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Preface

This report presents the final design of the Soteria unmanned aerial vehicle (UAV) system. Ten students of the
Faculty of Aerospace Engineering of the Delft University of Technology (TU Delft) present the results obtained
during the design synthesis exercise (DSE) of the final semester of the 2014 academic year. This report is the
result of a ten week project in which a UAV was designed to aid in search and rescue (SAR). It will prove itself
by winning the international micro aerial vehicle (IMAV) 2014 competition.

Readers who are particularly interested in the project analysis or the selection of a mission scenario can find
this information in Chapters 2 and 3 respectively. The payload and propulsion & airframe subsystems are
described in Chapters 4 and 5 respectively. Chapter 6 describes the integration of the subsystems in a UAV.
In Chapter 7, the characteristics of the final design are analysed. The post-DSE development can be found in
Chapter 8.

We would like to express our gratitude to our tutor Ir. C. de Wagter and our coaches Ir. D.B. Deutz and Ir. J.
Chu for attending our weekly meetings and for their valuable advice throughout this project. Furthermore, we
would like to thank Dr. Ir. G.C.H.E. de Croon, Ir. E.J. van der Horst, L.N.C. Sikkel MSc and the other staff of
the Micro Aerial Vehicle Laboratory (MAVLab) for their support and advice. Last we would like to thank the TU
Delft and specifically everyone involved with the DSE for providing the logistics and frame within which the
Soteria UAV system could be designed. Looking forward, we appreciate the facilities and support as we build
the system for the IMAV competition in August.
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Summary

Natural disasters can strike at any time and place. Due to their sudden nature, they often catch local residents
unaware, resulting in casualties and extensive damage to the area. In the ensuing chaos, it is often difficult
for search and rescue (SAR) teams to coordinate the relief effort and reach survivors quickly. The international
micro aerial vehicle (IMAV) Conference and Competition, an annual event taking place in the Netherlands in
August 2014, is a combination of a scientific conference with a competition for micro aerial vehicles (MAVs).
Competitors are given the opportunity to put their MAVs to the test by completing competition mission ob-
jectives to score points. The competition is designed to simulate a SAR mission. For example, unmanned
aerial vehicles (UAVs) can score points by identifying human-shaped cardboards as ’survivors’, or by creating a
photomap of the competition area in less than 40 minutes.

The goal of Design Synthesis Exercise project group 22, was to design a multi-UAV system with autonomous
capabilities, which will prove itself to be useful in disaster scenarios in urban areas by winning the IMAV 2014
competition with a budget of e5000. In order to accomplish this task, the project group assessed the time
available to complete the design and organised the group as effectively as possible. After the human resource
distribution, the strategy to accomplish the task was determined. To optimise the points that the system will
score during the competition, the group analysed the individual mission scenarios and identified the ideal
combination. Afterwards, the group designed a system of autonomous UAVs to perform this chosen mission
strategy. The system is called Soteria, after the ancient Greek goddess of safety. It consists of four UAVs and
two computers, together forming the ground station. The UAVs are designed to fly autonomously during its
mission; the navigation module consists of an autopilot, a GPS receiver, a nine degree-of-freedom inertial
measurement unit (IMU) and a barometer.

It was determined that the best mission strategy consists of taking off from the local command centre (LCC),
creating a photomap, identifying blockades on the roads, recognising house numbers, landing on a flat rooftop
and finally performing a precision landing at the LCC. After a risk assessment of the various mission elements,
it was found that identifying house numbers and landing on a flat rooftop are high risk elements and could
possibly result in loss of UAVs due to the increased likelihood of collisions with the environment. Since creating
the photomap is done from high altitude, where the UAV environment is free of any obstacles, it was decided to
perform this mission first, land in the landing zone, and then proceed to perform the house number inspection
and roof landing. After the first landing, the SD card used to store the photographs is removed and inserted
into the ground station. The photos are then stitched into one large map of the entire area. The ground station
incorporates software that will search the stitched photomap for blockades and mark its findings on the map.
Each UAV can attempt a precision landing twice, which is beneficial since a more accurate landing increases
the number of points scored for this mission element.

The final design is a three-armed hexacopter, a so-called Y6 configuration. The arms of the UAV are made of
carbon fibre, the landing struts and the frame supporting the payload are composed of 3D printed material.
The connection between the arms and the payload frame is made of rubber. The payload of the finished UAV
will consist of ultrasonic range finders to determine the distance from the UAV to obstacles and the ground.
Also among the payload is are one low- and one high-resolution camera. The prior is used for identification of
the house numbers, while the latter is used for the photomapping. Along with the SD card it will be removed
after the first landing. The decrease in weight will enhance the endurance of the UAVs. The high-resolution
camera is stabilised by mounting it on a gimbal. The rangefinder and battery packs are also mounted on the
gimbal.

The required sustainability posed an additional problem. Considering the chaos in areas afflicted by natural
disasters and the time constraints on SAR missions, there will be no time to search for lost UAVs. Therefore,
they are designed to affect the environment as little as possible, so that recovering them in case of a loss can
easily be left for a later time.

With the design of the system tailored to scoring the maximum number of points and with the mission strategy
of attempting to secure points by performing the safest and most valuable missions first, the task of winning
the competition could realistically be achieved.
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1
Introduction

Natural disasters can strike at any time and place. Due to their sudden nature, they often catch local residents
unaware, resulting in casualties and extensive damage to the area. In the ensuing chaos, it is often difficult
for search and rescue (SAR) teams to coordinate the relief effort and reach survivors quickly. This leads to the
mission need statement (MNS) for this project:

To improve SAR capabilities in the topics of surveillance and recognition in urban areas.

A project objective statement (POS) can be derived from this MNS, that will describe the desired result of this
project. It is based on the international micro aerial vehicle (IMAV) 2014 competition. This competition simu-
lates a village in the aftermath of a natural disaster. It is set in a military training village in the Netherlands and
challenges competing teams to perform tasks that are common in SAR missions by designing an unmanned
aerial vehicle (UAV) system. It is tailored for participation with multiple UAVs, leading to the following POS:

With ten students in ten weeks, design a multi-UAV system with autonomous capabilities, which will prove itself
to be useful in disaster scenarios in urban areas by winning the IMAV 2014 competition with a budget ofe5000.

The purpose of this report is to present the design process that has eventually led to the final system. The
system is called Soteria, after the ancient Greek goddess of safety, since its primary mission boils down to
saving lives and generally increasing the safety of victims of natural disasters. The report will describe the
process that was used to find a viable conceptual design, which was then optimised through several iterations.
Soteria consists of a ground and an aerial segment, with the latter comprised of four UAVs.

1.1. DESCRIPTION OF THE IMAV COMPETITION

The system shall be used to explore a designated target area during the IMAV 2014 competition, starting at
the local command centre (LCC). The competition consists of ten mission elements in four geographic areas,
which are depicted in Figure 1.1 [2]. Table 1.1 contains a list of all mission elements, to give the reader an idea
of the challenges presented by the competition. It also mentions in which part of the competition area the
mission element needs to be performed.

Note that not all mission elements have to be performed, teams are allowed to pick and choose which ones

Table 1.1: Overview of all mission elements and the zone in which they are carried out [2].

Mission element Description Zone
1 Take off from ground station position LCC
2 Create a photomap of the competition area Zone A
3 Indicate roadblocks on a map Zone A
4 Perform a quick inspection of house numbers in a specified area Zone B
5 Scan the rooms in houses for survivors Zone B
6 Create an overview of the rooms in a building Zone C
7 Identify items in the rooms of that building Zone C
8 Land on top of a building with a flat roof Zone D
9 Read the numbers on a panel across the street from the landing site Zone D
10 Perform a precision landing LCC
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Figure 1.1: Overview of the IMAV 2014 competition area and competition zones [2]

they wish to perform. Any mission element can be performed by multiple UAVs to increase the overall score
[2].

1.2. DESIGN REQUIREMENTS

A requirement analysis of each of the mission elements and stakeholder demands has yielded an extensive
list of requirements [3]. Seven top level requirements were identified from the POS and are printed below. If
they are not met, the project will be considered unsuccessful. From each top level requirement, more specific
requirements were deduced that were used in the design phase. The requirements were all given an identifier
that indicates from which top level requirement they are derived.

• The system shall win the IMAV 2014 competition. [IMAV-CR] [2]
• The system shall comply with the safety rules and the requirements of the IMAV 2014 competition set by

its organisation. [IMAV-SR] [4]
• The total cost for production of the system shall not exceede5,000. [IMAV-CO] [5]
• The system shall comprise at least two UAVs. [IMAV-MU] [6]
• The design of the system shall be completed within 10 weeks with 10 students. [IMAV-TU] [6]
• The system shall demonstrate autonomy. [IMAV-AU] [3]
• The system shall be functional in disaster scenarios in urban areas. [IMAV-SAR] [3]

The requirements that stem from the safety regulations stipulated by IMAV were found early on in the process,
and are listed in Section 6.7. They are not discussed in detail here, but are explained in the baseline report
[3]. The design requirements are also listed in Section 6.7. Furthermore, they are introduced as they become
relevant throughout the report. Since there is no clear mission scenario, this needs to be defined before the
actual design can commence. However, it is important to distinguish between several similar terms that have
different meanings. A mission element exclusively refers to the assignments listed in Table 1.1. A mission
concept is any generic combination of mission elements. For example, performing mission elements 1, 4, 5
and 10 is a mission concept. There are a total of 2047 possible mission concepts. In Chapter 3, an analysis of
all these mission concepts is made, and the best concept is selected. It then becomes the mission scenario,
and it specifies exactly what the system shall accomplish.
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1.3. REPORT OUTLINE

First, the project management is presented in Chapter 2, detailing the distribution of human, financial and
technical resources. A contingency plan is drawn up to cope with potential discrepancies between planned
and actual resource distribution. Without these foundations, the work will not be done effectively. After that,
Chapter 3 explains the trade-off process used to determine the mission scenario in more detail. The criteria for
the trade-off and methods used to arrive at the decision are explained. As explained earlier, a mission scenario
needs to be defined before the design process can be initiated. Knowing the mission, the design of the payload
will be presented per subsystem in Chapter 4. This yields requirements for the structural components and
propulsion system of each UAV, so the design of these is considered next. Chapter 5 lays out the iterative
process used to design the propulsion, power supply and airframe subsystems. Subsequently, the interfaces
and interactions between the many subsystems are considered in Chapter 6, which deals with the integration
of all subsystems into one unit. With the complete system known, its characteristics can be determined, which
is done in Chapter 7. More specifically, areas such as performance, materials and structures are discussed to
find the limits and capabilities of the system. Chapter 7 also contains sustainability considerations, a market
analysis and a sensitivity analysis. The design synthesis exercise (DSE) ends here, as it focuses solely on the
design of the system. The actual construction of the system is planned in Chapter 8. This covers both the
period leading up to the competition, as well as potential continued development following IMAV 2014. It
also features recommendations for future research and testing. Lastly, Chapter 9 provides a conclusion of the
report.
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2
Project Management

A solid project management is vital in order to complete the project with ten students within ten weeks, as
stated in the project objective statement (POS) and requirement IMAV-TU. This management will ensure that
all resources available are utilised in an optimal fashion. To achieve this, first the team organisation is dis-
cussed in Section 2.1. Second, the main project tool used for scheduling, Scrum, which will ensure optimal
time planning, is introduced in Section 2.2. Third, by means of self reflection the team constantly tries to im-
prove its efficiency, two events are reviewed and discussed in Section 2.3. Besides human and time resources
the project is also bound by other resources. These will be discussed in Section 2.4. This chapter is concluded
in Section 2.5.

2.1. TEAM ORGANISATION

This section describes the team structure and functions used within the team. The team works with a hierar-
chical structure with a single chairman on top. Every Monday morning the chairman begins the week with a
meeting. During this phase of the project the technical manager makes sure an optimal design is reached be-
tween all disciplines. The group is divided in a payload and a propulsion group, with both a manager on top.
In order to streamline external communication, a single person is chosen for contact with external parties:
the external communications officer. The secretary creates minutes of every meeting which are documented
for future reading and shared with interested parties. This helps to understand quick decisions taken during
meetings and creates involvement and in-depth knowledge of the project for those that read the minutes.

Although the entire team knows the main aspects of every subject, the experts have more in-depth knowledge
about specific sub-systems. The technical manager assures quality while the chairman is responsible for the
design being finished in time. Finally, the reporting officer creates a platform for documentation. For a more
detailed analysis of who wrote what, Appendix B shows a logbook of which team member wrote which part.

2.2. PROJECT MANAGEMENT TOOL: SCRUM

The ’Scrum’ principle creates an overview of what needs to be done and when it is due, thereby optimising the
scheduling of tasks [7]. The overview shows what the deliverables are, when they should be finished, who the
problem owner is and what the current status is of the deliverables. This is visualised by yellow post-its that
can be placed in the following columns: to do, busy, content review, text review and done, shown in Figure 2.1.

Figure 2.1: Visualisation of the Scrum principle used in the planning for the Multi-UAV Operations project.

Optimisation of scheduling skills is achieved by arranging multiple meetings. Every Monday the schedule is
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discussed for that specific week, every working day this schedule is checked and resources are redistributed if
necessary. Every Friday, the schedule for that week is reviewed and the schedule for the rest of the project gets
adapted according to this review.

2.3. TEAM OPTIMISATION

In order to keep the efficiency of the entire group at a high level, constant evaluation is performed within the
group. Besides using the Scrum tool for this evaluation, two other events are highlighted within this section.

As part of the design synthesis exercise (DSE), an on-line peer review has to be filled in [6]. The team decided
together that, in order to stimulate personal growth as well as efficiency at group level, an open peer evaluation
should be conducted before the official review. First, the team members were asked to write down positive
points and points of improvement reflecting on their own work and personality. This personal feedback was
reflected upon with the entire group, with the goal of helping the individual create a better understanding of
himself.

Secondly, the group process was reviewed. Here, the goal was to find improvements for the current system. The
main outcome showed the need for more involvement of the entire group in creating the schedule. This was
requested to create a better understanding of the goal and the reason behind certain tasks that needed to be
accomplished. This involvement is enlarged by letting the individual team members determine the necessary
steps in order to achieve a final goal indicated on yellow post-its.

Before this evaluation, the Scrum system was only updated by the project managers responsible for the schedul-
ing of the project. Now the whole team is involved in the scheduling of tasks. Finally, regular breaks and pre-
defined working hours create structure and overview for all team members. The division between breaks and
work time is clear and the entire team strives towards a high productivity level.

2.4. RESOURCE ALLOCATION

This section discusses the analysis of the resources used to design and produce the Soteria unmanned aerial
vehicle (UAV) system. The budgets that were used are the cost, mass and power. These budgets will be dis-
cussed in sections 2.4.1, 2.4.2 and 2.4.3 respectively. These budgets will ensure the system is feasible and ad-
heres to the requirements. No requirements related to mass, cost and power are therefore generated through-
out this report, as these numerical budgets are considered to create a better overview during the iterative
design process compared to textual requirements.

For all budgets 5% unforeseen costs are added in order to accommodate any expenses which have not been
accounted for.

2.4.1. COST BUDGET

The cost budget keeps track of all the costs involved in the design and production of the system. It comes
directly from the top-level requirement IMAV-CO, which states that the total cost for design and production
shall not exceed €5,000.-. This is a maximum which cannot be exceeded. Budgets have the tendency to grow
as the design matures and for this a contingency factor was introduced to ensure the costs do not exceed the
stated maximum ofe5,000.- [8]. The contingency factors and targets for the system are presented in Table 2.1,
based on systems engineering experience [9].

2.4.2. MASS BUDGET

The mass budget keeps track of the mass of all the components used within the UAV. As with the cost budget,
the mass budget also has a top-level requirement bounding the maximum allowed mass. Requirement IMAV-
SR-24 states: All UAVs shall have a maximum mass of 5 kilograms. This budget has a contingency factor as
well, to ensure the maximum allowed mass is not exceeded even though the mass tends to grow as the design
matures (see Table 2.1) [8].
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2.4.3. POWER BUDGET

The last budget is the power budget. This keeps track of the power consumption of all the subsystems within
the UAV. For the power budget there is no hard upper limit so there is also no contingency factor. Nevertheless
it is important to keep track of the power via a budget since this, combined with the required mission time, has
a direct influence on the size and mass of the power supply, and thus the UAV.

Table 2.1: Contingency factors at several stages of the design of the Soteria UAV system.

Technical Parameter Conceptual Design Halfway Final Design End Final Design
Mass (< 5 kg) 20% (4 kg) 10% (4.5 kg) 5% (4.75 kg)
Cost (<e5,000.-) 15% (e4,250.-) 8% (e4,600.-) 4% (e4,800.-)

2.5. PROJECT MANAGEMENT CONCLUSION

It is vital to properly manage a project, in order to assure optimal use of all resources. This is accomplished by
the team by adopting a hierarchical structure with a chairman on top. Below him, there is a technical manager
who ensures an optimal design is reached that combines all disciplines. Besides this, the team is also split into
a payload and a propulsion & airframe group. Several officers were assigned to deal with various aspects of the
project. A secretary will ensure all meetings are well documented.

The scheduling of the project is optimised with the use of the Scrum principle. It creates an overview which
shows what the deliverables are, when they should be finished, who the problem owner is and what the current
status is of the deliverables. Furthermore, every Monday a schedule for the week is made and every day the
progress towards that schedule is evaluated and resources are distributed accordingly. On Friday the schedule
that was made on Monday is checked and the overall project schedule is adapted accordingly.

The team has been constantly evaluating itself, also outside of the Scrum principle. The outcome of this was
that the entire team would benefit from more involvement in planning. This was achieved by including the
whole team in scheduling the tasks used in the Scrum overview. Also, a separation between work and break
time creates a clear structure which optimises the productivity level of the team.

Besides human and time resources, the project is also bound by several technical resources. These resources
are the mass, costs and power of the design. For these, budgets were made and the mass and costs were given
contingency factors in order to assure they do not exceed the limits stated by the requirements.

6



3
Mission Design

The international micro aerial vehicle (IMAV) competition consist of ten mission elements that may be per-
formed. Participants in this competition can choose freely which elements they want to do and in which order.
Because the goal of Soteria is to gain the most points within the competition, the most optimal combination
of mission elements needs to be chosen. This chapter will discus the method used to find the most optimal
combination of mission elements. This follows from the top level requirement that states that the system shall
win the IMAV competition of 2014, (IMAV-CR) In Section 3.1 all possible mission combinations are found and
ranked based on the number of points they can achieve. In Section 3.2, three mission combinations from this
ranking are investigated in more detail and from these three the optimal combination of mission elements is
chosen by performing a trade-off. In Section 3.3, it is discussed how the mission elements are done and in
which order. This is all concluded in Section 3.4.

3.1. GENERATING MISSION CONCEPTS

This section describes the process that is used to find all possible mission element combinations. These com-
binations are then further analysed and eventually converged to a ranking list of all the mission element com-
binations based on their points. These mission element combinations are then mission concepts from which
the best will be chosen. The input and output of the process are elaborated upon and the process is verified
and validated as well. The main functions of the mission concept generation process can be found in Figure
3.1 and will be discussed in more detail in this section.

Figure 3.1: Flowchart showing the steps taken within the mission element combination process to find and rank mission concepts.

First, the optimisation process finds all possible individual mission element combinations. Because mission
element 1 (take-off) is considered to be part of every mission concept, it is not used to create mission concepts.
Mission element 2, is investigated in three ways. 2a is doing the photomap with a single unmanned aerial
vehicle (UAV) and orthorectified. 2b is the photomap done with a single UAV without orthorectification and
2c is the photomap with multiple UAVs and with orthorectification. In this way there are 11 possible mission
elements considered in the process. Using these 11 mission elements, a list of 2047 mission concepts can be
created which consists of all possible mission element combinations.

Some individual mission elements take less time when they are combined. This can result in the situation that
the total time required to perform a combination of mission elements is less than the sum of the times of the
individual mission elements.

The IMAV competition has a limited time frame of 30 minutes. Within these 30 minutes, the team has to set up
its equipment, perform the mission and recover all equipment from the field. Incorporating these set-up and
recovery activities, an effective flight time of 20 minutes is taken as a first approximation. This effective mission
time is later verified in Section 8.4. Total mission times are calculated for every mission concept and compared
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with the total allowed mission time. When a mission concept takes more than 20 minutes, it is deleted from
the set of mission concept options.

After this, the costs for each mission concept are calculated and the number of points per euro is determined
for each mission concept. Also partial mission additions (mission elements that are done partially) are in-
corporated and together with the maximum number of points and costs, a ranking is created for the mission
concepts based on the number of points that can be achieved in the IMAV competition.

3.1.1. INPUTS FOR THE MISSION CONCEPTS GENERATION PROCESS

The mission concept generation process uses multiple inputs and outputs. The inputs are discussed in Section
3.1.1 and the outputs in Section 3.1.2. The input encompasses the following for each mission element:

• Time of the mission element
• Maximum number of points of mission elements
• Mission element combinations
• Partial mission element additions
• Mission element costs

TIME OF THE MISSION ELEMENTS

Because the effective mission time is taken to be 20 minutes, estimations for the time for all mission elements
are needed. In order to calculate the time needed for mission elements, the distance between the landing zone
and the mission element object is needed. From this distance, the travel time can be derived. When a mission
element asks for a distance to be covered (ME4: flying from house to house), this distance is determined as
well and with these two distances, a total covered distance can be calculated. Then by studying reference
aircraft, flight velocities were estimated at 10 m/s for outdoor near-linear flight (mission element 2), 6 m/s for
outdoor flight including non-straight paths (outdoor part of all mission elements except number 1) and 1 m/s
for indoor flight (mission elements 5, 6 and 7). With these flight velocities, the time required for outside flight,
indoor flight and some extra time for flying to the local command centre (LCC) is determined. When adding
these up, a total mission time can be determined. All of these parameters can be found in Table 3.1.

Table 3.1: Estimation of time it takes to perform mission elements and the points awarded for these mission elements.

Mission Element Total Distance Covered [m] Mission Time [min] Points per UAV
1 0 0 12
2a 11670 20 72
2b 7020 12.2 72
2c 1312 2.7 72
3 1220 5.4 48
4 1050 7.9 120
5 755 17.4 180
6 200 5.6 252
7 200 5.3 60
8 340 2.4 36
9 340 19.9 45.6
10 0 1.5 24

MAXIMUM NUMBER OF POINTS OF MISSION ELEMENTS

Another input for the mission concept generation process is the maximum number of points that can be ob-
tained with the mission elements. The points that can be obtained with each mission element follow from the
IMAV competition guide on competition rules [2]. The equation describing the total points for the entire mis-
sion (which may consist of multiple mission elements) is given by Equation (3.1). How the mission elements
will be performed is discussed in more detail in Section 3.3. From this equation it can be seen that the mission
score depends on the level of autonomy of the system (An), the points associated with the mission element
(Mn) and the largest dimension of the UAV participating in the mission element (Ln). The summation of n to
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N is about the total number of mission elements successfully performed by the UAV. Constants k and Lmax are
given by the IMAV organisation to have a value of 2 and 100 centimetres respectively and PU AV is the number
of points.

PU AV =
N∑

n=1

(
An ·Mn ·

(
2− Ln

Lmax

)k
)

(3.1)

The IMAV competition guide states that points will be awarded to each UAV executing the mission element,
so if a mission element is performed by two UAVs, this simply means that the score for this mission element
is received twice. This means that the number of UAVs executing a mission element does not influence the
relative points that can be obtained for that mission element. Therefore, the number of points obtainable
by one UAV is analysed. Also, the most points are gained when the optimal mission concept is chosen. This
mission concept is then performed by all the UAVs.

The number of points that is expected to be obtained is determined for each mission element and shown
in Table 3.1. As Equation (3.1) states, the largest dimension (Ln) of the UAV performing a mission element
influences a factor in the score equation. Since it is not known which value this dimension will take, it is taken
equal to the constant Lmax , namely 100 centimetres. This way, the dimensional factor will have a value of 1,
which is a convenient value in the calculations.

The IMAV competition committee has specified three levels of autonomy, each with a corresponding point
multiplier (An) [2]. If the UAV is controlled by a human, this is given an autonomy multiplier of 1. If flight is
controlled autonomously but the operator is still controlling mission aspects, this gives a multiplier of 6. The
highest multiplier is obtained when all aspects of the flight and mission are automated, including detection
and decision making, yielding a multiplier of 12. For the mission concept generation process, the multiplier
is set to 12. This is based on requirement IMAV-AU-2, which states that: all UAVs shall perform each mission
element autonomously.

The number of items per mission element has been taken into account in the mission element time analysis.
Besides time consumption, the number of items per mission element affects the points one can obtain. For
mission element 5, points are awarded when the correct number of survivors (’items’) in a house is identified.
For other mission elements however, namely 3, 4 and 7, each separate correct item localisation and identifica-
tion yields a specified number of points.

MISSION ELEMENT COMBINATIONS

A mission element combination as input for the mission concept generation process is a series of two or more
mission elements that a single UAV can perform consecutively and yield a benefit in mission time, meaning
that the combination requires less time to be performed than the sum of its individual elements. Combinations
of possible mission elements that are time-wise efficient to be performed together and the method of finding
them will be presented in this section.

For example, mission element 4 requires a UAV to go by buildings and recognise their house numbers in area
B (see the map in Figure 3.2). It is time-efficient if this same UAV would move to area D as a sidestep and land
on the flat roof, which is mission element 8, since it will already get close to it when performing mission ele-
ment 4. The required mission time for feasible mission element combinations were determined with distance
measurements using Google Earth of estimated flight routes between the combined mission elements.

The above discussed mission element combinations in terms of time and points are represented in Figure 3.3.
It should be noted that mission element 2 in the figure represents mission element 2a. The red block represents
the time-wise infeasible mission element combinations.

What can be concluded from the Figure 3.3 is that mission element 6 and a combination of 6 and 7 yields
the most beneficial mission combination with respect to points per time. Moreover there are also restrictions
on the time mission elements demand. For example, mission element 5 involves going by ten houses and
determining the correct number of survivors. It was estimated that 20 minutes are not sufficient to complete
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Figure 3.2: Map of the competition area as provided by the IMAV [2].

this mission for all 10 houses. However, it was determined that searching five houses would be possible within
this time frame. Therefore, all results of mission element 5 are for the case where only five houses are searched.

Similarly, mission element 9 involves observing digits on a panel, which are shown from the beginning until the
end of the 30 minutes time frame. The digit on the panel refreshes every 30 seconds. Using the effective time
frame of 20 minutes and the assumptions involving travel time, it was estimated that a sequence of 38 digits
can be detected. For this reason, the full mission element 9 can not be time-wise combined with mission
elements other then 8.

PARTIAL MISSION ELEMENT ADDITIONS

The partial mission additions as discussed within the previous section only add a part of the full mission el-
ement score depicted in Table 3.1. For example, the system receives points for identifying all survivors in a
single house for mission element 5. Therefore, the mission can be seen as ten (amount of houses) individual
sub-missions, which can be added to mission combinations if the 20 minutes are not yet fully filled.

This analysis has shown that it is feasible for a total of three mission elements to be performed partially, namely
mission elements 4, 5 and 9. The time estimation for these partial missions is based on the same assumptions
as those made for the full mission elements. These partial mission time additions are incorporated in Table
3.1.

Mission elements 3, 6 and 7 have a partial point scoring system as well. However, the estimated mission times
for elements 6 and 7 are quite small and it is not effective to fly into the house and only perform a partial
mission. Furthermore, the location of the blockades of mission element 3 are not known, therefore the mission
cannot effectively be split up into several partial missions. The points received per partial mission element and
the time it takes to complete the partial mission element can be found in Table 3.2.

Table 3.2: Estimation of the time it take and the points award for completing only part of a mission element.

Mission Element Points Time [min]
4 12 points per house 0.9
5 36 points per house 3.6
9 1.2 points per consecutive digit 0.5

PAYLOAD COST ESTIMATION

The last input for the generation of mission concepts is the estimation of the cost of the payload per UAV. The
following subsystems are considered as payload: location, navigation, data transmission and sense & identify.
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Figure 3.3: Points awarded for mission combinations.

The first step in making an cost estimation was listing the parts needed per function in order to fulfil each
mission element. These parts were selected by evaluating design options and looking at reference UAV. For
instance: a 20 megapixel high resolution camera was taken as a sensor in order to fulfil the photomap require-
ments. For the other mission elements where cameras are used, low resolution cameras were used. After the
parts had been identified, the cheapest options were taken from the market analysis and literature study. This
was done in order to maintain a design with a minimal cost. All the parts needed in the subsystems are listed
with their respective price in Table 3.3. Note that RPi means Raspberry Pi. Moreover, this estimation is only
a first estimation were the specific parts may vary over the design iterations that are performed in the design
process.

Table 3.3: Estimation of the price of several parts which are needed to complete the mission elements.

Part Cost [e]
OpenCV [10] 0
Ultrasonic range finder (range finder) [11] 20
GPS & IMU [12][13] 50
Low-Res Camera [14] 15
UAV transciever [15] 5
High-Res Camera [16] 80
RPi model B [17] 40
Groundstation transciever [18] 60

The total cost for each of the mission elements was calculated as well. This cost of the payload is depicted in
Table 3.4.

3.1.2. OUTPUTS FOR THE MISSION CONCEPTS GENERATION PROCESS

Combining the different inputs within the mission concepts generation process, a list of mission combina-
tions is generated and ordered in a way that the mission concepts with the highest points are on top. After
determining the number of points per mission per UAV, a total number of points per mission can be found as
well. In order to do this, the number of UAVs must be known.

Three mission concepts were taken as output from the process. Concept I consist of mission elements 1, 4, 6,
7, 8 and 10, concept II consist of mission elements 1, 3, 4, 8 and 10 and concept III consists of mission elements
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Table 3.4: Estimated costs of the payload needed to complete the mission elements.

Id Mission Element Parts Cost [e]
2 Photomap GPS, IMU, Dongle, High-Res Camera, RPi Model B 175
3 Blockades Range finder, GPS, IMU, transciever, RPI Model B 115
4 Quick visual inspection 2x Low-Res Camera, GPS, IMU, transciever, RPI Model B 125
5 Detailed inspection 2x Low-Res Camera, Range finder, transciever, RPi Model B 95
6 Visit rooms 1x Low-Res Camera, Range finder, transciever, RPi Model B 80
7 Locate & identify items 1x Low-Res Camera, Range finder, transciever, RPi Model B 80
8 Land on flat roof 2x Low-Res Camera, Range finder, GPS, IMU, RPi Model B 140
9 Observe panel 2x Low-Res Camera, GPS, IMU, transciever, RPi Model B 125
10 Precision landing 2x Low-Res Camera, Range finder, GPS, IMU, RPi Model B 140

Ground station OpenCV , transciever 60

1, 2c, 3, 4, 8 and 10. The reason for these concepts is elaborated upon in Section 3.1.4.

3.1.3. VERIFICATION & VALIDATION OF THE MISSION CONCEPTS GENERATION PROCESS

Within this section verification techniques are used to determine whether the process outputs are correct.
Validation is used to check if the program provides the right output.

Software verification is done by checking the correctness of the outcome manually for every function of the
program and every type of output, for different numbers or combinations. This shows if the mission concepts
that were removed from the list were removed correctly and if the mission concepts that were not removed are
valid concepts. The addition of costs was first checked for all mission elements and their combinations. The
costs turned out to add up successfully. Furthermore, some verifications on for instance the ranking and the
coherence between columns were performed. In this way it was assured that all cells were found in the right
column and row and thus representing the correct mission element combination.

The validation consists of checking the outcome of the process with reality. Validation can only be done when
the UAV is ready and flying.

3.1.4. SENSITIVITY OF THE MISSION CONCEPTS GENERATION PROCESS

When input parameters of the mission concept generation process change, the ranking of concepts changes.
A new optimal concept is found when the ranking changes. The sensitivity of this is discussed in this section.
The concepts on which the sensitivity analysis are done to maximise the points.

It should be noted that the top concepts all include indoor navigation and object recognition. Since indoor
navigation is quite complex, the best mission concepts that only performs outdoor mission elements is con-
sidered a concept as well (concept II & concept III). The sensitivity analysis is performed twice, for both the
indoor and outdoor only mission concept.

MISSION CONCEPTS WITH INDOOR ELEMENTS

According to the mission concept generation process, most points can be obtained indoor. The top three
concepts all have the mission elements 4, 6 and 7 in them, which involve recognition. Because of this overlap,
a more general mission concept, concept I, can be constructed that consists of these three mission elements.
This mission concept can be extended by either element 3, 8 or a combination of both 8 and 10 in order to gain
a top three position without changing cost per UAV.

The first sensitivity analysis focuses on the costs of the mission. When increasing total costs with a percentage,
the ranking stays the same and the points are decreased linearly. When looking at the cost analysis, the biggest
uncertainty is located in the systems that do not rely on the mission elements: the basic UAV costs. These costs
are the same for all mission concepts and consist, amongst others, of an estimation for battery and propulsion
costs. The basic UAV costs are increased by increments of €100 up to €400 and decreased by €50 and €100 to
check the impact of this on the ranking.
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From the analysis, it can be concluded that mission Concept I remains the best mission concept, even when
increasing costs with 400 euros. It can also be seen that the top mission concepts all contain a combination of
mission elements 4, 6 and 7.

When the autonomy level of all mission concepts changes, no change in ranking would occur as they all scale
linearly with the multiplier. As noticed before, indoor navigation is quite a difficult objective and therefore a
change in the autonomy level multiplier has been studied as well. In the next analysis, it is assumed that the
flight is still autonomous but the recognition of objects is done by a person.

It might be the case that autonomous indoor navigation and flying is not possible at all, rendering manual
controlled flight the only option. In this case a difference can be observed in the ranking. The previous best
concept dropped drastically and a new best concept is generated that performs only outdoor mission ele-
ments. This mission concept is called mission concept II and consists of elements 3, 4, 8 and 10. Now that this
’outdoors’ concept is obtained, a new ranking is made based on only outdoor orientated mission concepts and
these are discussed further in the next section.

MISSION CONCEPTS WITHOUT INDOOR ELEMENTS

When constructing an outdoor mission concept list, concept II is found leading. Almost similar to this concept
is a concept that is from now on called concept III. Concept III consists of elements 2, 3, 4, 8 and 10. It should
be noted that the only difference between concept II and III is the presence of mission element 2 in concept
III. Because the cost per UAV that can perform one of these concepts and thus the number of UAVs available
per concept is quite different between concept II and III, these two are considered to be different mission
concepts. This is in contrast to concept I, which could be constructed with different mission elements that
would lead to the same number of UAVs.

Again the cost deviation for the mission concepts is analysed. As for the previous cost analysis, the ranking
does not change significantly for a change in costs of minus €100 through plus €400. As costs become lower
for these mission elements, points for mission concept III rise faster than points for mission concept II. For
extremely low cost this results in mission concept II becoming a winner, while for high cost mission concept III
comes out on top. Therefore this sensitivity analysis only shows that for the cost parameter, mission concepts
II and III remain on top of the list, but they are both as good as the other.

The influence of failure of difficult mission elements on the ranking was investigated. The number recognition
(mission element 4) is now assumed to be ’broken’ and awarded with zero points. When mission element 4
is not successful, mission concept III again surpasses mission concept II. Since this is the second time they
interchange places, it is found that a more detailed investigation of those two mission concepts is required.

When autonomous recognition turns out to the be more difficult than expected, non-autonomous recognition
can be used as well which will lead to half the points for mission elements 3 and 4. Again mission concept III
takes the lead. Since mission element 2 is assumed to be less dependent on the autonomy of design than
mission element 3 and 4, mission concept III has an advantage.

CONCLUSION

Looking at the total number of points, it can be concluded that a UAV that can navigate indoor and also is able
to land and recognize numbers (mission concept I), is always the best option. When indoor navigation turns
out to be infeasible, mission concepts II and III can be used. It follows from the analysis, that the two inter-
change rank quite often with differing parameters and therefore both are taken into the trade-off discussed in
the next section.

An overview of the different concepts with the estimated points is given in Table 3.5. This table includes both
variations for Concept I, i.e. the concept including mission elements 8 & 10 and the concept including mission
element 3.

From the concepts it can be concluded that mission elements 4, 8 and 10 are an important part of the mission
as they occur in all concepts. Now that a convergence to three concepts is made, a trade-off can be performed
of which a sole concept should be the outcome.
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Table 3.5: Definition and main parameters of concept I, II and III.

Mission Concept Mission Numbers Total Points

Concept I
1 4 6 7 8 10 504
1 3 4 6 7 492

Concept II 1 3 4 8 10 240
Concept III 1 2c 3 4 8 10 312

3.2. TRADE-OFF BETWEEN THE MISSION CONCEPTS

This section presents the trade-off performed to select the final mission concept. The trade-off is based on the
conceptual analysis presented in the previous sections. First, Section 3.2.1 elaborates on the methods used to
perform the trade-off. Second, Section 3.2.2 discusses the five trade-off criteria used to evaluate each concept.
These trade-off criteria are then elaborated upon in Section 3.2.3, 3.2.4, 3.2.5, 3.2.6 and 3.2.7. Section 3.2.8
utilises the discussed methods to determine the criteria weight factors and thus specifies the relevance of each
individual criteria used. Finally, Section 3.2.9 utilises the discussed methods to perform the concept trade-off
and select the final concept and present the trade-off summary table.

3.2.1. TRADE-OFF METHOD

The trade-off method used to choose between the three presented concepts is a combination of the analytical
hierarchy process (AHP) method and a graphical trade-off. The AHP method is used to determine the weight
factors for the trade-off criteria. Afterwards, the graphical trade-off table is used to perform the trade-off itself
as discussed in Section 3.2.9.

3.2.2. TRADE-OFF CRITERIA

A total of five trade-off criteria were selected to compare the three presented concepts. This limited number of
trade-off criteria was used, such that concepts that do not fulfil important killer or driving criteria cannot be
compensated by a combination of several other criteria [19]. The following trade-off criteria will be discussed
in the following sections:

• Point sensitivity
• Operational risks
• Points per euro
• Concept feasibility
• Search and rescue capabilities

3.2.3. POINT SENSITIVITY OF THE MISSION CONCEPTS

This section presents the changes in total points scored by the UAV systems with respect to changes in UAV
length, autonomy level and number of UAVs. This is again done with Equation 3.1. All three mission concepts
are now evaluated with this formula and the results are plotted in Figure 3.4.

Figure 3.4: Sensitivity analysis of three mission concepts of points with respect to dimensions, autonomy level and number of UAV.

What can be seen in Figure 3.4 is the point variance for each mission concept with the changing parameters.
Comparing the point variance of the mission concepts with each other, it can be calculated that the relative
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change is more or less the same. However, in absolute terms, it can readily be seen that mission concept I has
the largest changes due to the higher number of points it can achieve. This means that a mission from concept
I could lose a large number of points if a drone does not function. Whereas if the same would happen for
concepts II or III, the impact is not as significant. But the impact for concept II is still greater than for concept
III.

3.2.4. OPERATIONAL RISKS

In the operational phase of every product certain events can occur that negatively affect the production, oper-
ation or disposal of the product. These risks are identified beforehand in this section. This will ensure proper
actions can be taken to lower risks and increase the chance of a successful product. The risks in these cate-
gories are called environmental risks. The operational risks per mission element are discussed in this section.
For each of these events the chance and consequences of occurrence will also be determined.

A mitigation strategy can be developed after the risks are mapped in a risk map and the most critical risks are
determined. With this strategy the chance of occurrence and consequences of the most critical risks will be
decreased, with the goal of increasing the extent to which the product is successful. The mitigation strategy is
described within the last part of this section.

ENVIRONMENTAL RISK IDENTIFICATION

The environmental risk identification considers the risks of the design with respect to the environment. These
problems may arise once production starts. After that, the product will encounter several operational risks
and end of life disposal risks. Possible risks will be identified and divided in different categories. The relevant
categories chosen for this product can be found in Table 3.6.

Table 3.6: Risk categorisation of the environmental risks in the multi UAV.

Risk category Description
Production These are the risks that can occur during the production or risks that are created by the

means of production.
Operation Operational risks are for example subsystem failures or crashes.
Disposal Disposal risks are for example losing the UAV in the environment.

In each of these risk categories a number of risks is presented in Table 3.7. The operational risks will be eval-
uated per concept in this section. A short explanation about the exact nature of the risk is also provided. This
will make the potential effects of the risks on the production, operation and disposal of the product clear. It
should be noted that even though the risks are numbered, these numbers do not indicate a priority. These
numbers will be used in the risk analysis section instead.

Table 3.7: Risk identification of the environmental risks in the multi UAV design synthesis exercise (DSE).

Nr. Risk Description
Production

p.1 Machining inaccuracy Machines and production are never fully exact.
p.2 Unhealthy/dangerous ma-

terials
During production there is a chance that dangerous or unhealthy materi-
als are needed.

p.3 Material costs The cost of materials is subject to price changes.
p.4 Damage during produc-

tion
During production, parts may be damaged.

p.5 Delivery times When producing a system delivery times may take longer than expected.
Disposal

d.1 Unrecoverable UAV When the UAV is unrecoverable it will stay in the environment and will be
degraded there.

d.2 Environmental hazardous
materials

When the end of life of the drone is reached, the environmental haz-
ardous materials can endanger the environment when incorrectly dis-
posed.
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MISSION ELEMENT RISKS

For every mission element certain risks are present. These risks need to be identified per mission element.
These can later be used to determine the overall risks of the mission. There are several risks that are present
for all the different mission elements. These are given in Table 3.8. For example the structure of the UAV might
not be able to carry the loads (risk 0.3) also the on-board processor SD card can have a corrupt operation
system on it (risk 0.5).

Take-off
During take-off, the UAV is still close to the ground, this results in a relative large influence of potential gusts
because it can crash immediately. This is listed in Table 3.9.

Table 3.8: UAV general risks for the different mission elements

Nr. Risk
0.1 Controllability Failure
0.2 Data Storage Failure
0.3 Structural Failure
0.4 Power Failure

Table 3.9: UAV risks of the take-off mission element

Nr. Risk
1.1 Gusts / Turbulence

Photomap
Several risks are present when creating a photomap. First of all the UAV should be able to create stable pictures
and due to circumstances these could be unclear. Next to that, the different pictures need to be stitched. This is
done by software specifically chosen for this task. However, it might occur that the software is unable to stitch
pictures together due to possible software problems. This may lead to an unusable photomap not meeting the
requirements. The loss of the GPS link will result in that the UAV is not longer able to follow his path. When
the photomap is created by means of several different UAVs they have to send and combine the data. This data
stream is vulnerable to data loss. This is listed in Table 3.10.

Blockademap
The UAV needs to detect blockades on the road. This will be done by a computer analysis of the photomap
provided by the UAVs. In Table 3.11 the risks that come along with the blockade map are identified.

Table 3.10: UAV risks of the photomap mission element

Nr. Risk
2.1 Camera failure
2.2 Stitching failure
2.3 Inadequate resolution
2.4 Inadequate processing capacity
2.5 GPS failure
2.6 Data link failure

Table 3.11: UAV risks of the blockade map mission element

Nr. Risk
3.1 Radar failure
3.2 Camera failure
3.3 Inadequate resolution
3.4 Unable to identify blockade
3.5 GPS failure
3.6 Obstacle collision
3.7 Data link failure

Quick Visual Inspection
During the quick visual inspection the UAV has to detect numbers posted on several houses. It might occur
that not all the numbers will be recognised properly, by attitude problems or software issues. To perform this
mission the UAV should come into close vicinity of buildings, which increases the possibility of turbulent flows
or bumping into an obstacle. The loss of the GPS link will result in that the UAV is not longer able to follow his
path. The risks are listed in Table 3.12.

Landing on Roof
Mission element 8, which is about landing on a flat roof, has as a major risk that the UAV will be damaged
during landing. This damage may result in no longer proper functioning of certain elements or even complete
destruction and a no longer functioning UAV. When the UAV is no longer able to depart from the landing
location this mission is considered failed and no points will be rewarded. When the UAV is not able to land
within the determined boundaries the mission element is failed. Around the landing zone several obstructions
are located which pose a possible collision risk for the UAV. The risks are listed in Table 3.13.
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Table 3.12: UAV risks of the quick visual inspection mission element

Nr. Risk
4.1 Camera failure
4.2 Unable to recognise
4.3 Gusts / turbulence
4.4 Not able to locate house
4.5 Not able to locate number
4.6 GPS Failure
4.7 Obstacle collision
4.8 Data link failure

Table 3.13: UAV risks of the detailed inspection mission element

Nr. Risk
8.1 Unable to Localise
8.2 Crash Landing
8.3 Landing not within boundaries
8.4 Unable to take-off
8.5 Landing spot occupied
8.6 GPS Failure
8.7 Obstacle Collision

Precision Landing
During the precision landing mission element, the UAV should land in a designated area. The risk exists that
the UAV will not be able to find the area. The UAV might also (for example due to gusts) not be able to land
inside this area. This depends mainly on the controllability and weather conditions. This mission element is
comparable with mission element 8 (Roof Landing). The risks are listed in Table 3.14.

Table 3.14: UAV risks of the Panel Inspection mission element

Nr. Risk
10.1 Unable to Localise
10.2 Crash Landing
10.3 Landing not within Boundaries
10.4 Unable to take-off
10.5 Landing spot occupied
10.6 GPS Failure
10.7 Data Link Failure

RISK ANALYSIS

Different risk categories were determined and in each of these categories several risks were identified. Now
these risks need to be analysed. A map of the different risks is shown in Figure 3.5. On the horizontal axis the
chance of occurrence is distributed in increasing order. The probability definitions are as follows:

• very likely: it is expected to happen multiple times within multiple projects of ten weeks.
• probable: it is expected to happen at most once during a project of ten weeks.
• unlikely: it is expected not to happen at all during a project of ten weeks.
• very unlikely: it is expected not to happen within multiple projects of ten weeks.

On the vertical axis the severity level is distributed in increasing order. The severity level definitions were
determined as follows:

• Catastrophic: the system will fail if this happens.
• Critical: the project results will be damaged significantly but there will be usable results.
• Marginal: the project results will be affected slightly but results are still expected to be usable for the

larger part.
• Negligible: the project results will hardly be affected, if affected at all.

Risk is defined as the chance of occurrence multiplied with the consequences if the event occurs. This means
that the most critical risks will be located in the top right corner of Figure 3.5. The lower risks will be located in
the lower left corner of the risk map.

The highest risks will be clarified in order to create a better understanding of the risk map.

Highest Risks
The highest risks are a corrupt operating system on the SD card of the Raspberry Pi; during tests it occurred
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Figure 3.5: Risk map with the identified risks for the multi UAV DSE

multiple times that the card was corrupt and had to be replaced or reinstalled. This can have major conse-
quences on the system. During the roof landing the UAV might not be able to locate the roof and fly above it.
This is because of the global positioning system (GPS) location uncertainty further explained in Section 4.4.
When the UAV is not above the roof it can not conduct a landing. When detecting the house number the UAV
has to approach the house at a very short distance. Because of gusts and GPS inaccuracy there is a chance that
the UAV will collide with the building.

MITIGATION STRATEGY

A mitigation strategy is a plan to decrease the influence of the highest risks. Risks can be decreased in two
ways. First, the consequences of the event can be made less critical. This will decrease the overall risk of that
event. Secondly, the probability of occurrence can be decreased.

Because resources are limited, it is most efficient to first mitigate the highest risks. These are located in the
upper right corner of Figure 3.5. The top priority risks for which a mitigation strategy is developed are risks 0.5,
4.7 and 8.1, as introduced in Table 3.7. To overcome the risk of a corrupt operating system (risk 0.5) a spare SD
card should be available before the competition to be able to replace a corrupt unit. If the UAV is not able to
localise and fly above the roof (risk 8.1) it will reinitialise its mission element. As a mitigation strategy during
the building approach and the collision possibility (risk 4.7), a distance measuring device will constantly be
obtaining range data. If the UAV is getting too close to the building it may decide to divert its course to avoid a
collision.

3.2.5. FIRST MASS AND COST ESTIMATION

During the trade-off, a study was performed to check if a UAV could be build for the three mission concepts
and whether it would fulfil the safety requirements. This was done by estimating the mass and cost for a
UAV capable of performing one of the mission concepts. A more detailed explanation of the mass and cost
estimation can be found in [1].

A multicopter was selected as a platform for this study, since it is capable of flying well in terms of control
at low speeds. It was found that the same hardware is needed to complete mission concept I and mission
concept II as found in Section 3.1.1. So for these a similar cost and mass was estimated. It was estimated that a
hexacopter with a mass of 3.3 kg which costs e810 could fulfil mission concepts I and II. For mission concept
III a hexacopter of 3.5 kg which costse909 was estimated.

The mass for both concept I & II and concept III falls within the 5 kilograms mass requirement IMAV-SR-24.
Additionally, a momentum restriction of 20 kg*m/s was given by requirement IMAV-SR-25. This results in a
maximum allowed velocity of 6.0 and 5.7 m/s for concepts I & II and concept III respectively. Furthermore the
total costs of e810 and e909 for concept I & II and concept III respectively fall within the budget of e5000 as
stated in requirement IMAV-CO. When the costs are known, they can be combined in the mission concept gen-
eration process with the maximum number of points in order to determine the maximum number of points.

3.2.6. FEASIBILITY OF THE MISSION CONCEPTS

This section will evaluate the feasibility of each of the proposed mission concepts. This will be done by check-
ing whether the necessary hardware, software and methodology is available and whether the individual mis-
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sion elements have been accomplished by other companies or institutions.

MISSION CONCEPT I

Mission concept I mostly consists of indoor navigation and the transition from outdoor to indoor flight, which
are also the most challenging abilities to develop in this concept. Several methods may be used in order to be
able to navigate indoors. Examples include combinations of simultaneous localisation and mapping (SLAM)
algorithms with laser scanners or cameras. The price of laser scanners is at least e1000,- and cameras, which
may be used for visual navigation, have a cost as low as e15,- a piece. However, indoor navigation with the use
of cameras is currently still a field of research. A proof of concept was, for example, given by a collaboration
between MD Robotics and the University of British Columbia in 2002 [20]. With regards to the transition from
outdoor to indoor flight, it was obtained from a technical consultation by Christophe De Wagter of the TU Delft
that this transition will also be challenging to accomplish. It is expected that 9 out of 10 UAVs will not be able
to enter a building [21]. More research and development should therefore be done before the system may be
incorporated on the UAV which will compete in the IMAV Competition 2014.

As mission concept I is the most challenging concept to complete within the allocated time, it will have the
highest development risk. The reason for this increased development time is the high amount extra research
and testing that needs to be done in order to be able to fly indoors

MISSION CONCEPT II

Mission concept II has mission 3 and 9 as extra missions besides missions 1, 4, 8 & 10, the three missions which
are present in each of the three mission concepts.

Mission concept II is the most straightforward concept, and less development time is therefore required in
comparison to the other two concepts. Due to this straightforwardness, the need for human resources to
develop concept II is the lowest of the three mission concepts. This therefore lowers the development risks of
this mission concept.

MISSION CONCEPT III

Mission concept III may be seen as a middle ground between concepts I and II; research has already been
done, but some more research may be required. Aside from the standard 1, 4, 8 & 10 combination, mission
concept III also contains mission elements 2 and 3. As discussed earlier, mission element 2 may require for
example, a 20 megapixel camera as hardware and a photo stitching program as software. Both of these were
found to be readily available [17] [22].

With regards to research that still needs to be done, it was mentioned in Section 3.2.5 that the current thrust
to weight ratio is 1.7 and that this may be increased in order to improve controllability. Two other points of
research are the time required to stitch the photos and the optimum altitude at which the system will need fly,
as these have not yet been determined.

Concept III contains the same mission elements as Concept II, but has the photomap as an extra mission. Due
to the extra research that needs to be done with regards to the photomap and the higher complexity of the
UAV, the likeliness of the development risks is higher than those of Concept II.

Even though further research needs to be done, the concept may still be considered to be feasible up to an
acceptable degree. As mentioned earlier, the software and hardware is readily available. This will decrease the
production time considerably. Next to that, the risks of concept III are acceptable and may be mitigated as
discussed.

3.2.7. SAR MISSION CAPABILITIES

This section will discuss the actual benefit of the system in terms of search and rescue (SAR) mission capabili-
ties. This follows from the top level requirement IMAV-SAR. This requirement states that: The system shall be
functional in disaster scenarios in urban areas. When looking at the impact of each specific mission element
on these capabilities, the mission concepts can be compared as well.
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One of the most useful mission elements in terms of assistance supplied to a rescue team is the photomapping
mission element. An immediate photomap can be created by the system. This photomap gives an overview of
the severity of the disaster and about situation and accessibility of the area. In combination with the blockade
detection, even more information can be drawn from this photomap. Rescue workers now know which houses
can be reached and what areas are impenetrable. However, when only the blockades are detected, while the
map is not up to date, this mission element loses some worth. Mission element 4 covers the recognition of
the house numbers. With these numbers, the individual houses can be recognised and additional information
from other elements such as the amount of survivors can be added. This last piece of information follows from
mission elements 5, 6 and 7. Going into a house and inspecting the rooms on survivors, items and rooms gives
very detailed information which would decrease the time needed by rescue teams to investigate houses and
retrieve survivors. This information increases the effectiveness of the SAR capabilities.

In conclusion it can be said that the most important mission elements are element 2 and 3, namely the pho-
tomap and the blockade detection. Those two provide quick and general information of the area. Mission
element 4 provides a more detailed inspection which can be used in a later stage of rescue.

If a UAV system does not offer clear advantages for SAR missions, the design has failed to comply with the
project objective statement (POS). Thus, misusing potential loopholes in the rules of the IMAV Competition
2014 in order to win would fulfil some top level requirements, but not the POS.

3.2.8. TRADE-OFF CRITERIA WEIGHT FACTORS

The trade-off criteria weight factors are determined by the AHP as discussed before. The AHP is based on a
pair-wise comparison of all criteria, i.e. for the five criteria selected for the concept trade-off, all ten criteria
combination are evaluated. The pairs of criteria are evaluated on relative importance using a numerical scor-
ing scheme from 1 to 9. Afterwards, these numerical scores are used to compute the final criteria weight factors
used for the trade-off [23].

The AHP was executed using a pre-developed tool, which includes options to have multiple participants [24].
The output of this tool was successfully verified once, using the described AHP computation process [23].
Furthermore, the tool includes a consistency check, which checks the consistency of the individual input of
each participant. Thus, the tool checks when criterion A is more important than criterion B and criterion B
is more important than C, then criterion A is more important than criterion C. Moreover, the tool includes a
consensus check, which checks the consensus between the input of different participants.

The process described above resulted in the criteria weight factors as listed in Table 3.15. This table also
presents the most common reasons of the three participants to determine the importance of each criterion.
Note that the AHP input to generate the criteria weight factors has a 99% consistency for the different criteria
and a 88% consensus between the three participants. Additional details on the individual inputs and rationale
can be found in the mid-term report [1].

Table 3.15: The criteria weight factors including rationale for mission design trade-off

Criterion Weight factor Rationale
Point Sensitivity 0.06 The expected amount of points can be estimated with a higher accu-

racy with a lower sensitivity.
Operational Risks 0.19 Low-risk systems have a higher chance of actually executing the mis-

sion for which it is designed.
Points per Euro 0.05 The points per Euro give an indication of the amount of points re-

ceived, but only if the concept can be produced and does not fail dur-
ing the competition.

Feasibility 0.46 The concept can only score points and win IMAV, if the concept is
feasible and can be produced before the competition day.

SAR Capabilities 0.25 The POS indicates that good SAR capabilities is one of the main ob-
jectives of the project.
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3.2.9. TRADE-OFF RESULTS

The concept trade-off is performed using the graphical trade-off table combined with the criteria weight fac-
tors presented in the previous section. The graphical trade-off table uses a total of four different categories
defined as excellent, good, fair and poor. The scoring definition that define each category are defined as fol-
lows:

• Excellent: The concept has an excellent score for the given criterion, completely fulfilling the criterion
or significantly outperforming other concepts.

• Good: The concept has a good score for the given criterion, having slight deficiencies in fulfilling the
criterion.

• Fair: The concept has a fair score for the given criterion, having significant but correctable deficiencies
in fulfilling the criterion.

• Poor: The concept has a poor score for the given criterion, having unacceptable deficiencies in fulfilling
the criterion or significantly under-performing with respect to other concepts.

The trade summary combining the concept analysis of this chapter as well as the trade-off methods of this
section is shown in Table 3.16. The trade table presents all criteria in the top row and all concepts in the left-
hand column. The reason for the judgement, as discussed in this chapter, are summarised within the trade-off
table. The table also presents the criteria weight factors with the column width for each criteria corresponding
to the criteria weight factors presented in Section 3.2.8.

Table 3.16: Trade-off Summary Table; Converging from 3 to 1 concepts by selecting Concept III

The final concept selected based on the trade-off shown in Table 3.16 is Concept III. Concept I was not chosen
based on the fair and poor score for feasibility and operational risks. The combination of both scores was
considered unacceptable compared to the other concepts. Concept II and Concept III are both valid options
to be chosen as final concepts. Concept III was selected mainly based on the excellent SAR capabilities of this
concept as all the other criteria have small deviations between Concepts II and III.

3.3. MISSION STRATEGY

To attain an optimal performance at the IMAV, a proper mission strategy is needed. In the mission strategy
the order of the mission elements is determined. Because of the fact that most mission elements can be per-
formed in a number of partials, a route optimisation in combination with partial mission element order can be
constructed. In Section 3.3.1 the take-off, photomap mission and blockade mapping elements is combined.
After that a strategy for the remainder of the mission, consisting of the roof landing, quick visual inspection
and precision landing is constructed in Section 3.3.2.

3.3.1. PHOTOMAP

First, the take-off has to be performed at the LCC before all the other mission elements can start. This happens
in the area to the left of the map, as shown in Figure 3.6. Every different line type represents a different UAV.
When the take-off is performed, each UAV will follow its own route according to the map in Figure 3.6. This
route will be followed by means of different waypoints that are to be pre-programmed. The routes were chosen
in such a fashion that the distance to be flown per UAV will differ but the total route length is as low as possible.
The creation of different route lengths was done so drones will not hinder each other in following mission
elements. Aside from that, as a mitigation strategy the routes were constructed in parallel so a UAV can take
over the route of another UAV while wasting as little time as possible, in case one of the UAVs would fail.
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Figure 3.6: The route to be flown for the photomap mission element, every line type indicates a different UAV.

The size of area A is known via the competition rules [2]. With the use of Google Earth it was determined [25] to
be 277.3 [m] by 170.6 [m]. When the photomap is finished the UAVs will return to the LCC. At the LCC they will
perform the precision landing mission element. When a UAV has landed, its Sony Cybershot camera will be
detached by a team member. The UAV will be able to take off again and will continue with the remainder of the
mission elements described in Section 3.3.2. The SD cards will be taken out of the cameras and will be inserted
into the ground station. This will first run the photo stitching software. When the stitching is completed, an
analysis of the map will be made to detect the blockades. This generates a new requirement. Requirement
IMAV-CR-ME2-7states that: the system shall stitch the photomap and analyse the blockades within 30 minutes.
When the software has finished and the blockade map is provided, the team will make a consideration whether
it is more favourable to indicate the blockades by hand than to let software do the recognition. This can only
be decided on the day itself depending on how the software performed during the competition.

3.3.2. MISSION REMAINDER

When the camera is taken from the UAVs, the UAVs will take off from the LCC. The time at which they will
depart from the LCC will differ as described in Section 3.3.1. Based on the different mission element risks first
the UAV will perform the roof landing mission element. In Figure 3.7 the route it will fly to the roof landing spot
is given. The flight will be performed above house level height evading trees on the route. Upon arrival at the
building where the roof landing should be performed, the UAV will land. This might require several tries. The
dimensions of the roof are 11 by 6 metres and there is an uncertainty about the exact location as described in
Section 4.4. With the use of the ultrasonic range finder the UAV will be able to determine if it is above the roof,
if not it will will try the element again from a pre-set starting waypoint. When the roof landing is successfully
performed the UAV will conduct the quick visual inspections on its route back to the LCC. It is possible to see
the route on the map in Figure 3.7. The squares indicate the houses that need to be inspected, the LCC is again
located at the left in the figure. After the roof landing the UAV will take off again, increase altitude to pass over
the houses and fly to the first house to be inspected. It will descend there and the circle on the map in the
figure indicates the uncertainty of the location. These circles where chosen so that no known obstructions
will be present and are located at the house number side of the buildings. This fulfils requirement IMAV-AU-
11: Navigational waypoints shall be chosen with a 5 metres clear-of-obstacles radius in the horizontal plane.
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Not knowing all possible obstructions makes this the mission element with highest risk. When all houses are
inspected the UAV will return to the LCC where another precise landing may be performed.

Figure 3.7: The route to be flown for mission element 3, 4, 8 and 10 by the UAVs during the IMAV competition.

From the routes that were determined all the needed waypoints can be deduced. Now the full mission route
and order of all the different operations are known.

3.4. MISSION DESIGN CONCLUSION

In this chapter a list of mission element combinations was made and ranked based on the points they can
achieve in the IMAV competition. From this list three mission concepts were made. One may think that in
order to have a higher certainty of scoring the maximum number of points, first the missions with the highest
number of points should be performed. It should be noted that this risk analysis shows that mission elements
5, 6 and 7, all performed indoors, induce the highest risks.

From the feasibility study followed that the UAVs complying with the safety rules set by the IMAV 2014 jury are
capable of performing the mission concepts. It may also be concluded from a literature research that concept
II has the highest feasibility, after which concept III has a reasonable feasibility and mission concept I has the
lowest feasibility. The reason for this difference in feasibility is the availability of the necessary software and
hardware and the likeliness and impact of development risks for each of the mission concepts.

The SAR capabilities of the UAV system were identified as being of great importance. In this chapter it was
discussed that if a UAV system does not offer clear advantages for SAR missions, the design has failed to comply
with the IMAV-SAR requirement and therefore with the POS. Thus, misusing potential loopholes in the rules of
the IMAV Competition 2014 in order to win would fulfil some top level requirements, but not the POS.

Finally, using the trade-off criteria feasibility, operational risks, points risks and SAR capabilities, concept III is
chosen. The main specifications of concept III can be found in Table 3.17. Note that the speed and weight are
related by the momentum requirement set by IMAV [2].
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After determining which mission elements are done, a strategy was determined stating in which order the mis-
sion elements are done. First a take-off is performed, and second, the photomap is made. When the photomap
is done, the UAV is going back to the LCC. Here the photos are taken from the UAV and the map is stitched while
the UAV takes off again to perform the roof landing and the recognition of house numbers.

Table 3.17: The main prelimanary estimations of mission concept III

Element Value

Mission elements
Take-off (1), Mapping (2), Blockade Map (3),
Quick Inspection (4), Roof (8) and Precision Landing (10)

First order weight estimation 3.5 kg
Speed (derived from
inertia constraint)

5.7 m/s

First order cost
estimation

€ 1120

Number of UAV
(derived from cost constraint)

4

Now that the mission concept is chosen, the requirements accompanying the mission elements can be listed.
These requirements follow from the IMAV rules and the fact that the team chose to have the mission be per-
formed autonomously by the design [2]. The requirements and their identifier are listed in Table 3.18.

Table 3.18: Requirements following the chosen mission concept

ID Requirement
IMAV-CR-ME1 All UAVs shall take off from the designated take-off area in the LCC
IMAV-CR-ME2 The system shall create a photomap of zone A within 10 minutes after the end of the mission
IMAV-CR-ME3 The system shall indicates all blockades in zone A on the photomap of mission element 2
IMAV-CR-ME4 All UAVs shall identify the building numbers of buildings in zone B
IMAV-CR-ME8-1 All UAVs shall land on the building with the flat roof in zone D
IMAV-CR-ME8-2 All UAVs shall remain at their position on the flat roof in zone D for at least 10 seconds
IMAV-CR-ME8-3 All UAVs shall take off from the building with the flat roof in zone D
IMAV-CR-ME10-1 All UAVs shall make a precision landing in the designated landing area in the LCC
IMAV-CR-ME10-2 All UAVs shall demonstrate airworthiness in case of rough landing
IMAV-AU-01 All UAVs shall fly towards mission elements autonomously
IMAV-AU-02 All UAVs shall perform each mission element autonomously
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4
Payload Design

In Chapter 3, the mission elements that will be performed during the competition have been chosen. It was
decided that the system will be designed to create a photomap of the competition ground, to find any road
blockades and mark them on the photomap, to visually inspect and identify house numbers, to land on a flat
rooftop as well as to take off and to land at the local command centre (LCC).

Now that the mission is clear, it is necessary to identify the various hardware components required to success-
fully complete the mission. The unmanned aerial vehicle (UAV) subsystems will be presented in this chapter
and the selection process for the hardware will be shown as well.

Each section within this chapter presents the requirements on which the subsystem design is based, followed
by all the design options. Afterwards, the selection process is explained and any necessary verification and
validation done is presented. Finally, all sections end with a small discussion on the requirements generated
or discarded during the section. Furthermore, it is noted that all payload is designed such that requirement
IMAV-AU-2 is satisfied, which states that: all UAVs shall perform each mission element autonomously.

This chapter begins with Section 4.1 discussing the on-board computer used to process any data collected by
the payload subsystem. Next, Section 4.2 describes the object detection methods used to complete mission
elements 4 and 8. Section 4.3 continues with an elaboration on the navigation subsystem, which involves the
strategy with which a UAV moves from one location to another. This is followed by Section 4.4, which intro-
duces the subsystem used to determine the location of the UAV. Section 4.5 investigates the subsystem needed
to recognise numbers, which is important for the execution of mission element 4. Afterwards, Section 4.7 se-
lects a data transmission system to transfer data between the ground station and the UAVs. Next, Section 4.6
describes all elements required to stitch the photomap. This is followed by Section 4.8 discussing the blockade
mapping strategy and subsystem. Section 4.9 generates all requirements relating to the translational and rota-
tional control accuracy required for each mission element. The ground station needed to support the UAVs is
described in Section 4.10. Finally, Section 4.11 presents an overview of the chosen payload.

4.1. ON-BOARD COMPUTER

The on-board computer will be used to process any data collected by the payload subsystem. This data may
contain the numbers to be recognised, the command to take a picture for the photomap, the detection of an
object or a check whether the UAV has landed. The on-board computer will thus act as a processor for the
payload system. A multitude of options may be seen in Figure 4.1.

Figure 4.1: Design option tree for on-board computer hardware selection. The (red) dashed line indicates infeasible concepts, the (green)
filled block indicates the selected concept.
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4.1.1. REQUIREMENT ANALYSIS

In order to decide on an on-board computer, the relevant requirements need to be analysed first. These rele-
vant requirements may be seen in Table 4.1.

Table 4.1: The relevant requirements for the on-board processor subsystem

ID Requirement
IMAV-CR-ME4 All UAVs shall identify the building numbers of buildings in zone B
IMAV-CR-ME8-1 All UAVs shall land on the building with the flat roof in zone D
IMAV-CR-ME8-2 All UAVs shall remain at their position on the flat roof in zone D for at least 10 seconds
IMAV-CR-ME10-1 All UAVs shall make a precision landing in the LCC

In the mid-term report (MTR) it was decided that the processing of the number recognition shall be done on
board the UAV [1]. One of the consequences of this decision, is that the first requirement thus indicates that
the on-board computer should be able to process obtained data, containing a building number. Furthermore,
it is stated in the international micro aerial vehicle (IMAV) 2014 competition rules that the UAV should remain
at the flat roof of mission element 8 for ten seconds [2]. In order to know when the ten second count should
start, the system should be able to detect that it has landed. The second and fourth requirement of Table 4.1
therefore indirectly state that the on-board computer should be able to process the data of a sensor which
detects a successful landing.

4.1.2. DESIGN OPTION SELECTION

A number of the proposed design options may be found to be infeasible, by evaluating the design options and
and the aforementioned requirements. Hardware specifications of the proposed design options may be found
in Table 4.2.

Table 4.2: A multitude of hardware options for the on-board computer

Feature Voltage (V) Current (A) Power (W) RAM (MB) Clock rate (MHz) Mass (g) Cost (e)
Raspberry Pi Model A [26] 5 0.46 1.75 256 700 45 35.99
Raspberry Pi Model B [27] 5 1.0 5 512 700 39 30
Cubieboard A10 A8 1GB [28] 5 2.0 10 1000 480 45 74.99
Cubieboard A20 A7 1GB [29] 5 2.0 10 1000 480 44 79.99
BeagleBone Black (rev C) [30] 5 2.0 10 512 1000 40 47.5
Arduino Uno SMD [31] 5 0.1 0.25 0.032 16 32 29.99
Arduino Mega 2560 [32] 5 0.0 0.2 0.25 16 41 24.99
Arduino Pro Mini 3.3V/8MHz [33] 3.3 0.15 1.8 0.001 8 2 7.15

It may first of all be noticed that the Arduino Uno SMD, Mega 2560 and Pro Mini barely have any random-
access memory and that their clock rates are relatively low. As the system shall be able to process the measured
data, containing a building number, it may be noted that the Arduino Uno SMD, Mega 2560 and Pro Mini
are infeasible design options, as their random-access memory and clock rate are too little and too low for
computer vision processing.

It may furthermore be noticed that the Cubieboard A10 and A20 are the most expensive single-board comput-
ers and that, amongst the remaining design options, the Raspberry Pi Model B is the cheapest option. With
regards to the amount of Random-acces memory, the Cubieboard is the best option. The second best options
are the Raspberry Pi Model B and the BeagleBone Black. However, the BeagleBone Black has a power con-
sumption of 10 Watts due to its high clock rate of 1000 megahertz, whereas the Raspberry Pi uses only 5 Watts
for a clock rate of 700 megahertz.

Lastly, it should be noted that the community of the Raspberry Pi Model B is the largest of the proposed design
options [34]. This has as a result that the Raspberry Pi Model B is a very well documented option. Together
with being the cheapest and lightest option, while still having a decent clock rate and amount of random-
access memory, it may be concluded that the Raspberry Pi Model B is the best hardware design option for the
on-board computer. The chosen- and infeasible options may also be found in Figure 4.1.
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4.1.3. VERIFICATION & VALIDATION

To validate the choice of using a Raspberry Pi Model B as the on-board computer, it was tested whether the
Raspberry Pi could be configured and programmed from another computer and whether the single-board
computer functioned accordingly. A Raspberry Pi was obtained and after installing several software packages
it was successfully connected to and accessed by a computer running Windows 7. This indicates that the
Raspberry Pi may be programmed and configured with the use of another computer and that the on-board
computer does indeed function accordingly.

4.1.4. ADDITIONAL REQUIREMENTS

One additional requirement may be obtained from the design choice that was made with respect to the on-
board computer. Requirement IMAV-CR-ME4-1 states that: the hardware used as payload shall be compatible
with the Raspberry Pi Model B. This will pose limitations on the payload selected in the remainder of this
chapter.

4.2. OBJECT DETECTION

Object detection will be needed to complete mission elements 4 and 8, which are the house number recogni-
tion and roof landing respectively. The system should be able to detect the roof for mission element 8, while
it should also be able to detect the house numbers for mission element 4. Furthermore, the system should
also detect any obstacles which may block the path of the UAV. Multiple options are available to fulfil this task.
These options may be seen in Figure 4.2.

Figure 4.2: Design option tree for detection of objects. The (red) dashed line indicates infeasible concepts, the (green) filled block indicates
the selected concept.

4.2.1. REQUIREMENT ANALYSIS

In order to develop a detection subsystem, the relevant requirements need to be analysed first. These three
relevant requirements may be seen in Table 4.3.

Table 4.3: The relevant requirements for the detection subsystem.

ID Requirement
IMAV-CR-ME4 All UAVs shall identify the building numbers of buildings in zone B
IMAV-CR-ME4-1 The hardware used as payload shall be compatible with the Raspberry Pi Model B
IMAV-CR-ME8-1 All UAVs shall land on the building with the flat roof in zone D

Next to the requirements listed above, requirements may be found for each of the design options. These re-
quirements may be found in Table 4.4.

4.2.2. DESIGN OPTION SELECTION

With the use of the aforementioned requirements, several design options may be found to be infeasible. A
thermal camera for example, requires an object and its surroundings to have a temperature difference of at
least 1.5 degrees Celsius [35]. However, the IMAV competition has a training day two days before the match
[36]. The objects will therefore be standing in the competition field for at least two days, which will result in
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Table 4.4: The requirements that have been found for each of the possible design options.

Design Option Requirement
Thermal Camera The temperature difference between the object and its surroundings shall be

at least 1.5 ◦ C .
Visible Spectrum Camera The on-board computer shall be able to recognise objects using images with a

resolution of TBD by TBD pixels
Radar The self-developed software shall be completed before the IMAV 2014 compe-

tition.
Ultrasonic The ultrasonic rangefinder shall only be used within a range of TBD metres

from an object

an object and its surroundings to have approximately the same temperature. The use of a thermal camera is
therefore infeasible.

Secondly, a radar does not have any pre-developed software. The software therefore should be developed be-
fore the IMAV 2014 competition. As the allocated development time is five weeks, it is deemed to be infeasible
to develop the software in time. The use of an x-band radar is thus not possible.

A camera using the visible EM spectrum and echolocation with the use of an ultrasonic rangefinder remain
as feasible design options. For identification of A4-sized sheets or numbers on such a sheet, a rangefinder is
inadequate since it can only detect the presence of an object. The detection of numbers and sheets of A4 paper
will therefore be done with the use of a camera.

The detection and localisation of an obstacle may be done with either stereo vision or an ultrasonic rangefinder.
As stereo vision is computationally intense and requires adding a second camera, an ultrasonic rangefinder
will be used to detect obstacles. The chosen- and infeasible options may also be seen in Figure 4.2.

4.2.3. HARDWARE SELECTION

Shown in table 4.5 are the specifications of a number of options for the camera. It may be noticed that there is
a wide variety of masses, power consumptions and costs available.

Table 4.5: The specifications of a number of options for the on-board camera.

Device Voltage (V) Current (A) Power (W) Mass (g) Resolution (-) Fps (s−1) Cost (e)
KX-171 FPV camera 420TVL [37] 12 0.1 1.2 52 500 x 582 50 75
Trust spotlight webcam [14] 5 0.5 2.5 91 1280 x 1024 30 13.11
Raspberry Pi Camera Module [38] 3.3 0.25 0.825 3 2592 x 1944 30 21

When comparing the power consumption, cost and resolution, the following may be noted: the Raspberry
Pi Camera Module uses the second least amount of power and has a price of 21 euros. The Trust Spotlight
webcam is the cheapest option, but it uses the most amount of power. With regards to the resolution, the
Raspberry Pi camera module has by far the highest resolution. As a higher resolution improves the overview
and the area the camera can cover [39], this is a desired characteristic. Furthermore, when noting that the
Raspberry Pi camera module has specifically been developed for the on-board computer, the Raspberry Pi,
combined with the second lowest power consumption, the highest resolution and the second lowest price, it
may be concluded that it is the best hardware design option for the camera.

Several options may be found for the ultrasonic range finder. Specifications of these options may be seen in
Table 4.6.

Table 4.6: A number of options for ultrasonic rangefinder and their specifications.

Device Voltage (V) Current (A) Power (W) Mass (g) Accuracy (m) Maximum Range [m] Cost [e]
Maxbotix HRLV-EZ0 [40] 5.5 0.003 0.017 4.3 0.01 5.0 25.62
Maxbotix LV-EZ1 [41] 5.5 0.002 0.011 4.3 0.025 6.45 19.04
HC - SR04 [42] 5.5 0.015 0.083 15 0.003 4.0 2.57
XL-Maxsonar EZ1 [43] 5 0.003 0017 5.9 0.01 7.65 36.61
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From these specifications the following may be noted: the HC-SR04 has the highest power consumption and
mass. However, it is by far the most accurate and least expensive rangefinder. A pre-developed script and
guide was found on how to attach the HC-SR04 ultrasonic rangefinder module to a Raspberry Pi Model B.
This greatly decreases the development time and the development risks. Together with the high accuracy and
low cost, the HC-SR04 Ultrasonic rangefinder module may thus be found to be the best design choice for the
ultrasonic rangefinder.

4.2.4. VERIFICATION AND VALIDATION

Raspberry Pi Camera Module
The Raspberry Pi camera module may be validated with the use of literature. As mentioned earlier, it was
found that the Raspberry Pi camera module has specifically been developed for the Raspberry Pi single-board
processor. Furthermore, on-board computer, the Raspberry Pi Model B, has a dedicated port for this cam-
era module [44]. As a detailed set-up guide has been found for the Raspberry Pi camera module, it may be
confirmed that the module works with the Raspberry Pi Model B on-board computer [45].

HC-SR04 Ultrasonic RangeFinder Module
The HC-SR04 ultrasonic rangefinder module has been validated with a test. First, the rangefinder module was
attached to a Raspberry Pi Model B. Then, a Python script developed by Raspberry Pi Spy was used to measure
the distance to an object [46]. The script had the ultrasonic rangefinder do three measurements and return
the average measured distance of these three measurements. The test set-up used in order to do the distance
measurements may be seen in Figure 4.3.

Figure 4.3: The set-up used for the verification and validaiton of the ultrasonic rangefinder.

Two measurement series were performed. The first measurement series resulted in the absolute error over a
distance of 10 to 240 centimetres. The result of these measurements and their moving average may be seen
in Figure 4.4. It may be noted that the error increases from 0.3 to 12 centimetres. This maximum error of 12
centimetres was measured at a distance of 230 centimetres, thus resulting in an error of 5.3 percent. It can also
be seen that there is a decrease in the absolute error at a distance of 210 centimetres. It is recommended to
further identify the cause of this decrease in the post-DSE phase of the development.

A second measurement series was performed to measure the measurement error over time. The results of
these measurements and their moving average may be seen in Figure 4.5. The error in the measured distance
was measured with respect to the actual distance of 190 centimetres to an object. It may be noted that there
are three outliers. These outliers might have occurred due to a vibration of the rangefinder or due to environ-
mental noise. The precise cause of these outliers may be investigated in the development stage of the system.
It may also be seen that the average measurement error is approximately -2 centimetres. The minus sign indi-
cates that the ultrasonic rangefinder measured a distance smaller than the actual distance.

It should be noted that the accuracy of the ultrasonic rangefinder may be improved in the development stage
of the system. These tests validate that the ultrasonic rangefinder works correctly in combination with the
Raspberry Pi Model B.
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Figure 4.4: The results of the first measurement series, measuring
the absolute error over a distance of 10 to 240 centimetres.
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Figure 4.5: The results of the second measurement series, measur-
ing the absolute measuring error over time.

4.2.5. ADDITIONAL REQUIREMENTS

Additional requirements may be obtained from the design choices that have been made in this section. Re-
quirement IMAV-CR-ME4-3 states that: the ultrasonic range finder shall only be used within a range of 4 meters
from an object. Requirement IMAV-CR-ME4-4 states that: The on-board computer shall be able to recognise
objects using images with a resolution of 2592 by 1944 pixels.

4.3. NAVIGATION

Navigation involves the strategy with which a UAV moves from one location to another. It is an aspect of the
design relevant to every mission element, as every mission element requires the UAV to move to a certain
location. Failure to get to a target destination can result in failure of a mission element, which will decrease
the total score.

Section 4.3.1 shows the design option tree (DOT) for navigational strategies. Section 4.3.2 describes the re-
quirements relevant to the topic of navigation and shows design options to meet these requirements. Section
4.3.3 elaborates on the choices made with respect to these options. Following from the navigational choices,
the required autopilot system is elaborated upon in Section 4.3.4, followed by the manual control system in
Section 4.3.5.

4.3.1. DESIGN OPTION TREE

Various strategies can be used to get a UAV from one location to another. A multitude of options is depicted
in Figure 4.6. For autonomous flight, two options are present. One is that the UAV-system itself determines
in which direction it will fly at each moment. This is denoted as System-Set Waypoints. The other is that the
flight directions are pre-programmed in a so-called flight plan. This option is denoted with Pre-Set Waypoints.
Requirements associated with specific design options are given in the following section.

4.3.2. REQUIREMENT ANALYSIS

In order to develop a navigational subsystem suited for the mission of this project, a requirement analysis is
made. Requirements relevant to the navigation capability of the UAV system that have been generated during
the project are listed in Table 4.7. Next to these requirements, each design option as shown in Figure 4.6 has
characteristics that influence the design once such an option is chosen. In order to understand the effect of a
design option choice, an overview of the most relevant design option characteristics is given in Table 4.8.
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Figure 4.6: Design option tree for strategies of navigation. The (red) dashed line indicates infeasible concepts, the (green) filled block
indicates the selected concept.

Table 4.7: The requirements related to the topic of navigation.

Requirement ID Description
IMAV-AU-01 All UAVs shall fly towards mission elements autonomously
IMAV-AU-02 All UAVs shall perform each mission element autonomously
IMAV-CR-ME4-1 The hardware used as payload shall be compatible with the Raspberry Pi Model B
IMAV-CR-ME8-1 All UAVs shall land on the building with the flat roof in zone D
IMAV-CR-ME8-3 All UAVs shall take off from the building with the flat roof in zone D
IMAV-CR-ME10-1 All UAVs shall make a precision landing in the designated landing area in the LCC
IMAV-SR-07 The system shall store the last reliable position of all UAVs
IMAV-SR-12 The UAV shall return to the center waypoint after entering the orange zone
IMAV-SR-13 All UAVs shall never enter the red zone
IMAV-SR-14 The UAV shall perform an emergency landing after entering the red zone
IMAV-SR-15 The UAV shall perform an emergency landing in case of a navigational loss
IMAV-SR-20 The team shall be able to manually take over control of all UAVs
IMAV-SR-29 The GPS coordinates of all UAVs shall be shown on the ground station during the mis-

sion, when GPS is used

4.3.3. DESIGN OPTION SELECTION

Now that multiple options have been identified, research is performed on the various strategies and their char-
acteristics in order to see which ones are feasible for this design project. Ultimately a choice is made for the
option that meets the requirements best.

Stereo vision is a processor-intensive process [47]. This is not beneficial, as this process should run continu-
ously, being the main method of navigation. It could leave little processing capabilities for other functionalities
like on-board number recognition and any delay in the process poses the risk of collision with the environ-
ment. Therefore the option of stereo vision is deemed infeasible for this design.

The sky segmentation method is deemed not usable as sole navigational method for activity below the sky-
line. This is because this method is based on distinguishing sky from non-sky, allowing for movement towards
objects contrasting with the sky-region [48]. Activity below the skyline is however aimed for, for example for
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Table 4.8: Characteristics of design options for the navigation strategy.

Design Option Characteristics
Waypoints below roof level Autopilot, knowledge of safe flight paths at low (sub-skyline) altitude, in-

horizontal-plane obstacle detection, location determination system appli-
cable at low altitude, ground station.

Waypoints above roof level Autopilot, knowledge of safe flight paths at object-sparse or -free altitude,
ground station.

Pathfinding Autopilot, pathfinding software compatible with or convertible to autopilot
input, software-compatible map with correct fly/non fly regions.

Heuristic* stereo vision Autopilot, two cameras, computational software to determine distance to
objects and recommended flight path, additional system to get to specific
target location.

Heuristic* sky segmentation Autopilot, computational software, navigational target contrasts with sky
above horizon. For sub-skyline target location: additional system to get to
specific target location.

Non-autonomous waypoint Autopilot. Ground station able to instruct autopilot, with user input capa-
bility

Manual control Transmitter and receiver, UAV in line-of-sight or telemetry feed at sufficient
update frequency.

*Heuristics is the name given to the strategy that the UAV flies in the general direction of the target location
and uses situational awareness to detect and avoid obstacles in its way.

approaching correct houses and their house numbers. It would therefore need another system that allows
navigation towards mission elements that have target positions below the skyline. This makes the sky segmen-
tation method too complex for the available resources.

The pathfinding method is crossed out as it requires the combination of an efficient pathfinding algorithm
with correct fly-/no-fly region information, which must be put in a format usable by the algorithm. This input
should also include mission element locations and required UAV orientation at those locations. The result
of the pathfinding process should then be converted to information that an autopilot can work with. These
steps require software that is not pre-developed, of which the development is expected to exceed available
resources.

Waypoint navigation is deemed a viable option, as autopilot systems are known to exist that are able to perform
this functionality autonomously using a global navigation satellite system (GNSS). A map with coordinates
of the competition area is available, which gives the system operator the required information to determine
mission waypoints for a flight plan. Furthermore, following a flight plan requires less processing power on
the UAV than the other options, like computer vision. These considerations make pre-set waypoints the most
feasible navigation option for this mission. The related choice for an autopilot system is described in Section
4.3.4.

FLIGHT BELOW ROOF LEVEL VERSUS ABOVE ROOF LEVEL

As the DOT in Figure 4.6 shows, waypoints allow for two strategies, being flight below roof level and flight above
roof level. First the possibility of flight below rooftop level, flying a few metres above the roads, is researched.
This flight level has great potential for the achievement of mission elements: it allows for blockade mapping
(mission element 3) to be performed on location, using the forward oriented range finder. Furthermore, this
flight level allows for a more straightforward strategy for finding house numbers (mission element 4) than
flying at high altitudes, as these numbers are located at a low altitude.

However, two main reasons were found to why sub-skyline flight is infeasible. Firstly, the accuracy of a satellite
system required for waypoint navigation is inadequate at sub-skyline level. This is due to multipath effects and
a decreased satellite coverage. Satellite signals are refracted by objects like houses, which negatively affects the
accuracy of location determination by a satellite system. Furthermore, these objects result in a diminished
satellite coverage, due to them blocking the UAVs view of the sky. Research into global positioning system
(GPS) accuracies in urban areas has shown that location readings may be off by 20 metres or worse [49]. This
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level of inaccuracy is unacceptable when a UAV is to fly over roads with buildings nearby.
Secondly, wind around objects creates turbulent flows at sub-skyline altitude. The risk of a UAV drifting into
objects like trees and thereby crashing is unacceptable, as it results in loss of points and valuable hardware.
Because of the reasons stated, the autonomous navigation method chosen is the use of pre-set waypoints at
high altitude, that is: above house tops.

Next to autonomous flight, it is chosen to enable manual control of a UAV by an operator on the ground. This
is because requirement IMAV-SR-20 (see Table 4.7) states this need, which is based on safety considerations.
Because the possibility that an autonomous system malfunctions is present, one wants to be able to take over
control once it does. For example, requirements state that the UAV is not allowed to enter the red zone and
should make an immediate emergency landing once it does. If the autonomous system seems not to do so,
control will be taken over and it will be done manually. Furthermore, manual control allows for testing of the
design during the assembly phase. The hardware involved with manual control is described in Section 4.3.5.

4.3.4. AUTOPILOT

Multiple autopilot systems exist that take care of the waypoint navigation of the UAV. Such a system consists
of a ground station, an autopilot board on each UAV, software running on both the ground station and the
autopilot board and finally a communication link between the ground station and the UAVs [50]. The ground
station is used to show and store the UAV positions obtained through the communication link. Section 4.10
elaborates on the ground station requirements and hardware. The current section describes the choice of an
autopilot software and hardware. Several of the autopilot software options are listed in Table 4.9.

Table 4.9: Various options for autopilot systems.

System Option Characteristics
Paparazzi Open source. XML-based, optionally graphical waypoint flight planning with extensive

options, hardware-in-the-loop (HITL) simulation capability, telemetry to ground sta-
tion. Linux-based. [50]

OpenPilot Open source. Ground control software compatible with major computer operating sys-
tems, HITL simulation capability, telemetry to ground station. Waypoint flight planner
in development. [51]

ArduPilot Open source. Graphical waypoint flight planning, HITL simulation capability, telemetry
to ground station. [52]

The chosen autopilot system is Paparazzi. This is mainly because of the extensive options that it has regarding
flight plans, which incorporate waypoint navigation[53]. This allows for the design of a complex autonomous
flight plan, capable of performing the chosen mission elements for the IMAV 2014. Furthermore, it allows for
a logical tree of autonomous decisions to be used in-flight [54], which allows for meeting requirements such
as the avoidance of certain no-fly zones and performing return-to-home flights or emergency landings once it
enters a no-fly zone or loses communication.

For use in real-life search and rescue (SAR) missions, a graphical user interface for the creation of a flight plan is
preferred over one that needs to be written, as intuitive graphic planning is expected to cut down the flight plan
preparation time of the UAV operator. Both ArduPilot and Paparazzi have a graphical user interace [55][50], but
ArduPilot looks more accessible than Paparazzi in this matter. As Paparazzi flight plans are written in extensi-
ble markup language (XML), a simple and flexible information format [56], it is expected that improvement of
the operator-friendliness of the graphical user interface can be achieved.

HARDWARE SELECTION

Having chosen the software for autopilot navigation, the choice for hardware can be made. Table 4.10 shows
several options regarding autopilot boards that are compatible with Paparazzi [57].
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Table 4.10: Hardware options for autopilot boards compatible with the Paparazzi autopilot.

Feature Lisa/L v1.1 [58] Lisa/M v2.0 [58] Lisa/S [58] NavGo v3 [58]
Clock 72MHz 72MHz 72MHz 60MHz
IMU no Aspirin yes yes
Magnetometer ? ? yes yes
Barometer yes yes yes yes
GPS no no yes no
UART 3 & 1RX 2 & 2RX 1 & 1RX 2
GPIO ? 1 0 0
Weight 30 g 9.9 g / 10.8 g (with

Aspirin)
2.8 g ?

Dimensions 100 x 50 mm 34 x 60 x 10 mm 20 x 20 5 mm 35 x 35 mm
Typical usage Advanced payload

and controls de-
velopment using
Gumstix; fixed-
wing or rotorcraft

Small, general
purpose with
IMU; fixed-wing
or rotorcraft

? Small, general pur-
pose with IMU; ro-
torcraft

Availability docu-
mentation

medium high low medium

Cost € ? €169 with Aspirin,
€92 without [59]

€235 with GPS,
€206 without [60]

€ ?

The board that is chosen for this design is the Lisa/M v2.0. It is light-weight and medium-sized (compared to
other options), has multiple universal asynchronous receiver/transmitter (UART) ports and a general-purpose
input/output (GPIO), which can be used to connect hardware like the Raspberry Pi onboard processor and a
GNSS receiver. A significant advantage of the Lisa/M v2.0 is that documentation on this board and its pin-out
is readily available, more so than the other options. According to staff of the Delft University of Technology
(TU Delft) Micro Aerial Vehicle Laboratory (MAVLab) it is one of the cheapest in its class, which is beneficial
as multiple UAVs are involved in the design and a limited budget is available. Lisa/M is also readily available,
as opposed to the Lisa/S and NavGo. Limited availability before August 2014 is a significant disadvantage
for the other options, as time is a sparse resource between the design synthesis exercise (DSE) and the IMAV
competition day. Furthermore Lisa/M v2.0 has a recommended inertial measurement unit (IMU), namely
one of the brand Aspirin, of which the newest unit is version 2.2. The Lisa/M v2.0 board can be bought with
the Aspirin v2.2 IMU attached, thereby verifying their compatibility[59]. Deeming the Aspirin a viable design
option, see Section 4.4, the choice for Lisa/M v2.0 is made in conjunction with the Aspirin v2.2.

In order to get telemetry of this autopilot board to the ground station, a data link is required. Paparazzi recom-
mends a telemetry baud rate of 57 600, which can be approximated by 7.2 kilobytes per second[61]. This data
rate is therefore used as an input for the choice of a data link in Section 4.7.

VERIFICATION & VALIDATION

The applicability of Lisa/M v2.0 is verified by conversing with staff of the TU Delft MAVLab. The TU Delft
has been using this board successfully on multicopters. A demonstration of a quadcopter with this board has
been given during the project, which showed its rapid attitude control. Lisa/M v2.0 is therefore deemed an
appropriate choice.

4.3.5. MANUAL CONTROL

REQUIREMENT ANALYSIS

For safety reasons and to save points, one would want to be able to manually control any UAV that may behave
differently than expected. Manual control involves a transmitter and a receiver that are compatible with each
other. This compatibility may involve a specific transmitter module inside the handheld transmitter. Further-
more the receiver should be compatible with the autopilot board. Options for these units are shown in Table
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4.11.

HARDWARE SELECTION

Table 4.11: Hardware options for manual control transmitters and receivers

Part Brand Specification Channels Cost Source
Transmitter Turnigy 9XR (no module) 9 €37.08

[62]
[63]

Transmitter Spektrum DX7S, with AR8000 receiver 7 €220.60 [64]
Transmitter
module

OrangeRX DSMX/DSM2 2.4Ghz Transmit-
ter Module (JR/Turnigy compat-
ible)

(N/A) €22.13 [65]

Receiver Spektrum AR8000 DSMX receiver 8 €95.59 [66]
Receiver Spektrum SPM9645 DSMX remote receiver multiple

through
single JST-
connection

€25.73 [67]

The Spektrum DX7S is sold together with the AR8000 receiver. This receiver however features 8 physical chan-
nels. Physical channels, which are to be connected to individual servo’s, are not needed however. This is
because only a single connection to the autopilot, able to transmit the various input signals received from the
transmitter, is required for this design. This can be achieved by using a Spektrum SPM 9645 DSMX remote
receiver [68]. To make the cheap Turnigy 9XR compatible, the compatible OrangeRX DSMX transmitter mod-
ule is used. In the OrangeRX transmitter manual it is stated that the unit is able to bind to 5 unique receivers,
which means that a single transmitter can be used on a maximum of 5 UAVs without having to make a new
connection with one of them, given that a binding process has been performed once before.

VERIFICATION & VALIDATION

Tthe TU Delft MAVLab uses the Turnigy 9XR for manual control of multicopters, thereby verifiying its usability.
The Spektrum SPM9645 remote receiver is mentioned by Paparazzi as a unit that works well and is simple to
connect [68].

ADDITIONAL REQUIREMENTS

During this section, new requirements have been generated flowing from the use of an autopilot system and
the choice for manual control functionality. These requirements are summarised in Table 4.12.

Table 4.12: Additional requirements following from the choice for an autopilot system and manual control functionality

Requirement ID Description
IMAV-AU-13 The ground station shall have paparazzi ground control station-software available for

telemetry
IMAV-AU-13-1 The ground station shall have a ground station based on the Linux Operation System
IMAV-AU-15 The system shall have a communication link able to handle 7.2 kB/s between the

ground station and the autopilots of all UAVs
IMAV-SR-20-1 The system shall have one manual transmitter available for every five UAVs

Next to these requirements, the choice for the Paparazzi autopilot results in the need for a GNSS receiver, an
attitude sensor and an altitude sensor on board of the UAV [50]. These are discussed in Section 4.4 which
covers the topic of location determination.

4.4. LOCATION

The location of each UAV must be known for multiple reasons. The UAVs on-board autopilot requires input
on the current location in order to know whether the UAV is at the location it has to be. Furthermore, the

35



system and the operator must know where the UAVs are located in order to ensure that an UAV will not surpass
the boundaries of the allowed flight zone set by the IMAV regulations [4]. This functionality is relevant to all
mission elements.

Figure 4.7: Design option tree for determination of UAV location. The (red) dashed line indicates infeasible concepts, the (green) filled
blocks indicate selected concepts.

4.4.1. REQUIREMENT ANALYSIS

There are multiple requirements relevant to location determination. As was stated in Section 4.3, the choice
for the Paparazzi autopilot results in the need for a GNSS receiver, an attitude sensor and an altitude sensor on
board of the UAV. Additionally, requirement IMAV-CR-ME8-1 plays a part in this section, which states that: all
UAVs shall land on the building with the flat roof in zone D. Furthermore, IMAV-CR-ME4-1 is relevant for this
section as all hardware used as payload shall be compatible with the Raspberry Pi Model B.

4.4.2. DESIGN OPTION SELECTION

Multiple options exist that may fulfil the functionality of determining the location of a UAV. These are depicted
in a DOT in Figure 4.7. This section describes which of the options are chosen and the corresponding hardware
choices that were made.

GLOBAL NAVIGATION SATELLITE SYSTEM

Two GNSSs are currently operational, namely the American GPS and the Russian GLONASS. The one generally
used in Paparazzi systems is GPS; GLONASS is not mentioned on the website [69]. GPS was therefore the initial
candidate. For this design, the possibility of a multi-constellation system was also researched. Because this
project is related to urban areas, which have buildings that could diminish the view of the sky, coverage is
an aspect of interest. Addressing both the GPS and GLONASS constellation could increase coverage. A field
test was performed for this hypothesis by using three smartphones that could receive both constellations, see
Figure 4.8. This test showed that, on that particular time and day, the number of satellites in view increased
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between 28% and 45% with the use of GLONASS and GPS satellites as opposed to GPS satellites only. A multi-
constellation receiver is therefore, if available, a preferred option.

Figure 4.8: Smartphones used in a field test on satellite coverage. Filled circles indicate GPS satellites, filled triangles indicate GLONASS
satellites.

ATTITUDE SENSOR

A Paparazzi-supported type of attitude sensor is the IMU. This is a unit that senses attitude based on three-axes
gyroscopes and three-axes accelerometers (six degrees of measurement), with possibly an additional three-
axes magnetometer (nine degrees of measurement) [70]. All Paparazzi autopilot boards support this type of
sensor [50], making it a feasible option to fulfil the functionality of attitude determination.

ALTITUDE SENSOR

At least two types of sensors are supported by Paparazzi that can be used to determine altitude [50]: one is a
barometer, based on barometric pressure, the other is an ultrasonic rangefinder, based on sound propagation.
A barometer can determine an absolute altitude, relative to a pressure that is set as ground level. An ultrasonic
rangefinder can determine a distance relative to its direct environment.

Both methods are chosen to fulfil the functionality of altitude determination of this design. A barometer is
chosen as main altitude sensor for the autopilot waypoint navigation. An ultrasonic range finder is chosen,
which is to be attached to the UAV with a nadir orientation, to determine the altitude of the UAV relative to its
direct environment. The latter can be used in order to determine the vertical distance between the UAV and
the roof on which it is supposed to land (requirement IMAV-CR-ME8-1).

LANDING SENSOR

The UAV is required to perform the roof landing of mission 8 autonomously (requirement IMAV-CR-ME8-1).
A sensor that can determine whether the UAV has landed is a valuable addition to the design: thrust can be
cut at the instant the UAV touches down, in order to diminish the chance that the UAV drifts from its location
during its landing attempt or even that a touchdown is falsely signalled, that is when the UAV is still in flight,
which could have damaging consequences for the UAV.

Sensors that might be used for determining a touchdown are distance measurement sensors (like the already
present ultrasonic rangefinder), an accelerometer (already present in the IMU) that detects a deceleration, or
a pressure sensor. From these options, the first two are deemed less responsive than a direct pressure sensor,
while one would want the thrust to be cut at the instant of touchdown, as stated before. Therefore the choice
is made for a push button. This is a generally lightweight, small and cheap sensor that gives an output when
enough pressure is applied such that the button is pressed. A choice for the exact hardware is made in Section
4.4.3.
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4.4.3. HARDWARE SELECTION

Now that choices have been made for certain design options, the specific hardware corresponding to these
choices has to be determined. This section describes the hardware that was chosen in agreement with the
chosen design options.

GLOBAL NAVIGATION SATELLITE SYSTEM

For the selection of the GNSS receiver, multiple units were considered. Modules from the brand U-blox were
researched, as this brand is renowned for its high performance [69]. Because of ease-of-integration reasons
combined with a stringent time schedule within which the design is to be built, only modules readily available
were considered. This included modules from the 6-series. An available multi-constellation receiver was found
of the 8-series. The compared hardware is shown in Table 4.13. The circular error probable (CEP) for a GPS
system, is the radius of a circle, centred about the mean, whose boundary is expected to include 50% of the
location readings [71].

Table 4.13: Hardware options for GNSS receivers

Feature U-blox LEA-6H [72] U-blox NEO-6M [73] U-blox NEO-M8N [74]
CEP 2.5 m 2.5 m 2.0 m
CEP with SBAS 2.0 m 2.0 m
Antenna 25x25 mm patch 18x18 mm patch dual band GPS and GLONASS
Connection UART (with 6-pin JST) UART (with 4-pin JST) UART, USB
Acquisition cold/hot start 26/1 s 27/1 s 26 s
Sensitivity cold/hot start -148/-157 dBm -147/-156 dBm -148/-156 dMb
Backup battery yes yes yes
Cost €40.36 €12.98 €58.78
Weight 28 g 18 g 24 g

The NEO-M8N is an interesting unit because it is capable of connecting with GLONASS space vehicles. How-
ever, it is marked an evaluation board, connecting with USB. The applicability to flying vehicles is therefore
questioned because the design is meant to be buildable before August 2014, when the IMAV 2014 takes place,
it is crossed out. Research into this module and others capable of connecting with GLONASS in addition to
GPS is recommended for future development of the system.

The specifications of the U-blox LEA-6H and NEO-6M are very similar. The module with the NEO-6M engine
however has a lower cost and weight, which are both advantageous. Therefore the NEO-6M module is chosen.

Concerning the accuracy of the GPS, only the CEP is given as a measure for accuracy, which involves a 50%
certainty. A measure with a higher certainty is wanted for the accuracy of the location determination, in order
to allow the design of the operations involved in performing the mission. According to ir. C. de Wagter of the
TU Delft MAVLab, the radius of a location estimate of a GPS system is in practice approximately 5 metres, with
a 95% certainty. From this, a new requirement is generated for the operations design, see Table 4.15 at the end
of this section.

INERTIAL MEASUREMENT UNIT

The choice for hardware of the IMU was made in conjunction with the Lisa/M v2.0 autopilot. An Aspirin IMU
was recommended for the autopilot board. The autopilot can be ordered with an Aspirin v2.2 pre-soldered,
which made this the prime candidate, as this verifies the possible integration of these two components. It is
noted however that, in order to decrease interference effects, the IMU is chosen to be placed away from the
autopilot board and Raspberry Pi. Furthermore, the Aspirin v2.2 was found to be a 10-degrees of measure-
ment unit, involving a 3-axes gyroscope, 3-axes magnetometer, 3-axes accelerometer and a barometer. As this
combines the wanted 9-degrees of measurement and barometer, the choice was made to use the Aspirin v2.2.
Specifications identifying the hardware inside this IMU are given in Table 4.14.
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Table 4.14: Hardware specifications for the Aspirin v2.2 IMU [59].

Part Brand Model Specification
Barometer Measurement Specialties MS5611-01BA03
Accelerometer InvenSense MPU-6000 3 axes
Gyroscope InvenSense MPU-6000 3 axes
Magnetometer Honeywell HMC5883 3 axes

BAROMETER

A barometer is present in the chosen Aspirin v2.2 IMU, which is a unit of the brand Measurement Specialties,
model MS5611-01BA03. A separate barometer is not required.

RANGE FINDER

The specific hardware selection concerning the range finder is done by using the same model as is chosen for
object detection, see Section 4.2. This is the HC-SR04 ultrasonic range finder module. For object detection,
the range finder is placed horizontally. The range finder that follows from the current section however, used
for navigational purposes, is to be placed vertically downwards. It is therefore an additional unit.

PUSH BUTTON

Push buttons are used as landing detection sensors. A lightweight, cheap and small unit of the brand SparkFun
was chosen. This unit, which is designated as model COM-09190, costs €0.50 each, with a weight of 1.0 grams
and dimensions of 12 by 12 millimetres[75]. In order to be sure to detect a landing as soon as a touchdown is
performed, it is chosen to include a push button at every strut of the landing gear of the UAV design.

VERIFICATION & VALIDATION

According to Paparazzi, Lisa autopilot boards are designed for use with a U-blox 4-, 5- and 6-series GPS receiver
that can handle the UBX protocol [76]. The NEO-6M complies with both requirements and is therefore deemed
verified for use with the Lisa/M v2.0 autopilot. The Aspirin v2.2 IMU is verified by it being order-able pre-
soldered to the Lisa/M v2.0 autopilot board. Transition Robotics would not be able to do this for long if these
pieces of hardware would not be able to communicate correctly. The HC-SR04 range finder verification has
been given in Section 4.2.

ADDITIONAL REQUIREMENTS

In this section on location determination, multiple new requirements have been generated. To conclude this
section, an overview of these requirements is given in Table 4.15.

Table 4.15: Requirements following from hardware used for location determination.

Requirement ID Description
IMAV-AU-12 All UAVs shall have one nadir orientated ultrasonic rangefinder
IMAV-CR-ME8-13 All UAVs shall have a sensor that indicates a landing
IMAV-AU-11 Navigational waypoints shall be chosen with a 5 metres clear-of-obstacles radius in

the horizontal plane

4.5. NUMBER RECOGNITION

In the following section, and investigation is made into the requirement of number recognition. The former
obtained object recognition DOT, which includes all design options, may be seen in Figure 4.9. This DOT
follows from the requirement IMAV-CR-ME4, which states that: all UAVs shall be able to identify the building
numbers in zone B. Furthermore, the hardware used as payload shall be compatible with the Raspberry Pi
Model B, as stated by requirement IMAV-CR-ME4-1.
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Figure 4.9: Design option tree for object recognition. The (red) dashed line indicates infeasible concepts, the (green) filled block indicates
the selected concept.

As object recognition now only consists of the recognition of numbers, some infeasible concepts can be crossed
out immediately. The use of touch or haptics is not possible, as is the use of echolocation due to the two-
dimensional nature of numbers printed on a sheet. The only feasible design option is the use of the visible
electro-magnetic (EM) spectrum. Three different methods can be distinguished within the use of the visible
EM spectrum, namely depth, color and feature based object recognition [77] [78]. The use of depth can also be
eliminated for the same reason as haptics and echolocation were found to be infeasible. Number recognition
on a paper can be divided into two functions; the recognition of the white sheet and the recognition of the
number. The software available to perform these two functions is divided into RoboRealm, Sentisight SDK,
OpenCV and either Matlab or Python using libraries of the latter. As Roborealm and Sentisight are relatively
expensive, the free-ware of OpenCV is preferred. In order to check whether the tasks can actually be performed
and with which method of object recognition, some tests are performed.

4.5.1. NUMBER RECOGNITION TEST

The first test is to check or verify whether recognising numbers on a sheet is possible. The next section de-
scribes this test from methodology to conclusion.

METHODOLOGY

When recognising the number on the sheet, the software uses a Hough transform which makes use of fea-
ture extraction [79]. The code is written in Python and can therefore be run on the on-board processor. The
function that is used is the ’pytesser’ function which is based on OpenCv libraries [80]. The software was ad-
justed such that a ’z’ will be transformed into a ’2’, as it was noted that this was a common error in the output.
The output of the software is given in a text file with all the numbers that were found. Afterwards, the correct
numbers are manually filtered out.

TEST SET-UP

A sheet with a number was hung on a wall. The distance with respect to the webcam of the laptop was mea-
sured and increased by steps of 0.25 metre in a range from 0.5 to 2.5 metres. For each measurement, ten photos
were taken and the recognition software was applied. The entire test was performed twice in order to test con-
sistency. Furthermore, the lighting conditions were observed as well. A picture of the test set-up may be found
in Figure 4.10.
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Figure 4.10: Test set-up for the number recognition test showing a laptop with recognition software and a distance indicator.

EXPERIMENTAL RESULTS

Two tests were performed in which the amount of positive results was determined. These two tests were then
put into a graph, as can be found in Figure 4.11. As can be seen in the figure, the optimal distance for this
set-up is 1.5 metre with a margin of 0.5 metre. In order to obtain these numbers for the Raspberry Pi camera,
experiments should be performed with this camera, otherwise the results will have to be scaled. Furthermore,
it was found that lighting conditions affect the number of positives and that an optimal resolution can be
found.

Figure 4.11: The results of the number recognition experiment, showing the number of positive results out of ten, versus the distance from
the sheet

VERIFICATION AND VALIDATION

Not only the number of correct results was determined, the number of false positives or recognitions of other
numbers was determined as well. It was found that a occasionally 2’s and 4’s were recognised if the current
number was 42. This indicates that further calibration could enhance the performance of the software. Fur-
thermore, false positives in shape of numbers other than 4’s and 2’s were recognised, though not as much and
consistent as the previous false positives. As the test was performed twice, the outcome was verified.

CONCLUSION

Number recognition seems to be possible to do with pre-developed software, even though the impact of other
camera specifications of the Raspberry Pi camera module still need to be taken into account. For this first
experiment a distance of 1.5 metre followed as an optimal distance from the sheet. The reliability was high
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enough to have confidence in the script as being a design option.

4.5.2. SHEET RECOGNITION TEST

Next to recognising numbers, the sheet the numbers are printed upon should be located as well, in order to
make the recognition of the number easier. The following section describes the test that was performed in
this respective field. Again first the methodology is discussed, followed by a test set-up and the experimental
results and ending with a verification,validation and conclusion.

METHODOLOGY

The software used is written in Matlab and the methodology was already available on the internet [81]. RGB
color vectors are used, converted into binary images and then blob detection is applied [82]. Finally, a filter
gives the result that was asked for. A constant tracking of the white paper is performed.

TEST SET-UP

The Matlab-written code is run on a personal laptop. A white sheet and other white objects are now held in
front of the webcam at different distances. Furthermore, lighting conditions were varied, the object was moved
with varying speeds and in different directions.

EXPERIMENTAL RESULTS

The largest impact on the results was found to be the lighting conditions. Depending on the location in the
room where the sheet was held, the object was either continuously tracked or not found at all. Poor lighting
conditions turned out to be least efficient. Distances until 3 metres did not impact the ability to recognise the
sheet when in proper lighting conditions. Also small objects like disks with a diameter of 5 centimetres and
large objects such as tables could be detected in the same frame. A result of the test can be seen in Figure 4.12.

Figure 4.12: The result of the white sheet recognition test, showing multiple recognitions at indoor lighting conditions represented by the
rectangles.

VERIFICATION AND VALIDATION

The tests were conducted on two separate days with two different computers, in order to check for consis-
tency. As described in the previous section, different lighting conditions and set-ups were used. The code was
adjusted to recognise different colors as well, which turned out to be not a problem. The number of false pos-
itives in terms of white objects, other than the sheet, depends on the environment and therefore software has
to be developed in order to converge to the program only giving the sheet as an output.

CONCLUSION

From these first simple tests, it may be concluded that enough evidence is present to verify that sheet detection
is possible at distances of at least 3 metres. However, as the camera used was only a fraction of the quality
the Raspberry Pi camera module has and the software was not calibrated, this distance can most likely be
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increased by doing more elaborate research during the post-DSE phase of the project. Simple software seems
to be adequate enough and therefore the choice can be made for the design option of using Matlab with blob
detection in order to recognise white sheets. However, the software does need to be developed further in order
to converge to only one outcome, as the blob detection now finds multiple blobs, or areas, of which the color
white is the primary color.

In conclusion to both experiments, the Matlab and Python programming languages can be used in combi-
nation with blob detection and feature detection, in order to recognise numbers. Both can be run on the
Raspberry Pi or can be converted to C which runs on this processor. Some requirements may be drawn from
those two programs and are listen in Table 4.16.

Table 4.16: Additional requirements following from the design option for number recognition.

ID Requirement
IMAV-CR-ME4-7 All UAVs shall be able to process a script written in python on the on-board processor
IMAV-CR-ME4-8 All UAVs shall be able to process a script written in Matlab on the on-board processor
IMAV-CR-ME4-9 All UAVs shall be within a TBD of the TBD metres from the sheet of paper when starting

the sheet recognition
IMAV-CR-ME4-10 All UAVs shall be within a TBD of the TBD metres from the sheet of paper when starting

the number recognition

4.6. MAP STITCHING

For the second mission element, a photomap must be created. This map comprises of multiple photos that
have to be stitched together. The next section reviews the different design options possible for the generation
of this map. Each of these options are represented in a DOT in Figure 4.13. In the figure, a distinction is made
between panoramic and orthorectified photo stitches.

4.6.1. REQUIREMENTS

Before going into more detail, first all relevant requirements are discussed within this section. From require-
ment IMAV-CR-ME2 and Chapter 3.3 it follows that an additional 10 minutes on top of the total mission time
could be used for stitching the photos and locating the blockades. In total approximately 10 minutes are re-
served for creating the photomap.

Due to the time constraint, all self-developed software is considered to be infeasible. Furthermore no soft-
ware or hardware could be found that could create an orthorectified map with use of a digital elevation model
(DEM) within 10 minutes. Pre-developed panoramic stitching software available on the market was found and
compared. A trade-off between the four software packages was performed and Microsoft ICE ranked first due
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Figure 4.13: Design option tree for map stitching. The (red) dashed line indicates infeasible concepts, the (green) filled block indicates the
selected concept.
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to its free license, wide-spread use and the smaller overlap needed according to its specifications [22] [83].
Note that this software must be applied on a personal computer on the ground station due to its processing
power demand. In order to check what the actual specifications and requirements are on this software and
whether it performs as expected, an experiment was conducted.

4.6.2. PHOTO-STITCHING EXPERIMENT

The Microsoft ICE software was tested in order to verify its panoramic map stitching capabilities. The following
sections describe the different aspects of the experiment performed. The main goal of this additional research
is to find what the required overlap should be in order for the software to produce valid results.

METHODOLOGY

The software uses multiple pictures taken in either a zigzag (every lane in the same direction) or a centipede
(every other lane in the same direction) order. An overlap percentage must be specified and the amount of
pictures must be equally spaced and provided as well. Furthermore, different layouts of photos are tested,
such as L-shapes or other ’Tetris’ shapes. The photos are taken with a camera representative of a camera used
on the actual UAV. After stitching, the photos are verified and validated and data on stitching-time, size and
resolution of the picture is determined.

TEST SET-UP

First, a grid was made in order to do accurate measurements of overlap percentages (Figure 4.14). After this,
the actual photomap, obtained from Google Earth, was printed in a 3 by 2 metre area. Objects were placed
on the map in order to simulate three-dimensional effects such that orthorectification could be crossed out.
Then, crosses were drawn on the map in order to ensure that overlap is correctly measured and photographed
(Figure 4.15).

Figure 4.14: First set-up of the map, a grid used for overlap
measurement, with objects for a three-dimensional simula-
tion.

Figure 4.15: The second set-up of the map: a scaled version of
the real map with objects for a three-dimensional simulation.

EXPERIMENTAL RESULTS

The first map introduced difficulties with regards to stitching. The hypothesis is that the grid introduced to
many similarities and therefore to much overlap between different photos was present. The stitched map may
be found in Figure 4.16. From experiments with this new map it followed that 10% overlap was too little. A
20% overlap produced accurate results and is more time-efficient than a 30% overlap. The results are shown in
Figures 4.17 through 4.19.
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Figure 4.16: The stitched photomap consisting of photos of
the first map, overlapping by 20 percent.

Figure 4.17: The stitched photomap consisting of photos of
the second map, overlapping by 10 percent.

Figure 4.18: The stitched photomap consisting of photos of
the second map, overlapping by 20 percent.

Figure 4.19: The stitched photomap consisting of photos of
the second map, overlapping by 30 percent.

When a 20% overlap between pictures is used, an increased overlap should be present when taking pictures,
due to attitude control issues. When both a pitch, roll and yaw angle error are present, as well as a translational
mismatch, the real attitude is increased. This deviation over the height at which the photo is taken can be
found in Figure 4.20. Moreover, to obtain an optimal ground resolution, the angle of width has to be varied
over the height. This is shown in Figure 4.21. Both of the figures indicate the amount of photos that need to
be taken in order to get a complete map. As only 99 photos can be taken due to the time constraint and the
maximal height is 152 metres, only a few feasible options are available. These are presented by the square
blocks. Furthermore, as trees can grow as tall as 43 metres, the options at the bottom of the graph may be
crossed out as well [84]. Concluding, it can be seen that, when using a camera angle of view of 36 degrees
width, a height of 51 metres must be achieved in order to have a need of 99 photos.

CAMERA SELECTION

The scoring for the photo map mission element is based on the resolution of a sheet of paper located on the
ground. During the iteration of calculations based on the experiment, it was found that the highest scoring res-
olution of 10 mm in 5 pixels could not be met with a camera below 20MP that flies above the threes. Therefore
the 6 times multiplier is chosen which demands a ground resolution of 50mm in 5 pixels. It was found that the
least expensive camera was the Sony Cybershot DSC W800, which still has an adequate resolution and even an
surplus in pixels. Cheaper cameras will need to fly too low, resulting in flight at ground level. More expensive
cameras did not pay off in terms of the amount of photos that have to be taken and thus time consumption.

VERIFICATION AND VALIDATION

The photo-stitches are compared with the real map and discrepancies or deficiencies are located. Multiple
stitching times are measured in order to obtain an accurate average that can be used to extrapolate stitch-time
to a hundred photos. Also, the time needed for storing the pictures with the adequate resolution onto a local
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Figure 4.20: Number of photos needed with respect to height
and minimum overlap between pictures. The horizontal line
indicates the maximum height restricted by IMAV and the
square blocks are the feasible options.

Figure 4.21: The number of photos needed with respect to
height and angle of view in width. The horizontal line indi-
cates the maximum height restricted by IMAV and the square
blocks are the only feasible options.

drive is measured a number of times. Verification of the resolution is achieved by measuring the resolution of
a reference area that lies on a division line of two photos (in this case a yellow sticky-note) on both the original
photo and on the stitched map.

RESULTS & CONCLUSION

From the test, it followed that only a 20% overlap of the pictures is needed in order to let the panoramic stitch-
ing be successful. Now, an iterative step was made. By performing an attitude and mission operation analysis,
a flight speed of 5.6 m/s was obtained which leads to a total amount of 99 photos. With a size of 6.6 MB per
photo, this gives a total of 654 MB of data to be stored, which means that the required data rate is 1.65 MB per
second [85].

Now that Microsoft ICE has been verified to work, some requirements can be drawn and may be listed in Table
4.17. The requirements IMAV-CR-ME2-1 through IMAV-CR-ME2-4 follow from the specifications of Microsoft
ICE and the last two requirements follow from the extrapolated results of the experiment [22].

Table 4.17: Additional requirements following from the design options that followed from the map stitching mission element.

ID Requirement
IMAV-CR-ME2-1 The system shall make pictures with an overlap of at least 20%
IMAV-CR-ME2-2 The system shall have Microsoft ICE available on the ground station for photo stitching
IMAV-CR-ME2-3 The system shall have Microsoft Visual C++ available on the ground station for photo

stitching
IMAV-CR-ME2-4 The system shall have .NET Framework version 4 available on the ground station for

photo stitching
IMAV-CR-ME2-5 The system shall have a memory of at least 645 MB for creating the photomap
IMAV-CR-ME2-6 The system shall support a data rate of at least 1.65 MB/s for creating the photomap

4.7. DATA TRANSMISSION

From requirements IMAV-SR-20 it follows that every UAV should have some form of communication with the
ground station. This chapter describes the various possibilities for the transmission or storage of data for every
mission element. All relevant options for data transmission are listed in a DOT in Figure 4.22. In the figure, a
distinction is made between real-time wireless communication and the storage of data.

4.7.1. REQUIREMENT ANALYSIS

In order to decide on a data transmission system, the relevant requirements need to be analysed first. The
requirement related to data transmission can be seen in Table 4.18.
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Figure 4.22: Design option tree for on-board computer hardware selection. The (red) dashed line indicates infeasible concepts, the (green)
filled block indicates the selected concept.

Table 4.18: The relevant requirements for the data transmission subsystem.

ID Requirement
IMAV-AU-14 The system shall have a communication link able to handle 7.2 kB/s between the

ground station and the autopilots of all UAVs
IMAV-CR-ME2-6 The system shall support a data rate of at least 1.65 MB/s for creating the photomap
IMAV-SR-03 The transmission of electro magnetic radiation shall be on frequencies that are legally

allowed in the Netherlands
IMAV-SR-04 The transmission of electro magnetic radiation shall be in modes that are legally al-

lowed in the Netherlands
IMAV-SR-05 The transmission of electro magnetic radiation shall be within the power limit legally

allowed in the Netherlands
IMAV-SR-14 A UAV shall perform an emergency landing after entering the red zone

Besides these requirements, the power consumption and the weight of the system should be as low as possible,
as is described in Section 2.4. Finally, Pythagoras’ theorem was used to analyse requirement IMAV-SR-14. This
analysis concluded that with the dimensions of this red zone (lxwxh 277 x 170 x 290 meter) 3.3, a minimal range
for the data transmission system can be determined to be 436 metres [4].

4.7.2. DESIGN OPTION SELECTION

For every option in the DOT, a literature study is performed. The results can be found in Table 4.19. It can be
seen that bluetooth and infra-red are not feasible for this design because of their limited range [86] [87]. Wi-
Fi should theoretically be able to transmit data over the required distance, but no practical devices could be
found [88]. The data rates of both a 3G connection as well as a USB1.1 connection are not able to process the
required data within the given amount of time [89] [90]. Mission element 2 is performed by using a stand-alone
camera with a remote trigger in order to create the photo stitch. As the camera does not support USB2.0, but
is able to write data to an SD card, it is convenient to choose the latter and cheaper option for data processing.

Requirement IMAV-SR-20 states that the team shall be able to manually take over control of all UAVs. From this
requirement it follows that the UAV shall always have a direct communication link with the ground station. In
combination with the autopilot, the data rate does not exceed 7.2kB/s. The only technically viable options
left are radio controlled, 3G or a 4G connection. The main difference between these techniques are the costs,
which are a factor 30 higher for 3G and 4G. Therefore, the most viable option for this is the radio controlled
option.

4.7.3. HARDWARE SELECTION

Now that the design options are known (SD Card and radio frequency data transmission), it is possible to select
specific hardware. The main goal is to find lightweight, low power and cost efficient hardware. The options
that exist for the hardware, that allow the UAV to communicate with the ground station over a radio frequency
band, can be found in table 4.20. Combining the requirements for range, data rate and minimal cost, the XBee
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Table 4.19: The specifications of all design options. Listed are the range, bandwidth, size and price.

Device Range (km) Max Data Rate (MB/s) Size (GB) Price (€)
USB 1.1 [90] - 1.5 4 5.49
USB 2.0 - 60 4 3.71
SD class 4 [91] - 4 4 2.95
Bluetooth [86] 0.1 - - -
Infra-red [87] 0.005 - - -
3G [89] Available in competition 2 - 450
4G [92] Available in competition 3.6 (Vodafone) 7 450
Wi-Fi IEEE 802.11a [88] 0.3 in line of sight 6.75 -
Wi-Fi IEEE 802.11n 0.3 in line of sight 37.5 - 50
Radio [93] [94] 1.6 0.25 - 14

Series 1 Pro was chosen for the UAV. This hardware selection complies with requirements IMAV-SR-03 to IMAV-
SR-05, concerning electro magnetic radiation in the Netherlands [95]. Both the transceiver for the UAV, as well
as the one for the ground station can be found in Table 4.21.

Table 4.20: Several hardware options for radio frequency data transmission between the UAV and the ground station [94]

Device / Feature Frequency
(GHz)

Power
(mW)

Mass (g) RF Speed
(kbps)

Price (€) Range
(km)

XBee Series 1 2.4 1 4 250 16 0.1
XBee Series 1 Pro 2.4 100 4 250 14 1.6
XBee Series 2 Pro 2.4 50 4 250 28 1.6
XBee 868LP 0.868 5 5 80 18 4
XBee Pro 900HP 2.4 250 8 20 32 4
Digi 9XTend 2.4 1000 18 115 150 5.6
Aerocom AC4790-200 0.928 200 20 76.8 52 6.4

As power consumption is not a property determined by the SD Card and weight does not change significantly
for different SD cards, the selection can only be based upon cost. Combining this with the data rate and total
amount of data to be stored, an SD card was selected and can be found in Table 4.21 [91].

Table 4.21: The final selected hardware and its specifications for the data transmission functionality of the payload.

Device Description Power (W) Cost (€ ) Mass (g)
Kingston SDHC 4GB - Class 4 SD Card [91] - 2.95 2.3
XBee Series 1 Pro UAV communication [94] 0.165 14 4
XBee Pro PKG-U - USB Ground station comm. [93] 2.7 118 150

4.8. BLOCKADE MAPPING

The main requirement of mission element 3 requirement IMAV-CR-ME3 states that: the system shall indicates
all blockades in zone A on the photomap of mission element 2. Figure 4.23 shows all design options for this
specific mission element. Within this figure the eliminated design options are marked striped (red), whereas
the final chosen design option is filled (green).

4.8.1. DESIGN OPTION SELECTION

As the photomap is created using panoramic stitching instead of orthorectified stitching, it is not possible to
use a height-profile for blockade determination. Furthermore, it should be noted that very narrow blockades,
for example fences standing on the road, are not clearly visible from above. Another viable option of deter-
mining the location of blockades is recognising them separately with a UAV and sending the location of the
UAV at that instance to the ground station. However, due to inaccuracies in the IMU and GPS at low level flight
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Figure 4.23: Design option tree for blockade detection. The (red) dashed line indicates infeasible concepts, the (green) filled block indi-
cates the selected concept.

(as discussed in Section 4.3.3), in combination with unknown obstacles on the road, it is impossible for the
UAV to use the roads as a guide towards the blockades. As blockades are always placed on the roads, it is also
possible to use the photomap from mission element 2 to detect the blockades. First of all, color detection can
be used to find the roads on the map, which is least expensive compared to other recognition options. Then,
the same recognition method can be used to distinguish obstacles from the road. As it is only required to indi-
cate and not to identify blockades, object recognition exceeds its purpose. Therefore color detection is chosen
as the most viable design option for blockade detection. It is recommended to further verify the use of color
detection, in combination with the roads and blockades present during the IMAV 2014 competition.

4.8.2. ADDITIONAL REQUIREMENTS

In order to apply color detection, some requirements can be drawn. First of all, Matlab or Python has to be
available in which the code may be written. A requirement following from software is that the photomap
should be in color. These requirements are listed in Table 4.22.

Table 4.22: The additional requirements obtained from the hardware choices that were made with respect to blockade detection.

ID Requirement
IMAV-CR-ME3-1 A photomap of the area shall be available for blockade mapping
IMAV-CR-ME3-11 The photomap shall be in color
IMAV-CR-ME3-4 The system shall have Python or MATLAB available on the ground station for blockade

mapping

4.9. ATTITUDE CONTROL

From all previous sections it follows that a certain amount of attitude control is required in order to perform all
mission elements. The amount of attitude control needed for each of these mission elements will be discussed
in this section. The requirements on which this section is based are presented in Table 4.23.

Take-off
During take-off, the propellers may fail and a gust may occur, pushing the UAV down on the ground. The
estimated loads acting on the structure are determined in Section 7.2. The actual height and thus translational
error that is induced by this load has to be researched more in depth. However, it is assumed that the landing
mission elements are putting more restrictions on the system due to the velocity pointing nadir. The only
attitude requirement that follows for the first mission element, is that the UAV may not land on its propellers.
Therefore the attitude has to be controlled with an accuracy of 45 degrees when ascending.
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Table 4.23: The requirements related to the topic of attitude control.

Requirement ID Description
IMAV-CR-ME1 All UAVs shall take off from the designated take-off area in the LCC
IMAV-CR-ME2 The system shall create a photomap of zone A within 10 minutes after the end of the

mission
IMAV-CR-ME3 The system shall indicates all blockades in zone A on the photomap of mission ele-

ment 2
IMAV-CR-ME4 All UAVs shall identify the building numbers of buildings in zone B
IMAV-CR-ME8-1 All UAVs shall land on the building with the flat roof in zone D
IMAV-CR-ME10-1 All UAVs shall make a precision landing in the designated landing area in the LCC

Photomap
In order to obtain attitude control estimations for the second mission element, tests have been performed as
described in Section 4.6. From these tests a maximum amount of photos followed that can be stitched in 10
minutes. When looking at the field of view of the camera at a certain height and implying a minimum of 20%
overlap, the attitude of the camera has to be controlled to a certain degree as well as the position of the UAV.
These attitude and location requirements are listed below.

• 2.5 metres in translation
• 1 degree in roll and pitch control
• 6 degrees in yaw control

Blockade Mapping
The software used for detecting blockades on the already stitched photomap has not yet been tested or de-
veloped. Therefore, it is assumed that this mission element has the same attitude control requirements as the
mission element consisting of the photomap, as previously discussed. When the software performs inade-
quately, manual recognition will be performed.

Quick Visual Inspection
From tests performed in Section 4.5 it followed that a distance of 1.5 metres from the sheet must be guaranteed
with a deviation of 0.5 metres in order to achieve a reliable recognition of the number. In order to achieve this
distance, the range finder must have an accuracy of equal distance and should be aligned with the perpendic-
ular distance to the wall. Furthermore, in order to face the right building, the pointing accuracy or yaw control
accuracy must be at least 53 degrees, as this is the angle of view of the Raspberry Pi camera module.

Land on Roof
The landing zone consists of a 12 by 6 metre rectangular landing zone. In order to navigate onto this zone, the
translational control accuracy should therefore be a sphere with radius of 5.5 metres when it is assumed that
it is known by the UAV whether it is located above the building and perpendicular to the house. The landing
itself is determined again with the use of the parameters discussed in the take-off mission element.

Precision Landing
As the precision landing area consists a circle of with a radius of 5 metres, the translation of the UAV must
be controlled within 2.5 metres. The vertical translational accuracy must again be defined by the structural
integrity of the UAV, while the attitude control in pitch and roll is determined by the maximum impact of a
gust.

4.9.1. REQUIREMENTS

Now that all mission elements have been analysed with regards to attitude control and location, the corre-
sponding requirements can be listed in Table 4.24. Only the most stringent requirements are listed as they
cover the less stringent requirements as well. Note that the most demanding requirements on attitude control
for the complete UAV as well as the photomap camera, are those following from mission elements 1, 2 and 4.
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Table 4.24: Additional requirements following from the design options that followed attitude control.

ID Requirement
IMAV-CR-ME1-1 All UAVs shall have a roll and pitch control accuracy of at least 45 degrees
IMAV-CR-ME2-8 The photomap camera of all UAVs shall be controlled in roll and pitch with at least 1

degree of accuracy
IMAV-CR-ME2-9 The photomap camera shall be controlled in yaw angle with at least 6 degrees of ac-

curacy
IMAV-CR-ME2-10 All UAVs shall have a translational control accuracy of at least 2.5 metres in all three

axes
IMAV-CR-ME4-5 All UAVs shall have a translational control accuracy of at least 0.5 metres in the hori-

zontal plane
IMAV-CR-ME10-11 All VTOL UAVs shall make a precision landing on the LCC within a circle of 5 metres
IMAV-CR-ME10-14 All CTOL UAVs shall make a precision landing on the LCC within a circle of 10 metres

4.9.2. GIMBAL

Within this section a solution is found for the challenge of increasing the pointing accuracy of the camera in
order to create a photomap. A gimbal was found to be the best design option. The next section discusses this
attitude controlling device.

REQUIREMENTS ANALYSIS

From requirement IMAV-CR-ME2-8 it follows that roll and pitch control of at least 1 degree is required from
pointing nadir, which is quite difficult do to with respect to gusts and even the UAV’s constant propelling in-
clination. Therefore, in order to obtain this accuracy, a passive or active 2- or 3-axis gimbal system is required.
A passive gimbal uses gravity in order to damp the motions that the UAV applies to the camera system. An
active gimbal uses a combination of motors and an acceleration sensor in order to balance the camera. As a
passive gimbal system would easily start swaying and is not damped quick enough, it is therefore found to be
infeasible. Specifications of readily available active 2- and 3-axis gimbal systems are shown in Table 4.25.

Table 4.25: Specifications of various gimbal systems

Device No. of Axis Acc. x (◦) Acc. y (◦) Acc. z (◦) Power (W) Mass (g) Price (€)
Zenmuse H3-3D [96] 3 0.02 0.02 0.03 168 280
SMART3 [97] 3 262 184
Libran 3-axis [98] 3 <32 170 67
Stella Brushless [99] 2 0.05 0.05 - 120 218
Mobius Gimbal [100] 2 - <15.2 171 85.7

GIMBAL SELECTION

It can be seen that the Mobius is a lightweight and cheap, but still accurate active gimbal system. One of the
advantages of this system is that is can easily be assembled. Therefore, a supporting structure can be self-
developed to fulfil the UAV’s needs. The components that the gimbal consists of are two motors and a control
board [101] [102]. These are all connected by 3D printed parts which are custom designed in Chapter 6.1.

4.10. GROUND STATION

An important part of the design is the ground station. It is required according to the IMAV competition rules[4]
and it is used, for example, to show the current location of every UAV and to perform the stitching of the aerial
photos. Any requirements relevant to the ground station are listed in Section 4.10.1. The design of the ground
station is described in Section 4.10.2.
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4.10.1. REQUIREMENT ANALYSIS

Multiple requirements have been generated that are relevant for the ground station. These have been sum-
marised in Table 4.26.

Table 4.26: Requirements for the ground station.

Requirement ID Description
IMAV-CR-ME2-2 The system shall have Microsoft ICE available on the ground station for photo stitching
IMAV-CR-ME2-3 The system shall have Microsoft Visual C++ available on the ground station for photo

stitching
IMAV-CR-ME2-4 The system shall have .NET Framework version 4 available on the ground station for

photo stitching
IMAV-CR-ME2-5 The system shall have a memory of at least 645 MB for creating the photomap
IMAV-CR-ME3-4 The system shall have Python or MATLAB available on the ground station for blockade

mapping
IMAV-SR-30 The main ground station screen shall be shared via VGA output
IMAV-AU-13 The ground station shall have paparazzi ground control station-software available for

telemetry
IMAV-AU-13-1 The ground station shall have a ground station based on the Linux Operation System
IMAV-AU-14 The system shall have a communication link able to handle 7.2 kB/s between the

ground station and the autopilots of all UAVs

4.10.2. DESIGN OPTION SELECTION

It follows from the requirements that two operating systems are required, as .NET Framework (requirement
IMAV-CR-ME2-4) only runs on Windows operating systems, while Paparazzi runs on Mac OS X and Linux-
based systems [103] [50]. It is therefore chosen to use two portable computers or laptops, designated Ground
Station A and B, that together form the ground station. Further specifications on these two computers are
given in this section.

GROUND STATION A

Ground Station A is a computer with a Linux operating system. It has Paparazzi ground control station software
installed such that it can show the current location of the UAVs. In order to get the telemetry of the UAVs, it has
an Xbee modem connected to it. To enable the IMAV jury to observe the system using an additional screen, a
VGA-output is present.

GROUND STATION B

Ground Station B is a computer with a Windows 7 or 8 operating system and at least 654 megabytes of memory
available. It has .NET Framework 4, Microsoft Visual C++ and Microsoft ICE installed in order to stitch photos
into a photomap. It also has Python or MatLab installed in order to perform blockade recognition on the
generated photomap. It can read an SD-card in order to be able to import photos taken by the UAVs.

In order to save on costs, laptops that are available within the team will be used as ground stations A and B.

4.11. PAYLOAD CONCLUSION

In this chapter, all hardware choices for the payload of the UAV design have been presented. These choices
were required for a system to successfully complete the mission it was designed for, as discussed in the previ-
ous chapter. An overview of the UAV payload selection is presented in Table 4.27. An overview of the ground
station selection is presented in Table 4.28.
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Table 4.27: Overview of the selected UAV payload

Category Type Name Power (W) Cost (e) Mass (g)
Sensing Camera Raspberry Pi Camera Module 0.825 21.21 3
Sensing Camera 50 cm Raspberry Pi CSI/DSI Camera

Module Flat Ribbon Cable
0 6.23 10

Sensing Camera SONY DSC-W810 0 78 127
Sensing Trigger

Camera
TE Connectivity - IME03GR - Relay DPST
5V

0.14 1.81 3

Sensing Trigger
Camera

Multicomp - 2N2222A - Transistor NPN 0.4 0.84 0.35

Sensing Trigger
Camera

Resistor 1kOhm MultiComp MC-
CFR0W8J0102A20

0.125 0.01 2

Sensing Gimbal 2x 2206-140Kv Brushless Gimbal Motor 6.2 21.96 64
Sensing Gimbal 2-Axis Brushless Camera Gimbal Stabi-

lization Control Board
3.6 28.72 25

Sensing SD-card 2x Kingston SDHC 4GB - Class 4 0 6 4
Navigation Echolocation 2x Ultrasonic Rangefinder HC-SR04

Module
0.15 5.90 30

Navigation Echolocation 2x Resistor 330 Ohm MultiComp MC-
CFR0W8J0331A20

0.25 0.02 4

Navigation Echolocation Resistor 470 Ohm MultiComp MC-
CFR0W8J0471A20

0.25 0.02 4

Navigation Push button 3x Momentary Push Button Switch -
12mm Square

0 1.50 3

Navigation Push button Resistor 1kOhm MultiComp MC-
CFR0W8J0102A20

0.125 0.01 2

Navigation Push button Resistor 10 kOhm 0.125 0.01 2
Navigation Autopilot

board
Lisa/M v2.0, including: Aspirin v2.2 IMU,
barometer

1.25 169 11

Position GPS UBLOX NEO-6M GPS Module w/Built-in
Antenna

0.1287 12.99 18

Commu-
nication

Radio
receiver

Xbee Series 1 Pro 0.165 14 4

Manual
control

Receiver Spektrum SPM9645 Remote Receiver 0 28.82 3

Processing On-board
computer

Raspberry Pi Model B 5 30 39

Total 19 (W) 426 (e) 360 (g)

Table 4.28: Budget breakdown of the ground station used for the UAVs

Category Name Type Power (W) Cost (e) Mass (kg)
Communication Radio transmitter XBee-PRO PKG-U - Con-

nection via USB
2.7 118 0.15

Manual control Transmitter Turnigy 9XR (no module) 37.08 1.28
Manual control Transmitter module OrangeRX DSMX mod-

ule, Turnigy-compatible
0 22.13 0.074

Battery Battery adapter iCharger 206B 300 97.77 0.35

Total 303 (W) 275 (e) 1.9 (kg)
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5
Propulsion and Airframe Design

The propulsion and airframe can be designed in order to perform the missions selected in Chapter 3 and
support the payload subsystems designed in Chapter 4. This whole section is therefore dedicated to the air-
worthiness of the unmanned aerial vehicle (UAV), as required by IMAV-SR-26 of the international micro aerial
vehicle (IMAV) safety regulations [4].

First, the requirements which need to be fulfilled by the propulsion and airframe are discussed in Section 5.1.
With these requirements, a trade-off is performed in order to select which flying method is best suited for the
mission in Section 5.2. With the flying method chosen, an iterative design approach is used for the propulsion
and airframe subsystem. A description of the design is given in Section 5.3. Afterwards, the different parts
which make up the propulsion are discussed in the next sections. First, the propeller selection is described in
Section 5.5. Second, Section 5.6 discusses the selection of the motor to drive the propellers. Third, to control
the motors an electronic speed controller (ESC) is selected in Section 5.7. Fourth, to power the whole system
a power supply is considered in Section 5.8. With the power subsystem complete the airframe which supports
the payload and propulsion subsystems is designed in Section 5.9. This chapter concludes with an overview of
the propulsion and airframe subsystem in Section 5.10.

5.1. REQUIREMENT ANALYSIS

All requirements related to the propulsion and airframe design can be found in Table 5.1. Note that the table
only includes the most restricting requirements concerning rotational and translational control accuracy.

Table 5.1: All requirements related to the propulsion and airframe design.

ID Requirement
IMAV-CR The system shall win the IMAV 2014 competition
IMAV-CR-ME1 All UAVs shall take off from the designated take-off area in the LCC
IMAV-CR-ME8-1 All UAVs shall land on the building with the flat roof in zone D
IMAV-CR-ME8-3 All UAVs shall take off from the building with the flat roof in zone D
IMAV-CR-ME8-13 All UAVs shall have a sensor that indicates a landing
IMAV-CR-ME10-1 All UAVs shall make a precision landing in the designated landing area in the LCC
IMAV-CR-ME10-2 All UAVs shall demonstrate airworthiness in case of rough landing
IMAV-SR-01 The system shall only use electric propulsion
IMAV-SR-16 An emergency landing of a UAV with rotary, flapping or hybrid wings shall be per-

formed at minimum power setting
IMAV-SR-17 An emergency landing of a UAV with fixed wings shall be performed without propul-

sion
IMAV-SR-23 All UAVs shall have a maximum dimension of 1.50 m
IMAV-SR-24 All UAVs shall have a maximum weight of 5 kg

IMAV-SR-25 All UAVs shall have a maximum momentum of 20 kg ·m
s

IMAV-SR-26 All UAVs shall be airworthy
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5.2. FLYING METHOD SELECTION

This section describes the design process of selecting the flying method to perform the mission selected in
Chapter 3, which satisfies the requirements as stated in Section 5.1. First, possible design options are listed
in Section 5.2.1. Second, non-feasible options will be eliminated in Section 5.2.2. Third, the criteria for which
the remaining feasible concepts are evaluated, are introduced in Section 5.2.3. Fourth, the conceptual analysis
is performed in Sections 5.2.4 through 5.2.7. Fifth, Section 5.2.8 uses the conceptual analysis to trade off all
feasible concepts and determine the final method that used for the propulsion and airframe design. Finally,
an overview of the requirements generated in this section is given in Section 5.2.9.

5.2.1. DESIGN OPTIONS

This section discusses possible design options for the propulsion and control subsystem. An overview of all
design options is given in the design option tree (DOT) presented in Figure 5.1.

Figure 5.1: Design option tree for flying method selection. The (red) dashed line indicates infeasible concepts, the (green) filled block
indicates the selected concept.

VERTICAL TAKE-OFF AND LANDING AIRCRAFT

The aircraft in the vertical take-off and landing (VTOL) group have vertical take-off and landing capabilities
and can transition into a forward flight with capabilities similar to conventional take-off and landing (CTOL)
aircraft. Examples within this group are the ATMOS vehicle [104], LTV XC-142 [105] and a scale model Bell
Boeing V-22 Osprey [106].

CONVENTIONAL TAKE-OFF AND LANDING AIRCRAFT

The aircraft in the CTOL aircraft group use a fixed wing to generate aerodynamic lift for take-off, cruise and
landing. Therefore, aircraft in this group need a runway to take off and land. Examples within this group are
the Sensefly eBee [107] and the Lockheed Martin Desert Hawk III [108].

AIRSHIP

The airship group only contains vehicles utilising lighter-than-air principles to lift the system, either using hot
air or lighter-than-air gases. Furthermore, the group uses additional propulsion systems, besides the burner
within a hot air airship, to control the vehicle’s altitude and attitude. Examples within this group are the Silent
Runner [109] and the do-it-yourself project Ollie [110].

BALLOON

The balloon group contains vehicles that make use of lighter-than-air principles, like the airship group. How-
ever, balloons do not have an additional propulsion system, besides the burner within a hot air balloon, to
control the vehicle’s altitude and attitude. An examples within this group are a hot air or gas balloon.
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HELICOPTER

The helicopter group contains vehicles utilising rotor blades, which are essentially rotating wings, to generate
lift and thrust. The helicopters are controlled by varying the pitch of the rotor blades to adjust thrust generated
by the propellers. Examples within this group are the Rotomotion SR-5 [111] and the AUAVT AT-10 [112].

MULTICOPTER

The multicopter group contains vehicles that employ rotor blades, like the helicopter group. However unlike
the helicopter group, the pitch of the propeller blade of a multicopter is fixed. The attitude of a multicopter
is controlled by varying the thrust generated by the different propellers. Examples within this group are the
Aibot X6 [113], the DJI Phantom series [114] and the HALO UAV [115].

COUNTER-WEIGHT COAXIAL DUOCOPTER

The counter-weight coaxial duocopter is a vehicle that uses a coaxial rotary system. The counter-rotating pair
of blades are mounted on top of each other, which results in zero net torque on the system. The vehicle uses
a counter-weight to control the attitude of the system. There are no prove of concepts of any counter-weight
coaxial duocopter on the market. Therefore, a sketch of this concept is presented in Figure 5.2.

Figure 5.2: Sketch of the counter-weight coaxial duocopter flying method concept.

FLAPPING WING

The flapping wing group contains vehicles utilising flapping wings to generate lift and thrust. These vehicles
are inspired by either birds or insects and try to imitate their methods of flight. Examples are the DelFly series
[116], DragonFly [117] and Pteryx Skybird [118].

5.2.2. INFEASIBLE DESIGN OPTIONS

This section discusses three infeasible design options, which are not further considered for this design project.
The balloon, counter-weight coaxial duocopter and flapping wing groups are deemed infeasible.

BALLOON

The balloon group is considered to be an infeasible design option, as it cannot be controlled, making it unable
to complete the selected mission. The balloons are free to float in the direction that the wind takes the vehicles.
The vehicles can therefore not comply with the IMAV safety rules [4] as specified by requirement IMAV-SR.
Note, that adding any type of propulsion device to control this attitude would make the concept an airship
rather than a balloon.

COUNTER-WEIGHT COAXIAL DUOCOPTER

The counter-weight coaxial duocopter is considered to be a infeasible design option, as there is no proof of
concept in either scientific publications or industry. Therefore, the development of the system cannot be
completed with the available project resources and the risk for developing this system are considered too large.
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FLAPPING WING

The flapping wing vehicles are considered to be an infeasible design option, as there is no proven concept
capable of performing a mission similar to the chosen mission concept. Therefore, the development of the
system cannot be completed with the available project resources and the risk for developing this system are
considered too large.

5.2.3. DESIGN OPTION ANALYSIS

A total of four trade-off criteria were selected to compare the remaining design options for the flying method
selection. As discussed in Section 3.2.2, the number of trade-off criteria is limited [19]. The trade-off crite-
ria selected for the flying method trade-off and the arguments to include those criteria are discussed in this
section.

DIMENSIONS

An estimation of the dimensions of the flying method is important, since the maximum dimension is used to
compute the total amount of points scored in the IMAV competition [2]. Furthermore, all UAVs are restricted
by a maximum dimension of 1.50 metres. This criterion is thus related to requirements IMAV-CR and IMAV-
SR-23.

FEASIBILITY

Evaluating the feasibility of all design options is important, as the current technology has to be mature to be
able to compete in the IMAV 2014 competition. Furthermore, the design has to be produced within the 37 days
in the period between the end of the design synthesis exercise (DSE) and the start of the IMAV competition.
This criterion is thus based on the two top-level requirements IMAV-CR and IMAV-TU.

PERFORMANCE

The mission performance criterion involves a short initial analysis of the applicability of each design option
to the selected mission elements. Therefore, this criterion relates to all requirements considering a mission
element as listed in the requirement analysis of Section 5.1.

CONTROL SYSTEM COMPLEXITY

The control system complexity discusses the availability of control systems for each design option as well as
the difficulty of implementing such a system. Therefore, this criterion indirectly relates to all requirements
considering translational and rotational accuracy as listed in the requirement analysis of Section 5.1.

5.2.4. DIMENSIONS

In this Section, the performance of the five concepts is analysed on their dimensions. From the IMAV safety
rules there is a direct restriction on the maximum dimensions of 1.5 metres [4]. Also, the smaller the UAV, the
higher the amount of points that are given in the competition. The exact relation between these is given earlier
in Section 3.1.1.

AIRSHIP

The dimensions of a airship can be calculated with the fact that the amount of gas inside the airship has to be
high enough to generate all the needed lift. The most optimal gas for this is the gas with the lowest density. This
is hydrogen, but this is very flammable and therefore not usable for a UAV. The second best gas is helium with
a lifting capacity of 1.02 kilograms per cubic metre. With this value, the volume of helium can be calculated
and from this, a general dimension estimation can be calculated for an airship using Equation 5.1 [119].

L3
ai r shi p =

4∗F 2
ai r shi p ∗Vhel i um

Cv ∗π
(5.1)
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Here, Lai r shi p is the length of the airship, Fai r shi p the slenderness ratio, Vhel i um the volume of the helium
and Cv is the prismatic coefficient. The total volume of the helium is determined by the lifting capacity. The
prismatic coefficient and slenderness ratio are determined using literature and estimated at 0.65 and 2 respec-
tively [119]. At the maximum dimension of 1.5 metre, the total lift of the UAV can only support 0.439 kilograms.
Because the payload and structural mass combined is higher then that, the dimensions for an airship will ex-
ceed the maximum dimensions. Moreover, the dimensions would still exceed the limit if the slenderness ratio
is changed.

CONVENTIONAL AND VERTICAL TAKE-OFF AND LANDING AIRCRAFT

The dimensions for VTOL and CTOL aircraft are estimated to be equal, as both design options use a wing to
generate lift aerodynamically. The maximum dimension of the aircraft is the wing span. The wing span of the
VTOL and CTOL aircraft can be estimated by using Equation 5.2.

L = 1

2
· CLρV 2b2

A
(5.2)

Where L is the lift force, CL the lift coefficient, ρ the air density, V the airspeed, b the wing span and A the
aspect ratio of the wings.

All parameters within Equation 5.2 are estimated to enable an estimation for the dimensions of a CTOL and
VTOL aircraft. For the lift coefficient, an approximation of 1.5 is used. The air density is 1.225 kilogram per
cubic metre at sea level and the lift is the mass of the aircraft multiplied with the gravitational acceleration of
9.81 m/s2. Using the initial total mass estimation of 1 kilograms, the total lift force becomes 9.81 Newton. Also,
estimating the aspect ratio at 2.5 and the velocity at 5 metre per second, the wing span becomes 1.03 metre.

HELICOPTER

In order to get a good estimation for the size of the helicopter, existing helicopters are investigated and com-
pared. For this helicopter UAVs with the same weight range are taken. A maximum dimension range between
60 and 100 centimetre is found [120].

MULTICOPTER

The size of a multicopter is about three times the propeller size [121]. The size of a propeller varies between
10 and 15 inches (between 25 and 38 centimetre), so this means that typical multicopter will have a maximum
dimension between 75 and 114 centimetre.

5.2.5. FEASIBILITY

This section evaluates the feasibility of each of the proposed mission concept. This evaluation consists of the
technical maturity, complexity and its applicability to the project. The technical maturity has two separate el-
ements, namely the technical maturity of the flying concepts applied to micro UAV and the technical maturity
of the flying concepts applied to autonomous vehicles.

VERTICAL TAKEOFF AND LANDING AIRCRAFT

The VTOL aircraft group has been miniaturised successfully as an radio controlled model, demonstrated by
a 2.5 kilograms scale model of the V-22 Osprey [106]. Besides, the ATMOS and Extractor X were found as
VTOL vehicles with autonomous capabilities. Both vehicles competed in the UAVForge competition aimed at
simulating a military perch-and-stare reconnaissance mission [122]. The ATMOS team claims to have flown
the first fully automated flight of a multi-modal UAV in May 2012 [123], which shows that the fully autonomous
VTOL vehicle is not yet a mature technology.

The VTOL vehicles adds two flight modes to the system next to the hover mode, namely a forward flight mode
and a transition mode. A reference vehicle makes this transition between the different modes for velocities
above 8 metre per second [124], which is larger than the estimated 6 metre per second flight velocity [1].
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Therefore, these flight modes add complexity to the system, while the forward transition is not applicable
to the mission.

CONVENTIONAL TAKEOFF AND LANDING AIRCRAFT

Three examples of miniaturised aircraft utilizing conventional take-off and landing are were found to demon-
strates the concepts feasibility. All of these aircraft have a take-off weight between 2 to 3 kilograms and a
payload capacity of 1 kilogram [108] [125] [126]. These figures correspond to the concept estimates presented
in the mid-term report [1]. Furthermore, three examples were found of autonomous CTOL aircraft performing
similar missions as the missions to be performed by the designed system [107] [126] [125]. These examples
clearly show the concepts technical maturity.

A minor issue was found for the concepts applicability to the mission concept. The Sensefly ebee proves the
concept of autonomous landing [107], however most CTOL aircraft are hand launched [127]. Masuko et al.
have shown that micro UAV are able to autonomously take-off using a runway instead of a hand launch [128].
But, this technology might be difficult to implement in the concept as no industrial application was found for
this specific technology.

AIRSHIP

The miniaturisation of airships is still in a development stage, as almost no airships were found within the
dimension constraints given by the IMAV competition [4]. Although some larger airships, like the Silent Runner
[109] and a research performed by Saiki et al. [129], prove to have specification capable of performing the
competition’s mission elements.

Also the autonomous capabilities of airships are not yet mature. Two examples were found, which are capable
of autonomous flight, but their system specifications are not at all capable of performing the IMAV competi-
tion’s mission elements [130] [110].

HELICOPTER

The miniaturisation of helicopters as well as the autonomous capabilities are demonstrated by the Rotomotion
SR-5 [111], AUAVT AT-10 [112] and Helipse HE-190 helicopters [131]. These helicopters all present specifica-
tions that could potentially support the selected mission.

A drawback of the helicopter concept is the inefficiency of the lift producing mechanism. As discussed by
Leishman, the aerodynamical lift generation of the VTOL or CTOL aircraft is more efficient than the mechani-
cal lift generation of the helicopter [132].

MULTICOPTER

As for the helicopter concept, the multicopter concept is well proven as micro UAV with mapping or obser-
vation capabilities. This is shown by multiple UAVs produced by companies like Aibotix [113], DJI [114] and
Microdrones [133].

The HALO and Aeroquad UAVs as well as vehicles from the Delft University of Technology (TU Delft) Micro
Aerial Vehicle Laboratory (MAVLab) are examples of autonomous vehicles with specifications capable of com-
pleting the IMAV competition’s mission elements [115] [134] [135]. Furthermore, both drones outperformed
the VTOL aircraft, ATMOS and Extractor X, at the UAVForge competition [122]. Furthermore, the Microdrones
company has proven the industrial applicability of this concept [133].

As for the helicopter, the multicopter concept has the drawback that the lift is mechanically generated. Again,
this method of lift generation is less efficient than the aerodynamical lift generation of the VTOL or CTOL
aircraft [132].

5.2.6. MISSION PERFORMANCE

This section will analyse the mission performance of the various designs options for the flying method. Mis-
sion performance is here defined as how well mission elements can be performed by the various concepts.
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Mission element 1 can be done by all concepts, as none of the concepts is expected to have difficulties taking
off. Furthermore, mission element 3 is performed based on the photomap of mission element 2, as specified
by the mission strategy discussed in Section 3.3. Therefore, all design options have a similar performance for
this mission element.

For mission element 2, the concepts need to fly quickly during the making of the photomap. The VTOL aircraft
and CTOL aircraft can fly faster than the multicopter, helicopter and the airship. However, a restriction on the
maximum flight speed is given by the IMAV. This maximum flight speed is lower than the maximum speeds
that the flying concept can achieve so no additional benefits or restrictions are given by mission element 2 for
the various concepts.

Mission element 4 is the recognition of numbers on houses. But before the numbers can be recognised, they
have to be found. This is easier while the UAV is hovering. While hovering, the UAV can also go in any direction,
which is beneficial for pointing the payload towards the house numbers and for stabilisation. Because of this,
the CTOL plane has a disadvantage. The other design options have no particular disadvantages for mission
element 4.

Mission element 8 is the landing on the roof. The area on which the UAV has to land was using Google Earth as
6 by 12 metres [25]. Thus, the roof provides enough room to land and take-off for vertical take-off and landing
design options. There is, however, not enough room for a CTOL plane to land, turn and take-off, especially
when this is done autonomously. The extra challenge posed for the autonomous vehicle is the location inac-
curacy of 5 metres as discussed in Section 4.4. This would become a large disadvantage for a CTOL. The other
design options all have VTOL capabilities, therefore these options do not have disadvantages for this mission
element.

Usually, a landing is done more precisely with a VTOL UAV because no runway is needed for a VTOL UAV. For
mission element 10, however, different rules apply for VTOL UAV as for CTOL planes. For CTOL, the plane has
to land within a circle with diameter of 20 metres in order to get points and within a circle with a diameter of
10 metres in order to get maximum points. For VTOL, the plane has to land within a circle with diameter of 10
metres in order to get points and within a circle with a diameter of 5 metres in order to get maximum points
[2]. This means that a VTOL plane has no advantage above a fixed wing aircraft for mission element 10.

Overall, the mission can be performed using all the design options but the fixed wing aircraft has real difficulty
during mission element 8.

5.2.7. CONTROL SYSTEM COMPLEXITY

This section discusses the control of different flying concepts. It lists the challenges involved in stabilizing the
different concepts which will be used as input for the trade-off in section 5.2.8.

VERTICAL TAKE-OFF OR LANDING AIRCRAFT

The control of a VTOL aircraft poses several difficulties. First there are three different flight modes that have to
be controlled: helicopter mode, transition mode and aircraft mode. Either different controllers are designed
for the different modes or a more elaborate controller which is used for all modes is used [136]. Another dif-
ficulty is found within with transition mode. This is the mode were the rotors transition from a vertical to a
horizontal position [136].

CONVENTIONAL TAKE-OFF AND LANDING AIRCRAFT

The control of a CTOL aircraft is the most straight forward of the UAVs. This is due to the possibility to de-
couple the lateral and longitudinal dynamics [137]. This simplifies the calculations by assuming there is no
coupling between the longitudinal and lateral motion of the UAV. When the aircraft is in steady-state flight or
a coordinated turn even more simplifications can be made [137].

The most difficult part is the take-off and landing of the aircraft. It was shown in [128] that if the nose it pulled
up too hard during the landing flare the aircraft will land too hard and might tumble over. But when the right
balance is found (possibly through testing) this can be compensated.
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Another issue found was the detection of the landing zone by using a camera. But this would be no problem
with the UAV since the location of the landing site at the LCC and flat roof are given [2]. The size of the landing
sites is a circle with 10m radius [2] and a roof which was found to be 11 by 6 metre respectively. According to Ir.
C. de Wagter, employed at the TU Delft MAVLab, the practical 95% confidence interval of a global positioning
system (GPS) receiver is 5 metre.

AIRSHIP

For the control of an airship the most important part is the wind [129]. A controller for an airship must take
into account the drift caused by the wind [129]. In [129] the controller does this by detecting were the airship
left the intended path and to steer it back to that position. For the controller the longitudinal and lateral forces
acting on the airship can be decoupled[129]. For this controller a GPS, inertial measurement unit (IMU) and
wind sensor are used. The method shows promise but it needs to be further developed in order to use it for
mapping within windy conditions [129].

Another system that was found was Blimpduino [138]. This system is used for the control of a small airship. It
is small, light and simple but it can only be used indoors. Because of this it cannot be used for the UAV.

HELICOPTER

For a helicopter there are two control systems, flybar and flybar-less. A flybar is a rod with small paddles on
either side and is used to stabilize the helicopter [139]. This is achieved by mechanically linking the flybar to
the main rotors. This results in a complex rotor system with many links [139].

A helicopter can also be designed without the flybar. The control of such a helicopter would be achieved via an
electronic control system [139]. The main advantages of a flybar-less system are less weight and a simpler rotor
head. The main downside is the susceptibility of the system to vibrations [139]. Several flybar-less systems are
available on the market which could be adapted to be used in the UAV [140].

Despite the flybar-less system having a simpler rotor head than a flybar system it still requires a rotor head
which can change the pitch angle of the rotor blades. This is achieved by the use of a swashplate. This swash-
plate is a system which connects the non-rotating control systems to the rotating rotors. This makes the rotor
head of the helicopter quite complex relative to other UAV control systems.

MULTICOPTER

The control of a multicopter has proven to be difficult. This is due to the natural instability of a multicopter
[141]. Despite this the control of a multicopter is quite mature. Many articles were written about the control of
a multicopter with successful results [141] [142] [136]. It is even possible to buy of-the-shelf control boards to
stabilise the multicopter at a low price [143]. It is also possible to use more elaborate boards which also have a
build in autopilot [58].

Additionally the control of a multicopter is performed by changing the thrust from the motors. So there is no
need for additional servo motors or control surfaces. This greatly simplifies the design of a multicopter.

5.2.8. FLYING METHOD TRADE-OFF

The flying method trade-off is performed using the input generated in the previous sections. The trade-off
utilizes the analytical hierarchy process (AHP) to generate the criteria weight factors [23]. The graphical trade-
off is used for the trade-off itself. The methods, tools and rationale for using these methods are similar to those
used in Section 3.2.1 for the mission design trade-off.

The AHP resulted in the criteria weight factors as listed in Table 5.2. This table also presents the most common
reasons of the three participants to determine the importance of each criterion. Note that the AHP input to
generate the criteria weight factors has a 97 percent consistency for the different criteria and a 93 percent
consensus between the three participants.

The trade summary table was generated using the graphical trade-off method and utilising the aforementioned
criteria weight factors. The graphical trade-off table uses a total of four different categories defined as excellent,
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Table 5.2: The criteria weight factors including rationale for flying concept trade-off

Criterion Weight factor Rationale
Dimensions 0.12 Section 3.2.3 proved that the dimension of the UAV has a large influence

on the amount of points scored for all mission elements.
Feasibility 0.61 The design option can only score points and win IMAV, if the concept

is feasible and can be produced before the competition day.
Performance 0.06 The design option’s specifications can have large effect on one or more

mission elements.
Control System
Complexity

0.21 The control system complexity influences the ability to perform the
mission as well as the accuracy with which the mission elements can
be performed.

good, fair and poor, identical to the trade-off of Section 3.2.1. The trade summary table combining the design
option analysis of this chapter as well as the trade-off methods of this section is shown in Table 5.3.

Table 5.3: Trade Summary; Converging from 5 to 1 design options by selecting the multicopter

The final design option selected based on the trade-off shown in table 5.3 is the multicopter. This design option
has an excellent overall score as it only has a minor deficiency with respect to the control system complexity of
the option. However, it was concluded that this issue can be overcome by the team within the available project
resources.

5.2.9. RENEWED REQUIREMENT ANALYSIS

Two requirements are discarded based on the multicopter concept selected, these are listed in Table 5.4.

Table 5.4: Discarded requirements due to the selection of the multicopter concept

ID Requirement
IMAV-SR-17 An emergency landing of a UAV with fixed wings shall be performed without propulsion
IMAV-CR-ME10-14 All CTOL UAVs shall make a precision landing in the LCC within a circle of 10 metre

5.3. DESIGN PROCESS DESCRIPTION

This section describes the design process of the propulsion and airframe subsystems based on the multicopter
design option selected in the previous section. An initial analysis of this design process found a total of four
inputs: payload weight, dimensions and power and the total weight. However, the total weight of the system is
also an output variable of the design process. Therefore, a design iteration loop was required to be able to finish
the design process. A flowchart of this design iteration can be seen in Figure 5.3. The total weight estimation
of Chapter 3 was taken as input for the first design iteration. The final concept can be designed once the input
total weight equals the output total weight of the design loop. The upcoming sections will elaborate on each
block of the flowchart. All sections present the design process as well as the results of the final iteration.

The design iteration flow has a strong snowball effect with respect to the mass and power of the system. For
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Figure 5.3: The design iteration flowchart used to select the propulsion and airframe system.

example, the required thrust increases if the payload mass to be carried by the UAV increases. Therefore, the
power delivered by the motor increases, which results in more energy to be stored in the battery for a similar
mission time. Due to this effect, the mass of the battery has to increase to be able to store the extra energy.
Thus, an increase in the mass of an external parameter results in a larger increase in mass due to this snowball
effect. Of course, this snowball effect also results in a additional mass decrease, if the mass of an external
parameter decreases.

An overview of a single UAV with the finished propulsion and airframe design is presented in Table 5.5. This
overview contains the specifications for a single UAV for the first iteration loop, based on the results of Chap-
ter 3, and the final design iteration. The later specifications can be used as a reference for all calculations
performed during the final design iteration in this section.

Table 5.5: Propulsion and airframe characteristics of a single UAV.

Specification First Iteration Final Iteration
UAV Mass 3.5 kg 2.3 kg
UAV Cost €1120 €1150
Total number of propellers/engines - 6
Maximum thrust-to-weight ratio 1.7 2.2
Continuous thrust-to-weight ratio 1.7 1.65

5.4. REQUIRED THRUST-TO-WEIGHT RATIO

The first step in the propulsion and airframe design process is the determination of the required thrust, as seen
in Figure 5.3. The required thrust is expressed indirectly as a thrust-to-weight ratio. The required thrust-to-
weight ratio is based on a literature study as well as the evaluation of three scenarios. These three scenarios are:
the effect of a gust on the UAV, the effect of translation motion on the UAV and the effect of rotor aerodynamics
on the UAV.

GUST STABILISATION

The change in thrust generated by the engines of the UAV to compensate for a gust of wind, is estimated
assuming that a UAV starts out from a stable hovering flight with no wind. After analysis, a wind velocity is
added at an angle to the UAV and the thrust forces needed to continue stable hovering flight are calculated. It
should be noted that for the first approximation, the UAV is considered a flat plate and only two-dimensional
forces and moments are considered.

The choice for a flat plate idealisation is made because no detailed data could be found on the lift or drag
generated by the UAV, neither was it possible at this stage to perform wind-tunnel tests on a model version to
determine the lift and drag. A flat plate has well-documented lift and drag data, furthermore this is considered
to be a conservative estimation as many scientific papers model the micro UAVs or multicopters without body
drag [144] [145].

At this point in the design, it is only decided that the UAV shall be a multi-copter. Therefore, the systems is
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assumed to be a quadcopter for this analysis. This is done to simplify the effects of gust due to the symmetric
properties of the aircraft. The strength of a gust in August, the month of the IMAV competition, is estimated
as 9 metre per second by taking the average of the maximum gust strengths over the month of August 2013 as
provided by the Royal Netherlands Meteorological Institute (RNMI) [146].

Using the above assumptions, a tool was developed in Excel to estimate the response of the system under a
gust. However, since the angle of attack of a gust cannot be known, this tool is used to determine some limits.
With a gust speed of 9 metre per second, and thruster input set to counter the resulting aerodynamic moment,
it can be seen that a control system would have to respond and correct the attitude of the system within half
a second before a UAV could potentially rotate beyond 45 degrees, lose over 2 metres of altitude and drift over
1.5 metres in horizontal direction. without enough altitude to recover (for example during landing), this could
lead to loss of the system.

It should be noted that the thruster levels are set to counter the resulting aerodynamic moment, and with an
overall thrust-to-weight ratio of 1.0. It can be seen that it is possible to counter the 9 metre per second gust up
to an angle of attack of 23 degrees.

TRANSLATION MOTION

The thrust-to-weight ratio needed to fly at constant forward speed was estimated using a mathematical dis-
cretisation. As mentioned for the wind stability, a 2D flat plate model was used to model the drag coefficient
of the UAV. Equation (5.3) presents the drag coefficient, CD , for a flat plate model as found in literature [147]:

CD = 2sin2α (5.3)

In which α represents the angle of attack in radians. This angle of attack is assumed equal to the pitch angle of
the UAV. The drag coefficient is afterwards converted to a drag force using Equation (5.4):

D = 0.5ρV 2SCD (5.4)

In which, ρ represents the standard sea-level density of 1.225 kilograms per cubic metre, V represents the free
stream velocity in metre per second and S represents the chord length of the flat plate in metre. An equivalent
chord length for the UAV was not known, therefore a length of 1 metre was chosen based on the Lmax param-
eter found in the IMAV competition rules [2]. The maximum free stream velocity is estimated to be 8.1 metre
per second, based on the velocity estimation of Chapter 3, 5.7 metre per second, and the average wind velocity
at the competition site in August, 2.4 metre per second [1] [146].

The horizontal and vertical thrust forces acting on the system were modelled using the pitch angle and a total
thrust force generated by the propellers. Furthermore, it was assumed that the system travels in a straight
horizontal path, resulting in the assumption that the sum of forces in horizontal direction are zero. Finally, the
angle of attack was kept constant throughout the full simulation.

A backward discretisation resulted in the relation between V , the velocity in metre per second, a, the acceler-
ation in m/s2 and t , the time in seconds as presented in Equation (5.5).

Vi =Vi−1 +ai (ti − ti−1) (5.5)

The results of the discretisation gives an estimate of the time needed to accelerate to the maximum velocity.
This estimate depends on the constant pitch angle given to the system. The results are presented in Figure 5.4.
An optimum angle of attack was found at 15 degrees, which corresponds to a required thrust-to-weight ratio
of 1.04.

ROTOR AERODYNAMICS

Finally, a literature study concerning rotor aerodynamics showed that the thrust produced by propellers is
reduced, when the free stream velocity increases [148] [149]. As shown by Powers et al, this thrust reduction
only has a large effect if the free stream velocity comes straight from above [149]. This phenomenon was
therefore evaluated at a climb velocity of 5.7 m/s, based on the maximum velocity estimation of Chapter 3.
Test performed on Stanford’s STARMAC were used as a reference to evaluated the magnitude of the described
effect, as this UAV is about the same size as the designed system. It was therefore estimated that the UAV
requires a thrust-to-weight ratio of at least 1.45 to over come these aerodynamic effects [148].
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Figure 5.4: Time needed to accelerate to a maximum velocity of 5.7 m/s for constant angles of attack

THRUST-TO-WEIGHT RATIO REQUIRED

The continuous thrust-to-weight ratio needed throughout the mission was estimated as a thrust-to-weight
ratio of 1.5, based on the three scenarios simulated in this section. This continuous thrust estimation is im-
portant for the total energy that needs to be stored in the power supply subsystem. Therefore, the system
efficiency was optimised for this specific thrust-to-weight ratio. However, it was found in literature that the
propeller system must be capable of delivering a thrust-to-weight ratio of 2, since the control is performed
using thrust of the propellers while it should still remain airborne [150]. Therefore, this thrust-to-weight ratio
serves as a peak thrust estimation, which the propellers must be able to achieve.

5.5. PROPELLER SELECTION

The propeller of a multicopter is used for multiple purposes. Firstly, the propellers provide the main lifting
force to keep the multicopter in the air. Secondly, the attitude of the multicopter is controlled by varying the
thrust levels of the different propellers.

The thrust generated by a propeller can be computed with equation (5.6) and the power used by a propeller
can be computed with equation (5.7) [151].

T =CT ·ρ ·n2 ·D4
p (5.6)

P =CP ·ρ ·n3 ·D5
p (5.7)

In these equations, T is the thrust in Newtons, CT is the dimensionless thrust coefficient, ρ is the air density
in kilograms per cubic metre, n is the rotational speed in revolutions per second (RPS), Dp is the propeller
diameter in metres, P is the power in Watts and CP is the dimensionless power coefficient of the propeller. The
thrust and power coefficients of the different propellers were found in an extensive propeller database made
by the Department of Aerospace Engineering of the University of Illinois [152].

For efficient thrust generation, a high thrust-to-power ratio is preferred. This usually means having larger
propellers which turn at low revolutions per minute (RPM), which can be seen in equations (5.6) and (5.7). For
stability and control however, smaller propellers are preferred, since they have a smaller moment of inertia
and therefore react faster to changes in RPM as demanded by the control system [150]. Also due to the score
system of the IMAV a smaller UAV will score more points.

In Section 5.4 it was found that the system must have a maximum thrust-to-weight ratio of 2:1. This means
that all the propellers together must be capable of providing twice as much thrust as the UAV weighs. This
is the maximum it should be able to achieve. Besides the maximum thrust-to-weight ratio, the efficiency at
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a thrust-to-weight ratio of 1.5:1 is examined. It was calculated in Section 5.4 that this will be the nominal
thrust-to-weight ratio. So, optimising the propellers with respect to the power for this thrust level will result in
a system with the lowest power consumption. This will lead to a smaller battery for the given flight time and
will result in a lighter system overall.

For the final propeller selection it was found that the smallest diameter which can still provide the lift required
for the thrust-to-weight ratio of 2:1 is eleven inches. This diameter was selected due to smaller propellers being
better for control and points as stated before.

With a total mass of 2.3 kilograms and six propellers, the final system will require a thrust of 840 grams per pro-
peller. So all propellers of eleven inch which can generate 840 grams thrust were examined for their efficiency.
It is clear from Figure 5.5 that the APC Slow Flyer 11x4,7 uses the least amount of power to provide the nominal
thrust of 630 grams compared to all other propellers available within the database. The specifications of the
APC Slow Flyer 11x4,7 propellers can be found in Table 5.6.
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Figure 5.5: Thrust to power for 11" propellers with over 850 grams of thrust. Each set of points corresponds to a different propeller and the
line with square dots represents the APC Slow Flyer 11x4.7 propeller

Table 5.6: Specifications of the APC Slow Flyer 11x4,7 propellers [153]

Parameter Single propeller Six propellers
Diameter 27.9 cm (11") 27.9 cm (11")
Pitch 11.9 cm (11") 11.9 cm (11")
Power consumption at nominal thrust (630 g) 58 W 348 W
Revolutions per minute at nominal thrust (630 g) 5066 RPM 5066 RPM
Power consumption at maximum required thrust (840 g) 88 W 528 W
Revolutions per minute at maximum required thrust (840 g) 5762 RPM 5762 RPM
Mass 13.9 g [153] 83.4 g
Cost e2.90 [153] e17.40

5.6. MOTOR SELECTION AND GEARBOX DESIGN

The motor subsystem is used to convert the energy stored in the power supply subsystem into mechanical en-
ergy used by the propeller to generate thrust. An electric motor should be selected for this purpose as indicated
by requirement IMAV-SR-01; the system shall only use electric propulsion.

The motor selection process was supported by an online program, eCalc Multicopter, developed by Markus
Mueller [154]. This program includes a database of 3748 motors, based on 65 manufacturers. However, the
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program had to be validated, such that the motors could be selected with certain accuracy. The results of this
validation are therefore essential for the feasibility of the motor selection.

ECALC MULTICOPTER MOTOR PROGRAM VALIDATION

The online program has to be validated for the RPM and motor efficiency, as these two parameters are used
within the design iteration loop. However, no test data could be found for the motor efficiency of motors
included in the eCalc program. Therefore, the motor efficiency is validated by validating the output shaft
power. This is possible as the motor efficiency is equal to the ratio of input power and shaft power.

The validation was performed using test data found from two different sources. The first source includes ap-
proximately 10,000 data points of different motor and propeller combinations for input power, RPM and thrust
[155]. An elaborate description of the test stand and test procedures is included. The second source used for
the validation process was the propeller test data found as discussed in the previous section [152]. The latter
source is used to convert the output shaft power, computed by the program, to the thrust generated by the
propeller. This way, both the RPM as well as the motor efficiency could be validated.

The validation was done for a nominal input voltage of 11.1V, which corresponds to three Lithium Polymer
cells in series. Furthermore, the validation was performed by matching the input current of the test data to
current presented by the eCalc program. This resulted in 16 unique motor propeller combinations available in
the program, as well as the corresponding test data. The results of the validation can be seen in Table 5.7.

Table 5.7: Validation of eCalc Multicopter motor program, using motor and propeller test data ordered alphabetically [155] [152]

The results in Table 5.7 clearly show that the results computed by the eCalc multicopter program have a max-
imum error of 10% for the RPM and the motor efficiency. There are several occasions at which the maximum
error is almost reached, indicating that this value is not based on a single outlier. Besides the maximum error,
the average error is 3.9% and 4.8% for the RPM and efficiency respectively. Finally, it is concluded that there is
no apparent relation between the magnitude of the errors and the input provided to the program based on the
results of Table 5.7.

Therefore, the design thrust of the UAV was increased with a safety factor of 1.1 to account for the maximum
error of 10%. Thus, the UAV is designed for a maximum thrust-to-weight ratio of 2.2 and a continuous thrust-
to-weight ratio of 1.65 to fulfil the required thrust-to-weight ratios as specified in Section 5.4.

MOTOR SELECTION PROCESS

The motor selection process included the evaluation of all motors available in the program. The total database
of available motors was reduced using the mass, power and cost budget within the final iteration loop. The
maximum mass available per motor was estimated within the first iteration as 51 grams. Furthermore, the
minimum power limit required to power the propellers was 110 Watts for a motor running at almost 100%
efficiency. This reduced the total set of 3748 available motors to 312. Afterwards, the database was cleared
from any discontinued or not readily available motors, such that 109 motors remained feasible.

The remaining motors were run through the eCalc multicopter program and the RPM at maximum thrust and
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efficiency at nominal thrust were found for each motor. This process showed that many motors are running at
an RPM a factor 1.5 to 4 higher than the RPM specified for the propeller. Therefore, a gearbox subsystem was
added to the assembly, which matches the RPM of the motor to the RPM specified for the propeller.

The gearbox was designed based on two existing gearbox concepts, which are used to estimate the mass as
well as the cost of a gearbox. The two existing gearbox concepts slightly vary in mass and cost, with one being
lighter and the other cheaper [156] [157]. The gearbox efficiency was estimated, based on several sources, to
be 85%, since the gearbox efficiency is not provided by the manufacturer [158] [159] [160].

Two main principles were used to select the gears used for the gearbox. First, the ratio between the number
of teeth of both gears, i.e. the gear ratio, is selected based on the difference in RPM between the propeller and
the engine. Second, gears must have the same module (pitch) and pressure angle for both gears to mesh [160].
Based on these two principles, the appropriate gears were selected for the gearbox design [161].

All 109 remaining motors, including a gearbox if required, were evaluated for the motor efficiency and motor
mass. These two outputs were used to complete a full design iteration, as described in Section 5.3, including
the battery selection and airframe design. This process showed that only three motors can be used for the UAV.
These motors are listed in Table 5.8. The mass and cost given for each motor is based on the mass and cost
of the motor, gearbox and battery. The latter two subsystems are included, since the mass and cost of these
systems are different for each motor listed in Table 5.8.

Table 5.8: Feasible motor selections; mass and cost refer to the total mass and cost of the motor, gearbox and battery subsystems

Motor Name Mass [kg] Costs [€] Motor Gear Energy
Efficiency [%] Ratio [-] Needed [Wh]

Tiger MN1806-2300 [162] 1.24 438 84.4 3.61:1 159
Cobra C-2204/32 [163] 1.29 511 83.8 3.00:1 167
Tiger MN2206-2000 [164] 1.34 608 85.5 3.11:1 168

Based on the finding as listed in Table 5.8, the Tiger MN1806-2300 was selected for the design as this is the
cheapest and lightest of all feasible options. The gearbox chosen along with the concept has a gear ratio of
3.61:1. It has a 65T acetal spur gear together with 18T acetal pinion gear, both with a module of 0.5 and a
pressure angle of 20◦ [161]. The final motor subsystem specification are presented in Table 5.9.

Table 5.9: Specifications of the Tiger MN1806-2300 Motor with 3.61:1 Gearbox [162].

Specification Single Motor + Gearbox Six Motors + Gearbox
Power consumption at nominal thrust (640 g) 79.4 W 476 W
RPM at nominal thrust (640 g) 21,900 RPM 21,900 RPM
Power consumption at maximum required thrust (840 g) 121 W 723 W
RPM at maximum required thrust (840 g) 20,829 RPM 20,829 RPM
Mission power consumption 26.5 Wh 159 Wh
Mass 31 g 186 g
Cost €42.85 €257.07

5.7. ELECTRONIC SPEED CONTROLLER

With the motor selected, the next step of the iteration is to select the motor controller or electronic speed
controller (ESC). This ESC converts the direct current (DC) from the battery to the alternating current (AC) for
the motors. Furthermore the ESC uses the signal from the autopilot to control the engine RPM and power [165].
The most important parameter for the ESC is the motor current. The maximum current the motor can draw
from the ESC should be lower than the rating of the ESC. Last the ESC must be compatible with the autopilot.
The autopilot outputs a pulse width modulation (PWM) signal [166].

The current rating of the motor is 14A [162] so the ESC should have a continuous rating of at least 14A. Further-
more the ESC will be optimized with respect to its mass. This will positively impact the mass related snowball
effect as described in Section 5.3.
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The lightest ESC which can handle the 14A of the motor was found to be the Afro Slim 20Amp Multi-rotor
Motor Speed Controller. This ESC has a rated current of 20A and accepts a PWM signal as control input [167].
It costse10.21 and weighs only 13.7 grams [167].

5.8. POWER SUPPLY

For the propulsion and payload subsystems, a power supply is needed. This subsystem will be discussed in this
section. The ground station will be powered by plugging it into the power grid. However, connecting a long
cable to each UAV is not a viable option. Therefore, an alternative method is required to power the UAVs. In
Section 4.11 the total power needed by the payload was found to be 10.3 Wh, while the propulsion subsystem
needs 158.6 Wh, as explained in Section 5.6. Including an additional 5% for unforeseen factors yields a total
power requirement of 178 Wh. The possibilities for a power source are limited by the safety requirements
given in Table 5.1. Requirement IMAV-SR-01 is the most defining for the system: since only electric propulsion
is allowed, many conventional propulsion systems cannot be used. De facto only two options remain: in-flight
energy harvesting and using battery packs.

ENERGY HARVESTING

Energy harvesting is an increasingly promising source of energy and is used in the broadest sense here: gen-
erating any type of energy from the environment to power the systems on the UAV. This energy can come
from vibrations or strain, using piezoelectric devices, or through the use of so-called "green sources" or re-
newable energy; solar and wind energy harvesting are some of the most well-known applications. However,
as described in Section 5, the energy requirements of the system are significant, while the maximum allowed
UAV dimensions are limited to 1.5 metre by IMAV-SR-23. Currently available solar panels cannot generate the
required power while complying with size, weight and cost restrictions [168], while wind energy would inter-
fere with the airflow around the propellers. Most importantly though, the system is designed specifically for
extreme situations. Both during the IMAV competition day and in a search and rescue (SAR) mission, weather
conditions will not be known in advance. Solar panels require an increased surface area on a clouded day,
and wind turbines are insufficient if there is no wind. However, powering the ground station using renewable
energy is not only feasible, but might be desirable during SAR missions. A detailed evaluation of this can be
found in Section 7.4.

BATTERY POWER

Clearly, it is not possible to generate the energy required by all subsystems during the mission. Therefore,
the only viable option is the use of batteries. However, since both the current and voltage need to be high
throughout the flight, this limits the list of possible batteries to specialised battery packs for UAVs. It is possible
to use a DC-DC converter to adjust the voltage of other batteries, but this will cause a decrease in efficiency to
85% [169]. Considering that there are no commercially available single-cell batteries with Wh/kg ratings higher
than 200 [170], and that the best battery pack found has an energy density of 189 Wh/kg, manually building
battery packs and then using a converter is not the best option. A large selection of ready-to-use battery packs
is available online [171] [172]. A spreadsheet was created that lists many 11.1 and 14.8 Volt batteries, since the
propulsive systems require one of those two values. An overview of the spreadsheet is shown in Table 5.10 for
the 11.1V options, since the selected propulsion systems requires an input voltage of 11.1.

The leftmost column in the spreadsheet contains a hyperlink to a web page with detailed information for each
battery pack. As stated earlier, the system needs a total of 178 Wh to power the payload and propulsion, with
5 % contingency included. By dividing the required W h by the amount that each battery pack can deliver, a
required number of parallel cells is found. Combining this with the mass and price per battery pack, the total
mass and cost for each type were found.

These values were used to determine the optimum pack during the first iteration of the loop shown in Figure
5.3, since this can be done automatically. However, this only optimises for a set of identical battery packs.
Instead, it might be better to determine the specific energy in Wh/kg and cost efficiency in Wh/e of each cell.
This is shown in the last two columns. Using this information in the iterations that followed, the battery system
was optimised for mass by picking the pack with the highest specific energy, checking how many watt-hours
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Table 5.10: Spreadsheet listing the energy content, discharge rate, mass, price, specific price and energy density of ten possible battery
packs.

Battery Pack Wh Provided Ah Discharge Rate [C] Mass [g] Price Wh/e Energy Density [Wh/kg]
Required: 175
Battery 1 244 22 40 1290 e315 0.78 189
Battery 2 133 12 100 840 e200 0.67 159
Battery 3 122 11 40 645 e185 0.66 189
Battery 4 121 10.9 120 693 e185 0.66 175
Battery 5 100 9 100 654 e150 0.67 153
Battery 6 89 8 150 600 e135 0.66 148
Battery 7 72 6.5 150 483 e120 0.60 149
Battery 8 67 6 100 435 e120 0.56 153
Battery 9 58 5.2 30 380 e41 1.41 152
Battery 10 56 5 40 414 e38 1.46 134

were still needed and then selecting the battery with the highest specific energy from those that just provide
the required value, or by combining several smaller batteries with optimal characteristics. In case of multiple
batteries with similar specific energy values, the cost efficiency was used to determine which pack would be
used for the optimisation. Since this process required manual computations, the required time was much
greater, hence it was not used for the initial estimation. An improvement of 225 grams was obtained relative to
the case where identical battery packs were selected. This process resulted in Table 5.11, which was then used
as input for the next iteration cycle; the final values are shown here for a relevant range of required Wh.

Table 5.11: Overview of the battery pack combinations with lowest weight for a total power requirement in the range of 170-182 Wh. The
costs are also displayed

Wh required Minimum mass [g] Corresponding price
Batteries: 3, 15 170 976 e219
Batteries: 3, 15 171 976 e219
Batteries: 3, 9 172 1025 e226
Batteries: 3, 9 173 1025 e226
Batteries: 3, 9 174 1025 e226
Batteries: 3, 9 175 1025 e226
Batteries: 3, 9 176 1025 e226
Batteries: 3, 9 177 1025 e226
Batteries: 3, 9 178 1025 e226
Batteries: 3, 9 179 1025 e226
Batteries: 3, 9 180 1025 e226
Batteries: 3, 8 181 1080 e305
Batteries: 3, 8 182 1080 e305

SELECTED HARDWARE

When the optimisation for mass was completed, the battery system was fixed. Its characteristics are shown
in Table 5.12. Both are lithium-polymer battery packs with three cells connected in series. To charge these
batteries, an iCharger 206B is selected, which is rated at 300 W for 20 A charging of batteries up to 22.2 V, with
a maximum charge rate of 1C [173]. This is a normal rate for lithium-polymer batteries [174].

Table 5.12: Specifications of the battery system

Battery Pack [Wh] [Ah] Discharge Rate [C] Mass [g] Price [e]
Primary battery pack 122 11 40 645 185
Secondary battery pack 58 5.2 30 380 41
Total 180 16.2 35 1025 226
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5.9. AIRFRAME

The airframe is needed to support all subsystems and transfer generated loads between subsystems. This
section will discuss the shape of the airframe, the material used in, the landing gear design and the engine
mountings. The dimensions of the cross section are based on a detailed structural analysis, which is discussed
in Section 7.2. The inputs for the airframe are the propeller size and the number of motors that are used.

5.9.1. CONFIGURATION

The UAV consist of a central platform that supports the payload and three arms that each have two engines at-
tached, called a Y6 configuration. Placing the engines in a push-pull configuration causes an additional thrust
of 5 % [175]. The Y6 configuration is chosen because it results in the lightest airframe, as this configuration
only has three arms instead of four, six or eight for traditional quad-, hexa- or octocopters.

The middle section is a plate on the upper side, on which most of the payload is placed. Between the plates and
the frame, rubbers are placed. In this way, the vibrations caused by the motors are damped and the payload
is less affected by the vibrations. In order to let the propellers function properly, a minimum distance of one
full propeller length is needed [121]. Based on this principle, the arms are placed with equal angles of 120◦
between each two arms to minimize maximum dimension of the UAV. The maximum dimension is preferably
as small as possible because this gives the most points in the competition [2].

The length of a single arm can be computed using Pythagoras theorem and the discussed angle between
the arms. The arm length was determined to be 32.3[cm], because propellers were chosen with a length of
27.9[cm] (11 inches). Where the arms come together, in the middle, a casing is used to keep the arms together.
An overview of final configuration of the design is presented in Figure 5.6.

Figure 5.6: Configuration overview of the three-armed hexacopter airframe with a generic propulsion system.

5.9.2. MATERIALS

The airframe needs to be light, because then the propulsion subsystem needs to generate less thrust. This
results in a further weight decrease due to the snowball effect, discussed in Section 5.3. This results in a lighter
propulsion system and also a overall design. Materials with a high specific strength, i.e. a high strength-to-
density (σ/ρ) ratio, are needed in order to achieve a light airframe. Commonly used light materials for struc-
tural components are aluminium, carbon fibre, glass fibre, plastics, bamboo and balsa wood. When looking
at the strength-to-density ratio, it can be found that the best option for the material carbon fibre is for the
airframe [176]. At first sight, however, carbon fibre is not the most sustainable material. But when the frame is
made from carbon fibre, the mass of a UAV becomes so much smaller that less powerful propulsion and smaller
batteries can be used. And because the propulsion and batteries become smaller, the total UAV becomes more
sustainable. The structural characteristics of the materials can be found in Table 5.13. Also, characteristics of
other materials that are used in the UAV are given.

5.9.3. LANDING GEAR DESIGN

As multiple landings occur within the IMAV competition, it is wise to design a landing system in order to pro-
tect the UAV. When designing the landing gear, three main design choices have to be made: material, location
and shape.
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Table 5.13: Structural characteristics of the materials used for the UAV [176].

Material Compression Yield Stress Tension Yield Stress Shear Yield Stress
Carbon Fibre 570 MPa 600 MPa 66 MPa
3D printed (PLA) 48 MPa 48 MPA 10 MPa
Safety Glass (PMMA) 80 MPa 80 MPA 10 MPa

MATERIAL CHOICE

In case of an impact (which could be the case in landing) carbon fibre behaves poorly. Because of the relatively
high stiffness of the material, hardly any energy is stored in the part that transfers the load [176]. In combina-
tion with the complicated shape of the products, it is decided to go for a 3D printed material. As the landing is
commenced, the landing struts are allowed to bend to a certain limit, thereby absorbing energy in the landing
struts.

LOCATION OF LANDING GEAR

Next the optimal location of the landing gear needs to be selected. This is done by considering the effects of a
rough landing, as requirement IMAV-CR-ME10-2 states that a UAV shall be able to demonstrate airworthiness
after a rough landing. The maximum load in this scenario is estimated by defining a rough landing as hitting
the ground with a vertical velocity of 1 m/s at an angle of 45 degrees. The landing strut should be able to
withstand these loads. The landing gear can be mounted either between the central payload dome or at the tip
of the arm. The prior option results in a significantly longer arm than the latter case. Therefore the landing gear
is placed at the tip of each arm. This has the additional advantage of protecting the propellers when landing
under an angle.

IMPACT RESISTANCE

Several designs, driven by the requirements from Table 5.1, can be found in Figures 5.7a,5.7b, 5.7c and 5.7d.

(a) Shock absorbing ring (b) Spring-like design (c) Moving landing strut (d) Landing switch

Figure 5.7: Four design options for the landing gear are shown.

The shock absorbing ring and the spring-like design are infeasible concepts, because they do not allow mea-
surement of landing, thus violating requirement IMAV-CR-ME8-13. The moving landing strut works by a mov-
ing lever, which is held back by a rubber band. When the lever moves due to landing, a switch is triggered,
which indicates contact with the landing site. The levered design is more complicated and heavier than the
landing strut. Since the design could not be tested during this project, the safer and less complicated option is
selected. A strut with a pressure switch attached to the tip is designed.

5.9.4. ENGINE MOUNTING

The engines need to be mounted onto the airframe using bolts [162]. However, a drawback of the carbon fibre
is that the strength of the beam decreases when holes are drilled into the beams for the motors [177]. Therefore,
no holes will be drilled into the beams. Instead, plates are glued on the upper and lower side on the beams,
which the motors can be mounted. These plates are made from 3D printed polylactic acid (PLA). An overview
of this can be found in Figure 5.8.
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Figure 5.8: Engine mounting using plates to avoid drilling holes into the airframe.

5.10. PROPULSION AND AIRFRAME CONCLUSION

The propulsion and airframe design was based on an initial flying method trade-off. This trade-off concluded
that the multicopter design option is most suitable for this project. Afterwards, the propulsion and airframe
subsystems were designed in more detail. An overview of the design is presented by means of two tables. Table
5.14 presents the requirements following from the propulsion and airframe design. Table 5.15 presents the
selected solutions to fulfil the requirements presented in Table 5.14.

Table 5.14: Requirements following from the propulsion and airframe selection

ID Requirement
IMAV-CR-ME10-21 All UAVs shall be able to land with a descent rate of 1 m/s and hitting the ground

under an angle of 45 degree
IMAV-SR-26-1 The power supply system shall store energy needed to fly at a thrust-to-weight ration

of 1.5 throughout the entire mission.
IMAV-SR-26-2 The propellers shall be able to generate a maximum total thrust equal to twice the

weight of the system.
IMAV-SR-26-3 The motor shall provide a maximum required thrust of 88 W at 5,762 revolutions per

minute.
IMAV-SR-26-4 The electronic speed controller shall be able to handle a maximum current of 14 Am-

pere.
IMAV-SR-26-5 The propellers shall be separated by at least one propeller diameter.
IMAV-SR-26-6 The airframe shall support all subsystems and transfer all loads generated by other

subsystems.

Table 5.15: Budget breakdown of the propulsion and airframe subsystems of the Soteria UAV

Category Type Name Power [W ] Cost [e] Mass [kg ]
Battery Cells LiPo 22,000 mAh 3s Battery Pack 185 0.645
Battery Cells LiPo 5,200 mAh 3s Battery Pack 41 0.38
Propulsion Motor 6x Tiger Motor MN1806-2300kv 476 172 0.108
Propulsion Motor Con-

troller
6x Afro Slim 20 Amp Multi-rotor Motor
Speed Controller

61 0.082

Propulsion Gearbox 6x 3.61:1 gearbox frame 70 0.078
Propulsion Gearbox 6x 3.61:1 65T, Mod 0.5, Acetal Gear 12 0.018
Propulsion Gearbox 6x 3.61:1 18T, Mod 0.5, Acetal Gear 2.90 0.006
Propulsion Propeller 6x APC Slow Flyer 11x4.7 17 0.083
Airframe - Hexacopter carbon fibre Y6-Frame 45 0.241
Total 476 606 1.64

The airframe was designed in more detail, besides the selection of carbon fibre Y6 configuration, resulting in
the lightest structure. First, it was concluded that the landing gear should be placed outboard of the propellers,
to save weight and offer better protection during a rough landing. Second, a push button was placed on each
strut of the landing gear to fulfil requirement IMAV-CR-ME8-13. Finally, a special 3D printed engine mounting
plate was the best option to mount the engines to the airframe, as it avoids drilling of holes in the carbon fibre
frame.
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6
System Integration

In Chapter 4, the payload carried by the designed unmanned aerial vehicle (UAV) was presented. Now that
Chapter 5 has discussed the propulsion method and airframe of the design, it is possible to design the topology
of the UAV. Within this chapter all elements are integrated into a single optimised design, which may be seen
in Figure 6.1.

The designs of the subsystems will be discussed with the use several of methods. Firstly, the configuration and
layout of the UAV itself shall be discussed in Section 6.1. Next, an overview the functions corresponding to the
various mission elements can be found in Section 6.2. From there on, the communication between each of
the subsystems will be elaborated upon in order to create an overview of the data flows within the system. A
hardware and software block diagram will then be discussed in Section 6.3. These diagrams illustrate the indi-
vidual components of the system, and create a better understanding of the interactions between the individual
components. To get an overview of how each of the electrical power consuming systems are connected, two
electric diagrams are shown. These may be seen in Section 6.4. As each of the subsystems has a certain chance
of failure, each subsystem and the consequences of its failure are analysed in order to reduce the risks. From
this, mitigation possibilities for the analysed risks will be investigated. These consequences and mitigation
possibilities are considered in Section 6.5. The budget breakdown will be discussed in Section 6.6 with the use
of the hardware that has been chosen. Lastly, the compliance matrix of Section 6.7 will list all requirements
for the design and verify that they are met, after which a short conclusion to the chapter will be given (Section
6.8).

Figure 6.1: Computer drawing of one of the UAVs designed by Soteria.
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6.1. CONFIGURATION AND LAY-OUT OF AERIAL VEHICLES

As described in Chapter 4, a total of four UAVs will complete the mission elements. In order to identify these
UAVs, they were given colour-coded names, Cyan, Magenta, Red and Yellow. Painting the UAVs in these colours
will enable distinguishing between them. As all materials and dimensions are known, the weight, center of
gravity (COG) and mass moment of inertia (MMOI) can be calculated. A summary of the technical specifica-
tions of the UAVs can be found in Table 6.1. When integrating the individual payload and propulsion parts,
several sub-parts need to be designed, this process is explained in the following sections. The technical draw-
ing of the UAV can be found in Appendix A.

Table 6.1: Technical specifications of the Soteria UAVs. The colours and numbers indicate different materials used, corresponding to those
used in Figure 6.1.

6.1.1. PAYLOAD SECTION DESIGN INTEGRATION

This section discusses the integration and topology of the payload, propulsion and airframe subsystems to
form the complete UAV.

PAYLOAD PLATFORM DESIGN

In order to meet the requirement of keeping the global positioning system (GPS) sensor and the magnetometer
separated from the propulsion and battery system, a double payload platform is designed. Both are connected
via a rubber fastener to the carbon fibre frame to dampen possible vibrations. The upper platform contains
all low-power payload, while the lower platform contains the gimbal, the ultrasonic range finders, the cameras
and the battery system. The entire payload section is displayed in Figure 6.2. Here the payload protection
dome is cut away for better visualisation.

Figure 6.2: Computer drawing of the payload section,
with the payload protection dome cut open.

Figure 6.3: Close-up of the payload dome connection method,
including the butterfly nuts.
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PAYLOAD PROTECTION DOME

In case of a crash or in the event of moisture or rain, the payload is protected from the environment by a dome
made of safety glass. A convenient feature of this dome is that it creates the possibility of placing sensitive
payload even further away from the high-power section by attaching it to the ceiling of the dome. The dome is
attached to the upper payload platform by means of screws and butterfly nuts. This allows fast removal of the
dome, which is convenient during the testing phase. Figure 6.3 shows a close up of this connection method. It
should however be noted that this dome will act as a greenhouse during clear weather. Ventilation holes may
thus be drilled into upper payload platform in order to prevent the electronics from becoming too warm.

PAYLOAD PLATFORM TOPOLOGY

In order to fit all components in an optimal fashion, several designs were made of the upper payload platform.
The hardware list with all required payload components can be found in Section 4.11. The criteria concerning
the topology are:

• The payload should be placed such that the total cable length is minimised
• The GPS and magnetometer should be placed as far away from other payload as possible
• The circular payload platform shall have a diameter smaller than or equal to that of one propeller
• The payload should always be protected from impact, vibrations and moisture
• The individual parts should be easily replaceable

Figure 6.4 shows the final design of the upper payload platform including the placement of the payload parts.

Figure 6.4: Topology of the upper payload platform showing the placement of all payload parts.

CAMERA HOLDER DESIGN

In order to connect the camera that is used for the photomap to the UAV, a camera mount is needed. Because
the camera has a complicated shape, for which no camera mount exists yet, a custom design is required. Three
dimensional printing creates the possibility of producing custom parts. As was already explained in Section
4.9, the camera is attached to a gimbal, therefore an integrated design has to be made. A computer drawing of
the camera mount, including its connection to other payload attached to the gimbal, can be found in Figure
6.5a.

GIMBAL DESIGN

As is described in Section 4.9, a gimbal is required. In order to minimise weight and make the selected gimbal
compatible with the Sony Cybershot camera, a custom design is created. Using 3D printed parts, the camera
mount is connected to a horizontally oriented motor, which makes sure the camera module is stabilised for
pitch motion. A second motor is used as a roll stabiliser and is connected to both the first motor and the UAV.

As the ultra-sonic range finders and the Raspberry Pi camera module also need to be stabilised, as is explained
in Section 4.2, it is convenient to place them on the same gimbal system. This is done by including additional
3D printed brackets on the front side of the gimbal. An exploded view with part names can be found in Figure
6.5b.
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(a) Integrated camera mount design overview. (b) Exploded view of the gimbal design.

Figure 6.5: Both an overview and an exploded view of the gimbal and camera system

BATTERY AND GIMBAL PLATFORM

Finally the gimbal has to be connected to the bottom side of the UAV. Furthermore, the batteries which were
found in Section 5.8 need to be integrated in the design. For stability reasons, which are explained in Chapter
7, it is preferred to design the COG as much in-plane with the propulsion as possible. In order to integrate
these two parts a second payload platform is designed which will be 3D printed. The final design can be found
in Figure 6.6. It can be seen that the batteries are held in place by straps. These straps allow quick replacement
of the battery between missions.

Figure 6.6: Computer drawing of the battery and
gimbal payload platform.

Figure 6.7: Computer drawing of mounting of the propeller, gearbox
and motor mounting to the airframe.

PROPULSION MOUNTING

The propulsion system is mounted to the airframe by a plate which will be glued and bolted to the airframe.
The bolts are on the outside of the airframe so no holes have to be drilled through the carbon fibre so it does
not lose its strength as discussed in Section 5.9. The motor will then be secured on the plate. The gearbox will
be secured to the output shaft of the motor which in turn will hold the propeller. An overview of this mounting
is given in Figure 6.7.

6.2. MISSION FUNCTIONS

This section presents the integration of the system with the mission. This is accomplished by presenting the
functional breakdown structure (FBS) and functional flow diagram (FFD) of the various mission tasks.

The FBS is shown as a tree of functions that must be done by the system to perform its mission. This is followed
by the FFD where the steps are shown in the order that the system has to execute them during its mission cycle.
It does not necessarily describe how the system performs its functions.
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6.2.1. TAKE-OFF

Every UAV will have to take off in order to participate in another mission element. All functions should there-
fore be listed. They are shown in Figure 6.8 in an FBS, followed by an FFD in Figure 6.14.

6.2.2. CREATE PHOTOMAP

In order to create a photomap of the competition area, the UAV will need to be able to perform some additional
functions. These are displayed in Figure 6.10 as an FBS and in Figure 6.16 as an FFD. In the flow diagram it is
visible that the UAV will return to the local command centre (LCC) to perform a landing to deliver the SD card;
this strategy is further described in Section 3.3.

6.2.3. CREATE BLOCKADE MAP

The system will also be able to find blockades on roads. The determination of the blockades will be done by
analysing the photomap. Because of this it has to fly back to the LCC, as stated in Section 6.2.2. These functions
are shown in Figure 6.11 as an FBS and in Figure 6.17 as an FFD .

6.2.4. QUICK VISUAL INSPECTION

The quick visual inspection requires the UAVs to fly towards certain houses and find their house numbers. The
functions required to do this are also listed in an FBS in Figure 6.12. This is followed by the FFD in Figure 6.18.
Because of the difficulty with navigating at lower altitudes the UAV has more functions that will be used for
navigation.

6.2.5. LAND ON ROOF

For the next mission element, the UAVs should fly to a specified house in the competition area and land on the
flat roof. After landing, they should remain there for at least 10 seconds before taking off. In Figure 6.13, the
FBS for this is shown, and in Figure 6.19 the FFD is shown.

6.2.6. PRECISION LANDING

After the previous mission elements are successfully performed, the UAVs should land again in the landing
zone. In Figure 6.9 the FBS for the precision landing is presented with all of the needed functions. Finally,
the FFD for this function is shown in Figure 6.15. After the precision landing, the UAVs might need to take off
again, in case it will continue with mission element 4. Otherwise, they will need to switch off and end their
mission.
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Figure 6.8: Functional breakdown structure showing all functions
which the system must perform in order to take off.

Figure 6.9: Functional breakdown structure showing all functions
which the system must perform in order to perform a precision
landing.

Figure 6.10: Functional breakdown structure showing all functions
which the system must perform in order to make the photomap.

Figure 6.11: Functional breakdown structure showing all functions
which the system must perform in order to make the blockade map.
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Figure 6.12: Functional breakdown structure showing all functions
which the system must perform in order to perform the quick visual
inspection.

Figure 6.13: Functional breakdown structure showing all functions
which the system must perform in order to land on a roof.
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Figure 6.14: Functional flow diagram showing all functions which
the system must perform in order to take off.

Figure 6.15: Functional flow diagram showing all functions which
the system must perform in order to perform a precision landing.
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Figure 6.16: Functional flow diagram showing all functions which
the system must perform in order to make the photomap.

Figure 6.17: Functional flow diagram showing all functions which
the system must perform in order to make the blockade map.
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Figure 6.18: Functional flow diagram showing all functions which
the system must perform in order to the quick visual inspection.

Figure 6.19: Functional flow diagram showing all functions which
the system must perform in order to land on a roof.
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6.3. COMMUNICATION & DATA HANDLING

This section covers both the hardware block diagram (HWBD) and the software block diagram (SWBD). Their
purpose is to illustrate the individual components and to create a better understanding of the interactions
within the system. Within the block diagrams presented here, the lines represent a description of the interac-
tion and the blocks contain the name of the different sub-components of the UAV and the ground station.

6.3.1. HARDWARE INTERFACES

The HWBD is discussed here. The UAVs and the ground station are constantly connected, therefore a transceiver
is required which is installed both on the UAV and on the ground station, as can be seen in Figure 6.20.

Figure 6.20: Hardware block diagram showing the different components of the system

6.3.2. SOFTWARE INTERACTIONS

The software block diagram is shown in Figures 6.21a and 6.21b. First, the software on the UAV is discussed
and then the ground station is described. The UAV requires a large group of drivers for all subsystems in order
to process their inputs. These inputs are then sent to either the autopilot or the board computer where the
input gets processed. Depending on the inputs, a certain signal is sent to the propulsion system. Furthermore
the UAV has a constant connection with the ground station. The ground station will consist of a high-end
desktop computer with all required software installed. It has to be able to communicate with both the UAV via
a transceiver and all input devices, such as keyboards and SD-slots.

(a) Software block diagram showing the interaction
between the subsystems on the UAV

(b) Software block diagram showing the interaction between
the subsystems on the ground station

6.3.3. COMBINED DATA FLOWS

Next, the communication flow diagram and the data handling block diagram are combined into a single figure.
Together they create an overview of all data flows through, to and from the system. Within Figure 6.22, the
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hardware is displayed as blocks and the data flows are represented by arrows.

Figure 6.22: Data flow diagram showing the communication between the sub-systems

As can be seen in the UAV section of the figure, the board computer and the autopilot require a constant flow of
data input from the sensors in order to allow the UAV to perform its mission. The Raspberry Pi computer is ca-
pable of operating the camera that is used in mission element 2. The autopilot sends commands to the motor
controllers in order to control the attitude of the UAV. By means of an exchangeable SD-card, data is trans-
ferred from the UAV to the groundstation. Furthermore a constant down- and uplink is used to communicate
in real time.

The ground station consists of a computer and a controller for manual inputs. The computer is capable of
stitching all photos into a single map and analysing this map for blockades. Furthermore, as requirement
IMAV-SR-30 states, the main ground station screen shall be shared via VGA output.

6.4. ELECTRICAL DIAGRAMS

In order to further design the topology of the system, the connections between each of the electrical power
consuming systems in the UAV may be drawn. This was done with the use of an electic block diagram and a
circuit diagram.

6.4.1. ELECTRIC BLOCK DIAGRAM

An electic block diagram may be used to get a schematic representation of the electrical flow between the
systems. This diagram may be found in Figures 6.23 and 6.24. Note that all smaller electronic devices such as
fuses, capacitors and resistors have not been drawn in this figure. These may be found in the circuit diagram
shown in Figure 6.25.

As can be seen in Figure 6.23, the accumulator is the centre of the power distribution. Almost all systems are
powered either trough a direct connection, or by means of a voltage converter. Certain systems such as the
ultrasonic range finder are powered through another device such as the Raspberry Pi and are thus indirectly
powered by the accumulator. When no voltage or power is presented, these values are either unknown or
negligibly small.
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Figure 6.23: UAV part of the Electrical Block Diagram containing the power consuming systems

6.4.2. CIRCUIT DIAGRAM

In addition to an electic block diagram, a circuit diagram was made. This diagram may be used to get a more
detailed overview of how each of the electrical systems are connected. The circuit diagram therefore shows the
different ports to which each of the electrical subsystems is connected. The circuit diagram may be found in
Figure 6.25. The system which are displayed in the circuit diagram will be discussed below.

Raspberry Pi Model B
As mentioned earlier, the Raspberry Pi Model B will be used as the on-board processor for the payload subsys-
tem. The Raspberry Pi will obtain its needed power from the two battery packs present in the system, over a
5 Volt wire. A multitude of other payload subsystems is connected to the Raspberry Pi. These subsystems will
next be elaborated upon.

Raspberry Pi Camera Module
The Raspberry Pi Camera Module is connected to the Raspberry Pi by means of a CSI Bus, which has a ded-
icated connector on the Raspberry Pi board. The camera therefore sends it data to and obtains its required
power from the on-board computer.
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Figure 6.24: Ground station part of the Electrical Block Diagram containing the power consuming systems

single-pole single-throw switches
The single-pole single-throw switches in the form of push buttons will be used to detect that the UAV has
landed. It may be noted from the circuit diagram that the system will normally read ’high’ and when the
button is pressed, the GPIO pin will read a ’low’ value.

A 1 kΩ resistor has been put in place in order to prevent a short circuit between 3.3V and the ground when
the pin is accidentally set to an output, and the button is pressed. The large (10kΩ) resistor ensures that little
current is drawn whenever the button is pressed [178].

Sony Cybershot DSC-W810
The system should be able to autonomously take pictures in order to create the photomap. The Sony Cybershot
will therefore need to be trigged by the Raspberry Pi. This trigger will be done with the use of a bipolar junction
transistor (BJT) and a relay. When the command is given by the Raspberry Pi, the BJT will be triggered, in turn
triggering the relay. The relay will be connected to the location where push button is normally. The Sony
Cybershot will thus take a photo whenever the correct port, GPIO Port P25, is triggered.

HC-SR04 Ultrasonic Range Finder Modules
The two ultrasonic range finders used for navigation and detection are also connected to the Raspberry Pi. As
mentioned in Section 4.2.4, the ultrasonic range finder requires and input voltage of 5 Volt, and has an output
voltage of 5 Volt. As the maximum input voltage of the GPIO ports of the Raspberry Pi is 3.3 Volts, a voltage
divider with a ratio of 1:2 should be used in order to prevent any damage to the Raspberry Pi. A 330Ω and 470Ω
resistor between the echo output and GPIO port, and ground respectively [46] were therefore chosen.

Battery packs
The system will be powered by two battery packs in a parallel connection. These battery packs provide the
required power to each of the subsystems of the UAV. Due to some subsystems requiring 5 Volt, and others
11.1 Volt, two separate circuits are used. This also means that two separate fuses and Zener diodes have been
used to prevent any damage in case the battery packs fail.

Gimbal
The Gimbal is a nearly complete separate subsystem; it only requires power from the battery packs in order to
be fully functional. The inertial measurement unit (IMU), Roll- and Pitch motors obtain their power from the
Mobius Gimbal control board.

Lisa/M v2.0 Autopilot Board
The Lisa/M v2.0 also communicates with a multitude of other subsystems, each of which is therefore attached
to the autopilot board. These subsystems include the manual control receiver, the GPS, the transceiver and
the electronic speed controllers (ESCs). In order for the payload subsystem to be able to send its obtained data
to the ground station, a link is needed between the Lisa/M v2.0 and the Raspberry Pi. This is done with the
use of a Future Technology Devices International (FTDI) adapter which is connected to the Raspberry Pi over
the USB port [179]. The FTDI adapter is connected to Lisa/M v2.0 over the ground, voltage and PC12 ports of
the GPIO section of the autopilot board and the RX5 port of the universal asynchronous receiver/transmitter
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Figure 6.25: The Circuit diagram of the UAV.

(UART)1/5 section. The PC12 and RX5 ports will thus act as TX (transmit) and RX (receive) ports respectively.
These ports together are equivalent to an UART connection, thus allowing an FTDI adapter to be used.

The Lisa/M v2.0 autopilot board also has two voltage inputs. The 5V input powers the autopilot board, while
the 11.1V input may be checked by the autopilot board. The Lisa/M is thus capable of detecting whether a
battery is running out of power. The autopilot is therefore capable of performing pre-defined action in such a
case. This greatly improves the safety of the system.

Xbee Pro Series 1 Transceiver
The Xbee transceiver will be used to receive waypoints and send payload data back to the ground station. It is
powered by the autopilot board and connected to it over a UART port.

UBLOX NEO-6M GPS Receiver
As the autopilot requires a location in order to navigate properly, the UBLOX NEO-6M GPS receiver will also
be connected to the Lisa/M v2.0 autopilot board. It may be connected by one of the three UART ports that the
autopilot board has.

Spektrum SPM9645 Remote Receiver
The Spektrum SPM9645 remote receiver will be used in order to receive the manual control input given by
a user. This receiver has been implemented into the system such that the UAV may still be used in case the
autonomy of the Lisa/M autopilot board, or the Xbee Pro Series 1 Transceiver fails. This will increase the
overall safety and reliability of the system. Furthermore, it may be used to test the UAV without the need of a
fully operational control subsystem. This in turn offers the possibility of testing the UAV while the autonomous
control software is in development.

Propulsion
Lastly, the ESCs will be connected to the Lisa/M v2.0 autopilot board over a pulse width modulation (PWM)
signal. This signal will control the ESC. These are connected over the dedicated servo ports. The ESCs will
obtain their required power from the two battery packs over the 11.1 V wire. The engines themselves may then
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obtain power from the ESCs.

6.5. SUBSYSTEM FAILURE ANALYSIS

This section will elaborate on the consequences of specific subsystems failing and use this insight to develop
several mitigation strategies. With these strategies the risk of failure of the system is decreased. This is achieved
by first analysing the consequences of failure of several subsystems in Section 6.5.1 and second, in Section 6.5.2
possible mitigation strategies are developed.

6.5.1. SUBSYSTEM FAILURE ANALYSIS

Raspberry Pi Model B
The Raspberry Pi is one of the most important subsystems of the UAV. If the Raspberry Pi fails, be it due to a
driver failure or a software crash, the entire payload subsystem will no longer be operational. However, all the
subsystems required to fly autonomously, except for the range finders, are independent of the Raspberry Pi.
The UAV is able return to the LCC in such a case. This increases the safety of the UAV.

Raspberry Pi Camera Module
The Raspberry Pi camera module is used in mission element 4, the quick visual inspection. When the Rasp-
berry Pi camera module fails, this mission element will no longer be possible. It should be noted that mission
element 4 will be the final mission the system has to complete and that no autonomous flying capabilities are
lost when the Raspberry Pi camera module fails.

SPST Switches
When the SPST switches (push buttons) on the bottom of the landing gear are no longer functional, mission
element 8 and 10 will become a lot more difficult. As these SPST switches are used to determine whether the
UAV has landed, the UAV will no longer be able to detect that it has landed when these switches fail. This may
result in the UAV turning off its engines pre-emptively, and thus crashing into the ground. This should be kept
in mind when programming the landing algorithm.

When one or two of the three SPST switches fail, the UAV will still detect its landing, as the SPST switches are
connected in parallel. This may also be seen in Figure 6.25. No further consequences will therefore be present.

Sony Cybershot DSC-W810
The photomap of mission element 2 will be made with the use of a Sony Cybershot DSC-W810. When this
camera fails, the photomap can therefore no longer be created. Mission element 3 in turn requires this pho-
tomap in order to detect the location of the blockades. The system can therefore also not complete mission
element 3 when the Sony Cybershot DSC-W810 fails. However, the other mission elements and autonomous
flying capabilities are not impacted.

HC-SR04 Ultrasonic Range Finder Modules
Two ultrasonic range finders will be used on the UAV. One of these will be used to give an altitude. When this
ultrasonic range finder fails, the system will not have a relative altitude measurement. As discussed earlier, the
barometer will be calibrated on the altitude of the ground station; therefore returning an altitude relative to
the altitude of the ground station. It will thus not be able to measure the distance relative the landscape below
the UAV. An ultrasonic range finder on the other hand is able to measure this relative distance. When the range
finder is no longer operational, the distance relative to the landscape below the UAV cannot be obtained.

A second ultrasonic range finder is used to determine the distance to an obstacle. When this ultrasonic range
finder fails, the risk of the UAV hitting an obstacle greatly increases.

Battery Packs
The battery is another crucial subsystem for the UAV to be able to function. The UAV will not be operational
if the battery packs are not functioning. Another risk is one batteries suddenly outputting a higher voltage or
current. In order to prevent the other components to be damaged by this, Zener diodes and fuses have been
introduced into the circuit. The Zener diodes will prevent the system being damaged by a high voltage, while
the fuses prevent the components from being damaged by a high current.
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Gimbal
As mentioned earlier, both of the ultrasonic range finders and the Raspberry Pi camera module are attached
to the gimbal. Meaning that the gimbal is used for the photomap, quick visual inspection and the altitude
measurement.

The gimbal may fail in a multitude of ways; the IMU, motors and processing board may all fail separately.
Each of these failures result in the gimbal not functioning properly, which in turn results in the three devices
attached to the gimbal not properly being stabilised. The photomap may therefore be more blurry, thus poten-
tially giving less points. Furthermore, as the ultrasonic range finders use the stabilisation of the gimbal, they
will also no longer be able to accurately obtain a relative altitude. The camera used for quick visual inspection
also uses the gimbal to obtain a blur-free image. A failure of the gimbal will thus result in a blurred image. This
decreases the chance of the detection of the house number.

Spektrum SPM9645 Remote Receiver
The primary receiver is used for the manual control of the UAV. The ability to manually control the UAV may be
used during early testing, or when the transceiver, autopilot algorithm or GPS fails. As the system is designed
to perform the safety landing autonomously, the manual control is not needed for this landing. The UAV is
therefore still able to completely perform all of the missions and score the calculated number of points.

Lisa/M v2.0 Autopilot Board
The Lisa/M autopilot board is the third crucial subsystem. A complete failure of the autopilot will result in the
UAV no longer being able to operate. However, when only the autopilot software fails, manual control using
the Spektrum SPM9645 Remote Receiver is still possible.

Xbee Pro Series 1 Transceiver
When the Xbee pro series 1 fails, the system is no longer capable of receiving new waypoints and sending its
payload data. However, the UAV may be controlled manually when this failure occurs. The payload data may
then be stored locally on the SD card.

UBLOX NEO-6M GPS Receiver
A failure of the GPS subsystem results in the UAV not knowing its position. The only viable option in order to
continue the mission elements, is the use of manual control. From a technical consultation with C. de Wagter
it was obtained that the Lisa/M v2.0 autopilot is capable of detecting when a GPS becomes inaccurate or fails.
This option may be used to warn the pilot, who could then assume manual control.

Propulsion
The propulsion subsystem consists of the propellers, motors, gearboxes and the ESCs. If one of the engines
or ESCs fail, the other five will continue to work. As the UAV has a maximum thrust-to-weight ratio of 2:1, the
UAV will continue to have a thrust-to-weight ratio of 1.67:1 in the case that one engine fails. As discussed in
Section 5.4, the UAV will still be able to perform a safe landing with such a thrust-to-weight ratio.

By adjusting the other five propeller speeds, the system may still be kept relatively stable.

Raspberry Pi - Lisa/M v2.0 Interface
The interface between the Raspberry Pi and the Lisa/M v2.0 autopilot is used to send the distance to an ob-
stacle to the autopilot and the payload data to the transceiver. When this interface is no longer functional, the
payload data has to be saved locally. The autopilot will also no longer know the distance to an object obtained
from the ultrasonic range finder. This may result in mission element 4 becoming more difficult.

6.5.2. RISK MITIGATION

As discussed in the previous section, two critical subsystems are present in the design: the battery packs and
the Lisa/M v2.0 autopilot.

Possible mitigation strategies are the introduction of redundancies or by further identification the current
risks. Several redundancies are currently present in the design. These redundancies are the use of three push
buttons, six propeller, motor, gearbox and ESC combinations and the use of two battery packs. In case one of
these subsystems partially fails, the rest of the subsystem may take over to prevent considerate damage to the
system.
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Further redundancies are not possible, as this increases the weight of the system. Which will result in the
snowball effect as described in Section 5.3.

6.6. BUDGET BREAKDOWN

With the hardware selected in Chapter 4 and integrated in this chapter, the budgets introduced in Section 2.4
can be evaluated. This is done separately for the UAV and the ground station since the UAV costs scale with the
number of UAVs used, while the ground station costs remain constant. This will be discussed in Sections 6.6.1
and 6.6.2 respectively.

6.6.1. UNMANNED AERIAL VEHICLE BUDGET BREAKDOWN

Within the UAV there are four subsystems for which breakdowns of the power, cost and mass have been per-
formed. The subsystems are propulsion and airframe, payload, structural and general. The propulsion and
airframe budget can be found in Table 5.15 in Section 5.10. The payload budget can be found in Table 4.27 in
Section 4.11. The general budget is presented in this Section in Table 6.2.

These subsystems are then grouped and 5% unforeseen is added for any unforeseen additions in power, cost
and mass which might occur during production. Last the contingency factors of 4% and 5%, for the cost and
mass respectively, are added as stated in Section 2.4 to account for any cost or mass grow. The budget break-
down of the UAV subsystems can be found in Table 6.6.3. From this table it can be seen that a single UAV
will use 632 Watts of power, cost e1150 and weigh 2.3 kilograms, which is the cheapest option that meets the
requirements.

Table 6.2: Budget breakdown of the general subsystem of the UAV

Category Type Name Power [W ] Cost [e] Mass [g ]
Low power Wires 0.18mm2 1.3 m 0.949 2.50 52
High power Wires 0.6mm2 1.3 m 0.949 2.50 21
Power Voltage regulator Standard Regulator 5 Volt 1 Amp 3

Pin 3+ Tab TO-220
0 0.29 3

Power Capacitors 2x Panasonic RS 1microFarad
25VDC

0 0.34 2

Power Diodes 2x 5v zener diode 0 0.08 2
Power Fuses 2x fuses 0.5 1 2
Power Connection FTDI Adapter USB Controller - 5v 0 10.39 5

Total 12 17.10 86

Table 6.3: Budget breakdown of the UAV subsystems with unforeseen and contingency factors

Subsystem Power [W ] Cost [e] Mass [kg ]
Propulsion and airframe 476 606 1.64
Payload 19 426.02 0.360
General 12 17.10 0.086
Unforeseen (5%) 25 55.24 0.104
Contingency (costs 4%, mass 5%) 0 45.89 115

Total 532 1150 2.3kg

The requirements for the cost and mass IMAV-CO and IMAV-SR-24 state that the total cost for production of the
system shall not exceede5,000.- and all UAVs shall have a maximum weight of 5 kilograms respectively. It can
be seen that the UAV complies with these requirements. Safety requirement IMAV-SR-25 states that all UAVs

shall have a maximum momentum of 20 kg ·m
s which would result in a maximum allowed velocity of 8.7 m

s .
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6.6.2. GROUND STATION BUDGET BREAKDOWN

The budget breakdown of the ground station can be found in Table 6.4. This budget includes the parts used
and the same 5% unforeseen and the 4% cost and 5% mass contingency factors as for the UAV budget.

For the ground station there are no requirements regarding mass and power. Furthermore power can be
utilised from the power grid available at the competition area. This means there are no restrictions for the
ground station regarding the power usage and mass. The only requirement that applies to it is that it should
remain within the budget ofe5000 allowed for the entire system. With a total cost ofe300 this requirement is
satisfied.

Table 6.4: Budget breakdown of the ground station used for the UAVs

Category Name Type Power [W ] Cost [e] Mass [kg ]
Communication Radio transmitter XBee-PRO PKG-U - Con-

nection via USB
2.7 118 0.15

Manual control Transmitter Turnigy 9XR (no module) 37.08 1.28
Manual control Transmitter module OrangeRX DSMX mod-

ule, Turnigy-compatible
0 22.13 0.074

Battery Battery adapter iCharger 206B 300 97.77 0.35
Unforeseen (5%) 15 13 0.093
Contingency (cost 4%, mass 5%) 0 12.03 0.102

Total 318 [W ] 300 [e] 2.0 [kg ]

6.6.3. TOTAL BUDGET BREAKDOWN

With all components known a total budget for the entire system can be made. This budget includes a number
of UAVs and the ground station and must not cost more thane5000 as stated by requirement IMAV-CO.

When the costs of the ground station are subtracted from the total budget, a budget of e4700 is left for the
UAVs. With this budget a total of 4 UAVs can be built with e100 to spare. The e100 will be used for possible
repairs such as new propellers which are prone to breaking when the UAV crashes during testing.

6.7. REQUIREMENTS COMPLIANCE MATRIX AND FEASIBILITY ANALYSIS

This section presents the requirements compliance matrix as well as the feasibility analysis. First, this section
presents the requirements which the Soteria system complies to. Second, this section performs a feasibility
analysis on the requirements, which the Soteria does not yet comply to. The feasibility analysis presents the
rationale why the design does not meet these requirements. The Soteria design complies with 62 out of 90
requirements, therefore there are still 28 requirements with which the Soteria system has to comply before a
successful participation in the international micro aerial vehicle (IMAV) 2014 competition.

The requirements which the Soteria system complies to are presented in Tables 6.5, 6.6 and 6.7. These tables
include a reference to the chapter or section in which the particular requirements are fulfilled.

The feasibility analysis performed on the unfulfilled requirements were split in two different parts, namely: re-
quirements that need additional verification and validation and requirements that need to be executed on the
IMAV 2014 competition day. The requirements that need additional verification and validation are presented
in Table 6.8. The tests proposed to verify and validate these requirements are presented in Section 8.3. The fea-
sibility analysis concluded that all requirements are technically feasible. For example, Section 4.3 concluded
that the Lisa/M autopilot is a feasibility design option based on the requirements listed in Table 6.8. However,
this claim could not be tested within the design synthesis exercise (DSE) due to lack of resources.

The unfulfilled requirements that need to be executed on the IMAV 2014 competition day are presented in
Table 6.9. These requirements cannot be properly validated within the DSE without competing within the
IMAV 2014 competition on the 13th of August.
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Table 6.5: Requirement compliance matrix for the fulfilled competition requirements.

ID Requirement Reference
IMAV-CR-ME1 All UAVs shall take off from the designated take-off area in the local command cen-

ter (LCC)
4+5

IMAV-CR-ME2 The system shall create a photomap of zone A within 10 minutes after the end of
the mission

4

IMAV-CR-ME2-1 The system shall make pictures with an overlap of at least 20% 4.6
IMAV-CR-ME2-2 The system shall have Microsoft ICE available on the ground station for photo

stitching
4.10

IMAV-CR-ME2-3 The system shall have Microsoft Visual C++ available on the ground station for
photo stitching

4.10

IMAV-CR-ME2-4 The system shall have .NET Framework version 4 available on the ground station
for photo stitching

4.10

IMAV-CR-ME2-5 The system shall have a memory of at least 645 MB for creating the photomap 4.7+4.10
IMAV-CR-ME2-6 The system shall support a data rate of at least 1.65 MB/s for creating the photomap 4.7
IMAV-CR-ME2-8 The photomap camera of all UAVs shall be controlled in roll and pitch with at least

1 degree of accuracy
4.9

IMAV-CR-ME2-9 The photomap camera shall be controlled in yaw angle with at least 6 degrees of
accuracy

4.9

IMAV-CR-ME3-11 The photomap shall be in color 4.6
IMAV-CR-ME3-4 The system shall have Python or MATLAB available on the ground station for block-

ade mapping
4.10

IMAV-CR-ME4 All UAVs shall identify the building numbers of buildings in zone B 4.2+4.5
IMAV-CR-ME4-1 The hardware used as payload shall be compatible with the Raspberry Pi Model B 4
IMAV-CR-ME4-3 The ultrasonic range finder shall only be used within a range of 4 meters from an

object
4.2

IMAV-CR-ME4-4 The on-board computer shall be able to recognise objects using images with a res-
olution of 2592 by 1944 pixels

4.2

IMAV-CR-ME4-7 All UAVs shall be able to process a script written in python on the on-board proces-
sor

4.5

IMAV-CR-ME4-8 All UAVs shall be able to process a script written in Matlab on the on-board proces-
sor

4.5

IMAV-CR-ME8-1 All UAVs shall land on the building with the flat roof in zone D 4+5
IMAV-CR-ME8-13 All UAVs shall have a sensor that indicates a landing 5.9
IMAV-CR-ME8-2 All UAVs shall remain at their position on the flat roof in zone D for at least 10

seconds
4+5

IMAV-CR-ME8-3 All UAVs shall take off from the building with the flat roof in zone D 4+5
IMAV-CR-ME10-1 All UAVs shall make a precision landing in the designated landing area in the local

command centre (LCC)
4+5

IMAV-CR-ME10-11 All VTOL UAVs shall make a precision landing in the LCC within a circle of 5 metres 4+5
IMAV-CR-ME10-14 All CTOL UAVs shall make a precision landing in the LCC within a circle of 10 metre 5.2
IMAV-CR-ME10-2 All UAVs shall demonstrate airworthiness in case of rough landing 5.9
IMAV-CR-ME10-21 All UAVs shall be able to land with a descent rate of 1m/s and hitting the ground

under an angle of 45 degree
5.9
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Table 6.6: Requirement compliance matrix for the fulfilled safety requirements.

ID Requirement Reference
IMAV-SR-01 The system shall only use electric propulsion 5.6
IMAV-SR-03 The transmission of electro magnetic radiation shall be on frequencies that are legally

allowed in the Netherlands
4.7

IMAV-SR-04 The transmission of electro magnetic radiation shall be in modes that are legally allowed
in the Netherlands

4.7

IMAV-SR-05 The transmission of electro magnetic radiation shall be within the power limit legally
allowed in the Netherlands

4.7

IMAV-SR-07 The system shall store the last reliable position of all UAV’s 4.3
IMAV-SR-08 All UAVs shall not have potentially dangerous protrusions, except for normal propellers

and helicopterblades.
6

IMAV-SR-12 A UAV shall return to the center waypoint after entering the orange zone 4.3
IMAV-SR-13 All UAVs shall never enter the red zone 4.3
IMAV-SR-14 A UAV shall perform an emergency landing after entering the red zone 4.3+4.7
IMAV-SR-15 A UAV shall perform an emergency landing in case of a navigational loss 4.3
IMAV-SR-17 An emergency landing of a UAV with fixed wings shall be performed without propulsion 5.2
IMAV-SR-20 The team shall be able to manually take over control of all UAV’s 4.3+4.10
IMAV-SR-20-1 The system shall have one manual transmitter available for every five UAVs 4.3
IMAV-SR-23 All UAVs shall have a maximum dimension of 1.50 m 5.9
IMAV-SR-24 All UAVs shall have a maximum weight of 5 kg 6.6
IMAV-SR-25 All UAVs shall have a maximum momentum of 20 kg*m/s 6.6
IMAV-SR-26 All UAVs shall be airworthy 5
IMAV-SR-26-1 The power supply system shall store energy needed to fly at a thrust-to-weight ration of

1.5 throughout the entire mission
5.5

IMAV-SR-26-2 The propellers shall be able to generate a maximum total thrust equal to twice the
weight of the system.

5.5

IMAV-SR-26-3 The motor shall provide a maximum required thrust of 88W at 5,762 revolutions per
minute

5.6

IMAV-SR-26-4 The electronic speed controller shall be able to handle a maximum current of 14 Ampere 5.7
IMAV-SR-26-5 The propellers shall be separated by at least one propeller diameter. 5.9
IMAV-SR-26-6 The airframe shall support all subsystems and transfer all loads generated by other sub-

systems.
5.9

IMAV-SR-29 The GPS coordinates of all UAV’s shall be shown on the ground station during the mis-
sion, when GPS is used

4.3

IMAV-SR-30 The main ground station screen shall be shared via VGA output 4.10

Table 6.7: Requirement compliance matrix for the fulfilled remaining top-level requirements.

ID Requirement Reference
IMAV-CO The total cost for production of the system shall not exceed €5,000.- 6.6
IMAV-MU The system shall comprise at least two UAVs 6.6
IMAV-TU The design of the system shall be completed within 10 weeks with 10 students 2
IMAV-AU-1 All UAVs shall fly towards mission elements autonomously 3+4
IMAV-AU-11 Navigational waypoints shall be chosen with a 5 metres clear-of-obstacles radius in the

horizontal plane
3.4

IMAV-AU-12 All UAVs shall have one nadir orientated ultrasonic rangefinder 4.4
IMAV-AU-13 The ground station shall have paparazzi ground control station-software available for

telemetry
4.10

IMAV-AU-13-1 The ground station shall have a ground station based on the Linux Operation System 4.10
IMAV-AU-14 The system shall have a communication link able to handle 7.2 kB/s between the

ground station and the autopilots of all UAVs
4.7+4.10

IMAV-SAR The system shall be functional in disaster scenarios in urban areas 3.4
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Table 6.8: Requirement compliance matrix for the requirements, which need additional verification and validation

ID Requirement
IMAV-CR-ME1-1 All UAVs shall have a roll and pitch control accuracy of at least 45 degrees
IMAV-CR-ME2-7 The system shall stitch the photomap and analyse the blockades within 30 minutes
IMAV-CR-ME2-10 All UAVs shall have a translational control accuracy of at least 2.5 meters in all three axes
IMAV-CR-ME3 The system shall indicates all blockades in zone A on the photomap of mission element 2
IMAV-CR-ME3-1 A photomap of the area shall be available for blockade mapping
IMAV-CR-ME4-5 All UAVs shall have a translational control accuracy of at least 0.5m in horizontal plane
IMAV-CR-ME4-9 All UAVs shall be within a TBD of the TBD metres from the sheet of paper when starting the sheet

recognition
IMAV-CR-ME4-10 All UAVs shall be within a TBD of the TBD metres from the sheet of paper when starting the num-

ber recognition
IMAV-SR The system shall comply with the safety rules and the requirements of the IMAV 2014 competition

set by its organisation
IMAV-SR-02 Equipment shall comply with the Dutch law
IMAV-SR-06 The system shall be able to execute the mission using a set of alternative frequencies
IMAV-SR-11 Operations shall comply with Dutch law
IMAV-SR-16 An emergency landing of a UAV with rotary, flapping or hybrid wings shall be performed at mini-

mum power setting
IMAV-AU The system shall demonstrate autonomy
IMAV-AU-2 All UAVs shall perform each mission element autonomously

Table 6.9: Requirement compliance matrix for the requirements, which need additional verification and validation

ID Requirement
IMAV-CR The system shall win the IMAV 2014 competition
IMAV-SR-09 The team shall always be responsible for the safety of their UAV’s
IMAV-SR-10 The team shall always be liable for any accidents caused by the team and their UAV’s
IMAV-SR-18 The team shall retrieve a UAV in case of a loss, assisted by the day’s safety officer
IMAV-SR-19 The team shall retrieve a UAV in case of a field landing, assisted by the day’s safety officer
IMAV-SR-21 All UAVs shall have an observer constantly following the UAV
IMAV-SR-22 Data transmission shall only be done with consent of the IMAV safety officer
IMAV-SR-27 All UAVs shall be clearly identified with name and address information of a team member
IMAV-SR-28 All UAVs shall be clearly distinguishable
IMAV-SR-31 The team shall convince the IMAV safety officer that all UAV’s can be retrived after a emergency landing
IMAV-SR-32 The team shall provide a list of all radio equipment to the jury of the 2014 IMAV competition before July

1, 2014
IMAV-SR-33 The team shall provide a list of all frequencies to the jury of the 2014 IMAV competition before July 1,

2014
IMAV-SR-34 The team shall provide a list of alternative frequencies to the jury of the 2014 IMAV competition before

July 1, 2014
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6.8. SYSTEM INTEGRATION CONCLUSION

This chapter started with a known list of payload, propulsion and structural components. Using computer-
aided design (CAD), these were integrated into a single UAV design. Each of the UAVs features an airframe
with payload section in the centre.

The payload section of the UAV is divided into two platforms, namely the upper and lower platform. The
gimbal is attached to the lower platform, which also holds the battery system. The cameras and rangefinders
are attached to the gimbal to stabilise these sensors. The upper platform houses the remaining sensors and
electronics. These include the autopilot, GPS receiver, radio transmitter and on-board computer. The systems
will be shielded from the electromagnetic interference by placing these away from the battery system. A dome
is placed over the top payload deck to protect the electronics from weather influences and impact damage.

The propulsion system is mounted to the airframe through a plate which will be glued and bolted to the air-
frame. The bolts are on the outside of the airframe so no holes have to be drilled through the airframe and
therefore loses no strength. The motor will be fixed on the plate and on top of it the gearbox is fixed. Lastly, the
propeller is fixed to the gearbox.

With the physical layout fixed, the data and communication flows were indexed. Potential failures were con-
sidered and mitigation strategies were developed wherever possible in order to decrease the risk of a system
failure.

The final budgets of the system were made and it was found that a single UAV will weigh 2.3 kilograms, which
is within the requirements, and cost e1150. The ground station will cost e300. With the maximum budget of
e5000 a total of four UAVs can be built.

The system complies with 62 out of the 90 requirements. The remaining 28 requirements are divided in two
groups. The first groups need further verification and validation which will be done in the future testing. The
second group are requirements which can only be satisfied at the IMAV competition.
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7
System Characteristics and Design Analysis

With the design of the unmanned aerial vehicle (UAV) finalised, it is now possible to determine some char-
acteristics of the system and analyse the overall design. It is important to know the limitations of the system
and in what conditions it is best suited for. Knowing all characteristics is also important to grab the interest
of potential customers. In order to examine the flight performance, aerodynamic characteristics, control and
stability of the system, a simulation program is made. Section 7.1 will begin by explaining the program devel-
oped for this purpose, afterwards presenting the discoveries made by this program for the above mentioned
characteristics of the system. Next in Section 7.2, the strengths of the material and structure is analysed and
presented. With the help of the finite element method (FEM) method in Catia, the stresses within the struc-
ture can be evaluated to ensure that the system will not fail under the applied loads it is expected to endure.
The chapter continues with Section 7.3, outlining the reliability, availability, maintenance and safety. These
characteristics are especially interesting to know if the system is being brought on the market. A reliable, safe,
easy to maintain and available system is more interesting to potential buyers. Each of these characteristics
were evaluated and the outcome is discussed here. Next are the sustainability considerations in Section 7.4. In
this section all the sustainable aspects of the system are outlined. Section 7.5 presents the sensitivity analysis
where the systems’ sensitivity to changes are explored. Finally the market analysis in Section 7.6 compares the
complete system with its characteristics to other UAVs available on the market.

7.1. PERFORMANCE, AERODYNAMIC AND STABILITY CHARACTERISTICS

The characteristics explained in this section are determined using a self-developed simulation tool. Before
using this tool to generate results and quantify the characteristics of the UAV design, the tool is explained in
Section 7.1.1. Section 7.1.2 will then discuss the verification and validation of the program which needs to be
performed before the results of the program can be used.

Section 7.1.3 presents the UAVs aerodynamics and the response of the system to continuous wind and gusts.
Also shown in Section 7.1.4 are the performance characteristics of the system, outlining for example the maxi-
mum velocities, accelerations and payload. Lastly, the stability & control characteristics are explained in Sec-
tion 7.1.5.

These characteristics are especially interesting in combination with the requirements outlined in Section 4.9.
These are repeated again in Table 7.1

Table 7.1: Requirements following attitude control

ID Requirement
IMAV-CR-ME1-1 All UAVs shall have a roll and pitch control accuracy of at least 45 degrees
IMAV-CR-ME2-8 The photomap camera of all UAVs shall be controlled in roll and pitch with at least 1

degree of accuracy
IMAV-CR-ME2-10 All UAVs shall have a translational control accuracy of at least 2.5 meters in all three

axes

7.1.1. SIMULATION MODEL

Because of the many possible inputs to the system in flight, it was decided to develop a program that can
calculate the state of the system under these inputs and ouput the response. The choice was made to create
the program in JAVA. This allowed for easier organisation of the calculations.
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ASSUMPTIONS

Before programming, some assumptions were made to idealise the UAV design, to simplify the model and to
provide a first-order estimate of the system. These assumptions are listed below:

• The UAV does not produce lift
• The UAV is idealised as a flat square plate with the same weight, surface area and inertia as the full model
• A flat plate aerodynamic drag model offers an acceptable first-order approximation for the drag experi-

enced by the UAV
• The drag experienced by the UAV will attach itself in the centre of pressure of the flat plate model
• Inviscid flow (no skin friction drag)

FORCE AND MOMENT EQUATION FUNCTIONS

The program contains functions that can individually calculate the total horizontal or vertical thrust generated
by the UAV. This is done using Equations (7.1) and (7.2), where Ti is the thrust delivered by the i th thruster and
θ is the pitch angle of the UAV.

Fver t i cal =
6∑

i=1
Ti cosθ (7.1)

Fhor i zont al =
6∑

i=1
Ti sinθ (7.2)

PURE HORIZONTAL MOVEMENT FUNCTIONS

Another function exists to calculate the thrust levels required to provide pure horizontal movement. The inputs
for this function are the external forces applied to the system. The program will then calculate the required
thrust levels using Equations (7.3), (7.4) and (7.5), where ∆i is the length from thruster Ti to the centre of
gravity and m is the mass of the UAV.

6∑
i=1

Ti sinθ−Fhor i zont al ,exter nal = m ·a (7.3)

6∑
i=1

Ti cosθ−Fver t i cal ,exter nal = 0 (7.4)

6∑
i=1

Ti∆i = 0 (7.5)

For any response-to-input calculations, the program will use
∑

F = m ·a and
∑

M = I · α̇, with I the area mo-
ment of inertia. For calculating the velocity and displacement, Equations (7.6) and (7.7) are used. At every
interval of ∆t seconds, the simulation program will recalculate all the forces and moments acting on the sys-
tem, as well as the angles and displacements. This time step is taken to be ∆t= 0.001 seconds to have an
accurate reading.

vnew = vol d + ∆v

∆t
·∆t = vol d +a ·∆t (7.6)

snew = sol d + ∆s

∆t
·∆t = sol d + v ·∆t (7.7)
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AERODYNAMIC DRAG

The equation used for the drag force is given by Equation (7.8), where D is the total drag, ρ is the density, V is
the airspeed, θ is the pitch angle of the UAV and S is the surface area.

D = 1

2
·ρ ·V 2 ·2 · sin2(θ) ·S (7.8)

CALCULATION OF MAXIMUM VELOCITIES

To calculate maximum forward velocities, the simulation starts out by assuming a pitch angle of θ = 1◦, finding
a solution for the thruster level to satisfy the condition of no vertical acceleration or angular acceleration.
Using this solution, it proceeds by calculating the horizontal components of the thrust. It then calculates the
difference with the aerodynamic drag to determine the forward acceleration. A loop runs to keep increasing
the forward velocity, which increases the aerodynamic drag, until the aerodynamic drag matches the forward
thrust. This means the acceleration becomes zero and a maximum velocity has been reached for this angle of
attack.

Afterwards, the simulation increases the pitch angle by 1 degree and runs the loop once more. It will stop in-
creasing the pitch angle once the condition of vertical equilibrium demands a thrust-to-weight setting higher
than 1.65, which is the continuous thrust-to-weight ratio given in Section 5.

7.1.2. VERIFICATION & VALIDATION

The simulation program and each of its functions discussed in Section 7.1.1 have to be checked for validity,
before it can be used to generate useful results.

Each of the functions of the simulation program has been individually tested and verified to check if the pro-
gram produces expected results from given input. The equations have also been worked out by hand and using
random numbers as input to these equations, it could be seen that the program produces the same results as
the hand-written calculations.

Validation of the system has been achieved in a limited manner as windtunnel data of the UAV is not available.
Neither does a working prototype exist to test and validate the system. However, from literature research on
other, similar UAVs, it was possible to determine that the calculated velocities of the system were in the same
range as these UAVs [180][181].

7.1.3. AERODYNAMIC CHARACTERISTICS

This section presents the aerodynamic characteristics relevant to the UAV design. Influences such as contin-
uous wind and sudden gusts were researched, simulated and quantified to determine if the design could be
feasible in real-world outdoor applications.

GUSTS

While flying outdoors, a UAV will experience gusts of wind blowing it off of its path. Due to limited time re-
sources, it was not possible to create a real-world model of the design and test it in a wind tunnel in order to
determine its aerodynamic properties. Instead, the simulation program described in Section 7.1.1 was used to
quantify the response of the system. Using data gathered from the Royal Netherlands Meteorological Institute
(RNMI), the average gust strength for the month of August, when the UAV is planned to fly, was determined to
be 9.0 m/s [146]. In the simulation, the UAV was subject to a 1.0 second lasting gust, and the response of the
UAV was determined. This gave an indication of how fast a UAV can be blown away by a gust of wind and what
kind of response would be required by the autopilot to correct for this.

For example, with a gust lasting for 1.0 second, which has a speed of 9.0 m/s and an angle of attack of 5.0◦, it
was determined that after 0.6 seconds, the UAV would have been blown away a distance of 0.17 metres and
tilted over an angle of 45◦. This gives an indication on how fast a control system would have to correct the
movement due to gust, in order to remain within the limits of the requirements for pitch and roll accuracy as
well as translational movement.
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Figure 7.1: Maximum horizontal velocities in relation to the angle of the UAV w.r.t. the ground.

CONTINUOUS WIND

Using the simulation program mentioned in Section 7.1.1, a continuous wind disturbance was applied and the
response of the system was determined. In the simulation, the UAV was stable, hovering in no-wind conditions
from start to 2.0 seconds in, after which it underwent constant wind disturbance. For example: the simulation
is run with a continuous wind disturbance with a velocity of 2.0 m/s, which is an average wind speed velocity
for the month of August according to the RNMI[146]. Again, the wind affected the UAV with an angle of attack
of 5◦, to be able to compare this simulation with the gust example of the previous section.

From the resulting information out of the simulation, it was seen that after 3.0 seconds, the UAV would have
tilted over an angle of 45◦. This is the limit for which the UAV was designed to land and therefore, control
systems would have to intervene before this happens should the system be trying to land during this wind
condition. It was also seen that the UAV would have drifted almost 3 metres in a horizontal direction by this
time if no change in thrust was applied. Finally, the system lost roughly 20 cm in altitude within these 3.0
seconds due to the wind disturbance.

7.1.4. PERFORMANCE CHARACTERISTICS

In this section, the estimated performance of the system is presented. During the performance analysis, the
full potential of the UAV was quantified. The simulation model described in Section 7.1.1 was used to deter-
mine certain characteristics for this system, with its designed propulsion system and body framework. First,
the maximum velocity is determined, followed by the maximum payload and range.

MAXIMUM VELOCITY

The propulsion system has hard limits for the available thrust, as shown in Section 5. Furthermore, the UAV
uses its propulsion system for both forward and upward movement. To move forward, the UAV would have to
tilt its whole body forward. To find the maximum velocity of the system, the simulation model was used. When
the maximum forward velocity is obtained, the forward component of the thrust will be equal to the drag, and
the vertical component of the thrust equal to the weight of the system.

The results of the simulation simulation are shown in Figure 7.1. What can also be seen in this figure is that
the maximum pitch angle is 43◦. Beyond this angle, the vertical component of the thrusters cannot maintain
vertical equilibrium, as the thruster power limit has been reached.

It should be noted that at low angles of attack, the drag is very low and therefore the maximum velocities are
higher. As the pitch angle increases, so does the drag, which causes the maximum velocities to become lower.
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Figure 7.2: The maximum flight distance w.r.t. the pitch angle

However, due to the momentum limitation from the competition safety regulations, there is a maximum ve-
locity that the UAVs are allowed to fly [4]. The simulation model calculated the time required for the system to
reach this speed. With the maximum allowable speed being 8.62 m/s, the system was able to reach this speed
after approximately 3 seconds.

MAXIMUM PAYLOAD

Furthermore, it is possible to calculate the maximum payload that can be carried by the UAV, while still being
able to move in all directions. As the maximum thrust-to-weight ratio that the UAV can carry is 2, the system
could potentially lift up to 2.3kg of extra payload. However, applying maximum thrust on all thrusters would
eliminate the ability of using these thrusters for control, as this requires a difference in thruster levels to alter
the attitude of the system. Since the designed continuous thrust-to-weight ratio is 1.65, the UAV could carry
roughly 1.5kg in additional payload and still be able to move horizontally without losing altitude.

MAXIMUM RANGE

To find the maximum range of the UAV, the aforementioned simulation program is used again. For this calcu-
lation, the simulation loop will track the total horizontal displacement by simply integrating the velocity. The
simulation program assumes that the UAV is only given a drag force by the aerodynamic drag, which increases
as the system flies faster and when the pitch angle is increased.

Using the simulation program, the ranges were estimated and the results are displayed in Figure 7.2. This
was done by calculating the distance travelled by the system over a time period of 20 minutes, which is the
estimated battery life. It should be noted however that the range can also be limited by the communication
link between the ground station and the UAV, which in this case is 1.6 kilometres, as discussed in Section 4.7.
The distance shown in Figure 7.2 is solely the distance the system can fly until battery life runs out.

7.1.5. STABILITY & CONTROL

In this section, the stability & control characteristics are explored. It begins by presenting the centre of gravity
placement limit. This is useful information as it may be used to validate that the system can fly stable with
the centre of gravity not exactly in the geometric centre. It is also useful to know limits, in case it is desired
to mount additional payload on the system that is off-centre, such as extra cameras to film the UAV’s flight.
These characteristics are also useful for potential buyers of the system, in case a change of payload is desired.
This is followed by an analysis of the vertical ascent rate in order to determine the kind of control available
manoeuvres.
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Figure 7.3: Vertical speed w.r.t. time Figure 7.4: Vertical displacement w.r.t. time

CENTRE OF GRAVITY LIMITS

With regards to stability, the simulation program was used to determine the range where the centre of gravity
of the UAV may be, while still guaranteeing stable hovering. In order to do this, the program applied force
and moment equilibrium (Equations (7.9), (7.10) and (7.11)). The boundary condition stating that Tmax =
2 ·mU AV · g0 was also used. From the program it follows that the centre of gravity may shift up to 16 cm in
any direction in the horizontal plane and the system will maintain its equilibrium. With the distance from the
centre of the UAV to the thrusters being 32 cm, the range for the center of gravity is about halfway towards the
thrusters from the centre.

∑
F ↑ = 0 (7.9)∑
F→ = 0 (7.10)∑
M = 0 (7.11)

VERTICAL ASCENT

To determine the maximum vertical ascent of the UAV, the simulated model applied full thrust in vertical
direction, and prevented rotation. The simulation started with a vertical velocity and altitude of zero. Full
thrust is applied using Ti = Tmax = 2·mU AV ·g0

6 for each of the 6 thrusters. The movement is purely in vertical
direction; there is no horizontal velocity and therefore no horizontal component of the thrust or any drag. The
program then calculated the force in vertical direction and the acceleration every 0.01 seconds, integrating the
latter to find the velocity and again integrating this to find the altitude. The results of this simulation can be
seen in Figures 7.3 and 7.4. These figures show the required time for the UAV to reach a certain altitude and
the speed with which it can ascend.

7.2. MATERIAL AND STRUCTURAL CHARACTERISTICS

During the flight and when the UAV is on the ground, the structure is constantly subjected to different kinds
of loads. These loads need to be identified, and the structure should be designed in such a way that it will be
able to carry these loads. The ability to carry these loads depends on the cross section design and the chosen
material. In Section 5.9, carbon fibre was chosen as the primary material for all the load carrying parts. In
Section 7.2.1, the stresses in the airframe are analysed. In Section 7.2.2, the vibrations of the UAV are discussed
and the connection between the payload platform and the airframe is discussed in Section 7.2.3 .

7.2.1. AIRFRAME LOADS

The highest loads on the structural arms will be bending loads. To cope with these loads, a high moment of
inertia is needed around the bending axis. The rectangle can be shaped is such a way that it has a high area
moment of inertia around the bending axis. The loads during flight and mission tasks where not identified as
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the highest loads. From practice it is known that the handling loads are the most prominent loads for a small
UAV. As one may pick up the drone at the end of one of the arms and may do this with quite an acceleration,
this acceleration can be as high as 2.5G according to tests that were performed. The test was performed by
picking up a bag with comparable weight to that of the UAV, in the bag a mobile telephone with accelerometer
was present. The highest acceleration was recorded. The test was repeated multiple times and 2.5G was the
upper limit. With the maximum weight and dimensions known and given in Section 5.9, the highest moment
load the arms of the airframe will be able to carry is 58[N m]. Also a shear force of 122[N ] will be present due
to the handling of the UAV which the structure should also be able to cope with.

With the primary loads and the material characteristics known from Section 5.9 the cross sectional dimensions
of the structural arms can be determined. A model was made where the applied loads and the material proper-
ties where imported. The maximum stresses that the material can handle were provided in Section 5.9 as well.
Now an iterative process was started to find the optimal cross sectional area for the design with the use of an
extra safety factor of 2, this safety factor was chosen because it is a common safety factor in the aerospace in-
dustry. At the end of the iterative process the following dimensions were found. The height should be 18[mm],
the width 5[mm] and with a thickness of 1[mm]. The cross-sectional details are also provided in Figure 7.5.

Figure 7.5: The cross-sectional layout of the structural arms of the UAV

With the cross-sectional layout dimensions and the loads applied, plots about the moment distribution through
the arm, shown in Figure 7.6, and for the point with the highest moment a stress distribution through the cross
section shown in Figure 7.7, can be made.

Figure 7.6: Moment distribution over the length of the structural arm
of the UAV

Figure 7.7: Bending stress distribution through the cross section at
the highest moment location in the structural arm, this is where the
beam is clamped or hold

As can be seen from Figure 7.7, the highest stress present is 278[MPa]. With a safety factor of 2 this would be-
come 756[MPa]. Comparing this with the maximum compressive and tensional strength provided in Section
5.9 of respectively 570[MPa] and 600[MPa], one can conclude that the requirements are met.

CONNECTION POINT

The triangular connection point (shown in Figure 7.8) connects the three different arms. Loads will be trans-
ferred through this part and, due to its unusual shape, it will be difficult to predict stress distributions. To
ensure the connection point is able to carry the loads, and over-design it on purpose, the thickness was in-
creased to 2[mm]. The connection point will surround the structural arm. Its dimensions will be larger, thus
having also a larger moment of inertia.
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Figure 7.8: Visualisation of the three legged connection point for the structural arms

Using the FEM tool for Catia, an analysis was made of this connection point. This was done to evaluate the
stresses and ensure the material will not fail under the applied loads. Again a safety factor of 2 was applied in
the analysis. Two of the three legs were considered clamped and the load transferred from the structural arm
would be applied at the third leg. This FEM analysis was verified by simulating the connection point in 2D.
The results were that the highest loads are indeed halfway the connection but, but that it does not fail under
the applied loads.

LANDING STRUTS

The landing struts will evaluated in a similar fashion as was done the with connection point in Section 7.2.1.
Because of the design of the struts, 3D-printing would be a more favourable option, as was discussed in Section
5.9. To ensure this part will be able to carry the loads, another FEM analysis was performed.

The outcome of this analysis was that the maximum deflection of the strut was 6[mm] and the material is able
to deal with all the applied loads without yielding.

7.2.2. VIBRATIONS

The propulsion system of the UAV will induce vibrations on the structure it is attached to. The sensing in-
struments and the remainder of the payload are very sensitive to vibrations and this might result in corrupted
sensing data. To avoid this problem rubbers will be added to connect the payload platform to. These rub-
bers will cancel out the vibrations induced to the engines and propellers. Because specific sized rubbers are
needed, they will be 3D printed [182].

7.2.3. PAYLOAD CONNECTION

The different types of payload will be connected by means of an adhesive named Araldite [183]. This adhesive
has the property that the connection is as least as strong as the carbon fibre structure itself. This ensures that
the payload is attached properly to the main frame of the drone and will not fall off during operations. A weight
and cost budget was accounted for in the budget breakdowns for the use of this adhesive. The weight of the
adhesive budget is 40 grams which is incorporated in the total airframe weight and the cost ise4.59 per UAV.

7.3. RELIABILITY, AVAILABILITY, MAINTAINABILITY & SAFETY

This section will evaluate four important characteristics of the system. Its reliability needs to be assessed in
order to determine the probability that the system will perform as anticipated during the expected mission
conditions. Availability refers to the probability that the system will be ready for use when it is required to
be. Maintainability considers the ease and economy associated with maintenance of the system. Lastly, safety
deals with the amount of potential hazards to humans and the environment. These aspects of the system are
important pieces of information in order to have a complete overview of every characteristic of the system.
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Knowing these aspects of the system will make it more interesting for potential buyers who will want to make
sure their purchased equipment is for example easy to maintain and safe to use.

7.3.1. RELIABILITY

In order to assess the overall reliability of the system, four key points must be evaluated: the definition of nor-
mal performance as well as the corresponding operating conditions, the percentage of times that the system
can be expected to function normally and the duration over which the system must perform its mission.

EXPECTED PERFORMANCE & OPERATING CONDITIONS

Starting with the two definitions, the system is designed to perform six mission elements. Therefore, expected
performance is specified as being a successful execution of each mission element by each UAV. However, even
if this criterion is not met, the system can still be said to have performed to a satisfactory degree if it wins the
international micro aerial vehicle (IMAV) competition, since this is a top level requirement.

Soteria is designed to operate in sunny weather that is common in the Netherlands in August. However it can
also withstand some windy conditions as well as rain. Naturally, optimal performance is expected on a clear
day with little to no wind. However, the probability of a windless day is too low to rely on, so the effect of wind
speeds of up to 9 m/s has been investigated and found satisfactory.

Also, reflections of sunlight on plastic can cause problems when the system attempts to identify house num-
bers, which are printed plastic-covered A4 sheets to enable them to withstand rain. This can be solved by
maintaining an altitude higher than that of the sheet, since the sun will also be above the sheet during the
competition timeslot. Therefore, reflections can only become a problem at an altitude lower than that at which
the sheet is hung.

RELIABILITY ISSUES

The main issue concerning reliability is that of the accuracy of the navigation. This is chiefly governed by
two aspects: inaccuracies in the location module and external forces acting on the UAV. The GPS system has a
specified accuracy of 5m. This means that the UAV will be within a radius of 2.5 m from the point where the GPS
module says it is for 50 % of the time [184] [71]. This is sufficiently accurate for flying over the competition area,
but not below roof height, since the risk of crashing into a building is very large using only GPS, as described
in Section 4.3. To accommodate this, the system will navigate using a range finder and camera vision when
it descends for the house number identification. External forces are also taken into account. The navigation
module needs to be able to cope with gusts of up to 5 m/s. If the wind speed is below that, the UAV should not
suffer any damage. The probability of higher wind speeds is too low to be worth accounting for.

MISSION DURATION

Naturally, the expected duration is simply the projected mission flight time of 20 minutes for the UAVs. For the
entire system, this rises to 40 minutes, which includes the half hour in which the mission must be executed as
well as the additional 10 minutes which are allowed for creating the photomap and indicating the blockades
on it [2].

7.3.2. MAINTAINABILITY

An important feature of any system is the ease with which it can be maintained. For Soteria, this problem
can be split into two categories: pre-IMAV and post-IMAV. The latter refers to possible production for actual
search and rescue (SAR) use. Leading up to the competition, there will be little maintenance required unless
the UAVs crash during testing and will need to be repaired. The system will need to be constructed and is then
tested once in a full mission scenario on the test day before the competition. If any problems arise or modules
fail, these can be easily replaced due to the plug-and-play nature of the design. This also applies to the battery
system, which will need to be removed after each mission for recharging.

If the system is taken into production, the same concept applies; the system was designed with ease of main-
tenance in mind. All parts can be acquired online or produced in fairly common and straightforward methods.
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They can then be replaced quickly and efficiently. Naturally, considering the unpredictability of natural disas-
ters, it is important to test the system frequently to detect any malfunctions before the system is needed for a
real mission. Also, it is important to note that in most cases, only a like-for-like replacement of a broken part
is needed to restore a malfunctioning part of the system to full functionality, greatly decreasing maintenance
costs. Moreover, the system may see long shelf life in between uses, since natural disasters do not occur on
a daily or even monthly basis. Sometimes the system could go unused for several years, especially if it is not
tested regularly to ensure its continued functioning. Some of the most important parts, the airframe and pro-
pellers, will not corrode when left exposed for long periods of time, since they are made of carbon and plastics
respectively. The only critical part that could corrode is the engine module, which is why the system should be
checked regularly.

7.3.3. AVAILABILITY

The system’s availability can also be divided in two categories: the combination of reliability and maintainabil-
ity, and the required time for production. The former is the typical definition of availability of a system, while
the latter is specific to this project. Soteria will need to be produced in roughly five weeks if it is to be ready in
time for the competition day, which places additional constraints on the design. Starting with the availability
due to maintenance and reliability, this only applies to post-IMAV production. As mentioned in the section on
maintainability, it is unlikely that real maintenance will be required between the test day, which is on Monday,
August 11, and the actual competition on the following Wednesday. However, spare parts should be kept on
hand in case a UAV crashes or malfunctions. In case any part malfunctions, this can be obtained in online
stores quickly and easily. However, users should keep in mind that shipping the item can take some time. This
is also the key factor in production of the design for the IMAV competition: of the five weeks available for pro-
duction, some parts will take two just for delivery. However, this still allows three weeks to build and test the
UAV, which is a manageable timeslot if the team is large enough.

7.3.4. SAFETY

The safety of the product is naturally very important. Hence, the organising committee of IMAV has created a
specific set of safety requirements. Failure to comply will result in instant disqualification of the team [4]. All
requirements have been taken into account in the design stage. All safety requirements, along with the report
section that covers them, can be found in the compliance matrix in Section 6.7. Furthermore, all electronic
systems are gathered within a casing to protect them against environmental influences such as rain.

7.4. SUSTAINABILITY CONSIDERATIONS

This section will outline the sustainable aspects of the system. Taking sustainability into account for the design
can for example limit the impact on the environment. These can be divided in two categories: sustainability
considerations during the design process and the sustainable applications of the system during its lifetime.

7.4.1. SUSTAINABILITY CONSIDERATIONS IN DESIGN PHASE

During the design phase, due consideration was given to keeping the environmental footprint of the system
as small as possible. The outcome of this is a modular design for the system, which greatly facilitates the
replacement of malfunctioning or ageing parts and subsystems. Ranging from the chips used for navigation
to the propellers and the airframe, every aspect of the aerial segment can be quickly accessed and removed.
This means that the overall design will have a very long lifetime, rather than needing replacement each time a
subsystem malfunctions. For example, in case of a crash the propellers are likely to be irreparably damaged,
possibly along with the airframe. This is a catastrophic failure from a mission perspective. However, if the
broken airframe and propellers are replaced, the system will once again be fully functional. This leads to less
waste that needs to be disposed of, and means that it is not necessary to produce a completely new UAV,
meaning that the system also has lower production rates and associated waste output.

Furthermore, the design includes a fully electric power supply. This means that it does not release any harmful
substances, such as CO2, which is a common by-product of combustion engines. To be more specific, the
system will not have any lingering effects on its operational area once it is switched off and stored. The only
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energy consumption occurs during charging of the battery system, which will be done using a connection to
the power grid.

However, in many locations the mains current is generated chiefly using fossil fuel such as coal or natural gas.
To decrease the environmental footprint of the system even further during future design processes, energy
harvesting systems can be created for the ground station. This way, the batteries can be charged by locally
generated green energy. This has the additional benefit of making the system completely self-reliable. During
the IMAV competition, mains current will be available to the teams. However, in the aftermath of a natural
disaster, it is possible that the power grid is destroyed. It is then desirable to generate the energy for the system
on site to ensure that it can perform regardless of the circumstances. Sticking to the modular design concept
used so far, these harvesting systems can be made for so-called ’plug-and-play’ functionality: by making them
easy to attach and remove, it is possible to bring only a specific system. For example, if the weather is known
to be sunny over the course of the mission, the user could bring only solar panels.

7.4.2. SUSTAINABLE CONTRIBUTIONS OF THE SYSTEM

During its lifetime, the system will contribute to a sustainable environment in several ways. The most promi-
nent is the wide range of potential uses. While initially designed for SAR missions, it can also be used in other
scenarios. Soteria could be used to map the affected area of environmental disasters such as an oil spill or
nuclear reactor meltdown. The blockade detection software can be adapted, for example to detect flocks of
birds caught in an oil spill, or to identify areas with an accumulation of toxic material.

It is also important to note that the majority of the parts and materials used for the system can be recycled
when they are replaced. For electronics (such as the autopilot and Raspberry Pi modules) and plastics (like
the propellers) this is already common practise [185] [186]. However, research shows that it is also possible to
recycle carbon fibre by turning it into concrete [187]. This means that even the airframe will not simply end up
on a scrapheap.

Naturally, the working environment is unpredictable and dangerous, so loss of a UAV during a mission is a
likely scenario. If this were to happen, the UAV would have to be retrieved in order to minimise its impact on
the environment since it is not constructed of biodegradable equipment. However, the system automatically
stores its last known position, so this would facilitate retrieving lost UAVs. With this information, finding a lost
UAV afterwards should not pose any great problems. If the mission area includes large bodies of water, such as
a river with a strong current or a lake, the UAVs can be equipped with floatation devices. Water has a density

of 1 kg
L , so roughly 2.3 L of air-filled balloons can keep it afloat. This means that a lost vehicle can be retrieved

later, which is a desirable feature. After all, SAR teams will not spend precious time searching for crashed UAVs
if there are still lives in danger. Using Soteria, they can prioritise rescuing without any compromise.

Overall, Soteria is developed in such a way as to minimise its ecological footprint, while also being capable of
aiding in environmental disasters. Therefore, the design can be considered to be very environmentally friendly
during every stage of its life.

7.5. SYSTEM SENSITIVITY ANALYSIS

In this section, a sensitivity analysis will be performed on the entire system. This will describe the relations
between certain aspects to the total score that can be achieved during the competition. Considering these
relations will create an overview of the impact that for example, changing the size of the UAV may have on the
competition scoring. Four main topics will be covered:

• An increase in the size of the system.
• An increase in the mass of the system.
• A decrease in the time available for mission execution.
• An increase in the cost of the system.
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INCREASE OF MAXIMUM DIMENSION

Since the competition scoring formula includes a factor based on the maximum dimension of a UAV, it is
important to consider the effect on the total score if the size of each UAV is increased by a certain percentage.
The formula used to compute the total score per UAV is repeated from Section 3.1.1 in Equation (7.12).

PU AV =
N∑

n=1

(
An ·Mn ·

[
2− Ln

Lmax

]2)
(7.12)

The total score is the sum of the score for each mission element. For each mission element, the values in
the equation are computed separately. Here, An is the autonomy level, Mn is the amount of mission points
available, Ln is the maximum dimension of the UAV and Lmax is a reference length, set to 100 cm for the
competition.

Assuming that all other factors remain constant, the effect of a change in Ln can be computed. Figure 7.9
shows the effect of a change in Ln . It can be seen that even a small variation in size has a noticeable effect on
the total score. This is due to the fact that the term which includes Ln is squared.

Figure 7.9: Variation in score for maximum UAV dimension ranging from 50 cm to 130 cm.

SYSTEM MASS INCREASE

It is possible that the overall mass of the system increases, due to unforeseen additions or changes in the hard-
ware due to incompatibilities that are not discovered until the production stage. The design take-off weight
is 2.3 kg. This already includes a small measure of contingency. For the purposes of this section, this will be
considered the total mass of the structure, and a 10 % increase is assumed. An example reason could be that
the selected camera system is out of stock and another camera needs to be attached. It is assumed that this will
not cause problems mounting it on the gimbal, it will merely increase the UAV mass by 0.23 kg. The new mass
then becomes 2.5 kg. For such a change, the airframe will not need to be altered. It is designed to be able to
support a 5 kg UAV. However, the propulsion system is tailored to the actual design. Therefore, a 10% increase
in mass cannot be compensated for if a thrust-to-weight ratio of 2:1 is to be maintained. This means that the
design loop, explained in Section 5.3, will need to be done anew. This would cause a substantial amount of
working hours. However, as explained in Section 3.3, the UAVs will return to the local command centre (LCC)
after completing their photography routes to allow the SD card to be removed. This time can also be used
to replace the batteries. The total time for a UAV to take off, fly its photomapping route, return to the LCC
and perform a precision landing will be approximately 330 seconds, as can be determined from Section 3.3 by
adding the execution times of the aforementioned elements. If the propulsion system is assumed to be run-
ning at full power over that period, this will require 178 Wh of power. This can be delivered by the larger of the
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two battery packs selected in Section 5.8. It is then better to use only that battery pack, and leave the smaller
battery out. This will reduce the system mass by 380 grams, actually reducing the initial take-off mass.

Then it might seem logical to leave that battery out entirely. However, the battery packs are located in a fairly
difficult position to reach, therefore it will take considerably more time to replace it and then continue, as
compared to the current scenario. This is especially true since the system will need to be rebooted. Replacing
its only battery pack means the system will need to shut down first and restart after the replacement. This will
take an estimated three to four minutes, excluding the time actually used to replace the battery [1]. In total,
replacing the battery can take more than five minutes, which is a quarter of the total mission time. This is a
significant reduction, and its consequences need to be considered carefully.

REDUCTION OF TIME AVAILABLE

Here, the consequences of a 25%, or five minute, reduction of the available mission time will be considered.
This follows from the concept of changing batteries after the photomapping is completed. Since all available
time is already being used, a reduction in mission time will mean that some mission elements cannot or can be
only partially executed. Increasing flight velocity is not an option, since with a fixed mass, requirement IMAV-
SR-25 limits the flight velocity by placing a constraint on the maximum momentum, and this flight speed is
already used at every stage in the mission where it is viable to do so. This means that either the roof landing
or the house number inspection would be affected. Since the latter can be executed partially, it will simply
not be completed before the end of the mission. However, since points are awarded per correctly identified
house number, partial points will still be awarded. The total score would simply decrease for each house that
cannot be visited anymore. Since this will apply to each of the four UAVs, the decrease per unvisited house is
4 ·12 = 48poi nt s.

INCREASING COSTS

Of the project budget of e5000, construction of the UAVs and ground station takes up e4900. The remaining
e100 will be spent on spare parts. The propellers can easily break during testing. Since six sets are needed,
the remainder of the budget will be spent on replacements. Many parts were found on websites working with
currencies other than euros. Unfavourable fluctuations in exchange rates could affect the budget, but these
will not cause it to exceed the e5000 limit [188]. Overall, the system is insensitive to changes in the financial
budget, compared to its sensitivity in other areas.

7.6. MARKET ANALYSIS

The market analysis in this chapter is aimed towards a comparison between the design of the system presented
in this report and existing multicopters. Furthermore, potential customers and other interested parties that
may be interested in purchasing a Soteria UAV system are identified. This can be used when commercialising
Soteria after the IMAV competition.

7.6.1. COMPARISON WITH COMPARABLE MULTICOPTERS

The purpose of this section is to present a comparison between existing UAV and the one designed by Sote-
ria. As the designed UAV is a multicopter, this comparison is done with other available multicopters already
available on the market.

After some research, comparable multicopters that are already on the market have been found. These are
shown in the list below.

• Microdrones MD4-1000[180]
• Microdrones MD4-200[189]
• Parrot AR.Drone 2.0[181]
• SteadiDrone QU4D[190]
• Aibot X6[113]
• Aeryon Scout[191]
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The specifications of these UAVs are shown, along with the specifications of the designed UAV, in Table 7.2.

Table 7.2: Specifications of similar UAVs

Name Mass Flight time Control Cruise speed Largest dimension Cost
Microdrones MD4-1000 2650g 70 min. Remote control or with GPS 15 m/s 1030mm e34498,-
Microdrones MD4-200 800g 30 min. Remote control or with GPS 8 m/s 540mm e5872,-
Parrot AR.Drone 2.0 380g 12 min. Autonomous flight with GPS and Paparazzi 18 m/s 451mm e284,-
SteadiDrone QU4D 1500g 18 min. Radio controlled 28 m/s 645mm e1688,-
Aibot X6 3400g 30 min. Remote controlled, automatic waypoints 11 m/s 1036.32mm e22018,-
Aeryon Scout 1400g 25 min. Radio controlled 14 m/s 800mm e88079,-
Soteria 2300g 20 min. Autonomous 17 m/s 830mm e1150,-

In this table it can be seen that the Soteria UAV is among the smaller ones, average flight time and a lower price
than most. However a big improvement over the other multicopters is that the Soteria UAV is designed to fly
autonomously, as well as being able to perform some tasks without human interference.

7.6.2. INTERESTED PARTIES

UAVs could have many applications in SAR mission, or they may provide an overview of a disaster area with
the use of aerial photography. The focus in this section is on SAR missions, and related applications.

Search and rescue teams could have a UAV that can create a photomap of a disaster area, to determine the
possible location of survivors, blocked roads and danger zones to allow for quicker, safer and more efficient
survivor extraction. In order to understand the needs and opportunities for UAVs of SAR teams, it is necessary
to familiarise oneself with their way of operations. This section gives some remarks on this topic.

The National Land Search Operations Manual of Australia [192] states that the chance of survival of injured
persons decrease by 80 percent during the first 24 hours, and that it is therefore crucial to gather information
as quickly as possible in order to:

• Locate, support and rescue persons in distress in the shortest possible time
• Use any contribution survivors may still be able to make towards their own rescue while they are still

capable of doing so

In order to do this, a SAR operation encompasses multiple stages. The National Land Search Operations Man-
ual of Australia mentions five, namely awareness, initial action, planning, operations and conclusion. These
five stages include everything from getting to know about a possible distress situation to debriefing of person-
nel and completing documentation. For this UAV project, the stage of interest is Operations, which deals with
the dispatching of SAR assets to the scene and conducting searches. The current scope of this project is urban
areas.

The Urban Search and Rescue Response System Field Operations Guide of the United States of America [193]
specifies the following initial reconnaissance operations:

• Area sketch/map and building Identifier
• Structural/Hazard evaluation and marking
• Building sketch/plan, including building cross section
• Building type/configuration, including size and stories
• Building occupancy type
• Collapse type
• Void locations
• Hazard locations
• Best access
• Hazard mitigation notes

For each of these tasks the use of a UAV system instead of, or in addition to personnel, might be of great value.
At the current stage, the system has been designed to be able to assist in the tasks of area mapping and building
identification, discovering hazard locations and determining best access routes (by identifying road blocks).

A network called "Search With Aerial RC Multirotor" (S.W.A.R.M.) exists, in order to inspire volunteers to assist
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SAR organisations with their missions. This is done at no cost to the organisations or the families of those
afflicted [194]. Furthermore, police departments may also be an interested party, as they could benefit from
UAVs being able to create a photomap of a location of interest, as well as being able to aid in the search for
missing persons.

7.7. SYSTEM CHARACTERISTICS AND DESIGN ANALYSIS CONCLUSION

This chapter concludes the section of the report where the design has been analysed and finalised. The re-
sponse of the UAV to a gust or control inputs such as full upwards thrust has been simulated and analysed.
Furthermore, strengths of the structure and material of the UAV have been determined. Failure loads were
calculated to determine whether the system can remain intact throughout its mission.

The reliability, availability, maintenance and safety aspects of the system have also been discussed. The sus-
tainability of the design have been shown, in order to consider the impact of the design on the environment
during production and throughout its lifetime. For the competition, a sensitivity analysis was performed, in
order to quantify the impact of changes to the system to its performance. An analysis of the overall design has
been done as well to compare it to similar UAVs already available on the market.

111



8
Post Design Synthesis Exercise Design and
Development

The end of the design synthesis exercise (DSE) is not the end of the project. The system must still be built,
tested and then compete in the international micro aerial vehicle (IMAV) 2014 competition in order to fulfil
the project objective statement (POS). Due to this, an approach has to be developed for the post-DSE phase
of the project. First, a logical order has to be established in which the activities need to be performed, this is
presented in Section 8.1. With THE overall flow chart of the development process in mind, a production plan
of the unmanned aerial vehicle (UAV) may be made. This production plan is provided in Section 8.2. During
and after the construction of the UAVs, a number of tests have to be performed and subsystems will need
further verification and validation. A strategy for these topics will be discussed in Section 8.3. Finally, for the
competition day itself a plan for logistics is needed as well. These competition logistics are provided in Section
8.4. With the use of the design and development logic block diagram and aforementioned sections, a planning
may be made for the post-DSE activities. The Gantt-chart in which this planning is visualised may be found in
Section 8.5. The chapter wraps up with a conclusion in Section 8.6 of what needs to be done in the post-DSE
phase of the project.

8.1. PROJECT DESIGN AND DEVELOPMENT LOGIC

As mentioned earlier, an overview should first be made of the activities that need to be performed in the post-
DSE phase of the project, in order to be able to compete in the IMAV 2014 competition. Such an overview may
be obtained with the use of Figure 8.1.

Continue2with2
further2research

Develop2the2
required2software

Order2 hardware Assemble2hardware

Perform2software2
integration2test

Perform2hardware2
component2tests

Complete2final2
assembly

Perform2full2system2
integration2test

Perform2software2
development2tests

Produce2hardware

Compete2in2the2
IMAV220142
competition

Figure 8.1: An overview of the activities that need to be performed in the post-DSE phases of the project

The following may be noted from Figure 8.1: first, further research should be done with respect to the design.
From there on, the software may be developed and the required hardware may be produced or ordered. While
the hardware is being produced or delivered, software development tests may be performed. The results of
these tests will then be used as an input to further develop the required software. Once the software has been
completed and the hardware has been obtained, the software may be integrated into the hardware. In the
first stage of this process, a software integration test will be performed. The results of this integration test
will also act as an input for the hardware assembly, as each subsystem will be assembled and verified to work
separately. As soon as the software has been verified to work on the chosen hardware, the complete system may
be assembled. The system may then be verified to work with the use of a full system integration test. Finally,
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the UAV may compete in the IMAV 2014 competition, once it has been completed. Each of these phases will
be elaborated upon in the following sections.

8.2. PRODUCTION PLAN

As discussed in the previous section, the hardware may be produced once the research phase has finished.
In order to produce the Soteria UAVs, a solid production plan is needed. This is done to ensure that the UAV
will function properly and according to the design requirements. Some elements that were designed will be
entirely made by the team, such as the airframe, payload platform, landings struts and damping connectors.
Other parts will be bought off-the-shelve, for example the propellers, engines and the battery packs. For the
parts that will be made by the team, an in-depth production plan is needed. The other parts will need to be
ordered and shipped in time. When all different subsystem parts are present and/or produced the plan for the
system integration, presented in Section 8.2.3, will be executed.

8.2.1. AIRFRAME

The airframe will be made of carbon fibre, as was decided in Section 5.9. The cross sectional dimension were
later derived in Section 7.2. A visualisation of the production process is presented by means of a flow diagram
as shown in Figure 8.2. The carbon fibre needs to be laminated around a mould. This mould can easily be
created from Styrofoam. This is a low-cost product which is easy to model in the desired mould dimensions.
After the carbon fibre frame is finished, the Styrofoam can easily be removed. A total of 4 moulds will be
created, one for the tripod connection point and three for the structural arms.

In the next step, the carbon fibre cloth will be wrapped around the moulds according to the thickness’s spec-
ified in Section 7.2. When wrapping, one should make sure that no gaps are created and that parts are not
overlapping where unnecessary. The tripod and three structural arms will be laminated while being joined
together. This will create one integral frame.

Once the tripod and three structural arms have been laminated, the resin should be heated up to the temper-
ature provided in the manual of this specific resin type. The carbon fibre may then be coated evenly with the
resin by using a brush.

A bag made of polythene, which can be connected to a vacuum pump, should be present and ready for use.
Once the carbon fibre has been coated with the resin, the whole structure should be inserted in the bag imme-
diately. The bag should then be closed and the vacuum pump should be activated. The pump will then lower
the pressure in the bag to approach vacuum conditions.

The bag should now be sealed and the vacuum pump should be taken off. Air may now get in and a constant
pressure will then be applied. This ensures that the shape is preserved as the resin is curing. The package
should be held at the curing temperature specified within the resin’s manual.

When the resin has cured, the carbon with the mould will be taken out of the vacuum bag. The Styrofoam will
then be taken out of the carbon fibre structure. A final inspection has to be made to ensure the product fulfils
the pre-set strength requirements.

Figure 8.2: The production flow diagram for the production of the carbon fibre airframe.
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8.2.2. 3D PRINTING

The payload platform, gimbal and landing struts will be 3D-printed. For this a 3D printer and the design file of
the platform are needed. The design has already been done as was shown in Section 6.1. The file will be loaded
into the 3D printer software and then the printer will start printing the input design. The material used was
described in Section 8.2.1. The flow diagram of the production with the use of a 3D printer is given in Figure
8.3. The damping connectors with the function described in Section 7.2 will also be 3D printed. The material
and technique for printing rubbers of this sort is already available [182]. The layout and design of the rubbers
that will be printed is given in Figure 8.4.

Figure 8.3: The flow diagram for the production of the parts with the use of a 3D printer.

Figure 8.4: A 3D visualisation of the damping connector that will be 3D printed.

8.2.3. INTEGRATION

As soon as all the components have either been produced or delivered, the system needs to be assembled into
a functioning UAV. The different components will be attached mechanically as can be seen in Section 6.1 or by
means of the Araldite glue discussed in Section 7.2. The integration order of the different components will be
as follows, as is also visualised in the flow diagram that may be seen in Figure 8.5.

Figure 8.5: The integration flow diagram for the UAV assembly during production.

The damping connector rubbers can be pushed over the structural arms to the correct position. Once there,
they can be glued as well. Now the upper payload platform can be attached to the rubbers via the mechanical
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locking mechanism and glued into place. On there, the different payload systems may be placed and the
first cables can be attached to the frame. From this, the dome can be placed on top of the upper payload
platform. On the lower payload platform the batteries will be attached as will the gimbal. This platform can
now be attached to the bottom of the frame in a similar fashion as was done with the upper payload frame.
The batteries can then be connected to the upper payload and the frame wiring. The engines, gearboxes and
propellers need to be assembled. Once completed, they can be attached to the carbon frame by means of a
connection shown in Section 6.1. Finally, the landing struts can be attached to the endings of the structural
arms, they may be pushed into the end of these arms. For these parts the glue will be used to ensure proper
bonding between the different elements.

8.3. FUTURE TEST PLANS, VERIFICATION AND VALIDATION

This section discusses the tests that have to be performed in order to ensure that Soteria can operate within the
given design limits. The tests will be performed in the groups that were defined in Section 8.1. These groups
are based on the completion of the system required in order for the test to be performed.

First, there are the software development tests, which will provide a proof of concept. These tests may be per-
formed on a computer. This group requires the least amount of resources, as computers are readily available
and most of the programs are freeware. These tests verify that software is capable of performing the tasks re-
quired. In the case that off-the-shelf software cannot handle the tasks demanded, new software will have to
be developed by the team. Furthermore, the software (which does not directly interface with the UAV) of the
ground-station is tested to verify that it works on the intended computer. An overview of these tests is given in
Table 8.1.

Table 8.1: Software development tests on a computer of the software used on the UAV and ground station

Test ID Test Description
ST-01 The possibility and duration of the stitching of a photo map with 99 photos with a resolution of

20 mega-pixel
ST-02 The automatic copying and preparation before the stitching of the photos, when the SD card with

photos is inserted into the ground station
ST-03 The detection of blockades on a stitched photo map
ST-04 The use of software to detect an A4 sheet at different ranges
ST-05 The combination of sheet and number recognition to identify a number on an A4 paper

The tests presented in Table 8.1 are related to requirement IMAV-CR-ME2 and underlying requirements as well
as IMAV-CR-ME4. More specifically, tests ST-04 and ST-05 were developed to determine the ’to be discussed’
specifications within requirements IMAV-CR-ME4-9 and IMAV-CR-ME4-10. These test are necessary for the
Soteria system as the tests verify and validate the yet unfulfilled requirements as described in the compliance
matrix and feasibility analysis of Section 6.7.

The second group of tests are the software integration tests. These tests are performed on the on-board com-
puter, the Raspberry Pi. For these tests the software developed is migrated to the Raspberry Pi to verify com-
patibility with the hardware used on the Raspberry Pi and the available processing power. This group requires
a deeper understanding and optimisation of the software, as the Raspberry Pi has a less processing power than
a laptop. Furthermore, unlike in the case of a computer, a lot of the programs still need to be written. The tests
will also involve for instance, the Raspberry Pi camera Module, to verify its capability of detecting a sheet of A4
paper combined with the Raspberry Pi itself. An overview of these tests can be found in Table 8.2.

The tests presented in Table 8.2 are related to requirement IMAV-CR-ME4 more specifically requirement IMAV-
CR-ME4-1. These test are necessary for the Soteria system as the test verify and validate the yet unfulfilled
requirements as described in the compliance matrix and feasibility analysis of Section 6.7.

The third group will be the hardware components tests. These tests will verify that the hardware components
work as intended under simulated conditions. These tests require the purchase of the intended hardware used
in the system and will be performed before and during the assembly. The hardware component tests may be
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Table 8.2: Software integration tests of the developed software on the Raspberry Pi on-board computer

Test ID Test Description
RT-01 The compatibility of the two ultrasonic range finders with the Raspberry Pi
RT-02 The compatibility of the sheet recognition software with the Raspberry Pi
RT-03 The integration of the Raspberry Pi camera module with the Raspberry Pi
RT-04 Performing number recognition on the Raspberry Pi
RT-05 The use of the sheet recognition to detect a sheet of A4 paper with the Raspberry Pi with the

Raspberry Pi camera module
RT-06 Combining the sheet detection with the number recognition on the Raspberry Pi

found in Table 8.3.

Table 8.3: Hardware component tests of hardware used on the Soteria to verify component performance is as intended

Test ID Test Description
CT-01 The range, stability and data rate of the XBee communication system
CT-02 The interference of the two ultrasonic range finders
CT-02 The connection between the Lisa/M v2.0 autopilot and the Raspberry Pi on-board computer
CT-03 The accuracy of GPS in an urban area
CT-04 The compatibility of the GPS with the Lisa/M v2.0 autopilot board
CT-05 The accuracy of GPS and the IMU in an urban area
CT-06 The propeller thrust on different RPM settings
CT-07 The effects of the pusher-puller propeller configuration
CT-08 The capacity of the battery
CT-09 The voltage drop of the battery when discharged
CT-10 The integration of the gimbal
CT-11 The accuracy of the gimbal
CT-12 The structural loads on landing legs
CT-13 The structural loads on the airframe
CT-14 Determination of the eigenfrequency of the airframe
CT-14 Autopilot integration within the propulsion system

The tests presented in Table 8.3 are related to requirement IMAV-CR-ME2, more specifically IMAV-CR-ME2-8
and IMAV-CR-ME2-9. Furthermore, the hardware component test are related to requirement IMAV-CR-ME4,
IMAV-SR-26 and IMAV-AU. These test are necessary for the Soteria system as the test verify and validate the yet
unfulfilled requirements as described in the compliance matrix and feasibility analysis of Section 6.7.

Lastly, the fourth group contains the full system tests. These tests require the full UAV to be assembled in
order to test the integration of the entire system. Also part of these tests is the tuning of the autopilot to the
characteristics of the UAV. These tests will verify that the entire system meets the set requirements and will
validate that it can perform the intended mission. An overview of these tests can be found in Table 8.4

The tests presented in Table 8.4 are related to requirement IMAV-CR, more specifically IMAV-CR-ME1-1, IMAV-
CR-ME2-10 and IMAV-CR-ME4-5. Furthermore, these full system test relate to requirement IMAV-SR, more
specifically IMAV-SR-26. These test are necessary for the Soteria system as the test verify and validate the yet
unfulfilled requirements as described in the compliance matrix and feasibility analysis of Section 6.7.
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Table 8.4: Full system tests of the UAV to tune the autopilot, verify that it meets the set requirements and validate that it can perform the
intended mission

Test ID Test Description
FT-01 A vibration test to determine vibrational integrity of the UAV
FT-02 A performance test of the propulsion system without the payload
FT-03 The ground station and UAV communication link
FT-04 The tuning of the autopilot
FT-05 Manual control range, stability and integrity
FT-06 Flight envelope determination (maximum range, flight time, altitude and weather conditions)
FT-07 Completion of the separate mission elements
FT-08 Completion of the entire mission
FT-09 Test flights at the competition area

8.4. COMPETITION LOGISTICS

A well thought-out plan for logistics issues surrounding the competition will be prove to be very useful to avoid
running into what would otherwise be an unexpected problem. Transportation to the testing ground and the
set-up of the equipment will be elaborated upon in this section.

8.4.1. TRANSPORTATION

To consider transportation, it could already be useful to determine the route as well as transportation time
,from where the systems are stored to the competition grounds. This will avoid running into time shortages
due to not leaving on time or not being sufficiently prepared. It is assumed that the travelling is done by car
and the route is planned using Google Maps [195].

It is assumed that the UAVs and ground station, along with all other supporting equipment, are constructed,
tested and kept on university grounds. The faculty of Aerospace Engineering, Kluyverweg 1, Delft, The Nether-
lands, is therefore used as the starting location. The route to the exact competition grounds cannot be calcu-
lated on Google Maps. Therefore, the nearest road to this location is being taken as the destination in order
obtain a travelling time estimation. Kostverlorensteeg 27, Harskamp, the Netherlands is taken as this desti-
nation. The driving time is estimated to be roughly 1 hour and 30 minutes. Traffic jams or other unforeseen
circumstances have not been taken into account. Therefore, a conservative time frame around this estimate
should be taken as travel time.

TRANSPORTATION VEHICLE

For the competition, all team members, UAVs and equipment should be transported. It is likely that this re-
quires a larger vehicle than the standard car. It is possible to rent a van to transport all the equipment. It can
be assumed that for the most part, team members will be able to find their own transport. In order to protect
the equipment, sufficient packaging should also be made for all the UAVs and ground station, such that they
do not get damaged during transport.

8.4.2. EQUIPMENT

It is vital that a check-list is made to make sure no equipment for competition is forgotten. Running through
the items on the check-list before travelling to the competition area can be incredibly useful. Bringing back-
up equipment such as a secondary (and tertiary) computer to serve as ground stations in case the primary
would experience problems, should also be considered. Additional cables and wires, with a tool-kit for quick
repairs, would also be a good addition. At the competition location there is a 230V power supply available for
the ground station.

8.4.3. MISSION START

As soon as the team is allowed to start, all equipment needs to be set up in the control zone. Computers will
need to be assembled and turned on. Furthermore, the UAVs will need to be brought to the take-off zone and
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powered up. Preferably, to save UAV battery power, the UAVs are powered on at the end of the preparation
phase such that the mission may start right after they are powered up.

8.4.4. DURING MISSION

During the mission, team members can be divided among a variety of tasks to ensure the mission goes accord-
ing to plan. An example task would the monitoring of the equipment, to ensure that the ground station does
not overheat. Also making sure visual contact is maintained with as many UAVs as possible could be useful,
in case there is a software failure and their location it not returned to the ground station. A flow diagram was
constructed for the mission. This diagram is presented in Figure 8.6.

Figure 8.6: The Functional Flow Diagram of the operations during the competition day of the IMAV competition

First, the ground station needs to be initialised and the UAVs need to be brought to the take-off location. When
the ground station and the UAVs are on-line, a communication link can be established. The UAVs can now
start their mission as described in Section 3.3. During the mission, every UAV will return to the local command
centre (LCC) once, this is done such that the Sony Cybershot camera may be detached and to secure the SD
card with the photomap data. The UAVs will continue their mission and the ground station will start the photo
stitching operations. When the photomap has been stitched, it will be analysed by means of software. The
team will make a decision whether the blockade map parts will be done manually or automatically, as was
already described in Section 3.3. At the end of the mission, the UAVs will land again at the LCC. The team will
shut down the UAVs and retrieve them. The ground station is still allowed to run the photomap or blockade
map operations until 10 minutes after the actual mission time. The maps will then be delivered to the IMAV
jury.

8.4.5. MISSION END

After the event, any lost UAVs will need to be recovered quickly. This may be done either by car or by a cyclist
if the lost UAV is far from the LCC. Properly landed UAVs also need to be recovered from the landing site. The
ground station needs to be shut down and dismantled. All equipment needs to be loaded in the transportation
vehicle. Finally, any photomap sent to the ground station should also be sent to the IMAV jury digitally or
physically for the determination of the score. Blockades should be drawn on a copy of the map as well.

8.5. POST DESIGN SYNTHESIS EXERCISE TIME SCHEDULING

With the use of the elaboration that was done on the production and verification and validation of the UAV, a
time schedule may be created. This time schedule was made using a Gantt Chart, which may be used to obtain
an initial estimate for the schedule of the post-DSE activities. This Gantt Chart may be found in Figure 8.7. The
development has been divided into the phases that have been discussed in Section 8.1.

It may be noted that a certain duration was predicted for each of the tasks. This duration has been based upon
the importance, the current state and the expected duration of the task. An example would be Task 1.4, the
further research on the detection of blockades. As the ability of the system to detect blockades is in an early
development stage and as this ability is of great importance, three full days have been predicted to be needed
in order to finish the research on this matter. The further research, hardware component tests and full system
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integration tests are the most time-consuming phases of the development. As mentioned earlier, time has
been allocated to these phases according to their importance.

The Gantt Chart has been made such that the weekends are also taken into account as being working days,
due to the need for extra development time. This results in a total of 37 days which may be used to complete
the development of the UAV system.
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Figure 8.7: The Gantt Chart which will be used as a planning for the post-DSE activities
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8.6. POST DESIGN SYNTHESIS EXERCISE DESIGN AND DEVELOPMENT CON-
CLUSION

This chapter presented a plan for the design and development after the conclusion of the DSE. This stage
will involve simultaneous work on the production and ordering of components, assembly and testing. To
streamline this process, a detailed production plan was made. Future verification and validation, along with
other tests to ensure proper operation of the system, have also been included in the schedule.

The logistics of the competition were also analysed, to ensure no errors are made by the team during the
competition. Part of this, is a detailed plan describing what the team must do during various stages of the
mission.

Finally, a time planning of this phase was made to ensure all tasks are performed on time. With this, the team
ensures optimal preparation for the IMAV 2014 competition and the fulfilment of the POS.
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9
Conclusion & Recommendations

This project was initiated with the objective to design an autonomous multi-unmanned aerial vehicle (UAV)
system that can be used to aid in search and rescue (SAR) missions after natural disasters, while keeping costs
within a budget of e5000. The design, named Soteria, will be tested at the international micro aerial vehicle
(IMAV) competition in August 2014. It is comprised of four UAVs and two laptops that act as ground station.
To distinguish between UAVs, they are coloured red, magenta, cyan and yellow. At the competition, Soteria will
perform a mission consisting of five elements. Starting with the take-off at the local command centre (LCC),
the UAVs will create a photomap of the competition area. It will then return to the LCC to perform a precision
landing, where the SD card containing the photos is retrieved. The ground station will then stitch these into
one photomap, upon which it will detect and mark road blockades. Meanwhile, the UAVs will continue their
mission, first performing a roof landing. Next, it will identify the numbers of all houses in a specified section
of the competition area. Finally, they will again perform a precision landing at the LCC.

In order to perform the mission, the UAV design is split up in two parts: payload design and design of the air-
frame and propulsion. The airframe consists of three carbon beams in a Y-shape with a double-deck payload
platform in the centre. Six propellers are mounted in counter-rotating pairs, with one pair on each beam. A
small strut with a pressure sensor is mounted at the tip of each beam. Together, the three struts form the land-
ing gear, and the pressure sensors allow the UAV to detect when it has landed. A double-deck payload platform
is situated at the centre of the airframe. It is covered with a dome to protect it against weather influences and
impacts. The payload will consist of one high resolution and one low resolution camera, a Raspberry Pi board
computer, a transceiver module, and a navigation module composed of a global positioning system (GPS) re-
ceiver, autopilot board with built-in inertial measurement unit (IMU) and two ultrasonic rangefinders. The
entire system will be powered by two battery packs.

The GPS, transceiver, board computer and autopilot are placed on the top deck. This is done to protect the
sensitive circuits from the strong electric currents running from the battery pack to the other payload modules
and the propulsion system. A rubber damper between the airframe and the top payload deck nullifies the
vibrations induced by the propulsion.

The design process has been completed, so the project objective statement (POS) can now be evaluated:

With ten students in ten weeks, design a multi-UAV system with autonomous capabilities, which will prove itself
to be useful in disaster scenarios in urban areas by winning the IMAV 2014 competition with a budget ofe5000.

Since the IMAV competition has not yet taken place, the related top level requirements, IMAV-CR and IMAV-
SR, cannot be met as of yet. However, the total system cost does not exceede5000 (IMAV-CO) and the system
is designed by ten students in ten weeks (IMAV-TU) to function autonomously (IMAV-AU, although this has
not yet been physically demonstrated). The SAR applications (IMAV-SAR) of the payload are apparent. Soteria
is will generate a high quality photomap of an area 277 m by 171 m and identify roadblocks on the map in
less than 40 minutes. The only human interaction consists of activating the system, retrieving the SD card
and camera upon return of each UAV and then starting the photomapping process on the ground station.
Furthermore, the house number recognition can be used to determine which houses are destroyed and which
aren’t, if pre-disaster information is available for comparison. Lastly, a UAV can be told to land on any flat
surface to monitor an area or building using the Raspberry Pi camera.

A production plan for the system and a logistics plan for the competition day have been made and the market
analysis shows that Soteria offers a greatly reduced price in comparison with similar systems, and increased
functionality in comparison with other systems in the same price category. However, it is recommended to
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perform additional verification and validation before the competition begins. The recommended tests can be
divided into three categories: software compatibility, hardware compatibility and complete system tests.
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B
Overview of Writers and Reviewers

This report has been written by 10 people. Figure B.1 shows which section of the report have been written
by which team member. Also indicated is the person that has processed all the feedback that was given by
other team members or tutors. Attention should be given to the fact that every team member has reviewed
every section; the name put in the Content Review column is merely the person responsible for processing any
comments. The text reviewer is responsible for removing any mistakes in grammar. The persons stated in blue
rows are responsible for the overall content and text review of the corresponding chapter.

Section Name Writer Content Review Processing Text Review Section Name Writer Content Review Processing Text Review
Summary Stephen Erik Erik 6 System Interfacing Erik Joris Stephen

Changelog Joris Erik Erik 6.1 Configuration and Lay-out of Aerial Vehicles Rick Joris Stephen

Preface Joris Erik Erik 6.2 Mission Functions Chris Joris Stephen

List of Deliverables AP Erik Erik 6.3 Communication and Data Handling Rick Joris Stephen

List of Tables / List of Figures - Joris Joris 6.4 Electrical Diagrams Heiko+Aram Joris Stephen

Glossaries - Erik Joris 6.5 System Failure Analysis Aram Joris Stephen

List of Symbols Stephen Erik, Stephen Erik 6.6 Budget Breakdown Joris Joris Stephen

6.7 Compliance Matrix & Feasibility Analysis Ronald Joris Stephen

1 Introduction Erik Erik Luuk 6.8 System Integration Conclusion Erik Joris Stephen

1.1 Desciption of the IMAV 2014 Competition Erik Erik Luuk

1.2 Design Requirements Erik Erik Luuk 7 System Characteristics and Design Analysis Stephen Stephen Aram, Stephen

1.3 Report Content Erik Erik Luuk 7.1 Performance Analysis Stephen Stephen Aram

7.1.1 Performance Analysis Program Stephen Stephen Aram

2 Project Management Joris Joris Heiko 7.1.2 Verification and Validation of the Performance Analysis Program Stephen Stephen Aram

2.1 Team Organisation Rick Joris Heiko 7.1.3 Aerodynamics characteristics Stephen Stephen Aram

2.2 Project Management Tool: Scrum Rick Joris Heiko 7.1.4 Performance Characteristics Stephen Stephen Aram

2.3 Team Optimisation Rick Joris Heiko 7.1.5 Stability and Control Characteristics Stephen Stephen Aram, Stephen

2.4 Resource Allocation Joris Joris Heiko 7.2 Material and Structural Characteristics AP+Chris Stephen, AP Stephen

2.5 Project Management Conclusion Joris Joris Heiko 7.3 Reliability Availibility Maintanability and Safety Erik Stephen, Erik Stephen

7.4 Sustainability Considerations Erik Stephen, Erik Stephen

3 Mission Design AP AP Luuk 7.5 Sensitivity Analysis Erik Stephen, Erik Stephen

3.1 Generating Mission Concepts AP AP Luuk 7.6 Market Analysis Stephen Stephen Aram

3.2 Trade-off Between Mission Concepts Heiko AP Luuk 7.7 System Characteristics and Design Analysis Conclusion Stephen Stephen Aram

3.3 Mission Strategy Chris AP Luuk

3.4 Mission Design Conclusion AP AP Luuk 8 Post Design Synthesis Exercise Design and Development Joris Aram Aram

8.1 Project Design and Development Logic Aram Aram Aram

4 Payload Design Stephen Luuk Aram 8.2 Production Plan Chris Aram Aram

4.1 On-board computer Aram Aram, Luuk Aram 8.3 Future Test and Future Verification and Validation Joris Aram, Ronald, Heiko Aram

4.2 Object detection Aram Aram, Luuk Aram 8.4 Competition Logistics Chris Aram Aram

4.3 Navigation Luuk Luuk Aram 8.5 Post Design Synthesis Exercise Time Scheduling Aram Aram Aram

4.4 Location Luuk Luuk Aram 8.6 Post Design Synthesis Exercise Design and Development Conclusio Joris Aram Aram

4.5 Number recognition Heiko Heiko Aram

4.6 Data transmission Rick Rick Aram 9 Conclusion Erik Erik

4.7 Map stitching Rick Rick Aram

4.8 Blockade mapping Heiko, Rick Heiko Aram Bibliography Joris Heiko Heiko

4.9 Attitude control Rick Heiko Aram A Technical Drawings Rick -

4.10 Ground Station Luuk Luuk Aram B Overview of Writers and Reviewers Luuk

4.11 Payload Design Conclusion Rick, Stephen Luuk Aram

5 Propulsion and Airframe Design Joris Ronald Erik/Luuk

5.1 Requirement Analysis Ronald Ronald Erik

5.2 Flying Concept Selection Ronald Ronald Erik

5.3 Design Process Description Ronald Ronald Erik

5.4 Required Thrust to Weight Ratio Ronald Ronald Erik

5.5 Propeller Joris Ronald Luuk

5.6 Motor Ronald Ronald Luuk

5.7 Electronic Speed Controller Joris Ronald Luuk

5.8 Power Supply Erik Erik Luuk

5.9 Airframe AP Ronald, AP Erik

5.10 Propulsion and Airframe Design Conclusio Ronald, Joris Ronald Luuk

Figure B.1: Overview of writers and reviewers per section of the report
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