produced by the rear rotors compared to the front rotors.
This trend is likely depicted in Figure and Figure [6.3d] which display the induced
power for each rotor. In the latter figure, it is likely that the rear rotor pair experiences
wake losses. However, as the drone’s forward speed increases to around 10-15 m/s, the
amount of induced drag decreases. This is likely because the airflow around the rotors
becomes more streamlined compared to hovering at 0 m/s. As a result, the drone can
generate lift with greater efficiency, leading to a reduction in induced drag which can be
seen as the bottom of the valley.
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6.5.2 P3 NASA wind tunnel data

The optimisation analysis reveals that the optimal hovering speed for maximising flight
time is determined to be 5.2 m/s, whereas the optimal speed for maximising distance is
calculated to be 10.1 m/s These speeds correspond to flight times of 55 minutes and 44
minutes, or distances of 17.2 km and 26.7 km, respectively. These findings highlight the

significance of selecting an appropriate flight speed in order to maximise the flight time
and range capabilities of drones.
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Figure 6.3: DJI data sheet simulation for M300

6.5.2 P3 NASA wind tunnel data

In Figure[6.4a] the power distribution is depicted. However, the hover power loss observed
in the simulation does not align with Johnsen’s power distribution, as the simulation re-

sults indicate a ratio of 1.3 between profile and induced power consumption during hover.
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6. Parameter identification and model validation

Specifically, profile power accounts for 88 W, while induced power amounts to 66 W. It is
worth noting that the P3 drone has a relatively small size, with a vehicle frame measuring
350 mm in diagonal length, a weight of 1.27 kg, and propellers with a length of approx-
imately 24 cm. As a result, it is reasonable to assume that the short and stubby wings of

the P3 drone could contribute significantly to the total power loss.

Although RPM alone cannot provide a comprehensive assessment of a drone’s perfor-
mance, it is notable that the P3 drone has a high hover RPM of 5300 RPM. This indicates
that the smaller drone’s propulsion system operates at a relatively high rotational speed to
sustain its position in the air. The elevated RPM requirement suggests that the P3 drone’s
propulsion system exerts greater effort to maintain stability during hovering, which in turn
can contribute to a significant portion of the power consumption attributed to profile power.

In Figure [6.4D] the estimated flight time during hover is around 28 minutes, which
closely aligns with the approximate value stated in the DJI data sheet of 25 minutes. The
optimisation problem concludes the optimal speed for hovering at O m/s to be 6.6 m/s,
resulting in a maximum estimated flight time of 32 minutes. Additionally, a speed of 13.3
m/s allows for achieving the longest possible distance, which corresponds to 24 minutes
of flight time. This indicates a difference in reach of approximately 12.7 km compared to
19.2 km.

Furthermore, the figures representing induced power, namely Figure and Fig-
ure [6.4d] demonstrate a similar wake effect as previously observed in the M300 drone.
Specifically, the rear rotors exhibit lower power generation compared to the front rotors,

indicating the presence of wake-induced losses.
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6.5.3 13 data sheet
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Figure 6.4: NASA wind tunnel data simulation for P3

6.5.3 13 data sheet

Figure [6.5] presents the simulation results for the I3 drone. However, the observed pro-
file/induced power ratio of 1.2 deviates from Johnsen’s approximations for helicopters
[19, p. 34]. While it is acknowledged that multirotors and helicopters are not entirely
identical, some similarities were still initially expected.

The results depicted in Figure [6.5a) and Figure [6.5b] indicate that hovering requires
approximately 474 W of power, yielding an expected flight time of 25 minutes. These
findings closely align with the specifications provided in the DJI data sheet, which also
indicate a flight time of 25 minutes at a forward speed of 0 m/s.

Furthermore, the optimisation analysis reveals that the optimal speed for maximising
flight time is determined to be 6.9 m/s, resulting in a flight time of 28 minutes. This differs
from DJI’s stated optimal hover speed of 10 m/s, which should also correspond to a flight
time of 28 minutes. In range, this is a difference of 11.6 and 16.8 km. Additionally, the
optimal range speed for the I3 drone is estimated to be 13.8 m/s which equals 21 minutes

of flight time. The corresponding distance equals 17.4 km.

Similar to the previous results for M300 and P3, the graphs in Figure and Figure
[6:3d indicate that the rear pair of rotors generate less power compared to the front rotors.
This observation further emphasises the presence of the wake effect, where the interaction

of the front rotors with the air disrupts the flow and reduces the power output of the rear
rotors.
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Figure 6.5: DJI data sheet simulation for I3

6.5.4 12 Xoar data

The laboratory test data for the 12 was used for comparison with the 13 due to the un-
availability of one parameter for the I3, which had to be approximated. It should be noted
that the efficiency constant for the I2 was measured as 0.72 [79]], while for the I3, it was
assumed to be 0.883. Additionally, the weight of the camera and lens is included in the I3
but excluded in the I2. However, considering that the 12 is almost seven years older than
the I3, it is possible that significant improvements have been made to the drone during that
time.

In the case of the 12, the power required at a forward velocity of 0 m/s was determined
to be 415 W, with a flight time of 28 minutes. This is pictured in Figure[6.6aand [6.6b] and
aligns well with the DJI data sheet’s claim of 27 minutes including the lightest camera.
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6.5.4 12 Xoar data

The optimal speed for max flight time for the 12 was estimated to be 6.9 m/s, resulting in
a flight time of 31 minutes and a range of 12.1 km.

Additionally, the optimal distance speed for the 12 was estimated to be 13.8 m/s which
corresponds to both 21 minutes of flight time and 17.4 km of distance. Despite using
different data sources, the results for both the I3 and the 12 exhibit similarities. Overall, 12
does not deviate greatly from the results obtained for I3 in Subsection[6.5.3]
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Figure 6.6: Test data simulation for 12
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7 Results

Having established the reliability of the simulation framework in Chapter 6] the next step
is to implement regulatory conditions as constraints into the optimisation problem. This
allows for the simulation of case studies presented in Chapter[5] while ensuring compliance
with applicable legislation. As a result, each section in Chapter [/| corresponds to the
respective case sections presented in Chapter 5]

71 RO3

For the case study regarding police drone use during larger events, a proposal was provided
for defining conditions using RO 3 in Subsection[5.1.3in chapter[5] These conditions were
reformulated to align with equation (7.1)), where the maximum horizontal speed Vi, ax 1S
determined to be 9.0 m/s.

0 < Vig < Vinax = 9.0m/s (7.1)

Incorporating this condition into the optimisation process yields the results shown in
Figure[/.1a] revealing the optimal speeds for maximising flight time and range as 5.2 m/s
and 9.0 m/s, respectively. This translates to flight times of approximately 55 minutes and
48 minutes, or distances of approximately 17.2 km and 25.9 km, respectively. As depicted
in Figure the maximum flight time corresponds to the peak of the graph, while the
maximum range slightly deviates from the peak to adhere to the specified regulations for

this particular case.

Maximising airtime could be particularly advantageous for the police during larger
events and monitoring operations. As events often span an extended duration, having the
possibility of a longer airborne presence can be essential. The graphs shown in Figure[7.1b]
can probably be most useful on-site since it easily displays the consequence of increasing
flight speed.
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Figure 7.1: DJI data sheet simulation for M300 with RO 3 regulatory constraints

7.2 RO2

Within the context of the SAR mission case study, the result from optimising for the range
is probably the most useful aspect. This is particularly important when dealing with ex-
tensive areas that require coverage and search efforts for missing individuals at sea. As
previously mentioned, RO 2 imposes a maximum speed restriction of 80 knots, which can

be expressed as shown in equation (7.2).

0 < Vi < Viax = 80knots (7.2)

The simulation results are presented in Figure[7.2a] The figure demonstrates that the
regulatory constraints do not have an impact on the optimal speeds for achieving maxi-
mum flight time or maximum range, as it shows the exact identical result from the previ-
ous chapter in Subsection [6.5.1] Consequently, a speed of 10.1 m/s is determined as the
optimal choice for covering the maximum possible distance during forward flight. This
can be crucial if a person is missing, and it is urgent to have as much sea area as possible
investigated.

However, it is important to consider the experience and training of the drone pilot
in charge during the mission. For an untrained individual who relies solely on visual
cues displayed on the screen of a smart controller, a speed of 10.1 m/s may be too fast
when attempting to locate a missing person in the sea. In such cases, Figure [7.2b] could
for instance provide valuable insights for determining an alternative speed suitable for
beginners.
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7.3 PDRA-GO3
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Figure 7.2: DJI data sheet simulation for M300 with RO 2 regulatory constraints

7.3 PDRA-GO03

Performing linear inspections using PDRA-GO3 involves a well-defined type of operation,
where the maximum forward flight is limited by the specified height and ground risk buffer.
As described in Subsection[5.3.3]in Chapter[5] this entails maintaining a maximum height
of 30 m above the pole height for obstacles up to 20 m in height, and a maximum height of
15 m above the pole height for obstacles taller than 20 m. The simulation results indicate
that regulatory conditions do not impact the optimal speeds, and is shown in Table [7.1]
This is most likely to the default criteria of the 1:1 rule.

As previously stated in Subsection [6.5.1]in Chapter [6} 5.2 m/s and 10.1 m/s equals 55
minutes and 44 minutes, or distances of 17.2 km and 26.7 km, respectively. Consequently,
the difference is 9.5 km of high-voltage lines, which could be more dependent on the
forward speed chosen. This is the same result as for the previous case, shown in Figure
(/.20

However, it should be noted that ensuring an adequate ground risk buffer according to
the 1:1 rule can be challenging in certain scenarios. Nevertheless, for the purpose of this
example, it is assumed to be achievable since the case was written with sparsely populated
areas in mind. Another note is that the battery is assumed to be used 100%, which is not
recommended for the battery health, and therefore all distances will realistically be lower.

Nevertheless, that would apply to all speeds.

79



7. Results

Table 7.1: M300 and PDRA-GO03

9m 39m

5.2 m/s

10.1 m/s

19 m 49 m

25 m 40 m

5.2 m/s

5.2 m/s

10.1 m/s

10.1 m/s

39 m 53 m

5.2 m/s

10.1 m/s

74 SORA

Filming in close proximity to crowds poses greater risks in the event of a sudden drone

failure and subsequent fall. However, imposing excessively strict limitations on flight

proximity can hinder the effective capture of the desired subject. Therefore, it is important

to strike a balance between safety and capturing optimal results in photography and cin-

ematography by maintaining a closer proximity to the subject. Unlike the previous case

where a 1:1 rule was applied, alternative proximity constraints are utilised in this scenario,

which influence the optimisation process as shown in Table [7.2]

Table 7.2: I3 and specific SORA

Tu ] w ow

Maximum horizontal speed (m/s) 15 9.5 6.5 4.5
Maximum flight time (m/s) 6.9 6.9 6.5 4.5
Maximum range (m/s) 13.8 9.5 6.5 4.5

Maximum horizontal speed (m/s) 7.5 4.5 3 2.5
Maximum flight time (m/s) 6.9 4.5 3 2.5
Maximum range (m/s) 7.5 4.5 3 2.5




7.4 SORA

Figure[7.3]shows a simulation that incorporates a maximum horizontal speed of 15 m/s
as a constraint. As shown in Table optimising with this regulatory constraint yield the
same result as when no constraints are applied. Moreover, the graphs presented in Figure
[7.3b] provide a reliable and visual basis for estimating and selecting appropriate flying
speeds for the I3, which can be highly beneficial during filming operations on location.
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8 Conclusion

Multiple case studies have been identified and described, highlighting the potential oper-
ational benefits of minimising power losses. In addition to the constructed case studies in
Chapter 5] the use of the simulation framework has the potential to be extended in various
other domains, such as drone package delivery or conducting inspections of railways or
agriculture. Therefore, the application of usage can be far wider than demonstrated so far.

The adoption of a scalable simulation framework in these studies offers an effective
means to determine optimal forward speeds for various drone applications, providing note-
worthy benefits to drone operators. As results show, adjustments in flying strategies can
greatly contribute to maximising flight time and expanding range coverage. It is essential
to recognise the significance of efficiently utilising available resources.

Furthermore, optimising compliance with current laws and regulations is an important
aspect. The rapid increase of UAVs necessitates effective regulation to ensure the safety of
operations and to address potential risks. Therefore, optimising within the boundaries of
current regulations is a crucial aspect. By aligning optimisation strategies with regulatory
requirements, drone operators can strike a balance between maximising performance and
adhering to legal frameworks, thus promoting safe and responsible drone usage.

Moreover, considerable time and effort have been dedicated to calculating and deter-
mining the parameters for the simulation model, taking into account the available data
available. The accuracy of these parameters has been confirmed through a comparison
with existing numbers derived from real-world tests, demonstrating a close alignment with
the findings of Nguyen et al. [74].

Consequently, it can be concluded the simulation model provides reasonable and valid
answers for all the given simulation examples, regardless of whether the data source origi-
nated from a wind tunnel, data sheet, or laboratory experiment. The model has also briefly
been compared to the eCalc calculator. Although the plots did yield different estimates of
available flight time and range for the M300, they were not too far off for the other drones,
P3 and I3.
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8. Conclusion

8.1 Future work

8.1.1 Collecting more data from real-world tests

Although the simulation results aligned well with the numbers provided in the data sheets,
it would be beneficial to conduct additional real-world tests on physical multirotors. This
would help ascertain whether any discrepancies exist between theoretical estimations and
actual performance. Real-world testing could possibly provide valuable insights into the
practical behaviour of multirotor systems and can potentially contribute to the further val-
idation and refinement of the simulation framework, despite the already promising results
obtained.

Some time was dedicated to conducting two tests in late May, which were successfully
completed. However, due to the limited time available at that point, it was not possible to
thoroughly examine and analyse the data in a satisfactory manner or proceed with further
data processing. Nevertheless, upon initial inspection, the data appears to be promising,
as a notable difference between rear and front rotors is observed.

Figure [8.2]is included to display one of the runs of the collected raw data. The mo-
tor speed for the rear rotors is represented by the blue and purple lines, while the front
rotors are indicated by the red and green lines. Further exploration of the data would be
highly interesting, as well as simulating the drone that collected the data using the simu-
lation framework for comparison. Such an analysis could potentially contribute to a more
comprehensive validation of the model.
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8.1.2 Further implementation of regulations for UAVs
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Figure 8.2: First test

8.1.2 Further implementation of regulations for UAVs

The drones selected for the presented case studies are relatively small compared to the
size and weight permitted in specific categories and potentially certified. However, since
EASA’s regulatory framework is still being developed and essential materials have not yet
been released, this aspect was not within the focus scope. Nevertheless, for future work, it

would be interesting to explore case studies associated with higher risks.

The results demonstrate that optimising energy consumption for smaller UAVs yields
minutes of increased flight duration. However, for larger drones with more available en-
ergy, modifying the speed can possibly have a more substantial effect. It would be both
interesting and insightful to conduct similar simulations in the future when, for instance,
drone taxis are ready to enter the air space.
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8. Conclusion

8.1.3 Selection of case studies and multirotors

While four specific case studies were chosen for analysis, there are undoubtedly other
cases that could be explored. In these particular studies, quadcopters were selected as
they are commonly employed in various applications today. However, it is important to
note that other rotor configurations exist and are utilised across different industries. For
instance, octocopters, such as the Freefly’s Alta series, are currently employed in aerial
cinematography due to their ability to carry heavier film cameras. These alternative con-

figurations offer unique advantages and may be worth investigating in future research.
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