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Executive Overview

Project Vision

As more and more high-rise buildings are being developed in the Netherlands, the Dutch Fire Brigade has
warned about fire safety [118]. At the moment, the “Zalmhaventoren” in Rotterdam is the tallest building in the
Netherlands, with a height of 215 meters [60]. In the future, the tower will most likely not be the only one of its
kind as demand for housing is constantly increasing. Since firefighters can only reach up to 30 meters with their
ramp, the heights of the tall buildings pose a big problem in case of emergencies [118]. To quickly get to higher
levels from the inside of the buildings may be difficult and dangerous for the firefighters since equipment can
be heavy and the inside routes to the upper floors may not be safe. Because of this, the developed mission need
statement is:

“Supporting firefighters in combating fires in high-rise buildings”

The use of a drone may help save lives since they can reach the higher floors in little time. Once arrived at the
desired altitude, the drone can start extinguishing the fire. The project objective statement is as follows:

“The UAV shall aid firefighters in combating fires in high-rise buildings by providing extinguishing capabilities
for top-level floors”

Requirements

In order to design a drone that meets stakeholder expectations, clear requirements must be established and
worked on. The requirements are received from the stakeholders and the user. The most important ones are the
key and driving, shown in Table 1.

Table 1: Key and driving requirements

Key

The UAV shall be able to carry a minimum payload of 10 kg

The UAV shall have a horizontal hovering accuracy of +£0.1 m in nominal conditions
The UAV shall be able to achieve a flight altitude of 250 m
The UAV shall be able to operate in a 55°C environment for at least 120 seconds

The UAV shall be able to deliver the fire-combating payload from a horizontal distance of at least 4 m

Driving

The UAV shall be able to carry a minimum payload of 10 kg

The UAV shall have an average operational time of 20 min
The UAV shall be able to fit inside a fire brigade transport vehicle
The cost of the single unit shall not exceed EUR 25.000

Market Analysis

The performed market analysis concluded that the demand for firefighter drones will continue to increase in
the upcoming years. Furthermore, it is expected that in the future the development of drones will be funded by
several governments. For multi-rotor drones, there are two main categories: micro and macro drones. Macro
drones are preferable in the Netherlands since they are able to deliver heavier payloads.

Looking at competitors, it can be concluded that there is a market for opportunities laying ahead. Since most of
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the competitors originate from China, the unsaturated European market will give interesting opportunities for
Western fire departments. The lower price compared to others may also be an attractive aspect.

Payload

For the drone to be able to extinguish a fire from a certain distance, a specific payload is designed. The final
payload configuration was concluded on a tank filled with water, to which a pressure pump is attached. The
tank is placed on the landing gear, which in its turn is connected to the bottom of the drone.

The water should be able to travel a horizontal distance of at least 6 m at a relative height of approximately 2
m. To achieve this, the exit velocity of the water has to be equal to 10 m/s or higher. The ideal water tank is
chosen to be custom-made. The tank has a conical design at the bottom to ensure the flow of the water into the
pump, while the top part is flat to easily fit under the drone. The tank has a volume of 20 L. The pump has a
flow rate of 26.5 litres per minute with a maximum pressure of 4.14 bar. A nozzle is connected to the pump
with a diameter of 4.8 mm. In Figure 1, the payload configuration can be seen.

Figure 1: The payload configuration

Power & Propulsion

After the extensive trade-off and selection process performed earlier in the design process. The final configura-
tion was chosen to be six T-MOTOR MN1010 KV135 motors [159]. These are powerful, 12S motors that are
each capable of a maximum thrust of 21.5 kg at max power when using the matching propellers. This propeller
is the Carbon Fibre plus Epoxy G32*11 Prop [157]. With this motor and propeller combination, the optimal
battery was found to be two LiPo 46000 12S2P 44.4v batteries [17].

Electrical Components

To perform the mission as desired, the drone has several electrical components to help manoeuvre and analyse the
situation. The components can be divided into four subsystems: Control, Communication, Sensors & Cameras,
and Others.

Firstly, to control the UAV, a Flight controller (FC) is used. The FC can be seen as the motherboard of the drone.
It ensures that the drone is always stable while performing flight manoeuvres and providing necessary flight
data to the pilot. The FC used on the drone is chosen to be the CubePilot Cube Orange. Next, six Electronic
Speed Controller (ESC)s are used to allow control of the electric motors by the flight controller. The chosen
ESCs are from the same brand as the motors. The T-MOTOR Flame 80A 12S was chosen as ESC. Lastly, two
Power Distribution Board (PDB)s are used. They are connected to the batteries and distribute the power from
the sources to the rest of the system. The PDBs that are used are the Sky-Drone SmartAP PDB 400As.

For communication, a transmitter and receiver are used. They will communicate with each other during the
mission for effective control. The transmitter will help control the payload mechanism. It is important that
the transmitter and receiver are compatible to ensure communication without any losses or sensitivity issues.
Therefore, the FrSky Taranis X9D transmitter and TBS Crossfire Nano RX receiver are chosen. Furthermore,
a data link between the FC and Ground Control Station (GCS) is added. The best option for the telemetry
module was chosen to be the Herelink Air Unit 1.1.
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The sensors and cameras are important to control the drone and to have an overview of the current situation in
the building and surroundings. For altitude measurement, a LiDAR is placed on the bottom of the pump. The
LiDAR should have a large range since the drone will fly at high altitudes. Because of this, the Atollo Wasp
200 was chosen with a range of 315 meters. For frontal sensing, one LiDAR and two sonar sensors are placed
on the front of the drone. The combination of both was chosen for redundancy, since smoke may interfere with
the LiDAR which can give false results. The frontal LIDAR has a smaller range than the altitude LiDAR, the
Lightware SF20C was chosen. The two sonars will both be the MB1222 12CXL-MaxSonar-EZ2. A visual
and thermal camera are also placed on the front of the drone. The Hawkeye Firefly 4k Nakedcam and the
FLIR Lepton 3.5 was chosen as visual and thermal camera, respectively. Although it is not intended for the
drone to go out of sight of the controller, a GPS using Real Time Kinetic (RTK) is added to have knowledge of
the drone’s position with high accuracy. The Here3 RTK GPS was chosen.

One of the other electrical components is the SmartAP PDB battery monitor. This will sense when the battery
of the drone becomes too low and will send a warning signal to the ground station. The second component is
the Grove - SPDT Relais (30A), which is a mechanical relay that will act as a switch for the payload pump.
Lastly, the drone will be equipped with LED lights. This is done for safety and to comply with certain drone
regulations when flying outside daylight periods.

Structure Design

After thorough analysis, the drone was chosen to have a six-rotor configuration, with 32-inch propellers. The
rotors are positioned in an X-frame, driven by two lithium polymer batteries. The main airframe of the UAV
body consists of three sandwich panels, stacked on each other and shaped as hexagons. Between the upper two
panels, the ESCs, PDBs and arm tubes are attached. The batteries are placed between the lower and middle
panels. Specific attachments are manufactured to attach the rods to the main body and the motors to the rods.
Attachments to connect the three panels to each other are bought off-the-shelf. In Figure 2 the airframe structure
is illustrated.

To safely land the drone after or during operation, a proper landing gear is designed. The landing gear consists of
four legs, made of eight carbon fibre rods. The landing gear is integrated with the payload system as illustrated
in Figure 1.

Figure 2: Drawing of the air frame structure

Control & Stability

Once the drone is fully designed, a thorough analysis was performed to ensure the drone is controllable with the
configuration it has, observable with the sensors it is equipped with and stable with control software on board.
The state space model constructed proved to be controllable and observable with the classic methods mentioned
in “Introduction to Multicopter Design and Control” [129].

To perform a more in-depth analysis of the controllability, the advanced Available Control Authority Index
method was adopted to establish which rotation direction configuration was optimal. This analysis is particu-
lar to multicopter drones and provides a valuable analysis of the drone’s capabilities. Using this method, the
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configuration in Figure 3 was chosen.

Flight Direction N

N

SPOF SPOF

Figure 3: Final rotor direction configuration (NNPNPP)

In Figure 3, P denotes a clockwise rotation of the rotor, N denotes a counter-clockwise rotation. This final
configuration was chosen as it had sufficient controllability when fully operational and due to its redundant
properties with single rotor failures. Only the two rear rotors, with reference to the flight direction, can be
considered single points of failure, hence they are placed furthest from the action.

Final Configuration

Since the drone is designed to extinguish the fires using water, the name HYDRONE was chosen. The name
is a combination of the Greek word /ydro, meaning water, and the word drone, emphasising the design being
an Unmanned Aerial Vehicle (UAV).

A full CAD model of the final design was made. The final weight estimation resulted in a weight of 37.79
kg without water. The UAV has a maximum take-off weight of 56.39 kg, assuming a minimum T/W of two is
required. In Figure 4 the final design is shown.

Figure 4: Drawing of the final design



Mission Profile
The mission and flight profiles are demonstrated in Figure 5a and Figure 5b, respectively. The mission is divided
into the following six steps:

(a) Deployment (e) Disengage Target
(b) Reach Altitude

(c) Approach Target
(d) Deliver Payload (g) Turn Around

(f) Descent/Re-target

Hovering + Payload
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(a) lllustration of the mission profile for the drone (b) Illustration of the flight profile for the drone

Figure 5: Mission and flight profile diagrams of the drone

It is important for the drone to have a quick take-off and climb to the floor in need. Next, the drone will hover
at the desired position and deliver the extinguishing agent. Once empty, the drone will disengage and proceed
to descend and land. After, the payload can be refilled and the batteries recharged or changed. The operational
time of the entire mission depends on the payload and the height of the mission.

Payload Optimisation

To get a good estimate of the performance of the drone, simulations were run to find the optimum payload
capacity. To find the optimum payload a new parameter, payload per minute (PPM), was introduced. After
analysis, an optimum payload weight of 18.6 kg was found with a final PPM of 2.07 kg/min delivering a total
payload of 130 kg in 7 runs. The total operational time of the drone for a complete battery usage comes to a
final value of 23 min.

Financial Analysis

In order to assess the economic feasibility of the drone a financial analysis is conducted. The costs of the drone
consist of manufacturing costs, development costs and operating costs. The total cost of the components of the
drone is equal to €17,577. To manufacture one drone the costs are around € 25,000. During the development
stage, other costs are also made, such as the wind tunnel costs and the building of the prototype. These account
for € 82,400. During the operation, some additional costs are also made such as the drone pilot training, having
extra batteries at hand, maintenance costs and insurance.

The drone will be sold for €35,000 per unit, which will lead to a profit margin of 40%. It is estimated that
around 110 units will be sold in the Netherlands, with the goal to sell to other countries in the future. As in the

Netherlands and the EU fire brigades do not use any drones with fire extinguishing capabilities the market share
will be 100%.

With the sales value being equal to € 3,85 Million and the cost of investment equal to € 2,832 Million, the
return on investment was found to be 36%, which means that the project is predicted to be profitable. From a
financial standpoint, the proposed drone is a feasible design.

Risk Analysis
Risk analysis consists of identifying risks that could occur during the design, manufacturing or the mission
itself. After identifying, the severity of each risk is estimated based on an analysis of the impact and possibility
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of occurrence. Next, mitigation actions have been established for the most severe risks. These are the ones with
a risk score of ten or higher and can be considered to be catastrophic. The risks with the highest risk score are
shown in Table 2. Since they have a major impact on mission outcomes, it is important to undertake mitigation
actions. It is important to note that not all risks can be mitigated through design changes, these may be mitigated
through implementing operational procedures for the users.

Table 2: Risk analysis

Risk Likelihood | Impact | Risk score
The payload is not delivered at the desired spot 3 5 15
Pump malfunction or failure 3 5 15

Sustainable Development Strategy

The UAV aims to adhere to Sustainable Development Goals 3 and 13 of the United Nations [ 179]. To ensure that
the UAV will adhere to these goals, certain requirements regarding sustainability are constructed. A sustainable
development strategy is used to incorporate all the sustainability requirements in the design of the subsystems.
Based on these, the main focus lies on the used extinguishing agents, the energy sources, and the End-of-Life
(EOL) of the drone. Since the UAV will use water to extinguish the fires, the extinguishing agent is clearly non-
toxic and biodegradable. To charge the batteries of the drone, clean energy sources can be used, such as wind
and solar energy. Next, all the electronics and batteries can be easily accessed by removing just one of the panels.
Therefore, it can be said that the drone is modular. This means that all components can be individually removed
and reused if possible. The material used for most of the parts of the drone is carbon fibre. Due to the material
being relatively lightweight, the fuel used may be decreased. Furthermore, carbon fibre is chemically stable
which means that it will not corrode, or easily degrade. Lastly, since the drone will help rapidly extinguish
fires, the spreading of the fire can be prevented which may lead to less property damage and environmental
impact.
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Introduction

In recent years, the number of high-rise buildings has been increasing in the Netherlands. Due to the current
housing shortage, the amount of high-rise buildings will only continue to increase [118]. Unfortunately, this
increase has raised concerns about fire safety in high-rise buildings as residents, especially on upper floors, tend
to get trapped in case of fires. It has been noted that firefighters are only able to extinguish up to 30 meters from
the outside of a building [141]. Firefighters face significant challenges when trying to reach the top floors, due
to the heavy equipment they carry, the smoke, and extreme temperatures. However, the use of a drone offers
a promising solution. With the use of a drone, these difficult-to-reach areas can be accessed. The drone can
quickly fly to the top floors and start extinguishing from the outside. This means firefighting efforts can be
enhanced, contributing to improved safety and effectiveness in combating high-rise building fires.

The aim of this report is to summarise the steps taken up to the final stage of the project and to provide a detailed
description of how the design was developed. It covers the steps taken and explains the design choices that were
made. In addition, other aspects of the project are presented such as analyses of the economic market, the risks,
and sustainability in order to convey the feasibility of the project.

The report is structured as follows. First, in Chapter 2, the project vision will be presented and the mission will
be described. The chapter will show the mission in the form of Functional Flow and Functional Breakdown
Structure diagrams. In Chapter 3, all the requirements that were used to design the drone will be presented. The
drone’s market and competitors will be analysed in Chapter 4. Next, the payload mechanism will be chosen and
further described in Chapter 5. Chapter 6 gives a brief summary of the method used earlier in the design process
to determine the optimal motor, battery and propeller configuration. In Chapter 7, an overview of the electrical
components of the drone will be given, as well as how they are connected to each other. The configuration
of the UAV, the design of the main frame and the landing gear will be described in Chapter 8. The control
and stability of the drone will be discussed in Chapter 9, while an overview of the final UAV configuration
will be given in Chapter 10. In Chapter 11, the performance analysis will be presented. The verification and
validation methods applied to the used models will be discussed in Chapter 12. After the drone’s production,
the manufacturing, assembly and integration plan will be given in Chapter 13. Furthermore, a financial analysis
will be performed in Chapter 14. The different risks will be analysed in Chapter 15 as well as the plan to
reduce them. In Chapter 16, the Reliability, Availability, Maintainability and Safety (RAMS) characteristics
will be determined and discussed. The sustainability development strategy will be presented in Chapter 17. The
feasibility of the drone design will be analysed in Chapter 18. Lastly, in Chapter 19, an overview and timeline
of the activities after this project will be given.
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Project Vision

In this chapter, the project vision will be described. Section 2.1 will explain the problem analysis, leading to the
project objective in Section 2.2. In Section 2.3, a description of the mission will be given. Lastly, a functional
analysis of the mission will be done in Section 2.4. Here, a Functional Flow Diagram and Functional Breakdown
Structure for the mission can be found.

2.1. Problem Analysis

In 2008, the TU Delft Faculty of Architecture was hit by a large fire. The fire was initialised by a short circuit
in a coffee machine on the seventh floor, caused by a broken water pipe on the floor above. The fire caused the
building to collapse, despite the efforts of the Dutch fire brigade. This was mainly due to the firefighters only
being able to extinguish fires up to 30 meters from the outside [118]. The Architecture Faculty, however, was
56 meters high, and thus the highest floors were unreachable from the outside. Figure 2.1 shows that the water,
used to extinguish the fire, does indeed not reach the desired altitude.

Figure 2.1: Fire at the TU Delft Faculty of Architecture on May 13, 2008 [97]

A second example of a high-rise fire occurred in 2017 at the Grenfell Tower in London. Seventy-two people lost
their lives in the fire. The building was 67 meters high, which led to a high number of victims being trapped in
their apartments and unable to escape. Unfortunately, the fire spread rapidly and it engulfed the building. This
made it even more difficult for the firefighters to reach the higher floors. The initial response capabilities of the
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fire brigade were overwhelmed by the scale of the fire and the high number of residents in need of assistance
[94].

In the Netherlands, every year more high-rise buildings are being realised, especially in the “Randstad”. This
is mainly due to the rising demand for housing. Currently, there are already approximately 50 buildings with
a height of more than 100 meters, of which the Zalmhaventoren in Rotterdam is the tallest, with a height of
215 meters [60]. Not only in Rotterdam but in every large city, apartment buildings taller than 100 meters are
in development [118]. High-rise buildings are associated with many risks in terms of fire safety, because the
people on the higher floors tend to get trapped when fires occur on lower floors. As mentioned before, the
lifting ramp the Dutch Fire Brigade uses can only reach up to 30 meters [141]. For this reason, the firefighters
cannot reach the higher floors from the outside and carrying the heavy equipment up to the higher levels from
the inside may be challenging due to the unsafe routes in the building.

2.2. Project Objective

As previously described in Section 2.1, firefighters may not always easily access the higher floors in high-rise
buildings in case of a fire. The use of drones may help in these situations. Drones can quickly reach these heights
from the outside and will not only help save buildings, but more importantly, they will help save lives.

The mission need statement has therefore been constructed as follows:
“Supporting firefighters in combating fires in high-rise buildings.”
The project objective statement is as follows:

“The UAV shall aid firefighters in combating fires in high-rise buildings by providing quick extinguishing
capabilities for top-level floors.”

2.3. Mission Description

In case of an emergency on a higher floor, it may take between fifteen to twenty minutes for the fire department
to reach the floor in need [132]. For a rescue mission, every second is crucial and these minutes can be life-
determining. A drone may reach this floor within a matter of seconds. The design of the drone will be focused
on being easily transportable by the fire brigade. Furthermore, the time it takes for the drone to be loaded with
water and ready for take-off should be within a couple of minutes. Once ready, the drone can go up to the top
floors. In case the window is already broken, due to the pressure and heat of the flames, the UAV will spray
water through the broken window to start extinguishing the fire. If the window is still intact, the water will be
sprayed to cool down the window and surroundings to prevent it from bursting or breaking. This is important
since a broken window allows oxygen to fuel the fire. Once the water tank is empty, the drone will return to be
quickly refilled. This way, the drone can keep operating until it is no longer necessary.

The name HYDRONE was chosen to reflect the drone’s capabilities. HYDRONE combines the words Aydro
and drone. The word hydro was used in Ancient Greek, meaning water. This was chosen since the drone will
use water to extinguish the fires and cool down the windows. Additionally, the name is a play, reflecting the
drone’s ability to fly and operate around high-rise buildings.

2.4. Functional Analysis

Functional analysis is necessary in the design process of the UAV. By understanding the functions, processes
and interactions of a system, a problem-solving approach to the mission design can be taken. The independent
functions the UAV must perform have been broken down into different components and every function has been
broken down into sub-levels.

The Functional Flow Diagram and the Functional Breakdown Structure can be found on the next pages. The
Functional Flow Diagram is a graphical representation of the step-by-step approach the system must follow to
achieve a successful mission. It shows the logical flow of activities in the process, from beginning to end. The
diagram uses arrows to indicate the connection between activities. The Functional Breakdown Structure is a
hierarchical decomposition of the system showing the functions it should perform. It is presented in a tree-like
structure, with the highest level function at the top, broken down into smaller supporting functions.
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Mission Requirements

For the designing of the drone, clear requirements had to be established. These requirements were received
from the user and other stakeholders and will be discussed in Section 3.1 and Section 3.2, respectively. From
these, system, subsystem and sustainability requirements were derived. These will be discussed in Section 3.3,
Section 3.4 and Section 3.5. Lastly, the key and driving requirements are identified and will be discussed in
Section 3.6.

3.1. User Requirements

User requirements are requirements that describe what the user expects from the drone. These requirements
represent the needs and the wanted features from the perspective of the user. They are crucial as they ensure
that the expectations of the user are met. The user for this mission is the Dutch Fire Brigade. The user require-
ments were determined after a discussion with Robbert Heinecke (Manager Operations & Training National
Unmanned Flying Organization) from the fire department in combination with the given requirements. The
user requirements are divided into performance, safety and cost and are presented in Table 3.1.

Table 3.1: User requirements

ID Requirement

Performance

REQ-USER-P-1 | The UAV shall be able to carry a minimum payload of 10 kg
REQ-USER-P-2 | The UAV shall have an average operational time of 20 min
REQ-USER-P-3 | The UAV shall be able to fit inside a fire brigade transport vehicle
REQ-USER-P-4 | The UAV shall be equipped with a thermal camera
REQ-USER-P-5 | The UAV shall be equipped with a visual light camera

Safety

REQ-USER-S-1 | The UAV shall be controllable up to a minimum wind speed of 6 Bft
REQ-USER-S-2 | The UAV shall be equipped with a visual warning system
REQ-USER-S-3 | The UAV shall be able to safely land in case of loss of signal

Cost

REQ-USER-C-1 | The cost of the single unit shall not exceed €25,000
REQ-USER-C-2 | The UAV shall have a modular payload
REQ-USER-C-3 | The UAV shall consist of at least 20% recyclable components

3.2. Stakeholder Requirements

Stakeholder requirements are requirements that represent the needs and constraints of parties that have an in-
terest or influence on the mission. The stakeholders are manufacturing companies, the fire brigade, insurance
companies, the government, the users and the general public. The stakeholder requirements are shown below
in Table 3.2
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Table 3.2: Stakeholder requirements

ID Requirement

Stakeholder ‘

REQ-STAKE-1 | The UAV shall perform the mission without causing additional damage
REQ-STAKE-2 | The UAV shall comply with EU regulations for unmanned vehicles

REQ-STAKE-3 | The UAV shall have minimum operating costs in comparison to competitors
REQ-STAKE-4 | The UAV shall be easily visible in unclear conditions

REQ-STAKE-5 | The UAV shall be operable in unfavourable weather conditions
REQ-STAKE-6 | The UAV shall not cause damage to the environment

REQ-STAKE-7 | The UAV shall be recoverable upon failure of one of its sub-systems
REQ-STAKE-8 | The UAV shall be easily deployable with minimum personnel
REQ-STAKE-9 | The UAV shall be monitorable at any point during the mission

3.3. System Requirements

The system requirements describe the specifications and capabilities that the drone must meet. They describe
the system in general technical terms at a high level. They focus on the technical aspects of the drone and are
shown below in Table 3.3.

Table 3.3: System requirements

ID Requirement

REQ-SYS-1 | The UAV shall have a minimum operational time of 20 min at an average T/W of 1.4

REQ-SYS-2 | The UAV shall have a vertical hovering accuracy of £0.1 m in nominal conditions

REQ-SYS-3 | The UAV shall have a horizontal hovering accuracy of +£0.1 m in nominal conditions
REQ-SYS-4 | The UAV shall be able to achieve a flight altitude of 250 m

REQ-SYS-5 | The UAV shall achieve a climb rate of 7 m/s

REQ-SYS-6 | The UAV shall have the option to be controlled remotely

REQ-SYS-7 | The UAV shall be able to operate in a 55°C environment for at least 120 seconds
REQ-SYS-8 | The UAV shall have a minimum MTBF of 100 operating hours

REQ-SYS-9 | The UAV shall have a maximum deployment time of 120 seconds

REQ-SYS-10 | The UAV shall have a maximum T/W ratio of at least 2

REQ-SYS-11 | The UAV shall be able to yaw at a rate of 90 deg/s

REQ-SYS-12 | The UAV shall have a turn around time (TAT) between flights of at most 300 seconds

REQ-SYS-13 | The UAV shall be able to deliver the fire-combating payload from a horizontal distance of
at least 4 m

REQ-SYS-14 | The UAV and its payload shall be water-resistant
REQ-SYS-15 | The UAV shall not exceed an empty mass of 50 kg

3.4. Subsystem Requirements
Subsystem requirements refer to the specific requirements for the individual subsystems within the larger sys-
tem of the drone. The subsystems are propulsion, power, electronics, payload and structure subsystem. The
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subsystem requirements are listed in Table 3.4

Table 3.4: Subsystem requirements

ID

REQ-SYS-PROP-1

Requirement
Propulsion

The propulsion system at max throttle shall be able to achieve a T/W of 2

REQ-SYS-PROP-2

REQ-SYS-POW-1

The propulsion system shall be fully compatible with the power system
Power

The power system shall be able to withstand temperatures up to 55°C for 120 seconds

REQ-SYS-POW-2

REQ-SYS-ELEC-1

The power system shall be replaceable within 120 seconds
Electronics
The UAV shall have an on-board flight controller

REQ-SYS-ELEC-2

The UAV shall be operable from ground control stations

REQ-SYS-ELEC-3

The UAV shall have a recovery system in case of loss of connection

REQ-SYS-ELEC-4

The UAV shall have a communication range of at least 300 m

REQ-SYS-ELEC-5

REQ-SYS-PAY-1

The UAV electronics shall integrate all the sensors
Payload

The thermal camera shall have a thermal sensitivity of at least 1°C

REQ-SYS-PAY-2

The light camera shall have a minimum frame rate of 30 FPS

REQ-SYS-PAY-3

The cameras shall have active stabilisation measures

REQ-SYS-PAY-4

The cameras shall be able to operate in an environment of 55°C for 120 seconds

REQ-SYS-PAY-5

REQ-SYS-STR-1

The UAV shall be equipped with sensors for measuring altitude
Structure

The UAV structure shall be able to support a payload of at least 10 kg

REQ-SYS-STR-2

The UAV structure shall be able to withstand the ultimate load factor of 3

REQ-SYS-STR-3

The UAV structure shall be able to support all the other subsystems

REQ-SYS-STR-4

The UAV structure shall allow for disassembly

3.5. Sustainability Requirements

Sustainability is an aspect of the design process which must be taken into consideration. Certain constraints
must be placed on the design to ensure it is as sustainable as possible. Requirements specific to sustainability
are presented in the table below.

Table 3.5: Sustainability requirements

ID

Requirement

Sustainability

REQ-SUS-1 | The UAV shall use a clean energy source
REQ-SUS-2 | The UAV shall only use non-toxic extinguishing agents
REQ-SUS-3 | The UAV shall use biodegradable extinguishing agents

Continued on next page
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Table 3.5 — continued from previous page

ID Requirement

REQ-SUS-4 | An EOL strategy shall be implemented to improve sustainability

3.6. Discussion
From these requirements, the key and driving requirements can be identified.

3.6.1. Key Requirements

The key requirements refer to the most important requirements that are essential for the mission. These types of
requirements are often related to safety, reliability and performance, and failing to meet them results in project
or mission failure. For this mission, the key requirements identified are:

* REQ-USER-P-1: The UAV shall be able to carry a minimum payload of 10 kg

REQ-SYS-3: The UAV shall have a horizontal hovering accuracy of +0.1 m in nominal conditions
REQ-SYS-4: The UAV shall be able to achieve a flight altitude of 250 m

REQ-SYS-7: The UAV shall be able to operate in a 55°C environment for at least 120 seconds

REQ-SYS-13: The UAV shall be able to deliver the fire-combating payload from a horizontal distance
of at least 4 m

3.6.2. Driving Requirements

The driving requirements are the requirements that have the strongest influence on the project. These require-
ments have a significant impact and can dictate the direction of the overall design. It is essential to identify
these requirements early on in the design process. For this mission, the driving requirements are:

* REQ-USER-P-1: The UAV shall be able to carry a minimum payload of 10 kg
* REQ-USER-P-2: The UAV shall have an average operational time of 20 min
* REQ-USER-P-3: The UAV shall be able to fit inside a fire brigade transport vehicle



4

Market Analysis

This chapter will focus on the current market of drones used in firefighting. It will provide an overview of the
current market for such drones and the key players in this market. The insights gained from this analysis will
help understand the opportunities and risks in the market. First, in Section 4.1, the firefighting drone market
will be explored. After this, the main competitors will be discussed in Section 4.2 and the value proposition
of the drone will be determined, explaining what differentiates this design. The key partners will be briefly
presented in Section 4.3. In addition, to investigate the position of the drone in the market, a SWOT analysis
will be performed in Section 4.4.

4.1. Market Definition

In this section, the current market for firefighting drones is described. The current value of the market and the
future trends of those markets are assessed.

4.1.1. Firefighting Drone Market Value

Since 2015, European fire brigades have been implementing UAVs to gain aerial intelligence and support in
the difficult task of firefighting [15]. In the following years, the possibilities for drones have been further
investigated and researched with significant funding. Before finalising the drone design, it is imperative to
analyse the current state of the market and how it shall evolve in the coming years.

The global firefighting drone market size was valued at 1.31 billion USD in 2022 and is forecasted to be 2.76
billion USD by 2030 [135]. Firefighting drones accounted for nearly 12% share of the global drone market at
the end of 2022. The United States and Europe each account for a third of the 2023 market and China adds an
additional 11% [95]. However, it is expected that China will see rapid revenue growth, increasing its market
share as they are heavily investing in new technologies to keep up with growing urbanisation. In this market,
drones under 45 kg are predicted to account for a 61.9% share [69].

From this, it is clear that the demand for such drones will continue to rise within the following years. In addition,
it is expected that the development of these drones will be backed by governments, which will lead to growth
in the firefighting drone market. An example of this is the British Government which invested 43 million USD
in 2020 to develop firefighting and COVID drones, which can help tackle global challenges [135].

4.1.2. Market Division

The market for firefighting drones is primarily divided based on type, size and application [41]. The two promi-
nent groups within the market are fixed-wing and multi-rotor drones. Fixed-wing drones have significantly
better endurance performance and range due to their gliding performance, however for the current mission, as
described in Chapter 2, hovering capabilities are crucial for keeping constant coverage and access to the fire
location. For this reason, only the multi-rotor market is investigated. The size of firefighting drones is typically
separated into micro and macro drones. Due to REQ-USER-P-1, it is assumed that the Dutch fire brigade has a
higher demand for macro drones that are capable of delivering higher payloads. The market trends support this
idea because in 2021 the firefighting drone market was dominated by micro drones, however, between 2022 and
2031 macro drones are projected to have the highest Compound Annual Growth Rate (CAGR) of 11.2% [82].
The firefighting drone market has four types of applications: scene monitoring, search and rescue, post-fire
assessment and firefighting. As the design and performance of the drone vary significantly with the application,
it is most representative to solely compare drones that have firefighting/extinguishing capabilities.

10
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4.2. Competitor Analysis

Currently, a large majority of firefighting drones on the market focus on scene monitoring [74]. Firefighting
is an emerging application for UAVs as technology continues to improve. Chinese companies dominate the
market for such drones and offer different types of drones that have extinguishing capabilities. An overview of
the most relevant competitors is presented in Table 4.1.

Table 4.1: Data of main competitors

Company (Country) Drone Payload Type Price Payload Endurance
(min)

Walkera [178] (China) WK-1900 Tethered hose $138,000 | 60 kg 45

Walkera [172] (China) Zhun 1800 Dry powder tank - 20 kg 35

EHang [63] (China) 216F Foam and extin- | $336,000 | 100 L + 6 bombs 21
guisher bombs

Digital Eagle [44] (China) SK-XF07 Extinguisher $158,000 | 15kg 20
bombs

Hercules [50] (China) FDT100 Modular $89,900 10 kg 45

FlyDragon [49] (China) FDG100XH Extinguisher $32,800 40 kg 20
bombs

BroUAV [31] (China) FU-6 Extinguisher balls $10,600 13 kg 50

Feilong Company [73] (China) | FD1600 Extinguishing balls | - 10 kg 40

Discussion

The most prominent competitors, in terms of drone type, size and application are collected in Table 4.1. Multiple
aspects can be observed and shall be discussed below. It should be noted that the performance parameters such
as endurance and payload capacity are usually stated with misleading ambiguity. Common examples include
stating the maximum payload capacity without giving the corresponding endurance or providing an endurance,
without stating at which payload or type of flight (hovering or a specific T/W).

Region:

After looking at competitors, it was concluded that most drones originate from China. This suggests that this
design is one of the first of its kind in Europe. This claim is supported by Robbert Heinecke, from the Dutch Fire
Brigade, who mentioned the struggle that comes with importing Chinese drones to the EU due to the difference
in drone certifications and regulations. Hence why these drones are not used in Europe. Furthermore, the prices
were usually found from resellers and were not available from their own sites. This again raises a question about
their availability and accessibility in other regions, such as the EU. This shows the opportunity for this drone to
enter the market and have a significant market share in the EU.

Payload:

In terms of payload, it can be seen that there is a variety of firefighting drones with extinguishing capabilities on
the market. However, a large majority vary in mission type as they primarily deliver extinguishing balls/bombs.
Only the Walkera Zhun 1800, Hercules FDTI100 and EHang 216F are similar as these drones make use of an
onboard tank/spraying system. This is important to note when comparing the performance of the drones. As
only three drones were found to have similar capabilities, this demonstrates another opportunity for this drone
to have a significant market share.

Cost:

Furthermore, something noticeable is the prices of such commercially available drones. These types of drones
can be expensive ranging from tens of thousands of dollars to hundreds of thousands of dollars. With REQ-
USER-C-1, the newly designed drone will cost around €25,000, making it much more affordable than the
drones of competitors.

From this, it can be concluded that, even though some drones may have been developed for this purpose, there
are clear market opportunities. One is the competitive pricing of the drone, offering a fire extinguishing drone
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for a much lower price. Second, being one of the only European drones on the market making it more accessible
for Western fire departments.

4.3. Key Partners

In order to produce the drone, the partners that are involved must be clearly identified.

Dutch fire brigade: The Dutch fire brigade is the primary stakeholder for this drone. The user requirements
are obtained and negotiated with them. They will be closely worked with to ensure that the drone is optimal for
their applications.

Dutch government: The Dutch government is a key player in this drone design as they fund the fire brigade
and implement laws and regulations on how the drones can be operated.

TU Delft: For this drone, a primary objective is to develop and manufacture the drone “in-house”. This means
that the production methods and manufacturing choices shall be tailored to match the capabilities and resources
available at the TU Delft.

4.4. SWOT Analysis

From analysing the firefighting drone market and the existing competitors, a Strengths, Weaknesses, Opportu-
nities and Threats (SWOT) analysis is conducted in order to gain a clear overview of the product in the market.
It is presented in Figure 4.1. A SWOT analysis is a useful tool for identifying the strengths, weaknesses, oppor-
tunities, and threats of the design. By determining these factors, a better understanding of the drone’s potential
for success can be obtained by focusing on its strengths while minimising its weaknesses and threats.

INTERNAL FACTORS
STRENGTHS + WEAKNESSES -

= Limited time available to reach the full potential of the
product

= Limited payload capacity of the drone

= Requires trained operators to maintain and operate the
drone

= Logistical challenges with transporting the drone

= Works in harsh environments such as smoke, dust and wind
which can affect the operation

= Can provide real-time data to emergency responders

= Can extinguish fires at heights firefighters cannot
reach

= Can maneuver around the building quicker and more
easily than traditional firefighting methods

= Can reduce the risk to human responders

= Quick deployment of the drone allowing for faster
response times

EXTERNAL FACTORS

OPPORTUNITIES + THREATS —

= Increasing development of high-rise buildings in the
Netherlands and worldwide = Chinese competitors with similar products that are already on

= No similar competitors in the Netherlands or EU the market

= Low price compared to Chinese competitors = Competitors with more resources and time to develop a

* Increasing demand for drones in emergency response better product

= Governments investing in new emergency response = Regulatory challenges, legal restrictions with the use of
technologies drones

= The ability to integrate with other emergency = Mistrust of the public in the use of technology for emergency
technologies, such as other drones response

= The development of Al and machine learning can enhance = The cost of the drone, its maintainability and the required
the drone's abilities training can hinder widespread adaptation

= Possibility to develop partnerships with fire departments
and governments
= Potential to sell the drone to other countries

Figure 4.1: SWOT analysis of the firefighting drone
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Payload

In this chapter, the final trade-off will be done for the payload mechanism and the final payload configuration
will be determined. First, the final options will be revised in Section 5.1. Next, in Section 5.2, these options will
be traded-off. In Section 5.3, the performance of the payload will be analysed. Lastly, based on the performance
analysis, the final payload configuration will be finalised in Section 5.4.

5.1. Payload Mechanism Analysis

In the Midterm Report, the final options left for the payload mechanism were off-the-shelf fire extinguishers
and a custom pressurised tank with a pump shooting out fire suppressant [56]. However, at that time, refill time,
reliability and certification were not considered. Water pumps do not need certification, can be easily refilled
and are highly reliable. They were previously removed from the trade-off for not being easily available off-the-
shelf, but this is not as important as refillability for this mission. In this section, the previously removed option
of a water pump will be reconsidered after the off-the-shelf fire extinguisher and custom pressurised tank are
discussed.

5.1.1. Off-the-Shelf Fire Extinguisher

The selection of the off-the-shelf fire extinguishers has already been done in the Midterm Report [56]. Three
types of tanks came out to be the best options: water, foam and dry powder. However, these were chosen
according to the requirement that the total payload mass shall not exceed 10 kg. For this report, it has been
decided that optimising the payload per minute delivered to the high-rise building is more important than max-
imising endurance by setting a limit of 10 kg on the payload. Further details on this topic can be found in
Section 11.4.

A large variety of capacities are available for fire extinguishers,
hence the weight of the initial selection can be decreased or in-
creased easily. However, with a fire extinguisher tank weight
greater than 15 kg, two or more tanks are necessary. This would
add more complexity and weight to the design. The fire extin-
guishers would be implemented in the UAV as illustrated in Fig-
ure 5.1. It should be noted that the extinguisher is also mounted
to a bracket, which has not been drawn. An advantage of this
system is that it can use different suppression types, and the ex-
tinguishers are widely available. To activate the fire extinguisher,
a linear servomechanism is used. The servomechanism and han- ~ Figure 5.1: Off-the-shelf fire extinguisher with
dles would be clamped in between two metal plates. The handles activation mechanism

can also be removed completely to allow the servo to press the valve system of the extinguisher directly. This
would improve reliability and weight but would require more preparation and careful handling of the extinguish-
ers. Linear servos have enough force and speed to activate the fire extinguisher, but they have the disadvantage
of being heavy. Linking the linear servos to the extinguisher valves adds complexity and risks. Furthermore,
multiple extinguishers have to be brought to the mission location in order to be able to refill.

5.1.2. Custom Pressure Tank
Designing a custom pressure tank has the main advantage that it can be designed to fit better underneath the UAV
compared to an off-the-shelf tank. This may reduce the weight of the mechanism and opens up the possibility

13
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to choose a specific tank capacity.

However, a custom pressure tank has a big disadvantage. When designing a custom tank there are strict regu-
lations from the European Union [170]. The tank has to comply with all these regulations, which would cost
a significant amount of time and money. Furthermore, getting a certification for the tank would introduce a
significant extra cost [37].

5.1.3. Water Tank with Pressure Pump

This option was removed in the Midterm Report [56]. However, it is reconsidered since it appears to be more
promising when taking reliability and refill time into account. With this configuration, a pressure pump is
connected to a water tank. From the pressure pump, the water will flow through a tube. This tube is then
connected to a nozzle, which can spray water. Depending on the pump and nozzle, this system can achieve even
higher ranges than pressurised systems [181].

Another advantage is that the tank can be lightweight and custom-made without regulations, as it is not pres-
surised. The pressure pump can be chosen such that the pressure is enough to have a certain range that has been
specified for a nozzle. The tank can also be easily refilled. However, only water can be used with this system
due to the pressure pump.

5.2. Trade-Off

In this section, the trade-off for the payload mechanism will be done. The options will be analysed based on the
criteria discussed in Subsection 5.2.1, whereafter a conclusion can be drawn in Subsection 5.2.2.

5.2.1. Trade-Off Criteria

Now that the three options are analysed, a trade-off can be done. This trade-off will be done based on the
following parameters:

* Range

* Reliability & feasibility

* Refill time

* Capacity

» Suppression

Range
The range of the mechanism has a lot of influence on the mission performance. Hence this is also chosen as a
criterion. The range criterion has been given a weight of 30%.

Reliability & Feasibility (R&F)
This parameter is a measure of how well the mechanism works, and how feasible the mechanism is to construct.
The feasibility criterion has been given a weight of 15%.

Refill Time
For the mission, it is important that the turn-around time is as low as possible. To achieve this, the payload
needs to be refilled quickly. The refill time criterion has been given a weight of 20%.

Capacity
The capacity is an important criterion since it gives an indication of the extinguishing capabilities of the system.
The capacity criterion has been given a weight of 25%.

Suppression

Suppression capabilities were already analysed in the Midterm Report [56]. Water, foam and dry powder all
came out to be the best option. Not all of the systems can use all of these options. All systems, however, can
use water, which is already sufficient. The suppression criterion has been given a weight of 5%.
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5.2.2. Trade-Off Results
In Table 5.1, the trade-off was done based on the criteria in Subsection 5.2.1, and information in Section 5.1.
The water tank with pressure pump came out to be the best option.

The range has been given in metres. The range values for the custom pressure tank and off-the-shelf tank have
been discussed in the Midterm Report [56]. The water tank can be found in Figure 5.4.1. For reliability, refill
time and capacity, the systems were given a grade ranging from 1 to 4, with 4 being the best option and 1 the
worst option. For suppression, a 1 was given if the system can be used for one type of suppressant, a 2 if it can
be used for 2 types etc.

Table 5.1: Payload trade-off table scoring

Criteria

Design Concept

Range, 30.0%

(6,15)
High Best, 0 = 3.682

R&F, 15.0%

1,3)
High Best, o = 0.816

Refill Time, 20.0%

1,3)
High Best, o = 0.816

Capacity, 25.0%

3.4
High Best, o = 0.471

Suppression, 5.0%

Total
1,3)
High Best, o = 0.943

Custom Pressure Tank

yellow

10

red

1

‘ red
1

blue

4

blue

0.433
3

Off-the-Shelf Fire Extinguisher

‘ red
6

green

‘ green

2

red
3

blue
0.225

Water Tank with Pressure Pump

‘ blue

15

blue

‘ blue

3

blue

red
0.9

5.3. Payload Performance Analysis

In this section, the performance of the payload will be analysed with several methods. First, the range of the
extinguisher will be analysed in Subsection 5.3.1, by using kinematic equations. Secondly, in Subsection 5.3.2,
the flow in the pressure system will be analysed using the energy balance equation. Finally, the limitations of
the analysis will be considered in Subsection 5.3.3.

5.3.1. Range Analysis

According to REQ-SYS-13, the payload shall be delivered from a horizontal distance of at least 4 m. For
calculating the expected range from the extinguishing system, a simple model based on particle kinematics was
constructed [166]. In this model, it is assumed that the UAV is firing at 100 m above the ground. The horizontal
range is measured at the point where the particle reaches a height of 98 m. The UAV is allowed to spray 2 m
downwards. The UAV will spray the water horizontally. The exit velocity from the nozzle is taken as input, and
the range is the output. In Figure 5.2, trajectories for different exit velocities have been plotted. In Figure 5.2,
the range for every exit velocity can be found. An exit velocity of 5 m/s, does not meet REQ-SYS-13, however
from 10 m/s and onwards it will have sufficient range.

Kinematic Estimation of Water Extinguisher Trajectory

102

Table 5.2: Water jet exit velocity with its respective range - :*:i:: f(g?ﬁsl
101 4 —_— V:exit =15 [m/s]
. . _— it = 20 [mys]
Exit Velocity [m/s] | Range [m] — ::ZE: . [2;21
100 + — V_exit = 30 [m/s]
5 319 E Height = 98 [m]
10 6.39 % 99
15 9.57 a—
20 12.78
97 4
25 15.95
30 19.14 *9 T 5 2

x-location [m]

Figure 5.2: Trajectory of the water jet for different exit velocities
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5.3.2. Pressure Pump Analysis

With the minimum exit velocities from Subsection 5.3.1, the required performance from the pressure pump can
be analysed and a suitable nozzle can be found. This was done by assuming a constant flow rate and using the
energy balance Equation 5.1 [77]. This equation is similar to Bernoulli’s equation, however, three additional
terms are included on the right-hand side of the equation.

The first new term is the Darcy-Weisbach equation. This equation incorporates the pressure loss due to the drag
forces of the system, using the pipe length, diameter, dynamic pressure and friction coefficient. This friction
coefficient can be estimated using the Moody diagram, which depends on the Reynolds number and roughness
of the pipes.

The second additional term incorporates minor pressure losses due to valves and bends in the system. The term
uses a dimensionless loss coefficient K and dynamic pressure. The flow in fittings and valves is complex hence
this can merely be used for a conservative estimate [77].

The last term in Equation 5.1 adds the pressure gain due to the pump. Finally, it is important to note that both
the friction and minor pressure loss terms do not depend on v but on the velocity between points one and
two.

1 1 L1 1
p1+ iv% +pgz1 =p2 + §U% +pgz2 + fgimfz + K5PU2 — Ppump (5.1)
The pressure system is shown in Figure 5.3 and will be analysed in two steps. First the flow from points one to
two will be analysed in order to find the pressure at point two. Secondly, the flow from point two to point three
will be analysed in order to find the exit velocity vs.

12.7mm

Figure 5.3: Pressure system model

When analysing the flow from point one to point two, the dynamic pressure term from point one and the potential
pressure term from point two can be removed, since v; = zo = 0. Furthermore, p; can be calculated using
Equation 5.2 and since the flow rate is assumed to be constant, vs can be found using Equation 5.3. Finally,
since the pipe diameter between points one and two is also constant: v = vy. This leaves Equation 5.4 and all
the necessary values to calculate po, after f and K are estimated.

P1 = po + pga (5.2)
Q Q
R ) (53)
1 L1 1
p1 + pgz1 = p2 + 5’”% + fgi’m)% + Ki:m)% - Ppump (5‘4)

Now the flow from point two to point three needs to be analysed. First, using Equation 5.1, the potential pressure
terms at both sides of the equation can be removed and the pump pressure may be left out since there is no height



5.4. Component Selection 17

difference and no pump. Furthermore, knowing that p3 = pg and assuming v = %1}3, results in Equation 5.5.
With the previously calculated po and new estimations for f and K, v3 can now be calculated. Furthermore, the
nozzle diameter can be derived using Equation 5.3.

p2 + §PU2 =po+ 50’03 (1 + Z + f4d> (5.5)

5.3.3. Analysis Limitations

Although the method described might seem accurate, it does come with some limitations. The main limitations
are caused by the use of particle kinematics to calculate the expected range. This uses the assumption that
there is no aecrodynamic drag. At low velocities and short distances, aerodynamic drag can often be neglected.
However, for water jets, this is not always the case. A solid water jet will break up into smaller droplets after
a certain distance. This will substantially increase the aerodynamic drag [24]. The breakup distance and effect
of aerodynamic drag on the stream after the breakup are difficult to model and would require extensive CFD
modelling. Furthermore, the nozzle design would also have to be incorporated since this has a large influence
on the shape of the water jet and droplet size [164]. Hence the calculations from Subsection 5.3.1 were only
used in order to find a minimum exit velocity at the nozzle. The actual range of the spraying system will have to
be experimentally tested and can be easily altered by changing nozzles due to the low price and high influence
of nozzles.

As for the pressure pump analysis, the largest errors are caused by friction and minor pressure loss coefficients.
However the pressure losses in the pipes are expected to be less than 0.5 bar, hence the errors will be small.
The pressure losses in the nozzle are harder to estimate. However, data from existing nozzles can be used to
estimate these losses and limit the errors.

5.4. Component Selection
The main components for the payload are the pressure pump, water tank, tubes and nozzle. In this section, the
components will be selected based on the analysis methods from Section 5.3 and Section 11.4.

5.4.1. Pressure Pump

The pressure pump is the most important part of the payload system. The flow rate and maximum pressure will
have a large influence on the range and discharge time, but also on the weight of the system. Due to the weight
and DC low current requirements, it quickly became apparent that small membrane pumps for boats and RVs
would be most suitable. These pumps are small, lightweight and require low voltages. Furthermore, they can
be used for multiple purposes, one of them being used for wash downs which are closely related to the current
purpose. Other pumps like bilge water pumps, or flexible impeller pumps were also considered. However, these
would either not deliver enough pressure, become too heavy or require too much power.

The first suitable pump that was found was a membrane pump that had a flow rate of 18.9 LPM, a maximum
pressure of 3.8 bar and a weight of only 1.85 kg and can be seen in Figure 5.4. However, performance analysis,
from Section 11.4, showed that the discharge time of this pump would be the limiting factor instead of the total
payload weight. Hence a new pump with a higher flow rate was needed. In Figure 5.5 the newly selected
pump is shown. This pump has a flow rate of 26.5 LPM, a maximum pressure of 4.14 bar and a weight of
4.7 kg. The pump requires 12 V and 20 A, meeting the low current requirements as well. Although this pump
is substantially heavier, the increase in flow rate greatly reduced the hover time required for a mission. This
increased the payload capacity and changed the limiting factor to the minimum T/W required for flight. This
indicates that only the weight of the UAV can be further reduced for better performance.
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Figure 5.4: Membrane pump [26] Figure 5.5: Washdown waterpump [173]

Water Tank

According to the optimisation, discussed in Section 11.4, the ideal capacity of the water tank with the 26.5 LPM
pump is 20 litres. The water tank has to be accessible for refills whilst also leaving enough room for the pump
and tubes. Furthermore, it is important that all the water in the tank can be used by the pump and that it can be
properly mounted to the frame.

To meet all the requirements, a custom water tank is the best solution. In Figure 5.6a the custom water tank is
shown. It has a conical design at the bottom to make sure that all the water flows into the pump. The top part
is flat to make the tank easily fit under the airframe and has a small pipe protruding from the side for refills.
However, a custom water tank would require a custom mould. These can cost between €1000 and €5000 and
are not suitable for one-time use [125]. Hence, only for final production would Figure 5.6a be feasible.

For prototyping an off-the-shelf water tank like Figure 5.6b could be used, even though it does not have the
optimal capacity, shape or tube connections. The tank would still be able to provide water to the pump and
allow for testing of the UAV. Furthermore, it is far more reasonably priced at only €83.49.

ROTTERDAMPLASTICS

(a) Custom 20 L water tank (b) Off-the-shelf 12L water tank [124]

Figure 5.6: Water tank design options

Nozzle

The nozzle that was chosen, is shown in Figure 5.7. The method described in Subsection 5.3.2 was used to find
the nozzle diameter. With the pressure and flow rate data from different nozzles, the f and K coefficients for
this type of nozzle were estimated. When combined with the rest of the pump system, this resulted in a nozzle
diameter of 4.6 mm at 26.5 LPM and 4 bar.
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However, a nozzle with an exact diameter of 4.6 mm
is not available. Hence a large nozzle with a diame-
ter of 4.8 mm was chosen instead. This will allow for
higher flow rates, which were established to be an im-
portant parameter in Subsection 5.4.1. Furthermore,
the pressure needed for these flow rates will also drop
since the friction and minor loss pressures are quadrat-
ically related to the velocity, which in turn is inversely
related to the nozzle diameter, as explained in Subsec-
tion 5.3.2. The maximum pressure of the pump is only
4.13 bar, hence a lower required pressure will leave
more room for possible calculation errors. The range
is expected to drop due to the higher diameter, how-
ever, data from the “Wildkamp” webshop and calcu- Figure 5.7: 4.8 mm diameter nozzle [181]

lations from Subsection 5.3.1 result in ranges of over

16 m [181]. This means that even with a decrease in range, due to a larger diameter and aerodynamic forces,
REQ-SYS-13 can still be easily met.

As mentioned earlier in Subsection 5.3.3 the actual performance of the nozzle with the chosen pump has to be
experimentally tested. The nozzle can easily be replaced if the performance is not acceptable or if different
kinds of water jets are needed, like a straight stream instead of a solid stream [71].

Tubes and Pipes

The final part of the payload mechanism is to connect the pump, tank and nozzle. The connections can be made
with PVC tubes and connectors as illustrated in Figure 5.8 and Figure 5.9. The inner diameter of the tube and
connectors are 1/2 inch due to the diameter of the pump connections. The PVC tubing in Figure 5.8 is able to
withstand the temperature, and pressure requirements [6], other tubes can be used as long as these requirements
are still met.

Figure 5.8: 1/2 inch PVC tube [6]

Figure 5.9: Tube connector [126]

Apart from tubes, a pipeline is also needed. The nozzle has to be positioned beyond the propellers to ensure
that the downwash will not affect the water stream. A carbon tube with an inner diameter of 1/2 inch is used
for this. The inside of a carbon tube is smooth to keep friction forces low whilst also being strong enough to
not bend under the weight of water or aecrodynamic forces.
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Power and Propulsion

In the Midterm Report, an extensive and systematic approach was utilised to select the optimal motor, battery
and rotor configuration. In this chapter, a summary of the entire process will be described. The full description
of the method is documented in the Midterm Report [56].

6.1. Configuration Selection

After constructing a Design Option Tree (DOT) and excluding the unfeasible options, it was decided that the
suitable options for the mission were multi-copters. To investigate whether the quad-, hexa- or octa-copter is
most optimal for this mission, the best motor, battery and propeller combinations for each had to be found and
discussed. To do this, the following steps were performed.

Weight Estimation
First, assigning preliminary values for each component of the drone, a preliminary weight estimation was per-
formed to get an estimate of the mass of the drone.

Select T/W

Following the weight estimation, the desired maximum T/W is chosen. At that stage of the design process, the
desired T/W was chosen to be 3 due to the large amounts of uncertainty in the design. REQ-SYS-10 states that
the drone should at least be able to achieve a T/W of 2 for sufficient controllability, however, integrating this
margin ensures that the propulsion system shall still be feasible later on in the design process. Knowing this,
the thrust required per motor to achieve this T/W ratio was calculated, and motors which could reach this value
or higher were chosen for the motor selection.

Motor Selection

For the motor selection, several variables were taken into account. After choosing the best compatible propellers
for each motor in order to produce the highest thrust, the data sheets, which are provided by the manufacturers,
stating the current draw and thrust generation at the different throttle settings, were collected. Using this data,
curves mapping the thrust of the motor and the current draw were created using interpolation. These mappings
were used to establish the T/W and endurance capabilities of the motor. To perform a valid comparison between
all the motors, they were evaluated using the same “baseline” battery. Based on the trade-off criteria, the highest-
performing combination for each rotor configuration was selected.

20
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In Table 6.1, the motors selected are presented and numbered from one to seven.

Table 6.1: The seven Chosen Motor Options

Motor | Name Mass [g] | Cost [$] | Max Compatible propeller

Thrust

[g]
1 KDE 10218XF-105 (125) [45] | 1075 985 19660 | 30.5”x 9.7 DUAL-EDN (KDE)
2 UI12ITKV120 [161] 778 370 20400 | G30-10.5”
3 MN1010 KV135[159] 645 340 21561 G32-11
4 MNZ805-S KV150 [160] 625 270 16028 | G28-9.2
5 KDE 10218XF-105 (8S) [45] | 1075 985 14721 35.5” x 12.1 DUAL-EDN (KDE)
6 KDE 10218XF-105 (10S) [45] | 1075 985 16430 | 30.5”x 9.7 TRIPLE-EDN (KDE)
7 AntiG MN8017 KV120 [158] | 453 290 16841 G30-10.5

Battery Selection
Once the best motor options have been chosen, the next step is to iterate them over different battery options, to
find the best motor-battery combination. The seven battery options chosen can be seen in Table 6.2.

Table 6.2: The seven Chosen Battery Options

Battery 12S | Name Mass [g] Cost [$] | Capacity Max Discharge Rate [A]
[Ah]

a 62Ah 12S Lipo [18] | 13312 3601 62 387.5

b 46Ah 12S Lipo [17] | 9564 3120 46 287.5

c 34Ah 12S Lipo [19] | 7577 2400 34 127.5

d 22Ah 128 Lipo [20] | 5050 1680 22 220

e 16Ah 12S Lipo [21] | 1874 690 16 240

f 11Ah 128 Lipo [22] | 2530 840 11 110

The correct number of batteries is not immediately clear. Not only is each sub-configuration iterated over
each battery, but also iterated over the number of batteries. This method of analysis leads to a plot of each sub-
configuration with several different viable options for motor-battery-amount of battery combinations [56]. Only
one example of these graphs will be shown: the six-rotor configuration and one type of motor. The in-detail
analysis of each combination can be found in the Mid-term report [56].

6.2. Demonstration Configuration Selection

An example of what the battery selection looked like is shown in Figure 6.1. This means that for the six-rotor
configuration with motor 3 [159], which ended up being the final motor choice for the UAV, different types
of batteries and amounts of batteries were compared. The T/W ratio is shown on the x-axis and endurance in
minutes is shown on the y-axis. Taking into account high performance in both, but also the cost and complexity
of the entire system, the optimal battery is chosen for motor 3. “For this motor, many battery combinations
greatly exceed the T/W requirements. Furthermore, all prices are within an acceptable range. C6.3.f.4, C6.3.e.4
and C6.3.d.3 are discarded, as a T/W ratio above 3 is over-designed and the corresponding endurance values
are relatively low. These configurations also use 4, 4 and 3 batteries corresponding in order which creates more
complexity which is not desirable. This leaves C6.3.b.2 as the obvious choice as it outperforms the remaining
options. Furthermore, it only has two batteries, reducing its complexity.”



6.3. Trade-off Criteria 22

60.00 == (CH.3a1
price; $7783

= CH.302
price: $10422
CG3c.3
price: $11382

w= CH.3.d3
price: $9222

= 534
price; §6942

CE.3T4
price; §7642

Endurance [min]

20.00

T

Figure 6.1: C6.3 Battery Selection

6.3. Trade-off Criteria

Once the selection above has been done for every single motor and rotor configuration, the final trade-off with
only the most optimal combinations can be performed, For the trade-off of the final configurations, the criteria
and their corresponding weights are displayed in Table 6.3. Each configuration was given a rating until the
optimal motor-battery-propeller and rotor configuration was chosen.

Table 6.3: Trade-Off Weight Factors

Criteria Weight Factor
Endurance 25
Max T/W 30
Complexity 10
Cost 20
Transportability 15

6.4. Results

This entire method resulted in six T-MOTOR MN1010 KV135 motors [159]. These are powerful, 12S motors
that are each capable of a maximum thrust of 21.5 kg at max power when using the matching propellers. This
propeller is the Carbon Fibre plus Epoxy G32 - 11 Prop [157]. With this motor and propeller combination, the
optimal battery was found to be two LiPo 46000 12S2P 44.4v batteries [17].
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Electrical Components

After finalising the trade-off of the structure, material and payload mechanism, the electrical components of
the UAV were investigated. All the required components must be identified and off-the-shelf components must
be chosen with regard to performance and compatibility. This process will be presented and explained be-
low.

In Section 7.1, an overview of all the components in the drone will be presented. In Section 7.2, a discussion on
each component comparing three different options will be made, and a final choice for every component will
be decided. In Section 7.3, the insulation of the components will be discussed. The electronic block diagram
denoting the entire electrical system in the drone, complete with all components including voltage and current
specifications, will be given Section 7.4. Finally, the Input-Output relationship N2 chart of the system will be
shown in Section 7.5 and the communication flow diagram will be presented in Section 7.6.

7.1. Overview Components

To analyse and create the electrical system of the drone, it is important to list all the required components needed
for a complete system. To have a fully functional drone it is crucial that the different subsystems are correctly
integrated. An overview of all the components is presented in Table 7.1.

Table 7.1: Overview of components

Subsystem Components

Flight Computer (FC)

Control Electronic Speed Controller (ESC)
Power Distribution Board (PDB)

Transmitter

Receiver

Communication Hawkeye MicroController

Raspberry Pi

Telemetry
LiDAR

Sonar
Cameras & Sensors | GPS

Camera

Thermal Camera

Battery Monitor
Other Wiring
LEDs

In Table 7.1, the components were divided into four main groups: Control, Communication, Camera & Sensors

23
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and Other. For each of these components, multiple commercially available options are possible. In the following
section, the most suitable options will be selected and explained.

7.2. Component Selection
In this section, the components shown in Table 7.1 shall be compared and selected. Note that for each component,
research on existing products was done to obtain up to three suitable options.

7.2.1. Control

Components that will be used for the main control of the UAV are described as shown in Table 7.1.

Flight controller (FC)

The FC is the motherboard of the UAV. It controls the inputs, outputs, and the entire communication of the drone
system. It ensures that the drone is always stable, performs precise flight manoeuvres and provides flight data
to the pilot [105]. The FC consists of a circuit board that is equipped with sensors that can detect the drone’s
motions and user commands. In this way, the FC can control the speed of the motors to move in a certain
direction. Some of the common sensors that are included in a FC are an accelerometer, gyroscope, barometric
pressure sensor and compasses. Furthermore, the FC serves as the hub for connecting the ESCs, servos, PDBs,
receiver, cameras, etc. FCs come in different firmware and processors. Depending on the use-case of the
drone and the type of connections needed for the components, a proper FC has to be chosen that satisfies the
requirements of the mission. Table 7.2 shows the considered FCs.

Table 7.2: Overview of the F'C options

. Current Voltage Temperature .
Option | FC model Price [$] | Mass [g]
rating [A] | rating [V] rating [°C]
1 CubePilot Cube Orange [127] 2.5 4.1-5.7 -10-55 350 73
2 CUAS Plus [12] - 43-54 -20-80 500 90
3 mRo Pixhawk [128] - 7 -10-60 300 38
4 Holybro Pixhawk 6X [91] 1.5 4.75-5.25 -40 - 85 330 85

The criteria used to assess which FC is the most suitable for the mission are listed below.

» Simplicity * UART connections
* Open source access to ample documentation * Low price

* Sufficient ports and interface capability * Low weight

» Sensors * Market availability

The above flight controller options have all the necessary functions that are required for the drone. They have
sufficient PWM and UART connection ports for connecting the various electronic components that are needed.
There could be some differences in the way the flight controllers are programmed and how the software archi-
tecture of the components inside the flight computer is structured. Due to ample documentation on the Cube
Orange and prior experience with this particular flight controller, this option is selected. In spite of it being a
bit more expensive than the Pixhawk and Holybro, the price difference is worth it. The operating temperature
range would not pose much of an issue as the mission profile is mostly outside the fire. Furthermore, the com-
ponents are insulated and covered properly to ensure that they are protected against smoke and dirt and other
environmental factors that might affect the FC.

After considering the different options and criteria, the FC that will be used for the drone is the CubePilot Cube
Orange.

Electronic Speed Controller (ESC)
The ESC is needed to allow for the control of the electric motors by the flight computer. For guaranteed optimal
compatibility between the motors and the ESCs, the ESC was chosen to be the same brand as that of the motors.
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For the UAV, a "TMOTOR MNI1010 KV135 [159] was chosen, thus the two options available are presented in
Table 7.3.

Table 7.3: Overview of matching "-MOTOR ESCs

. Max continuous .
Option | ESC model Burst Current [A] | Price [$] | Mass [g]
current [A]
1 T-MOTOR Alpha 12S [155] 80 100 130 110
2 T-MOTOR Alpha 128 [154] 100 120 170 360
T-MOTOR Flame 12S [156] 80 120 120 109

Assuming that all the current provided by the batteries is allocated to the motors, 96A can be used to generate
thrust. This will limit the maximum throttle setting since the motor draws 104 A at 100% [159]. In order to
choose the optimal ESC, a performance analysis must be done.

For options 1 and 3, the ESCs are much lighter, both totalling to a mass of around 660 g as one ESC is needed
per motor. However, the current draw of the motor is limited to 80 A. The performance of the drone is calculated
with respect to requirements REQ-SYS-1 and REQ-SYS-10. With a payload of 10 kg, this resulted in a maximum
T/W ratio of 2.36 and an endurance of 21.46 minutes at T/W of 1.4.

For option 2, the ESCs shall allow for the maximum current draw from the batteries of 96 A, however the total
mass of the ESCs increases significantly to around 2.2 kg. With these changes, the performance with regards to
REQ-SYS-1 and REQ-SYS-10 are calculated again. With a payload of 10 kg, this resulted in a maximum T/W
ratio of 2.29 and an endurance of 20.43 minutes at T/W of 1.4.

When comparing the options, it can be seen that the different options result in small changes in T/W and en-
durance. Options 1 and 3 clearly result in increased performance. Using options 1 and 3, causes a 5% increase
in endurance and a 3% increase in T/W. From this, the 80 A ESCs, options 1 and 3 prove to be preferable. Fur-
thermore, operating at 80 A also means that the motor is operating at a lower RPM and thus a higher efficiency
making it beneficial for sustainability purposes. Between the 80 A options, the main difference is the Burst
Current. Using option 3 will limit the motors and battery less when operating within their burst state with the
same mass. For these reasons, the final ESC selection is option 3, T-MOTOR Flame 80 A 12S.

Power Distribution Board (PDB)

The PDB is a crucial component of the electrical system that is needed for the distribution of power from the
power sources to the rest of the system. With the two LiPo 46000 12S2P 44.4 V Battery Packs, a maximum
continuous current of 287.5 A per battery can be discharged [17]. This is a crucial parameter to consider for
full functionality of the drone and to prevent damage. After performing a review of commercially available
PDBs, it was noticed that PDBs with maximum currents larger than 500 A significantly increased the mass of
the single component compared to those below 500 A. Due to this, the option of using two separate PDBs was
considered. This requires each PDB to attach to a battery and three motors. The remaining components are
equally split over the two PDBs. The three most suitable commercially available power distribution boards are
presented in Table 7.4.

Table 7.4: Overview of most suitable PDB options

Option | PDB model Max current [A] | Price [$] | Mass [g] No. of
branches
1 APD 14S [2] 500 79 50 4
2 Sky-Drones SmartAP PDB [147] 400 90 16 6
Mauch PDB [110] 2x200 353 115 9
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The three options presented in Table 7.4 are each high current, low weight PDBs. As none of them independently
meet the maximum current requirement, a combination of two PDBs is considered. When comparing the cost
of the different components, option 3 (MAUCH 2x200 A) clearly stands out as it is around four times more
expensive than the alternatives for similar performance. Then when comparing options 1 and 2, their weights
and number of branches were investigated. For this, option 2 (Sky-Drones SmartAP) appears to be most suitable
for all categories. With option 1, despite being the cheaper option with a higher current rating, it is too high
above the required value of 287.5 A needed per PDB. Furthermore, with a total of eight branches of which six
are used for the motors, problems may arise when integrating all the other components on the remaining two
branches. For this reason, the final PDB configuration was chosen to be two Sky-Drones SmartAP PDB 400
A.

Note that as the input voltage to the PDB is higher than 35 V, an aluminium electrolytic capacitor will need
to be attached to the power input pads with an input rating of at least 100 V, as recommended by Sky-Drones
[47].

An overview of how much current all components draw is shown in Table 7.2.3. It should be noted that not all
components mentioned in the table are directly connected to the PDB, as can be seen in the Electrical Block
Diagram.

7.2.2. Communication
In this subsection, all the components related to communication shall be selected and discussed.

Transmitter & Receiver

The transmitter and receiver are the controllers of the UAV. The receiver is the module that is attached to the FC
which will effectively communicate with the transmitter for effective control of the UAV. The payload mech-
anism will be controlled with the help of the transmitter, motor speed, et cetera [28]. A correct combination
of transmitter and receiver should be chosen to ensure that the UAV can communicate effectively without con-
nection losses and sensitivity issues. For this reason, three combinations of transmitter and receiver have been
looked into which work for this drone. Various factors were considered when choosing such a combination,
namely:

» Compatibility
* Price

* Mass

» Performance

Based on these criteria, the second combination has been selected.

Table 7.5: Overview of transmitter and corresponding receivers

. . . Frequency .
Option | Transmitter Channels | Receiver Mass [g] | Price [$]
band [GHz]
1 Spektrum DXS8 [151] 8 AR8010T RX [150] 2.4 1800 330
FrSky Taranis TBS Crossfire
2 7 24 2.4 700 250
X9D [78] Nano RX [27]
Radiolink
3 12 R12DS RX [7] 2.4 900 160
ATI10II [131]

The Spektrum and FrSky transmitters are both reliable and compatible transmitters. The advantage of using
the FrSky is the wide variety of customisation options available due to the OpenTX software. Furthermore, the
combination of the transmitter and receiver in this scenario provides a much more robust link necessary for the
drone mission with a sufficient range capability [76].

The cost is comparable for all three options and all of them utilise the 2.4 GHz frequency band. Furthermore,
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the transmitters are required to have gimbals for ease of control. The FrSky Taranis utilises hall sensor gimbals
which are more reliable in comparison to potentiometer gimbals [153].

After careful consideration and analysing of the functionalities of the transmitter and receiver, the FrSky Tara-
nis X9D was selected along with the TBS Crossfire Nano RX receiver. This has been selected mainly due to
its robustness and compatibility. The price is reasonable and since it is lightweight, ensures effortless handling
for long periods of time.

Telemetry

The data link between the flight computer on board and the Ground Control Station (GCS) is responsible for
communicating all the outputted data collected by the onboard components during the flight to the GCS. It
needs to be highly reliable and have the right range for the mission. Three viable options for data links have
been looked at, all of which have an acceptable range (REQ-SY S-4) and the overview information on cost, mass,
range and radio frequency can be found in Table 7.6.

Table 7.6: Overview of most suitable telemetry options

. ) Mass (air Radio
Option | Data Link Range [km] | Cost [$]
module) [g] | frequency [GHZ]
1 Herelink Air Unit 1.1 [80] 20 500 98 2.4
2 SiK Telemetry Radio [13] 0.3 89.95 4 0.915
3 Sky-Drones SmartLink [148] 20 3990 139 1.2

The Herelink Air Unit 1.1 and the Sky-Drones SmartLink both have video transmission, while the SiK Telemetry
Radio does not. Even though it is cheap, light and easy to use [13], it is not a good option for this mission, as
live video feed is important. The SmartLink is eight times more expensive than the Herelink and has a less
reliable radio frequency [168]. Therefore, the best option for the telemetry module of the drone is the Herelink
Air Unit 1.1. It is used to send all the information coming from the flight computer to the GCS, which is a
laptop.

Laser imaging, Detection, And Ranging (LiDAR)

For the drone, two LiDARs are used. A long-range LiDAR, is used for altitude measurement and another
for frontal sensing. Different LiDARs are chosen for the two applications due to the different range require-
ments.

Altitude LiDAR:

On the UAV, a LiDAR is used to measure the altitude of the drone. This is needed for the operator and enables
the flight computer to autonomously hover at a specified altitude or land safely in case of loss of signal. A large
variety of LIDARs for altitude measurements exist. However, only two options stand out, these are presented
in Table 7.7.

Table 7.7: Overview of best performing LiDARs

Option | LiDAR Range [m] | Cost [$] | Mass [g] | Accuracy [cm] | Reflectivity

1 Atollo Wasp 200 [65] 315 530 26 <10 175 m at 18
% reflectiv-
ity & 300
m at 80 %
reflectivity

2 Blickfeld Cube Range 1 [103] 250 3500 385 <1 > 30 m at
10 % reflec-
tivity
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When comparing the two options displayed in Table 7.7, the most prominent difference is in the price, accuracy
and mass. They both meet the altitude requirement of 250 m as stated in REQ-SYS-4. As this mission is primarily
remote-controlled by the firefighter, high accuracy in altitude is not required. The drawback of mass and cost
that come with option two, is not worth the additional accuracy for this mission. For this reason, Atollo Wasp
200 was chosen. If more accuracy is required for the altitude, an additional LiDAR could be considered to
obtain a more accurate average measurement. An additional advantage of this specific LiDAR is its reflectivity.
Even at less than 20 % reflective surface, can it detect objects at ranges of about 175 m. This is an important
criteria as a surfaces can become difficult to detect during fire conditions. With this, a good estimate of the
altitude can be made even in difficult visibility conditions.

Frontal Sensing LiDAR:

For the frontal LIDAR, the operational range can be less. Hence, a cheaper LiDAR is desired. From Lightware,
three suitable options were found.

Table 7.8: Overview of most suitable frontal sensing LiDARs

Option | LiDAR Range [m] | Cost [$] | Mass [g] | Accuracy [cm] | Reflectivity

1 SF000/B [107] 50 261 9.7 + 10 50 m with white
wall in daylight

2 SF20/C [106] 100 261 10 +10 100 m with white
wall in daylight

3 SF30/C [108] 100 280 35 + 0.7 100 m with natural
surface and 175 m
with reflective sur-
faces

In Table 7.8, three valid options are presented. For compatibility with the other components, the LIDAR will
need to be capable of an 12C connection with the flight computer. This excludes the SF30/C, however, it can be
reconsidered if increased performance is required for minimal increases in price and weight. For the SF000/B
and SF20C, both have identical specifications except for the weight and range of the component. For this
reason, for the improved range with negligible increase in weight, the Lightware SF20C is chosen. Looking
at the reflectivity of the LIDAR, the specific relation between the three options cannot be compared. However,
since all of them are from the same company, it can be estimated that they behave in the same way with less
reflective surfaces. Henceforth, Option 2 comes out to be as the best option.

Sonar

The UAV shall require sensors for frontal distance measurements. LiDARs are known to be effective for this
type of application, however, as the drone shall operate in harsh, smoky environments this must be re-evaluated.
LiDARs have shown to frequently fail in smoke when the lack of visibility is too great [138]. The alternative
option is sonar, which despite having a lower resolution is not affected by the smoke.

The sonar sensor used in the drone is the MB1222 12CXL-MaxSonar-EZ2 [111]. It reports the range to the
closest target and can detect targets up to 7.65 m away. It is also affordable, at $115 per piece, and lightweight,
at 50 g.

Camera
For the camera, three options were considered. These are enlisted below:

1. GoPro HEROI11 Black Mini [84]
2. Hawkeye Firefly 4K Nakedcam [52]
3. DJI Osmo Action 3 [46]

Among these three options, they were compared with their telemetry capability, camera quality, price, weight
and communication protocol. The first and last options can communicate through Bluetooth, although they are
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heavy and more expensive in comparison to the second option. The second option (Hawkeye Firefly) can be
connected to the herelink telemetry channel. This can be transmitted to the telemetry channel for viewing on
the laptop or Herelink ground station for a live camera view of the drone. Furthermore, all the cameras have
4K capability so the quality is similar. Another benefit of the Hawkeye camera is its small size which allows it
to be fitted at difficult-to-reach locations on the drone. As the Hawkeye Firefly has no built-in stabilisation, a
Copterlab gimbal is used [40]. Even though this leads to an increase in weight, size, and cost, the Hawkeye
Firefly 4k Nakedcam still is advantageous over the other options and is therefore selected.

Figure 7.1: Hawkeye Camera with the micro controller board

Figure 7.1 shows the camera with the micro controller board attached to it. This camera in combination with a
gimbal is integrated on the drone for high-quality video transmission with camera manoeuvring for increasing
the field of view while payload delivery.

Hawkeye Micro Controller

The Hawkeye micro controller board is a small circuit board that pulls telemetry data from the light camera
and provides it to the Herelink Air Unit to provide live video of the drone view. This component comes up with
the selected camera choice, namely Hawkeye Firefly 4K [87]. This micro-controller board can be connected
with an HDMI cable to the Herelink Air Unit that is used for high-quality video transmission. Figure 7.1 shows
the image of the micro controller board attached to the camera.

Thermal Camera

For thermal imaging, the FLIR Lepton 3.5 is used. The micro thermal camera module has a mass of only 0.9
grams and can be easily connected through the FLIR Lepton Breakout Board V2.0 to a Raspberry Pi 4 Model
B. The Raspberry Pi is connected to the Herelink, which is responsible for transmitting the live thermal video
to the GCS. As the camera is radiometric, it is able to measure and display the temperature with an accuracy of
5 °C. The Lepton 3.5 is chosen over the Lepton 2.5, as it offers twice the resolution and does not differ much in
price [149]. Other thermal cameras are available but were deemed not feasible as their price is in the order of
thousands of dollars. In order to provide stabilisation for the thermal camera, the FLIR Lepton is mounted on
the gimbal of the visual camera.

Global Positioning System (GPS)

For improved accuracy compared to standard, real-time kinetic data (RTK), GPS modules for the drone were
researched. The two best options are shown in Table 7.9. The Holybro GPS is more than double the price of the
Here3, for better navigation update rate and horizontal accuracy at a similar weight. The accuracy and update
rate of the Here3 GPS is sufficient for the mission, since the drone is not intended to leave the direct line of sight
of the pilot, and the LiDAR and Sonar sensors on board also aid in situational awareness. For these reasons,
and most of all a lower price, the Here3 RTK GPS was chosen.
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Table 7.9: Overview of most suitable GPS options

Option | GPS model Cost [$] | Mass [g] | Nav. update rate [Hz] | Horizontal accuracy
1 Holybro RTK F9P Helical [90] 440 58 20 1.5m/RTK: 0.01 m
2 Here3 RTK GPS [81] 176 48.8 8 2.5m /RTK 0.025m
7.2.3. Other
Battery Monitor

The SmartAP PDB discussed in Subsection 7.2.1 has integrated voltage and current sensors and can therefore
be used as a battery monitor. It can be configured such that a failsafe will trigger when the voltage or remaining
capacity drops below a set value [11]. The electromagnetic sounder (a buzzer) of the PDB will go off and the
ground station will receive a warning. The UAV can be set up to automatically land or return to base when a
failsafe is triggered.

Wiring

Selecting the correct wiring is crucial for the functionality of the entire system. If the current drawn through the
wire exceeds the designed value, the wire can generate large amounts of heat introducing additional risks which
may lead to total failure of the system. If the component is provided with recommended cables, they should be
used to ensure suitability. If not, the required American Wire Gauge (AWG) can be checked using AWG charts,
however, these are estimates which can be further optimised.

Mechanical Relay

The mechanical relay will act as the switch which will control the pump that shoots out the payload. The pump
chosen has a nominal voltage of 12 V, a peak current of 20 A and a power consumption of 240 W [173]. It is
important to choose a relay that will allow the 20 A of current to pass through it without getting damaged. Fur-
thermore, the relay must have a switching voltage of 5 V, as that is what the flight computer can provide.

For this reason, the relay chosen is the Grove - SPDT Relais (30A) [180]. It is rated for up to 30 A, it has a
switching voltage of 5 V and has an operating temperature of up to 70 °C.

LEDs

For safety and to comply with drone regulations when flying outside daylight periods, the drone is equipped
with LED lights [96]. To adhere to safety regulations set by Inspectie Leefomgeving en Transport for flying
outside of daylight periods, four VIFLY strobe lights are mounted on the drone [174]. A red LED solid light
has to be placed on the left side of the drone and a green LED solid light on the right side. A white strobe light
is mounted on the back of the drone. To allow a person on the ground to distinguish the UAV from a manned
aircraft, a green flashing light is placed at the bottom. The lights have visibility of over 4.5 km and can be
mounted on the drone using a 3M dual lock. As the lights have their own built-in batteries, which provide a
run-time of up to 4 hours, they will not have to be connected to the drone’s power system [174].
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Table 7.10: Overview of component voltage and current requirements

Component Voltage [V] Current [A]
FC[127] 5.7 2.5
Battery [17] 44 .4 287.5
ESC [156] 44 .4 80
Motor [159] 44 .4 104
PDB [147] 60 400
Altitude LiDAR [65] 5 0.075
Frontal LiDAR [106] 5.5 0.1
Sonar [111] 5.5 0.0034
GPS [81] 5 -
Light Camera [72] 12 0.3
Thermal Camera [149] 3.1 0.048
Gimbal [40] 12 -
Mechanical Relay [180] 5 0.185
Raspberry Pi (Model 4B) [134] 5 3
Light Camera Micro Controller [87] 12 1
Telemetry link [80] 12 0.3
Transmitter [78] - -

7.3. Component Insulation

When deploying drones in a variety of environments, it is critical to consider the sensitivity of the sensors
to high temperatures. Compared to typical drone operating conditions, the temperatures close to a burning
building are higher. Since not all electrical components are designed to operate in these circumstances, the
drone must have thermal protection to ensure optimal performance is possible. Without protection through
thermally isolated shieldings, effective performance would not be achievable. Table 7.11 shows the maximum
operational temperatures of the main electrical components. This section will first discuss the characteristics of
the sensors, followed by a discussion of insulation material.

Table 7.11: Maximum operational temperature of electrical components

Component Maximum operational temperature [°C]
Sonar [111] 65
LiDAR 1 [65] 60
LiDAR 2 [106] 50
Thermal camera [149] 80
GPS [81] 85
Relay [180] 70
LEDs [174] 85
Camera [75, 53] 45
Transmitter [78] 60
Receiver [27] 40

Telemetry [88] 70
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A sonar operates by emitting a soundwave and analysing the reflected echoes. Therefore, choosing thermal
insulation materials while preserving their acoustic functions, is critical in ensuring good performance.

GPS receivers require a higher level of insulation as they need a material that can withstand drastic temperature
changes, ensuring the consistent operation of the sensitive electronics inside and minimising the possibility of
physical damage such as collision with small particles or smoke. The ideal materials should have appropri-
ate insulation properties along with a low thermal conductivity level necessary for sustenance under different
environmental conditions.

When working with sensors that have a reflective sensor one must be cautious regarding the selection of optimal
insulation materials. As a result of the potential for intense reflections from surfaces like glass or mirrors,
distortions may occur and the sensor can get overloaded, thereby affecting its acoustic qualities.

Thermal insulation materials for cameras, sonar, GPS, and LiDAR sensors are usually chosen based on their
ability to protect sensitive electronic components from high temperatures and temperature fluctuations to main-
tain optimal operating conditions. While there are various insulation options available, three commonly used
are foam insulation, ceramic insulation and, aerogel. Their advantages and disadvantages are discussed be-
low.

Foam Insulation

Foam insulation is a material commonly used to provide thermal and acoustic insulation in various applications.
It is made from a cellular structure that traps air or other gases, offering excellent insulation properties. Foam
insulation is lightweight, versatile, and easy to install, making it an effective solution for enhancing energy
efficiency and reducing heat transfer in buildings and other systems.

Advantages:

* Good thermal insulation properties: Foam materials such as polyurethane or polystyrene offer a decent
insulation performance, minimising heat transfer [176].

* Lightweight and easy to handle: Foam insulation is lightweight and can be easily shaped or moulded to
fit different sensor configurations [176].

* Cost-effective: Foam insulation materials are generally affordable, making them a popular choice for
many applications [176].

Disadvantages

» Limited temperature resistance: Foam insulation may have temperature limitations and can degrade or
lose effectiveness at extremely high or low temperatures [176].

* May require additional protection: Foam insulation may need to be combined with other materials or
coatings to provide sufficient protection against moisture, dust, or impacts [176].

» Lower insulating efficiency than other options: Compared to some advanced insulation materials, foam
insulation may have lower insulation efficiency [176].

Ceramic Insulation

Ceramic insulation for sensors refers to the use of ceramic materials to provide thermal insulation and protection
for sensors. Ceramic insulation helps in maintaining stable operating temperatures, shielding sensors from
external heat sources, and improving their accuracy and longevity.

Advantages:

* Good thermal resistance: Ceramic insulation materials, such as alumina or silica-based ceramics, offer
high-temperature resistance and excellent insulation properties.

» Chemical resistance: Ceramic materials are often resistant to corrosion, and chemical degradation [16].
Disadvantages:

* Brittle and fragile: Ceramics are brittle materials and can be broken easily under mechanical stress.
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» Higher cost: Ceramic insulation can be more expensive compared to foam materials, making it less suit-
able for some budget-sensitive applications.

Silica Aerogel

Silica aerogel is a type of aerogel insulation material derived from silica (silicon dioxide). It is known for its
extremely low density and exceptional thermal insulation properties. Silica aerogel is often referred to as “‘frozen
smoke” or “blue smoke” due to its translucent appearance [1]. Silica aerogel has good acoustic performances,
is transparent, light and good for thermal insulation [112].

Advantages:

» Exceptional thermal performance: Silica aerogel is one of
the most effective insulating materials available, with ex-
tremely low thermal conductivity. It provides excellent
insulation against heat transfer, making it suitable for ap-
plications where temperature control is critical.

» Lightweight: Silica aerogel has an extremely low density,
making it lightweight and advantageous for applications
where weight reduction is desired [112]. It can help min-
imise the overall weight of cameras, sensors, and other de-
vices without sacrificing thermal insulation.

» Space-efficient: Silica aerogel is highly porous and has a
unique nano-structured network [112]. This structure al- Figure 7.2: Sillico aerogel application [117]
lows it to have a large surface area relative to its volume,
enabling efficient use of space in sensor enclosures or cam-
era housings.

Disadvantages:

* Fragility: Silica aerogel is brittle and can be fragile. Care must be taken during handling and installation
to prevent damage, which can reduce its insulating properties.

» Cost: Silica aerogel insulation can be relatively expensive compared to other insulation materials. The
production process and specialised manufacturing techniques contribute to its higher cost.

* Moisture sensitivity: Silica aerogel has a high surface area, which makes it susceptible to adsorbing mois-
ture from the surrounding environment. Moisture can degrade its insulation performance, so moisture
protection measures or coatings may be required.

It is worth noting that the choice of insulation material depends on the specific requirements of the sensor, in-
cluding operating temperature range, size and weight constraints, and budget considerations. As the maximum
working temperature is 50°C, polyurethane is the best option [38]. It is easy to apply and the acoustic per-
formance of the sensors is not influenced much. Only for the camera, glass or silica aerogel is used as the
insulation material needs to be transparent. It is difficult to predict the exact amount of insulation needed for the
sensors, hence a rough estimate of 500 g has been allocated to insulation and covering of sensors and electrical
components.

7.4. Electrical Block Diagram

The electrical block diagram of the system is shown on the next page. Every hardware component and its
wiring can be seen. In the legend, the different colours for each wire type show the protocol or type of signal
each component uses. For example, an I12C connection is denoted by a red voltage and black ground wire, a
yellow clock signal (SCL) wire, and a light blue data signal (SDA) wire.

Furthermore, the voltage and current requirements for each component can be found in Table 7.2.3. These are
important as they indicate the thickness needed per wire in order to handle the amount of current passing through
it, as well as the step-down voltage converter needed within the electrical system. It will also be useful when
creating the power budget of the UAV that will be done in Section 11.3.
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7.5. N2 Chart of System Architecture

The N2 Chart showcasing all the Input/Output relationships in the drone is presented in Figure 7.3. The main
components and subsystems in the drone are shown in the coloured blocks. Inputs are vertical, and outputs are
horizontal. This chart is used to denote all the interactions and inter-dependencies between subsystems in the
drone and is also used as a guide for the communication flow diagram in the next section.
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Figure 7.3: N2 Chart of system architecture

7.6. Communication Flow Diagram

Communication within the drone system is integral to the success of the mission. At any point, the pilot must
have live video and frequent updates coming from all the cameras and components on board. The breakdown
of all the links between components, the flight computer and the Herelink is presented in Figure 7.4, and shows
which parts of the system need to communicate in detail. This diagram denotes the data outputted and refresh rate
in Hz of each component in the drone, as well as the radio frequency used to communicate between the onboard
system and the Ground Control Station (GCS). The onboard communication and components are inside the pink
box, and the GCS components are in green. The type of information is written inside the communication lines,
as well as the type of protocol and refresh rate of the data. Furthermore, the radio frequency used to transmit
data to the GCS is shown, and it is 2.4 GHz.
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Figure 7.4: Communication flow diagram of electronic system

7.6.1. Link Budget

The link budget analyses the telemetry components with respect to their bandwidths and data transmission rates
to see the compatibility with the selected transmitter. The following table lists all the telemetry components and
checks with the FrSky transmitter specifications. If it meets it, the corresponding cell is coloured in green, else
it is coloured in red.

Table 7.12: Link Budget that analyses the data rates of the telemetry components and compares with the transmitter specifications

Component Bandwidth Compatibility

Herelink AirUnit 1.1 | 2.4 GHzISM | Yes, it complies with any monitor with a Wi-
Fi communication capability with a band of
2.4 GHz which can then provide live video
footage

TBS Crossfire RX 868 MHz SRD | Yes, it complies with the FrSky transmitter
that has a frequency rating of 2.4 GHz
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Structure Design

This chapter will first discuss the final configuration of the rotors in Section 8.1. Next, multiple options for the
layout of the main airframe body will be discussed and analysed in Section 8.2 and a final decision will be made.
In Section 8.3, the different attachments needed to connect everything will be discussed. Calculations are done
to ensure a strong design, these will be discussed in Section 8.4. Lastly, the landing gear of the UAV will be
described in Section 8.5.

8.1. Configuration

In order to find the right power source, multiple options were considered, such as chemical, electrochemical
and electrical sources. After considering the different sources, it was decided that either lithium polymer or
lithium-ion batteries are the best options. In the design, it was chosen to go with lithium-polymer batteries as
they are widely available.

A single-rotor, four-rotor, six-rotor and eight-rotor configuration were considered. To determine the most op-
timal configuration, each rotor configuration was paired with a motor type, a battery type and the number of
batteries, where every possible combination was created. These were then traded off using endurance, max-
imum thrust-to-weight, cost, transportability and complexity as the criteria. From the propulsion trade-off, a
six-rotor configuration was chosen, also called a hexacopter. Completed with two lithium-polymer 46Ah 12S
batteries and 32-inch propellers.

With a six-rotor configuration, the different rotors can be arranged in different ways. The two that were con-
sidered are the X-frame and the Y-frame, where for the X-frame the rotors are arranged in a circle and for the
Y-frame two rotors are stacked on each other resulting in three rotor ‘groups’. It was chosen to go for the X-
frame, as it is more efficient than the Y-frame. Furthermore, the controllability of the X-frame is preferred over
the Y-frame. Lastly, choosing the Y-frame leads to an increased complexity, which made the X-frame a more
beneficial option.

8.2. Main Airframe Body Layout

First, the different possibilities for the layout of the main body of the drone were looked into. For now, only the
large electronic components are taken into account. These are the ESC, PDB and batteries. These components
take up the most space and are most important when choosing a layout. This resulted in the following four
different options:

1. Rectangular body with two layers,
2. Rectangular body with three layers,
3. Hexagon body with three layers, in an aligned design,

4. Hexagon body with three layers, in a compact design.

For all four designs, the cameras and sensors are placed on top of the upper panel. Here, they are less protected
than when they would be inside the main body, however, some form of protective cover will be designed to
go over/around the electronics to protect them from the environment. Besides this, the landing gear/payload
mechanism is a separate part which does not vary much per design and is looked at after a design option for the
main body is chosen.

37
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Option 1: Rectangular Body with Two Layers
For option 1, the layout of the body consists of two
rectangular carbon fibre sandwich panels, placed on
top of each other. The two batteries and both the escheoe mese
Electronic Speed Controllers (ESC) and Power Dis-
tribution Boards (PDB) are placed in between the two
sheets. The ESCs and PDBs are placed on top of each
other: for every pair, one is attached to the inside of
the lower panel, and one to the inside of the upper
panel. Furthermore, the tubes, on which the rotors
are connected on the other side, are also connected
within the two panels. Some benefits of this design
are the spacious layout, meaning there is a lot of space
to place all of the electronics. The batteries are easily accessible and replaceable from the side. However, the
non-symmetric layout makes it harder for controllability and makes stress distribution through the body asym-
metric. The main body of this design is larger pertaining to the second design option. This means that the arms
become shorter which results in less stress in the carbon tubes, which is preferable. The layout of the design is
shown in Figure 8.1.

Battery Battery

Figure 8.1: Design option 1

Option 2: Rectangular Body with Three Layers
Option 2, the “three-layer-rectangle” configuration,
consists of two rectangular carbon fibre sandwich pan-
els on both the upper and lower side. The third layer is

placed between these sandwich panels and is a rectan-
gular carbon fibre sheet. The two batteries are placed e &
between the lower sandwich panel and the middle eso esc
sheet. The ESCs and the PDBs are placed on the up-

per half, between the middle sheet and the upper sand-
wich panel. For this design option, the rods are also
attached in the upper half. The main difference be-
tween options one and two is the area size of the main
body. Since option two has moved the ESC and PDB Figure 8.2: Design option 2

one layer above the batteries, the entire main body can stay within the footprint of the batteries. This reduces
the area of panels needed by about 33%, which saves a lot of weight. The design is, however, less spacious
which would make it harder to wire all the electronics. Besides all of this, this layout is also not completely
symmetric which makes it hard for controllability. The arms also get longer which leads to more stress within
the tubes, which might lead to the need for thicker and heavier tubes. The design is shown in Figure 8.2.

Option 3: Hexagon Three Layers, Aligned Design
Option 3 consists of three carbon fibre sandwich pan-
els, cut as a hexagon. Like in design option 2, the
batteries lie between the lower and the middle sheets,
and the ESCs and PDBs are placed between the mid-
dle and the upper sheets. The rods are also attached to
the main body in the upper half. This design is called
‘aligned’ since the ESCs are directly in line with the
rods. This is done so the cables of the ESCs can go
directly into the tubes, to the rotor. This design can be
seen in Figure 8.3. Another benefit of this design is
the fact that it is fully symmetric which is a great help
with stability and controllability. Furthermore, there
is a lot of redundant space which makes it easy to fit all of the electronics in the drone. However, this design is
quite heavy since the main body consists of three large sandwich panels.

ESC

Figure 8.3: Design option 3
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Option 4: Hexagon Three Layers, Compact Design
Option 4 is quite similar to the third design. The gen-
eral layout is the same; three sandwich panels with the
batteries in the lower half and the ESCs, PDBs and
rods placed in the upper half. The difference between
the more aligned configuration and the more compact
one is the position and orientation of the ESCs. In
this design, they are placed such that a lot of space
is spared. This leads to a decrease in weight, which
is preferable. Furthermore, another advantage is the
possibility to slide the rods more to the middle if nec-
essary which increases the overlap. This extra overlap
gives a stronger bond between the panels and the rods.
Although the design is more compact, there is still enough space for all the wires, while being lighter than design
option 3. The design is shown in Figure 8.4.

Figure 8.4: Design option 4

8.2.1. Final Choice

In the end, option 4 was chosen. This decision was mainly based on weight calculations and controllability
analysis. First, comparing the first and second designs; design 2 has an overall smaller area of the sheets since
the ESCs and PDB are placed in approximately the same surface area as the batteries occupy. A smaller area
results in a lower weight. Therefore, three layers are more desirable than two. Comparing options 3 and 4 is also
based on certain weight calculations. As mentioned above, the area, and thus the weight, of design 4 is smaller
than that of design 3 and thus design option 4 is preferable. Lastly, a decision was made between the second
and the fourth option. The hexagon layout of design 4 is more symmetric than the rectangular one of option 3.
A symmetric design is preferable since it will make the UAV more controllable. Therefore, the compact design
with the hexagon form is chosen as the final design.

8.3. Attachments

To properly connect each separate part into a nice whole, different attachments need to be designed. This section
looks into how the different layers are connected to each other, how all the rods are connected to the main body
and how the motors are attached to the rods.

8.3.1. Layer Attachments

To connect the three layers, multiple aluminium spacers are
used, which can be screwed in through the sheets. Between the
lower and the middle sheet, sixteen connectors are placed: two
spacers below every rod attachment in the upper half and four
spacers between the two batteries in the middle. These spacers
are indicated in Figure 8.5 with round holes. The indicated loca-
tions might be off by a few millimetres but are mainly used to
give an impression of their approximate location. Between the , ; ;
middle and upper sheets, only four spacer rods are used, placed - - \ .
in the middle of the sheets. In this layer, the rod attachments will |~ ) '
carry a great part of the load and will also function as a connec-
tion between the middle and upper layers.

Figure 8.5: Layer spacer holes
8.3.2. Rod Attachments
Every rod has to be attached to the main body at a certain predetermined angle and distance from the centre. To
safely attach the rods, they are glued to an aluminium mounting. This can be seen in Figure 8.6a. The rod is
glued in the mounting since the clamping force required is too high for the rod to withstand. Carbon rods tend
to break when clamped too hard which may cause critical failure, resulting in the breaking-off of an arm.
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8.3.3. Motor Attachments

To attach the motors to the rods, the aluminium clamp shown in Figure 8.6b is slid around the rod at the end,
on the side of the motor. This clamp will also be glued to the rod since also for this part the clamping force
might compromise the strength of the rod.

(a) Rod attachment (b) Motor attachment

Figure 8.6: Rod mountings

8.4. Calculations

After the layout of the body was chosen, calculations were performed to determine the forces and stresses in the
rods, sheets and bolts. This was done to choose the proper thickness of the sandwich panels and the thickness
of the rods and to make sure the final design is able to withstand the possible exerted forces. To ensure this
process was correctly performed, Dr Calvin Rans was contacted. He looked over the proposed calculations and
gave extra advice for possible solutions.

8.4.1. Rods
First, the force in the rod is calculated. The rod has a length of 733 mm with a maximum force of 190 N applied
by the motor. This leads to a shear force of 190 N and a maximum moment of ~ 140 N/m.

Shear in Rod

The shear force in the rod is calculated by Equation 8.1, where F is the force exerted on the rod and A is the
cross-sectional area of the rod. The rods have an inner diameter of 33 mm and an outer diameter of 35 mm
which leads to an area of 1.068 - 10* m?. This leads to a shear stress of 1.778 MPa in the rods. The carbon
rods used have shear stress strength in the range of GPa [34]. Because of this, it can be concluded that the shear
in the rod will not cause a problem.

Frod
= 8.1
Trod Arod ( )
Bending in Rod
The bending stress, o, in the rod is calculated using Equation 8.2.
o M
R 8.2
-=5 (8:2)

Where M is the moment, mentioned before, equal to approximately 140 N/m. y is the distance from the centre
to the point where the stress is calculated, which is half of the diameter and thus equal to 17.5 mm. I is the area
moment of inertia of the rod. Since the rod is a hollow tube, Equation 8.3 is used to calculate .
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1—4(7‘0 ri) (8.3)

Where 7, is the outer radius, and r; is the inner radius, respectively equal to 35 and 33 mm. This gives an
equal to 15450 mm*. This results in a bending stress of 160 MPa. From the given properties of the rod, it is
known that the maximum allowable stress is 420 MPa. This means that with a safety factor of 2, resulting in a
bending stress of 320 MPa, the design can still be considered safe [34].

8.4.2. Panels

Secondly, the forces in the panel are calculated in a number of worst-case scenarios. It is assumed that the
mounting between the rod and panels is rigid and that the moment and shear forces in the rod are directly
translated to the panels.

Bolt Shear
To determine the shear stress in the bolts, Equation 8.4 was used.

F
Tholt =
Aport

(8.4)

To determine F', the assumption is made that the top and bottom panels each carry half of the moment load.
Because of this, the moment exerted by the motor may be divided by half of the rod attachment height. The
moment equals 140 N and the height of the attachment is 50 mm. This equals a force of 2800 N on each panel.
Since four bolts are used to attach each rod attachment to the panel, the force is divided by four and thus equal to
700 N. 4 is the area of the bolt in the panel. Using a bolt with a diameter of 5 mm, the area equals approximately
20 mm?. This results in shear stress of 35.6 N/mm?. The maximum allowed stress for the worst quality bolt
is equal to 139 MPa, which means that the bolt is safe.

Panel Shear Tear Out
To determine the stress at which the failure due to panels shear tear out will occur, Equation 8.5 is used.

F

Ttear =
Atear

(8.5)

F is the same force as above and thus equals 2800 N which results in 700 N per hole. 4 refers to the area the
bolt may shear through. Assuming a plate with a thickness of 5 mm, and the bolt 15 mm away from the side
of the plate, the area equals 75 mm?. This results in a stress of 9.3 MPa. The maximum allowable shear stress
is in the range of > 100 MPa [100] which is a factor 10 larger than the calculated stress, so the panel can be
assumed to be safe.

Panel shear

The sandwich panels consist of 200 grams twill carbon, as both the top and bottom layers. In between these
layers, a core of Airex C71.75 is used. The shear strength of the core is 1.35 N/mm?. As mentioned above, a
force of 2800 N is exerted on each panel. Since the main body is a hexagon with one side, s, equal to 289 mm.
The area can be calculated using Equation 8.6.

2
Aheza =3- \/g : % (86)

Using the determined values and the result of Equation 8.7 being 216507 mm?, the shear stress equals 0.013
N/mm?. This means that the allowable stress is one hundred times greater than the occurring stress. The panels

may be assumed to be safe.

Fpanel
Tpanel = Apanel (87)
pane
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8.5. Landing Gear

To make sure the drone can land safely, a landing gear is designed. The landing gear is constructed out of four
‘legs’ made of carbon fibre. Each leg consists of two carbon fibre rods, connected to each other. In between the
legs, the payload tank, described in Section 5.4, is attached. Underneath the tank, the pump is placed. Since the
total height of the tank and the pump together equals approximately 360 mm, and an extra 220 mm is added for
assembly and safety reasons, the total height of the landing gear results in approximately 580 mm.

Figure 8.7: Landing gear
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Control and Stability

The stability and controllability of the drone are crucial. As its main mission is aiding firefighters in saving lives,
it must be robust and reliable. In this Chapter, the controllability, observability and stability will be analysed
with the use of a state space model and subsequent matrix calculations. Through the guidance and consultation
of coach from the Control & Simulation faculty Filip Surma, the analysis presented in this chapter has been made
possible. In Section 9.1 the derived state space model will be presented. In Section 9.2 the controllability of the
drone will be analysed, followed by the observability in Section 9.3. In addition, in Section 9.4, two different
types of controllers will be investigated in order to ensure a sophisticated and successful control system for
the drone. Furthermore, the stability will be analysed in Section 9.5. Lastly, in Section 9.6 the software block
diagram is presented.

9.1. State Space Model

In order to analyse the control and stability of the drone, a state space model must be made and analysed. The
state space model is a mathematical model of the physical drone relating the input, output and state variables.
The model takes the form shown in Equation 9.1.

& =A% + Bu O.1)
y =CZ%+ Du '

The state variables must be identified. There are 12 states in the system. These states denote the & vector, also
called the state vector. The & vector is identical, but every entry is the derivative of the original variable. The
states in T are listed below.

1. Position z 5. Pitch angle 6 9. Velocity 2

2. Position y 6. Yaw angle ¢ 10. Rolling velocity ¢
3. Position z 7. Velocity @ 11. Pitching velocity 0
4. Roll angle ¢ 8. Velocity g 12. Yawing velocity v

The input vector is given as @’ = [Ul Uy, Us UAJ , and denotes the four forces and torques acting on the

system. U; denotes the total upward thrust force coming from the motors (z-axis), Us the roll torque (z-axis ro-
tation), Us the pitch torque (y-axis rotation) and U, the yaw torque (z-axis rotation) exerted on the drone.

The A, B, C and D matrices must be defined. The information needed to construct these matrices is explained
in the paper “State Space System Modelling of a Quad Copter UAV” by Tahir et al. [162], and are adapted for a
hexacopter. The equations used to create these matrices are already linearised. The A matrix is called the state
matrix and is shown in Equation 9.2. It relates the derivatives of each state denoted in the & vector to the state
vector . The B matrix is called the input matrix and can be seen in Equation 9.3.

43



9.2. Controllability 44

0000 0 0100000
0000 0 0010000
0000 0 0001000
0000 0 0000100
st bt
A= 10000-¢g0000000 9.2)
000g 0 0000000
0000 0 0000000
0000 0 0000000
0000 0 0000000
L0000 0 00000004
0 0 0 0 T
O 0 0 0
O 0 0 0
O 0 0 0
O 0 0 0
RN
B = 0 o 0 0 (9.3)
m 0 0 0
0 1/Jx 0 0
0 0 1/Jy 0
L0 0o o0 1/J.]

The two remaining matrices are the C matrix, also known as the output matrix, and the D matrix, also known as
the feed forward matrix. The C matrix represents the variables that can be known through measurements taken
by the onboard sensors. This is shown in Equation 9.4. The first two rows represent the GPS measurements in
the = and y direction. The next row is the altitude from the LIDAR, which measures distance in the z-direction.
The roll and pitch angles are measured by the accelerometer in the next two rows, the yaw angle is measured by
the magnetometer, and finally, all three angular rates are measured by the onboard gyroscope. In this case, the D
matrix is all zeroes, as the outputs are not affected by the inputs of the system, as shown in Equation 9.5.

100000000000
010000000000 0000
ga1egauneans
C= 1000010000000 9.4) 8888
000001000000 D= 10000 9.5)
000000000100 0000 )
000000000010 0000
000000000001 0000
0000

The output vector, ¢/ is the final output of the second equation in Equation 9.1. In this case, it is

gt = {x y z & 0 ¢ ¢ 6 | TheA,B,C,D matrices in combination with &, &, i and @ complete

the state space model of this drone.

9.2. Controllability

For the controllability of the drone, two methods of analysis were performed. “Classical Controllability” and
“Available Control Authority Index” (ACAI) were used and were obtained from “Introduction to Multicopter
Design and Control” by Quan Quan [129]. For both methods, the three following motor rotation configurations
shall be investigated: PNPNPN, PPNNPN and PPPNNN. The P denotes clockwise rotation, N denotes counter-
clockwise. The position of the P’s and N’s within the name of the configurations represent the spin directions
of the motors in those positions. In Figure 9.1, the enumeration of the motors is demonstrated.
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Figure 9.1: Hexacopter “X” configuration

Note that other configurations such as, PPPPNN, were not considered as it is nonsensical to design for more
rotors rotating in one direction than the other for this application.

9.2.1. Classic Controllability

To ensure the controllability of the drone, an analysis must be performed. In “Classic Controllability”, complete
controllability represents the ability to control each degree of freedom (DOF) independently, using a single or
combination of motor inputs. Note that complete controllability only states if a force can be generated in all
directions, not whether the magnitudes of the forces are sufficient. Using the method for “Classical Controlla-
bility” described in “Introduction to Multicopter Design and Control” by Quan Quan [129], the aforementioned
state space model can be simplified. Rather than using the full 12 states defined in Section 9.1, the controllabil-
ity for hovering only requires eight states. States relating to the positions and velocities of x & y are omitted
(states 1, 2, 7, 8). Doing these simplifications results in the following matrices.

0 I 0
A= 44 4x4 B — 4ivil (96)
0424  O4z4 J

Where 04,4 is a zero matrix of dimensions “4x4”, Iy, is the identity matrix of dimension “4x4” and J; is
a diagonal matrix of the moment of inertia for the drone including the mass of drone as presented in Equa-
tion 9.7.

Jy = diag(—m, Jpa, Jyy, J22) (9.7)

Where J represents the moment of inertia in an axis and m is the mass of the drone. Next, the control effec-
tiveness matrix, By, must be derived. This matrix depends on the drone configuration and the direction of
rotation of the individual motors. The parameters [ and d represent the length of the arm and the diameter of
the propeller, respectively. For the initial analysis, the motor rotation directions are intuitively arranged to be
alternating between clockwise and counter-clockwise, with opposing motors spinning in opposite directions.
This is the aforementioned PNPNPN configuration, where 1, 3 and 5 are P, and 2, 4 and 6 are N. With this, the
control effectiveness is derived and shown in Equation 9.8.
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(9.8)

In Equation 9.8, k is the efficiency of the motor, [ is the length of the arm and k,, is the ratio between the moment
coefficient of the motors and the thrust coefficient of the motors. With the relation of thrust and moments
specified by the manufacturers [159], the coefficients can be calculated using the relations presented in the
paper [144]. After further deriving the state space model, the resultant input matrix, B’, is calculated by matrix
multiplying the input matrix, B, with the control effectiveness matrix, By. Finally, the controllability matrix,
G, is calculated as shown in Equation 9.9.

C(A,B) £ [B'AB'...A"'B/| (9.9)
rank C (A,B) =n (9.10)
In Equation 9.10, if the rank of the controllability matrix is equal to the
number of states, n, the configuration is deemed fully controllable. For the Table 9.1: Parameters of final
PNPNPN configuration, this method was performed with the parameters dis- configuration of UAV
played in Table 9.1. After the analysis, configuration PNPNPN was deemed
to be fully controllable as it had a rank of eight. Parameter Value
This analysis was repeated for the two other configurations. With the control K Lr
effectiveness matrices adjusted accordingly, it was found that all configura- m 57 kg
tions are deemed fully controllable. d 32 inch
. . l 0.854
9.2.2. Available Control Authority Index o
ACALI is a new, more specific method of evaluating the controllability of cr 0.0736 [-]
aerial vehicles introduced by Quan Quan [85]. Unlike classic controllability, ey 0.00335 [-]

using the parameter of control authority, p, enables the calculation to take
into account the disturbance force and torques in the z-direction and around
the z, y and z axes. This means that the magnitude of the forces relative to
the disturbances, such as gravity, must be overcome to be labelled controllable. This introduces a more valuable
indication of the controllability of the drone.

Method: The method involves analysing the maximum thrust and torques the drone can generate in all directions
and defining it as a boundary for controllability, {2 in a four-dimensional plane. Next, depending on the defined
disturbance translation vector, G, the point g shall either lie within or outside the boundary of 2. The control
authority parameter p(g, 0€2) is the radius of the biggest enclosed sphere within 2 which indicates how much
“margin” the drone has to remain controllable. In order for the drone to be deemed controllable p(g, 6€2) must
be larger than zero [129]. This concept is demonstrated in Figure 9.2.
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Figure 9.2: /llustration of definition of control authority p [129]

Calculation: After contacting Quan Quan by email for a link to the code made by the creators at Rfly Open HA,
the functions to calculate the needed ACAI values were acquired [130]. This code was used to investigate the
aforementioned configurations, in two different scenarios, fully operational and with propeller failures.

No Failures: With all motors fully functional and with an efficiency of 1, the different configurations were
iterated over the available throttle settings to determine the boundary at which they can fly with full control-
lability. The results are displayed in Table 9.2, where the minimum thrust is the amount of thrust needed for
controllability.

Table 9.2: Controllability analysis with no rotor failures

Configuration | Minimum Thrust [%] | Max ACAI - 100%
PNPNPN 52 23.7
PPNNPN 52 16.1
PPPNNN 52 7.2

In Table 9.2, it can be seen that in order to be controllable during flight, the minimum throttle must be 52%. In
optimal conditions, PNPNPN can achieve the highest control authority at maximum throttle. Note, the throttle
of the motors is limited to 85% due to the chosen ESCs in Section 7.2. The same analysis can be performed for
the configurations with a single rotor failure.

Single Rotor Failures: During missions there is a realistic chance that a propeller/motor may fail. In these
cases, it may be important to assess if the drone is capable of safely landing with full controllability. With the
ACALI, one can simulate a rotor failure by setting the efficiency of a motor to zero. In Table 9.3, the minimum
required throttle to maintain full controllability is shown.

Table 9.3: Controllability analysis with single rotor failure, each rotor

Minimum Thrust [%]
Motor Failure | PNPNPN PPNNPN PPPNNN
1 Uncontrollable 75 Uncontrollable
2 Uncontrollable 87 Uncontrollable
3 Uncontrollable 87 Uncontrollable
4 Uncontrollable 75 Uncontrollable
5 Uncontrollable | Uncontrollable | Uncontrollable
6 Uncontrollable | Uncontrollable | Uncontrollable




9.3. Observability 48

As can be seen in Table 9.3, only configuration PPNNPN has redundancy that can operate with a single rotor
failure. This gives a degree of redundancy that could be crucial when operating in highly populated areas. Note
that rotors 5 and 6 can not be recovered in case of failure.

Since the drone will be operating in close proximity to chaotic and unpredictable environments, there is a real-
istic chance that a piece of debris may hinder or prevent the operation of a rotor. Seeing as the drone is fully
controllable with a sufficient margin with all three configurations, only PPNNPN has a form of redundancy for
most of its rotors. The PPNNPN configuration is selected for the drone. Note that the PPNNPN configuration
can be rotated such that the Single Point of Failure (SPOF) are positioned as far away from the building as
possible to minimise the risk. This configuration has the same controllability and would be named NNPNPP.
The final configuration is shown in Figure 9.3.

Flight Direction N

N

SPOF SPOF

Figure 9.3: Final rotor direction configuration (NNPNPP)

9.3. Observability

The observability of a system represents the ability to measure or calculate all states of the system using the
sensors on board. In matrix terms, it means that the rank of the observability matrix is full and equal to the
number of states, n. This condition is demonstrated in Equation 9.3. This method is taken from “Introduction
to Multicopter Design and Control” by Quan Quan [129]. Using the state matrix A and output matrix C, the
observability matrix can be constructed, as shown in Equation 9.3.

CT
C'A
0 (A,Ch) £
: (9.11)
CTAnfl
rank O (A,C") = n (9.12)

Using this method to calculate the rank, it was found that the system is fully observable. This means there are
enough sensors on board to measure or calculate each state, which ensures the control system of the drone has
the information it needs to control the drone continuously.



9.4. Controllers 49

9.4. Controllers

Now that the controllability of the drone has been analysed in detail, the drone controller must be examined. A
controller takes inputs from the pilot and the sensors and uses an algorithm to output motor commands to the
drone. In this section, two different controllers, PID and LQR, will be presented and compared in order to find
the optimal one for the control system of the drone.

9.4.1. PID

PID stands for Proportional, Integral, Derivative. It is a classical control algorithm which takes as input a target
value for a certain parameter, calculates the error between the target value and the sensor-measured value of that
parameter, and outputs a command to the system to correct this error. The Proportional controller is responsible
for correcting the present error. The output value of this term is proportional to the error, so if the error is
large, the gain will be large too. The Integral controller integrates the past values of error over time. This
corrects for even the smallest errors such as the steady-state error, as the error is accumulated over time. The
Derivative controller predicts the future error based on its current rate of change. If the error is minimising
rapidly, the response output will become slower [64]. These three controllers can be tuned to create a functional
PID controller that minimises the error and reaches the target value as effectively as desired.

9.4.2. LQR

Another controller which can be used is the Linear Quadratic Regulator (LQR) controller, which is an optimal
control algorithm. The LQR controller aims to minimise the cost function, which describes the system’s perfor-
mance and is defined as the sum of the weighted quadratic error between the actual system state and the desired
state. By adjusting the weights in the cost function, certain aspects of the control performance can be optimised,
such as improving settling time or reducing overshoot [79]. This method of control must be compared to PID.
While it involves more mathematical computations in order to calculate the feedback matrix which minimises
the cost function, it is computationally efficient and possesses excellent inherent robustness, whereas PID is not
equally robust to system uncertainties and disturbances. However, LQR is not as effective with the transient
behaviour of a system, and PID is better as it can tune the gains for optimised transient behaviour [165].

9.4.3. Discussion of PID and LQR

Both types of controllers have advantages and disadvantages, but for this specific task, drone and mission, the
most important criteria when choosing a control system are simplicity and availability. In the time frame that
is given, the technical background, and the desire to deliver a complete and ready-to-use drone design, these
criteria are imperative. As the drone is relatively large, any disturbance from wind gusts or otherwise will not
cause the drone to rotate by a large margin, therefore a highly robust control system is not necessary. The
disturbance angles are assumed small, and high manoeuvrability will not be required. For this reason, PID
is a more appropriate choice. It is less complex and widely available, and will successfully aid the drone in
performing its mission.

One of the benefits PID control can provide to the project is the ability to purchase flight computer firmware with
PID control built-in oft-the-shelf. This is available in the form of ArduPilot, an open-source flight computer
system capable of controlling the drone reliably. It can be tuned through flight testing to optimise to what the
mission requires. In the next section, a high-level stability analysis method of the ArduPilot software will be
presented.

9.5. Stability

The control system determines the stability of the drone. To gain insight into the stability of the entire drone,
extensive analysis and testing must be performed. However, the first step consists of ensuring that the individ-
ual controllers within the control system are stable. To do this for the selected ArduPilot control system [8], a
simplified system has been created. From existing sources [ 146], it can be seen that typical PID systems are sep-
arated into three controllers: Attitude, Altitude and Velocity controllers. An illustration of this is demonstrated
in Figure 9.4.
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Figure 9.4: Typical control system of a multi-copter drone [146]

The attitude controller is further investigated to present the stability analysis method. The attitude controller
is responsible for converting the angle error to a required rotation rate which the PID converts into correction
motor commands. The control loop for one angle is presented in Figure 9.5. For the analysis performed in
this report, a simplified control loop shall be utilised. The simplification includes removing the non-linearities,
such as the acceleration limiter (Acc-limiter) which is present in the control loop to make it more robust to
disturbances and the additional proportional controller is removed to limit the complexity of the system. The
ArduPilot software also utilised a Feed Forward (FF) loop. The FF block corrects the error originating from the
difference between the body frame and the world frame.

The simplified control loop is displayed in Figure 9.5.
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Figure 9.5: Simplified control loop for stabilising an attitude angle (ArduPilot)

To demonstrate the stability analysis method used in the control loop of Figure 9.5, an example is shown for
stabilising the roll angle of the drone. This analysis of the stability of the drone shall only be detailed in theo-
retical terms, with no qualitative analysis, as this is only a preliminary design stage, and will not be valuable
until a later design stage when tuning is being performed. In Figure 9.5, R is the reference input giving the
desired roll angle ¢4, Y is the output giving the actual angle ¢, Ey,q. and E,.qq. are the error between the
reference input and the output for angle and angular rate, respectively. U is the control input obtained from the
three controllers, and G(s) is the plant of the control loop (G(s) = i for the roll angles). Furthermore, K,
K, and K; are the derivative, proportional and integral gains, respectively. From this, the transfer function of
the control loop must be derived. This results in:

qb B Kpl (Kd82 + Kp28 + KZ)
Ddes KdJ$3 + (Kdel + Kp2)52 + (Klepg + Ki)s + K;

(9.13)

With Equation 9.13, the Routh-Hurwitz criterion can be used to determine whether the system is stable. In other
words, the poles in the ‘S’ plane must lie on the left side of the imaginary axis. This ensures that the real parts
of the eigenvalues of the state space model are negative and thus allow for convergence. The Routh-Hurwitz
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criterion takes the characteristic equation of the transfer function and divides by the leading coefficient obtain
format as demonstrated in Equation 9.14 [92].

s" + alsn—l + a28”_2

+...4+ap_15+a, =0 (9.14)
For third-order polynomials, n = 3 and the Routh-Hurwitz criterion state that in order for the system to be
stable, the following two relations must hold [92].

ap,ag,as3 > 0 aias > as (9.15)

If this holds, it ensures the single controller is stable however does not ensure the stability of the entire drone.
This criterion can be used to tune the individual controllers and shall be valuable once the drone is constructed.
A similar process can be done for the different attitude angles, altitude, and velocity relations. More elaborate
analysis and testing must be performed to ensure the total stability of the drone. In the next section, the actual
ArduPilot software that shall be purchased off-the-shelf shall be presented and briefly explained.

9.6. Software Block Diagram

The software architecture describes how the ArduPilot code structure works and gives a simple overview of
how the flight controller communicates with each of the components, and how it works with the components
in general. Figure 9.6 shows the software architecture of the code. The Software architecture follows a general
flow structure where it starts with background information from the sensors which is fed into the software and
finally converted to PWM signals to communicate with the ESCs for efficient control. The chosen Cube Pilot
Cube Orange will fly on the Ardu Pilot Software.

SW Archticture

Extended Kalman Filter

Background

Inertial Sensor

Update Flight Mode

i

GPS

Mode Class

Get inputs from the pilot (transmitter inputs)
lwhich is then set to target pitch, yaw, and roll
langles which can be fed into the attitude
controller and position controller for getting the
desired pitch, yaw and rol rates to get individual
imotor outputs.

Pilot inputs -—> Target pitch/yaw/roll angles >
Calculate pitch/yaw/roll rotation rates --->
Convert to motor requests ---> Get individual
Motor outputs

Position Control

Attitude Control

Motor Control

Hardware PWM Hardware PWM
Input Output

Figure 9.6: Software architecture of ArduPilot Copter system [10]
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By looking at Figure 9.6, a brief description of how the software is structured will be given. The information
from the sensors (Inertial, Barometer, GPS) is fed into the Extended Kalman Filter (EKF). The EKF is fed into
a main loop which then updates the flight mode. A Mode Class is initialised and run with input from pilots that
sets the target roll, pitch, and yaw angles. This is then used to calculate the target roll, pitch, and yaw rotation
rates. This is converted to motor requests which can be used to get the individual motor outputs. Finally, these
outputs are scaled and sent as PWM signals to the ESCs. In the following subsections, each part of the ArduPilot
software architecture will be described in more detail.

Background
This is where the measurements and readings from the sensors (IMU, Barometer, and GPS) are fed into the
EKF.

Extended Kalman Filter

An EKF algorithm is used to estimate vehicle position, velocity and angular orientation based on gyroscopes,
compass, GPS, and barometric pressure measurements. An advantage of EKF over other algorithms is that
it fuses all sensor measurements to reduce significant errors and faults that are more susceptible when using
just one sensor. The EKF can also estimate offsets from the compass readings which is beneficial as it is less
sensitive to compass calibration errors [9].

Update Flight Mode
This is where the flight mode keeps updating based on the pilot inputs which is continued from the Mode Class
for converting the pilot inputs to actual PWM outputs.

Mode Class
The mode class is where most of the inputs are converted to target pitch, yaw and roll angles that are fed to the
attitude and position controller.

Position, Attitude, and Motor Control
The target angles set from the Mode Class is used to calculate the target pitch, yaw and roll rotation rates which is
further converted to motor requests. These motor requests are then used to get individual motor outputs.

Hardware PWM I/O

The hardware PWM inputs and outputs is where the PWM signals are received and sent from the corresponding
components which run the software. In the UAV, these are namely the transmitter, receiver, telemetry unit and
FC.
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Final UAV Design

This chapter will discuss the outcomes of the final decisions made. In Section 10.3, a CAD model of the drone
will be presented. Next, Section 10.1 will give an overview of the final weight estimation of every component.
Lastly, the transportability of the UAV will be explained in Section 10.2.

10.1. Weight Estimation

With the UAV design now completed, a weight estimation will be performed. For this weight estimation, the
payload mass was excluded as the payload optimisation must still be performed.

The estimated weights of the subsystems are displayed in Table 10.1. Note, most components have been selected
and thus exact weights can be obtained from the manufacturers. For certain components such as “wiring” and
”bolts”, rough estimates have been given with an assumed margin, however, the true mass will only be obtained
after manufacturing. This also includes the insulation/cover, which has been implemented to prevent the heating
of the components and provide effective water resistance.

Table 10.1: Finalised UAV weight estimation per subsystem

Component Quantity | Mass per unit [g] | Total Mass [g]
Propulsion
Propeller [157] 6 107 642
Motor [159] 6 645 3870
ESC [154] 6 109 654
Total 5166
Power

Battery [17] 2 9564 19128
PDB [147] 2 16 32

Total 19160

Communication & Control

Receiver [27] 1 1 1

Data link [80] 1 98 98
Flight computer [127] 1 73 73

Total 172

Electronics & Sensors

Altitude LiDAR [65] 1 26 26
Frontal LiDAR [108] 1 10 10

Sonar [111] 2 50 100

Continued on next page
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Table 10.1 — continued from previous page

Component Quantity | Mass per unit [g] | Total Mass [g]
GPS [81] 1 49 49
Camera [52] 1 27 27
Thermal camera [149] 1 1 1
Gimbal [40] 1 80 80
Raspberry Pi [134] 1 66 66
Wiring unk. unk. 1500
Relay [180] 1 20 20
LEDs [174] 4 6 24
Total 1903

Structures
Arms 6 217 1302
Body 1 1390 1390
LG 1 2000 2000
Cover/Insulation unk. unk. 500
Bolts unk. unk. 500
Total 5692
Payload
Pump [173] 1 4700 4700
Tank 1 1000 1000
Total 5700
OEW 37793

10.2. Design features

The HYDRONE is set apart from drones currently on the market by some unique features. Most noticeable is the
custom payload system as can be seen in Figure 10.6. This payload system is optimised for effectively delivering
the most payload. Furthermore, the HYDRONE has the capability to measure altitude and the distance from
objects in the front to detect how close it is to buildings.

Controllability wise the drone is also set up differently than drones currently on the market. Instead of alternating
the rotors in spin direction, the rotors are set up so that one of the front rotors can be lost due to debris or heat
from the fire and still be controllable. In contrast to normal drones with alternating rotor rotations which will
lose controllability once a rotor fails.

For REQ-USER-P-3, the drone must easily fit inside the fire brigade’s transport vehicle. The following dimen-
sional constraints were established based on the transport vehicle demonstrated in Figure 10.1b.

The vehicle demonstrated in Figure 10.1b has a transport capacity of 2607 x 1787 x 1599 mm. When rotating
the propellers into the optimal configuration, the rotors are positioned as shown in Figure 10.1a. The outer
dimensions of the UAV in transport configuration are 1833 x 1509 x 831 mm.
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(a) Dimensions at transport configuration (b) Chosen Dutch fire brigade transport van [169]

Figure 10.1: Transportability

10.3. Technical Drawings of UAV Design

A complete CAD model of the final design has been made. From this model multiple drawings are extracted
to convey the design of the UAV. The drawings are divided into the complete UAV, payload/landing-gear and
electronics. As illustrated in Figure 10.3 and Figure 10.6, the main components of the UAV can be disassembled.
Furthermore, no wall thickness is indicated in Figure 10.5 since only the inside dimensions are needed for the
volume. The thickness is dependent on the manufacturer and strength of the material used. For any difficulties
faced with the rendering of the UAV CAD drawings, Eddy van den Bos was consulted.

UAV Overview

830.63

1742.29

1859.44

Figure 10.2: Side views and top view of the UAV
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Figure 10.3: Exploded view of the UAV without plastic covers
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Figure 10.4: Side views and top view of the payload system
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Figure 10.5: Part drawing of the custom water tank
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Figure 10.6: Exploded view of the payload system
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Electronics

Figure 10.7: Bottom electronics detailed view

Figure 10.8: Top electronics side views and top view
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Table 10.2: Overview of electrical components

No. Component
1 Raspberry Pi 4 Model B
1 FLIR Lepton 3.5 - Thermal Imaging Module
3 Lidar SF20/C
4 | Visual camera, Hawkeye Firefly 4k Nakedcam
5 Hawkeye Micro Controller
6 Flight Computer, CubePilot Cube Orange
7 Here3 RTK GPS
8 Antenna, TBS Crossfire Nano RX
9 Herelink Antenna
10 Telemetry, Herelink Air Unit 1.1
11 ESC, T-MOTOR Flame 80A 12S
12 PDB, Sky-Drones SmartAP PDB 400A
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Performance Analysis

This chapter will first discuss the mission profile in Section 11.1, including all the steps taken during the mission.
Secondly, an analysis of the climb rate with different payloads will be performed in Section 11.2. This will be
followed by an optimisation of the payload in Section 11.4. Next, the mass and power needs of each component
will be discussed in Section 11.3. In Section 11.5, an analysis will be performed to know what magnitude
of wind gusts or other disturbances the drone can handle. After the design has been established, a logistics
concept description will be given in Section 11.6. Lastly, an environmental impact analysis will be performed
in Section 11.7.

11.1. Mission Profile

As the final design of the drone and its system architecture has been decided, the analysis of the mission profile
must be performed. In Figure 11.1, the sequence of events which will take place during the flight is shown. In
Figure 11.1a, the steps taken to complete the mission are shown, and separated into six sections.

(a) Deployment (e) Disengage Target
(b) Reach Altitude

(c) Approach Target
(d) Deliver Payload (g) Turn Around

(f) Descent/Retarget

The first step, deployment, involves calibrating and getting the drone ready so that it is fully functional. The
second step is the drone’s pure climbing motion to reach the desired altitude, which is known as the reach
altitude step. Approach target refers to positioning the drone such that the payload can be delivered. This is
followed by delivering payload, which consists of spraying the extinguishing agent on the target. The drone
must then disengage target which involves moving out of the hot environment. During descent/retarget, the
operator needs to decide whether to return to part b (“reach altitude ) or return to base. This depends on the
amount of surplus extinguishing agent. The final phase, furn around, refers to landing, replacing the payload
and/or batteries, and starting the mission over again until no longer necessary.

In Figure 11.1b, the required flight type for each section of the mission profile is demonstrated. The drone
will need to take off and rapidly climb to the level where the fire is located. Then, it will hover, stabilise as it
begins delivering the extinguishing agent, and once the situation is under control or the fire extinguisher has
been completely emptied, the drone will descend and land. The entire operational time depends on the amount
of payload and the height at which the fire is. This will be further analysed in Section 11.4.

The two most important flight types are stabilised hover and climb, as the whole operation is time constrained,
and the drone must be able to perform these with optimal efficiency. The climb rate and stability of the drone
will be analysed further in the next sections.
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Figure 11.1: Mission and flight profile diagrams of the drone

11.2. Climb Rate

The climb rate is an important parameter for the mission. The MAVLAB (Micro Air Vehicle Laboratory) of TU
Delft was consulted to discuss the approach used for the climb rate analysis in this section. In order to calculate
the climb rate, the vertical forces on the drone have to be analysed when going straight up, since this will be
the fastest way to climb. The vertical forces will be the thrust, weight and drag as shown in Equation 11.1. To
analyse the climb rate, a Python script was written to compute the acceleration, the velocity and the height at
small time steps. However, this required the drag coefficient and surface area which was unknown at this mo-
ment. Hence f1yeval . com was used to get estimates on the drag. This program gives estimates of performance
specs, including the drag coefficient in N/(m/s)? which also removes the unknown area variable as can be seen
in Equation 11.2. To get these performance specs multiple inputs like: parts weights, discharge currents, battery
capacity, propeller pitch, motor torque etc. are needed.

Y Fy=T-W D =nma, (11.1)

1
D= §pCDVZS = CuV? (11.2)

The estimated Cj for the drone was taken to be 2. However, the climb speed for different drag coefficients was
computed in order to see the effects of a wrong estimation. To obtain an accurate value for the drag coefficient,
extensive wind tunnel testing must be performed with the manufactured prototype. Figure 11.2 shows the
climb rate for different drag coefficients and payloads. As expected, an increase in drag will result in lower
maximum velocity. Furthermore, a maximum climb velocity will be imposed for operational safety at 8 m/s. In
Figure 11.2, it can be seen that only for high payloads at large drag coefficients this maximum velocity cannot
be reached.
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Figure 11.2: Climb rate vs drag coefficients at different payloads with a 80% throttle setting
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11.3. Power Budget

11.3. Power Budget

When it comes to the performance analysis of the UAV in relation to the power requirements, figuring out
the power that each component consumes will help to optimise the power distribution of the drone. Calculat-
ing the power usage will enable to efficiently distribute the power over all the components and maximise the

performance of the UAV.

The total power consumption of the UAV is a combination of the motor power consumption and the power
consumed by all the electrical components on the drone. The power consumed by each of the components is
presented in Table 11.1. The motors are left out of the table since the power that the motors draw depends on the
amount of thrust they have to deliver. As shown in Table 11.1, the total power consumption due to the electronic

components, excluding the motors, equals 363.3 W.

Table 11.1: Power consumption by a single component and the corresponding total power consumed

Component Quantity | Power per unit [W] | Total Power [W]
Propulsion
ESC[154] 6 3 18
Total 18
Power
PDB [147] 2 25 50
Total 50
Communication & Control
Receiver [27] 1
Data link [80] 1
Flight computer [127] 1 14 14
Total 22
Electronics & Sensors
Altitude LiDAR [65] 1 1 1
Frontal LiDAR [108] 1 0.5 0.5
Sonar [111] 2 1 2
GPS [81] 1 0.15 0.15
Camera [52] 1 12 12
Thermal camera [149] 1 0.65 0.65
Gimbal [40] 1 2 2
Raspberry Pi [134] 1 15 15
Relay [180] 1 0.1 0.1
Total 57.4
Payload
Pump [173] 1 240 240
Total 240
Net Power Consumption Electronics 387.4

The power that the motors draw is limited by the ESC as previously discussed in Section 7.1. Only the nominal
state of the UAV will be considered, meaning that the burst state of the ESC and batteries are neglected. In
Figure 11.3, the thrust delivered by a single motor at different amps is shown. Due to the ESC, a maximum of
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80 A can be delivered to each engine. Combining this with the voltage of the motor and multiplying it by the
number of motors results in a power drawn of 23621 W. The batteries can supply up to 25530 W, therefore there
is enough power to supply all the electrical components simultaneously at max thrust. Furthermore, the curve
from Figure 11.3 can be inverted to obtain Equation 11.3 from the trend line. In Equation 11.3, T is the total
thrust in Newton and [ is the current in amps. This equation can be used to calculate the amount of Ah used by
the motors when multiplied by the amount of time the thrust is needed.

I=535-10"°T%2+9.8-1073T + 3.78 (11.3)

Current vs Thrust
Single Motor
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Current [A]

Figure 11.3: Current vs Thrust curve

11.4. Payload Optimisation

With the mission profile, the climb rate and the power analysed, the payload of the drone can be investigated.
The purpose of this section is to optimise the payload of the UAV for the chosen mission profile in Section 11.1.
For this, the following assumptions were made.

Clean Conditions For the optimisation of the drone payload, the mission is assumed to be in clean conditions.
This assumes no disturbances such as wind during operation. This results in a T/W of 1 for hovering, 1.4 for ma-
noeuvring and 0.8 for controlled descent. Note however, that at all times during the mission, the drone must be
able to achieve a maximum T/W of 2 to ensure that the drone can still correct for significant disturbances.

Optimised Altitude To optimise the payload for the mission, an estimate was done for the typical mission
altitudes for which the drone shall be applied in the Netherlands. As typically these drones are most beneficial
for extinguishing fires in high-rise buildings, the payload was optimised for the average high-rise building
in Europe. This gives a design altitude of 130 m [122]. With this optimised altitude the payload shall be
selected.

Climb Throttle Setting For the climb, it is desired that a margin of throttle is remaining to allow for neces-
sary stabilisation and correction against disturbances. Furthermore, climbing at 100% also leads to the motors
operating in the less efficient RPM setting for endurance. The chosen thrust setting is 80% of total thrust, as
this enables sufficient remaining thrust for high disturbance environments and allows for a fast Rate of Climb
(ROCO).

Approach/Manoeuvre Time As shown in Figure 11.1a, after the altitude has been reached, the subsequent
step is to approach the target. This involves evaluating the scene and repositioning the drone for optimal payload
delivery. Assuming the firefighters are trained professionals, it is estimated that this can be done in under
30 seconds. The same amount of time is allocated to disengaging from the target and evaluating whether to
“Retarget” or “Descend”.

Battery Capacity For the operation of the batteries, additional margins must be implemented to ensure each
battery operates as expected without getting damaged. For the Depth of Discharge (DOD), the general rule is to
remain below 80% as the number of cycles and the cycle life drastically reduce if it is exceeded. An additional
safety margin is implemented in case of mission failure to allow the drone to safely descend from the operational
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altitude. Furthermore, 5 Ah is dedicated to the electronics and payload of the UAV during one battery life. The
2.3 Ah margin is calculated from the power needs demonstrated in Section 11.3. This is done assuming an
average operational time of approximately 25 min (for additional margin with REQ-USER-P-2) and assuming
payload spraying 50% of the time. This reduces the battery capacity available for flying from 92 Ah to an
estimated 71 Ah.

After defining the set of mission profile parameters, payloads from 1 to 50 kg are analysed. The objective is to
optimise the payload to obtain the best Payload Per Minute (PPM) delivered to the target. The PPM is used to
assess the optimal payload mass. Objectives such as Total Payload Delivered (TPD) in one battery life do not
account for how long it takes for the payload to be delivered and thus are not desirable. In firefighting emer-
gencies, every second can be crucial, which is why improving the PPM is beneficial. The following equations
were used to calculate the total time needed to deliver all the payload over one battery cycle life. First, the time
taken to perform a singular “run” of delivering the payload, ¢, is calculated.

tmm = tclimb + tmanoeuvre + tdeliver + tmanoeuvre + tdescent (114)

In Equation 11.4, the different ¢ values represent the duration of the stages of the mission in a single run. As
trun represents all the parts of the mission where batteries are required, the required battery capacity can be
calculated and added up for each stage of the mission. From there, the number of entire runs can be derived.
Additional times must also be included for when the drone is turned off and the payload tank is being refilled
and the battery is being replaced, indicated by t,¢ iy tpat, respectively. These were integrated as follows to
obtain a total mission time, t;,q;-

ttotal = Nyuns - (trun + trefill) + that (11‘5)

In Equation 11.5, N, is the number of runs. The refill time of the payload was assumed to be constant,
regardless of the tank size as the majority of the time is allocated to performing the safety checks and protocols
for the tank use. The refill time is set to 300 s. The battery replacement occurs once after the calculated runs
are done and can be done parallel to the refilling of the tank. However, due to the additional safety checks, the
battery replacement introduces an additional 180 s.

From these values, the PPM is obtained by dividing the total payload delivered after the number of runs by #;,z4;.
Furthermore, this optimisation was performed with two primary constraints: the maximum T/W of the drone
must be above two and the velocity of the drone shall not exceed 8 m/s during climb. To optimise the PPM, the
endurance requirement (REQ-SYS-1) is no longer as driving as delivering more payload per minute is overall
more valuable to the stakeholders. For this reason, the constraint of endurance was not applied.

After running the model multiple times, iterating weights each time, a final optimal payload of 18.6 kg was
found. However, a tank of 20 L is chosen, since this will allow for possible deviations in weight estimates with
only a marginal increase in tank weight. With this tank a PPM of 2.07 kg/min and total delivery of 130 kg is
reached in 7 runs. For one battery life, the operational time of the drone was calculated to be 23.2 min. This
meets the requirement (REQ-USER-P-2).

11.5. Wind Gust and Disturbance Analysis

It is important for control- and manoeuvre-ability to know what magnitude of wind gusts or disturbances the
drone can handle whilst flying. However, the effect of wind gusts is complex due to the shape and rotor down-
wash of the drone. Extensive CFD analysis would be required, which is beyond the scope of this report. Hence,
only estimates are made by using a simplified analysis. The analysis assumes that wind gusts will only affect
the airframe-, tank- and pump-areas as shown in Figure 11.4. The aerodynamic forces are modelled as a single
point force acting through the centroid of the combined areas. Calculation showed that the centroid is situated
about 45 mm below the centre of gravity. This distance is so small that the moment induced by a wind gust is
negligible.

The force induced by the wind gust however is not negligible. To counter this force, the thrust has to be vectored
sideways against the wind as illustrated in Figure 11.5. The force is calculated with Equation 11.2 as done
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previously in Section 11.2, with V' now being the wind gust velocity. By balancing the forces on the horizontal
axis, a minimum flight angle of twelve degrees was found. This is within the boundaries of the small angle
approximation [4], hence it can be concluded that the drone will be able to handle wind gusts up to 6 Bft in
hover.
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Figure 11.4: Simplified analysis for wind gusts Figure 11.5: Drone free body diagram [104]

Apart from wind gusts there is another important disturbance that has to be analysed. The spraying of water will
create a reaction force on the drone. Since the nozzle is located at an approximated distance of 1100 mm from
the centre of gravity this has the potential to induce a large moment. However, when using Newton’s second
law, by rewriting it as shown in Equation 11.6, to calculate this force it is found that only a force of around 11
N will be created with the expected nozzle velocity. This is so small that it can be easily controlled by changing
the thrust of opposite motors.

_Ap_ pVoe
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= MNPV (11.6)

11.6. Operations and Logistics Concept Description

Now the performance of the UAV has been established, the mission will be reviewed in more detail. It is
important to define what a successful mission looks like and how this can be achieved. The mission will therefore
be described in this section from beginning to end.

Planning a successful mission and flight for the drone involves a number of procedures. The logistics of getting
to the scene and safely deploying the drone, as well as the operational procedure of the mission, must be carefully
prepared once a call for help has been made to the fire brigade. The required procedure is shown in a flow
diagram in Figure 11.6.

LOGISTICS

Arrive at scene of the Take out of the : Disasse
perform mission
fire transport vehicle p

OPERATION
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Controller systems trajectory
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Figure 11.6: Operation and logistics flow diagram

The logistics are as follows: the fire brigade will arrive at the scene with the drone, which is securely stored
inside a designated transport vehicle. Two people are necessary to lift the drone carefully out of the vehicle and
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place it in the takeoff position. The drone will be deployed as swiftly as possible, in around two minutes, as per
REC-SYS-9. The pilot, present at the scene, will switch on the controller and power systems of the UAV, and
perform the mission.

It is important to bear in mind that the drone mission profile can alter based on the amount of water on board and
the deployment scene. If all the water is delivered at once, the drone will need to land (Descent in Figure 11.1a),
refill and, depending on the battery level, replace batteries before redeploying (7Turn Around in Figure 11.1a).
If during this stage of the mission, enough extinguisher agent is left and the situation at the current target is
under control, the drone can fly to a different target (Retarget in Figure 11.1a). To ensure a successful operation,
the situation must be regularly assessed. The drone’s purpose is to help those in need more quickly as the fire
brigade is ready to enter the structure or start extinguishing operations. During all times, the pilot is in charge
of the drone and responsible for the drone’s activity.

Inspection and Maintenance

An important and key aspect during the operation of the drone is to regularly inspect the drone for damages as a
damaged drone can be life-threatening. The inspections have to be done mainly on the motors and electronics as
these are the most critical parts of the drone and are susceptible to further points of failure pertaining to the high
temperatures of the environment. Furthermore, the payload has to be inspected to see if the tank and pressure do
not have leaks and do not create a situation of vacuum in the tank. Thus, the vacuum sensor has to be regularly
checked for errors in measurements. Furthermore, the drone has to be regularly cleaned and all the components
have to be regularly maintained with the insulation materials applied for protection. Doing this would ensure
that the drone is always kept in good health and the components can be replaced when necessary.

11.7. Environmental Impact Analysis

To minimise the ecological footprint of the drone, the environmental impact will be examined, focusing on noise
pollution, emissions and recyclability. The potential noise disturbances caused by the UAV will be assessed in
Subsection 11.7.1, and then the emissions’ contribution to climate change will be analysed in Subsection 11.7.2.
Lastly, recycling options for sustainable disposal will be explored in Subsection 11.7.3.

11.7.1. Noise

Noise pollution caused by drones is a common annoyance of the general public. Nevertheless, no official
regulations on drone noise levels exist. Guidelines have been set up by the European Union Aviation Safety
Agency and a method is proposed for testing, however, these are only voluntary and recommended [3]. As the
drone will solely be operating in emergency situations, its noise emission will not be analysed. Apart from it
being an emergency situation, during these operations, a lot of noise will be produced by other sources, such as
fire alarms and sirens, diminishing the noise effects of the drone.

11.7.2. Emissions

A huge positive of using batteries to power the drone is the lack of emissions during the firefighting mission.
While there are no air emissions during the flight of the UAV, it is difficult to properly estimate how much CO4
and other greenhouse gases are emitted during the process of manufacturing the UAV and its components. This
highly depends on the materials used, how they are sourced and the energy sources used to manufacture them
[86]. This is important since the environmental impact of the drone must be taken into account during the design
stage.

The emission analysis will focus on the carbon fibre and aluminium structure production, and most importantly
the battery production emissions. These are the two largest components within the drone. Components such as
the hardware and sensors, or the motors themselves, are bought off-the-shelf and are considerably small. This
means that the emissions created in their production are difficult to analyse. However, it is worth noting that
several off-the-shelf components chosen are based outside of Europe. The environmental impact of importing
products from China or any country far away from the Netherlands is not negligible in the long run.

Carbon Fibre
The use of carbon fibre has some environmental benefits. It is lightweight, which means the drone is highly
energy efficient, as it needs less power for less weight. Furthermore, it has a long life span and does not need
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to be replaced for many decades, if proper care is taken [33]. Since a firefighting drone is designed to enter
harsh environments at high temperatures, carbon fibre is durable and heat-proof enough to withstand these
unfavourable conditions for an extended time period. Less need to produce or replace carbon fibre means
less negative environmental impact. This is because the extraction and production of carbon fibre parts is not
emission-free. For every 1 tonne of carbon fibre produced, the production process emits 20 tonnes of carbon
dioxide [145]. It is therefore highly important to minimise the amount of carbon fibre waste by taking proper
care of the drone structure, and by not replacing many carbon fibre parts too soon.

Aluminium

Aluminium is used for the rod attachments, as it is much cheaper to create complex shapes out of aluminium
rather than carbon fibre, which needs a custom mould and cannot be machined into complex shapes. The
production of aluminium creates 16 tonnes of CO3 per tonne of aluminium, mostly because of the need to
perform electrolysis, a “hugely energy-intensive process” [25]. Fortunately, the use of aluminium on this drone
is limited to just attachment points and small, complex parts.

Battery

The drone is powered by lithium polymer (LiPo) batteries. While there are no emissions during the flight due to
the batteries, the production of lithium batteries requires lots of energy which often comes from CO2 emitting
fossil fuels [101]. The process of acquiring lithium is where most of the COx is emitted into the atmosphere. Up
to 15 tonnes of CO; can be released into the atmosphere during hard rock mining, which is the most common
way to extract lithium [61]. Furthermore, the disposal of lithium batteries can pose environmental risks. If
disposed of badly, they can cause fires in the landfills they end up in [102]. For this drone, the fire department
must ensure the proper disposal of the batteries at their End-of-Life. Furthermore, the batteries themselves will
be stored at the proper storage voltage of 3.8 V per cell [35]. This will ensure the batteries last as long as they
possibly can, which will mean less lithium battery consumption in the long run, which will contribute to the
reduction of the carbon footprint of this drone.

11.7.3. Recyclability

To minimise the carbon footprint of the UAV, it is critical to examine the recyclability of its components when
they reach the end of their useful life and the materials used. Applying recyclable materials to the UAV reduces
waste, as well as saving on production and energy expenses. Additionally, for proper End-of-Life disposal of
components, disposal and recycling facilities need to be available.

The LiPo batteries of the UAV will be replaced when they become damaged or exhibit signs of depreciation.
They should be taken to a recycling facility for proper disposal after being fully discharged to lower the risk of
fire.

The electronics of the drone can be handed to a company that has the means and knowledge to refurbish (parts of)
the components. Reusing already manufactured components reduces the need for additional mined metals (such
as gold, silicon, and lithium) and plastics and thereby reduces the amount of water and air pollution [39].

The drone’s T-"MOTOR rotors are composed of carbon fibre epoxy and finished with a glossy treatment [157].
Additionally, the frame and the chassis are also made of carbon fibre epoxy. Due to cross-linked thermosets,
epoxy-based composites are challenging to recycle [143]. When heated, these materials become rigid and
cannot be remoulded. Pyrolysis is considered one of the most effective and viable processes for recycling
carbon fibre epoxy since it not only recovers valuable materials but also produces fuel and chemicals [143, 115].
However, the pyrolysis process is still undergoing optimisation before commercialisation. These procedures
aim to produce materials with sufficient mechanical properties and low energy consumption [115]. Additionally,
mechanical recycling can be used to recover the carbon fibre from the components. The carbon fibre-reinforced
plastic is reduced to microscopically-sized pieces and then separated on their content. The recycled carbon fibre
pieces can be re-used to create new composites [58].

The remaining parts of the drone, such as the motor and ESC, can be handed in at a specialised facility, such as
a disposal facility for electrical and electronic waste.
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Model Verification and Validation

The UAV consists of many subsystems. A lot of these were designed with the help of models in Python or
Excel. In Section 12.1, the verification methods will be explained. In Section 12.2, the validation methods
will be explained. These verification and validation methods will be applied to the models used for the UAV.
The used models will be explained in Section 12.3. Finally, Section 12.4 will describe the verification of the
requirements.

12.1. Verification Methods

Models can contain coding mistakes that might cause errors in the output. Therefore, the code has to be verified,
to mitigate the chances of the code output being wrong. The method to test the numerous codes made during
the design phase are as follows: First, unit tests will be performed. These are tests that test small individual
parts of the model. In addition, two system tests will also be performed, where the sensitivity of the code is
analysed.

UT-1: Syntax Errors

Syntax errors are defined as human-made mistakes for missing or incorrect usage of programming syntax. These
include small errors like missing commas or colons. Syntax errors prevent the code from running completely,
which incites the need for fixing these errors. Luckily, the compilers can specify the type and location of the
error. To ensure that all the syntax errors are removed, every section of the code will be run to ensure that the
program gives an output. For Excel files specifically, syntax errors can easily be checked by checking every
cell. No syntax errors may be present if the code is to be considered verified. The UT-1 test thus either passes
or fails [171].

UT-2: Input/Output Format

With this unit test, the size and shapes of the data will be verified. This will ensure that the function converts
inputs to outputs in the correct data format. However, this test is limited by the fact that a correct data format does
not imply that the data itself is correct. No accuracy can be provided, as the code either passes or fails.

UT-3: Unit Format

This test will verify whether the calculated parameters are converted to SI units. For this test, all the input
parameters need to be checked individually for their units. If conversions to SI units were done, these also need
to be checked. The task to check this has been simplified by defining the input parameters and the conversions at
the start of the functions they are used for. No accuracy can be provided, as the code either passes or fails.

UT-4: Equation Implementation

With this unit test the equations used in the models will be visually inspected, re-calculated by hand or compared
to reference solutions to verify that the equations have been implemented correctly in the models. This test
ensures that no human errors are present from mistyping equations. What limits this test is that having correctly
implemented equations does not imply that the data and equations used are correct. Small discrepancies between
model and hand calculation outputs are allowed as these can be attributed to rounding errors.
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UT-5: Extreme Value

With this test, the inputs are changed into atypical and extreme values. With these new atypical inputs, an
increased amount of errors is expected. This allows errors to be detected that may have been unnoticed for
normal inputs. The code is expected to either pass or fail. The run time of the code can possibly increase by
doing this test.

SYS-1: Sensitivity

The goal of the sensitivity system test is to verify whether or not the output changes accordingly to different
inputs. This can be done by changing one input variable and looking at the change in output. For example,
when increasing the initial velocity in the payload range model the range should also increase. If strange rela-
tions between input and output variables are found this indicates that parts of the model may not be integrated
correctly.

SYS-2: Analytical Comparison

Analytical comparison can also be used to verify the model. UT-4 also uses hand calculations to verify parts
of the model, however, this does not verify if the different parts of the code have been integrated correctly.
Therefore, an analytical solution has to be compared to the model solution. As with UT-4, small errors between
the two solutions are allowed.

12.2. Validation Methods

Validation is an important process in order to see if the models actually simulate reality. The UAV was con-
structed using multiple models. These models are summarised in Section 12.3. Validation methods will be
different for each model since they all serve different purposes. However, due to the specific simulations of
some models, validation for this report is not always possible. For the models where this is the case, optional
validation methods for in the future will be discussed.

12.3. Models

During the design phase, multiple models have been constructed to help with making design decisions. These
models have to be verified and validated according to the methods discussed in Section 12.1 and Section 12.2.
In this section, all the different models that were used and the verification and validation methods for these
models are described.

12.3.1. Payload Range Model

To calculate the range of the water stream a simple Python model was made in Subsection 5.3.1. This model
computes the location, velocity and acceleration of a particle at different intervals. An initial exit velocity can
be set which will result in different ranges. Aerodynamic forces are neglected for simplicity as discussed in
Subsection 5.3.3.

Verification

Unit tests UT-1, UT-2, UT-3, UT-4 and UT-5 were all done and all Passed. By doing SYS-1, the gravity
constant was changed to an extremely high value, which gave smaller ranges. By changing it to an extremely
low value, the ranges increased as expected. The initial height was also changed and it did not have an effect
on the range, which was expected. When increasing the exit velocity, the range increases, which is as expected.
No other errors were found, thus SYS-1 also Passed. SYS-2 also Passed.

Validation

This range model does not take into account any sort of drag or forming of droplets of the water jet. The only
possible way in which the code can be validated is to have data for similar payload systems. Payload systems
designed for this UAV have not been designed yet or data is not widely available. For validating this model it
is advised to test the payload range in specific environments in the future. Different environments are needed
to not only find the actual range but also the influence of wind gusts on this range.
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12.3.2. Pressure Pump Model

To find the required pump performance the calculations described in Subsection 5.3.2 were put into an Excel
model. The system parameters, illustrated in Figure 5.3, like tube length, flow rate and diameters are used as
inputs. Afterwards, the Reynolds numbers will be calculated to check if the flow is turbulent or laminar. Fol-
lowing this, the changes in pressures and velocities are calculated. Friction and minor pressure loss coefficients
need to be estimated. Coefficients for the tube system can be found fairly easily from experimental data [77],
however, nozzle coefficients are difficult to estimate. Hence, nozzle data [181] was used as input into the model.
Coefficients were then varied until the model output closely matched the data. Afterwards, the coefficients cor-
responding to the diameters close to the expected diameter were used as input for the model. This resulted in
an exit velocity, nozzle diameter and pressure difference needed.

Verification

Unit tests UT-1, UT-3, UT-4 and UT-5 were all done and all Passed. Unit test UT-2 can not be done for this
model as this model is in Excel. SYS-1 indicated correct relations between the inputs and outputs, such as an
increase in nozzle velocity when the pump pressure is increased. Furthermore, SYS-2 showed only negligible
errors between the analytical and model solution. Thus both tests Passed.

Validation

Validation for the pressure pump model is currently not possible. This is due to the fact that experimental data
has already been used as input for the coefficients in this model. Hence, when validating separate parts of the
system the model obviously will produce correct results. Validating the complete system would be interesting,
however, this can only be done after the construction of a prototype since experimental data for this exact
system does not exist yet. When experimental data can be obtained the effect of different nozzles, flow rates
and operating pressures should be researched. This data can be used to validate the model and check if more
optimal designs are possible.

12.3.3. Climb Performance Model

A climb performance model was made to estimate the maximum climb rate of the UAV. The model uses esti-
mates for the drag coefficient and gives the climb rates for multiple different payload weights. This is done by
computing the acceleration, velocity and distance at short time steps. The weight, thrust and drag coefficients
are used as input and a maximum climb rate is given as output.

Verification

Unit tests UT-1 UT-3, UT-4 and UT-5 were all done and all Passed. SYS-1 was performed by changing the
thrust input, since all other inputs vary already. However, the output behaviour was checked to behave as
expected for all inputs. Although the time steps method cannot be verified with SYS-2, an analytical solution
for the maximum climb rate can be found by equating the thrust to the drag and solving for the velocity. Hence,
SYS-2 was also Passed.

Validation

To validate the climb rate model, a real drone was put into f1yeval.com. The DJI Matrice 210 was chosen
for this purpose since Flyeval already has data stored for this drone. With thrust and C'p data from Flyeval the
difference between the real climb performance of 5 m/s [167] and the model performance can be calculated. As
can be seen in Figure 12.1 the model output is 0.4 m/s higher than the actual climb rate. This can be attributed
to a decline in thrust performance at higher velocities or errors in the C'p estimation. Therefore the climb
rate model can be used for initial performance estimates. However, testing should be done to find the actual
performance since the real drag and influence of velocity of thrust for the design is unknown.
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Figure 12.1: Model climb rate and actual climb rate

12.3.4. Payload Optimisation Model

In Section 11.4 an optimum payload capacity was analysed in order to deliver as much water as possible within a
certain time frame. To do this a model was constructed which simulated a mission at different payload capacities.
It is of utmost importance that no mistakes and errors are in the code, since the output drives the tank design of
the UAV.

Verification

Unit tests UT-1, UT-2, UT-3, UT-4 and UT-5 were all done and Passed. SYS-1 was difficult due to the compli-
cated relations between the inputs and output of the model. However, systematic analysis of each input and the
effect on all outputs enabled the test to be Passed. SYS-2 was not possible since an analytical solution to this
problem does not exist. Especially calculating the power used during climb and descent would require different
methods in order to find an analytical solution. Any errors could then be the result of coding and rounding errors
or due to these additional assumptions, making the test useless.

Validation

Validation of this model can only be done after a prototype has been constructed. With this prototype, the
same mission simulated by the model can be performed. Power usage data or the maximum amount of runs
during tests can then be used to validate if the output of the model for the corresponding payload capacity is
similar.

12.3.5. Controllability Models

For the analyse of controllability, multiple models were created and used in Chapter 9. Controllability consisted
of two parts, “Classic Controllability” and ACAI. Each method required different models to determine the
controllability. Classic Controllability required the matrices defined in the state space model to construct the
controllability matrix and then check its rank. ACAI utilised open source code made available from the creators
of the ACAI parameter [85], which was then adapted to the specific use case.

Verification

Classic Controllability: As this model consisted primarily of matrix calculations the following unit tests were
performed and Passed: UT-1, UT-4, UT-5. For UT-4, simpler examples [139] were run through the code to
verify whether it was functioning as intended. Seeing as all such tests were passed. The classic controllability
checks are considered verified with high confidence. Then to ensure that the code also makes sense, SYS-1 was
performed. This consisted of setting certain values in the matrices to zero to check whether the model reacts as
expected. This test was also Passed.

ACALI: For this model, the core of the code was obtained from the Github of the creators of the method [130].
Unit tests: UT-1, UT-2, UT-3 and UT-4 were all performed and Passed. The two primary functions that were
used were a function that creates the control effectiveness matrix and the ACAI calculator. For the control
effectiveness matrices generated, UT-4 was performed by hand deriving the matrices of the three different
configurations and checking them accordingly. For the ACAI calculator function, this was not possible and
thus, SYS-2 was used to verify this. Calculation examples [129] and tutorials [ 136] are provided by the creators
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and made available, thus after adapting the code to the needed use case, the examples were calculated once
again to ensure that the code still ran correctly. This test was also Passed.

Validation

To perform validation for this model, real-life testing data would be required. To validate the ACAI calculator,
flight data would be required from similar hexacopters with different configurations. The drones would have
to be tested multiple times for controllability with different single rotors turned off each time. However, due to
the short time frame, it was not possible to obtain flight data.

12.3.6. Observability Model

The observability model was structured and performed calculations similar to those for “Classic Controllability”
with slight adaptations. Observability also required the matrices defined in the state space model to construct
the observability matrix and then to check its rank.

Verification

For the observability calculations, UT-1, UT-2 and UT-4 were done and Passed. For the observability, the most
prominent source of error is the output matrix, C, and the calculation of the observability matrix, O. For UT-4,
reference solutions [140] were used to verify that the implemented code also produces known solutions with
specified inputs.

Validation

For observability, validation requires the drone to be built with all the sensors. To ensure the drone is fully
observable, all states of the drone must be able to be measured/calculated with the equipped sensors. The
results can then be compared to the results obtained in the model.

12.3.7. Structures Model

An analysis of the whole structure of the UAV has been made in an Excel file. In Section 8.4, all the steps are
explained in detail. For the rods, the thrust force from the motor is the largest force working on it. The inputs
for the rods are the material, dimensions, weight, density and E-modulus. The program outputs the shear force,
bending stress and moment of inertia of the rod. For the panels, a simplified model has been made to give an
estimate of what forces will work on the panels. A shear and shear tear-out analysis was then carried out.

Verification

Unit tests UT-1, UT-3, UT-4 and UT-5 were all done and all Passed. Unit test UT-2 can not be done for this
model as this model is in Excel. SYS-1 has been done for different calculations. For calculating the force on
a rod from the motor thrust, the moment force was increased. The force over the length of the beam increased
everywhere, as expected. With decreasing the moment, the force decreased everywhere, which was expected.
For the panel calculations, a simplified model was made, which has forces at the clamps of the panels. When
increasing the thrust force all of the forces at the clamps increase, and when decreasing the force all the forces
at the clamps decrease, as expected. SYS-1 has thus Passed. For SYS-2, all the calculations in the Excel file
were verified by hand. SYS-2 also Passed.

Validation

The free body diagram that is used for the structure calculations can be validated by literature, where similar
examples can be found [32]. For a more accurate analysis, it is advised to do FEM analysis. The best analysis
that can be done, however, is to build the UAV and measure the components against which stresses they are
resistant.

12.4. Product Verification

To ensure the design process was correctly executed, confirmation of the product meeting the requirements
is required. This is the process of product verification. The following four methods are used for conducting
product verification:

* Inspection
* Analysis



12.4. Product Verification

* Demonstration
* Test

Table 12.1 indicates which verification method is applicable for each requirement. A short description of the
requirement is given, the full requirements can be found in Chapter 3. Further details of the methods are provided

in the next subsections.

Table 12.1: Verification methods for the requirements

REQ-USER-P-3: Fit inside fire
brigade vehicle

Inspection

REQ-USER-P-4: Have thermal
camera

REQ-USER-P-5:  Have visual

light camera

REQ-USER-S-2:
warning system

Have visual

REQ-USER-S-3: Safely land in
case of loss of signal

REQ-USER-C-2: Have modular
payload

REQ-SYS-POW-1: Power system
able to withstand temperatures up
to 55°C for 120 seconds

REQ-SYS-ELEC-1:  have on-

board flight controller

REQ-SUS-3: Use biodegradable

extinguishing agents

REQ-SYS-PAY-5: Have sensors
for measuring altitude

REQ-USER-C-1: Shall not ex-

ceed €25,000

Analysis

REQ-USER-C-3: Consist of at
least 20% recyclable components

REQ-STAKE-2: Comply with EU
regulations

REQ-STAKE-3: Minimum oper-
ating costs

REQ-SYS-8: Minimum MTBF of
100 operating hours

REQ-SYS-PROP-1: Able to

achieve a T/W of 2

REQ-SYS-STR-1: Structure sup-
port payload of at least 10 kg

REQ-SYS-STR-3: Structure able
to support other subsystems

REQ-SUS-1:
source

Use clean energy

REQ-SUS-2: Use non-toxic extin-
guishing agents

REQ-SUS-4: Strategy to improve
sustainability

Demonstration

tional time of 20 min at average
/W 1.4

REQ-USER-P-1: Carry minimum | REQ-USER-P-2: Have average | REQ-STAKE-8: Easily deploy-
payload of 10 kg operational time of 20 min able with minimum personnel
REQ-SYS-1:  Minimum opera- | REQ-SYS-2: Vertical hovering | REQ-SYS-3: Horizontal hover-

accuracy of 0.1 m

ing accuracy of £0.1 m

REQ-SYS-4: Flight altitude of
250 m

REQ-SYS-5: Climb rate of 7 m/s

REQ-SYS-6: Option to be con-
trolled remotely

REQ-SYS-9: Maximum deploy-
ment time of 120 seconds

REQ-SYS-10: Maximum T/W of
at least 2

REQ-SYS-11: Yaw at a rate of 90
deg/s

REQ-SYS-12: Turn around time
(TAT) of at most 300 seconds

REQ-SYS-13:  Deliver payload
from horizontal distance of at least
4dm

REQ-SYS-15:  Not exceed an
empty mass of 50 kg

REQ-SYS-PAY-1: Thermal cam-
era sensitivity of at least 1°C

REQ-SYS-PAY-2: Light camera
minimum frame rate of 30 FPS

REQ-SYS-PAY-3: Cameras have
active stabilisation

REQ-SYS-PROP-2:  Propulsion
system compatible with power sys-
tem

REQ-SYS-ELEC-2: Operable
from ground control stations

REQ-SYS-ELEC-4: Communica-
tion range of at least 300 m

Continued on next page
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Table 12.1 — continued from previous page

Electronics

REQ-SYS-ELEC-5:
integrate all the sensors

REQ-USER-S-1: Controllable up
to minimum wind speed of 6 Bft

REQ-SYS-STR-2: Structure able
to withstand ultimate load factor

of 3

REQ-SYS-STR-4: Structure al-
low for disassembly

REQ-STAKE-1: Perform mission
without causing additional dam-
age

REQ-STAKE-4: Easily visible in
unclear conditions

REQ-STAKE-5: Operable in un-
favourable weather conditions

REQ-STAKE-6: Not cause dam-
age to the environment

REQ-STAKE-7: Recoverable
upon failure of one of sub-systems

REQ-STAKE-9: Monitorable at
any point during mission

REQ-SYS-7: Operate in 55°C for
at least 120 seconds

REQ-SYS-14: Payload shall be
water-resistant

REQ-SYS-ELEC-3: Have recov-
ery system in case of loss of con-

REQ-SYS-PAY-4: Cameras oper-
ate in 55°C for 120 seconds

nection

REQ-SYS-POW-2: Power system
replacable within 120 seconds

Inspection

During verification by inspection, the product is not destructed or damaged. It is done by using the human
senses, such as sight, hearing and touching. The requirements containing information about the dimension of
the system or subsystems can easily be done by measuring. The requirements for the presence of payloads and
specific layers can be verified by inspecting if they are indeed present.

Analysis

The analysis method is carried out using existing methods and calculations. Analysis is used if the requirement
concerns costs, if it can only be verified by certain models or if testing is not feasible due to equipment, time or
budget. Cost requirements are verified by performing calculations about the costs of the different subsystems
and payloads. Other requirements, including efficiency for example, are verified by using existing equations
which are already verified on their own. The ones that are situational requirements should be analysed by taking
real-life situations and experiences in mind.

Demonstration

During the demonstration, the system or subsystem is operated to verify the proper working. Requirements
concerning the working properties of the cameras can be verified by operating them and checking if they match
the required performance.

Test

Testing is used to verify if the system or subsystems work as intended under specific conditions. Unlike demon-
stration, the testing method is focused on gathering data about the product to verify its performance and to
further analyse the model.
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Manufacturing, Assembly, and
Integration plan

Since the UAV consists of multiple individual parts, a proper manufacturing, assembly and integration plan is
necessary to construct the drone and to ensure a working product as desired. In order to get an overview of what
is possible in terms of manufacturing methods and their feasibility, a tour was done at the Dienst Elektronische
en Mechanische Ontwikkeling (DEMO) facility on the TU campus before setting up the plan. Here, an extensive
tour was given and the machines available were shown. Knowing this, a clear and correct manufacturing plan
can be devised.

First, Section 13.1 will discuss the manufacturing of several individual parts of the drone. After manufacturing,
it is necessary to assemble all the parts into a whole. This will be discussed in Section 13.2. Lastly, Section 13.3
will give an overview of the integration of all assemblies.

Figure 13.1 shows all production activities required in sequential order, presented in a flow diagram. Each phase
is discussed in more detail in the following sections. LiDAR 1 and 2 in the integration phase refer to the altitude
LiDAR and the front-facing LiDAR, respectively.

[ Ordercustom
made components
[ Orderoffthe |
———— 11— Manufacture the parts
shelf components |

Order materialsfor |
manufacturing parts

i . [ Discuss feasibility for
Finalise design p—
certain components
{ ) { ;

Adjust design

Assemble main Assemble propulsion Assemble landing

Manufacture ‘ Manufacture landing
frame system gear

aluminium clamps gear parts
\ y

Attach the electronics Attach rotors Attach cone structure
to the panels to motors. to legs
,g;\ / Q; N
Attach the panels Attach rods for the
to each other pump to cone
l structure
Attach the aluminium Attach plate support
clamps to the rods for pump to rods
Connect the rods Put water tank in the
to the frame cone structure

Figure 13.1: Production flow diagram
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Integrate drone
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Figure 13.2: Production flow diagram (contd.)

13.1. Manufacturing

In this section, the manufacturing process of several parts of the drone will be discussed. The primary parts of
the drone will be described, and after examining the component’s structural and material characteristics, it will
be addressed how it will be made. For a detailed look at all the components, CAD images of can be found in

Section 10.3.

13.1.1. Main Body

As described in Chapter 8, the main body of the drone consists of three sandwich layers shaped as hexagons. The
rods are connected to the body between the two upper layers, using specific attachment parts. The attachments
are made from aluminium and are glued to the rods, so no or little clamping force is exerted on the rods. To
provide a better understanding, Figure 13.3a shows one of the attachments. The upper and middle carbon fibre
panels are attached on the upper and lower sides of the attachment. The third layer is situated underneath and

is connected by aluminium spacers to the middle layer.

The rotors are attached to the rods with aluminium attachments, shown in Figure 13.3b.
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(a) Rod attachment (b) Motor attachment

Figure 13.3: Rod and motor attachments

Panels and Rods

The panels and rods are made of carbon fibre and can be ordered from CarbonWebshop [34]. The CarbonWeb-
shop offers a service where the panels and rods can be cut and delivered in the desired shape and length. The
second option is to cut them in-house. To save time, the cutting will be done by the CarbonWebshop as they are
specialised, ensuring the cutting of the panels and rods is of high quality.

In addition, holes need to be made in the panels for the aluminium spacers. This is done by drilling as this is
the fastest and easiest way to create clean holes. However, the process has to be carefully handled, to ensure no
delamination occurs at the edges of the holes.

Aluminium Clamps

The aluminium clamps for both the rod and motor attachments need to be custom-made to fit the exact size of
the rods. To manufacture the clamps, multiple techniques can be used. In this case, casting is used. A decision
was made between sand casting and investment casting. Sand casting was chosen due to the low tooling cost.
Additionally, the limitations of sand casting will not be an issue for the clamp, as its thickness is approximately
8 mm and a rough surface will not be a problem for the design [114, 119].

Aluminium Spacers
For the aluminium spacers, 16 spacers with a length of 100 mm are needed and four spacers with a length of 50
mm. The spacers do not have to be custom-made as they can be bought off the shelf at Farnell [70].

13.1.2. Landing Gear

The landing gear consists of four legs that are attached to the lower layer of the main frame as shown in Fig-
ure 13.4a. For each of the four legs, an aluminium block is screwed underneath the lower layer, to which the
leg will then be attached. The four blocks can be cut from one long block of aluminium. The leg is straight for
one part and then has a slight bend. To achieve this, it will consist of two individual parts which are connected
to each other at a specific angle using a modular connector as shown in Figure 13.4b [48]. The rods for the legs
will also be cut to size by the CarbonWebshop.
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(a) Landing gear subsystem (b) Modular connector for the landing gear legs

Figure 13.4: Landing gear subsystem and modular connector for the legs

The payload is connected to the landing gear. The water tank lies in an aluminium cone-like structure that can
be slid through and attached to the four legs. At the tank, there is a small tube that allows for filling the tank
with water. This cone structure has to be custom-made. As it is a specific shape, casting will be used to produce
the structure. Investment casting can be used, as it allows for making complex geometries, it produces parts
with excellent surface finish and it is cost-efficient [163].

Furthermore, the water pump is supported by an aluminium plate that is carried by four carbon fibre rods, that
are connected to the bottom of the cone structure. The plate and rods are bought off the shelf. The plate has to
be punched after purchase to fit the size of the pump.

Lastly, a long carbon fibre tube is connected to a flexible PVC tube, that is connected to the pump for the
shooting of the water. This will be bought and cut to size by the CarbonWebshop.

13.2. Assembly

After all the parts are manufactured, it is time for the assembly. During this stage, the unfinished (sub-)systems
that were created during manufacturing will be put together to form a finished (sub-)assembly.

13.2.1. Main Body

Before the three layers are attached to each other, the electrical components are attached to the panels. Then, the
three layers can be connected using the aluminium spacers. As mentioned in Subsection 8.3.1, sixteen spacers
are placed between the lower and middle panels. Only four spacers are needed between the middle and upper
panels.

The next step is to connect the rods to the two upper layers. The aluminium rod clamps are glued onto the
rods in the right position. At the other end of the rods, the aluminium rotors attachments are glued for the
mounting of the rotors. The glueing can be done with epoxy glue. There are multiple types, one of them is
the 3M SCOTCH-WELD constructional glue type 1. Type 1 glue has a high thermal performance, and high
strength properties at 80 °C and is the hardest type [68]. Another option is cyanoacrylate, also known as super
glue. However, the suitability depends on the type of plastic. The glues should be tested first on sample parts to
test the compatibility and bond strength [121]. Now, the rods can be connected to the two layers. This is done
by screwing the aluminium clamps to the layers.

To attach the rotors, the propellers can be attached through the installation method provided by T-MOTOR [157].
Threadlocker can be applied to increase reliability and prevent corrosion. Next, at the other end of the rods, the
motors with the rotors are attached. This is again done by glueing with epoxy glue.
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13.2.2. Landing Gear

After the legs are assembled, the cone structure for the water tank support can be slid through the four legs. To
attach them, the cone is glued to the legs with epoxy. Next, the structure for carrying the water pump can be
assembled. The four carbon fibre rods are used to connect the plate creating a basket-like structure. The rods
are glued to the bottom of the cone structure, and to the plate.

13.3. Integration

The final step is integration, connecting all subsystems to each other and wiring the electronic components to
get to a complete and operational drone. In order to ensure proper power distribution and signal transmission,
accuracy is essential during the wiring procedure. To confirm the correct working, testing and quality control
procedures will take place. The end result is a fully functioning drone, ready for flight.

13.3.1. Electronics

During integration, all loose assemblies and components are put together to create a single, complete UAV.
Integration is essential as correct connections and wiring between all components are critical to mission suc-
cess.

The flight computer must be connected to the ESC through the correct signal pins, and the ESC must connect to
the motors. Connection and wiring between all of the electrical components are described in detail in Chapter 7,
and more specifically in the electrical block diagram shown in Section 7.4. One of the most critical connections
is the battery. Improper connection can lead to short-circuiting and an explosion of the LiPo batteries. The
XT-90 batteries must be carefully connected and the batteries monitored during their connection time to ensure
no accidents occur.

13.3.2. Payload
The next step is to attach the payload to the drone. The payload consists of the water tank, water pump, nozzle
and tubes.

The water tank is connected to the water pump with a tube. The tank is then connected to another tube, which is
in turn connected to a carbon fibre rod. Lastly, the nozzle is attached to the end of the carbon fibre rod.

The water tank is placed in the cone structure in the landing gear structure, and the water pump is placed on the
plate underneath. The legs are glued onto the aluminium blocks, that are screwed onto the lower panel of the
main frame. The glueing can be done with epoxy glue.
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Financial Analysis

In this chapter, a financial analysis of the drone is done in order to gain a better understanding of its financial
performance once produced. By investigating multiple financial aspects, it is determined if the production of
the drone is a viable and profitable investment. In Section 14.1 an overview of the cost of all components will
be given as well as an estimation of the manufacturing, development and operational costs. In addition, in
Section 14.2 the market price will be determined, the market volume, value and share are discussed and the
return on investment will be calculated.

14.1. Cost Budget

The cost of the drone consists of the manufacturing cost of the drone, i.e. the components the drone is made
out of as well as the costs of building the drone, the development costs and the operational costs. Figure 14.1
presents the cost breakdown structure of the drone, which shows an overview of the different costs. In the
following sections, these costs will be further broken down.

Cost of drone
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Figure 14.1: Cost breakdown structure

A summary of all the costs is provided in the table below. Further explanations will be elaborated on in the
upcoming subsections.
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Table 14.1: Summary of all the costs

Cost of Manufacturing €25,000
Cost of components €17,577
Manpower cost € 5,400

Manufacturing costs € 1,800

Cost of Development € 82,400
Wind tunnel testing cost € 18,400

Manpower cost € 64,000
Cost of Operation €9,790
Cost of training €4,000

Cost of battery replacement | € 5,790

14.1.1. Cost of Manufacturing

The cost of manufacturing consists of manpower cost, material costs and tooling costs. In Table 14.2, an
overview of all materials and components and their prices are given. The total cost of the components of the
drone is € 17,577. When manufacturing, the actual total price might differ a bit as some prices were converted
from USD, these prices are as of June 21st 2023.
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Table 14.2: Costs of all components of the drone

Component Type No Total Price [€]
Propulsion

Propeller G32*11 Prop-2PCS/PAIR 1965.12
Motor MN1010 KV90 1866.29
ESC T-MOTOR Alpha 80A 12S 713.79
Power

Battery LiPo 46000 12S2P 44.4v Battery Pack 2 5710.33
PDB Sky-Drones SmartAP PDB 400A 2 164.72
Communication & Control

Receiver TBS Crossfire Nano RX 1 22.88
Transmitter FrSky Taranis X9D 1 228.78
Data link Herelink Air Unit 1.1 1 457.56
Flight computer CubePilot Cuve Orange 1 320.29
Electronics & Sensors

Altitude LIDAR Atollo Wasp 200 1 485.01
Frontal LIDAR Lightware SF20C 1 255.32
Sonar MB7040 12CXL-MaxSonar-WR 2 210.37
GPS HEX Here3 CAN GNSS GPS Module w/ iStand 1 161.05
Visual camera Hawkeye Firefly 4K 1 98.00
Thermal camera FLIR Lepton 3.5 1 150.08
Gimbal Copterlab 2 Axis Hawkeye Firefly 4K Nano Gimbal 1 175.54
Raspberry Pi Raspberry Pi (Model 4B) 1 159.99
Lights VIFLY strobe light 1 49.41
Relay Grove SPDT Relais (30A) 1 13.00
Airframe

Sandwich panel CarbonWebshop Carbon Sandwich Panel 600x600x5Smm 3 617.10
Rods CarbonWebshop High Performance Tube 35x33x2000mm 3 357.57
Aluminium blocks Aluminiumopmaat.nl platstaf 40x20x240 mm 1 9.64
Landing gear legs CarbonWebshop High Precision Tube 28x26x2000mm 1 89.43
Landing gear legs CarbonWebshop High Precision Tube 28x26x1000mm 1 44.71
Pump support rods CarbonWebshop High Performance Tube 12x10x2000mm 1 61.71
Pump support plate Plaatopmaat.nl aluminium plate 220x120x4 mm 1 3.20
Payload

Water tank Rotterdam Plastics Custom Made Tank 1 2500.00
Pressure pump VEVOR Washdown Dekpompset Waterpomp 12V 1 84.99
Tube Amazon Clear Vinyl Tubing Flexible PVC Tubing 1/2 Inch ID, 10-Feet Length 1 11.88
Tube connector Praxis Slangpilaar 112” x 19mm 1 5.99
Nozzle Vyr nozzle voor sproeier, type 60, 70 en 33 AF, 4,8 mm 1 4.28
Carbon fibre tube High Performance Tube 14x12x2000mm 1 81.07
Wires, screws, bolts etc. - - 500.00
Total 17,577.63

After all the parts are ordered, the drone needs to be assembled as described in Section 13.2. In the Netherlands,
an assembly worker earns around € 15 an hour [133]. Three workers can build one drone in 15 working days.
The manpower cost for one drone is therefore € 5,400.

Some parts still need to be manufactured after the material is purchased. These parts are listed in Section 13.1
and will be manufactured by DEMO at TU Delft. At DEMO they charge around € 40 - 50 per hour. This includes
the use of machines, equipment and tools. The use of materials costs extra, this holds for the aluminium parts.
As aluminium is relatively inexpensive and it is hard to estimate the amount used, these costs are not taken into
account for the estimation. It is estimated that all parts can be manufactured in five working days as only a
small number of parts need to be made. This can be done by one DEMO worker. Taking an average of € 45 an
hour, the manufacturing costs are therefore € 1,800.

This means that the total cost of manufacturing one drone is around € 25,000.
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14.1.2. Cost of Development

During the development of the prototype of the drone, different costs are made. As seen from Figure 14.1, the
development costs are made up of testing, manpower and certification costs. The testing costs include wind
tunnel costs, testbed costs and the cost of parts that need to be replaced during testing. The latter is hard to
predict, so for the analysis, these will not be taken into account. The same hold for the test bed cost, the test bed
is a platform or piece of equipment used for testing. As a testbed is a broad term and can be made as expensive
or inexpensive as desired, these costs are hard to estimate. Furthermore, relatively these costs will be negligible
compared to the larger costs.

A wind tunnel will be used to investigate the aerodynamic properties of the drone and to improve the design.
Renting a wind tunnel for an hour costs approximately € 2300 [42]. The wind tunnel will be used for a day, 8
hours. The wind tunnel testing will have a total cost of approximately € 18,400.

In the Netherlands, a UAV test engineer earns on average €40 an hour [62]. It is estimated that building the
prototype will take around 8 weeks. Five full-time engineers will work on the prototype. This means that
manpower accounts for € 64,000.

Lastly, the certification costs need to be taken into account. In the Netherlands, drones used for government
operations need to have a Remotely Piloted Aircraft System (RPAS) license. Furthermore, the drone must also
comply with European regulations. The drone also requires a certificate of airworthiness, known as the S-Bvl,
which needs approval from the Human Environment and Transport Inspectorate (ILT). The S-Bvl certificate
needs to be renewed annually to ensure that the drone still meets the necessary safety requirements for flying
[54, 55]. This should be further explored after the prototype of the drone is finished.

14.1.3. Cost of Operation
While the drone is being used by the fire brigade, some costs are also made. The operational costs consist of
the pilot training, maintenance costs, insurance costs and the cost of extra batteries.

The drone must be operated by a certified pilot, this comes with costs for the training and the certification.
However, as the drone does not fall into any existing training or certification category these costs cannot be
estimated accurately. Training for the EASA specific category, which is for UAVs flying outside of standard
scenarios, is approximately € 4,000 [59]. This is the closest training similar to what will probably be needed
for the drone.

The maintenance costs are mainly the costs of components that are in need of replacement or the costs that are
associated with repairing damaged parts of the drone.

In case the battery of the drone dies during the mission, the battery can easily be swapped for a full battery.
Having extra batteries on hand will cost around € 5,790 per battery.

Liability insurance is mandatory for drones, this is in case the drone damages private property. In case of damage
to the drone, it is wise to also have CASCO (Casualty and Collision) insurance for the drone which covers this
[51]. The cost of insurance varies and can account for hundreds of euros per month.

14.2. Return on Investment

In this section the market price is chosen, this is the price the drone will be sold for. After this is established, the
market volume, market value and market share are calculated. With these numbers, the return on investment
(ROI) is determined to assess the profitability of the drone.

14.2.1. Market Price

First, the selling price of the drone is determined. As seen from Subsection 14.1.1 the cost of the drone is
approximately € 25,000. To determine the market price of the drone, the profit margin is important to decide on.
To get an idea, gross profit margins in the drone market were investigated. The gross profit margin percentage
is the cost of goods sold (COGS) subtracted from the net sales, divided by the net sales [5]. Usual margins
were found to be around 40% for enterprise solutions and customised drones, i.e. drones that are specifically
designed for industrial or commercial applications. This is quite high compared to consumer drones, as the
competition for those drones is high resulting in lower margins. However, from the market analysis done in
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Chapter 4, one important aspect of the value proposition is that the drone will be on the market for a lower price
than competitors. So, this should also be taken into account when deciding on a selling price. When taking a
profit margin of 40% the selling price will be € 35,000, which is still significantly lower than that of similar
existing firefighting drones. This price allows for good profit margins, while still offering a lot lower price than
the existing drones on the market.

14.2.2. Market Volume, Value and Share

In the first instance, the drone is built for the Dutch fire brigade. So for this analysis, it is assumed that the drones
will for now only be used in the Netherlands, with the goal to sell to other countries in the future. Currently, there
are around 1000 fire stations in the Netherlands [30]. Another aspect influencing the sales is the government
and more specifically the budget the government has to invest in the drones. It is unlikely that every fire station
will buy a drone, the percentage of fire stations that will buy a drone is also referred to as the penetration rate.
The potential market volume is the number of fire stations multiplied by the penetration rate [109].

To get a first estimation, the two types of fire stations are investigated. There are ‘beroeps’ (professional) and
‘vrijwillige’ (voluntary) fire stations. At the ‘beroeps’ the firefighters are full-time workers, whereas at the
‘vrijwillige’ the firefighters work on call basis [30]. It can be seen that in larger cities, there are more ‘beroeps’
fire stations so this also shows the spread of the demand that is expected. This can be seen in Figure 14.2 This is
important as in bigger cities, it is predicted that more drones will be bought. There are around 110 ‘beroeps’ fire
stations. In addition, at these fire stations, the firefighters can be qualified to fly the drone as they are working
full-time. To start off, this is the number that will be used. This leads to a penetration percentage of 11% and
thus a market volume of 110. This is relatively low, but it is expected that the percentage will increase as more
high-rise buildings will also be built outside of the big cities.
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Figure 14.2: 'Beroeps’ and 'vrijwillige’ fire stations in the Netherlands [116]

The market value is defined as the market volume multiplied by the selling price. With a retail price of € 35,000
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and 110 sold units, this means a revenue of € 3.85 Million will be realised. In the Netherlands and the EU, the
market share will be 100% as European fire brigades do not use any drones with fire extinguishing capabili-
ties.

14.2.3. Return on Investment
With the numbers obtained from the previous sections the return on investment (ROI) can be calculated, which
is done as follows [14]:

ROI — sales value - c.c)st of investmentX 100 (14.1)
cost of investment

The sales value refers to the total sales made and the cost of investment is the total cost of the development and
manufacturing of the drone. For the drone to be profitable, the value of the ROI must be positive. The higher
the ROI the more profit is made. The sales value is equal to € 3,85 Million. The cost of investment consists
of the cost of the components of the drone, the manufacturing costs and development costs. The total cost of
investment is around € 2.832 Million. This means that the ROI is equal to 36%. This means that the investment
has generated a positive return. This demonstrates the profitability that is expected of the project. Meaning that
from a financial standpoint, the proposed drone is a feasible design.
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Risk Analysis

This chapter outlines the technical risk assessment and contingency management plan. The chapter is structured
as follows. Firstly, the risks will be identified and evaluated, and their probability and impact will be examined
in Section 15.1. Secondly, risk maps will be displayed to assist in visualising the severity of the potential risks
in Section 15.2. Next, a mitigation strategy for the most severe risks will be devised, and new risk maps will
be developed in Section 15.3 and Section 15.4, respectively. Lastly, a contingency plan will be composed in
Section 15.5.

15.1. Risk Identification

In this section, the potential risks during the development and mission are identified and are shown in Table 15.1.
Each risk is identified by its unique ID. A short description of each risk is given and the likelihood of occurrence
and impact are assessed. The probability and impact of each risk are rated from one to five. For likelihood, a
rating of one means that it is unlikely to happen. A rating of five means that the probability of occurrence is
high. The rating for the impact is comparable. A rating of one means that the risk will not have a large effect.
A five indicates that the risk may have a catastrophic impact.

To properly perform a risk assessment, the risks are divided into multiple categories. Firstly, general potential
problems that may affect the design and operation of the firefighting drone are identified and analysed. Secondly,
risks concerning the different components of the drone and its operational environment were analysed. Factors
such as software or hardware malfunctions, signal interference, temperature issues, and safety concerns were
considered. Next, the likelihood and impact of each risk were given on a scale from one to five.

To determine the likelihood, the reliability of the components, previous instances of similar risks, and preventive
measures in place were considered. For impact, potential consequences like safety hazards, operational disrup-
tions, damage, and harm to people were looked into. An example of a high likelihood of occurrence score is
risk RSK-RASP-06. The higher number is due to the high demand for Raspberry Pi components, leading to
an unfortunate scenario where this popular device is frequently out of stock. People searching for a Raspberry
Pi board for personal projects often encounter frustrating messages proclaiming unavailability and extended
delivery times. However, in the face of this challenge, there are alternative solutions and valuable options to
consider.

Table 15.1: Risk identification and analysis

ID Risk Likelihood | Impact | Risk
score
RSK-TRM-01 Misunderstanding the expectations of the customer 2 3 6
RSK-TRM-02 There are privacy concerns due to the cameras 2 3
RSK-TRM-03 There are problems with regulations and restrictions | 2 3 6
from the Government
RSK-TRM-04 Forgot to charge the battery of the drone 2 4 8
Continued on next page
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Table 15.1 — continued from previous page
D Risk Likelihood | Impact | Risk
Score
RSK-TRM-05 Forgot to charge the battery of the controller 2 4 8
RSK-TRM-06 Carelessness of the person controlling the drone 1 4 4
RSK-TRM-07 Wrong input into the controller 2 4 8
RSK-TRM-09 War in the world causing materials to be less available | 3 2 6
RSK-TRM-10 Pandemic outbreak 2 2 4
RSK-MAT-01 Materials out of stock 2 4 8
RSK-MAT-02 Higher-than-expected material costs 3 2 6
RSK-MAT-03 Long delivery time (main frame material) 3 3 9
RSK-MAT-04 Material with poor properties (main frame) 2 4 8
RSK-MAT-05 Material not easily manufacturable (main frame) 2 4 8
RSK-MAT-06 Material prone to corrosion (main frame) 2 3 6
RSK-MAT-07 Material causing signal interference (main frame) 2 4 8
RSK-MAT-08 Long delivery time (rotor) 3 3 9
RSK-MAT-09 Material with poor properties (rotor) 2 4 8
RSK-MAT-10 Material not easily manufacturable (rotor) 2 3 6
RSK-MAT-11 Material prone to corrosion (rotor) 2 2 4
RSK-MAT-12 Material causing signal interference (rotor) 1 2 2
RSK-MAT-13 Long delivery time (insulation material) 2 3 6
RSK-MAT-14 Material with poor properties (insulation) 2 3 6
RSK-MAT-15 Material not easily manufacturable (insulation) 2 3 6
RSK-MAT-16 Material prone to corrosion (insulation) 1 2 2
RSK-MAT-17 Material causing signal interference (insulation) 1 5 5

Performance

RSK-PER-01 Collision with another UAV 2 4 8
Software stops working 2 5 10
Collision with the building 2 5 10
Hardware stops working 2 5 10

RSK-PER-05 Battery dies during flight 3 4 8

RSK-PER-06 Desired flight altitude is not reached 1 5 5

RSK-PER-07 The drone cannot take-off 1 5 5
The payload is not delivered 2 5 10

- The payload is not delivered at the desired spot 3 5 15

RSK-PER-10 The drone cannot withstand the temperatures of the | 2 4 8
fire

RSK-PER-11 The drone returns to the wrong spot (in case of self- | 2 2 4
returning)

Continued on next page
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Table 15.1 — continued from previous page
ID Risk Likelihood | Impact | Risk
Score
RSK-PER-12 Cameras stop working 2 3 6
RSK-PER-13 Sensors stop working 2 3 6
RSK-PER-14 Smoke prevents the cameras from useful view 3 3 9
RSK-PER-15 Fog prevents the cameras from useful view 2 2 4
RSK-PER-16 Warning signal stops working 1 3 3
RSK-PER-17 Warning signal at the wrong time 1 3 3
RSK-PER-18 Propeller stops working 2 4 8
RSK-PER-19 The battery gets stuck so it is not replaceable during | 2 4 8
the mission
RSK-PER-20 The payload can not be refilled during the mission 2 4 8
RSK-PER-21 One of the propeller blades falls off 1 5 5

Flight Controller

Electronic Speed Controller

FC software stops working 2 5 10

FC hardware stops working 2 5 10
RSK-FC-03 FC not compatible with other components 2 4 8
RSK-FC-04 FC integration issues with other systems 2 4 8

- FC malfunctions or fails to function 2 5 10
RSK-FC-06 FC overheats or thermal issues 2 4 8
RSK-FC-07 FC communication failure with other components 2 4 8
RSK-FC-08 FC is not compatible with the software 2 3 6
RSK-FC-09 FC hardware incompatibility or connectivity issues 2 3 6
RSK-FC-10 FC power supply failure or instability 2 3 6

Power Distribution Board

ESC hardware stops working 2 5 10
RSK-ESC-02 ESC is incompatible with flight controller 2 4 8

ESC overheats or thermal issues 3 4 12
RSK-ESC-04 ESC is not compatible with the FC software 2 3 6
RSK-ESC-05 ESC communication failure with other components 2 3 6
RSK-ESC-06 ESC power supply failure or instability 2 3 6

PDB malfunctions or fails to function 2 5
PDB inadequate power distribution 3 4 12
RSK-PDB-03 PDB poor quality or unreliable 2 4 8
RSK-PDB-04 PDB overheats or thermal issues 2 4 8
RSK-PDB-05 PDB wiring and connection issues 2 3 6
RSK-PDB-06 PDB power supply failure or instability 2 3 6
Continued on next page
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Table 15.1 — continued from previous page

D Risk Likelihood | Impact | Risk
Score
RSK-PDB-07 PDB inaccurate battery level readings 2 3 6
RSK-PDB-08 PDB limited monitoring capabilities or insufficient | 2 3 6
data
RSK-PDB-09 PDB battery monitor system drains power from the bat- | 2 3 6
tery
RSK-PDB-10 PDB difficulty in installation or integration 2 3 6

PDB battery monitor system malfunction due to ex- | 3 4 12
treme temperatures

RSK-PDB-12 PDB inadequate alert or warning system

Transmitter

Transmitter signal interference due to nearby elec-
tronic devices

RSK-TX-02 Transmitter range limitations 2 3 6
RSK-TX-03 Transmitter power failure or low battery 2 4 8
Transmitter signal loss or weak signal strength 3 4 12
Transmitter firmware or software compatibility issues | 2 3

Receiver

Receiver sensitivity issues resulting in poor signal re-
ception

RSK-RX-01

Receiver signal interference due to nearby electronic | 3 4 12
devices
RSK-RX-03 Receiver power failure or low battery 2 4 8
‘ Receiver signal loss or weak signal strength 3 4 12

Receiver firmware or software compatibility issues

RSK-RX-05
Hawkeye micro control board

RSK-HWKB-01 | Micro control board fails to display or provides inac- | 2 3 6
curate information

RSK-HWKB-02 | Micro control board hardware failure or malfunction
RSK-HWKB-03 | Compatibility issues with other onboard components

RSK-HWKB-04 | Micro control board power failure or low voltage

N[N NN
Wlw|lw| s

8
6
6
RSK-HWKB-05 | Micro control board overheating or thermal issues 6

Raspberry Pi ‘

RSK-RASP-01 | Raspberry Pi overheating 2 4 8

RSK-RASP-02 | Raspberry Pi hardware failure or malfunction 2 4 8

RSK-RASP-03 | Incompatibility with required software or libraries 2 3 6

RSK-RASP-04 | Power supply issues leading to Raspberry Pi shutdown | 2 3 6
or reset

RSK-RASP-05 | SD card corruption or data loss 2 3 6

Continued on next page
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Table 15.1 — continued from previous page
ID Risk Likelihood | Impact | Risk
Score
RSK-RASP-06 | Raspberry pi unavailable on the market 4 2 8

Telemetry

Telemetry signal loss or weak signal strength

Interference with other electronic devices or frequen- | 3 12
cies
RSK-TEL-03 Telemetry data corruption 2 3 6
RSK-TEL-04 Telemetry module malfunction or hardware failure 2 4 8
RSK-TEL-05 Communication issues with flight controller or ground | 2 3 6
station

GPS signal loss or weak signal strength

RSK-LID-01 LiDAR misreads distances or fails to detect obstacles | 2 4 8
accurately

RSK-LID-02 Interference with other LIDAR devices or environmen- | 2 3 6
tal factors

RSK-LID-03 LiDAR hardware failure or malfunction 2 4 8

RSK-LID-04 Incompatibility with onboard systems or software 2 3 6

RSK-LID-05 Limited range of view or field of view 2 3 6
Sonar accuracy affected by plumes of smoke or dust | 3 4 12

RSK-SON-02 Interference with sonar signals due to environmental | 2 3 6
factors

RSK-SON-03 Sonar misreads or fails to detect obstacles accurately | 2 4 8

RSK-SON-04 Sonar hardware failure or malfunction 2 4 8

RSK-SON-05 Incompatibility with onboard systems or software 2 3 6

RSK-SON-06 Limited range or field of view 2 3 6

‘ Sonar signal degradation due to smoke density 3 4

RSK-GPS-02 Inaccurate or unreliable GPS positioning 2 3 6
Interference with other electronic devices or frequen- | 3 4 12
cies

RSK-GPS-04 GPS module failure or malfunction 4 8

RSK-GPS-05 Compatibility issues with flight controller or software | 2 3 6
systems

Camera ‘

RSK-CAM-01 Camera malfunctions or hardware failure 4 8

RSK-CAM-02 Poor image quality or resolution 3 6

RSK-CAM-03 Camera lens damage or scratches 2 3 6

Continued on next page
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Table 15.1 — continued from previous page
ID Risk Likelihood | Impact | Risk
Score

RSK-CAM-04 Compatibility issues with other equipment or software | 2 3 6

RSK-CAM-05 Insufficient battery life or power supply 3 3 9

RSK-CAM-06 Camera falls of when being installed 2 4 8
Camera malfunction due to high temperatures 3 4 12
Impaired visibility due to smoke plume 3 4

Thermal Camera

RSK-THC-01 Thermal camera malfunctions or hardware failure 2 4 8
RSK-THC-02 Poor image quality or resolution in thermal imaging 2 3 6
RSK-THC-03 Compatibility issues with other equipment or software | 2 3 6
RSK-THC-04 Insufficient battery life or power supply for extended | 3 3 9
operation
RSK-THC-05 Thermal camera lens damage or scratches 2 3 6
RSK-THC-06 Thermal camera malfunction due to high temperatures | 1 4 4
RSK-THC-07 Inaccurate temperature readings or calibration issues | 2 4 8
RSK-THC-08 Limited range or field of view in thermal imaging 2 3 6
RSK-WIR-01 Loose or poor connections 2 4 8
RSK-WIR-02 Incorrect wiring and connections 2 4 8
RSK-WIR-03 Wiring damage due to vibration or physical stress 2 3 6
RSK-WIR-04 Inadequate wire gauge for current requirements 2 3 6
RSK-WIR-05 Wiring short circuit or electrical faults 2 4 8
RSK-WIR-06 Wiring interference with other components or signals | 2 3 6
RSK-WIR-07 Inaccessible or hard-to-reach wiring locations 2 3 6

Waterpump ‘

RSK-WTP-01 Malfunction or failure of pressure sensor 2 4 8
RSK-WTP-02 Malfunction or failure of pressure valve 2 4 8
RSK-WTP-03 Inaccurate pressure measurement 2 3 6
Insufficient water pressure 3 4 12
RSK-WTP-05 Excessive water pressure 2 4 8
Pump malfunction or failure 3 5 15
RSK-WTP-07 Leakage or damage to water tank 2 4 8
RSK-WTP-08 Power supply failure to pump 2 3 6
RSK-MKT-01 The battery is too expensive 3 2 6
RSK-MKT-02 The cameras and sensors are too expensive 3 2 6
RSK-MKT-03 The unit price will exceed € 25,000 3 2 6

Continued on next page
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Table 15.1 — continued from previous page
D Risk Likelihood | Impact | Risk
Score
RSK-MKT-04 Competitors come up with better and cheaper ideas 2 3 6

\S]
—_
()

Battery catches fire during flight

materials inside the building

5
RSK-SAF-02 Battery catches fire during ground operation 1 4 4
RSK-SAF-03 Someone cuts themselves with a propeller 1 2 2
RSK-SAF-04 Drone gets hacked 2 4 8
RSK-SAF-05 After the signal is lost, the drone fails to return 2 3 6
RSK-SAF-07 Collision with a person 1 4 4
RSK-SAF-08 Explosion of the pump 1 5 5
RSK-SAF-09 Extinguishing material has a reaction with surrounding | 2 4 8

RSK-SUS-01 The drone is not recyclable for 30% 2 1 2
RSK-SUS-02 Extinguishing material is non-degradable 2 2 4
Organisational ‘
RSK-ORG-01 Communication error between two firefighters during | 2 3 6
the mission
RSK-ORG-02 Communication error between firefighters and design- | 3 2 6
ers/engineers
RSK-ORG-03 Insufficient training of firefighters to control the drone | 2 2 4
- Distraction during control 4 12
RSK-ORG-05 Tiredness caused by excessive working hours 2 6

15.2. Risk Maps

In this section, the risk maps are shown in Figure 15.1 and Figure 15.2a to Figure 15.2r. The likelihood of the
risks is plotted on the x-axis, while the impact of each risk is plotted on the y-axis. The lower left corner, or the
green zone, indicates a less severe risk. The risks in the upper right corner, or the red zone, can be categorised as
a more catastrophic risk. During the design, manufacturing and mission of the drone, all the risks, but especially
the more severe ones, should be taken into account at all times and some may be analysed in more depth.
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Figure 15.1: Risk assessment: performance
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15.3. Mitigation Plan

A mitigation plan primarily focuses on diminishing the likelihood or impact of a risk occurrence. Its objective is
to proactively implement measures, strategies, or actions that minimise the possibility of risks materialising. By
identifying vulnerabilities and addressing them, a mitigation plan aims to lower the probability of risk events.
Emphasising risk prevention, preparedness, and enhancing overall system resilience are central components of
a mitigation plan.

All risks given in Table 15.1 with a risk score equal to or higher than ten, can be categorised as catastrophic. For
these risks, a mitigation plan is worked out. For each of the risks, a mitigation action is established, shown in
Table 15.2. The action is meant to lower the likelihood of occurrence of the risk. The new likelihood and new
risk scores are also presented in the table. It is assumed that the impact of the risk remains the same.

Table 15.2: Risk mitigation assessment

ID Mitigating action New New
likeli- risk
hood score

RSK-PER-02 | Implement a Collision Avoidance System. 1 5
RSK-PER-03 | Regular tests of the hardware under different circumstances. 1 5
RSK-PER-04 | Have a back up battery / check battery before take-off. 1 5
RSK-PER-08 | Analyse the design and perform tests under different circumstances. | 1 5
RSK-PER-09 | Have a proper aim system and perform regular tests. 2 10

Flight Controller |
RSK-FC-01 Implement rigorous software testing and backup systems, Regularly | 1 5
update and test the flight control software to ensure its stability and
reliability.
RSK-FC-02 Implement redundant hardware components or backup systems. 1 5
RSK-FC-05 Implement redundant flight computers or backup control mecha- | 2 10
nisms.

Electronic Speed Controller

RSK-ESC-01 | Implement redundant hardware components or backup systems. 1 5

RSK-ESC-03 | Improve cooling mechanisms and optimise power distribution. 2 8

Power Distribution Board

RSK-PDB-01 | Implement redundant PDBs or backup power distribution mecha- | 2 10
nisms.

RSK-PDB-02 | Ensure proper sizing and distribution of power channels. 2 8

RSK-PDB-11 | Use battery monitor systems rated for high-temperature environ- | 2 8
ments.

RSK-TX-01 Perform frequency analysis and select less crowded transmission | 2 8
bands.

RSK-TX-04 Use higher-quality transmitters and optimise antenna placement. 2 8

Receiver

RSK-RX-02 Perform frequency analysis and select less crowded frequency bands. | 2 8

Continued on next page
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Table 15.2 — continued from previous page
ID Mitigating action New New
likeli- risk
hood score
RSK-RX-04 Use higher-quality receivers and optimise antenna placement. 2 8
RSK-TEL-01 | Use high-quality telemetry systems and optimise antenna placement | 2 8
RSK-TEL-02 | Perform frequency analysis and select less crowded 2 8
RSK-SON-01 | Implement alternative or supplementary sensors for reliable altitude | 2 8
sensing, such as LiDAR or visual odometry systems
GPS |
RSK-GPS-01 | Use high-quality GPS systems and ensure proper antenna placement | 2 8
RSK-GPS-03 | Perform frequency analysis and select less crowded frequency bands | 2 8

Camera

RSK-WTP-04

enhancement
Waterpump
Check water supply and pump functionality

RSK-CAM-07 | Use cameras rated for high-temperature environments and monitor | 2 8
heat
RSK-CAM-08 | Utilise cameras with suitable filters or thermal cameras for visibility | 2 8

RSK-WTP-06

RSK-SAF-01

RSK-ORG-4

Regular pump maintenance and backup pump system
Safety

Establish designated areas with proper ventilation and fire suppres-
sion systems for battery charging and maintenance.

Organisational

Establish and enforce protocols that minimise distractions, such as
designated control areas, clear guidelines on focus, and avoiding mul-
titasking.

10
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15.4. Mitigation Risk Maps
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Figure 15.3: Mitigation assessment

15.5. Contingency Plan

In this section, the contingency plan will be presented. The risks that were previously categorised as catastrophic
necessitate the formulation of a contingency plan due to their elevated potential severity. It is important to
highlight the distinction between a contingency plan and a mitigation plan.

A mitigation plan was previously described in Section 15.3. A contingency plan, on the other hand, outlines
the specific actions that need to be executed if a risk event materialises. It serves as a comprehensive road map
for effectively managing and responding to risk incidents that have transpired despite mitigation efforts. The
purpose of a contingency plan is to provide guidance, procedures, and protocols that mitigate the consequences
of a risk event, thereby facilitating a prompt and efficient response.
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Table 15.3: Contingency plan

ID

Contingency

Performance

RSK-FC-01

RSK-PER-02 | Restart the software. Check for any recent updates or patches that may have caused the
issue and revert to a stable version. Contact the software provider for technical support and
guidance.

RSK-PER-03 | Implement obstacle detection and avoidance systems to mitigate the risk. Establish clear
flight paths and avoid flying in areas with significant obstructions.

RSK-PER-04 | Identify the faulty hardware component and replace it with a backup if available. Con-
duct regular maintenance and inspections to identify and address potential hardware issues
proactively.

RSK-PER-08 | Confirm the payload attachment and connection. Perform a functional check before the
flight to ensure the payload mechanism is working correctly.

RSK-PER-09 | Enhance GPS accuracy and navigation systems to improve payload delivery precision.

Flight Controller

Restart the Flight Controller software. Check for any recent updates or patches that may
have caused the issue and revert to a stable version. Contact the FC software provider for
technical support and guidance.

RSK-FC-02

Identify the faulty Flight Controller hardware component and replace it with a backup if
available. Conduct regular maintenance and inspections to identify and address potential
FC hardware issues proactively.

RSK-FC-05

Reboot the Flight Controller and re-calibrate the sensors. Check for any loose connections
or damaged components. Update the FC firmware to the latest stable version. If the issue
persists, consult the FC manufacturer or technical support for further assistance.

Electronic Speed Controller

RSK-PDB-01

RSK-ESC-01 | Identify the faulty ESC hardware component and replace it with a backup if available. En-
sure proper ESC calibration and check for any loose connections. Regularly inspect ESCs
for signs of damage or overheating.

RSK-ESC-03 | Implement proper heat dissipation mechanisms such as cooling fans or heat sinks for critical

components. Monitor temperature levels during operation and ensure adequate ventilation.
Reduce excessive power usage or workload if necessary.

Power Distribution Board

Identify the faulty Power Distribution Board component and replace it with a backup if
available. Conduct regular inspections and maintenance of the PDB to prevent malfunc-
tions. Ensure proper wiring connections and check for any signs of damage or loose con-
nections.

RSK-PDB-02

Optimise power distribution by redistributing power sources or upgrading the PDB to han-
dle higher loads. Ensure proper power management and use components with appropriate
power ratings. Regularly monitor power consumption and identify any potential issues.

RSK-PDB-11

Implement temperature monitoring and protection mechanisms for the battery system. Use
battery systems with built-in temperature sensors or external temperature monitoring de-
vices. Ensure proper battery maintenance and storage to prevent exposure to extreme tem-
peratures.

Transmitter

Continued on next page
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Table 15.3 — continued from previous page

ID Contingency
RSK-TX-01 Identify and mitigate potential sources of interference such as electronic devices, power
lines, or radio frequency signals. Use frequency-hopping or spread spectrum technology
for improved
RSK-TX-04 Check transmitter batteries and replace if necessary. Relocate the pilot or ground station to

a position with better line-of-sight to the aircraft. Use signal amplifiers or range extenders.

Receiver

RSK-RX-02 Identify and mitigate potential sources of interference such as electronic devices, power
lines, or radio frequency signals. Relocate or shield the receiver from interfering devices.
Use frequency-hopping or spread spectrum technology for improved signal resilience.

RSK-RX-04 Verify receiver connections and antenna positioning. Replace the receiver or antenna if

damaged. Use signal amplifiers or range extenders.

Telemetry

RSK-SON-01

RSK-GPS-01

RSK-TEL-01 | Check telemetry system connections and antenna positioning. Replace damaged compo-
nents if necessary. Use signal amplifiers or range extenders.
RSK-TEL-02 | Conduct a thorough electromagnetic interference analysis and identify the sources of inter-

ference. Implement shielding or isolation measures for sensitive electronic devices. Adjust
frequencies or use filters to avoid interference.

Sonar

Deploy sonar systems with higher penetration capability or advanced algorithms to compen-
sate for signal degradation in smoky conditions. Implement redundant or backup sensors
for critical operations.

GPS

Relocate the GPS antenna to a position with better line-of-sight to the satellites. Verify
GPS connections and antenna integrity. Use external GPS antennas or signal amplifiers.
Implement alternative navigation systems (e.g., inertial navigation systems) as backup.

RSK-GPS-03

RSK-CAM-07

Conduct a thorough electromagnetic interference analysis and identify the sources of inter-
ference. Implement shielding or isolation measures for sensitive electronic devices. Adjust
frequencies or use filters to avoid interference.

Camera

Ensure proper camera ventilation and cooling mechanisms. Use cameras with higher tem-
perature ratings. Implement thermal insulation or shielding to protect the camera from
excessive heat.

RSK-CAM-08

Use alternative vision systems such as infrared or thermal cameras for enhanced visibility
in smoky conditions. Deploy additional lighting systems or radar for improved situational
awareness. Consider delaying or rescheduling the flight until visibility improves.

Waterpump

RSK-WTP-04 | Verify water supply connections and pressure settings. Adjust the water pump settings or
use alternative water sources if available.
RSK-WTP-06 | Regularly inspect and maintain water pumps. Carry backup water pumps and replace the

faulty pump if necessary. Implement redundancy in water pumping systems for critical
operations.

Safety

Continued on next page
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Table 15.3 — continued from previous page

ID Contingency

RSK-SAF-01 | Establish strict battery safety protocols, including proper storage, handling, and charging
procedures. Use fire-resistant battery containers or bags. Install thermal monitoring sys-
tems for early detection of overheating. Have fire extinguishing equipment readily avail-
able. Train personnel on fire response procedures and emergency battery shutdown proto-
cols. Implement redundant battery systems with built-in fire suppression mechanisms.

Organisational ‘

RSK-ORG-04 | Implement a “sterile cockpit” concept, where non-essential conversations and distractions
are minimised during critical phases of flight. Emphasise crew focus and attention to con-
trol inputs and flight parameters. Use checklists and procedures to ensure a systematic
and focused approach to control inputs. Provide appropriate training to pilots on effective
workload management and mitigating distractions. Establish clear communication proto-
cols and roles within the flight crew. Use automation systems to assist with workload and
minimise distractions.
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RAMS Characteristics

The Reliability, Availability, Maintainability and Safety (RAMS) of the drone are important factors to take
into account when designing. It ensures that the drone works consistently, is available when needed, requires
minimal maintenance, and prioritises the safety of its users and surroundings. The RAMS analysis provides
insight into these factors to ensure the viability of the drone. The results can aid in decreasing downtime and
the possibility of failures. It reduces maintenance costs and can lead to an increase in the drone’s lifetime. A
higher-quality product gets designed as a result, improving both reputation and value.

In Section 16.1 multiple methods to improve the reliability will be given. An assessment of the availability will
be done in Section 16.2. Next, in Section 16.3, the maintainability of the drone will be investigated, including
the scheduled and the unscheduled maintenance. Lastly, the safety of the drone itself and its environment will
be analysed in Section 16.4.

16.1. Reliability

The reliability of the drone is defined as the probability of failure. To ensure effective operations, it is important
to minimise this likelihood. Therefore, the drone has to be designed, operated and maintained in a way that
maximises its reliability.

The possible ways the drone, and more specifically its mission, are visualised in the fault tree shown in Fig-
ure 16.1 and Figure 16.2.
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As can be seen, the mission can fail in three different ways. The first way is if the drone breaks down itself due
to system failure. Secondly, payload failure leads to an unsuccessful mission. The drone might still be able to
fly but if the payload is not deployed correctly, the mission is considered to be unsuccessful. Lastly, the mission
can fail due to external factors that may affect the drone, such as collision or heat.

To improve reliability, redundancy can be applied to several systems in order to decrease the probability of
failure. The six-rotor configuration has redundancy built into it, as the drone is still able to fly when one rotor
stops working. In this situation, the drone will not be able to fly as normal, however, it is more likely to recover
the drone safely in case something goes wrong. In addition, several components have a backup, such as the
frontal LIDAR. The drone is equipped with two sonar sensors as the LIDAR is not as effective in case there is a
great amount of smoke. In case one of the sonars fail, the other one is sufficient to continue the mission. Adding
the sonars is an easy solution as they are inexpensive and do not add much weight. However, simply duplicating
components is not the solution for every system as it increases cost, weight, and complexity. Implementing
redundancy for a system like the batteries has a greater amount of consequences, as the batteries are heavy and
cost more than € 3000. Therefore, this method is not feasible for the whole design.

Some mitigation measurements are also taken to increase reliability and reduce the risks that are shown in the
fault tree. These are further discussed in Section 16.4.

16.2. Availability

The availability is a measure of what percentage of its operational lifetime the drone is actually available to
be used. This is dependent on the reliability and maintainability of the drone. It is desired to maximise the
operational time and it is therefore essential to identify the critical components which, due to long maintenance
time or high failure rates, lead to the drone being unavailable. For this mission the components that will most
likely have the highest failure rates are the batteries, the motors, the rotors, the landing gear and the ESCs.

During the mission, the Turn Around Time (TAT) is of significance. The drone has to deliver water to floors
in high rise buildings, and when the tank is empty, the drone must safely land, reload and take off again within
300 seconds. The same amount of time is attributed to changing the batteries. As delivering as much water
as possible is of utmost importance, TAT needs to be carefully planned out. The drone is designed in such a
way that the water tank can be easily refilled by removing the lid from the tank. Furthermore, with the three-
layer design of the main body, the battery can be quickly replaced. This ensures high availability during the
mission.

16.3. Maintainability
Throughout its lifetime, the drone will require occasional maintenance to ensure safe and reliable operations.
This section will examine the planned and unforeseen maintenance tasks that must be taken into account to



16.3. Maintainability 103

maintain optimal performance. To ensure maintenance has been carried out, the maintenance tasks performed
on the drone should be logged.

16.3.1. Scheduled Maintenance

Scheduled maintenance will be done at regular intervals to reduce downtime of the drone and the chance of
failure of (sub-)systems. By preventing failure, the lifetime of the drone and its components is increased. Plan-
ning maintenance reduces maintenance costs as time is used more efficiently and expensive breakdowns are
prevented.

Clean components of drone

After each mission, dirt and debris should be removed from the drone to prevent build-up. This is especially
essential for moving parts, such as the propellers, motors and gimbal. Small particles entering moving parts of
the drone can accelerate mechanical erosion, which should be prevented [57]. Depending on the component,
cleaning can be done with a damp or dry cloth or using compressed air.

Inspect drone components for damage

The chassis, propellers, landing gear, motors and batteries are crucial components and it is therefore important
to discover damage to these parts as soon as possible. It should be checked whether the parts do not contain any
cracks and deformations to prevent malfunction during the next flight. Additionally, the batteries of the drone
(and the controller) should be checked for swelling and leaking. After turning off the power, one should check
whether the propellers are able to freely rotate without any obstructions. The wiring should be examined to
make sure no cables are loose or worn. The mounting of the drone’s antenna should be secure and they should
still be correctly positioned. These checks should be run after each operation.

Inspect and clean water tank

The water tank should be inspected for signs of leaks or other damage that could affect its structural integrity.
Furthermore, the tank should be regularly cleaned to remove any debris, dirt or contaminants that may build up
over time. The lids and fittings should be checked for wear or deterioration.

Maintenance and testing of water pump

The water pump may require regular maintenance, such as lubrication, seal replacement, or cleaning. The
valves and the hose connecting the tank and the pump should be checked for any leaks, cracks, or wear. The
recommendations provided by the manufacturer for the maintenance should be followed. In addition, the pump
should regularly be tested to ensure the pressure and flow rate meet the required specifications.

Clean sensors and cameras

The sensors and cameras of the drone should be cleaned to remove dirt and contaminants after every flight. To
prevent damage to the sensitive components, cleaning materials and methods as recommended by the manufac-
turer should be used.

Check for software updates
To ensure effective functioning, the drone and its controllers should regularly be checked for software updates.
Moreover, it reduces security risks.

Manage battery discharge
After every 30 battery cycles, the battery should be fully discharged. This is done to reset the battery’s digital
memory. If not properly done, this can decrease the accuracy of the battery [23].

Calibrate sensors
To ensure optimal performance, safety, and reliability during the mission, the sensors should be calibrated to
ensure high accuracy.

Check fastenings
After roughly ten operations, the connections of the drone components should be checked. The fastenings should
not be loose, however, they should not be too tight, as this will induce internal stresses.
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16.3.2. Unscheduled Maintenance

Unscheduled maintenance is hard to plan for as it is caused by unexpected failure arising during operations. To
minimise the drone’s downtime, it is essential to anticipate these unforeseen maintenance occurrences and have
critical resources readily available.

Unforeseen breakdowns can for instance occur due to collisions or extreme weather conditions. Critical com-
ponents might have to be replaced or repaired on site and therefore the necessary resources should be readily
available. Calibration of the sensors may be necessary when inaccuracies or inconsistencies occur in the tra-
jectory or payload deployment. Unexpected battery failure or sudden battery depletion may occur, which can
be solved by battery replacement. The drone might experience communication issues, requiring the root of the
problem to be identified so the problem can be resolved.

By preparing for these scenarios, the necessary resources can be arranged to quickly resolve issues when
they arise. This minimises the downtime of the drone, as it can provide consistent support to the firefighting
team.

16.4. Safety

It is of utmost importance that the drone shall operate safely. It is crucial that the drone causes no threat to its sur-
roundings at all times. The potential risks have to be determined so that mitigation actions can be taken.

The biggest risks that have to be prevented are the ones harming humans and damaging equipment. The con-
sequences of an accident are high as it may result in serious injury. The drone can collide with a person or
the rotors can cause harm to someone. Furthermore, if the drone is damaged, the mission will be slowed down
which results in the fire spreading further causing more harm to the building and its residents. The drone can col-
lide with the building or other surroundings, and unfavourable weather conditions might cause a loss of control
over the drone.

In order to prevent these events, the safety-critical functions, shown below, can be determined. These are the
functions that are essential for the drone, i.e. damage to these leads to an inoperable drone.

* Rotors » Communication components
* Batteries * Frame

* Motors * Flight computer

* Wiring

Mitigation measurements are set up to reduce the likelihood of the aforementioned risks. For these safety-critical
functions, the following mitigation measurements have been identified:

*» The drone pilot is highly qualified and has sufficient experience. The training should have covered oper-
ational procedures, safety guidelines and emergency response protocols. Additional training is required
specific to the firefighting operation.

* A minimum distance should be kept between the drone and humans or buildings at all times to avoid a
collision.

* Regular maintenance should be carried out to reduce the risks of components failing during flight.
* A pre-flight checklist should be followed to ensure that no critical steps are forgotten.

» For safe and legal operations, the drone has to comply with regulations as specified by the government
of the Netherlands and the European Union.

* A safe location for take-off and landing has to be determined to prevent damage to the drone and hurting
any humans.

* An eye has to be kept on the weather, to ensure the conditions are still within the operating limits of the
drone.

* Obstructions have to be detected, either by the drone or the operator.
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Sustainable Development Strategy

HYDRONE aims to contribute to the Sustainable Development Goals of the United Nations. In Section 17.1, it
will be explained to which specific goals it aims to contribute. In previous reports, a Sustainable Development
strategy for the design of the UAV was constructed. This strategy will first be revised in Section 17.2. It will then
be explained how this strategy was implemented for the design of the subsystems. For each subsystem then,
it will be explained how the design contributes to the Sustainable Development goals of the United Nations.
In Section 17.3, the EOL strategy of the UAV will be explained. Lastly, certain contributions of the UAV to
sustainability will be discussed in Section 17.4.

17.1. Sustainable Development Goals

In 2015, all the member states of the United Nations (UN) adopted the 2030 agenda for sustainable development.
Seventeen main goals were set up, which are urgent for all member states to follow. In Figure 17.1, the 17
Sustainable Development Goals (SDG) can be found.
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Figure 17.1: The 17 sustainable development goals from the United Nations [179]

HYDRONE aims to contribute to the SDG by specifically tackling goals 3 and 13. Goal 3 aims to improve
the health of people by tackling causes of death and diseases [83]. Goal 13 aims to fight climate change by
decreasing greenhouse emissions [36]. In the following sections, it will be explained in more detail how these
goals are implemented for different subsystems.
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17.2. Sustainable Design Strategy
The strategy for sustainable design has been constructed in previous reports [56]. A flow diagram of the new
strategy can be found in Figure 17.2.

Development
» and Design of >l
the UAV

Sustainability
Requirements

Design the
sub-systems

Do the sub-systems meet

Research the requirements?

A4

Perform trade-off based on the
most sustainable options or
improve options based on
performance and sustainability

Are the
requirements
realistic?

Figure 17.2: Flow diagram of the development process of the final design

The strategy starts with analysing the sustainability requirements, which can be found in Section 3.5. The
requirements state that the UAV shall use a clean energy source and non-toxic and biodegradable extinguishing
agents. The environmental impact will be evaluated in the EOL procedure and should be minimised. The next
step is to look at how the sustainability requirements have been implemented in the trade-off of the subsystems.
The Power, Payload, Propulsion, Electronics and Structure subsystems all had a trade-off or a selection where
sustainability was taken into account.

Payload

REQ-SUS-2 and REQ-SUS-3 are sustainability requirements that are of importance for the payload subsystem.
In Subsection 5.2.2, the final trade-off for the subsystem was done. The water tank with a pressure pump came
out to be the best option. By using water as the extinguishing agent, REQ-SUS-2 and REQ-SUS-3 are both met.
Even though this may seem minor, meeting these requirements allows the drone to be used in all emergency
situations, without questioning the environmental impact that the extinguishing agent will have on humans and
nearby flora and fauna. The water tank that is used for the payload will also be reusable.

Power

The trade-off for the power subsystem has already been executed in the previous report [56]. REQ-SUS-1 is an
important requirement with respect to the power subsystem. As mentioned in Chapter 8, the batteries are lithium-
polymer batteries. Using electrical power for the drone aligns with the previously mentioned UN Sustainability
Goal 13 [36]. As the UN is aiming to drop global C'O, emissions by 45% by 2030 and reach net zero by 2050,
it is crucial that this drone is tailored to support these goals. Using electrical energy ensures the longevity of the
design in future societies as it can be recharged using sustainable/renewable energy sources.

Propulsion

The trade-off for the final configuration was done in the midterm report [56]. A crucial factor for the trade-off
was ‘transportability’. The aim was to fit the drone within the smaller fire transport vans rather than the large
firetrucks to minimise the C'O2 emissions when transporting the UAV to each emergency scene. Due to this
factor, this criterion was awarded a weight factor of 15% and had a significant impact on the design/configuration
of the drone.

Electronics
With the selection of the electrical components, sustainability was taken into account in other parameters. The
weight, cost and power usage were preferably low combined with a performance as high as possible. With lower
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weight and power usage, the UAV will be more energy efficient, which contributes to the goal of sustainabil-
ity.

Some sensors and cameras are sensitive to heat radiation. The heat might affect the lifetime and performance
of the sensors. This is why insulation is used on the sensors and cameras. Polyurethane foam is used for the
sensors. For the cameras, glass and silica aerogel is used. Adding this insulation ensures a longer lifetime of
the fault-prone components, requiring less replacement of components and less allocation of resources for the
operation of HYDRONE.

Structure

The sandwich panels of the main body and the rods that connect the rotors to the main body are both made of
carbon fibre. The landing gear will consist of carbon fibre tubes. All the rotors of the UAV are made of carbon
fibre epoxy finished with a glossy finish.

Therefore, it can be said that the UAV structure is mainly made of carbon fibre. This material is lighter than
metal, which decreases fuel usage. Carbon fibre does not corrode, degrade, rust or fatigue. Its lifetime is longer
than that of metal [98].

17.3. End-of-Life Strategy

The payload subsystem uses a custom water tank. The tank can be refilled without removing it and can be
used multiple times. If one of the sensors or cameras needs to be changed, it can be accessed by removing
only the upper panel. To access the batteries, the lower panel, attached to the payload mechanism, needs to be
removed. All of the components are thus accessible by removing one panel. This means that the components
can possibly be reused at the end of the UAV’s lifetime. For a more detailed analysis of the recyclability of
specific components, can be referred to Subsection 11.7.3.

17.4. Contribution to Sustainability

There are several ways in which the UAV can contribute to sustainability for future generations. One of the
most important ones is that it can improve the efficiency of firefighting. The UAV uses visual light and thermal
cameras, which can be used to quickly evaluate the situation and locate the fire. This can help the firefighters
respond more adequately and instantly fighting the fire with the payload. With a reduced response time, the
UAV can prevent the fire from spreading further, reducing property damage and environmental impact. Less
property damage also means that more costly reconstructions can be prevented. This makes the UAV contribute
to SDG 3 and 13 [83, 36].

The UAV will also have a large contribution to the safety of the firefighters. With the UAV, the risks of human life
are drastically reduced. The UAV can locate dangerous areas accurately, which makes it possible for firefighters
to work around those areas. It will thus contribute to Goal 3.

The ‘traditional’ firefighting methods were such that large amounts of water would be wasted. The newly
designed UAV will spray water more precisely, which contributes to less water wastage. Fires in high-rise
buildings can possibly release toxic gasses, which are harmful to the environment. By precisely and efficiently
fighting the fire, the harmful pollutants can be reduced. The ecological balance will then be preserved, and
there will be less impact on the environment and on human health. It contributes thus to SDG 3 and 13 [83,
36].
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Feasibility Analysis

In this chapter, an analysis will be conducted to evaluate if the final design is feasible. First, the requirements
compliance matrix will be set up in Section 18.1. With the matrix, it will be evaluated whether the requirements
are met. The verification process for the requirements is outlined, and if requirements are not met, an explanation
is given. Next, a sensitivity analysis will be done in Section 18.2, to assess the robustness of the design and the
sensibility to change.

18.1. Requirements Compliance Matrix

The requirements compliance matrix assesses whether the requirements established at the beginning of the
design phase have been met. It is presented in Table 18.1. It provides a clear overview of the compliance of
the design with the requirements. Reviewing all requirements at this stage of the design ensures a successful
outcome. A rationale is provided for how the requirement is verified. For requirements that are not met, a
justification is given below.

Table 18.1: Requirement compliance matrix

ID Requirement Compliance Verification/Rationale
USER REQUIREMENTS ‘
PERFORMANCE
REQ-USER-P-1 The UAV shall be able to carry a | Yes The UAV will carry a payload of
minimum payload of 10 kg 18.6 kg
REQ-USER-P-2 The UAV shall have an average | Yes The UAV has an average opera-
operational time of 20 min tional time of about 23 minutes
REQ-USER-P-3 The UAV shall be able to fitinside | Yes The dimensions of the UAV can
a fire brigade transport vehicle be seen in Figure 10.1a
REQ-USER-P-4 The UAV shall be equipped with | Yes The UAV is equipped with the
a thermal camera FLIR Lepton 3.5
REQ-USER-P-5 The UAV shall be equipped with | Yes The UAV is equipped with the
a visual light camera Hawkeye Camera
SAFETY
REQ-USER-S-1 The UAV shall be controllable up | Yes This is analysed in Section 11.5
to a minimum wind speed of 6 Bft
REQ-USER-S-2 The UAV shall be equipped with | Yes The UAV is equipped with LEDs
a visual warning system to alert people on the ground
REQ-USER-S-3 The UAV shall be able to safely | Yes The UAV can be configured such
land in case of loss of signal that a failsafe will be triggered in
case of signal loss
COST
Continued on next page
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Table 18.1 — continued from previous page

ID Requirement Compliance Verification/Rationale
REQ-USER-C-1 The cost of the single unit shall | Yes The predicted cost of the UAV is
not exceed € 25.000 €24,777
REQ-USER-C-2 The UAV shall have a modular | No The UAV is equipped solely with
payload a water tank
REQ-USER-C-3 The UAV shall consist of at least | Yes Most components of the UAV at
20% recyclable components. EOL can be recycled as discussed
in Subsection 11.7.3
STAKEHOLDER REQUIREMENT
REQ-STAKE-1 The UAV shall perform the mis- | Yes Sensors mounted on the UAV will
sion without causing additional prevent collisions and the pilot is
damage a certified drone pilot, ensuring
professional operations
REQ-STAKE-2 The UAV shall comply with EU | Yes The UAV will be certified by
regulations for unmanned vehi- EASA
cles
REQ-STAKE-3 The UAV shall have minimum | UND This requirement cannot be veri-
operating costs in comparison to fied, as discussed in Operational
competitors cost (Section 18.1)
REQ-STAKE-4 The UAV shall be easily visible in | Yes The UAV is equipped with multi-
unclear conditions ple bright LEDs
REQ-STAKE-5 The UAV shall be operable in un- | Yes This is analysed in Section 11.5
favourable weather conditions
REQ-STAKE-6 The UAV shall not cause damage | Yes The UAV is equipped with multi-
to the environment ple sensors to ensure no collisions
will occur during flight. More-
over, the UAV does not pollute
the environment during its life-
time and at EOL
REQ-STAKE-7 The UAV shall be recoverable | Yes The UAV’s FC can trigger a fail-
upon failure of one of its sub- safe upon detection of a system
systems failure
REQ-STAKE-8 The UAV shall be easily deploy- | Yes Two people are needed to lift the
able with minimum personnel drone out of the car, one pilot is
needed to fly the drone
REQ-STAKE-9 The UAV shall be monitorable at | Yes The UAV is equipped with a vi-
any point during the mission sual camera and a GPS, which
will transmit information to the
controller
SYSTEM REQUIREMENTS ‘
REQ-SYS-1 The UAV shall have a minimum | No The UAV has an operational time

operational time of 20 min at an
average T/W of 1.4

of 16.5 minutes, a rationale is
given in Operational time (Sec-
tion 18.1)

Continued on next page
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Table 18.1 — continued from previous page

ID Requirement Compliance Verification/Rationale
REQ-SYS-2 The UAV shall have a vertical | TBD This will be determined during
hovering accuracy of 0.1 m in testing, as discussed in Subsec-
nominal conditions tion 19.1.1
REQ-SYS-3 The UAV shall have a horizon- | TBD This will be determined during
tal hovering accuracy of £0.1m in testing, as discussed in Subsec-
nominal conditions tion 19.1.1
REQ-SYS-4 The UAV shall be able to achieve | Yes The change in air density at this
a flight altitude of 250 m altitude will be negligible, hence
this will not affect the perfor-
mance. Additionally, the receiver
has a range of 20 km and will thus
not limit the UAV at an altitude of
250 m [27]
REQ-SYS-5 The UAV shall achieve a climb | Yes Figure 11.2 shows that with the
rate of 7 m/s minimum payload of 10 kg, the
UAV will be able to achieve climb
rates higher than 7 m/s
REQ-SYS-6 The UAV shall have the option to | Yes The transmitter and receiver are
be controlled remotely. discussed in Subsection 7.2.2
REQ-SYS-7 The UAV shall be able to operate | Yes The chosen components are able
in a 55°C environment for at least to operate at high temperatures
120 seconds and are where necessary pro-
tected by insulation
REQ-SYS-8 The UAV shall have a minimum | TBD This will be determined during
MTBEF of 100 operating hours testing, but preliminary analysis
is done in Section 16.1
REQ-SYS-9 The UAV shall have a maximum | No The deployment time will be 480
deployment time of 120 seconds seconds in order to comply with
the pre-flight safety checklist
REQ-SYS-10 The UAV shall have a maximum | No A rationale is given in Thrust-to-
T/W ratio of at least 2.5 Weight ratio (Section 18.1)
REQ-SYS-11 The UAV shall be able to yaw at | TBD This will be determined during
a rate of 90 deg/s testing, as discussed in
REQ-SYS-12 The UAV shall have a Turn | Yes/No The TAT is 300 seconds only if no
Around Time (TAT) between batteries are changed, this is dis-
flights of at most 300 seconds cussed in more detail in Opera-
tional efficiency (Section 18.1)
REQ-SYS-13 The UAV shall be able to deliver | Yes The minimum range of 4 meters
the payload from a horizontal dis- will be met, as discussed in Sub-
tance of at least 4 m section 5.3.3
REQ-SYS-14 The UAV and its payload shall be | Yes The UAV is designed to be wa-

water resistant

ter resistant, as discussed in Sec-
tion 10.1

Continued on next page
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Table 18.1 — continued from previous page

ID Requirement Compliance Verification/Rationale
REQ-SYS-15 The UAV shall not exceed an | Yes The empty mass of the UAV is
empty mass of 50 kg roughly 37.8 kg, as discussed in

SUBSYSTEM REQUIREMENTS ‘

Section 10.1

REQ-SYS-PROP-1

This is established in Section 11.4

REQ-SYS-PROP-2

A discussion on the propulsion
system can be found in the
Midterm Report [56]

REQ-SYS-POW-1

The power system will be able to

operate at temperatures above 55
*C[17]

REQ-SYS-POW-2

Due to safety procedures, the bat-
tery replacement procedure will
take 180 seconds

REQ-SYS-ELEC-1

The UAV wuses the CubePilot
Cube Orange flight controller, as
discussed in Subsection 7.2.1

REQ-SYS-ELEC-2

The UAV is equipped with a
telemetry system

REQ-SYS-ELEC-3

The UAV can be configured such
that a failsafe will be triggered in
case of a loss of connection

REQ-SYS-ELEC-4

The communication range is
20 km, as discussed in Subsec-
tion 7.2.2

REQ-SYS-ELEC-5

The integration of the sensors is
shown in Section 7.4

REQ-SYS-PAY-1

The FLIR Lepton 3.5 has a ther-
mal sensitivity of 0.050°C [149]

REQ-SYS-PAY-2

The Hawkeye Firefly 4K Naked-
cam has a frame rate of 60 fps [52]

REQ-SYS-PAY-3

PROPULSION
The propulsion system at max | Yes
throttle shall be able to achieve a
T/W of 2
The propulsion system shall be | Yes
fully compatible with the power
system

POWER

The power system shall be able | Yes
to withstand temperatures up to
55°C for 120 seconds
The power system shall be re- | No
placeable within 120 seconds

ELECTRONICS
The UAV shall have an on-board | Yes
flight controller
The UAV shall be operable from | Yes
ground control stations
The UAV shall have a recovery | Yes
system in case of loss of connec-
tion
The UAV shall have a communi- | Yes
cation range of at least 300 m
The UAV electronics shall inte- | Yes
grate all the sensors

PAYLOAD

The thermal camera shall have a | Yes
thermal sensitivity of at least 1 °C
The light camera shall have amin- | Yes
imum frame rate of 30 fps
The cameras shall have active sta- | Yes
bilisation measures

The cameras will be mounted on
a gimbal to provide stabilisation

Continued on next page
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Table 18.1 — continued from previous page

ID Requirement Compliance Verification/Rationale

REQ-SYS-PAY-4 The cameras shall be able to op- | Yes The thermal camera has an op-
erate in an environment of 55 ° C timum operating temperature of
for 120 seconds up to 80°C [149], the visual cam-

era will be protected by insulation
material

REQ-SYS-PAY-5 The UAV shall be equipped with | Yes A LiDAR will be used to measure

sensors for measuring altitude altitude
STRUCTURE

REQ-SYS-STR-1 The UAV structure shall be able | Yes An analysis of the forces and
to support a payload of at least 10 stresses in the UAV is done in Sec-
kg tion 8.4

REQ-SYS-STR-2 The UAV structure shall be able | TBD This will be determined during
to withstand the ultimate load fac- testing, as discussed in Awaiting
tor of 3 verification (Section 18.1)

REQ-SYS-STR-3 The UAV structure shall be able | Yes This is shown in Section 10.3
to support all the other subsys-
tems

REQ-SYS-STR-4 The UAV structure shall allow for | Yes It is possible to disassemble the
disassembly UAV as discussed in Section 10.3

SUSTAINABILITY REQUIREMENTS ‘

REQ-SUS-1 The UAV shall use a clean energy | Yes The UAV is powered by two LiPo
source batteries

REQ-SUS-2 The UAV shall only use non-toxic | Yes The UAV will use water to extin-
extinguishing agents guish fire

REQ-SUS-3 The UAV shall use biodegradable | Yes The UAV will use water to extin-
extinguishing agents guish fire

REQ-SUS-4 An End-of-Life (EOL) strategy | Yes An EOL strategy is applied, as
shall be implemented to improve discussed in Section 17.3
sustainability

Modular payload After analysing the possible trade-off options (Chapter 5), it was concluded that a water
tank with a pressure pump was the most optimal payload design. This means REQ-USER-C-2 is not met.
However, the current payload configuration outperforms the other options and is refillable.

Operational cost Requirement REQ-STAKE-3 on the operational cost cannot be assessed, as no information
is available on the operating cost of competitors.

Operational time The operational time of the UAV at a T/W of 1.4 is lower than required for REQ-SYS-1.
However, during the design process of the UAV, it was decided to put more emphasis on how to perform the
mission as optimally as possible. The final payload mechanism design is made for much larger quantities of
water, as the water pump used is high pressure with a flow rate of 26.495 LPM. It is more valuable to maximise
the payload delivered per minute, by increasing the amount of water delivered, rather than having a longer flight
time for the mission. That being said, the average flight time achieved is 22 minutes, and the mission is designed
to have a fast refuelling time and maximise the amount of runs, so as to deliver large quantities of water to the
high-rise floors.
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Operational efficiency Due to safety procedures, replacing the battery will take 180 seconds. This poses
a possible issue for REQ-SYS-12 and a definitive issue for REQ-SYS-9 and REQ-SYS-POW-2. REQ-SYS-
12 can be met in case no battery replacement takes place, as the TAT will then be 300 seconds, complying
with the requirement. Replacing the batteries will introduce an additional 180 seconds, as discussed in Sec-
tion 11.4.

Thrust-to-Weight ratio  For the preliminary design stage, in which many weight parameters are still unknown,
it is important to choose motors and propellers capable of performing at a much higher level than necessary. This
is because as the design gets more detailed, more unknown weight is added, and in order to avoid having a design
that cannot handle these weight additions, an exaggerated T/W was chosen. However, at this stage, the exact
weights of all components are known, and the weight estimation is realistic. For this mission, a T/W ratio of
a minimum of 2 is required. This value was taken into account in the payload optimisation in Section 11.4,
in order to maximise the payload delivered to the high-rise building, rather than an over-designed T/W ratio.
However, at a lower payload weight, this requirement can be met.

Awaiting verification Some requirements cannot be verified yet in this stage of the design. This applies to
REQ-SYS-2, REQ-SYS-3, REQ-SYS-8, REQ-SYS-11, and REQ-SYS-STR-2. It will be shortly discussed how
these requirements will be verified at a later stage.

It is challenging to evaluate the drone’s hovering accuracy during the design process. As a result, this will be
examined during the wind tunnel test in the testing phase and therefore compliance with REQ-SYS-2 and REQ-
SYS-3 cannot be confirmed yet. Given that the drone has a GPS and a flight computer with two barometric
pressure sensors, three accelerometers, three gyroscopes, and a compass, it is certain to have the ability to
hover.

The yaw rate will be obtained through a test flight of the UAV. Data can be obtained through the IMU and/or
through visual inspection. Hence, compliance with REQ-SYS-11 can not be determined yet. Likewise, the Mean
Time Between Failure (MTBF) will be determined through testing, resulting in verifying REQ-SYS-8 at a later
stage. REQ-SYS-STR-2 related to the ultimate load factor can be verified through simulating load conditions.
Using Finite Elements Methods the stress distribution can be analysed under different loading conditions leading
to the ultimate load factor.

18.2. Sensitivity Analysis

In this section, the sensitivity analysis of the drone will be presented. The purpose is to discover the margin
of values possible in which the drone still meets the system requirements when major parameters are changed.
The major system parameters are the motor, battery capacity and payload weight. Firstly, an analysis of the
minimum motor thrust which will meet the requirements will be made, as well as an analysis of the maximum
take-off weight and T/W ratio with respect to the payload. Then, a sensitivity analysis on battery capacity and
battery amount will be performed.

18.2.1. Motor Thrust and Payload

The final weight estimation which will be used for this analysis can be found in Table 10.1. The maximum
take-off weight which will be used is 56.235 kg. This is a “dry” mass (no payload) of 37.739 kg, with an 18.6
kg payload. This was decided in Section 11.4, where an optimisation for the maximum amount of payload
delivered per minute by the drone was calculated. The maximum thrust achieved by the motor [159] with the
propeller and ESC combination chosen is 18.8 kg per motor. The payload was maximised for the amount of
thrust available so that the drone reaches the minimum T/W ratio requirement of 2.0, which it reaches exactly
with 18.6 kg of payload. This means there is little margin for change in this part of the design. The initial
payload designed for is 10 kg. With this, the drone can achieve a maximum T/W ratio of 2.4, and an average
flight time of 26.7 minutes. The full analysis and trade-off of motor combinations and T/W can be found in the
Midterm Report [56]. In case the specific motor chosen is no longer available, there is an extensive analysis of
six other motors which are potential candidates for the mission.
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18.2.2. Battery

Changing the battery has a huge effect on the performance of the drone. Based on battery capacity and the
number of batteries, the performance can change drastically. In the Midterm Report [56], a full optimisation of
these battery characteristics was made, until the ideal capacity, battery weight and battery amount were found.
This was two batteries of 12 S, 46 Ah, at 9,5 kg, with a maximum discharge rate of 287 A [17]. This combination
can provide the drone with 19.45 minutes of flight time at a T/W ratio of 1.4, and a maximum T/W ratio of 2.
This is essentially just meeting the requirements. Several changes can be made to test out the sensitivity of the
drone design to the battery.

If one more battery is added, to make three total on board, the endurance requirement is met at 22 minutes of
flight time at T/W of 1.4, but the maximum T/W drops to 1.7. This means adding a battery of the same type
will affect the drone negatively.

If the battery capacity is halved, to 22 Ah, such that the weight is also decreased to 5050 g [20], the T/W ratio
increases by 15%, to 2.3. However, the flight time reduces to 12.25 minutes, decreasing by 36% from the initial
design. The performance does not improve with lighter batteries.

If the battery capacity is halved again to 11Ah, and it weighs 2.53 kg [22], more batteries must be added to
achieve similar performance, as two will not be sufficient for meeting requirements. Comparable performance
to the other two batteries is when the drone is powered by six batteries of this type. The flight time at 1.4 T/W
reaches 15.6 minutes, and the maximum T/W is 2.2. This is a good result, but not as good as the original choice.
Adding batteries adds complexity, so it is now obvious that higher capacity is better.

Raising the capacity to 62 Ah is the last change to look at. This battery weighs 13.3 kg [18], and powering
the drone with two of those has the following results. The flight time at a T/W of 1.4 increases by 9%, at 21.1
minutes. The maximum T/W ratio can only reach 1.8 however. This does not meet the requirements.

It is concluded that while changing battery amount and capacity can affect the drone, in this case, the optimal
solution has been chosen, as it is the only one where both requirements of flight time and T/W are met. The full
process of battery selection can be examined in detail in the Midterm Report [56].

18.2.3. Conclusion

This design has been extensively analysed for the best option possible when looking at motors, batteries and
the amount of payload. The aim of the sensitivity analysis is to find the maximum values of each parameter
at which the drone still meets the requirements. Looking at the sensitivity analysis results, the current motor,
battery and payload parameters are at their maximum best performance limit. This makes the current drone the
best possible robust solution for the mission. On the other hand, the drone is sensitive to changes, as decreasing
the performance of any parameters would lead to requirements not being met, such as the T/W ratio.
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Project Design and Development Logic

The challenging activities to produce a new and innovative product do not stop after the completion of this
report. The research done during these ten weeks is the starting point of a more extensive, longer development
process for the drone. With the hopes of one day being used in fire departments around the world to be deployed
in fires in high-rise buildings and saving lives. In this chapter the activities planned post-DSE will be presented.
First, a flow chart denoting all the activities will be shown in Section 19.1. Next, a timeline of the activities
will be shown in Section 19.2. Lastly, possible rotor material for further research and rotor optimisation will be
presented in Section 19.3 and Section 19.4, respectively.

19.1. Post-DSE Flow Chart

The post-DSE activities have been broken down into three stages and are shown as a flow chart in Figure 19.2.
The first part is the finalising of the design stage. Any last iterations which will be made through the guidance
of the tutors and external TU Delft faculty will be implemented, to ensure the design is ready to manufacture.
Next, there is the development stage. This is when the drone will be manufactured, all the components and
wiring will be completed, and the software and control system will be developed. A prototype will first be
produced before production on a larger scale starts. The manufacturing of the drone is discussed in more detail
in Chapter 13. Furthermore, during this stage, the testing of the powertrain, control system, payload system
and all other components will take place. Afterwards, the drone will be certified for flight by European Union
Aviation Safety Agency (EASA). Testing and certifying will be discussed in more detail below. Besides that,
documentation will be prepared during this stage, including among others test reports, specifications and a user
manual. This stage is critical for the success of the project. Finally, a service and maintenance program will
be set up for the drone to ensure optimal durability and optimal functioning of the drone. Additionally, during
the commercial stage, the drone will be sold and perform its mission for the Dutch fire brigade, and hopefully,
revolutionise fire fighting around the world.

A Gantt chart has been created to show all activities on a time scale and their respective dependencies. It can
be found in Figure 19.1. The activities are discussed in more detail in the flow chart.

19.1.1. Testing

To evaluate the performance of the drone during all circumstances, testing will be performed. The structural per-
formance of the design will be assessed to determine the load-bearing capacity, overall strength, and durability.
Additionally, the safety of the design will be examined, by making sure there are no sharp edges and no fingers
can get trapped when changing the payload or batteries. The drone will then be tested in a wind tunnel, where
wind will be applied from multiple directions at a slowly increasing speed. Through this, the maximum wind
resistance of the drone can be obtained, as well as its hovering accuracy and reactivity to return to the original
hovering position [99]. Moreover, the efficiency of the motor-propeller combination over a range of different
throttle settings and velocities can be analysed [120]. However, testing in a wind tunnel might be difficult due to
the large size of the drone, and additionally comes at a high-risk. If a part comes loose during testing, this could
result in great damage to the wind tunnel, resulting in high costs. The field lab Unmanned Valley in Katwijk aan
Zee offers extensive indoor and outdoor testing and might therefore be a more preferable option [137].

Furthermore, the drone will be exposed to the environmental conditions which it will experience during its life-
time, such as high temperatures and rough weather conditions. The electrical components, payload mechanism,
and datalink performance will be examined. During this stage, the signal obscuration and multipath effects dur-
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Figure 19.1: Gantt chart of post-DSE activities

ing operation will be tested as well as how the UAV will operate in urban environments. The final test phase is
the flight tests, through which performance parameters can be determined, such as the drag polar [120].

Based on the result obtained during the testing phase, slight improvements might have to be made to the design
to obtain the optimum performance.

19.1.2. Certifying

The drone will be operated in the, as by EASA defined, “specific” category [67]. When operating in this category,
the competent authority of registration has to provide an operational authorisation [66]. The risks on the ground
and in the air have to be analysed within the specific assurance and integrity level (SAIL). Based on the SAIL,
operational safety objectives (OSOs) can be identified, which have to be met with a certain level of robustness.
High Specific Assurance and Integrity Level (SAIL)s require design verification by EASA. When applying for
the design verification, data has to be provided to EASA, including among others a detailed design description
and a risk assessment. Upon approval, the EASA provides a design verification report, including limitations
and conditions for its validity [66].

19.2. Post-DSE Timeline

Figure 19.3 shows the timeline of the central post-DSE activities that are presented in the post-DSE flow chart,
discussed in Section 19.1. The timeline displays the different tasks and their duration as well as the estimated
dates at which they will take place. Since the exact progress of the project is unpredictable, the dates are roughly
estimated and may take less or more time, depending on several factors.
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19.3. Rotor Material

During the design phase of the UAV, it was decided to use off-the-shelf rotors. However, in the future, there
might be an opportunity to design and manufacture the rotors to improve the performance of the drone even
further. Therefore, this section will analyse various possible materials and examine the characteristics of the
rotor in order to perform rotor optimisation.

The three most commonly used materials for rotors in drones are carbon fibre, fibreglass, and aluminium. These
materials offer a balance of strength, stiffness, and vibration-damping properties making them ideal for rotor
construction. These materials will be further discussed below. Furthermore, the use of magnesium-based mate-
rials will be looked into.

Carbon Fibre

Carbon fibre is a lightweight and high-strength material, widely utilised in the aerospace industry. It is composed
of thin, intertwined carbon strings bonded together with a polymer matrix. Carbon fibre offers exceptional
stiffness, allowing it to resist deformation and maintain stability during rotor operation. The high strength-to-
weight ratio of carbon fibre enables the creation of rotor blades that are both lightweight and robust, enhancing
the manoeuvrability and efficiency of the drone.

The vibration-damping properties of carbon fibre are particularly advantageous. The composite nature of car-
bon fibre helps absorb and disperse vibrations, reducing the impact of oscillations on the drone’s performance.
Furthermore, carbon fibre possesses a high fatigue resistance, ensuring durability and long-term reliability of
the rotor system [177].

Fibreglass

Fibreglass is a widely used material known for its versatility and cost-effectiveness. It is composed of fine glass
fibres embedded in a resin matrix. Although fibreglass may not offer the same level of strength and stiffness as
carbon fibre, it still provides sufficient rigidity for rotor applications. Fibreglass rotors are lightweight and can
effectively dampen vibrations, contributing to improved flight stability and control.

Fibreglass also boasts excellent corrosion resistance, making it suitable for operation in various environmental
conditions. Additionally, its affordability compared to carbon fibre makes it an attractive option for drone
manufacturers aiming for cost-effective solutions without compromising performance [175].

Aluminium
Aluminium is a lightweight metal that offers favourable mechanical properties for rotor construction. It pos-
sesses good strength and stiffness, making it suitable for rotor blades that require both stability and durability.
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Although aluminium may not have the same vibration-damping characteristics as composite materials like car-
bon fibre and fibreglass, it can still effectively mitigate vibrations when designed properly [142].

Magnesium-based
In recent years, there has been growing interest in exploring the potential of novel magnesium-based materials
for drone rotor construction. These materials offer unique characteristics that make them appealing options

for rotor design, including their low density, high strength-to-weight ratio, and vibration-damping properties
[89].

Magnesium possesses a remarkably low density, making it an ideal choice for producing lightweight rotors.
This characteristic allows for faster response times when changing the RPM since less force is needed to speed
up the RPM which gives improved manoeuvrability [89]. By reducing the weight of the rotor, drones can carry
heavier payloads or extend their flight time without compromising performance.

Furthermore, magnesium alloys exhibit a high strength-to-weight ratio, ensuring the structural integrity and
durability of the rotor. The use of these materials can significantly reduce the risk of damage or failure during
operation, increasing the overall reliability of the drone.

While magnesium-based materials offer significant advantages, it is important to address certain challenges.
Magnesium is prone to corrosion, particularly in the presence of moisture or harsh environmental conditions.
To mitigate this issue, proper surface treatments and protective coatings must be applied to ensure the longevity
of magnesium-based drone rotors.

Discussion

As discussed in the Midterm Report, the rotor for the drone will be purchased off-the-shelf, and it will be made
out of carbon fibre [56]. Given that the data and specifications are based on this particular material, it is not
feasible to select a different material for the rotor at this time. However, in the future, if there is an opportunity
to manufacture the rotor independently and conduct tests with various materials, alternative options can be
considered.

For now, it is essential to adhere to the current plan of using a carbon fibre rotor. Carbon fibre has been chosen
based on its known properties and suitability for rotor applications. Its lightweight nature, high strength-to-
weight ratio, and excellent vibration-damping properties make it an ideal choice for ensuring optimal perfor-
mance, stability, and efficiency of the drone.

While it is acknowledged that there may be other materials that could potentially offer different advantages,
the decision to utilise carbon fibre for the rotor is based on the existing data and the availability of off-the-
shelf options. It is important to follow the established plan to ensure the successful operation of the drone. If
circumstances permit in the future, further exploration and experimentation with different materials and other
factors such as pitch angle, the diameter of the rotor, and RPM be pursued to potentially enhance the rotor’s
performance and capabilities.

19.4. Future Aerodynamic Analysis

Before the process began, a literature study was conducted. The primary aim of this literature study was to
ascertain the viable ranges of propeller diameters and pitch angles and determine which factors play an important
role in getting a propeller with the best performance. These parameters are crucial when calculating thrust and
torque requirements for the propellers. The literature study revealed three significant acrodynamic effects of
the propellers that needed consideration: the vortex ring state, wake interaction and the propellers’ airflow
stalling.

The propeller material choice determines the Rotations Per Minute (RPM). Handling capability is of great im-
portance as exceeding the RPM limits can cause propeller breakage and ejection at high velocities, potentially
damaging the hexacopter. The important propeller parameters are the diameter, pitch, blade count, aspect ratio,
and the maximum RPM.

With the assistance of the general parameters and information about the propeller, the propeller modelling pro-
cess can begin. Equations from “Introduction to multicopter design and control” encompass the modelling
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equations for Thrust, Torque, Thrust coefficient, Torque coefficient, and Drag coefficient[129]. Combining the
formulas results in the thrust.

With this, the Thrust to Weight ratio (T/W) can be calculated and compared to different types of rotors. It is
important that the manufacturers provide information about the rotors. When the thrust is known, the efficiency
of the propeller can be calculated using Equation 19.1.

T
Tlprop = m - 100 (191)

Rotor Aerodynamics

There are five main aerodynamic effects that act on a rotor [152]. The ground effect, Tigg, refers to the phe-
nomenon where aerodynamic objects increase their lift force by reducing aerodynamic drag when in close
proximity to the ground. It occurs when any solid body is in motion through a fluid medium. During landing,
the ground effect can make the aircraft feel as if it is “floating”.

H represents the hub force, which is the horizontal component acting on each rotor blade element. The roll
moment, RM, is the moment of force caused by the sprung mass of the vehicle, specifically the portion of its
weight supported by the tires. For example, the roll moment occurs when an aircraft leans toward the outside
of a turn. Roll moments are typically caused by wind gusts, control surfaces (such as ailerons), or flying at
an angle of sideslip. () represents the drag force that opposes the forward motion of the aircraft, creating
resistance.

Figure 19.4: Aerodynamic forces [152]

The rotation of the blades on a multi-rotor drone generates turbulence known as wake interaction due to the
airflow across the blades. Compared to fixed-wing drone systems, multi-rotor drones produce more wake in-
teraction. This turbulence can lead to uncontrollable movements, ultimately affecting the overall drone perfor-
mance [152]. The wake flows in a downward funnel shape from the rotor blades, causing prop wash that moves
radially away from the propeller [43]. In their study, they maintained a distance of 1 inch between the propeller
tips to prevent interference.

The selection of a rotor system platform for drone development is determined by the arrangement of rotors
and the method of drone control. Controlling a rotorcraft involves manipulating control inputs during flight
to achieve controlled aerodynamic movement. These control inputs are transferred to the rotor system, which
generates acrodynamic effects on the rotor blades, enabling effective drone control [152]. The drone must also
achieve control over heave, pitch, yaw, and roll. Pitch and roll control inputs affect the longitudinal and lateral
motion of the drone [93]. Yaw control inputs cause the drone to rotate angularly around its vertical axis, while
heave control inputs control vertical movement along the axis.

The Vortex Ring State (VRS), also known as settling with power, is an aerodynamic phenomenon in which the
propellers become surrounded by a torus-shaped vortex [123]. This vortex ring is formed when a moving fluid
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is introduced into a stationary fluid, causing friction between the two masses. This friction leads to the rotation
of the outer core of the torus inwards, initially decelerating the fluid. However, the continuous injection of
moving fluid results in its acceleration.

The stalling of the flow at the propeller blade is another aerodynamic effect that must be taken into consideration.
A propeller functions as an airfoil, and when the angle of attack becomes excessively large, the airfoil will stall.
A higher propeller pitch increases the likelihood of stalling at low speeds, but if the pitch is too low, it will
result in reduced thrust at high speeds [182]. Therefore, it is crucial to select a propeller with a balanced pitch,
avoiding both excessively high and low pitches.

The propeller pitch refers to the theoretical distance a propeller would move forward during a single revolution.
It plays a significant role in determining the amount of thrust that can be generated [29]. The number of blades
used combined with the pitch angle has an impact on the T/W. As the designer has a certain range for the T/W
those two can be used to influence that. As can be seen in Figure 19.5, for different pitch angles and numbers
of blades, different T/W ratios can be determined.

Thrust:Weight
No of Blades

Propellér Pitcr‘l‘

Figure 19.5: The T/W ratio graph by using different pitch angles and number of blades [113]



20

Conclusion and Recommendations

The goal of this project was to aid firefighters in combating fires in high-rise buildings by providing quick
extinguishing capabilities for top-level floors. This report aimed to summarise the steps taken up to the final
stage of the project and to provide a detailed description of how the design was developed. For every step taken,
a detailed description was given and the result of each step was discussed. Future steps were given in a general
overview.

First, the correct power source was searched, for which multiple options were considered, such as chemical,
electrochemical and electrical sources. After considering the different sources, it was decided that lithium poly-
mer (Li-Po) was the best option currently available. The other power sources were not as suitable in terms of
performance and/or availability. Next, for the propulsion system, a large variety of design options were pre-
sented and discussed. Before determining the best configuration, thorough research was performed to identify
market-leading LiPo batteries, motors and their corresponding rotors. With all these different combinations, a
trade-off was performed. From this, it was found that the optimal configuration was a hexa-rotor with 32-inch
propellers and two Li-Po batteries.

Next, the different possibilities for the payload mechanism were considered. Every option was analysed and a
trade-off was conducted. The water tank with a pressurised pump came out as the final decision. The tank will
have a volume of 20 L and the pump will have a flow rate of 26.5 LPM. Next, the required electrical components
were investigated and selected based on their performance and compatibility. The drone is equipped with sonar
sensors and LiDARs for optimal distance and altitude measurements. In addition, a thermal camera and visual
light camera allow for situational awareness during the mission.

After the electronics were decided on, a decision was made to place the six rotors in an X-frame. The rotors
are connected to the main airframe via carbon fibre rods. The main body consists of three similar carbon fibre
sandwich panels, cut as hexagons, placed on top of each other. The batteries are placed within the layers, while
the electrical components are placed on top of the upper layer, protected by a cover. The water tank and pump
are attached to the landing gear of the drone, which in its turn are attached to the bottom of the drone.

After the general design of the drone was done, a control and stability analysis was performed. From this, the
rotation configuration of the rotors was decided on. To ensure sufficient controllability, three rotors will have a
clockwise rotation and three rotors will have a counter-clockwise rotation. This configuration was also chosen
for redundancy in case of single rotor failure.

The analysis of the mission profile concluded that the mission can be divided into six consecutive steps. The
operational time of the entire mission depends on both the payload and the height the drone has to achieve during
the mission. After thorough analysis and calculations, it was concluded that a payload of 2.2 kg per minute can
be delivered with full batteries. During the entire mission, it is possible to deliver a total of 140 kg payload. The
total cost to produce one UAV is estimated to be € 25,000.

To ensure a sustainable design, three aspects were looked into. These are the extinguishing agents and the energy
sources used, and the End-of-Life (EOL) of the UAV. Since water was chosen as the extinguisher agent, it can be
said that the extinguishing agent is non-toxic and biodegradable. To charge the batteries, clean sources such as
wind energy or solar energy will be used. Above all, the drone is modular, which means that components can be
individually replaced. Lastly, the main material used is carbon fibre. The characteristics of this material ensure
a long lifetime. It can also be concluded that the drone contributes to SDG 3 and 13. The UAV can prevent the

122



123

deaths of both firefighters and victims and by fighting the fire more effectively and faster, greenhouse emissions
will decrease.

To conclude, the proposed design was found to be feasible and promising. The drone will be capable to aid
the Dutch fire brigade in missions, specifically for high-rise buildings. To ensure a feasible design, advice was
sought from multiple external sources to gain a more in-depth understanding of various topics

Recommendations
Apart from testing and more in-depth rotor and aerodynamic analysis, other research can still be done. These
subjects are less urgent, however, are still valuable to look into.

Firstly, the nozzle can be easily changed and has a large influence on the firefighting capabilities. By changing
the nozzle, the droplet size and jet angle of the water stream can be influenced [181]. This has an effect on
the fire fighting capabilities since smaller droplets will evaporate quicker, dampening fires more effectively.
However, smaller droplets will also decrease the range and reduce the amount of water actually reaching the
target as more water will be lost along the firing trajectory. Hence, analysing the most effective droplet size and
finding the corresponding nozzle can increase the effectiveness of the drone.

Secondly, the current design is only capable of using water. Although this will be effective for most high-rise
building fires, having other suppressant agents available will improve deployment ability. Hence researching
pumps that can resist more aggressive fluids or foams is valuable. Furthermore, the pressurised tank design can
be further analysed. However, this would require extensive research into safety and certifications and therefore
be less effective.

Finally, off-the-shelf products were chosen. In future research, custom design and manufacturing of components
can be looked at to improve the performance of the drone. One of these is the rotors for example. The rotors can
be optimised by considering various possible materials and examining the characteristics of the rotor.
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A

Appendix A

At the beginning of the design project, a Gantt Chart was set up. A Gantt Chart shows all tasks that need to be
completed, their duration, and the team member(s) assigned to work on them. As it breaks the project down
into smaller, more manageable steps, it is a useful tool to gain a comprehensive view of all tasks that need to
be completed and their deadline. The Gantt Chart was a living document that was updated frequently. It was
reviewed and updated during the final meeting of the day, resulting in a clear overview of the progress made
that day and the remaining work. The final project Gantt Chart is shown on the next two pages.
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