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Preface

The Design Synthesis Exercise (DSE) is the final project of the Bachelor of Aerospace Engineering program
at the Delft University of Technology. This report presents a revolutionary, user-friendly, safe and elegant aerial
rescue and support service vehicle called the Inspection Pocket Drone. This paper contains the research done
and the system designed by DSE group 18, along with the methods used and design decisions made along the
way. It is a result of 11 weeks of hard work and three previous technical reports that can be used for further
development of the product.

Readers who are particularly interested in the detailed system description, including the descriptions of the
vehicle and the Ground Control Station can find this in Chapter 12. Readers who are principally interested
in the concurrent engineering method used which describes the way the design procedure is conducted can find
this also in Chapter 12. The theories used for the propulsion design, hardware, airframe design and software
can be found in Chapter 5, Chapter 6, and Chapters 7 & 8 respectively. Lastly, future work and plans on
putting the design into effect are presented in Chapter 14.

We would like to extend our thanks to our principal tutor, Christophe De Wagter, and our DSE coaches, Jan
Rohac and Zhi Hong for all the guidance and help they have offered during this period. We are very grateful for
their feedback and endless support. Moreover, special thanks goes to the the whole DSE Organizing Committee
(OSCC), Joris Melkert, Vincent Brügemann, Erwin Mooij, Nando Timmer and Wim Verhagen. We are also
grateful for the work and dedication of the OSSA Student Assistants.
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Summary

This report shows that Unmanned Aerial Vehicles can be used for the benefit of the public by rescue & support ser-
vices such as the fire department. The present investigation reveals that indoor inspection of precarious buildings
such as ones on fire or affected by an earthquake is possible without the direct involvement of rescue teams.

The presented design is a ring shaped flying surveillance system with a flight time of 10 minutes equipped
with a visual and a thermal camera. A contra-rotating rotor design is located in the center of the ring and is
carefully housed to prevent lacerations to people. The hull surrounding the rotors gives space for the placement
of subsystems and acts as a straight diffuser. Plus, the sides of the vehicle are padded meaning that operations
in the vicinity of people can be safely conducted. It is also designed to accommodate the needs and preferences
of rescue teams: the mass of the vehicle is a remarkable 533 grams, and the total mass of the system including
a portable Ground Control Station is 5 kg. Moreover, for the control of the vehicle a double swashplate system
was designed. Each rotor has its own swashplate system which allows for roll and pitch control. By varying the
rpm per motor yaw control can be achieved. By increasing or decreasing the rpm of both motors simultaneously
direct control over altitude is gained. Two battery packs connected in parallel ensure that the system has
enough energy to fly for ten minutes. They can quickly be changed to allow for more inspection time on site.

The mission of the vehicle consists of both an outdoor and indoor segment. Firstly, the operator deploys the
system, after which the vehicle lifts off and searches for a suitable entrance to the building. Upon entry, the vehicle
sweeps the rooms and sends video and thermal images to the operator who can determine whether the rescue team
should enter the area. Afterwards, the vehicle leaves the building and returns to the Ground Control Station.

A detailed research was carried out to discover a user-friendly and easy-to-use interface. The Ground Con-
trol Station consists of a tablet plus video glasses with motion tracker, a handheld controller device and an
omnidirectional antenna system, easily deployable from a small portable suitcase. To fulfill the mission, the
vehicle is equipped with two cameras: a 5 megapixels visual light camera for still images and a compressed
video stream, and an infrared camera for thermal imaging. A NavStik board running the Paparazzi platform
provides the on-board computing power and, together with sonar sensors for distance measurement, aids in the
control. The combination of sonar sensors and the thermal camera allow for inspection in smoky or dimmed
lighting conditions, further increasing the operational range of the system.

To ensure all the data can be communicated between the drone and ground while indoors, the antennae were
designed to allow communications over at least 260m through a reinforced concrete wall. High gain, high power
antennae will be used to guarantee a robust link capable of transmitting the live video stream and control and
command data.

Further development of the system includes prototyping, testing, assessment by regulatory bodies, sales and
after-sales. The system is expected to be operational by early 2016, with after-sales continuing to August 2016.
The development costs are estimated to be e242.000,-.

In conclusion, an innovative product is created that has the potential to increase the effectiveness of rescue
services and drastically increase the amount of people to be saved while giving the rescue crew a clearer and
detailed overview of the situation inside and the layout of the danger zone.
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Nomenclature

List of Symbols

a Porosity [-]
adif Difference in acceleration [ms2 ]
aref Set reference acceleration [ms2 ]
arefz Set reference acceleration along the z-axis [ms2 ]
ax Acceleration along the x-axis [ms2 ]
A Area [m2]
Aci Area of cell i of the cross section [m2]
Ahead Acceleration of a head upon impact [−]
Ai Cross sectional area of element i
Ainner Sweep area of the inner diameter of the complete vehicle
Aprop Propeller sweep area [mm2]
Astrut Cross-sectional area of the strut [m2]
b1 Damping coefficient of the strut [Nsm ]
b2 Damping coefficient of the protective foam [Nsm ]
B Bandwidth [Hz]
BRup, BRdown Data bit-bate uplink and downlink [bit/s]
C Battery discharge rate [C]
Cd Drag coefficient of the complete vehicle [-]
Cd0 Rotor drag coefficient at zero angle of attack [-]
Clα Lift curve slope [1◦ ]
CLmax Maximum lift coefficient [-]
Cm0 Moment coefficient at zero angle of attack [-]
CT Thrust coefficient [-]
d Fence wire diameter [mm]
di ith hull cross section dimension [m]
dmindistance Minimum allowable distance from wall
dwall Distance from wall
D Drag of the complete vehicle [N ]
Dinner Inner diameter of the hull [m]
E,E

′
,E
′′

Young’s, storage and loss modulus [MPa]
Eb Energy per bit [J]
Ebat Battery energy [Wh]
Ereq Required energy from the battery system [Wh]
Espec Specific energy
fpp Full power percentage [%]
F Prandtl tip loss factor [-]
F Force [N]
Fallowable Allowable impact force on a head [N ]
Fimp Impacting force [N]
Fimp

′ Half of the impacting force [N]
Fm Pressure loss coefficient [-]
FM Figure of merit [-]
Frot Rotational force [N ]
g Gravitational acceleration [9.81ms2 ]
G Shear modulus [Pa]
GTx,a, GRx,a Transmitting and receiving antenna gains [dB]
hcs Cross-section height [m]
HIC Head injury criterion [−]
I Area moment of inertia [mm4]
Imax Maximum current the system needs [A]
Imax,bat Maximum current battery can deliver [A]
Ixx Area moment of inertia with respect to the x axis [m4]
Ixx,i Area moment of inertia of element i with respect to the x axis [m4]
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Ixy Product of inertia [m4]
Iyy Area moment of inertia with respect to the y axis [m4]
Iyy,i Area moment of inertia of element i with respect to the y axis [m4]
J Mass moment of inertia [kg m2]
k Ideal power correction factor [-]
k Equivalent spring stiffness [Nm ]
k1,kve Spring constant of the protective foam [Nm ]
k2 Spring constant of the strut [Nm ]
kB Boltzmann constant [J/K]
kint Interference power factor [-]
L Lift [N ]
Lbeam,lbeam Beam length [m]
Ld Diffuser length [mm]
LM Link margin [W]
Lpath,Lfsl Transmission and free space path loss [dB]
Lstrut Length of the strut [m]
LTx,c, LRx,c Transmitting and receiving cable losses [dB]
(L/D)max Maximum lift to drag ratio [-]
m Distance between fence wires [mm]
mbat Total battery mass [g]
mbat,one Single battery mass [g]
mh Mass of the hull structure plus the included subsystems [kg]
mhead Mass of a head
mi Mass of subsystem i [g]
mprop Mass of the complete propulsion subsystem [kg]
mpropulsion Engine mass [g]
muav Mass of the complete vehicle [kg]
M Moment [Nm]
MB Redundant moment [Nm]
Mp,max Maximum moment generated by the propulsion system [Nm]
Mx Moment acting in the x direction [Nm]
Mx,strut Moment applied on the hull in the x direction by the strut [Nm]
My Moment acting in the y direction [Nm]
My,hull Moment in the y direction caused on the hull by its own weight [Nm]
Mz Moment acting in the z direction [Nm]
Mz,strut Moment applied on the hull in the z direction by the strut [Nmm]
Mθ Moment as a function of polar position [Nm]
n Path loss exponent [-]
nsides Number of sides [-]
N Noise power [W]
N0 Noise intensity [J]
NP Total number of batteries needed in parallel [-]
NPE Number of batteries needed in parallel for energy [-]
NPI Required number of batteries in parallel for current [-]
NS Total required number of batteries in series [-]
Pavg Average power required [W]
Pcrit Critical load for buckling [N ]
Pfp System power consumption full power [W]
Phover Hover power [W ]
Pideal Ideal power [W ]
Pimpact,Pi Impact load [N ]
Pmax Maximum power to be delivered by the battery system [W]
Pmp System power consumption while maneuvering [W]
Ppropulsion Propulsion power [W ]
PRx, PTx Receiving and transmitting power [W ]
q Shear flow [Nm ]
q0 Constant component of the shear flow in a closed cross section [Nm ]
qb Open cross section shear flow due to shear forces [Nm ]
qs Shear flow due to shear forces [Nm ]
qt Shear flow due to torque [Nm ]
Q Battery capacity [Ah]
r Blade radius [m]
r Radius of the stiffening ring [m]
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rpath Transmission range [m]
rservo Servo arm length [m]
R Radius [m]
R Maximum blade radius [mm]
RB Redundant force load [N ]
Re Reynolds number
Rlink Maximum transmission range [m]
Rstrut,inner Inner radius of the strut [m]
s Distance along cross sectional element [m]
sRx Receiver sensitivity [W]
S Surface of the complete vehicle perpendicular to the airflow [mm2]
Sfront Frontal surface area of the complete vehicle [mm2]
Simpact Impact load [N]
Stop Top surface area of the complete vehicle [mm2]
Sx Force applied in the x direction [N]
Sx,strut Force applied on the hull in the x direction by the strut [N]
Sy Force applied in the y direction [N]
Sy,strut Force applied on the hull in the y direction by the strut [N]
Sz,strut Force applied on the hull in the Z direction by the strut [N]
Sz Force applied in the z direction [N]
t Thickness [m]
tfp Full power mission time [s]
ti Thickness of element i of the hull cross section [m]
tmax Maximum flight time [s]
tmp Manoeuvre power mission time [s]
tsettling Settling time till error has dissipated [s]
tstrut Strut thickness [m]
T Thrust per propeller [N ]
Tduct Duct thrust [N ]
timpact Duration of impact [s]
Tmax Maximum thrust [N ]
Trotor Rotor thrust [N ]
Ttotal Total thrust [N ]
Ubat Output voltage battery [V]
Ureq Required output voltage battery system [V]
v Kinematic viscosity [m

2

s ]
vh Ideal induced velocity [ms ]
vi Induced velocity [ms ]
V Airspeed [ms ]
V0,h Initial velocity of the hull structure [ms ]
V0,prop Initial velocity of the propulsion subsystem [ms ]
Vbat Battery volume [m3]
Vdif Difference velocity [ms ]
Vh Horizontal velocity component [ms ]
Vref Set reference velocity [ms ]
Vv Vertical velocity component [ms ]
wcs Cross-section width [m]
Whull Weight of the hull [N]
x Position [m]
ẋ Velocity [ms ]
ẍ Acceleration [ms2 ]
xc x coordinate of the centroid location [m]
xcg Lateral center of gravity position [mm]
xh Displacement of the hull structure plus the included subsystems [m]
xi Lateral position of subsystem i [mm]
xi Longitudinal position of subsystem i [mm]
xsc x coordinate of the location of the shear centre [m]
xuav Horizontal displacement of the vehicle [m]
yc y coordinate of the centroid location [m]
ycg Longitudinal center of gravity position [mm]
ysc y coordinate of the location of the shear centre [m]
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α Angle of attack [◦]
αs Stall angle of attack [◦]
β Atmospheric specific attenuation [dB/m]
βnode Clockwise angular position of component (node) in hull [rad]
γFimp′ Deflection of the stiffening ring at the impacting force
δp Stress-strain phase difference [rad]
δαservo Angular servo deflection from neutral position
δtip Tip deflection blade [mm]
∆a Axial displacement [m]
∆b Lateral displacement [m]
∆hservo Servo rod deflection [m]
∆mprop Mass difference between propellers [kg]
∆P Pressure drop [Pa]
∆x Displacement [m]
εPW Power to weight ratio [-]
ηmotor Motor efficiency [%]
ηshaft Shaft efficiency [%]
θ Angle of twist [◦]
θ Polar position on the stiffening ring [rad]
θ Body pitch angle of the UAV [rad]
θd Diffuser angle [◦]
θmax Maximum pitch angle [◦]
Θ Angle between the displacement ∆x and the axis of the strut [rad]
λ Inflow ratio [-]
λlink Wavelength [m]
ρ Density [kg/m3]
ρair Air density [kg/m3]
ρenergy Energy density
σ Blade solidity [-]
σaxial Axial stress [Pa]
σbending Bending stress [MPa]
σd Diffuser expansion ratio [-]
σKE Kinematic correction factor [-]
σMO Momentum correction factor [-]
σnormal Normal stress [Pa]
σtens Tensile stress [MPa]
σyield Yield stress [Pa]
τ Shear stress [Pa]
ϕ Hull rotation [◦]
ω Rotational speed / angular frequency [rad/s]
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Abbreviations

AES Advanced Encryption Standard
AHP Analytical Hierarchical Process
AWG American Wire Guage
BEC Battery Eliminator Circuit
BER Bit Error Rate
BVLOS Beyond Visual Line Of Sight
CAS Collision Avoidance System
CBS Cost Breakdown Structure
CFRP Carbon Fibre Reinforced Polymers
CPU Central Processing Unit
DES Data Encryption Standard
DSE Design Synthesis Exercise
EASA European Aviation Safety Agency
EOM Equation Of Motion
ESC Electronic Speed Controller
FBS Functional Breakdown Structure
FFD Functional Flow Diagram
FM Figure of Merit
FPS Frames Per Second
FPV First Person View
FSK Frequency Shift Keying
GCS Ground Control Station
GPS Global Positioning System
HC Helicopter
HUD Head-up Display
I2C Inter-Integrated Circuit
IMU Inertial Measurement Unit
IPD Inspection Pocket Drone
IR Infrared
JPEG Joint Photographic Experts Group
LED Light Emitting Diode
LIDAR Light Detection and Ranging
LiPo Lithium Polymer
LOS Line-of-Sight
LWIR Long-wave Infrared
MNS Mission Need Statement
NASA National Aeronautics and Space Administration
NiCd Nickel Cadmium
NiMH Nickel-Metal Hydride
OBC On-Board Computer
OFDM Orthogonal Frequency Division Multiplexing
OSSC DSE Organization Committee
POS Project Objective Statement
PSK Phase Shift Keying
RGB Red Green Blue
RPAS Remotely Piloted Aircraft System
Rx Communication Receiver
SNR Signal-to-Noise Ratio
TKIP Temporal Key Integrity Protocol
Tx Communication Transmitter
UAV Unmanned Aerial Vehicle
USB Universal Serial Bus
USP Unique Selling Point
VFR Visual Flight Rules
VLOS Visual Line Of Sight
VR Virtual Reality
WAF Wall Attenuation Factor
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CHAPTER 1. INTRODUCTION

1 | Introduction

This report concludes and contains discussion on the first two design phases in the development of the ‘Inspection
Pocket Drone’ system, a reliable and easily deployable unmanned aerial vehicle system designed for indoor
inspection and flying in Dutch weather conditions.

UAVs are becoming increasingly present in everyday life. These aerial robots have the capability to perform
tasks such as inspection and surveillance in areas that are difficult or dangerous for humans to enter or reach.
A few examples of such possible UAV applications include:

1. Scanning of fragile structures that are in danger of collapsing, in search for survivors, during or in the
aftermath of a disaster (e.g. fire, earthquakes, and hurricanes).

2. Risk-limited reconnaissance of hostage-taking situations.

From a technological point of view the maturity of drones has reached a state such that these applications are
feasible in theory. Companies and research institutions increasingly focus on UAV systems and applications.
Therefore DSE Group 18, comprised of 10 students of the faculty of Aerospace Engineering of the TU Delft, set
the goal to research and design an innovative vehicle that will enable emergency services to inspect buildings.

The report starts with a mission description by means of a functional flow diagram and a functional breakdown
structure, which can be found in Chapter 2. In Chapter 3, one can find market analysis on the current state
of the UAV market and the positioning of the IPD in this market was performed to establish the best options
for potential customers. Also, elaboration on the relevant legislation is found in this chapter.

Definition of a clear mission description, market analysis and a chosen final concept allows for the commence of
the detailed design phase. In Chapter 5 the theories and design of the propulsion system are explained. Then,
in Chapter 6 all electronic components are treated such as payload, communications and the ground control
station. To house the propulsion system and payload, a structure is needed. This structure will be designed
and analysed in Chapter 7.

Chapter 8 will explain how the data of the UAV is handled and will show its software layout and flight controller,
this chapter will also discuss the control and stability of the UAV. Now all calculations are performed, the
results have to be verified and validated in Chapter 10. Social, economical and environmental sustainable
solutions will be discussed in Chapter 11.

Chapter 12 will give an overview of every system engineering tool used to result in the given design options to be
used. These include the design and iteration strategy, resource allocation and budget balance, risk assessment,
payload allocation, iteration summary and a description of the integrated system. With the complete design
of the system a requirement compliance matrix is created and a feasibility analysis is performed in Chapter 13.

In Chapter 14 gives an overview how further development of the project will appear. It also shows a cost
break down structure and the operations and logistics concept of the mission itself. Finally, recommendations
regarding the work done and the work to be done can be found in Chapter 16.
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CHAPTER 2. MISSION DESCRIPTION

2 | Mission Description

In this chapter the mission description is shown by means of a functional flow diagram and a functional
breakdown structure of the system. Also all requirements are listed in this chapter. Section 2.1 presents the
functional flow diagram, which represents the functions to be performed during operation. Section 2.2 elaborates
on the functional breakdown structure, which summarises the functions that the UAV must perform in order
to be operational. Section 2.3 gives an overview of all requirements imposed on the system.

The functional flow diagram and breakdown structure are based on the Mission Need Statement and Project
Objective Statement. The Mission Need Statement and Project Objective Statement are as follows:

Mission Need Statement:

"Emergency services are in need for a portable, quickly-deployable, user friendly, innocuous, unmanned
outdoor and indoor inspection system for danger zones"

Project Objective Statement:

"Design a backpack-sized UAV (and its corresponding ground station) equipped with a visual inspection
system, enabling users to identify objects of interest, that is operational within one minute for safe use
outdoors and indoor confined places for a duration of at least 10 minutes; the task is to be performed
by 10 students before 2-7-2015."

So in the event of a fire in a high-rise building, the system will provide the emergency services with the capability
of visually inspecting the inside of the structure. In order to do so, the aerial segment will be able to fly in
the prevailing weather conditions outdoors and locate a suitable entry point to the building. It will then enter
the building and proceed to gather and transmit visual data to the user operating the ground station. While
maneuvering indoors the vehicle will endure the environmental conditions encountered inside the building
(collisions, water, particulates, etc) and be safe to people. In case a suitable entry point can not be found, the
system will be able to inspect the building by looking through the windows.

2.1 Functional Flow Diagram

In order to show all the different functions of the project in a structured manner, a Functional Flow Diagram
(FFD) is made, which is depicted in Figure 2.1. The FFD shows the functions, depicted as blocks of the whole mis-
sion from start to end on-site. The functions before and after a mission are not shown in the diagram but explained
in the text below. The FFD is divided in to seven main phases: Deployment, Take-off, Entering area of interest,
Reconnaissance/Inspection, Return to the ground control station, Replacement of energy source, End of mission.
Each of these phases is broken down into more detail, as far as possible with current knowledge on the design.

Before one can leave to the location of interest the UAV has to be picked up from storage and the energy
sources disconnected from the charger and packed into the backpack. Once arrived at the location of interest
the UAV has to be deployed. Firstly, the UAV has to be unpacked and assembled, then the ground station
has to be set up. After the system is turned on and the connection is established, the UAV is ready for take off.

Before the actual take-off is done, the take-off direction has to be determined and checked, this prevents the
vehicle from crashing into objects. Once the take-off procedures are done the UAV can go airborne and fly
to the area of interest.

At the area of interest, the UAV will scan for openings to fly through, either autonomously or by the help of
the operator. Once an opening is found it will be determined whether the UAV can fly through.. If the opening
is large enough the UAV will enter. If it is concluded that it is not, the vehicle will search for another opening
or the ground team can create an opening for it.

Once the UAV is indoors, it can start the actual inspection of the building. During the inspection phase, the
UAV provides a live feed to the ground control station. If the UAV gets a command to take a picture of an
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object, it will stop and stabilise to take the picture. As soon as the mission ends, it proceeds to the ’Return
to ground control station’ phase.

When the UAV receives the command that the mission is finished or that the energy level runs low it will return
back to the ground control station. Once arrived at the exit it will check whether it is still a suitable opening
to fly through. If not, it will look for a new exit. If yes, it will fly through and land at the ground station.

If the mission has to continue, the soundness of the UAV will be examined and the energy source will be replaced
if it is still able to continue the mission. Once this is done the phases explained in the previous paragraphs
will be followed once more. If the mission is ended the system will be turned off and packed again. After each
mission, an evaluation will occur by looking at abnormalities seen during the inspection, what could have gone
better and which improvements should be made for the next mission. Once back at the base, the UAV gets
its regular maintenance and fixes in case the UAV was damaged. After this activity, the UAV can be stored
again and the energy sources can be recharged.

Figure 2.1: The functional flow diagram for the Inspection Pocket Drone project
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Figure 2.2: The functional flow diagram for the Inspection Pocket Drone project

2.2 Functional Breakdown Structure

In order to find out all sub-functions that are needed for the UAV to fulfill its mission, a functional breakdown
structure (FBS) is made. A FBS is an "And" tree, which means that a function is the sum of the functions
below it. The FBS for this mission is shown in Figure 2.3. The main functions to be performed are to fly, to
communicate, to record, to provide power and to provide a user interface. The first four functions are performed
by the UAV itself while the last function is done by the Ground Control Station (GCS).

In order to fly, the UAV must provide lift, thrust, stability and control. The lift and the thrust are fundamental
functions since without lift the UAV will not fly, and without thrust is cannot move about. The stability is placed
under the function sensing and processing. Control is necessary to steer the vehicle to its desired position. It shall
be controlled by either direct control inputs from the user interface or by an autopilot providing autonomous flight.

Sensing and processing deal with environmental influences on the UAV, such as stability and obstacle avoidance.
The stability is done by sensing disturbances in every direction and correcting for them.

The communication performed by the UAV shall be split into providing a live feed, receiving control inputs and
transmitting video data and pictures. The live feed, data and pictures are transmitted by communication from
the UAV to the GCS. The live feed is used to pilot the vehicle around during operations using manual control
and is used to inspect the area of interest. The data and pictures can be used to analyse certain areas in more
detail without the additional time pressure from the limited flight time. The control inputs are divided into
flight controls and camera controls: flight controls to fly the UAV and camera controls to look in a different
direction than the aircraft or to take a picture.

The inspection phase consists of the generation of the live feed, taking pictures and collecting data. Generating
the live feed is very important, since this live feed is needed to navigate the vehicle through a building. The
ability to take pictures greatly increases the UAV’s reconnaissance capabilities since not everything has to be
analysed during the (short) flight. To make best use of these features the camera must be able to be pointed
into a desired direction, by rotating the UAV. Different data acquisition will also add inspection functionality.
Although sensing and inspecting might sound like they are the same, there is a significant difference: the sensing
is done by the UAV to keep itself flying properly, whereas the inspection is done for the user.

To keep everything operational, power input to the subsystems is required. Power must be provided to four
subsystems: propulsion, control, payload and the GCS. These four groups can be traced back to the other
functions in the FBS. Power to the propulsion group is needed for the lift and thrust functions. The control
group consists of the control and the sensing and processing functions. Communication and recording are
covered by the input power for the payload group and GCS also has a separate power allocation. The required
power for different groups can come from the same source, e.g. a battery, however the possibility of assigning
a separate power supply for each subsystem is still probable.

The last function is to design a user interface. This user interface must show the live feed that is used to fly
the UAV when it is out of sight. It must also have means to give control inputs to the vehicle, these cover both
flight and camera controls. The data from the UAV must be processed in a way that the delivered information
is in a desired format.
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Figure 2.3: The functional breakdown diagram for the Inspection Pocket Drone project

2.3 Mission Requirements

In this section the list of requirements of the system is stated. These requirements are based on the customer
requirements and the mission that has to performed. These requirements are found using an extensive require-
ments discovery tree. The list of requirements is split up in 9 smaller lists based on segments of the mission
containing the requirement code and the requirement itself in full sentences. The 9 lists are as follows:

Transportation Requirements

• IPD-AAoI-Transport [1,D,K]: A single firefighter shall be able to carry the entire system on his own.

• IPD-AAoI-Transport-A [2,D,K]: The maximum stored size of the total system shall be 35x25x10cm.

• IPD-AAoI-Transport-B [3,D]: The maximum total system mass shall be 2kg.

Deployment Requirements

• IPD-AAoI-Deploy [1,D]: The system shall be deployable.

• IPD-AAoI-Deploy-A [1,D,K]: The total system shall be deployable and operational in under 60 seconds.

• IPD-AAoI-Deploy-B [3]: No tools shall be necessary for the deployment of the system.

• IPD-AAoI-Deploy-C [3]: No more than 5 tools shall be necessary to replace a part of the system in the
emergency zone.

• IPD-AAoI-Deploy-D [2]: Replacement of energy source of the system shall be conducted under 60 seconds.

Reach Area of Interest Requirements

• IPD-AAoI-Reach [1,D,K]: The vehicle shall be able to reach the area of interest.

• IPD-AAoI-Reach-A [1,D]: The vehicle shall be able to fly to the area of interest..

• IPD-AAoI-Reach-A-1 [1]: The vehicle shall generate the required lift to complete its mission.

• IPD-AAoI-Reach-A-1-A [1]: The vehicle shall provide the required power to the lift generation subsystem.

• IPD-AAoI-Reach-A-2 [1]: The vehicle shall generate the required thrust to complete its mission.

• IPD-AAoI-Reach-A-2-A [1]: The vehicle shall provide the required power to the thrust subsystem.
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• IPD-AAoI-Reach-A-3 [1,D,K]: The system shall be able to operate in 90% of Dutch weather conditions
at an altitude of 10 meters.

• IPD-AAoI-Reach-A-3-A [1,D]: The vehicle shall be able to perform its mission in maximum wind speeds
of 11ms .

• IPD-AAoI-Reach-A-3-B [1,D]: The vehicle shall be able to perform its mission in maximum gust speeds
of 17ms .

• IPD-AAoI-Reach-A-3-C [1,D]: The vehicle shall be able to perform its mission in maximum of 2.6mm
of rain per hour.

• IPD-AAoI-Reach-A-3-D [1]: The vehicle shall be able to perform its mission in minimum temperatures
of −5◦C.

• IPD-AAoI-Reach-A-3-E [1]: The vehicle shall be able to perform its mission in maximum outdoor
temperatures of 25◦C.

• IPD-AAoI-Reach-A-4 [1]: The vehicle shall be stable.

• IPD-AAoI-Reach-A-4-A [1]: The vehicle shall be directionally stable.

• IPD-AAoI-Reach-A-4-B [1]: The vehicle shall be longitudinally stable.

• IPD-AAoI-Reach-A-4-C [1]: The vehicle shall be laterally stable.

• IPD-AAoI-Reach-A-5 [1]: The vehicle shall be able to withstand flight loads without experiencing any
damage that compromises the mission.

• IPD-AAoI-Reach-A-5-A [1,D]: The vehicle shall be able to withstand static flight loads without experiencing
any damage that compromises the mission.

• IPD-AAoI-Reach-A-5-B [1,D]: The vehicle shall be able to withstand dynamic flight loads without
experiencing any damage that compromises the mission.

• IPD-AAoI-Reach-A-5-C [1]: The vehicle shall be able to withstand flight induced vibrations loads without
experiencing any damage that compromises the mission.

• IPD-AAoI-Reach-A-6 [1]: The vehicle shall be able to sense its state properties.

• IPD-AAoI-Reach-A-6-A [2,D]: The vehicle shall be able to sense its state properties at lighting conditions
of 0 cdm2 .

• IPD-AAoI-Reach-A-6-B [1]: The vehicle shall determine its attitude.

• IPD-AAoI-Reach-A-6-C [1]: The vehicle shall determine its relative position to the surroundings.

• IPD-AAoI-Reach-A-6-D [2]: The vehicle shall determine its absolute position.

• IPD-AAoI-Reach-A-6-E [1]: The vehicle shall determine its velocity.

• IPD-AAoI-Reach-A-6-F [3]: The vehicle shall record its housekeeping data.

• IPD-AAoI-Reach-A-7 [1,D,K]: The vehicle shall fly safely.

• IPD-AAoI-Reach-A-7-A [1]: The vehicle shall enter autonomous position hold when no input commands
are received.

• IPD-AAoI-Reach-A-7-B [1,D,K]: The vehicle shall not cause trauma to people upon impact.

• IPD-AAoI-Reach-A-8 [2,D,KL]: The system shall be able to operate in 75% of Dutch weather conditions
at an altitude of 100 meters.

• IPD-AAoI-Reach-A-8-A [2,D,KL]: The vehicle shall be able to perform its mission in maximum wind
speeds of 21ms .

• IPD-AAoI-Reach-A-8-B [2,D,KL]: The vehicle shall be able to perform its mission in maximum gust
speeds of 24ms .

Enter Area of Interest Requirements

• IPD-AAoI-Enter [1,D,K]: The vehicle shall be able to enter the area of interest.

• IPD-AAoI-Enter-A [2,D]: The vehicle shall be able to detect a suitable entrance into the area of interest.

• IPD-AAoI-Enter-A-1 [2,D]: The vehicle shall be able to break a tempered double-glass window.
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• IPD-AAoI-Enter-A-2 [2,D]: The vehicle shall be equipped with a visual inspection system to be able to
detect a suitable entrance.

• IPD-AAoI-Enter-B [1,D,K]: The vehicle shall be able to traverse the entrance of the area of interest.

• IPD-AAoI-Enter-B-1 [2]: The vehicle shall be able to determine its relative position with respect to the
entrance to the area of interest with an accuracy that prevents it from colliding with the boundaries of
the entrance.

• IPD-AAoI-Enter-B-2 [1,D,K]: The vehicle shall be able to go through a 61x60 cm opening during
operational conditions.

• IPD-AAoI-Enter-B-3 [1,D]: The vehicle shall remain stable while entering the area of interest.

• IPD-AAoI-Enter-B-3-A [2,D,KL]: The vehicle shall be able to enter the area of interest in maximum wind
speeds of 21ms .

• IPD-AAoI-Enter-B-3-B [2,D,KL]: The vehicle shall be able to enter the area of interest in maximum gust
speeds of 24ms .

• IPD-AAoI-Enter-B-4 [1,D]: The vehicle shall sustain impacts upon entering the area of interest.

Payload Requirements

• IPD-GI-Payload [1,D,K]: The vehicle shall have payload.

• IPD-GI-Payload-A [1]: The vehicle shall be able to provide power to the payload.

• IPD-GI-Payload-B [1,K]: The payload shall be able to gather visual data.

• IPD-GI-Payload-B-1 [2,K]: The payload shall be able to capture video.

• IPD-GI-Payload-B-1-A [2,K]: The payload shall be able to provide a video quality sufficient to recognise
persons at 5m distance.

• IPD-GI-Payload-B-1-B [3]: The camera of the payload shall provide video with a minimum frame rate
of 24 frames per second.

• IPD-GI-Payload-B-2 [1,K]: The payload shall be able to capture still images.

• IPD-GI-Payload-B-2-A [1,K]: The payload shall be able to provide a still image quality sufficient to
recognise persons at 5m distance.

• IPD-GI-Payload-B-2-B [2,K]: The payload shall be able to take at least 3 MP still images.

• IPD-GI-Payload-B-3 [3]: The minimum view angle of the payload cameras shall be 80 degrees.

• IPD-GI-Payload-C [2,K]: The payload camera system shall operate in lighting conditions down to 0 cdm2 .

• IPD-GI-Payload-D [2]: The payload shall be able to capture sound.

• IPD-GI-Payload-E [2]: The vehicle shall keep the visual measurement instruments stable.

• IPD-GI-Payload-E-1 [2]: The vibration of the payload cameras shall not exceed an amplitude of 5 pixels.

• IPD-GI-Payload-E-2 [2]: The frequency of the vibration of the payload cameras shall not exceed half
of the video frame rate.

• IPD-GI-Payload-E-3 [2]: The drift of the payload cameras shall not blur the images taken.

• IPD-GI-Payload-F [2,K]: The payload shall gather temperature data of the surroundings.

• IPD-GI-Payload-G [2,D]: The vehicle shall be able to withstand payload loads without experiencing any
damage that compromises its mission.

• IPD-GI-Payload-H [2,K]: The payload shall gather gas concentration data of the surroundings.

Manoeuvrability Requirements

• IPD-GI-Maneuver [1,D]: The vehicle shall be able to maneuver through the area of interest.

• IPD-GI-Maneuver-A [1]: The vehicle shall have a means of propulsion for indoor maneuvering.

• IPD-GI-Maneuver-A-1 [1]: The vehicle shall provide the required power to the propulsion subsystem.

• IPD-GI-Maneuver-B [1]: The vehicle shall be able to sense its state properties.

• IPD-GI-Maneuver-B-1 [2,D]: The vehicle shall be able to sense its state properties at lighting conditions
of 0 cdm2 .
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• IPD-GI-Maneuver-B-2 [1]: The vehicle shall determine its attitude.

• IPD-GI-Maneuver-B-3 [1]: The vehicle shall determine its relative position to the surroundings.

• IPD-GI-Maneuver-B-4 [2]: The vehicle shall determine its absolute position.

• IPD-GI-Maneuver-B-5 [1]: The vehicle shall determine its velocity.

• IPD-GI-Maneuver-B-6 [3]: The vehicle shall record its housekeeping data.

• IPD-GI-Maneuver-C [1,D,K]: The vehicle shall be able to maneuver safely.

• IPD-GI-Maneuver-C-1 [1]: The vehicle shall enter autonomous position hold when no input commands
are received.

• IPD-GI-Maneuver-C-2 [1,D,K]: The vehicle shall not cause trauma to people upon impact.

• IPD-GI-Maneuver-D [1,D]: The vehicle shall be able to maneuver in the indoor environmental conditions
of the mission..

• IPD-GI-Maneuver-D-1 [2,D]: The vehicle shall have liquid ingress protection to a maximum water flow
rate of 35 l

m2h .

• IPD-GI-Maneuver-D-2 [1,D]: The vehicle shall withstand impact loads caused by its collision with
stationary objects under nominal flying conditions.

• IPD-GI-Maneuver-D-3 [2,D]: The vehicle shall withstand impact loads caused by moving objects under
nominal flying conditions.

• IPD-GI-Maneuver-D-4 [3,KL]: The vehicle shall be able to perform its mission in maximum indoor
temperatures of 400◦C.

• IPD-GI-Maneuver-D-5 [3]: The vehicle shall have level 5 solid particle protection of the IP Code.

• IPD-GI-Maneuver-E [2]: The vehicle shall automatically avoid collisions with the surroundings.

• IPD-GI-Maneuver-F [3]: The vehicle shall be manually controllable.

• IPD-GI-Maneuver-F-1 [3]: The vehicle shall be controllable to a minimum of 3 degrees of freedom.

• IPD-GI-Maneuver-F-2 [3]: The CAS shall be turned on/off from the GCS.

• IPD-GI-Maneuver-F-3 [3]: The vehicle shall have a settling time of 1 second upon control

• IPD-GI-Maneuver-G [1]: The vehicle shall be stable.

• IPD-GI-Maneuver-G-1 [1]: The vehicle shall be directionally stable.

• IPD-GI-Maneuver-G-2 [1]: The vehicle shall be longitudinally stable.

• IPD-GI-Maneuver-G-3 [1]: The vehicle shall be laterally stable.

Communication Requirements

• IPD-Communicate-A [1]: The vehicle shall provide power to the communication subsystem.

• IPD-Communicate-B [3]: The communication link shall be secure.

• IPD-Communicate-C [3]: The system shall be able to communicate with persons inside the building.

• IPD-Communicate-D [2,K]: The GCS user interface shall be readable under lighting conditions of 96000 cdm2 .

• IPD-Communicate-E [1,D]: The vehicle shall transmit the collected mission data to the GCS.

• IPD-Communicate-E-1 [2]: The delay of the mission data stream shall be less than 0.1 sec.

• IPD-Communicate-E-2 [2]: The vehicle shall be able to stream video.

• IPD-Communicate-E-3 [1]: The vehicle shall be able to transmit the still images.

• IPD-Communicate-E-4 [2]: The vehicle shall transmit sound data to the GCS.

• IPD-Communicate-E-5 [2]: The vehicle shall transmit temperature data of the surroundings to the GCS.

• IPD-Communicate-E-6 [2]: The vehicle shall transmit gas concentration data of the surroundings to the
GCS.

• IPD-Communicate-F [1,D]: The vehicle shall communicate control data to and from the GCS.

• IPD-Communicate-F-1 [3]: The vehicle shall communicate control feedback to the GCS.
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• IPD-Communicate-F-1-A [3]: The frequency of the control feedback transmission shall be at least 10Hz.

• IPD-Communicate-F-1-B [3]: The vehicle shall transmit its velocity readings to the GCS.

• IPD-Communicate-F-1-C [3]: The vehicle shall transmit its attitude readings to the GCS.

• IPD-Communicate-F-1-D [3]: The vehicle shall transmit its relative position relative to the surroundings
to the GCS.

• IPD-Communicate-F-1-E [3]: The vehicle shall transmit its absolute position to the GCS.

• IPD-Communicate-F-1-F [3]: The delay of the control feedback data stream shall be less than 0.1 sec.

• IPD-Communicate-F-2 [1,D]: The vehicle shall be able to receive control input data from the GCS.

• IPD-Communicate-F-2-A [2]: The delay of the control input data stream shall be less than 0.1 sec.

• IPD-Communicate-G [2]: The vehicle shall transmit its housekeeping data to the GCS.

• IPD-Communicate-H [2,D]: The system communication range shall be 150m.

• IPD-Communicate-H-1 [2,D]: The vehicle shall be able to communicate with the GCS from a range of
100m through 2 brick walls.

• IPD-Communicate-H-2 [2,D]: The vehicle shall be able to communicate with the GCS from a range of
100m through 1 reinforced concrete wall.

Miscellaneous Requirements

• IPD-Misc-A [2,D,K]: The vehicle shall have a maximum weight of 500 grams.

• IPD-Misc-B [2]: The vehicle shall have an operational range of 200m.

• IPD-Misc-C [2]: The vehicle shall have an operational ceiling of 100m.

• IPD-Misc-D [2,K]: The system shall be operational for at least 10 minutes.

• IPD-Misc-E [2,K]: The maximum material cost of the total system shall be e15000.

• IPD-Misc-F [2,K]: The system shall comply with the Dutch legislation.

• IPD-Misc-G [2,D,K]: 80% of the system mass shall be recyclable at the end of life.

• IPD-Misc-H [2]: The vehicle shall have a safe-mode.

• IPD-Misc-H-1 [2]: The vehicle shall switch to safe-mode in case of GCS failure.

• IPD-Misc-H-2 [2]: The vehicle shall switch to safe-mode if communication with the GCS is lost.

• IPD-Misc-I [3]: The system radiation shall be lower than 20 Sv
year .

• IPD-Misc-J [3]: The system shall not contain any poisonous materials that can come into contact with
the user.

• IPD-Misc-K [3]: The system shall not contain any irritant materials that can come.

• IPD-Misc-L [3]: The vehicle shall not emit noise higher than 85 dB at source.

DSE Requirements

• IPD-DSE-A [1,K]: The system design shall be completed before 2nd July 2015.

• IPD-DSE-B [3]: The system design shall be completed by the contribution of no more than 10 team
members.

• IPD-DSE-C [3]: The system design process shall be conducted without the use of prototype testing.

To summarize the mission was first described by means of a functional flow diagram and a functional breakdown
structure. The last part of the chapter states all requirements applicable to the mission.



10 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 3. MARKET ANALYSIS

3 | Market Analysis

A market analysis was performed to identify the current state of the UAV market and to identify the position of
the Inspection Pocket Drone. Section 3.1 gives a brief overview of the market followed by Section 3.2 describing
current and future applications and end users of UAV systems. The market structure that identifies the market’s
state, supply chains, dominant players in discussed in Section 3.3. Section 3.4 presents positions of current
products and identifies possible gaps. Lastly, Section 3.5 explains the legislation of UAVs.

3.1 General Market Description

In the past years, unmanned aerial vehicles or drones gained a lot of public attention worldwide. The UAV
market can be split into military and civilian use, of which the first part takes up 89% of the total revenue,
surpassing 6 billion dollars in total in 2014. The civilian market however is expected to experience high
growth in the upcoming years. 1 Because of the technological advancements in batteries, GPS systems, Inertial
Measurement Unit (IMU) chips and payload devices like cameras, the systems available on the consumer market
are becoming increasingly sophisticated, of high quality and affordable. Especially multi-rotor systems like
quadcopters are popular because of their capability to hover and take-off vertically, making them flyable in
areas with limited space, combined with higher stability than single rotor systems.2 The popularity of small
UAV’s gives a large impulse to the market, accelerating development and innovation. The commercial use of
such systems is increasing as well. UAV’s provide a very versatile platform to efficiently perform a large range
of tasks, which contributes to their popularity. For instance reaching remote areas and dangerous locations,
collecting data and performing inspection and surveillance missions.3 Considering the global scale, the UAV
market in 2013 resided for 77% in the US and Europe, of which the US holds the largest share of military uses.4

3.2 Applications and End Users of UAV Systems

Considering the civilian UAV market, the end users have various uses for UAV systems, therefore the customer
profile of this market has been analysed. Figure 3.1 identifies end users in two major groups, the public and
private sector. Within the private sector, there are both commercial and non-commercial applications and
UAVs can be used by individuals or organisations. Figure 3.2 identifies current and potential uses of UAV’s.

Figure 3.1: Current and potential end-users of UAV systems, asterisk indicate groups that currently have
the largest user base

1URL:http://www.tealgroup.com/index.php/about-teal-group-corporation/press-releases/118-2014-uav-press-
release

2URL:http://singularityhub.com/2015/01/27/drones-will-be-everywhere-watching-listening-and-planting-
millions-of-trees/

3URL:http://singularityhub.com/2014/08/11/top-10-reasons-drones-are-disruptive/
4URL:http://www.slideshare.net/terrai/global-commercialandciviluavmarketguide20142015

http://www.tealgroup.com/index.php/about-teal-group-corporation/press-releases/118-2014-uav-press-release
http://www.tealgroup.com/index.php/about-teal-group-corporation/press-releases/118-2014-uav-press-release
http://singularityhub.com/2015/01/27/drones-will-be-everywhere-watching-listening-and-planting-millions-of-trees/
http://singularityhub.com/2015/01/27/drones-will-be-everywhere-watching-listening-and-planting-millions-of-trees/
http://singularityhub.com/2014/08/11/top-10-reasons-drones-are-disruptive/
http://www.slideshare.net/terrai/global-commercialandciviluavmarketguide20142015
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Figure 3.2: Current and potential applications of UAV systems by users

UAVs are being used by different types of users with many particular applications. It is not possible to distinguish
all use cases by specific end users, however, UAVs are increasingly being developed for specific applications.
For example, in the media recently there are the U.S. Department of Defence General Atomics Predator drones
for (armed) reconnaissance missions5. Additionally, aid organisations have utilised UAVs for damage assessment
during 2013’s Typhoon Haiyan [1] and the health careservices can potentially use the TU Delft Ambulance
Drone6 as a rapid-response fleet for emergencies. Businesses have also started to use UAVs, for example in
Japan and the US, UAVs are being utilised by farmers for crop management to obtain a higher quality yield7.

As the market grows and research is carried out on potential applications, a variety of individuals and businesses
are being exposed to the technology, and it is likely that the user base will increase. The list of applications and
users is endless and UAVs could even become a household item in the future. However, the analysis considered
in this report is limited to the current/near future market and topics related to the design of the IPD. Current
focus lies on research of potential applications by end users, hence fully developed systems have not been proven
and deployed by the public and private sectors. More future applications will be developed over time, but
research is still necessary on UAV infrastructure and regulations. When these aspects are improved, UAV usage
will likely increase as the supporting assets are in place to introduce UAVs for regular use.

3.3 Market Structure

The dynamics of the UAV market for civilian use is influenced by different industries influencing technological
progress and innovation.

Within the UAV market, several types of businesses can be defined:

• UAV Development & Manufacturing companies

• Component manufacturers (other industries)

• Control and navigation software and hardware manufacturers and developers

• Service companies using UAVs

• Payload manufacturers (other industries)

• Integrated development & UAV service companies

3.3.1 Market suppliers

The commercial UAV market is relatively new, which means many businesses are still developing and launching
new products. As UAVs are becoming more affordable, the market is moving away from directly selling to

5URL:http://www.militaryfactory.com/aircraft/detail.asp?aircraft_id=46
6URL:http://www.io.tudelft.nl/onderzoek/delft-design-labs/applied-labs/ambulance-drone/
7URL:http://www.wired.com/2013/05/the-business-of-putting-robots-in-the-sky/

http://www.militaryfactory.com/aircraft/detail.asp?aircraft_id=46
http://www.io.tudelft.nl/onderzoek/delft-design-labs/applied-labs/ambulance-drone/
http://www.wired.com/2013/05/the-business-of-putting-robots-in-the-sky/
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customers to using distributors and retailers to appeal more to the mass-market8, an example is the Parrot
AR Drone which has found its way to many (online) stores globally9.

The current manufacturing and marketing method of commercial market leaders is that they utilise off-the-shelf
components and proprietary software to develop their UAV. The software usually runs on an off-the-shelf
micro-controller, such as the Arduino platform10 that has been stripped down to only the necessary features.
Major structural components are usually manufactured in-house to meet the design requirement and smaller,
more standardized parts such as joints and propeller can usually be bought from other suppliers. In general,
suppliers for most other subsystems such as communication (antennas), power (batteries, wiring) and propulsion
(servos, motors) already exist and have technologies readily available for use in relatively small vehicles.

Innovative products such as custom software or subsystems are being developed by research universities or
businesses when the current market suppliers are not offering the desired software or component. Products
are more rapidly entering the commercial market due to increasing research and investment in the sector and
lack of stringent regulations and certifications which usually take up a lot of time before launch to market.

3.3.2 Revenue models

Various revenue models can be distinguished related to UAV systems and applications.

• One-time system purchase

• Fee-for-service

• Fee-for-use

• Lease structure

• Long-term (periodic) service contracts

• Direct purchase combined with service contract (pilot training / setup e.g.)

• Customized development and manufacturing contract

In the current commercial market for private use, most often UAVs are sold in the form of a one time purchase
through a reseller or distributor. However, when considering more specific applications like inspection missions,
in a business to business environment, revenue models tend towards fee-for-service contracts or structures where
aspects like pilot training and equipment setup and servicing is considered.

3.4 Product Differentiation and Market Gap

Businesses developing and selling UAVs position and differentiate themselves in the market by marketing their
product’s specifications as unique selling points (USPs). The list below summarises the main specifications
and features of an entire UAV system and highlights important aspects for differentiating the IPD and defining
unique selling points. Table 3.1 is divided into specifications that are directly quantifiable and features that
can be described in a more qualitative way. The important distinction is that features are not necessarily
quantifiable. The ordering of specifications and features reflect the items that the market mostly differentiates
their product by (the USPs) and are mostly the main area of innovation and research.

8URL:http://dronelife.com/2015/01/24/drone-sales-figures-2014-hard-navigate/
9URL:http://www.parrot.com/

10URL:http://www.arduino.cc/

http://dronelife.com/2015/01/24/drone-sales-figures-2014-hard-navigate/
http://www.parrot.com/
http://www.arduino.cc/
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Table 3.1: UAV system specifications and features

Quantifiable specifications Qualitative features
Payload mass and dimensions Operability (ease of use)
Endurance Safety
Range Quality
Reliability Durability
Operational cost Maintainability / Serviceability
Price to customer Portability (User impression of mobility)
Availability Use diversity
Vehicle dimensions Having multiple use cases
Non-vehicle system dimensions (for example GCS) Sustainability

Aesthetics

The current market trend is towards giving more attention to operability and safety aspects of UAVs. Especially
the strong public opinion regarding the safety of UAVs has been subject to discussion, hence the urgency
for regulatory bodies such as the European Aviation Safety Agency (EASA)11, to draft new air worthiness
and operational regulations regarding UAV systems. Manufacturers of UAVs generally market the payload
carrying capability, endurance and range of their UAVs. Since the market is growing, competition increases
with several businesses offering the same product, hence price is becoming a ever more important aspect when
differentiating products. The other specifications and feature, though important, have not been the primary
focus of innovation and differentiation of products by firm.

Despite the rapid growth pace of the general UAV market, the niche market for UAVs for specific use in an
indoor environment, where dimensions, ease of use and operability are of high importance, is currently not
developed yet. Considering the wide range of indoor uses for UAVs with a high level of autonomy, operability
and attention to safety aspects, developing solutions addressing this market has much upside potential.

Some areas of innovation in the UAV market related to the IPD include the following:

Ease Of Use
Most current UAVs have a relatively steep learning curve when it comes to mastering the controls; users
require training and several hours of practice before they can confidently fly a UAV. Many manufacturers,
such as the Parrot AR Drone12 have introduced active control to stabilise the UAV, however flying it,
avoiding collision and performing manoeuvres is largerly dependent on the users capability. There is an
opportunity to introduce a system that is more readily flyable where the training required is minimal. The
system should be easily integrable in a organisation’s current or future activities and the implementation
time period should be short avoiding an extensive training program and costly supporting infrastructure.

Indoor flying capabilities
UAVs for specific indoor usage are scarce and the market is still empty. The ability to fly indoors imposes
several restrictions on the control, stability and sensing aspect of the drone as it is necessary to avoid and/or
be tolerant to obstructions. Flying through small openings also requires good precision control and accurate
manoeuvres and further research in this area is necessary. There is an opportunity to introduce smaller,
high accuracy drones to the market that are able to maneuver indoor and avoid or be tolerant to impacts.

Safety
Considering the current public opinion towards UAVs and the safety aspects, designing a system that
is safe to fly near humans and does not cause harm in case of mechanical or operational failure would
provide a very favourable competitive edge.

Inspection capabilities
Regarding the intended end user, the capabilities of the system to inspect and gather information in
dangerous areas and communicating this data to the pilot should at least come close to the capabilities
of a person inspecting the same area.

The IPD is designed to innovate in the areas identified to close the current market gaps. These innovations will
make the IPD unique and competitive when compared to the current market products. Users may also identify
novel uses of the IPD when the product is brought to the market which can help drive research in this field.

11URL:https://www.easa.europa.eu/unmanned-aircraft-systems-uas-and-remotely-piloted-aircraft-systems-rpas
12URL:http://www.parrot.com/

https://www.easa.europa.eu/unmanned-aircraft-systems-uas-and-remotely-piloted-aircraft-systems-rpas
http://www.parrot.com/
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3.5 Legislation

In the last couple of years, the sudden increase in the usage of RPAS’s has led to a situation where the
regulations for these aircraft were often unclear or inadequate. For recreational use of remotely piloted aircraft,
the "Regeling modelvliegen" is applicable. This law uses the term "modelluchtvaartuig" (model airplane) when
an unmanned airplane is used recreationally without benefit and without compensation. When an unmanned
aircraft is used occupationally the government uses the term "licht onbemand luchtvaartuig" (small unmanned
aircraft). The usage of this was prohibited, unless an exemption had been granted.

Under future law, in effect on July 1, 2015, licenses can be obtained to use an RPAS commerically, under
strict conditions. These include that the UAV is used within visual line of sight, not more than 500m from
the operator (or an observer), and at least 150m horizontally from a crowd, buildings, or traffic; within visual
flight rules and within the universal daylight period (approximately sunrise to sunset). The restrictions on
buildings can be lessened if the owner of the building agrees with that, of if there is a compelling reason on
grounds of common interest. Additional lessening on the regulations for drones weighing less than 4 kg will not
be applicable to this product because it will not be able to fly near buildings and crowds without certification

Additionally, the Minister of Transport wants to allow emergency services such as police and firefighters to use
an RPAS without the restrictions on vicinity to people and buildings, however still within Visual Flight Rules
(VFR) (but possibly outside the daylight period). This significantly reduced the legal issues for the usage of the
system. Operators (the pilot in command) still need to complete a training process to obtain an RPA-L license.

For the RPAS under consideration, one major restriction still applies: it can only be used within (extended)
visual line of sight operations. This means that the operator or an observer has to see the drone. The law also
specifies Beyond Visual Line Of Sight (BVLOS) operations, however the government has no intentions to use
this provision in the near future. In short, while in airspace, the drone has to be in sight. However, when the
drone is inside a building, it strictly speaking is not flying in airspace. Hence, the regulations do not apply
and the system can be remotely operated without having explicit sight of the UAV.

To conclude, under current legislation, the system can be used by licensed emergency service operators to
perform their occupational duties. If a non-government service wants to use it to inspect a building, this is
still possible as long as the building owner agrees with it; in that case the operator can obtain an exemption.
In all cases, when outside of buildings, the UAV should be in sight.

The market analysis summarises the current state of the UAV market, challenges faced by most UAV businesses,
the competition and possible gaps in the market. Finally legislative aspects of UAVs are discussed because the
current regulations are catching up to the rapid pace of the UAV market. The regulations are still being drafted
and keep changing, hence it is an area of attention to make sure the IPD can be certified for operations.
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4 | Design and Iteration Strategy

The detailed design involves multiple iterations of the different subsystem designs before a final product design
is achieved. In this chapter, the procedure to be followed in the detailed design phase is presented.

The process to be followed in the detailed design phase consists of different steps involving subsystem design
and requirement verification. The procedure is presented in Figure 4.1. The aim of the process is to first obtain
a feasible design that complies with all the primary requirements. Once this is achieved, the process is continued
trying to improve the design in order to fulfill as many secondary and tertiary requirements as possible.

Until a final design that complies with all the primary requirements has been achieved, only the primary
requirements and the current design state will have an effect on the design steps being performed. The first
step of the process is to design the payload and the sensors subsystems. Next, the On-board Computer
will be designed. When the OBC design is set, the communications subsystem will be addressed. After the
communications subsystem the power subsystem will be designed. Subsequently, the structure is constructed
and the propulsion subsystem design concludes the procedure. The last three steps, power, structures and
propulsion design will be repeated until the design process converges into a feasible design solution.

Once a solution has been found it will be assessed against the requirements to check how well the design complies
with the requirements. If all the primary requirements are met this design will be saved as a possible final design.
Then the design process will begin again with the design of the payload and the sensors, taking into consideration
not only the current design state and the primary requirements, but also the secondary and tertiary requirements.

In case not all the primary requirements are met the cause of it will be examined and a corrective action will be
taken. The only possibility in the first design process iteration is that two or more of the primary requirements are
contradicting hence driving the design in opposite ways. In this case, a compromise between the two requirements
must be reached, and then the design process can start over. In later design process iterations it might also be
possible that all the primary requirements are not met due to contradictions with secondary and tertiary require-
ments. In this case priority, must be given to the primary requirements and the design process can be restarted.

Figure 4.1: Flowchart of the detailed design process

There is the possibility that at any iteration of the design process, the loop iteration of the power, structures
and propulsion subsystems design will not converge into a design solution. If so, the reason behind this divergent
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behaviour must be found and accounted for. This will be assessed in the same way that the non-compliance
with the primary requirements was addressed.

If at some point during the design process a design solution is found to fulfill all the primary, secondary and
tertiary requirements the process will stop and this design solution will be taken as the final design. If, on
the other hand, the time allocated for the detailed design phase is over before a solution fulfilling all the
requirements is found, a trade-off will be performed to choose the best performing possible solution encountered
during the process. This solution will then be taken as the final design.

To summarize, the detailed design process will first aim to obtain a design that fulfills all the primary require-
ments. Then the design will be improved in order to comply with secondary and tertiary requirements as well. Of
all the solutions that satisfy the primary requirements, the best performing one will be chosen as the final design.



17 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 5. SUBSYSTEM DESIGN: PROPULSION

5 | Subsystem Design: Propulsion

In this chapter the amount of required thrust and power will be determined and how much thrust can be
generated will be explained. Firstly, the required thrust is treated in Section 5.1. Secondly, the thrust generated
is calculated using Blade Element Momentum Theory (BEMT) in Section 5.2. Thirdly, the design of the rotor
head is described in Section 5.3. Then, the propellers is designed in Section 5.4. And finally, the required power
for flight is calculated in Section 5.5.

5.1 Thrust Calculations

The impact of the duct is most noticeable in the reduction in blade tip losses and the low pressure field around
the inlet which generate thrust. This thrust is dependent on the total thrust of the entire uav and the shape
of the duct. To calculate the total thrust of the UAV first simple trigonometry is used.

The total amount of thrust is dependent on the required lift and the drag. The lift (L) is equal to the weight
(W) of the UAV which is defined in Equation 5.1.

L=W=muavg (5.1)

As can be seen L is thus only dependent on the mass of the UAV (muav) and the gravitational constant (g)
which is 9.81ms2 . For the mass of the UAV which is 533g this then results in a L of 5.229N .

The drag (D) is calculated using Equation 5.2 where Cd is the drag coefficient of the UAV, ρair is the density
of air at sea level conditions, V is the speed of the air around the UAV and S is the surface area of the UAV
perpendicular to the airflow.

D=Cd
1

2
ρairV

2S (5.2)

In Equation 5.2 V is a design goal. It is set that the UAV can fly in an airspeed of 13ms and ρair is a constant with
the value of 1.225 kgm3 . Cd can not be calculated and generally is found using either Computation Fluid Dynamics
(CFD) or experimental data. As CFD is not an option due to time and computational power restrictions previous
CFD calculations on a similar shape were found and used. In Figure 5.1 Cd against inclination angle for both
a hollow cylinder and a solid cylinder is shown for a Reynolds number of 10000 which is closest to the Reynolds
number of the UAV. The Reynolds number is calculated in Equation 5.3. Where x is the distance over which the
airflow is located in this case assumed to be the diameter of the UAV of 237mm and v the kinematic viscosity
of 15.11·10−6m

2

s
1. This results in a Reynolds number of 2·105. From Figure 5.1 the Cd for a hollow cylinder,

which is the closest approximation for the UAV design, at an inclination angle of 45 degrees is found to be 1.1.

Re=
V x

v
(5.3)

The surface area S in Equation 5.2 is calculated using the frontal surface area (Sfront), the top surface area
(Stop), and the pitch angle (θmax) of the UAV as seen in Equation 5.4. However the pitch angle is dependent
on the drag as can be seen in Equation 5.5 and as such an iteration loop needs to be used with an initial guess
for the pitch angle. To clarify, the pitch angle is defined as the angle between the z-axis and the thrust as
can be seen in Figure 5.2. Sfront is a rectangular defined by the outer diameter of the UAV (Douter) and the
height (h). Stop is a ring defined by the outer diameter (Douter) and the inner diameter (Dinner).

1URL:http://www.engineeringtoolbox.com/air-properties-d_156.html

http://www.engineeringtoolbox.com/air-properties-d_156.html
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Figure 5.1: Cd against inclination angle for hollow and solid cylinder Re = 10000[2]

S=Sfrontcosθmax+Stopsinθmax (5.4)

θmax=arccos
D

L
(5.5)

Figure 5.2: The pitch angle of the UAV

With an initial pitch guess of 30 degrees a pitch angle of 45 degrees was found and with a height of 115mm,
an outer and inner diameter of 278mm and 188mm S was found to be 45900mm2. This then results in a drag
of 5.222N .

The total thrust can now be calculated using Pythagoras’ theorem and the lift and drag as seen in Equation 5.6.
And with the values for lift and drag calculated before to be 5.229N and 5.222N the total thrust is calculated
to be 7.39N .

Ttotal=
√
L2+D2 (5.6)

5.1.1 Duct Design

Now with the total thrust the thrust generated by the rotors and the thrust generated due to the effect of
the duct can be calculated using Equations 5.7 and 5.8 [3], and the expansion ratio σd can be calculated with
Equation 5.9 [4].

Trotor=
Ttotal
2σd

(5.7)

Tduct=Ttotal−Trotor (5.8)

σd=

(
1+2

Ld
Dinner

tan
θd
2

)2

(5.9)

The variables in Equation 5.9 are the parameters of the duct of the UAV as depicted in Figure 5.3. As can be seen
in Figure 5.3 Ld is the length of the diffuser and θd is the diffuser angle. It was found that with the recommended
values of 10mm, 178m, and 10 degrees according to [4] this results in an expansion ratio of 1.02. This value
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is so close to the value of a straight duct without diffuser, which is 1, that it was decided to use a straight duct
only. This reduced the height of the UAV and thus the drag. From this a rotor thrust of 3.69N was found.

Figure 5.3: Duct design parameters [4]

5.1.2 Protective Fence

To calculate the effect of the protective fence on the thrust the pressure drop over the fence (∆P) is calculated
using Equations 5.10 and 5.11 [5] for the pressure loss coefficient.

∆P=
1

2
ρairFm(vi+Vv)

2 (5.10)

Fm=

(
σMO

σKE

7.125

Refence
+

0.88

log(Refence+1.25)
+0.055logRefence

)(
1−a2

a2

)
(5.11)

In Equation 5.10 vi and Vv are the induced velocity and the vertical velocity component. The vertical velocity
component only has a value when the UAV is trying to climb and the induced velocity has different values for
the fence on the top of the UAV and on the bottom. The induced velocity for the upper fence is calculated using
Equation 5.13 [3] where the ideal induced velocity vh is calculated in Equation 5.14. The induced velocity of the
lower fence is calculated using Equaton 5.15 [3]. In Equation 5.11 σMO and σKE are the momentum and kinetic
energy correction factors which are 1.333 and 2 respectively for a pipe form [6]. Refence is the Reynolds number
specific for the fence. It is calculated using Equation 5.3 and replacing x with the diameter of the fence wire (d)
and using vi+Vv for the airflow speed. a Is the porosity of the fence and can be calculated using Equation 5.12 [6].

a=(1−md)2 (5.12)

vi
vh

=
Vv
2vh

(σd−2)+

√(
σdVv
2vh

)2

+1 (5.13)

vh=

√
σdTtotal
ρairAprop

(5.14)

vi=
λ

ωR
(5.15)

As can be seen in Equation 5.12 the porosity is only dependent on d, the fence wire diameter of 4mm and
m, the distance between each wire. For the 5 bar fence this distance is equal to a fifth of the circumference
of the inner diameter or 118mm. This results in a porosity of 0.998. In Equation 5.13 Aprop is the propeller
sweep area. With a propeller diameter of 178mm this results in a propeller sweep area of 99500mm2. This
results in an ideal induced velocity of 15.6ms and an induced velocity of 15.6ms for when the UAV is in forward
flight or hover. Equation 5.15 is used to calculate the induced velocity below the lower rotor and as such uses
the inflow ratio λ of the lower rotor which is calculated in Section 5.2. An average value of 0.36 for the inflow
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ratio is used. ω is the radial velocity which is 1414 rad
s or 13500rpm. With the propeller radius R of 89mm

this results in an induced velocity of 45.4ms for the lower fence.

The Reynolds number for the fences was calculated to be 4000 and 13000 for the upper and lower fence. This
resulted in pressure loss coefficients of 0.0011 and 0.0012 and pressure drops of 0.16Pa and 1.5Pa

When ∆P is known the loss of thrust can be calculated using momentum theory as seen in Equation 5.16.

Tloss=∆PAinner (5.16)

Here Ainner is the sweep area of the inner diameter of the uav of 188mm. This results in thrust losses of 0.004N
and 0.04N . These losses of thrust will be added to the rotor thrust calculated in Subsection 5.1.1 and the combi-
nation will later be compared to the rotor thrust as calculated using BEMT for coaxial rotors in the next section.

5.2 Coaxial Rotor Design

The thrust that the rotors provide were calculated using Equations 5.17 through 5.20 [3], where the subscripts
u and l denote the upper and lower rotor of the coaxial design.

CTu =
1

2

∫ R

0

σuClr
2dr (5.17)

CTl =
1

2

∫ R

0

σlClr
2dr (5.18)

Tu=CTuρairA(ωR)
2 (5.19)

Tl=CTlρairA(ωR)
2 (5.20)

The blade solidity σu and σl are calculated in Equation 5.21 as a function of the radius r. Cl, the lift coefficient,
can be calculated using a lift slope Clα of 0.117 and the angle of attack of the blades. Equations 5.22 [3] calculates
the angle of attack and when plugging this into Equations 5.17 and 5.18 Equations 5.23 and 5.24 are found.

σ=
Nbcr

A
(5.21)

α=θ−λ
r

(5.22)

CTu =
1

2

∫ R

0

σuClα

(
θu−

λu
r

)
r2dr (5.23)

CTl =
1

2

∫ R

0

σlClα

(
θl−

λl
r

)
r2dr (5.24)

In Equations 5.23 and 5.24 the 4 unknowns are the twist distributions as a function of radius θu and θl and
the inflow ratios λu and λl. The twist distribution is a design value and how it is obtained will be explained in
Subsection 5.4.2. The inflow ratios can be calculated in Equations 5.25 through 5.27 [3]. These ratios account
for the effect of the upper rotor on the lower rotor in a coaxial design.

λu=

√(
σuClα
16F

−λ∞
2

)2

+
σuClα

8F
θur−

(
σuClα
16F

−λ∞
2

)
(5.25)

λl=

√(
σlClα
16F

−λu
2

)2

+
σlClα
8F

θlr−
(
σlClα
16F

−λ∞−(A/Ac)λu
2

)
(5.26)

λl=

√(
σlClα
16F

−λu
2

)2

+
σlClα
8F

θlr−
(
σlClα
16F

−λ∞
2

)
(5.27)
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Important to note is that Equations 5.26 and 5.27 are both used to calculate the inflow ratio of the lower rotor.
This is because Equation 5.26 is used to calculate the inflow ratio when the lower rotor is in the wake of the
upper rotor when r≤rc where rc is the radius of the blade inside the wake. This also means that Ac is the
propeller sweep area inside the wake. Equation 5.27 calculates the inflow ratio for when r>rc. F is the Prandtl
tip loss factor calculated using Equations 5.28 and 5.29 [3]. λ∞ is the inflow ratio of the free stream velocity
located above the rotors. It is calculated in Equation 5.30 [3] which has been improved on using theory from
Seddon[7] to also account for forward flight.

F=
2

π
arccose−f (5.28)

f=
Nb
2

(
1−r
λ

)
(5.29)

λ∞=
VvcosθVhsinθvi

ωR
(5.30)

It can be seen from Equation 5.29 that the Prandtl tip loss factor is dependent on the inflow ratio that is
calculated using the Prandtl tip loss factor. As such the calculations need to be iterated until convergence
occurs. An initial value for F of 1 is set for the iterations. Vv and Vh are the vertical and horizontal velocity
components of the airflow the UAV is in and vi is the induced velocity.

As most calculations in this section require numerical methods due to iteration or complicated integrals an
example calculation is shown in Appendix B.

5.3 Rotor Head Design

In this section the rotor head will be designed. First an overview is given on how the UAV will be controlled
and secondly an explanation is given of how the propellers are designed.

5.3.1 Control System

To control the UAV a control system on the rotor blades is necessary. The UAV can be controlled by rotating
the individual blades using a swashplate mechanism, of which a sketch can be seen in Figure 5.4. By tilting
the swashplate the pitch of the blades will change, leading to a change in lift produced. So for example if the
UAV has to fly forward the swashplate will be tilted such that the aft blades have an increase in pitch, hence
producing more lift and thus inducing a forward moment.

Figure 5.4: Sketch of a swashplate rotor head system 2

For this project it was decided to design a new control system. The reason for this is that there are no off
the shelf components which are so compact as needed for this system, mainly due to the height constraints.

2URL:http://www.helicopterpage.com/images/swash.gif

http://www.helicopterpage.com/images/swash.gif
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What also adds complexity is that a coaxial system is used, so it is not enough to just control one propeller;
both need a variable pitch to control the UAV.

The designed control system can be described as follows. The whole structure is connected by three bars and a
plate in the middle. In the middle of the system three servos are placed on the plate to control both swashplate
systems. They are both linked to the same rods and will thus get exactly the same control inputs. Each
propeller has its own engine placed underneath and above the the plate. Around this the swashplate mechanism
is placed. In Figure 5.5 a rendering of the rotor head is found. The servos are not yet connected in this figure.

Figure 5.5: Rotor head of the Inspection Pocket Drone

Servo Selection

To select the proper servos for the control some properties have to be taken in to account. First of all the
servos should of course be lightweight and as small as possible. Next, the modulation of the servo should be
digital, should have metal or titanium gears to avoid slipping and increase reliability, should have a high speed
to increase controllability of the UAV. By using these properties and making a selection online3, the Power
HD DSM 44 Servo was selected. Details of this servo can be found in Table 5.1.

Table 5.1: Properties of the Power HD DSM 44 Servo 4

Properties Value
Modulation Digital
Torque 1.2 Kg/cm at 4.8 V
Speed 0.09 sec/60deg at 4.8 V
Weight 5.8 g
Dimensions LxWxH: 22.0x8.7x22.0 mm
Motor type Coreless
Gear type Metal

3URL:www.servodatabase.com
4URL:http://www.servodatabase.com/servo/power-hd/dsm-44

www.servodatabase.com
http://www.servodatabase.com/servo/power-hd/dsm-44
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5.4 Propeller Design

The propellers which are attached to the rotor head are designed in the following manner: First of all an airfoil
is selected by making a trade-off between the airfoils stated in an experiment by NASA [8]. Then the propellers
are sized using the calculations in Section 5.2 and also the twist is calculated. Finally a material is selected
and the tip displacements of the propellers are calculated.

5.4.1 Airfoil Selection

For the airfoil selection an experiment of NASA is used: An Experimental Study of Dynamic Stall on Advanced
Airfoil Sections [8]. In this experiment eight different airfoils, from which six are specially made for helicopter
propellers, are tested. The eight airfoils can be found in Figure 5.6.

Figure 5.6: Eight airfoils from the experiment by NASA used for the airfoil trade-off [8]

From these airfoils a trade-off is done by looking at parameters that are relevant for the design. These parameters
are the following: The lift curve slope Clα for high lift, the moment coefficient at zero angle of attack Cm0 which
has to be close to zero to reduce forces in the structure, a high maximum lift coefficient CLmax for obvious
reason, a high stall angle of attack αs, a high lift to drag ratio (L/D)max and finally a low value of the drag
coefficient at zero angle of attack Cd0 to reduce the drag forces and increase the efficiency of the propellers. [9]

The values of these parameters can be found in Table 5.2. For each parameter the airfoil with the best number is
marked light grey and with the worst number is marked dark grey. Looking at the numbers it looks like the NLR-
7301 super critical airfoil would be the best. However it was decided not to use this airfoil for three reasons. Firstly,
the moment coefficient at zero angle of attack Cm0 is very high, which will induce much unwanted force in to our
system. Secondly, the airfoil has never been used on other helicopters, so it is not a proven design. And finally, it
is stated in the technical report of the experiment that the measurement uncertainties are quite high due to the
high camber. Therefore it is decided to go the Vertol VR-7 airfoil, which scored relatively good on all parameters.

Table 5.2: Trade-off table of the eight airfoils from the NASA experiment [8]

Data Clα Cm0 CLmax αs (L/D)max Cd0

NACA0012 0,109 -0,007 1,33 13,7 90 0,01
Ames A-01 0,111 -0,005 1,45 13,6 100 0,01
Wortmann FX-098 0,109 -0,026 1,43 13,1 94 0,01
Sikorsky SC-1095 0,110 -0,027 1,46 13,5 98 0,01
Hughes HH-02 0,114 -0,002 1,42 13,2 92 0,01
Vertol VR-7 0,117 -0,016 1,51 12,6 107 0,01
NLR-1 0,102 -0,025 1,29 12,4 87 0,01
NLR-7301 super critical 0,117 -0,083 1,83 17,2 89 0,01
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5.4.2 Propeller Sizing & Twist Distribution

The main parameters for the propeller size are the chord length, the radius, and the cut-off radius. These 3
parameters are design values and are changed during the design phase in an iterative way until enough thrust is
provided for the uav to fly. The twist distribution is calculated by first calculating the angle of relative velocity
the propeller experiences over the entire radius of a propeller. This was plotted and a polynomial was placed
over it. The order of the polynomial was changed iteratively until a sufficiently smooth and accurate function
was found. It was decided to use a polynomial as the lower rotor has a large kink in the angle of relative velocity
where the lower rotor transitions from the wake area to the non-wake area. This kink can’t be used to select the
twist distribution as it would be impossible to manufacture. Therefore smooth polynomials were used to generate
rotors that can be manufactured. To generate the twist distribution the same polynomials were used and a flat
angle of attack was added to the polynomial. This results in the twist distribution that is used for the propeller
design. These twist distributions were checked for both full thrust and hover mode to have no negative lift or
stall on the blades. In Figure 5.7 plots with the twist distribution, the angle of relative velocity and the angle
of attack the blade experiences are shown for full thrust. In these plots the radius includes the cut-off radius.

(a) Upper Rotor (b) Lower Rotor

Figure 5.7: Twist distribution, angle of relative velocity, and angle of attack for the upper and lower rotor

5.4.3 Material Selection & Tip Displacement & Stress Calculations

First a material has to be selected for the blade before further calculations can be done on the tip displacement
and stress. In Table 5.3 an overview of possible materials for the blades can be found. A good material for
the blades has a low density to reduce the overall weight and has a high Young’s Modulus (E) to reduce the
tip deflection of the blades. By looking at the values in the table it is chosen to use Carbon Reinfored Polymers
(CFRP) for the blades of the UAV. CFRP has a low density, absorbs vibrations well, has high strength and
stiffness to cope with the loads, and reduces the tip deflection. Next to this CFRP is widely used in the radio
controlled helicopter world and are proven to be the best blades on the market.

Table 5.3: Possible materials for the blades [10]

Material Yield strength[MPa] Tensile strength[MPa] Young’s modulus[GPa] Density[kg/m3] Cost[e/kg]
Aluminium 1100 34 90 69 2710 2.45
Aluminium 6061 276 310 69 2700 7.55
Aluminium 356 164 228 72.4 2690 2.97
Polycarbonate 62.1 62.8 2.38 1200 9.35

PEEK 91 70.3 1.10 1310 80.00
E-glass fiber epoxy - 40 12 2100 44.4

CFRP - 503 65 1540 48.8
Torayca T300 - 76 135 1760 115.4
Torayca M40J - 53 230 1770 N/A

With the Young’s modulus of CFRP the tip displacement of the propellers can be calculated. This is done
with standard standard beam bending theory. Equation 5.31 is the equation for the tip displacement.



25 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 5. SUBSYSTEM DESIGN: PROPULSION

δtip=
1

E
·M
I

(5.31)

Where E is the Young’s modulus of the material, M is the moment of the blade and I is the moment of inertia.
The moment is calculated in a numerical way by summing the moments of each element on the blade with
Equation 5.32

M(i)=M(i−1)+dL(i)·dr(i) (5.32)

This equation is run from the tip of the blade to the root. Where M(i−1) is the moment of the previous part,
dL is the sectional lift and dr is the arm from the tip.

The moment of inertia of the airfoil is found by using Equations 5.33, 5.34 and 5.35.5

A=

∫ c

0

[Zu−Zl]dx (5.33)

z̄=
1

A

∫ c

0

1

2
[Z2
u−Z2

l ]dx (5.34)

I=

∫ c

0

1

3
[(Zu−z̄)3−(Zl−z̄)3]dx (5.35)

Having the airfoil data points of the Vertol VR-7 6 and the rotation matrix in Equation 5.36, in which θ is the
angle of twist, the inertia can be calculated for each section. With the inertia for each section the tip deflection
can now easily be calculated.

[
cos(θ(i)) −sin(θ(i))
sin(θ(i)) cos(θ(i))

]
(5.36)

It was found that the tip deflection at the end of the upper blade was 0.33 mm and for the lower blade 0.28
mm. These are small values, but the rotor blades are very stiff due to the use of CFRP, the forces are small
and the rotor blades are short.

Finally the stresses at the root of the blade due to the centrifugal force and lift force will be calculated. For
each blade the tensile force due to the rotation of the blades can be calculated with Equation 5.37.

Frot=MbladeωR (5.37)

Where ω is the rotation in radians per second, Mblade the moment at the root and R the radius of the blade.
The stress can now be calculated with Equation 5.38, where A is the area of the point attaching the airfoil
to the rotor head.

σtens=Frot/A (5.38)

Using an attachment area of only 1 mm2, which is the production limit, it is found that the tensile stress is
283.2 MPa for both blades. This is well below the tensile strenght of CFRP of 501 MPa.

Not only tensile stresses act on the blade, but also bending stresses due to the lift generated. These stresses
are calculated using the moment on the blade M, the distance to the neutral line y and the moment of inertia
I at the root as seen in Equation 5.39.

σbending=
My

I
(5.39)

5URL:http://ocw.mit.edu/courses/aeronautics-and-astronautics/16-01-unified-engineering-i-ii-iii-iv-fall-
2005-spring-2006/systems-labs-06/spl10b.pdf

6URL:http://airfoiltools.com/airfoil/details?airfoil=vr7-il

http://ocw.mit.edu/courses/aeronautics-and-astronautics/16-01-unified-engineering-i-ii-iii-iv-fall-2005-spring-2006/systems-labs-06/spl10b.pdf
http://ocw.mit.edu/courses/aeronautics-and-astronautics/16-01-unified-engineering-i-ii-iii-iv-fall-2005-spring-2006/systems-labs-06/spl10b.pdf
http://airfoiltools.com/airfoil/details?airfoil=vr7-il
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To calculate the actual stresses the area and moment of inertia of the attachment part are needed. This part
is designed by looking at the production possibilities and stresses that would occur. The final design including
sizing can be found in Figure 5.8. Using the values depicted in this figure a tensile stress at the root is found
of 70.8 MPa for both the upper and lower blade. These stress is well below the tensile strenght of CFRP, which
is 501 MPa. For the bending stress of the upper blade a stress of 14.7 MPa is found and for the lower blade
a stress of 10.7 MPa, both well below the Young’s Modulus of CFRP, 65 GPa.

Figure 5.8: Sketch of the blade holder. Values are in mm

5.5 Power Calculations

The power required to fly can be calculated using the Figure of Merit (FM) and the ideal power. A FM of
0.588 is calculated using Equation 5.40 [3].

FM=

CT
3
2√
2

kintk
CT

3
2√
2

+
σCd0

8

(5.40)

Where CT is the thrust coefficient of the total thrust calculated in Equation 5.41 [3], kint is the interference power
factor with a value of 1.219 [3], k is the ideal power correction factor with a value of 1.15 [3], σ the blade solidity
for 1 rotor calculated using Equation 5.42 and Cd0 the rotor drag coefficient which may be assumed to be 0.01 [3].

CT =
Ttotal

ρairAprop(ωR)
2 (5.41)

σ=
NbcR

Aprop
(5.42)

In Equations 5.41 and 5.42 Aprop is the propeller sweep area, R is the propeller radius, c is the mean propeller
chord, Nb is the number of propeller blades in the rotor and ω is the radial velocity. Using a radius of 89mm
this results in a propeller sweep area of 24.8·103 mm2, with a mean propeller chord of 15mm, 3 propeller blades
and a radial velocity of 1414 rad

s results in a σ of 0.161 and a CT of 0.015. This results in a FM of 0.588.

The ideal power (Pideal) can be calculated using Equation 5.43 [3]. When dividing the ideal power by the FM
the actual required power for flight can be found. Thus using the previous calculated values an ideal power
of 57.6W is found and this results in the actual required power of 97.9W .

Pideal=
Ttotal

3
2√

4σdρairAprop
(5.43)

This chapter has dealt with all aspects of the propulsion system. The calculations to determine the thrust
delivered by the ducted rotors are explained and the Vertol VR-7 airfoil has been chosen for the rotors. A twist
distribution has been made as well as a material choice, which is CFRP. Lastly the required power that must
be put into the system is calculated.
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6 | Subsystem Design: Electronics

A large part of the performance and reliability of the UAV system depends on the configuration of the electronic
components and software inside the drone. This chapter discusses the hardware and software architecture of
the payload, on board computer and communication elements included in the UAV design.

6.1 Payload

The payload section of the UAV includes all components related to generating the required data needed to
successfully perform the mission.

6.1.1 Payload Requirements

Considering the payload, the initial primary requirement was that the system should be capable of providing
visual data to the operator. This can be in form of still images or video. Besides that, the UAV should be
able to determine its attitude and relative position to its surroundings in order for the control system to keep
the UAV stable and easy and safe to operate. Secondary requirements include functionality to record sound
and video, determine temperature of the UAV surroundings and detect dangerous gas concentrations. The
state determination of the UAV should be possible to be performed in zero lighting conditions (0 cd/m2).

Because the UAV will for a large part of the mission operate outside the line-of-sight with the operator, the
choice is made to add first-person view (FPV) functionality to the UAV. First-person View functionality means
that the UAV is controlled from an on-board perspective by means of an on-board camera with a direct video
link to the ground station. This will enable the user to fly and manoeuvre the system without requiring full
autonomous behaviour and navigation, which is complicated, costly and requires a large amount of on-board
processing power. Including a video feed with downlink to the GCS however adds further requirements to the
on board computer and communication hardware. The video and image quality as received by the ground
station should be sufficient to recognize persons.

Regarding likely operational environments for the UAV, it is possible that there will be significant presence of
smoke and dust particles in the air. This makes several types of payload devices less suitable for use in the system.

6.1.2 General Considerations with respect to Payload

There are several payload configurations that offer the functionality needed to comply with these requirements.
Besides making the straightforward choice of using separate video for FPV flight and ranging sensor data
for automatically avoiding collisions with objects, it is as well possible to use computer vision techniques like
stereo vision or RGB-D vision by means of an IR laser, IR camera and a regular camera to create a detailed
three dimensional rendering of the UAV surroundings. By using computer vision algorithms, the UAV can
be designed to react to its surroundings in a more efficient and smooth manner. [11][12]

Regarding the choice of payload elements, it is of main importance to include the architecture that fulfills the
technical requirements in the most efficient manner, together with ease of development and related costs of
the integrated system. The following sections discusses the process of choice of all payload elements and their
respective properties.

Camera modules

The on-board camera is the most essential payload hardware component in the UAV as it enables the operator to
fly the device as soon as the direct line-of-sight is obstructed. Furthermore, the camera is needed to perform the
recognition mission for people based on a live video feed and have the ability to make stills of the environment,
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preferably with a high resolution (> 3MP) in order to fulfil the secondary requirements. The camera should,
according to Section 2.3, have a minimum view angle of 80 degrees and the video feed should have a minimum
frame rate of 24fps and be able to operate in minimum lighting conditions of 5cd/m2.

Based on the requirement to have a minimum resolution needed to be able to recognize persons from the video
feed at a distance of 5 meters from the camera, a test is performed to determine what video resolution is sufficient.
Combined with the maximum communication data link budget, as described in Section 6.4.6, the usable resolution
is limited to 576 x 324 pixels. As can be seen in Figure 6.1, this resolution is sufficient to fulfill the requirement.

Figure 6.1: A person at a distance of 5 meters from the camera with 576 x 324 pixel resolution

In order to make FPV flight by means of a direct video link possible, the camera should be compatible with
the desired way of data compression and communication link budget restrictions as described in Section 6.4.

The image can be compressed by a factor 40 to a medium quality JPEG using the on-board computer (OBC). 1

There is a wide range of small cameras available for these purposes, however, special attention is directed
towards the compatibility with the OBC hardware and functionality.

The eCam56 Gumstix Overo 5MP camera is chosen to be included in the payload configuration. It is a
plug-and-play device working with all Gumstix Overo COM’s. The camera board is built around an OmniVision
OV5640 image sensor[13]. Using a 27-pin ISP OMAP connection, it can directly be connected to the Texas
Instruments OMAP processor series on the Overo board for quick processing.

Table 6.1 provides an overview of the eCam56 5MP camera properties.2

Table 6.1: eCam56 5MP Gumstix Overo camera properties

Max. Image
Transfer Rate

VGA - 30fps
HD(720p)-30fps
5MP - 7fps

View Angle 70 deg
Focus Type Auto Focus
Module
Dimensions (mm) 15 x 58 x 6.75

Connection 27-pin ISP OMAP
Supply Voltage 3.7V
S/W Driver Linux V4L2 camera driver

Inertial Measurement Unit (IMU)

In order for the UAV to determine the attitude and acceleration of the system in all three axes of motion, an
Inertial Measurement Unit (IMU) needs to be included as part of the hardware configuration. The IMU is
needed for autonomous stabilisation and sends measurements of the acceleration and orientation of the UAV for

1URL:http://www.ou.edu/class/digitalmedia/articles/CompressionMethods_Gif_Jpeg_PNG.html
2URL:http://www.e-consystems.com/5MP-Gumstix-Camera.asp

http://www.ou.edu/class/digitalmedia/articles/CompressionMethods_Gif_Jpeg_PNG.html
http://www.e-consystems.com/5MP-Gumstix-Camera.asp
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all three axes back to the central processing unit which determines the UAV’s attitude and, by means of feedback
control, sends the right outputs to the servos and electronic speed controllers. Especially in unstable aircraft, an
IMU combined with feedback control is essential in order for the pilot to be able to operate the aircraft or UAV.

In case of the NavStik flight controller, the IMU is part of the hardware and discussed in further detail in
Section 6.2.

Ranging Sensors

With respect to ranging devices and sensors, sonar is often used in robotics as a basic but robust way to
accurately measure distances to objects. Other options for generating ranging data include lidar, infrared laser
ranging hardware or using a dual vision camera setup with on board image processing. Lidar is a very accurate
and omni-directional but costly, heavy, and power intensive way to measure distances to the UAV surroundings.
Furthermore, both systems behave inaccurately in reduced visibility conditions as with the presence of smoke
and dust particles in the air. Therefore, sonar sensors are chosen to be included in the design as they have
a sufficient reliability in environments with smoke attenuation.[14]

As multiple ultrasonic ranging sensors are used on one vehicle for continuous distance measurements they may
interfere with each other which largely reduces the accuracy of the distance readings. This can for instance occur
if one of the sensors transmits a signal while another sensor is in receiving mode and reads a reflected signal from
the other sensor. Occurrence of this problem is indicated by noise in the voltage readings at regular intervals.

If the sensors are not synchronized and wired to operate at continuous measurement speeds, eventually due
to small differences in operating speeds they will diverge from their synchronous behaviour. There are ways
of ensuring interference free operation by controlling the sensors to send signals simultaneously or in sequence.
The simultaneous sensing is preferred as this increases the maximum achievable sensing rate per sensor.

The choice is made to work with Maxbotix EZ sonar ranging sensors able to determine distances to objects
from 20cm up to 210cm with an accuracy of 1cm, operating at a voltage of 3.3V . These sensors provide a
low power and lightweight solution.[15] The sensors are connected to the IvyPro interface board of the Navstik
flight controller by means of one I2C connection. All six sonar sensors can be connected to the same I2C port
on the interface board as indicated in Figure 6.2.

Figure 6.2: Connection illustration of sonar sensors3

The MaxBotix sonar sensors have a reading rate of up to 40Hz, or every 25ms. Having a maximum range
up to 210cm means that the maximum time it takes for a signal to bounce off objects and can be received
by the sensor is 6.2ms. Therefore, it is safe to assume that synchronized sensing with all six sensors at 40Hz
will cause no interference during operation.

Temperature sensors and thermal camera modules

For measuring the temperature of the UAV surroundings, both directional and non-directional options can be
chosen. Basic temperature sensors exist for many purposes and in many types. Besides a basic local temperature
measurement, it is also an option to use an IR camera to create a much more detailed temperature reading of
the environment. As nowadays very compact and lightweight thermal cameras are available it will be possible to
incorporate this element into the UAV payload architecture and assess the surroundings during the course of the
mission in greater detail. Measuring temperature belongs to the secondary requirements regarding the mission.

3URL:http://www.maxbotix.com/documents/I2CXL-MaxSonar-EZ_Datasheet.pdf

http://www.maxbotix.com/documents/I2CXL-MaxSonar-EZ_Datasheet.pdf
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A thermal camera enables the operator to still recognize persons in case of reduced visibility conditions such
as smoke or low lighting in which the normal camera will not provide sufficient contrast or image quality to
perform the inspection mission.

A thermal camera for this mission needs to meet various stringent constraints. The wavelength used shall
be suitable to detect the temperature ranges for this application, sufficient to tell a person apart from its
surroundings, and when possible also higher temperatures to aid in detecting fire hotspots. Furthermore the
signal power shall not be attenuated too much by smoke particles. Finally, the module should have a low mass
to fit in the mass budget. These constraints call for a camera using long-wave infrared (LWIR) technology:
this is the correct wavelength to see the required temperature differences and does not require cooling (unlike
for instance short and medium wave infrared) reducing size and mass of the component. Also, LWIR does
not suffer from attenuation by smoke, not even over hundreds of meters.4

In the current state of the art, there was just one component suitable for this particular mission, which is
the FLIR Lepton module. It has a resolution of 80 x 60 px, sufficient to recognize persons, and the camera
and breakout board together have a mass of 6 grams. The choice was made for the shuttered edition, as this
eases temperature readings: the shutter (which is at ambient temperature which is known from another sensor)
provides a reference to calibrate the temperature readings on-the-fly, significantly reducing (but not abolishing)
absolute temperature error5. Using programmatic tools this camera can be used to display both differential
and absolute temperature data. For instance, the lowest and highest temperature could be displayed on a scale,
and temperatures can be seen using false colors in between these temperatures.

GPS receivers

GPS receivers become standard equipment in UAVs for mission planning and execution. Most GPS receivers
are very small in size but powerful enough to provide accurate position readings within a range of several meters.
For the inside part of the mission, GPS might not be necessary but it will still provide a large functionality
enhancement while flying outside and makes it possible to let the UAV navigate itself by means of waypoints.
NavStik recommends using the MAX-6Q GPS receiver from uBlox which offers a 5Hz navigation update rate
and a horizontal position accuracy of 2.5 meters (CEP, 50%, 24 hours static, -130dBm).[16] This is a lightweight
solution that is integrated on the NavStik main board. A GPS antenna patch can be connected through the
micro-coax connector to the NavStik main board. The uBlox module will be used in combination with the
Sangshin 1580MHz RF 18mm Antenna patch.

Microphone and speaker hardware

In order to communicate with people in the direct environment of the UAV during the mission, or to get a better
understanding of the UAV surroundings, sending and receiving sound can be added to the UAV system. However,
because of the noise and vibrations created by the propulsion system, especially the rotors, obtaining a clear sound
from a microphone is expected to be not feasible in this design stage as testing is required for further development.

Other components and peripherals

Other components which can be added to the system include a gas detector and a window-breaking mechanism
in the form of a spring-loaded point impact device which are not further assessed in this development stage
due to the expected large weight increase and time constraints. Four white high brightness LED lights are
included in the design to be mounted near the camera for operation in low lighting conditions. Furthermore,
two blinking LED’s are incorporated on the sides of the drone for awareness and a red and green OBC status
LED are mounted near the on/off switch.

The further combination of components in the payload configuration is discussed in Section 6.3
4URL: http://www.mut-group.com/fire-detection/lwir-key-features.html
5URL:http://www.flir.com/uploadedFiles/CVS_Americas/Cores_and_Components_NEW/Products/Uncooled_Cores/Lepton/

FLIR-Lepton-DataBrief.pdf

http://www.mut-group.com/fire-detection/lwir-key-features.html
http://www.flir.com/uploadedFiles/CVS_Americas/Cores_and_Components_NEW/Products/Uncooled_Cores/Lepton/FLIR-Lepton-DataBrief.pdf
http://www.flir.com/uploadedFiles/CVS_Americas/Cores_and_Components_NEW/Products/Uncooled_Cores/Lepton/FLIR-Lepton-DataBrief.pdf
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6.2 On Board Computer

The on board computer hardware functions as the central ’brain’ of the UAV. It performs processing of the
data coming from the sensors, accelerometers, gyroscopes and payload devices. Furthermore, it interprets and
processes all user input signals coming from the ground station and sends back the required data like video,
attitude and system status. The on board computer is also responsible for providing the control feedback based
on the IMU data to the motors and rotor actuators. The inclusion of needed additional processing units in
the OBC hardware architecture is discussed as well.

6.2.1 OBC hardware requirements

Regarding the requirements for the entire UAV, it is of high importance that the OBC system is lightweight
and has a low power consumption while providing sufficient computational power and speed.

To make implementation and future use of the chosen OBC system efficient, the hardware should also provide
a suitable development platform for the internal software and be compatible with all attached hardware
components. In case higher levels of in-flight autonomy are needed, increasing the level of required computing
power, the OBC architecture should allow the expansion of the system and addition of functionality without
the need for a redesign of the complete hardware setup. Therefore it is preferred to make use of off-the-shelf
components as it largely decreases development time and costs and have proven their reliability and performance.

To comply with the requirements, the UAV should be able to determine its attitude and provide directional,
longitudinal and lateral stability combined with autonomous position hold in case no user inputs are received.
This is needed to provide the end user with an easy and safe to operate system.

For implementation of these requirements, essential hardware components include at least 3-axis accelerometer,
a 3-axis gyroscope and sufficient connectivity options for the described ranging sensors as well as a sufficient
number of PWM outputs for the rotor actuator servos and electronic speed controllers as described in this
section. This needs to be combined with enough processing power to execute the needed stabilization and flight
algorithms and handle the data stream coming from the on-board camera, as described in Section 6.1.

6.2.2 Hardware platforms and possible configurations

Various platforms can be used as a basis for the on board computer hardware setup of the UAV. Several of
these platforms are widely used in the field of robotics and suitable for application in UAVs. The following
platforms are considered for use in the UAV system:

Paparazzi

Paparazzi is a system of open source hardware and software designed for use with many types of unmanned
aerial systems like fixed-wing craft, helicopters and multicopters.6 There is a range of available Paparazzi
compatible hardware components and various options of adding additional sensors and functionality. Because
of the open-source character of the platform, the Paparazzi software can be tailored and expanded according
to the needs of the user. It is based on Linux architecture and has modules for both the ground control station
as the airborne segment of the UAV system.

Considering hardware, the Paparazzi environment includes several very small and lightweight autopilot boards
and sensor equipment.7 The TU Delft MAVLab is an active contributor to the Paparazzi user community and
implements the Paparazzi architecture successfully in their projects.[17]

The Paparazzi Lisa/M v.2 is, besides the Lisa/S flight controller, one of the lightest available autopilot systems
in the Paparazzi range of hardware options. It has an on-board 3-axis IMU and 3-axis magnetometer, barometer
and does not require an interface board for connection with PWM devices or other interface options.

Other Paparazzi compatible flight controller hardware includes the NavStik, which is a very small and lightweight
board with a very modular architecture and various on-board sensors. It can be combined with one out of three

6URL:http://wiki.paparazziuav.org
7URL:http://wiki.paparazziuav.org/wiki/Autopilots

http://wiki.paparazziuav.org
http://wiki.paparazziuav.org/wiki/Autopilots
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different interface boards to connect the flight controller to sensors and external processing units.8 Compared
to other available Paparazzi flight controllers, NavStik is one of the more powerful and modular options within
the Paparazzi spectrum with built-in connectivity to COM devices from Gumstix.

Intel Edison and Arduino

The Intel Edison is a small and powerful processing board recently developed by Intel for quick prototyping of
connected and "smart" devices.9 The board can be combined with many integrated development environments
like Arduino. The Arduino hardware consists of a series of microcontroller boards with a very versatile range of
IO options. Arduino offers a range of off-the-shelf boards and compatibility with a range of additional sensors,
components and other platforms.[18] [19]

One of the features of the Intel Edison platform is the large amount of computational power, with a dual-core
CPU, a single core microcontroller and on-board data storage based on a Linux environment. However, one
needs an expansion board to use the Intel Edison on any type of application. It is fully compatible with the
Arduino platform to create sufficient IO functionality to connect all sensors, servos, ESCs and cameras used in
the UAV. Upsides of this configuration are the high level of modularity of both the choice of expansion boards
as well as the processors used in the Edison board itself. The Intel Edison runs Linux and supports C/C++,
Python, Node.js and Javascript for software and application development.

Raspberry Pi and Arduino

The Raspberry Pi is a small, versatile and powerful computer module with flexible functionality. It can be
combined with for instance Arduino hardware or other expansion boards. A Raspberry Pi is designed to function
as a stand alone PC which makes the Raspberry Pi boards relatively heavy and bulky, especially if more IO
functionality is needed.10 As the Raspberry Pi is a fully functional computer, it contains a lot of processing power.
However, to apply it in the UAV system, the standard IO functionality is not sufficient and should be expanded
using for instance an Arduino board, for which a different hardware interface is required. Besides that, the
Raspberry Pi contains many functions and hardware options that are not needed for the functionality of the UAV.

Other platforms and options

There are many autopilot systems available on the market that deliver good hardware and functionality.
Examples are OpenPilot11 with the CC3D board, PixHawk and APM2 from 3D Robotics12 and ArduPilot13
which is based on the Arduino platform. However, all these systems have a closed development environment
and limited compatibility with other platforms or require inefficient expansion boards. Therefore, these systems
are not considered to be feasible options throughout the further design process.

Next to the available off-the-shelf solutions, another option is to develop custom hardware specific for the
desired use in the UAV system. However, developing such hardware and software combinations requires a
substantial amount of time and development costs which is why this is not further considered and included
in the design process.

6.2.3 OBC Hardware selection and Trade-Off

The selection of the on board computer hardware is based on the following criteria:

1. Weight of the initial setup

2. Dimension of initial setup

3. Computational power
8URL:http://wiki.navstik.org/doku.php
9URL:http://www.intel.nl/content/www/nl/nl/do-it-yourself/edison.html

10URL:https://www.raspberrypi.org/products/raspberry-pi-2-model-b/
11URL:https://www.openpilot.org/
12URL:https://store.3drobotics.com/products/3dr-pixhawk?taxon_id=34
13URL:http://ardupilot.com/

http://wiki.navstik.org/doku.php
http://www.intel.nl/content/www/nl/nl/do-it-yourself/edison.html
https://www.raspberrypi.org/products/raspberry-pi-2-model-b/
https://www.openpilot.org/
https://store.3drobotics.com/products/3dr-pixhawk?taxon_id=34
http://ardupilot.com/
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4. Usability and development costs

5. Availability of existing S/W and H/W interface options

6. Modularity and expansion flexibility

Table 6.2 shows the compliance of the four platform incorporated in the trade-off with the above mentioned
criteria.

Table 6.2: Compliance with trade-off criteria of four considered platforms

Intel Edison
+ Arduino

Paparazzi
Lisa/M v.2

Paparazzi
Navstik

Raspberry Pi
+ Arduino

Weight
est. of minimal setup (g) ≈ 50 11 13 ≈ 75

Dimensions
of main board (mm) 35.3 x 25 x 3.9 34 x 60 x 10 18 x 59 x 4 85 x 56 x 15

CPU
clock speed 500MHz + 100MHz 72MHz 168MHz 1GHz

Cores 2 + 1 1 1 4 + graphics core
Usability
and development costs +- + + +-

Availability
of existing S/W and H/W interface options ++ - + ++

Modularity
and expansion flexibility + +- + +

Considering weight of the initial setup, both the Intel Edison as well as the Raspberry Pi setup have a very
high weight. This is as well due to the fact that sensors and the inertial measurement unit are not included on
the main hardware board. The Paparazzi hardware components are very lightweight as their design is focused
on use in UAVs.

The same is true looking at the dimensions of the minimal required setup. This means that the Raspberry
Pi, combined with an Arduino interface will be too large for use in the UAV.

Regarding the usability and software development costs, the Paparazzi framework is favoured because of the
open-source character of the platform. Various modules are readily available and can be extended according to the
system needs. This results in lower development costs than when for instance the Intel Edison platform is used, for
which the software for both the ground station and airborne segment needs to be developed from the ground up.

Advantages of the Intel Edison and Raspberry Pi setups are the large amount of internal computational
power, allowing for more advanced on-board data processing and broadening the range of applicable sensor and
computer vision modules. Both paparazzi boards need additional processing power, for instance by incorporating
a COM like the Gumstix Overo in the setup. The Navstik has an integrated interface for this, while the Lisa/M
does not have such an option.

Both platforms which are compatible with Arduino have access to a large range of IO options and available sensor
modules. The Paparazzi platform does allow access to a broad range of hardware options as well, however limited
compared to the Arduino platform. The Navstik board allows for more expansion options and modularity.

Based on the described characteristics, the choice is made to work with the Paparazzi based NavStik hardware
and the IvyPro breakout board. This provides the best balance between having a very compact hardware
layout combined with sufficient modularity and interface options to equip the UAV system with the needed
functionality and keep options open for further expansion of the system.

6.2.4 OBC hardware

This section discusses the further properties of all OBC hardware components and interaction with other systems.

NavStik and IvyPro interface board

Based on the Paparazzi platform, NavStik is a micro navigation and control board. In a highly modular format,
it delivers a very lightweight solution tailored for use in UAVs and providing access to a rich variety of sensors
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and interfaces with other components. The basic hardware consists of a main board and an interface board,
needed for making the NavStik interfaces accessible for the user and connecting sensors, PWM devices like
servos and ESCs and a transmitter/receiver connection.

The main board includes an InvenSense MPU-6050 IMU (3-axis accelerometer and 3-axis gyroscope)[20], together
with a Honeywell HMC5883L 3-axis magnetometer, a Bosch BMP180 barometer, hardware temperature sensor
and micro-coax GPS connector and differential pressure sensor. The main board is equipped with a 32-bit,
168MHz Cortex-M4 microcontroller. The interface board, in this case the IvyPro, also features UART, I2C
micro USB ports for interfaces and debugging. A Micro-SD card slot is included for on-board data storage.
The NavStik main board has an interface for Gumstix Overo COM’s to include additional computational power
for image and sensor data processing.

Table 6.3 gives an overview of all hardware specifications of the NavStik flight controller14 and Table 6.4
provides an overview of all specifications and connectivity options if the IvyPro interface board.15

Table 6.3: NavStik flight controller board specifications

NavStik Main board
Processor Cortex-M4
Base clock speed 168MHz
Memory 16MB SPI Flash
On-Board Sensors InvenSense MPU-6050 3-axis gyroscope and 3-axis accelerometer

3-axis Honeywell HMC5883L magnetometer
Bosch BMP180 static pressure sensor
Temperature sensor

Connectivity GPS antenna connector
Gumstix Overo interface

Table 6.4: IvyPro interface board specifications

IvyPro Interface board
Connectivity 6+6 PWM Channels

Micro-SD Card Support
TelemetryPort (UART)
Spektrum Port (UART)
2 USB port and an UART port for Gumstix Overo

Other Current Measurement
Battery Voltage Monitor
ESD and Short-Circuit Protection

Weight 8.6g
Size 41mm x 35mm
Input Voltage 4.5V âĂŞ 14.0V

Gumstix Overo Earthstorm COM and expansion board

Gumstix is a manufacturer of Computer-On-Module (COM) hardware. The Gumstix Overo series are very
small, lightweight but high-performance COM modules.

To ensure the required functionality of a video downlink to the ground station, on-board video data compression
is needed to stay within the available bandwith of the transmitter/receiver connection. As image processing
requires a substantial amount of processing power, the NavStik module and interface board performance is
insufficient to perform this task. Including the Gumstix Overo Earthstorm model in the hardware configuration,
the 1GHz Cortex-A8 processor can be used.

The Gumstix Overo Earthstorm has a single core ARM Cortex-A8 processor with a base clock speed of 800MHz,
512MB of RAM and a Micro SD card slot for storage expansion. There is a designated OMAP ISP interface
for connection with a camera. The Gumstix hardware runs Linux and is fully compatible with the NavStik

14URL:http://wiki.navstik.org/doku.php?id=hw:main_board
15URL:http://wiki.navstik.org/doku.php?id=hw:ivypro

http://wiki.navstik.org/doku.php?id=hw:main_board
http://wiki.navstik.org/doku.php?id=hw:ivypro
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hardware through a high speed USB interface. The weight of the Gumstix module is 5.6 grams which is very
favourable for the UAV system.[21]

In order to access all needed interfaces from the Gumstix Overo, an expansion board is needed which in-
cludes connectors for the thermal camera and transceiver unit. The Gumstix Summit board will provide this
functionality and is used in the system. It is connected to the Gumstix Overo using the 70 pins connector.16

Table 6.5 provides an overview of all hardware specifications and connectivity options of both the Gumstix
Overo Earthstorm and the Gumstix Summit expansion board.

Table 6.5: Gumstix Overo Earthstorm and Gumstix Summit specifications

Gumstix Overo Earthstorm Gumstix Summit expansion
Processor ARM Cortex A8 Connectivity 2x UART
Base clock speed 800MHz 2x SPI
Max clock speed 1GHz Stereo audio in/out
Memory 512MB RAM 3 to 6 pins GPIO

1x I2C
Connectivity 2x PWM
Camera OMAP ISP
Storage Micro SD slot Weight 17 g

V input 3.3 - 4.2 V
Weight 5.6 g
Operating temp (C ) 0 C - 85 C

6.3 Payload and OBC hardware configuration

Over the course of the design process, several hardware configurations were established and evaluated based
on compliance with the primary and secondary requirements. An overview of these configurations is stated
in this section.

6.3.1 Hardware configuration for first design iteration

For the initial design, it is first of all important to fulfill all primary requirements related to the payload
configuration. The most efficient way to do this is by including only a camera capable of taking video footage with
the desired resolution and create a video downlink to the GCS. In this way the camera enables FPV flight and
provides the operator with an indication of the relative distance to objects and surroundings. Table 6.6 provides an
overview of all payload and OBC components as used in the first design iteration and their respective properties.

Table 6.6: First hardware configuration for payload and OBC

Component name Number of
units Weight [g] Total

Weight [g]
Dimensions

[mm]
Supply

Voltage [V]
Current
draw [A]

Total Power
consumption [W]

W L H
NavStik Main Board 1 4 4 18 59 4 3,7 0,15 0,2
IvyPro interface board 1 8,9 8,9 35 41 8 4,5 - 14 0,05 0
Gumstix Overo Earthstorm 1 5,6 5,6 17 58 4,5 3,7 0,4 1,48
Gumstix Summit expansion board 1 17 17 39 80 6 3,7 - -
e-CAM56_37x module 1 10 10 15 58 6,75 3,7 0,14 0,518
On/Off switch 1 3 3 5 10 8 - - -
High brightness LED 4 0,1 0,4 5,4 3 0,9 3 0,2 0,6
LED L-36BSRD-B Flashing 2 0,5 1 3 5 3 3 0,05 0,3
Status LED’s (red+green) 2 0,4 0,8 3 5 3 3 0,05 0,15
Total 50,7 3,2

It is chosen to work with the E-con systems 5MP (eCam56) camera which is directly compatible with the
Gumstix Overo COM’s by means of a 27 pin connector. This direct link between the camera and the COM

16URL:https://store.gumstix.com/expansion/overo-expansion/summit.html

https://store.gumstix.com/expansion/overo-expansion/summit.html
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enables faster data transfer and reduces latency throughout the video connection. Compression of the video
data is performed directly on the Gumstix Overo board.

The high brightness LEDs are included to ensure that the camera can be operated in very low lighting conditions.

6.3.2 Hardware configuration for second design iteration

For the second design, after one iteration, attention is paid to fulfilling secondary requirements as well. In order
to determine the absolute position to the UAV surroundings, sonar sensors are chosen to be included in the
design. Sonar ranging sensors are applied at four places on the UAV; One pointing in flight direction to the
front, two pointing to the the left and right respectively and one pointing downwards.

The camera as described in the first design configuration is kept the same. A GPS receiver antenna patch is
included in the design to enable more exact positioning and broaden the scope of applications of the UAV. The
used GPS receiver is the uBlox MAX-6Q module as recommended by NavStik.

Furthermore, the FLIR Lepton thermal camera module and corresponding breakout board are included in the
configuration as a way to better assess the UAV environment during the mission and detect persons and fire
hotspots in low visibility conditions. The FLIR Lepton camera is connected to the Gumstix Overo Summit
breakout board over an SPI connection.

Table 6.7 provides an overview of all payload and OBC components as used in the second design iteration and
their respective properties.

Table 6.7: Second hardware configuration for payload and OBC

Component name Number of
units Weight [g] Total

Weight [g]
Dimensions

[mm]
Supply

Voltage [V]
Current
draw [A]

Total Power
consumption [W]

W L H
NavStik Main Board 1 4 4 18 59 4 3,7 0,15 0,2
IvyPro interface board 1 8,9 8,9 35 41 8 4,5 - 14 0,05 0
Gumstix Overo Earthstorm 1 5,6 5,6 17 58 4,5 3,7 0,4 1,48
Gumstix Summit expansion board 1 17 17 39 80 6 3,7 - -
e-CAM56_37x module 1 10 10 15 58 6,75 3,7 0,14 0,518
I2CXL-MaxSonar EZ 4 5,6 22,4 22,1 19,9 25,11 5 0,0044 0,022
Flir Lepton w/ breakout board 1 6 6 25 24 25 3,3 0,061 0,2
uBlox MAX-6Q GPS module +

Sanghshin 1580MHz antenna patch 1 2 2 10,3 9,7 2 3 0,011 0,033

On/Off switch 1 3 3 5 10 8 - - -
High brightness LED 4 0,1 0,4 5,4 3 0,9 3 0,2 0,6
LED L-36BSRD-B Flashing 2 0,5 1 3 5 3 3 0,05 0,3
Status LED’s (red+green) 2 0,4 0,8 3 5 3 3 0,05 0,15
Total 82,1 3,8

6.3.3 Final payload and OBC hardware configuration

Table 6.8 gives an overview of the combination of the final payload hardware components and their properties.
Included are as well the total weight and power consumption of the system. The payload and OBC architecture
have a combined weight of 93,3 grams excluding wiring and a power consumption in full operation of 3.8 Watt.

Changes with respect to the previous configuration include the use of two extra sonar sensors, adding an
additional weight of 11 grams. Including two extra sensors enables the use of four sensors in the horizontal
plane and two in the vertical plane. The front sensor measures in flight direction, the backward sensor measures
in rearward direction and two sensors measure at 90 degree angles towards the left and right sides. The last
two sensors measure distances upward and downward distances. The placement of the sonar sensors among
all other components is given in Figure 12.17b.
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Table 6.8: Overview of Payload and OBC hardware components and properties

Component name Number of
units Weight [g] Total

Weight [g]
Dimensions

[mm]
Supply

Voltage [V]
Current
draw [A]

Total Power
consumption [W]

W L H
NavStik Main Board 1 4 4 18 59 4 3,7 0,15 0,2
IvyPro interface board 1 8,9 8,9 35 41 8 4,5 - 14 0,05 0
Gumstix Overo Earthstorm 1 5,6 5,6 17 58 4,5 3,7 0,4 1,48
Gumstix Summit expansion board 1 17 17 39 80 6 3,7 - -
e-CAM56_37x module 1 10 10 15 58 6,75 3,7 0,14 0,518
I2CXL-MaxSonar EZ 6 5,6 22,4 22,1 19,9 25,11 5 0,0044 0,026
Flir Lepton w/ breakout board 1 6 6 25 24 25 3,3 0,061 0,2
uBlox MAX-6Q GPS module +

Sanghshin 1580MHz antenna patch 1 2 2 10,3 9,7 2 3 0,011 0,033

On/Off switch 1 3 3 5 10 8 - - -
High brightness LED 4 0,1 0,4 5,4 3 0,9 3 0,2 0,6
LED L-36BSRD-B Flashing 2 0,5 1 3 5 3 3 0,05 0,3
Status LED’s (red+green) 2 0,4 0,8 3 5 3 3 0,05 0,15
Total 93,3 3,8

For a more detailed overview of the entire hardware configuration and interface layout of the UAV please refer
to 6.6. For the exact payload and OBC hardware arrangement in the fuselage, refer to 12.3.

6.4 Communications

This section will explain the approach taken to decide which method of communication would be most convenient
to use in the UAV. Then a component selection will be made followed by a performance analysis.

A communications subsystem is necessary to be able to send commands to and receive the video feed from the
UAV. This can be achieved using a wired or a wireless connection. Since a wired connection would increase the
weight and decrease the range and manoeuvrability of the UAV, it was deemed impractical. Therefore, a direct
wired communications link between the ground station and the UAV was not considered. A wireless connection
on the other hand offers a broad spectrum of possible system designs, depending on frequency, bandwidth,
transmission power and more. These factors of influence will be discussed in Subsections 6.4.1 through 6.4.5.
To find what the properties of the optimal wireless communications subsystem have to be, a program was
written to consider the data rate constraints and compute the link budget for the link. More elaboration and
program results are discussed in Subsection 6.4.6.

6.4.1 Mission requirements on communications

This section aims to elaborate on the mission requirements pertaining to the communications subsystem. First
only the primary requirements were considered. In later iterations, also secondary and tertiary requirements
were taken into account to ensure the final solution to be an optimal fit.

The primary requirements on the communications subsystem are shown in Section 2.3. Although few, these
indicate exactly where the focus lies in the first design of the communications subsystem; the subsystem needs
power to be able to function, it has to be able to transmit collected mission data to the ground control station
and it has to be able to communicate control data to and from the ground control station. It is important
to notice that the requirement to transmit a live video stream is only considered to be of secondary importance.
Therefore, this requirement was not taken into account until later design iterations. A different approach was
taken on secondary but driving requirements. Due to their driving nature, these were already considered during
the first design iteration. Tertiary requirements were also first considered during the second iteration.

6.4.2 Communication Data Analysis

The purpose of the communication subsystem is to transmit data, therefore, a computation of the uplink
(BRup) and downlink (BRdown) data rate was performed. In Chapter 8 the flow of data will be discussed in
more detail. For the sizing of the communication subsystem, an analysis of the data rate was performed based
on the payload selection in Section 6.1.
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Hardware video compression

Media usually has a high data rate and the UAV will be capable of streaming live video. Therefore, the data rate
requirement set is important for communication design. As mentioned the live video feed will be downscaled and
compressed to H.264 format to reduce the data rate. In H.264 compressed video, every video frame is not sent,
but rather only pixel (px) data that changes from frame to frame. Video is generally recorded at 16:9 aspect ratio
in YUV4:2:2 pixel format, which is 16bits/px 17, at 24FPS to stream natural motion real-time video. The H.264
compressed data rate can be calculated by equation 6.1 based a on method proposed by Ameransinghe[22].

BRvideo=wpx·hpx·FPS ·Kmovement·0.07 (6.1)

The wpx and hpx represent the frame pixel width and height, FPS is the frames per second and Kmovement

is a factor for the amount of movement in the image. The article [22] suggests a Kmovement factor of 1,2 and
4 for low (minimal change in image), medium (general slow movement) and high motion (rapid action movie
type). A factor of 2 was chosen for calculations as the expected scene for the UAV’s camera is general slow
movement. Table 6.9 shows the BRvideo for some common 16:9 aspect resolutions.

Table 6.9: Data rate of uncompressed and H.264 compressed 16:9 video

Frame pixel dimension (width x height) [px] Bitrate [Mbps]
Uncompressed YUV4:2:2 H.264

416 x 234 37.4 0.3
576 x 324 71.7 0.6
960 x 540 199.1 1.7
1280 x 720 353.9 3.5
1920 x 1080 796.3 7.0

It becomes apparent that compression reduce the data rate down to < 1% of the original stream. This is
important regarding communication because higher quality feeds can be transmitted the better the compression
using the same maximum data rate. A choice was taken to use the 576 x 324px resolution as that would be
the best quality stream possible as will become clear in the proceeding sections.

Data budget

Almost all communications modules use a serial interface to communicate with the host and transmit data.
These modules generally use asynchronous bidirectional communication whereby a common frequency is used for
transmitting (Tx) and receiving (Rx) using an agreed upon protocol for timing the switch between the two modes
Tx and Rx. The Asynchronous Serial Format consists of data words where each word has a start, stop and parity
(error checking) bit including the actual data bits 18. Assuming one start, stop and parity bit (together referred
to as framing bits) for every 8 data bits, a word of 11 bits is constructed, therefore, the raw data rate increases by
37.5% to include the framing bits. Table 6.10 summarises the uplink data to the UAV and downlink data from
the UAV with framing included where Float Single-Precision and Char is a 32 and 8-bit data type respectively.

Table 6.10: Uplink and Downlink Data for 10ms transmission.

Uplink Type Data [bits] Downlink Type Data [bits]
4 DOF control Float SP 128 Main video feed 576x324px 24FPS H.264 - 62706
Flight mode Char 8 FLIR Thermal image 80x60px RGB24 to JPEG - 2880
Framing - 51 Internal Temp. Float SP 32
Total BRup [bits/0.1s] - 187 3 axis Attitude Float SP 96

6 Sonar sensor info. Float SP 192
Battery level Float SP 32
Light On/off state Char 8
GPS receiver latitude/longitude Float SP 96
Pressure reading Float SP 32
Framing - 24777
Total BRdown [bits/0.1s] - 90851

Note that this is the worst case where all data is sent at 10Hz to and from the GCS. The video feed and FLIR
thermal image data rates are post-compression rates. During the initial design of the communication subsystem,

17URL:http://www.fourcc.org/yuv.php
18URL:http://nl.mathworks.com/help/instrument/serial-port-overview.html

http://www.fourcc.org/yuv.php
http://nl.mathworks.com/help/instrument/serial-port-overview.html
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a data rate of 850kbps was assumed as a less accurate estimate of the data rates was available. However, the
final design which will later be presented with an accompanying performance analysis in Section 6.4.8 does
perform at the data rate presented in Table 6.10.

6.4.3 Operating Frequency

The most important property to be determined is the operating frequency. A multitude of factors have an
influence on the available operating frequencies, all of which will be discussed in this section.

Power and Attenuation

The transmission of a signal takes power. However, the power consumption of the communications subsystem
is negligible compared to that of other subsystems, i.e. propulsion and is therefore considered to be of low
importance. However, the power the signal transmits to the receiving end is a very important factor in wireless
communication. To analyse the influence of power, range and frequency, a link budget analysis was performed
[23][24], which will be explained later. Both the range between sending and receiving end and obstructions
along the signal’s path affect the signal in a negative way[25]. Another important factor is the noise introduced;
this largely depends on the quality of the components used and the operational environment [26] 19.

High-frequency signals are generally more prone to negative attenuation due to obstruction. Figure 6.3 shows
this for attenuation due to the atmosphere and a concrete wall. The atmosphere attenuates the signal due
to the moisture in the air resulting in an attenuating factor [27]. Since the atmospheric attenuation is a
function of distance, even though the effect of moisture in the air is very low, when the range increases it does
become a factor of influence which should be taken into account. Therefore, a low-frequency signal seems more
convenient in terms of maximum range. Figure 6.3a shows the specific attenuation as function of frequency
from experimental data [27]. A requirement on communication through two brick walls was set but compared
to reinforced concrete walls, the attenuation is significantly less [28].

In terms of attenuation by reinforced concrete walls, the same applies. Higher frequencies suffer a higher signal
power loss and are therefore less practical. The signal power loss due to a reinforced concrete wall is very high
[29], and is the main contributing factor of signal power loss for an operational range of 150 meters. In Figure
6.3b, the level of attenuation of a concrete wall for certain frequencies can be found based on experimental
research [29]. Information was not available for the 2 to 3 GHz band, however, the figure shows that even below
2GHz, the attenuation is considerable. The graph gives a good indication of the effect of frequency on reinforced
concrete wall attenuation. The mesh size and bar thickness used corresponds to dimensions commonly used
in Dutch buildings, which is a mesh width and height of 140x140 mm, and a bar thickness of 19mm, with a
wall thickness of 203mm [28][30][31].

(a) Reinforced Concrete 140mm mesh spacing
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Figure 6.3: Signal attenuation from wall obstruction and atmospheric gases

Legal restrictions

Sending out a signal into the environment is simple, but local and global governments have put restrictions
on certain frequencies to regulate the signal traffic in an orderly fashion. Some frequencies are free to use,

19URL: http://www.engineeringtoolbox.com/resistivity-conductivity-d_418.html

http://www.engineeringtoolbox.com/resistivity-conductivity-d_418.html
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some require a license, and some are restricted to certain agencies. In Europe in general the unlicensed band
is 863-870MHz 20. Only Dutch regulations were taken into account based on [32]. These regulations divide
the available spectrum into section available for certain goals, some of which require a license to use.

6.4.4 Modulation and Bit Error Rate

The second decision made was the modulation type used on the data signal. Modulation describes the way
the information is relayed onto a carrier signal. A trade-off was performed based on bandwidth efficiency,
complexity, and power efficiency. A good early indicator of a modulation methods performance is the Baud
rate, this is a measure for symbol rate, and is expressed as symbols per second (not to be confused with
the bitrate, bit/second[33]). Generally, a high Baud rate is preferred. The modulation types considered and
associated relation between bit and Baud rate can be found in Table 6.11. For QAM and OFDM, many different
combinations are possible with varying bit-Baud relations.

Table 6.11: Modulation types with associated Bit-Baud relations [23]

Modulation Type Baud rate Bit rate Units Bandwidth [Hz]
BASK (Binary Amplitude Shift Keying) N N Bit -
OFSK/BFSK (Binary Frequency Shift Keying) N N Bit 2N
BPSK (Binary Phase Shift Keying) N N Bit 2N
DPSK (Differential Phase Shift Keying) N N Bit 2N
QPSK (Quadrature Phase Shift Keying) N 2N Dibit N
MSK (Minimum Shift Keying) N N Bit 1.5N
GMSK (Gaussian Minimum Shift Keying) N - Bit -
OFDM (Orthogonal Frequency Division Multiplexing) - - - -
QAM (Quadrature Amplitude Modulation) - - - -

Once a signal is sent it has to be demodulated by the receiver and to achieve this a minimum Signal-to-Noise
Ratio (SNR) per bit (Eb/N0) is necessary to demodulate and detect the data signal. The Eb/N0 value depends
on the Bit-Error Rate BER (the fraction of erroneous bits of the total bits transferred) and its relation is plotted
in Figure 6.4.

0 2 4 6 8 10 12 14 16 18
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Eb/N0 (dB)

B
E

R

 

 
BPSK, QPSK, OQPSK, 4−QAM
DBPSK, DQPSK, MSK
Coherent OFSK
8−PSK

Figure 6.4: Minimum Eb/N0 for given BER for different common modulation types.

For the transmission of real-time video, a BER of 10−4 is deemed sufficient to not compromise on the quality
of the signal [34]. A minimum BER was set to the aforementioned value for the design of the subsystem.

A thorough literature study was performed to find the benefits and downsides of each modulation type
[35][36][37][38]. Based on this gathered knowledge, OFDM was concluded to have optimal characteristics for
the mission in terms of bandwidth usage, effect on range, sensitivity to obstruction and datarate.
What makes OFDM stand out as a modulation technique is the fact that the signal is divided across multiple
sub-carriers. These sub-carriers use conventional modulation techniques, and each only contains a small portion

20URL:http://itu.int/go/ITU-R/RWP1B-SRD-UWB-14

http://itu.int/go/ITU-R/RWP1B-SRD-UWB-14


41 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 6. SUBSYSTEM DESIGN: ELECTRONICS

of the total signal. Since this introduces a low symbol rate per signal, it is possible to make use of guard
intervals. A guard interval makes sure there is no interference between signals. Also, splitting the signal over
multiple carriers (a so-called ’diversity scheme’) improves the reliability of the signal by providing a higher
overall gain and, therefor,e a higher signal-to-noise ratio. This improvement is achieved by the reduction of
fading and reduced chance of error bursts, a direct consequence of using a diversity scheme.

6.4.5 Data Encryption

To ensure the data signal cannot be seen by anyone but the drone operator, and to ensure no control commands
can be sent to the drone by anyone but the drone operator, the communication channel is encrypted. Encryption
means altering the signal sent to and from the ground control station in a structured manner. This introduces
network latency and might interfere with the live video feed requirement.
Several usable encryption methods could be identified, these include:

• TKIP

• AES (multi-bit)

• DES

• RSA

It is important to note that TKIP is an integrity check, and not an encryption algorithm21. Of these four
options, AES is considered to offer the most robust security. DES only has a 56-bit decryption key size, and
is therefore easier to crack than the 128-bit or even 256-bit AES22. RSA is very hardware dependent and
is, therefore, predictable when the hardware configuration is known.[39] TKIP is also easily crackable and is
therefore deemed to offer insufficient security to implement[40].
AES emerged as the optimal encryption method to be employed on the UAV communications signals. Also,
most transceivers can readily transmit using AES(128bit) encryption as they contain hardware chips capable
of accelerating the process.
There are three key sizes for AES encryption: 128, 192 and 256 bits. The number of bits indicates the length of
the encryption key, however, doubling of the bit length does not equate to doubling the security effectiveness of
the method, but in general a higher number of bits indicates a more secure system. However, since methodically
cracking an AES 128 encrypted message has not yet been achieved, the 128 bits key can be considered safe
enough for the communications signal of the UAV. Also, it is capable of handling real-time video transmission
requiring a high bit rate[41].

Having established the encryption method, it is important to know what kind of latency this encryption
might introduce to the system. According to a research performed on this very subject, the maximal latency
experienced when using AES 128 encryption was 0.01 ms[42], depending on the block size. This is an acceptable
and almost negligible addition to the latency of the system. Whether this latency can be achieved with the
currently selected on-board computer is still to be determined. Even though the specifications of the OBC
indicate sufficient processing power, research and testing must be performed to guarantee optimal results.

6.4.6 Link Budget Analysis and Subsystem Design Constraints

Prior to component selection, a link budget analysis was performed to identify minimum performance spec-
ifications necessary to establish a reliable communication link. The design drivers of the communication system
consist of three important factors:

1. Minimal Transmission Range (Rlink) of 150m through reinforced concrete wall.

2. Data Bitrate uplink (BRup) and downlink (BRdown) UAV. An average value of 850kbps was chosen.

3. Bit Error Rate (BER) for data transmission of 10−4.

As mentioned, the goal of conducting a link budget analysis was to choose an operating frequency capable
of transmitting data 150m through a reinforced concrete wall while minimising required transmission power.
The subsystem will also be able to transmit the data in a timely manner with sufficient quality. To satisfy the
design goals, a two-step process was used that first determines the minimum system specifications followed by

21URL:https://learningnetwork.cisco.com/thread/11207
22URL:http://cs-exhibitions.uni-klu.ac.at/index.php?id=263

https://learningnetwork.cisco.com/thread/11207
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a step that analyses the performance based on the system specifications of the chosen transmitter (Tx)/receiver
(Rx) module and configuration. The design process is schematised in Figure 6.5.

Figure 6.5: Two step optimisation of Communication subsystem

The most challenging aspect of estimating radio propagation was the UAV’s operation in built-up areas and
inside buildings; this adds a lot of complexity to the situation regarding the communication aspect. The
complexity is a result of the diffraction, refraction and reflection taking place as the signal moves through multiple
obstacles and reflects off surfaces. These physics are difficult to simulate so an appropriate program/model
was chosen and developed to simulate the signal. First a description of the communication link is provided
followed by an explanation of the path loss in more detail.

Link Description and Signal Power

The complete link, from leaving the antenna port on the transmitting communication module to entering the
equivalent port on the receiving end has been schematised in Figure 6.6

Figure 6.6: Communication link model showing gains and losses during transmission

The power at the receiving end, the signal power, (PRx)is modelled in decibels by equation 6.2

PRx[dB]=PTx−LTx,c+GTx,a−Lpath+GRx,a−LRx,c (6.2)

The transmitting power is PTx with the L and G representing losses and gains respectively for cables (c) and
antennae (a). The Lpath represents the power loss resulting from wireless propagation loss.

Wireless Signal Propagation Path Loss (Lpath) Model

When modelling signal propagation, the signal power always reduces as a result of physical phenomena [43],
the main contributors include;

Attenuation: Power loss due to propagation through different media.

Free space (path) loss: Dispersion of the signal with increasing distance from the Tx.

Multi-path: A result of reflection, diffraction and scattering of the signal resulting in the signal reaching the
receiving antenna from two or more paths.

Fading: Multi-path resulting in a time varying signal power and phase causing destructive interference.

Noise: Natural disturbances and thermal noise from the different media modelled as Band-limited White
Noise; noise that is limited to the bandwidth of the transmitted signal.

For modelling the signal propagation for free space path loss, several well-known models were considered from
which a selection was made that best fit the situation for the designed system [44].
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Simplified Friis equation model is an unobstructed Line-of-Sight (LOS) model based on the power law
whereby the signal power decreases with the range squared. [43].

Ray Tracing represents signal wavefronts as particles and uses the physics of electromagnetic radiation
to model the reflection and possibly also the diffraction and refraction of the signal. This model is
more accurate that the Friis equation as it is a more fundamental model, however, it requires significant
computational power to model.

Two path Model is similar to the Friis model, however in addition to the LOS path, a path with one
reflection between the Tx and Rx is also considered. However, this model is generally not accurate for
built-up or indoor areas [43].

Empirical Models simplify the problem to equations applicable to specific environmental conditions. These
models usually build upon the models above or presents very specific solutions with limited applicability.

A decision was made to use the simplified Friis equation that have been adapted for indoor and built-up area
propagation based on empirical models of indoor propagation. Ray tracing was ruled out as it is a computationally
expensive and time-consuming model that would take considerable time to program and verify. The two-path
model was not chosen as it would not be applicable for the operational conditions considered (indoor flight).

The equation modelling the path loss Lpath with distance rpath between Tx and Rx is given by equation 6.3
and is known as the Log-Distance model [45].

Lpath(rpath)=Lpath(rpath,0)+10·log10

(
rpath
rpath,0

)n
+β ·rpath+

M∑
i=0

WAFi (6.3)

Here rpath,0 is a reference distance which is normally taken at 1m [45]. The path loss is represented by
exponent n which is normally 2 for free space, but is different depending on the operational environment of
the communication subsystem. The WAF is the wall attenuation factor in dB and summed for transmission
through M walls. For this subsystem, transmission through one reinforced concrete wall is considered as
explained in Section 6.4.3. Atmospheric attenuation is included by β which is the specific attenuation of the
atmosphere in dB/m as shown in Figure 6.3a. The term Lpath(rpath,0) is the free space loss at distance rpath,0,
given by equation 6.4 where λlink is the signal wavelength in meters.

Lpath(rpath,0)=Lfsl=10·log10

(
4πrpath,0
λlink

)2

(6.4)

The choice of the path-loss exponent n depended highly on the environmental situation. As mentioned, the UAV
will operate in built-up outdoor and indoor areas hence obstacles and their effect on the signal propagation adds
a lot of complexity to predicting the received signal power. The Ray Tracing model could account for most of
these factors, however, results will vary greatly with different obstacle configurations, so many computationally
intensive simulations would have to be carried out to get accurate results. The simple Log-Distance model (or
sometimes referred to as Median Path Loss model) uses empirical results to set a value for the path-loss exponent
n, this value is computed from extensive tests conducted in different categories of environments and measuring
the signal losses [25][43][46]. Table 6.12 summarises the path-loss exponents for different environments.

Table 6.12: Path loss exponent n for different operational environments [43]

Environment n
Free-Space 2
Flat Rural 3
Rolling Rural 3.5
Suburban, Low rise 4
Dense Urban, Skyscrapers 5

Research conducted by Seidel on path loss prediction models for indoor communication showed that for the
four buildings he researched which included a grocery, retail and two office buildings, in general the path loss
exponent n was 3.14 [45]. Given the buildings on which the research was conducted closely reflect the building
types the UAV will enter, and as the value n corresponded well with the statistical values from Table 6.12,
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calculation for the UAV’s communication subsystem design were performed using this value. Noteworthy is that
Seidel mentions a large uncertainty in the received power which is modelled as a log-normal distribution with
a standard deviation of 16.3dB in received power for all transmission ranges (1 to 100m) tested. Therefore, the
theory is only good for a first-order prediction and tests will be necessary to verify and validate the subsystem
design under operational conditions.

Noise Power and Signal-to-Noise Ratio

Using the equations previously presented, the signal power for the Rx can be computed. In addition to signal
power, there is received noise with specific power which is modelled as band-limited white noise (BLWN) [47].
BLWN has a constant noise intensity N0 [W/Hz] across the bandwidth B of the signal. The ratio of signal
power PRx to noise power N (SNR) is an important factor for detection of data from a modulated signal and
the minimum SNR mostly depends on the modulation method used to modulate the signal as mentioned in
Section 6.4.4. BLWN power is calculation with equation 6.5 where Tsys is the system noise temperature which
has a typical value of 290K for analysis [23] and kB is the Boltzmann constant.

N=N0B=kBTsysB (6.5)

The SNR per bit denoted by Eb/N0 is computed by equation 6.6 where Eb is the received power per bit of
data and N0 is the noise power per bit. BR is the bitrate of the data transmission in bits/s.

SNR=
Eb
N0

=
PRx

BR·N0
(6.6)

Receiver Sensitivity and Link Margin

Once the received power and SNR is calculated, the performance of the communication link can be defined.
Every Rx has a Rx sensitivity (sRx) which is the minimum PRx required to be able to decode and detect the
data signal. The link margin LM given by equation 6.7 is the surplus received signal power; a surplus allows
for fluctuating and unforeseen link attenuating factors that could reduce the received power and also helps
in maintaining a safety margin by design.

LM=PRx−sRx (6.7)

The primary reason for unforeseen attenuation is Fading from Multi-path as previously described. Fading can
significantly reduce PTx so it is important to take it into consideration and always have some link margin [48].

Design Step 1: Determining minimum transmitter power and limiting design space

Based on the theory presented, the minimum system specification was computed to define the Rx sensitivity
(sRx and associated minimum Tx power (PTx)). The estimated 850kbps data downlink rate from the UAV drove
the communication subsystem design as explained in Subsection 6.4.2. The upper and lower design boundaries
when choosing modulation type and omni-directional antennae are defined by assuming two communication
setups with BER of 10−4 and data rate of 850kbps.

1. Worst case: OFSK modulation - highest minimum SNR for detection 11.5dB (see Figure 6.4) and
bandwidth equal to twice the data bitrate (see Table 6.11). Antennae assumed isotropic, no gain.

2. Best case: QPSK modulation - lowest minimum SNR for detection 8.2dB (see Figure 6.4) and bandwidth
equal to the data bitrate (see Table 6.11). Antennae assumed simple 3dBi gain 23.

A calculation for the minimum Tx power (no Link Margin) for the ‘best case’ at 868MHz is done which is
repeated, but not fully described here, for the ‘worst case’. Note that the Equations 6.2 to 6.7 take PTx as
input to solve for PRx, the equations are reversed so that the minimum PTx is calculated using the minimum
PRx to detect the signal. This method is based on a method outlined in [23].

23URL:https://www.ncjrs.gov/pdffiles1/nij/185030b.pdf

https://www.ncjrs.gov/pdffiles1/nij/185030b.pdf
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First the Noise Power N is computed based on the baseband null-to-null bandwidth B which is equal to the
magnitude of the bitrate (850kbps), hence 850Hz [23] 24.

N=kBTsysB=1.38·10−23 ·290·8.5·105=3.40·10−15W=−114.7dBm

The Rx noise floor is the thermal white noise N plus a Noise Figure (NF) as a result of noise introduced by
the Rx; typical value is 10dB 25.

Rx Noise Floor=N+NF=−114.7+10=−104.7dBm

The Eb/N0 for QPSK modulation is 8.2dB (6.6) as seen in Figure 6.4 which is associated with a total SNR.

SNR=(Eb/N0)·(BR/B)=6.6·1=6.6≡8.2dB

The minimum Rx power / Rx sensitivity is then computed which is the power to be received such that the
signal can just be successfully demodulated and the data can be read.

PRx=sRx=Rx Noise Floor+SNR=−104.7+8.2=−96.5dBm

The path loss is computed for the 868MHz wave at 0.345m wavelength for a range of 150m (as per specification)
using the specific atmospheric attentuation of 4.99·10−6dB/m and reinforced concrete wall attenuation 26.18dB.

Lpath=20·log10

(
4π

λlink

)
+10·log10(rpath)

3.14
+β·rpath+

N∑
i=0

WAFi

=20·log10

(
4π

0.345

)
+10·log10(150)

3.14
+4.99·10−6·150+26.18=125.7dB

The minimum Tx power is then computed by rearranging equation 6.2.

PTx=PRx+LRx,c−GRx,a+Lpath−GTx,a+LTx,c=−96.5dBm+0dB−3dBi+125.7dB−3dBi+0dB=23.2dBm

Power is measured in dBm where 23.3dBm is equal to 209mW . The terms can be added as dBm represent
power while the dB and dBi represent gains and losses [23]. This calculation is done over a range of transmission
frequencies. Figure 6.7 shows how the minimum Tx power changes with transmission frequency.
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Figure 6.7: Minimum Tx power with varying transmission frequency at 850kbps, 10−4 BER and 150m range
through reinforced concrete wall

The Tx power roughly grows exponentially with frequency, hence it is better to transmit at lower frequencies
to minimise power requirements. The growth in power required is a result of increasing loss due to free space,
and increasing wall and atmospheric attenuation at higher frequencies as previously discussed. The drawback of
lower frequencies is that the bandwidth available is usually more limited, hence achievable data rates are lower.
Most regulations limit transmission powers to a maximum of 30dBm (1W) for safety and health reasons [23],
hence from Figure 6.7 it becomes apparent that only the Sub-1 GHz band is a viable option in the design space.

24URL:http://jugandi.com/ebooks/Wireless/05%20Phase%20Modulation.htm
25URL:http://www.eetimes.com/document.asp?doc_id=1272302
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As previously discussed in Section 6.4.3 there are limited frequency bands available for unlicensed use and,
therefore, two contenders stand out for the operational frequency. The 863-870 and 902-928MHz bands are both
viable options as they are two bands for which manufacturers produce transceiver modules and are unlicensed
in many parts of the world. Modules typically have the option to operate at 868 and/or 908MHz within
these bands and will need a minimum PTx range, from the worst to the best case, for the 868 and 908 MHz
frequencies of 23.2-26.5dBm and 24.0-27.3dBm respectively (all less than 550mW). Taking the best case, which
is still conservative as better antennae with higher than 3dBi gain exist, and as QPSK is widely used in many
modules, a sensitivity analysis was performed to see how PTx would be affected by changing individually the
maximum range and data bit-rate.

(a) Varying Range (b) Varying Bitrate

Figure 6.8: Minimum Tx Power sensitivity to changes in bitrate and range for 868 and 908MHz

From Figure 6.8 it is clear that the minimum Tx power varies exponentially with range and bit-rate. Given
that Tx power is limited to 30dBm for safety, Table 6.13 summarises the maximum range and bit rate for the
chosen frequencies.

Table 6.13: Maximum operational performance for 868 and 908MHz frequencies

Frequency [MHz] Min. Tx Power [dBm] Max. Range [m] Max. Bitrate [kbps] Max. Bandwidth [MHz]
868 23.2 240 2000 2.0
908 24.0 230 1700 1.7

6.4.7 Component selection process

Once the optimal system properties were found, a search for components to fulfil the task begins. During this
process also components commonly used in FPV flying were investigated, even though these components might
not fulfil any or all requirements. This is done to gain a good understanding of state-of-the-art systems, and
to identify major design differences which might pose a challenge to fulfil.
The communications subsystem consists of a part on the UAV and a part on the GCS. These parts both
need multiple components to establish a communication stream. Since this design is only limited to the
communications subsystem, the components necessary are limited to a transceiver system and an accompanying
antenna. Any peripherals needed to establish a link between the OBC and the communications subsystem,
including components for video compression and signal modulation, fall within the scope of the OBC design.

Transmitter and receiver

Both the UAV and ground station must be able to transmit and receive signals. Therefore, they both need
a transmitter and receiver, or a combination: a transceiver. The latter offers the convenience of combining
two systems on one board, decreasing the total subsystem size.
To find existing transmitters, receivers and transceivers, a search was performed using various sources including
the Internet where shops dedicated to model aircraft flying offered many off-the-shelf communication systems26

26URL:http://www.readymaderc.com/store/

http://www.readymaderc.com/store/
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27 28 29. Another good source of possible boards were datasheets from component manufacturers (such as
Freakduino [49], Texas Instruments [50], Adaptive Network Solutions [51] and LSR[52]. During this search,
a decision was made to consider experimental, commercially available components in the final trade-off as well,
as long as the experimental results are reliable and the design has potential to get FCC/EASA approval.

Table 6.14: Feasible communication transceiver modules with data-sheet information

Transceiver Manufacturer Power rating Tx
Power [dBm]

Rx
Sensitivity [dBm] Bitrate [kbps] Module dimension Mass [g] Frequency

Freakduino v2.1a Freaklabs 5V 27 1000 6.70 x 7.95cm Both 868/900MHz
SiFLEX02-R2 LSR 3.6V 300mA 24 -110 1000 2.29 x 4.14cm 10 868 or 900MHz
SiFLEX02-R2-HP LSR 3.6V 300mA 29 -110 1000 2.29 x 4.14cm 10 868 or 900MHz
DNT900 muRata 30 500 52.07 x 34.54 x 7.24 mm 900MHz
n920 Microhard 30 -100 1200 2 x 1..25 x 0.25in 18 900MHz
@ANY900-2 RF ANS 3.6V 26mA 10 -110 1000 40 x 13.5 x 2 mm 2 Both 868/900MHz
NT Series Linx Technologies 5.5V 40mA 12.5 -113 300 0.630 x 1.150 x 0.131in 868 or 900Mhz
AW900MSPI AvaLAN 0.75W 21 -97 1540 7.5 x 51 x 7 mm 900 Mhz
STEVAL-IKR001V8D ST 27 -123 500 868Mhz
FL-AT86RF212-CC1190 Freaklabs 27 1000 Both 868/900MHz
Zulu 2km Radio RF solutions 20 56 868 or 900Mhz
Zulu M RF solutions 13 56 868 or 900Mhz
Ubiquiti SR9 Ubiquiti 3.3V 800mA 23 -70 54000 900MHz
Xbee-Pro 900HP digi 3.6V 229mA 24 -101 200 900Mhz
SX1276 Lora module 14dB Semtech 3.7 120mA 14 -139 300 27.3 x 24.51mm Both 868/900MHz
SX1276 Lora module Semtech 3.7 120mA 20 -139 300 27.3 x 24.51mm Both 868/900MHz

Once sufficient information on components was collected, a trade-off was performed on the components outlined
in Table 6.14. This lead to a small selection of possible boards, from which the final design component can
be selected. From the trade-off, the SiFLEX02-R2-HP module was identified to be the most suitable module
as it is versatile and met all minimum specification requirements presented in Table 6.13. No iterations were
performed as the module was sufficient for the specified data budget. The other transceiver options either did
not meet the minimum specifications or were limited to only the 900MHz operations (which is not allowed
for unlicensed use in The Netherlands).

The SiFLEX02-R2-HP is a dual antennae transceiver module enabling half-duplex serial communication. It has
a built-in Low Noise Amplifier that allows it to operate at low Rx sensitivities, and a Tx amplifier allowing it to
transmit at up to 29dBm [52]. The module’s chip supports Antenna Diversity allowing it to use both antennae for
transmitting or receiving (the module can be customised to enable this feature). The built-in switch allows one
of two antennae to be used for Tx and allows both to used for Rx (refer to data-sheet for more information [52]).
The chipset supports both European (868Mhz) and American (900MHz) bands and the vendor can deliver the
module in either configuration when customised. Subsection 6.4.8 will present more technical data of this module.

Antenna

To select the optimal antenna for this design, an overview of possible antennae had to be established first. From
a literature study30, the following antennae were taken into consideration

• Short Dipole

• Dipole

• Half-wave Dipole

• Monopole

• Loop

• Patch

• Helical

• Parabolic reflector

• Yagi-Uda

• Horn

Due to size restrictions, the Yagi-Uda, Horn, Parabolic, Helical and Loop antennae are not considered for the
UAV. However, they might turn out to be a good fit for the ground control station.
Where the dipole and monopole antennae are omnidirectional, the patch antenna offers directional signal
transmission. This is convenient since directional antennae offer higher gain. However, it does mean the antenna
has to be pointed roughly in the direction of the ground control station at all times. The mechanism needed
to turn the antenna in the right direction will add complexity and weight to the UAV.

27URL:http://www.fpvflying.com/categories/FPV-UAV-RC-modelplanes/
28URL:http://www.getfpv.com/
29URL:http://www.hobbyking.com/hobbyking/store/index.asp
30URL:http://www.antenna-theory.com/antennas/main.php

http://www.fpvflying.com/categories/FPV-UAV-RC-modelplanes/
http://www.getfpv.com/
http://www.hobbyking.com/hobbyking/store/index.asp
http://www.antenna-theory.com/antennas/main.php
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For the UAV, the antenna choice was heavily restricted by size and weight constraints, and simplicity in
both operation and replacement was an important contributing factor. For these reasons, the final deci-
sion was made for a quarter-wavelength monopole antenna known as Random Wire Antenna or Long-wire
antenna 31 . It offers sufficient gain for the smallest size and lowest weight when compared to other op-
tions. Since the antenna will be on the outside, it is very susceptible to collisions. Having a flexible an-
tenna model would be very beneficial for this reason. The options are then restricted to having a wire
for an antenna or a whip antenna. A wire offers good performance for low weight, where a whip an-
tenna offers a minor increase in performance for a slightly higher weight. Since weight is an important
factor for this design, the wire antenna is the better choice. The optimal length for this wire is a quar-
ter of the signal wavelength[53], which is 86.4mm for the 868MHz frequency. Antenna gain for Random
Wire Antenna is difficult to predict and model so for the analysis it is assumed to be similar to a quarter-
wavelength monopole which has a gain of around 5.2dBi [54]. For redundancy, multiple antennae can be
placed on the UAV, between which the system can switch according to optimal signal strength. With
only one antenna, the situation of the UAV being in the transmission path will occur multiple times dur-
ing the mission: by placing two antennae with on either side of the UAV, this will not occur since the
system can switch to the unobstructed antenna when necessary. A clarifying depiction of the antenna
placement is shown in Figure 6.9. The red bars indicate the antenna placement on both sides of the UAV
and give an indication of the antenna length compared to the hull size. The antennae will be placed
on a slightly curved surface, which increases the width of the radiation pattern in the horizontal direc-
tion.

Figure 6.9: Random Wire Antennae placement on downward slanted edge of UAV

During the mission, the UAV will always be higher than the GCS, therefore, a signal aimed downward at
a slight angle is suitable resulting in the antenna placement on the downward slanted edge. The radiation
pattern of a quarter wavelength monopole antenna is depicted in Figure 6.10. The middle figure shows the
radiation pattern in the XY-plane, which corresponds to the side-view image in Figure 6.9. The only concern
is possible blind spots left and right to the UAV (when seen from Top-down view); to correct for that the
two antennae can be placed perpendicular to each other on the bottom edge of the UAV. The perpendicular
placement will allow coverage towards the front, back, left and right of the UAV. Another option may be to
vertically place antennae to allow for better coverage towards the sides, however, blind spots directly below the
UAV are a problem. Tests with different antennae placement is recommended to determine the best antennae
positioning. The goal would be to minimise blind spots in the regions where the GCS would be positioned,
hence, a semi-spherical isotropic coverage down from the UAV would lead to the best coverage.

Figure 6.10: The radiation pattern of a quater-wave monopole antenna

Keeping in mind that weight, cost and complexity are important factors, a decision was made to implement two
omnidirectional 1.25 wavelength dipole antennae on the ground control station for receiving communications,
of which one switches between transmitting and receiving. These antennae have a high gain of 5.2dBi [55].
Since power is less of an issue on the GCS, higher signal amplification can be applied to increase performance.

31URL:http://udel.edu/~mm/ham/randomWire/

http://udel.edu/~mm/ham/randomWire/
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Making the antennae foldable or telescopic will aid in deployability of the GCS. More information on this can
be found in Section 6.7.

6.4.8 Performance Analysis and Data Sequencing

The SiFLEX02-R2-HP module will be operated in the settings summarised below [52][56]:

• Frequency: 868 or 908MHz (Vendor customisable module)

• Transmission Data rate (BR) and modulation: 1Mbps, proprietary OQPSK based with Direct
Sequence Spread Spectrum spreading. Bandwidth (B) is equal to BR. For 10−4 BER, the minimum SNR
per bit (Eb/N0) is 8.2dB.

• Host Data rate: 921.6Baud equivalent to 921.6kbps

• Tx Power PTx: Approximately 29dBm (750mW)

• Rx Sensitivity sRx: -95dBm

• UAV Tx/Rx Antennae Gain GTx,Rx,a: 5.2dBi

• GCS Tx/Rx Antennae Gain GTx,Rx,a: 5.2dBi

Design Step 2: Subsystem performance analysis

Based on the configuration and inputs presented in Section 6.4.8, equation 6.2 is used to calculate the PRx and
equation 6.6 to calculate Eb/N0 which given indication of the module’s performance. The losses in the cables are
negligible given that the wiring distances in the UAV are small. The minimum Eb/N0 (Minimum SNR per bit)
at the receiver must be 8.2dB for the signal to be detectable. Given that 1Mbps is sufficient for the required data
transmission, the most important performance measure is the maximum achievable range through a reinforced
concrete wall, this is shown in Figure 6.11. The SNR of the link over the range, as in Figure 6.11a, is calculated
by equation 6.2. The terms in equation 6.2 are calculated with equations 6.3 to 6.6 for both the 868 and 908MHz.
The terms for these equation are presented in the configuration list at the beginning of Section 6.4.8. Figure 6.11b
is produced by the same procedure as presented in Section 6.4.6, Design Step 1, using the SiFLEX’s configuration
presented before. This computation of the minimum PTx is done for both the 868 and 908MHz frequency.

(a) SNR per bit (Eb/N0) of Rx for given range with
minimum value indicated (b) Minimum PTx for given transmission range

Figure 6.11: SiFLEX02-R2-HP range and sensitivity to PTx for communication through reinforced concrete
wall with 5.2dBi gain Tx and Rx antennae

From Figure 6.11a, for the current configuration, the maximum achievable range using 868MHz is 278.3m and
908MHz is 263.2m. At this range, there is no link margin so the signal is susceptible to loss. Other performance
characteristics are given in Table 6.15. The signal should, therefore, be detectable with the given link margin
and should the UAV go beyond the 150m limit, the signal should still be detected.
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Table 6.15: SiFLEX02-R2-HP performance analysis summary

Frequency [Hz] Max.
Range [m]

Max. Range
(free space) [m]

Min. PTx
150m range [W]

Link margin
at 150m range [dBm]

868 278.3 1896 19.6 9.4
908 263.2 1843 20.3 8.7

Data Timing for Transmission

The initial data rate analysis in Subsection 6.4.2 showed that the maximum directional data rate would be
850kbps from the UAV to the GCS. Given that the SiFLEX02-R2-HP operates at 1Mbps directional and
adopts half-duplex communication (bidirectional asynchronous serial), timing has to be allocated to make sure
the UAV and GCS are in the correct mode (Tx or Rx) at the right time. From Subsection 6.4.2 the rate of
switching between Tx and Rx mode is every 0.1s to facilitate the 10Hz data update requirement. The remaining
majority of the time the UAV will send data to GCS to achieve a live video stream, however, this will be
disrupted every 0.1s for the GCS to send data to the UAV. The time it takes for the GCS to send data to
the UAV should, therefore, be minimal so that the video feed is not visibly broken every 0.1s.

Provided the data rates for video and control/housekeeping data, an estimate is made for data timing. Assuming
the GCS to UAV data is time critical, the timing is designed to meet its requirements first. Table 6.16 shows
the data rates and allocated Tx time with the maximum possible data transfer within the Tx time. This data
timing sequence repeats every 100ms indefinitely until the communication link is broken.

Table 6.16: Data timing for 100ms transmission between GCS and UAV and maximum supported data

Data Direction Data with Framing [bit] Tx time [ms] Max. Tx Data in 10ms [bits] Margin on Tx Data [bits]
GCS to UAV 187 0.19 187 0
UAV to GCS 90851 99.81 99813 8962

The table shows that even with the current data load, there are 8962bits of unused bandwidth per 10ms
which can be used in case data has to be resent or additional data has to be sent. The communication data
cycle scheme is designed such that if erroneous data is sent by the GCS to UAV, then when the UAV starts
communicating to the GCS it sends a reply flagging the event or sends an ’ok’ message. Then the UAV
continuously sends to the GCS with no reply from the GCS until the cycle completes after 100ms and transceiver
modes switches. When erroneous data is sent by the GCS to the UAV, the UAV will maintain the previous
control input and wait till the next input after a full 100ms cycle. Upon loss of connection, the UAV enters
its ’hold’ mode. The Tx time for the GCS to UAV communication is negligible with respect to data delay of
the UAV to GCS transmission hence there will be no observable delay in the video stream. The data rates
were also checked against the host data rate and the module is capable of transferring the data.

Considering the complete performance analysis, the SiFLEX02-R2-HP module would be capable of meeting
the minimum requirements while maintaining a margin of safety on the design to allow for unforeseen changes
to data rates during production and testing.

6.5 Power

The power subsystem has the sole function to power all the other electronics on board of the UAV. The largest
power budget required comes from the propulsion group. The electric motors require a lot of power (more than
ninety percent) to keep the drone aloft and therefore drive the battery choice. The motors convert the electrical
energy from the battery in mechanical energy to drive the rotors. Between the motors and the batteries will
be the electronic speed controllers, that will receive control inputs from the on-board computer. The focus
of this design is not on the electronics, and because of that off-the-shelf components are used.

6.5.1 Mission requirements on power subsystem

From the overall mission requirements each subsystem gets its own set of requirements. For the power system
these specific requirements can be summarised very briefly. The power subsystem shall provide power to all other
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subsystems. The power subsystem shall be able to operate in the specified indoor and outdoor environmental con-
ditions. In general the batteries are some of the heaviest components so they should be as light as possible in order
to make the entire drone reach the 500 gram requirement. The batteries shall be easy to place and replace with
only five or less tools within one minute. The battery power level shall be measured and transmitted to the GCS.

6.5.2 Motors

The propulsion group has calculated a certain power that must be put into the system by the motors. The
maximum power that the motors must be capable of delivering is 49.0 watt per motor, at an RPM of 13500.
Based on these two requirements a matching motor is found. To ensure that all options are included a
spreadsheet is constructed to be used as a motor database. In this database the power ranges from 5 to 930
watt. The maximum RPM is calculated by multiplying the Kv value with the maximum voltage. Kv ranges
from 980 to 7000 RPM/V, while the maximum voltage ranges from 3.7 to 22.2 volt, with steps of 3.7 volt
(nominal output voltage for LiPo battery cells). Mass and dimensions are also included. 22 motors have been
included in this spreadsheet. If two motors are able to provide the same RPM and power output, mass is
the driving factor to choose one over the other. In this way the choice for the motors has come to the DYS
Quanum MT Series 1806. Its specifications are listed in Table 6.17

Table 6.17: DYS Quanum MT Series 1806 specifications32

Kv 2300 rpm/V Shaft diameter 2 mm
Weight 19 g Motor length 15 mm
Maximum Current 7.6 A Motor diameter 24 mm
Maximum Voltage 12 V Can Length 6 mm
Power 85 W Total Length 20 mm

6.5.3 Electronic Speed Controller

From the motor requirements and specs the electronic speed controllers (ESC) can be selected as well. The
driving criterion for the speed controllers is the current they can handle. To minimize the maximum current
the voltage in the system is chosen the highest the motors can handle, 11.1 volt. With the maximum power
of 49.0 watt this results in a current of 9.5 amps. By making a spreadsheet database for ESCs a choice can be
made. This spreadsheet includes the values on maximum continuous current that an ESC can withstand. These
range between 6 and 20 amps. Their operating voltage is between 7.4 and 22.2 volt. Masses and dimensions
are included as well. Some of the available ESCs have an integrated battery eliminator circuit (BEC). This
BEC can provide a steady voltage and current to other components than the motors. The BEC voltage is
5 volt if there is a BEC, the current from it ranges between 0.5 and 4 amps. Again mass is the most important
parameter for choosing between two similar ESCs. 27 ESCs have been compared. With this the choise of ESC
has lead to the Flycolor 15 Amp Multi-rotor ESC, see Table 6.18.

Table 6.18: Flycolor 15 Amp Multi-rotor ESC specifications33

Constant Current 15 A Length 48 mm
Maximum Burst Current 18 A Width 19 mm
Input Voltage 7.4 11.1 V, max 12.6 V Height 10 mm
BEC 5V - 2A Mass 12 g

6.5.4 Battery

Now the battery must be chosen. The process that is used to do that is described below. The final battery
choice is described with all its specifications in the end.

32URL:http://www.hobbyking.com/hobbyking/store/__66404__Quanum_MT_Series_1806_2300KV_Brushless_Multirotor_
Motor_Built_by_DYS.html

33URL:http://www.hobbyking.com/hobbyking/store/__58262__Flycolor_15_Amp_Multi_rotor_ESC_2_3S_with_BEC.html

http://www.hobbyking.com/hobbyking/store/__66404__Quanum_MT_Series_1806_2300KV_Brushless_Multirotor_Motor_Built_by_DYS.html
http://www.hobbyking.com/hobbyking/store/__66404__Quanum_MT_Series_1806_2300KV_Brushless_Multirotor_Motor_Built_by_DYS.html
http://www.hobbyking.com/hobbyking/store/__58262__Flycolor_15_Amp_Multi_rotor_ESC_2_3S_with_BEC.html
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Type of battery

The most commonly used types of batteries in small aerial vehicles are the NiCd, NiMH and LiPo types [57]. NiCd
are the most mature option of the three and are relatively inexpensive. They need to be fully discharged after use
or they will lose capacity drastically (cell memory), and they have a lower energy density than the other two. Due
to the cadmium part of this battery disposal can be troublesome. NiMH batteries have significantly higher capac-
ities than NiCd cells, while fitting in approximately the same size. They do not suffer from cell memory, so their
maintenance is much easier with respect to NiCd. LiPo batteries maintain a higher and more constant voltage
during their operational cycle, what results in much smaller and lighter batteries with the same capabilities. They
must be monitored during charging, as charging a bad cell or overcharging cells can cause fire hazards. More de-
tails about this are given below. For storage it is best to keep LiPo batteries at a cool (refrigerated, but not freezing
[58]) place with about half charge. However, because the IPD is designed to be used during emergencies this last
bit is not possible. This reduces capacity, but when the batteries are stored in a refrigerator this is only as much
as six percent per year. The cost of these off-the-shelf batteries is low, so if needed they can be easily replaced.

Method to find a suitable battery

Since off the shelf batteries are used in this design a large spreadsheet was made with the available options.
110 batteries are included, all with different parameters. Some are battery packs with two, three or four cells
connected in series, while the rest are single cell batteries. Their capacity ranges from 60 to 1800 mAh. The
smaller ones require over thirty packs to comply with the specifications, which makes them unfeasible to actually
implement. The nominal discharge rates vary between 10 and 65 C. A higher C rate means that the battery
can support higher currents for the same capacity, so as long as the systems current draw does not exceed the
battery specifications a low C rate does not have to be a limiting factor. The mass of single batteries is between
1.72 and 138 gram. The lighter ones also have the smaller capacities, so more of them are needed to comply with
the power demands of the system, which mostly results in heavier battery systems. The battery spreadsheet
can be used as follows. The payload and propulsion groups provide the power group with a minimum amount
of power that must be delivered in order to be fully functional. It is assumed that the payload operates at
full power throughout the entire mission. For the propulsion group a mission profile is outlined. This is a really
basic outline, consisting of a certain percentage of flight time with full power and flying at indoor manoeuvre
power for the rest of the time. From the full power requirement (combined with the RPM requirement) a motor
is selected. This poses a voltage limit for the power group. The voltage is chosen as close to that voltage limit
as possible to keep the currents small to prevent unnecessary heat production. This leads to an output voltage
of 11.1 V. As a result all battery packs consisting of 2 or 4 cells in series can be ignored, since multiples of these
will not yield 11.1 V. Single cell batteries of 3.7 V can be combined to become a 3 cell battery. A description
of how to do that is given below. In this way it is determined how many batteries are needed in series. If more
are needed, they are assumed to be one battery pack from this point on.

The maximum required current can be determined by dividing the maximum power by the output voltage.
The maximum current that the battery can provide can be calculated by multiplying the capacity with the
nominal discharge rate. The number of required batteries in parallel is calculated by dividing the required
current by the current one battery can provide and round that up to the nearest integer. This rounding leads
to some contingency in the final design.

The energy that needs to be stored in the batteries can be calculated from the mission profile as well. Adding
the maximum power times the total flight time at full power with the power at manoeuvre power times the total
time at manoeuvre power gives the total amount of watt-hour needed for the entire mission. The total energy
that a battery can provide can be calculated by multiplying its output voltage with its capacity. The battery is
discharged for eighty percent, discharging further can lead to serious battery damage and loss of capacity. Dividing
the required energy by the available energy and rounding up gives the number of batteries that must be linked
in parallel in order to provide enough power. Again, the rounding means there is some contingency introduced.
The additional energy stored in the battery can be used to extend the mission flight time if needed. Therefore
the maximum flight time is calculated as well. The required batteries in parallel due to the current and due
to the energy might differ. In this case the largest number is required, because both criteria cannot be violated.

With the number of cells in series and in parallel and the mass of each cell the total battery mass can be
calculated. Because of the dimensions of the circular hull it is not practical to have only one battery. This
is accounted for when the choice of battery was made. During each iteration the battery choice was revised
to make sure that the optimal solution was used.
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Example of the calculations

To illustrate the calculation described above an example is given here. This is not an optimised solution, but
it is used to illustrate the process. The mission profile is 600 seconds flight time of which 40 percent is flown at
full power. At full power 90 W is needed and at manoeuvre power 75 W is needed. The motors can handle 11.1
V, so that is what is designed for. The battery cell parameters used for this example are shown in Table 6.19.

Table 6.19: Battery parameters used for the example

Voltage Capacity Nominal Discharge Rate Mass
3.7 V 750 mAh 35 C 18 g

The number of batteries required in series is calculated as follows.

NS=
Ureq
Ubat

=
11.1

3.7
=3 (6.8)

From this point in the calculations the batteries are assumed to be in battery packs of three batteries connected
in series. Next, the number of these battery packs needed in parallel to handle the systems maximum current
is determined.

NPI =
Imax
Imax,bat

=
Pmax/Ureq
Q∗C

=
90/11.1

0.750∗35
=0.31 (6.9)

NPI must be rounded up to the nearest integer, so it becomes equal to 1. To check how many battery packs
are necessary in parallel to provide enough energy to fulfil the mission the total energy required is calculated.
The number of packs is then calculated by dividing the total required energy by the amount of energy in a
single pack (of three batteries in this case), while taking a maximum discharge of eighty percent into acount.

Ereq=Pfp∗tfp+Pmp∗tmp=90∗ 240

3600
+75∗ 360

3600
=13.5Wh (6.10)

NPE =
Ereq

NS∗Ubat∗Q
=

13.5

0.8∗3∗3.7∗0.750
=2.03 (6.11)

This result must be rounded up to the nearest integer, resulting in NPE being equal to 3. This is the more than
required to handle the maximum current, so this is the number to continue the calculations with. As can be
seen in equation 6.11, two battery packs are just not enough to provide enough energy to the system, resulting
in a large additional flight time. In this case it would be wise to try to use less power, or to shorten the mission
duration, so two battery packs in parallel are sufficient. The energy overshoot percentage is calculated as well.

tmax=
Ebat∗0.8
Pavg

=
NS∗Ubat∗NP ∗Q∗0.8

Pfp∗fpp+Pmp∗(1−fpp)
=

3∗3.7∗3∗0.750∗0.8
90∗0.4+75∗(1−0.4)

∗3600=888s (6.12)

As can be seen the mission duration can be extended almost for five minutes. Extending the mission even
longer leads to more than eighty percent discharge which can lead to serious battery damage. Finally the mass
of all batteries required is calculated.

mbat=NP ∗NS∗mbat,one=3∗3∗18=162g (6.13)

Battery pack assembly

To combine single cells into battery pack it is not enough to just wire them in series. This is because LiPo
batteries are very sensitive to overcharging and undercharging. A single cell should not drop below three volts,
but if three cells are wired in series and the total output is nine volts it might be the case that one of the three
cells is actually on a lower voltage than the minimum allowed three volts. This can result in a bad cell inside the
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pack that reduces the capacity of the entire pack. The same goes for charging. If the total pack is at its required
voltage it might be the case that one cell is at a higher voltage while the other two are lower. To ensure this
does not happen a balance plug needs to be wired into the battery pack. How this is done can be seen in Figure
6.12. This balance plug allows the charger to monitor the voltages of each cell and can correct deficiencies when
needed. This ensures that all cells are at the same voltage, which in turn can extend battery life.

Figure 6.12: Wiring in a three cell LiPo battery with a balancing plug

Final battery choice

The method described above has been applied on every iteration, and the best option was picked by sorting
the spreadsheet for mass. The lightest solution was not always considered the best, as they gave problems to
balance the drone because of the number of batteries required. The final choice is the Zippy Flightmax 800
mAh pack. This has three cells in series which gives 11.1 volts. Two of these packs are needed in parallel to
provide enough energy to ensure long enough flight time. An overview of this battery pack and its properties
are given in Table 6.20. This pack is already assembled with the wiring as described in the previous section.

Table 6.20: Zippy Flightmax specifications34

Capacity 800 mAh Mass 62 g
Output Voltage 11.1 V Length 56 mm
Nominal Discharge Rate 20 C Width 22 mm
Burst Discharge Rate 30 C Height 33 mm
Charge Rate 2 C How Many Required 2

6.6 Hardware Interface

Figure 6.13 provides an overview of the entire hardware architecture of the airborne segment of the UAV system
including interface types and electrical connections. This combines the payload, OBC, communication and
propulsion hardware incorporated in the design.

The solid lines indicate power supply, the dashed lines indicate data and control connections. For a more
detailed description and view of the data interfaces between all components, refer to Figure 8.1.

34URL: http://hobbyking.com/hobbyking/store/__41710__ZIPPY_Flightmax_800mAh_3S1P_20C_EU_Warehouse_.html

http://hobbyking.com/hobbyking/store/__41710__ZIPPY_Flightmax_800mAh_3S1P_20C_EU_Warehouse_.html
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Figure 6.13: Electronics diagram of the airborne segment of the UAV system

Two main elements can be defined. The NavStik flight controller combined with the IvyPro interface board
take care of the servo and ESC controls through the six PWM outputs on the IvyPro interface board. The
RC receiver port on the IvyPro is used to operate the high brightness, awareness and status LED’s through
PWM output. The six sonar sensors are connected to the IvyPro interface board through an I2C connection
which also provides the 3.3V input voltage.

The second module includes the Gumstix Overo Earthstorm COM and the corresponding Summit expansion
board. The Gumstix Overo Earthstorm COM is interfaced with the e-Cam camera by means of a 24 pin
OMAP ISP interface. The Flir Lepton thermal camera is connected through the Summit board as well with
an ISP interface. The transceiver module is connected to the Gumstix Overo by means of an SPI connection
through the Summit expansion board.

The two 3S (11.1V) batteries are connected in parallel to both electronic speed controllers. The voltage supplied
to the motors is regulated by the ESC’s, controlled over a PWM connection with the IvyPro interface board. The
ESC’s include a battery elimination circuit (BEC) to power the IvyPro and Navstik boards and the Gumstix mod-
ules. Through the BEC, the camera and SiFlex transceiver module are powered as well over a 3.3V connection.

The UAV can be switched on and off by means of a switch between the BEC output of the ESC and the
IvyPro interface board.
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Hardware wiring estimation

Figure 6.13 shows how hardware components interface with each other. An estimation of the wiring mass is per-
formed assuming solid copper cables, with 0.4mm thick PVC insulation 35, capable of carrying the maximum cur-
rent expected in the cable. Wire dimensions are defined according to the American Wire Guage (AWG) that clas-
sifies wires according to their diameter and associated maximum current capacity 36. For special wires that consist
of several sub-wires, such as the Universal Serial Bus (USB) and Inter-Integrated Circuit (I2C), each sub-wire was
considered as an individual wire. The hardware configuration is divided into nodes, which are the hardware com-
ponents itself, and connections between nodes that are divided into Nwire wires. The mass of all wires between
two nodes (mnode12) is calculated by equation 6.14 and then summed for all node pairs to compute the total mass.

mnode12=1.5·Nwire
(
|βnode2−βnode1|

2π

)
πDmidhull ·

π

4

(
(Dwire+0.08)

2
ρPVC+Dwire

2(ρcopper−ρPVC)
)

(6.14)

The equation computes the wire mass based on the arc length between two nodes (node 1 and 2) positioned
on the hull at βnode radians clockwise positive from the front (front defined as the position of the main camera
module). For a schematic of subsystem layout refer to Figure 12.17b. Dmidhull is the diameter at half the hull
thickness which is 0.108m. The wire’s diameter is denoted by Dwire and depends on the AWG classification
(type) chosen which is based on the current in the wire. The density of copper (ρcopper) is 8960kg/m3 37 and of
PVC is (ρPVC) 1450kg/m3 38. The principle behind equation 6.14 is to take the arc length between two nodes
and multiply that by the copper’s and PVC’s cross sectional areas with their associated densities; necessary
unit conversions to SI units are performed. A design factor of 1.5 on the wire arc length is taken to account for
non-perfectly arced wire placement and necessary extra wire that may be necessary when placing the hardware
in the UAV. For the connections to the motor and servo (at the UAV’s centre), the wire along the strut to the
centre is accounted for by adding the inner hull radius of 0.094m is to the length calculation. The dimensioning
of all wiring and subsystem location is given in Table 6.21.

Table 6.21: Wiring mass estimation based on wire current capacity and AWG classifications

Node 1 Node 2 Number of
wires

Current
capacity [A]

Node 1
position [deg]

Node 2
position [deg]

AWG
type

Diameter
[mm]

Length
[m]

Mass
wires [g]

Battery 1 ESC 1 2 9 -90 -135 21 0.72 0.127 1.69
Battery 1 ESC 2 2 9 270 135 21 0.72 0.382 3.56
Battery 2 ESC 1 2 9 90 225 21 0.72 0.382 3.56
Battery 2 ESC 2 2 9 90 135 21 0.72 0.127 1.69
ESC1 Motor 1 3 9 -135 -180 21 0.72 0.268 4.08
ESC2 Motor 2 3 9 135 180 21 0.72 0.268 4.08
IvyPro ESC 1 3 0.09 54 225 40 0.080 0.483 0.31
IvyPro ESC 2 3 0.09 54 135 40 0.080 0.229 0.28
IvyPro Servos 9 0.09 54 54 40 0.080 0.141 0.79
IvyPro LED HB 4x 2 0.86 54 0 30 0.25 0.153 0.46
IvyPro LED Blink Right 2 0.09 54 90 40 0.080 0.102 0.17
IvyPro LED Blink Left 2 0.09 54 -90 40 0.080 0.407 0.20
IvyPro LED Status 2x 4 0.09 54 180 40 0.080 0.356 0.40

IvyPro Sonar 2x Right
1x Top 4 0.09 54 180 40 0.080 0.356 0.39

IvyPro Sonar 2x Left
1x Bottom 4 0.09 54 -90 40 0.080 0.407 0.40

IvyPro/BEC Camera 2 0.17 54 0 37 0.11 0.153 0.22
IvyPro/BEC Transceiver 2 0.7 54 180 31 0.23 0.356 0.56
NavStik Main GPS 2 0.09 54 0 40 0.080 0.153 0.17
Gumstix Summit FLIR Lepton 4 0.09 -5 0 40 0.080 0.014 0.33
Gumstix Summit SiFLEX02 1 0.09 -5 -180 40 0.080 0.495 0.10
Gumstix Overo Camera 1 0.09 -5 0 40 0.080 0.014 0.08
SiFLEX02 Antenna 1 2 0.53 180 180 32 0.20 0.0 0.0
SiFLEX02 Antenna 2 2 0.53 180 0 32 0.20 0.509 0.57
NavStik Main Gumstix Summit 4 0.5 54 -5 32 0.20 0.167 0.74
Total 67 6.049 24.83

The total wiring mass is 24.83g with total wire length of 6.049m. Note that the Sonar sensors use a common bus
(wire) so only wire lengths to the furthermost two sensors are taken. The mass of connecting pins/connectors
is neglected in the calculations as estimates for those were not available. By using the 1.5 factor, the mass
of connectors would be accounted for.

35URL: http://www.markelcorporation.com/downloads/StrandingandWallThk.pdf
36URL: http://hyperphysics.phy-astr.gsu.edu/hbase/tables/wirega.html
37URL: http://www.rsc.org/periodic-table/element/29/copper
38URL: http://www.vinidex.com.au/technical/material-properties/pvc-properties/

http://www.markelcorporation.com/downloads/StrandingandWallThk.pdf
http://hyperphysics.phy-astr.gsu.edu/hbase/tables/wirega.html
http://www.rsc.org/periodic-table/element/29/copper
http://www.vinidex.com.au/technical/material-properties/pvc-properties/
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6.7 Ground Control Station

This section of the report offers information on the final Ground Control Station (GCS) design and the reasoning
behind it. To do this in a clear and concise way, the section is split up in three parts. The first to explain the
requirements imposed on the GCS, and the second to explain the chosen design. The last part explains the
chosen transportation container for the UAV and the GCS.

6.7.1 Requirements on GCS

There are not a lot of requirements relating directly to the GCS. Direct requirements include the total system
mass (2kg) and the readability of the display (readable under direct sunlight conditions). However, a lot of
requirements on the system impose requirements on the GCS; for instance, the communications range, the
ability to control the UAV through first-person view video as well as the video characteristics like resolution
and framerate, and the fact that the remaining energy level has to be displayed on the system. A detailed
discussion on the requirements and the extent to which they are met is given in Chapter 13.

6.7.2 GCS Design

An assessment of the necessary components of the Ground Control Station is made to gain a better overview of
what needs to be designed. These components are: audiovisual feedback system for the operator, control system
for the operator, a communications system, a data handling system and a power supply. These components
are discussed below with according chosen solution.

The first component is the audiovisual feedback system for the operator. This system must consist of a
combination of displays and speakers, and must be practical in use. Existing systems that were considered
are (amongst others) tablet computers, laptop computers and video glasses. One big difference between the
systems is the fact that video glasses can be used in any situation, whereas tablets and laptops either need
a stand or have to be held. This means the hands of the operator will not be free to give control inputs, unless
the controls are integrated with the device and can be operated while also carrying the device. This restricts
design options, while the use of video glasses offers the same performance without the restrictions. A downside
of using video glasses is that the operator can only see from the UAV’s perspective. To compensate for this,
a built-in camera on the video glasses can send a live feed to the display, enabling the operator to see what’s
in front of him while still controlling the UAV by using a screen-in-screen method (having a small part of the
monitor displaying a secondary feed). To account for the auditive part, the glasses must be outfitted with
earphones. This is a standard feature of most video glasses, and is therefore not difficult to find.

The second component is the control system for the operator. Many different controllers exist in different shapes
and sizes, all with their own application. Three standard controller layouts were considered in this selection
process: a regular RC controller, a joystick, and a gamepad. The joystick is a common control device for aircraft,
and offers intuitive attitude control. However, it would have to be placed on a stable surface from which it can
be comfortably controlled. This means a table or other raised surface must be available at all times, and this
is impractical. The RC controller and a gamepad remain. Keeping complexity in mind, the RC controller, with
its cascade of options and settings, was deemed too complicated for regular use. Gamepads on the other hand
are specifically designed to be as simple and ergonomically comfortable as possible, and offer high software
flexibility to be able to interface with almost all computer driven systems. For this reason, gamepads are not
uncommon in for example military control applications3940. Therefore, a gamepad was chosen as a control
input system. The most common gamepads with the highest level of technological and ergonomic advancement
are those developed and made by Microsoft and Sony, which differ mostly in button placement and controller
shape. Since controller preference is user-dependant, the choice of controller is left to the operator.

The third component is the communications system. The features of the communications system of the ground
station are heavily restricted and mostly predetermined by the properties of the communications system on
board the UAV. To reduce GCS design complexity, a decision was made to use the same transceiver module
on the ground control station, with two omnidirectional dipole antennas. One will be switching between receive

39URL:http://www.dailymail.co.uk/sciencetech/article-3082276/War-games-Russia-reveals-latest-tank-controlled-
PLAYSTATION-controller.html

40URL:http://www.army-technology.com/projects/xm1216-small-unmanned-ground-vehicle-sugv/

http://www.dailymail.co.uk/sciencetech/article-3082276/War-games-Russia-reveals-latest-tank-controlled-PLAYSTATION-controller.html
http://www.dailymail.co.uk/sciencetech/article-3082276/War-games-Russia-reveals-latest-tank-controlled-PLAYSTATION-controller.html
http://www.army-technology.com/projects/xm1216-small-unmanned-ground-vehicle-sugv/
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and send mode, the other is fixed in receive mode. Which antenna is switching between Tx/Rx-mode depends
on which antenna receives the best signal.

The fourth component, a data handling system, is responsible for taking control inputs and translating these into
signals to be sent by the communications subsystem, and for taking the signals from the UAV and converting
this into data to be sent to the audiovisual system. Basically, any system with sufficient computing power will
suffice, and for this reason the choice was made to use a tablet computer for this purpose. It adds the advantage
of having another screen on which information can be displayed in addition to the video glasses, so that
non-operators can still see what’s happening. It is also small and lightweight, so it’s ideal for carrying around.
An important point to keep in mind is to select a tablet with a sufficient amount of communication ports.
For the choice of tablet, an analysis of current state-of-the-art technology must be performed. Since computer
technology is advancing constantly, this selection is best to be performed once software demands are known.

6.7.3 Transportation container

The GCS and UAV will have to be transported to the mission area prior to deployment. This indicates a need
for a container to hold one or both of these items. Having the UAV and GCS in the same container would be
very convenient, although this does pose a challenge in terms of available space. A conversation with a fireman
granted a few pointers as to which methods of transportation would be convenient for the GCS. Emphasis was
placed on accessibility and deployability of the container in which the GCS and UAV would be held. A fireman
wearing gloves should be able to transport the GCS and UAV to the location of interest along with his other
gear. Also, the container should offer a simple layout. This speeds up the deployment process by decreasing
the time it would take to look for certain components. The container should be sturdy and easily stackable
to fit on the fire truck, and lightweight so it doesn’t encumber the firefighter. As an example, the standard
fireman cloth medic pouch was discussed. With a standard layout, the sought-after item can be located with
ease in situations where fast handling is necessary. Its small size makes it very portable and integrable into
the standard fireman kit. A downside is having to open many lids and covers before the item can be taken
out, and some of these pockets are difficult to handle while wearing glove due to the small size. A solution
to this would be having rigid compartments instead of the soft cloth pockets, but that would reduce mobility.

Figure 6.14: Sketch of the ground control station

The most commonly used containers in everyday life are backpacks, suitcases and trolleys. The differences
between the three groups lie in rigidity and carrying mechanism, all with their own benefits and drawbacks.
A combination of the three would offer a choice to the person carrying it and therefore be adaptable to every
situation; the trolley wheels reduce the effort to carry the container so that the operator can take more other
items with him. When the ground is not suitable for wheels, the container can be carried by hand or on the
back, depending on whether the back is occupied by other gear. Since a simple and unchanging layout is
considered beneficial, the UAV and GCS will have to be held in place by some means. This sparked the idea
of having a compartmentalized rigid case, featuring straps to hold the different deployables in their place.

A sketch of this idea is shown in Figure 6.14. This design also offers the possibility of partially integrating
the GCS into the case, such as the power source, antennae, wiring and spare parts. This reduces deployment
complexity and duration, and therefore saves time. The rectangular shape of the case makes it easily stackable,
and together with the straps also protects the contents during transit. To guarantee sturdiness and durability
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of the case while still being lightweight, it will be made out of hard plastic. This also makes it waterproof, and
keeps the weight to a minimum.

This chapter discussed the selection of payload and on board computing hardware, together with the deter-
mination of the link budget and corresponding hardware. The required battery properties based on the power
budget are determined as well on which the choice of batteries is based accordingly.
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7 | Subsystem Design: Structures

The structure subsystem houses, protects and joins the different subsystems of the UAV so that they can
operate together in order to perform the UAV’s mission. This relation with the rest of the subsystems imposes
constraints on the structure regarding size and load bearing capabilities. For example, the structure houses the
payload, therefore a constraint on the minimum structure dimensions is given by the dimensions of the payload.

The structure also needs to fulfill certain requirements in order for the UAV to perform its mission successfully.
As an example, one of the most important requirements for the structure is that it must allow the drone to
endure collisions with its surroundings.

The structure of the Inspection Pocket Drone consists of two main parts. The first one is the hull. This part
of the structure houses and protects the payload, OBC, Communications and Power subsystems. The hull
surrounds and protects the propellers as well. Moreover its inner side acts as a duct, increasing the efficiency
of the propulsion subsystem. The second part of the structure consists of three struts that connect the hull
to the propellers in the middle of the duct.

Given the constraints of the different subsystems a geometry for the structure was outlined. This is presented
in Figure 7.1. It is important to note that the hull geometry of the first design iterations was different, but
it will not be discussed here since it is not related to the final design.

Figure 7.1: Geometry of the hull cross section (left) and the strut’s cross section (right)

The geometry of the inner side of the hull was given by constraints from the propulsion subsystem. In addition,
the hull needed to have a closed cross section in order to protect the payload. For the sake of simplifying the
design and the stress calculations, the outer side of the cross-section was mirrored from the inner side and the
bottom was mirrored from the top. For the strut cross section, it was considered to use airfoil shaped beams
or circular beams. The interference was low in both cases, and even though the flow interference was lower
with the airfoil cross section, the circular cross section was chosen in order to simplify the stress calculations.
It is important to note that only the geometry of the structure was fixed, but the dimensions varied in different
designs and iterations, to adapt the structure to the payload and the loads present.

7.1 Sizing for Loads

Since the geometry of the structure was set, the only decisions made during the design concerned the dimensions.
The design of the hull and of the struts was performed separately. Subsections 7.1.1 and 7.1.2 present the
design process of the hull and the struts respectively.

7.1.1 Hull structure design

The hull consists of 8 elements shown in Figure 7.2. Due to symmetry, the dimensions that define the hull
structure, as shown in Figure 7.2, are the constant thickness of the cross section and 3 size dimensions, leaving
a total of 6 variables: d1, d2, d3 and t.
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Figure 7.2: Hull cross section elements and dimensions

In every design, the minimum size dimensions required were chosen, in order to reduce the structural weight
as much as possible. The size dimensions used in iteration 11 of the design are presented in Table 7.1. Then
a value was chosen for the thickness and it was checked whether the structure was strong enough to cope with
the applied loads without experiencing damage. If the structure was strong enough, the thickness was reduced.
If the structure was not strong enough the thickness was increased. The process followed to check if the stresses
present in the structure were too high is presented in the next paragraphs, accompanied by examples of the
calculations. The calculation of the stresses was performed using a script written by the design team.

Table 7.1: Length of the size dimensions of the hull cross section used in design iteration 11

Dimension d1 d2 d3
Magnitude [mm] 40 1 26

The first step in order to analyze the stresses in the hull structure is to determine the loads acting on it. The
loads acting on the hull are shown in Figure 7.3. These loads are a combination of the worst case scenario
loads present under vertical climb flight, horizontal forward flight, impact and during manoeuvres.

Figure 7.3: Loads applied on the hull

The maximum Sy,strut present in the cross section is equal to the force that one strut applies on the hull when the
thrust is maximum, i.e. one third of the maximum thrust or Sy,strut= Tmax

3 . TheMx,strut andMz,strut are the
moments that the strut applies on the hull due to the effect of the swash plate on the propellers. The maximum
values ofMx,strut andMz,strut are assumed, as a worst case scenario, to be the maximum moment generated by
the propellers,Mp,max. The force Sx,strut is the axial force that the strut applies to the hull. This force appears
when the UAV is at a pitch angle and is responsible for counteracting the component of the weight of the hull
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that is perpendicular to the thrust axis. The weight of the hull is carried by the three struts, however in this case
it is assumed that one strut carries all the hull weight as a worst case scenario. The magnitude of the horizontal
force is then Sx,strut =Whull ·sin(θmax), where Whull is the weight of the hull including all the subsystems
housed in it, and θmax is the maximum pitch angle of the drone. Another load related to the weight of the hull
is Sz,strut. This is the load that the strut applies on the hull in order to compensate for its weight when the strut
is in horizontal position. The magnitude is Sz,strut=Whull ·cos(θmax). In this case a moment My,hull is also
present, caused by the weight of the hull located between two contiguous struts. The magnitude of this moment
is My,hull = 0.5·Dinner ·(1+cos(30))·Whull ·sin(θmax), where Dinner is the inner diameter of the hull. The
impact load Simpact was modelled as a point load applied either centred at the top or bottom of the cross section,
at the centre of the side of the cross section, or at the two outer corners, always acting perpendicular to the
surface of the cross section. The process to calculate its magnitude is described in Section 7.2. The calculations
of the stresses were performed for the case where all the previous loads are applied simultaneously, and for
the 5 different locations of the impact load. The values of the loads in iteration 11 are presented in Table 7.2.
Moreover during the calculations the shear loads Sx,strut, Sy,strut and Simpact were translated to act through
the shear centre. Extra moments around the x,y and z axis were added to compensate for this translation.

Table 7.2: Magnitude of the loads depicted in Figure 7.3 in design iteration 11

Sx,strut [N] Sy,strut [N] Sz,strut [N] Simpact [N] Mx,strut [Nm] My,hull [Nm] Mz,strut [Nm]
2.81 3.00 2.91 278.30 0.13 0.12 0.13

The next step to calculate the stresses on the cross section is to determine the centroid location. Since the cross
section is symmetric, the centroid is located on the intersection of the axis of symmetry. Measuring from the centre
of element 3, the centroid location in the horizontal direction is xc=0 and in the vertical direction yc=d2+ d1

2 .

The following step in the calculations involves determining the moments of inertia of the cross section about
its centroid. Due to symmetry the product of inertia Ixy is zero. The other two moments of inertia, Ixx and
Iyy were calculated by adding up the individual contributions of each element of the cross section, as shown
in Equations 7.1 and 7.2.

Ixx=

i=8∑
i=1

Ixx,i=3.6294·10−8m4 (7.1)

Iyy=

i=8∑
i=1

Iyy,i=1.9794·10−8m4 (7.2)

In Equations 7.1 and 7.2, Ixx,i and Iyy,i are the moments of inertia of the ith element of the cross section with
respect to the centroid’s x axis and y axis respectively. The values of Ixx,i and Iyy,i in iteration 11 are presented
in Table 7.3.

Table 7.3: Moments of inertia of the elements of the hull cross section about the centroid in iteration 11

Element 1 2 3 4 5 6 7 8
Ixx,i[10−9m4] 5.33 0.67 11.47 0.67 5.33 0.67 11.47 0.67
Iyy,i[10−9m4] 7.84 0.29 1.46 0.29 7.84 0.29 1.46 0.29

With all the calculations regarding the centroid and the moment of inertia sorted out, the normal stress due
to bending, σbending, can be calculated. The formula for σbending is given in Equation 7.3 [59].

σbending=
−My ·x
Iyy

+
Mx·y
Ixx

(7.3)

Equation 7.3 gives the normal stress in Pascals at the point located at (x, y), with x and y measured from
the centroid. In order to find the stress distribution over the cross section, a list of x and y locations belonging
to the elements needs to be made. Every pair of x and y on the list is then used as input in Equation 7.3. A
total of 632 points were used in the script.
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Another contribution to the normal stress is due to the load Sz,strut. This load induces the stress σaxial, given
by Equation 7.4.

σaxial=
Sz,strut∑i=8
i=1Ai

(7.4)

Equation 7.4 gives as a result a constant. This constant is added to the normal stress calculated using Equation 7.3
on the 551 points to obtain the total normal stress distribution over the cross section, σnormal=σbending+σaxial.

Apart from normal stress σnormal, shear stress τ is also present in the cross section. In order to calculate the
shear stress distribution, the shear flow q on the cross section needs to be calculated. Then using Equation 7.5
the shear stress can be calculated at every location on the cross section, if the local thickness t is known [59].

τ=
q

t
(7.5)

The shear flow q has two main contributions: the shear flow due to shear forces, qs, and the shear flow due
to torque, qt. For a closed section such as the one being considered, the shear flow qs has two components as
well, a varying, so called "basic" shear flow qb obtained by "cutting" the cross section at a certain location
and assuming the cross section is open, and a constant, "zero" shear flow q0 which equals the value of the shear
flow at the location of the cut made to obtain qb.

In the hull cross section, the cut was made at the middle of elements 3 as seen in Figure 7.4. The resulting
cross section was divided into segments, each delimited by a number in every end. This can be seen in Figure
7.4 as well. The basic shear flow between points 1 and 2 is denoted qb,1−2. The same format is used all around
the cross section. The expression for the basic shear flow between point i and point j for a thin-walled structure
is given in Equation 7.6 [59].

Figure 7.4: Cross section division for the calculation of the basic shear flow qb

qb,i−j=qb,i−
Sx
Iyy

∫ s

0

txds− Sy
Ixx

∫ s

0

tyds (7.6)

In Equation 7.6, s is the lengthwise direction of segment i-j from i to j, qb,i is the shear flow at point i, t is the
thickness of the structure between the points i and j, x is the distance from the centroid in the x direction on
the segment i-j, y is the same but in the y direction. Equation 7.6 was applied at the cross section, beginning
at the cut points assuming that qb,1=0 and following the order 1-2, 2-3, 3-4, etc. until 11. If the calculations
are performed correctly, qb,11=0.

The constant shear flow q0 acting on the cross section is shown in Figure 7.5. In order to determine the
magnitude of q0 Equation 7.7 was solved. This equation specifies that since the shear forces act through the
shear centre, the cross section does not experience twist [59].



64 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 7. SUBSYSTEM DESIGN: STRUCTURES

Figure 7.5: Location and direction of the constant shear flow q0

0=
1

2AcG

∮
cell1

qs
t

(7.7)

In Equation 7.7, qs is the shear flow due to shear forces, comprised of the basic component qb already known,
and the constant shear flow q0 that is being solved for. Moreover, Ac is the enclosed areas of the cross section
and G is the shear modulus of the material of the cross section.

The next shear flow to be solved for is qt. Before it can be determined, the torque around the shear centre must
be determined. In order to do so the location of the shear centre needs to be determined. Due to symmetry,
the shear centre location is the same as the centroid location, from the centre of element 3 xsc=0, ysc=d2+ d1

2 .
With this values, the total torque around the shear centre can be found using Equation 7.8.

Mz=Mz,strut+Sy(xSy−xsc)−Sx(ySx−ysc) (7.8)

In Equation 7.8, xSy and ySx are the x and y coordinated of the point of action of the total shear loads Sx
and Sy. With the value of Mz known qt can be determined with Equation 7.9. [59].

qt=
Mz

2Ac
(7.9)

With qt determined, the total shear flow can be found by adding all of the components up, and the shear stress
τ can be found using Equation 7.5.

Knowing the normal and the shear stress distribution over the cross section, the von Mises stress, Vm can
be calculated. The von Mises stress is given by Equation 7.10 [60].

Vm=
√
σ2normal+3τ2 (7.10)

If the maximum von Mises stress Vm is lower than the tensile yield stress of the cross section material σyield,
the structure will not fail. A safety factor of 1.5 was used in the calculation of the von Mises stress, before
comparing it with σyield.

As stated previously, if the von Mises stress was too high, the thickness of the cross section was increased, if
Vm was lower than σyield, t was decreased. The process described in the previous paragraphs was then followed
again. For iteration 11 the resulting thickness was t=1 mm.

7.1.2 Struts structure design

The cross section of the three struts connecting the propellers to the hull is shown in Figure 7.6. The cross section is
a hollow circle, with dimensionsRstrut,inner and tstrut. As seen in the figure as well, the part of the strut where the
propellers are located is assumed to be clamped. The maximum loads acting on the strut are presented in Figure
7.7. The highest loads are: Sy is equal to one third of the maximum thrust, Sy= Tmax

3 , Sx is equal to the weight
of the hull, Sx=Whull, Sz is axial component of the hull weight, Sz=Whullsin(θmax),Mx is the moment that the
Sy generates on the strut at the maximum distance L from the propellers, plus the maximum moment generated
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by the propellers,Mx=SyL+Mp,max,My is the moment that the strut must apply on the hull to compensate for
the moment on that direction on the hull due to its weight,My,hull=0.5·Dinner ·(1+cos(30))· 13Whull ·sin(θmax),
finally Mz is equal to the maximum moment that the propellers can generate, Mz=Mp,max. An additional
impact load Simpact is present, that can either act in place of Sy, if divided by 3, or in place of Sz. This
Simpact is given by the mass of te propulsion subsystem and the maximum g load experienced upon impcat,
Simpact=mpropgmax. Some assumptions regarding the loads need to be noted. The shear force Sy is assumed
to act trough the shear centre of the cross section, located on the centroid due to symmetry. The axial force
Sz is also assumed to act through the centroid. The magnitude of the loads can be seen in Table 7.4.

Figure 7.6: Strut cross section and end clamping conditions

Figure 7.7: Loads applied on the strut

Table 7.4: Magnitude of the loads acting on the a strut in iteration 11 as presented in Figure 7.7

Sx[N ] Sy[N ] Sz[N ] Mx[Nm] My[Nm] Mz[Nm] Simpact[N ]
3.92 3 2.73 0.41 0.16 0.13 57.38

A similar process to the one followed with the calculations for the hull stresses was followed for the struts. The
dimensions of the lightest strut cross section that did not result in structural failure were Rstrut,inner=4.6mm
and tstrut = 1.1mm . However, another failure type needed to be investigated, buckling. Due to the high
compressive loads caused by impacts, the strut could buckle and fail.

For the buckling analysis, it was assumed that the strut was simply supported on both ends, as shown in Figure
7.8. The critical compressive load at which the strut fails is given by Equation 7.11 [59].

Figure 7.8: Set up assumed for the buckling analysis of the struts
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Pcrit=
π2EI

L2
beam

(7.11)

In Equation 7.11, Pcrit is the critical load at which the strut fails under buckling, E is the Young’s modulus of
the material the strut is made out of, I is the smallest of the moments of inertia Ixx and Iyy, given in Equation
7.12, and Lbeam is the length of the strut. A safety factor for the critical load of 1.5 was used in the equation.
To determine if the strut would buckle, the values of the design were substituted in the equation and the critical
load Pcrit was compared to the actual applied load. The values in iteration 11 are presented in Table 7.5.

Ixx=Iyy=
π((Rstrut,inner+tstrut)

4−R4
strut,inner)

4
(7.12)

Table 7.5: Values used to calculate the critical buckling load in iteration 11

E[Pa] I[m4] Lbeam[m]
1.55·109 4.77·10−10 0.094

The critical load with the values presented in Table 7.5 is Pcrit=826N .

For the case of iteration 11, for an axial load of 57.38 N it was thus determined that the struts would not buckle.

7.2 Impact Resistance

Two primary requirements mentioned in Section 2.3, namely IPD-AAoI-Enter-B-4 and IPD-GI-Maneuver-D-2
pertain to the vehicle’s ability to withstand impact loads. Therefore, it is of primary importance that this
increased high load situation is designed for. In this section, several solutions will be presented and traded-off in
order to arrive at the optimum solution. The goal is to design an impact resistance subsystem that introduces
the least amount of additional weight into the structure, eases assembly and environmentally friendly. First, the
systemmodel will be introduced, followed by elaboration on the concepts. Finally, the chosen concept is presented.

The design team took a decision based on controllability issues that the highest achievable translational speed that
the vehicle will experience is 3 m

s . This figure is based on the maximum velocity the UAVwill traverse at within or
in the vicinity of a building or obstacle. Therefore, it has to be able to withstand impact loads at that speed. The
vehicle is modelled as 2 masses connected together with a spring and a damper with one of the spring and damper
connected between one of the masses and the environment. One of the masses is the propulsion subsystem,
the other mass connected with the environment is the total hull housing the payload and other subsystems.
This model is schematised in Figure 7.9. In this model, it was assumed that the hull is rigid, hence, it does not
deform. This allowed to model the hull as a point mass. It is also assumed there is no damping between the two
masses as the already connecting struts (made of HDPE material) do not have significant damping properties.

Figure 7.9: Impact resistance model to examine relative displacements of the hull and the propulsion unit

Figure 7.9 helps to develop a state-space system to examine the situation, so the next step in the process is
to set up this state-space model which is done using Equation 7.13 to Equation 7.17 [61]. In these equations xh
corresponds to the positive horizontal displacement of the hull, whereas xprop defines the horizontal displacement
of the propulsion subsystem.
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ẍhmh=k2(xprop−xh)−k1(xh)+b2(ẋprop−ẋh)−b1(ẋh) (7.13)
ẍpropmprop=b2(ẋh−ẋprop)+k2(xh−xprop) (7.14)

x1=xh and x2= ẋ1= ẋh and ẋ2= ẍh (7.15)
x3=xprop and x4= ẋ3= ˙xprop and ẋ4= ¨xprop (7.16)


ẋ1
ẋ2
ẋ3
ẋ4

=


0 1 0 0

(−k1−k2mh
) −b2−b1

mh
k2
mh

b2
mh

0 0 0 1
k2

mprop
b2

mprop
−k2
mprop

−b2
mprop

+


0
0
0
0

u (7.17)

As can be seen, there is no input acceleration to the state-space system, however, it is best to model the system
specifying an initial velocity input on both the hull and the propulsion subsystem. These initial condition are
defined in Equation 7.18. These velocity inputs were given a negative magnitude since they are opposite to
the positive displacements of the system defined earlier. Additionally, the spring constant k2 of the stiffening
strut can be modelled as an axially loaded beam as it is shown in Equation 7.19. [62]

x0=

[
V0,h
V0,prop

]
=

[
−3
−3

]
m

s
(7.18)

k2=
EstrutAstrut
Lstrut

=
1.55∗1096.3∗10−5

0.095
=1.03∗106

N

m
(7.19)

In this situation, the cross-sectional area of the strut is a hollow cylinder with an inner radius of 4 mm and an outer
radius of 6 mm. One also has to model the impact resisting foam that is attached to the outer side of the hull,
namely, one has to calculate k1 and b1. These values are introduced in Subsection 7.2.2 below, and their values are
12282 N

m and 89.074 Ns
m . Also, the mass of the hull is set to be 537.5 grams and the mass of the propulsion sub-

system is set to be 121.5 grams. The state-space matrix with the substituted values can be seen in Equation 7.20.


ẋ1
ẋ2
ẋ3
ẋ4

=


0 1 0 0

(−12282−1.03∗10
6

0.5375 ) −0−89.074
0.5375

1.03∗106
0.5375

0
0.5375

0 0 0 1
1.03∗106
0.1215

0
0.1215

−1.03∗106
0.1215

−0
0.1215

+


0
0
0
0

u (7.20)

The results of the state-space simulation show that the maximum difference between the displacements of the
hull and the propulsion subsystem is a negligible 3.6∗10−5 m. The insignificance of this value lies in the fact
that the struts that connect the hull to the propulsion subsystem are very stiff.

To lower the average impact load on the hull and ,therefore, reduce the necessity of strengthening its structure,
the use of a buffer or impact reducing/absorbing layer was introduced to the design. Both concepts were only
introduced in iteration 4, as will be explained in Section 12.4.2, and analysed for relative performance and one
was selected to be introduced into the final design. The design state at iteration 4 was a UAV mass of 0.516kg
with an outer radius of 0.119m.

7.2.1 Impact load reduction using spring buffer

The impact load reducing spring buffer concept does not dissipate the kinetic energy (KE) from impact, but
rather reduces the average impact load by converting (KE) to elastic potential energy (EPE) and then back
to (KE) over time. By allowing deformation of a spring, the rebound time of the UAV is lengthened resulting
in a reduced average load. As traditional springs will be bulky and add too much weight, a wave strip spring
concept was thought of as shown in Figure 7.10.
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Figure 7.10: Wave strip spring buffer on outer edge of UAV (UAV mass m) hull

As seen in Figure 7.10, upon impact the spring will deform to convert KE to EPE. The rebound velocity will be
equal to the impact velocity of 3m/s as in elastic collision the total KE is conserved 1. The strip spring is modelled
as a conventional spring with stiffness kspring by computing the deformation mechanics of the buffer upon loading.

The deformation of a centrally loaded straight beam is given by equation 7.21 [63].

vdef =
PimpactLbeam

3

48EI
(7.21)

Assuming that the top horizontal beam is loaded centrally by Pimpact and the left triangular element is centrally
loaded by Pimpact

2 as half the impact load is carried by the right, and half by the left, triangular section, then
there are two centrally loaded beams. The triangular section is modelled as a equivalent straight beam with
length lbeam given by equation 7.22.

lbeam=
Lbeam
cosθ

(7.22)

The total displacement of the buffer system is the sum of the displacement of both beams (the top horizontal
and triangular element) as given by equation 7.23. Equation 7.21 is the deflection of any centrally loaded
beam, now that there is a top horizontal beam and equivalent straight beam (the triangular section) both
centrally loaded, the deflection of both are summed. The total deflection, given by equation 7.21, is equation
7.21 summed when substituting the loads on the horizontal Lbeam and equivalent straight beam lbeam.

vtotal=v1+v2=
PimpactLbeam

3

48E1I1
+
Pimpactlbeam

3

2·48E2I2
=
PimpactLbeam

3

48

(
1

E1I1
+

1

2cos3θE2I2

)
(7.23)

E and I represent the material’s Young’s modulus and beam’s area moment of inertia respectively for the horizon-
tal beam (1) and equivalent straight beam (2). The area moment of inertia is computed assuming a rectangular
cross section [63] and is calculated with equation 7.24 where wcs and hcs are beam cross section width and
height respectively. These dimensions are perpendicular and parallel to the impact face as shown in Figure 7.10.

I=
wcs

3hcs
12

(7.24)

Given that the spring displacement relation is Pimpact=kspring ·vtotal the spring stiffness for the spring buffer
is given by equation 7.25.

kspring=
48

Lbeam
3

(
1

E1I1
+

1

2cos3θE2I2

)−1
(7.25)

An impact is modelled as a unforced half wave response of a spring because when the spring deform and the
deformation vtotal returns to zero, the UAV losses contact with the object it impacts. The spring model was
implemented in a MATLAB program that solved the response from a simple spring equation of motion (EOM)
where the initial conditions of position was vtotal(0)=0m and velocity Vimpact=−3m/s. Important to note is
that the load transferred into the UAV at each joint is half the average load of Pimpact as shown in Figure 7.10.

Material selection and design

For this concept, it is best to have the kspring as low as possible and maximising the deformation vtotal. This
lengthens the period of the oscillation hence reducing the average load on the UAV. The peak load is not
considered because the structural response to very short high loads (impulses) is beyond the scope of this research.

1URL:http://hyperphysics.phy-astr.gsu.edu/hbase/elacol.html

http://hyperphysics.phy-astr.gsu.edu/hbase/elacol.html


69 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 7. SUBSYSTEM DESIGN: STRUCTURES

Given the interior layout of payload in the hull, a nonagon configuration (nsides=9) of the spring around the
hull was chosen so that there would be 9 discrete points of load introduction into the hull. The maximum
spring deflection vtotal,max, and beam dimensions were set such that the average g load did not the exceed
the set 23g. The length Lbeam is computed by equation 7.26 where Router,hull is the outer radius of the hull.

Lbeam=2(Router,hull+vtotal,max)·tan
π

nsides
(7.26)

This computation is carried out for several materials and the result is presented in Section 7.2.3.

7.2.2 Impact absorption using viscoelastic buffer

One of the major drawbacks of an elastic buffer is that the rebound velocity is equal to the impact velocity as ex-
plained in Section 7.2.1. A viscoelastic buffer is a material that demonstrates both elastic and viscous behaviour
when deformed, hence, total KE is not conserved [64]. The concept of a viscoelastic buffer uses a block of viscoelas-
tic material on the UAV’s outer hull to absorb the impact energy and therefore reducing the average load. Figure
7.11 shows the concept and equivalent spring-dashpot system used to model the viscoelastic material’s behaviour.

Figure 7.11: Viscoelastic buffer on outer edge of UAV (UAV mass m) hull

The equivalent spring-dashpot model is known as the Kelvin-Voigt material model; for a first-order analysis
of viscoelastic material this model can describe the material’s behaviour under loading with adequate accuracy
[65]. In [66] by C.P. Chen and R.S. Lakes a procedure is suggested to calculate the response of viscoelastic
impact absorbers which has been used in this research. For a free spring damper system with the general
damped solution x=x0e

jωt the Equation 7.27 gives the EOM for the UAV.

mUAV ẍ+(k+jωc)x=0 (7.27)

k and c are the material’s equivalent stiffness in N/m and damping coefficient in Ns/m and ω the angular
frequency of oscillation in rad/s. The displacement x is negative when the buffer is compressed. The article
states that by assuming that the mass of the viscoelastic buffer is considerably less than that of the UAV, the
term k+jωc can be written in terms of the buffer properties by Equation 7.28 [66]. This assumption is valid as
most materials used for impact absorption are polymeric foams or light rubbers.

mUAV ẍ=−E∗(jω)
wvehve
Lve

x (7.28)

The dimensions of the foam are represented by wve, hve and Lve as depicted in Figure 7.10. The E∗(jω) is
a complex dynamic modulus which is a function of the frequency of vibration. Analogous to the Young’s
Modulus for elastic materials, the E∗(jω) for viscoelastic materials characterises the stiffness and damping of
such materials [66]. E∗(jω) is defined by a storage modulus E

′
and loss modulus E

′′
, given by equation 7.29,

which are related to the phase offset between the stress and strain response of the materials indicated by δp [65].
As the stress-strain relation is non-linear, the strain usually lags the stress so the maximum stress does not
occur at the same time as the maximum strain [65].

E∗(jω)=E
′
+jE

′′
=E

′
(1+jtanδp) (7.29)
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The value of tanδp is an indication of the level of damping where high values equal greater damping. The value
is related to the logarithmic decrement (Λ) of the response by equation 7.30 2.

Λ=πtanδp (7.30)

When substituting E∗(jω) in equation 7.28 as done in equation 7.31, the storage modulus E
′
is equivalent to

the Young’s modulus of a material and therefore the term E
′
Ave
Lve

is equivalent to a spring stiffness kve where
Ave is the buffer’s cross sectional area. The same can be said for the loss modulus E

′′
which is equivalent to a

complex spring stiffness k∗ve.

mUAV ẍ=−E
′
Ave
Lve

x−jE
′′
Ave
Lve

x≡−kvex−k∗vex (7.31)

Having this analogy in mind, the solution to the EOM 7.31 is given by equation 7.32 where the initial
conditions is zero displacement and initial velocity is Vimpact which is the impact velocity of −3m/s (compressive
displacement is negative) [66].

x(t)=
Vimpact
βveω0

sin(βveω0t)e
−αveω0t

αve=(1+tan2δp)
1/4

sin
δp
2

βve=(1+tan2δp)
1/4

cos
δp
2

ω0=
√

E′Ave
mUAV Lve

(7.32)

Derivatives of the solution are taken to find the velocity and acceleration from which the Pimpact can be
computed. This process was all programmed in MATLAB to simulate responses for different buffer designs.
The best designs have a low stiffness kve to lower the average load and high tan(δp) values to absorb greater
energy from the impact [66].

Material selection and buffer design constraints

Viscoelastic materials do not respond to loading like conventional elastic materials to loading as the stress-strain
response is not linear [66]. Figure 7.12 shows a general response of viscoelastic material to compression, what
is important to note is that the material is only useful for shock absorption up to 50-70% strain 3.

Figure 7.12: Stress-strain plot for compressed viscoelastic material showing non-linear behaviour and
deformation limits 4

In the backup zone, the material degrades and loses performance much faster, therefore for the design, a
maximum block deformation of 50% was set maintaining a margin of safety should the block deform more than
50% upon higher velocity impacts. As mentioned a low stiffness (low Young’s Modulus) and high damping (high
tan(δp)) is preferable; polymeric foams are the best of both hence all block designs considered this category
of materials[67]. Setting the maximum deformation, the buffer blocks were sized to reduce the average impact
load to 23g. The number of blocks (nblocks) uniformly spaced angularly on the outer hull is calculated using

2URL:http://silver.neep.wisc.edu/~lakes/VEnotes.html
3URL:http://www.ergaerospace.com/Energy-Absorbtion.html
4URL:http://www.ergaerospace.com/Energy-Absorbtion.html

http://silver.neep.wisc.edu/~lakes/VEnotes.html
http://www.ergaerospace.com/Energy-Absorbtion.html
http://www.ergaerospace.com/Energy-Absorbtion.html
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equation 7.33 which is based on the design choice that if impact should occur between blocks, they both should
both be able to deform 50% before the wall contacts the UAV hull.

nblocks=
π

cos−1
(

Router,hull
Router,hull+0.5·Lve

) (7.33)

7.2.3 Results and evaluation of spring and viscoelastic buffer concepts

Several materials and configurations for both concepts were considered and an analysis of the extra mass added
to the UAV was done. The concepts were designed for a 23g load (116.5N) with a UAV mass of 0.516g and
impact velocity of 3m/s.

Spring buffer design

Using several low-density rigid material, 3 designs were produced with the results given in Table 7.6. Machining
of materials limited the dimensions to an integer multiple of 1mm so the average loads were lower than the
23g load which was set as the goal to design for.

Table 7.6: Spring buffer design options with average impact load Pi,avg and total spring mass

Ref. Material Pi,max
[N]

Lbeam
[mm]

vtotal,max
[mm]

wcs,1
[mm]

hcs,1
[mm]

wcs,2
[mm]

hcs,2
[mm]

E1 E2

[GPa]
Density
[kg/m3]

Pi,avg
[N]

Pi,avg,ver
[N]

Mass
[g]

1 CFRP 356.5 96 13 4 2 4 3 65 1540 222.6 226.0 43.8
2 Aluminium 367.3 96 13 4 2 4 3 69 2712 229.2 232.8 77.1
3 HDPP 353.8 96 13 10 6 10 6 1.6 906 221.0 224.3 144.4

CFRP is Carbon Fibre Reinforced Plastic [10] and HDPP is High-Density Polypropylene (PP-C)5. Only a few
designs were made because it became apparent that this concept would add a lot of mass to the UAV. Note
that the average load on the UAV is half of Pi,avg as previously described in Section 7.2.1; this was because
the spring concept distributes the load and introduces at two points into the hull. To verify the MATLAB
simulated average force calculations, the average force Pi,avg,ver was calculated using Newton’s Second Law
of linear momentum and the calculated rebound velocity and time; the results from the simulation and theory
were very close as seen in Table 7.6.

Viscoelastic polymeric foam design

Using polymeric foams currently available in the market, nine design choices were produced with the results
given in Table 7.7. Machining of materials limited the dimensions to an integer multiple of 1mm so the average
loads were lower than the 23g load.

Table 7.7: Viscoelastic buffer design options with average impact load Pavg and total blocks mass

Ref. Material Pmax [N] Lve [mm] hve [mm] wve [mm] E
′
[MPa] tanδp Density [kg/m3] Pi,avg

[N]
Pi,avg,ver
[N] Mass [g]

1 IMPAXX 300 240.1 20 40 7 0.868 1 38.5 105.5 105.8 1.71
2 IMPAXX 500 240.0 20 40 5 1.224 1 40.4 105.9 105.9 1.28
3 IMPAXX 700 241.7 20 40 4 1.67 1 44.7 110.7 110.6 1.11

4 Ethafoam
Duralite FR 242.5 20 40 25 0.248 1 28.8 106.6 106.4 4.56

5 Plastzote
LD15FM 239.2 20 40 29 0.208 1 15.0 105.2 105.3 2.78

6 Plastazote
LD45FM 239.4 20 40 19 0.318 1 45.0 105.2 105.3 5.45

7 Plastazote
LD24FM 242.7 20 40 27 0.230 1 24.0 106.7 107.0 4.11

8 Plastazote
MP15FR 243.1 20 40 35 0.178 1 15.0 106.8 107.0 3.32

The height (hve) and width (wve) were kept constant so that all designs would require 8 blocks separated by 45◦

angular separation allowing for comparison of material. The rebound velocity for all designs is 0.816m/s and the
5URL:http://www.matbase.com/material-categories/natural-and-synthetic-polymers/commodity-polymers/

http://www.matbase.com/material-categories/natural-and-synthetic-polymers/commodity-polymers/
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rebound time (half wave/half period) is around 18ms. Information on the loss tangent (tanδp) value was not avail-
able so a nominal value of 1 was assumed which is typical for polymeric foams [67]. Verification of the average force
was done similar to the spring buffer design. Verification of the program is later discussed in Section 10.3.1. The
IMPAXX series of polystyrene based foam are manufactured by The DOWChemical company and have been used
in NASCAR cars for impact absorption 6 [68]. The Ethafoam are Low-Density Polyethylene (LDPE) foams also
manufactured by DOW 7. The Plastazote LDPE series are manufactured by Zotefoams and are already being used
in aircraft for padding and soft trims; also the FM series is fire retardant giving it an advantage over other foams8 9.

Impact buffer selection

After considering both the spring and viscoelastic buffer concept, the viscoelastic buffer concept had a clear
and large mass advantage. Other aspects on which the viscoelastic buffer outperforms includes;

• Insulation benefit - foam can insulate the hull from the environment.

• Cost - Foam materials are cheaper than metals, composites and heavy plastics 10

• Total solution - Foam cover allows for multi-angle impact while for a spring concept multiple springs
would be required to allow multi-direction impact coverage.

From the polymeric foams for the viscoelastic buffer, Plastazote MP15FR was chosen to be the best option
as it was one of the lighter designs that is flame-retardant [69] (Full details and tests on material can be found
on Zotefoam’s website 11). Given that the UAV may enter warm (above room temperature but below 100◦C)
areas and possibly be exposed to a flame, a material that will not ignite is essential as it can delay the heating of
internal components and provide some protection. Plastazote foams are also non-toxic, odourless, good against
ultraviolet exposure and will not absorb water as as result of its closed cell structure 12. The IMPAXX series
was not chosen as it is susceptible to degrading at high temperatures and cannot be exposed to flames [68].

The final design chosen is similar to Ref. 8 of Table 7.7. The height (hve) and width (wve) were modified to 42
and 27mm respectively; the height had to be modified so the foam block height would match the UAV’s final
design hull height. Ten foam blocks separated at 36◦ will be placed on the UAV’s outer hull. In addition to the
foam blocks, the top and bottom of the UAV will be fully covered by a shaped foam with a maximum thickness
of 33.5mm at the inner hull edge. This top and bottom foam covers will serve both as an inlet and outlet for the
propulsion subsystem’s duct, and as impact resistance in case the UAV impacts an obstacle from above or below.
More details on the dimensions of this foam is provided in Section 12.4.3 in Figure 12.17a. A CAD model of the
foam was created to obtain an accurate estimate of the foam volume from which the total foam mass was calcu-
lated using the material density provided in Table 7.7. The complete foam impact buffer design, for a UAV mass
(without foam) of 0.504g , is given in Table 7.8.The additional top and bottom foam cover adds 26.5grams in addi-
tion to the 10 foam blocks mass of 2.9g resulting in a total foammass of 29.4grams. Figure 7.13 shows the response
of the foam to the 3m/s impact. All calculation were performed using the method outlined in Section 7.2.2.

Table 7.8: Final design foam buffer with foam block and total foam cover mass

Material Pi,max [N] Lve [mm] hve [mm] wve [mm] E
′
[MPa] tanδp Density [kg/m3] Pi,avg

[N]
Rebound
time [ms]

Compression
[%]

Mass
blocks [g]

Mass
total [g]

Plastazote
MP15FR 234.6 17 42 27 0.178 1 15.0 103.2 18.6 60 2.9 29.4

6URL:http://www.dow.com/en-us/markets-and-solutions/products/impaxx/impaxxenergyabsorbingfoams/
7URL:http://www.qualityfoam.com/ethafoam.asp
8URL:http://www.qualityfoam.com/plastazote.asp
9URL:http://www.kewell-converters.co.uk/aerospace-materials--components

10URL:http://www-materials.eng.cam.ac.uk/mpsite/interactive_charts/strength-cost/basic.html
11URL:http://azote.zotefoams.com/item/all-categories/molding-grade/mp15fr
12URL:http://www.polyformes.co.uk/plastazote.html

http://www.dow.com/en-us/markets-and-solutions/products/impaxx/impaxxenergyabsorbingfoams/
http://www.qualityfoam.com/ethafoam.asp
http://www.qualityfoam.com/plastazote.asp
http://www.kewell-converters.co.uk/aerospace-materials--components
http://www-materials.eng.cam.ac.uk/mpsite/interactive_charts/strength-cost/basic.html
http://azote.zotefoams.com/item/all-categories/molding-grade/mp15fr
http://www.polyformes.co.uk/plastazote.html
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Figure 7.13: Plastazote MP15FR 42×27×17mm buffer block half-wave response to 3m/s impact

Some compromise was made on the design to allow for the changes in the final UAV design. Each block will
be able to compress 60% upon impact which is still within the material’s allowable strain limits as discussed
in Material selection of Section 7.2.2. If impact occurs between blocks, the blocks will be allowed to deform
only 50% which is acceptable as the load is distributed between the blocks so it will not deform this much at
3m/s impact. The hull design is able to sustain the impact load as will be explained in the sections that follow.

7.2.4 Impact resistance using the stiffening ring concept

In the previous sections, it was mentioned that the amount of g loads that act on the structure upon impact
can be greatly reduced by using either a spring buffer structure or a foam padding. However, using this concept
still cannot reduce the impacting force enough that the original structure can cope with it. Therefore, a means
of reinforcement of the architecture is essential. This section introduces the so-called "stiffening ring" concept.
Firstly, the theory behind the concept will be elaborated on. Then, 2 prospective solutions will be compared.

The stiffening ring concept makes use of a stiffening circular shape that follows the contour of the payload
housing hull and has a rectangular cross-section as it can be seen in Figure 7.14. This reinforcing ring would
be made out of high strength, but low weight materials. It is important to note that the stiffening ring has
to both be able to cope with the impact loads, and be able to deflect by a minimal amount.

Figure 7.14: Model representation of the stiffening ring concept as a solution for impact resistance

In order to investigate the behaviour of such a structure, one has to model the ring as an indeterminate half ring
which is clamped on both ends. The reason behind this assumption is that the ring is symmetric. This indetermi-
nate system can be seen on Figure 7.15. In order to calculate deflections, Castigliano’s theorem will be used. [59]

Figure 7.15: Model representation of the stiffening ring concept as a solution for impact resistance
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As it can be seen, a point load (impacting load) acts on the structure. However, to do so, one has to simplify
the model (using symmetry) by introducing redundant loads RB and MB as shown on the right-hand side
of Figure 7.15. It can also be seen that in the middle of the half ring where the impact load Fimp is applied,
the slope of the structure always remains zero. Accordingly, the model can be halved and the behaviour of
the right-hand side is a guided cantilever. It can provide a left-right force reaction, a moment reaction, but it
does not provide a vertical reaction. The next step in the process is to define the moment acting in the quarter
circle. It is shown in Equation 7.34.

for
π

2
6θ6π M(θ)=RBr(1−cos(θ))−Fimp′ r sin(θ)+Mb (7.34)

Also, the deflection due to RB is zero while the slope due to MB is zero. Three partial derivatives have to
be used in the process and they can be seen in Equation 7.35, Equation 7.36 and Equation 7.37.

∂M(θ)

∂RB
=r(1−cos(θ)) (7.35)

∂M(θ)

∂MB
=1 (7.36)

∂M(θ)

∂Fimp
′ =−r sin(θ) (7.37)

Then, deflections due to RB and MB can be calculated. It is important to note that these deflections are zero,
this is the reason for the zeros in Equation 7.38 and Equation 7.39.

δRB =0=

∫ π
2

0

M(θ)
∂M(θ)

∂RB
r dθ (7.38)

δMB
=0=

∫ π
2

0

M(θ)
∂M(θ)

∂MB
r dθ (7.39)

Afterwards, one has to set up the deflection due to the impact force Fimp′. It has to be mentioned that due to
the extensive calculations and rearrangements necessary to arrive at the final results, the scientific tool Maple
18 was used. Both the starting situation and the expanded view are shown in Equation 7.40. It is important
to notice that the largest deflection will be at 90 ◦, therefore the θ values will be replaced by π

2 .

δFimp′=
1

EI

∫ π
2

0

M(θ)
∂M(θ)

∂Fimp
′ rdθ

=−1

2

r2Fimp
′(π2cos(π2 )sin(π2 )−π2 π2−2π cos(π2 )2−4πcos(π2 )

(π2−8)EI

− 1

2

r2Fimp
′(8cos(π2 )2−8cos(π2 )sin(π2 )+6π+8cos(π2 )+8π2−16)

(π2−8)EI

(7.40)

This equation allows for the calculation of the stiffening ring’s deflection due to the impact load. In order to
calculate the deflection, one first has to calculate the moment of inertia of the cross section. The cross-section
can be seen in Figure 7.15. The moment of inertia for a rectangular cross-section is calculated using Equation
7.41. In order to show the calculation method with numerical results, a sample cross-section is created with
a height of 5.5 mm and a thickness of 5 mm.

Iyy=
h3t

12
=

0.005530.005

12
=6.9323∗10−11 m4 (7.41)

Now, the deflection of the beam can take place. As the sample example, a force of 116 N will be applied on
a Carbon Fibre Reinforced Polymer with a Young’s modulus of 65 GPa and a density of 1540 kg

m3 with a ring
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radius of 95 mm. The next step is to substitute these values into Equation 7.40. In Equation 7.42, the constant
is the simplified version of Equation 7.40

δFimp′=−
r2F

EI
0.0233=− 0.0952111

65∗109 6.93∗10−11
0.0233=−0.0054 m=−5.4 mm (7.42)

Even though the deflection can already be calculated, one has to also check whether the ring is able to cope with
the tensile and shear loads that are present in the structure. One of the primary loads is a compressive stress due
to a bending moment. The highest bending moment is calculated at the clamps that are shown in Figure 7.15
where the radius contribution is the highest. The bending moment can be calculated using Equation 7.43. [59]

σring=
M

Iyy
x (7.43)

Also, the shear load that acts on the structure has to be computed and is done using Equation 7.44. [59] 13

τring=
Fimp

′h2

8I
(7.44)

In order to end up with a feasible design, one has to account for the von Mises stresses in the structure which
are the highest stresses that can occur as a combination of all the stresses that act on the structure. Equation
7.45 gives the general expression for the von Mises stress, while Equation 7.46 and Equation 7.47 shows the
von Mises stresses at for the two critical points. Equation 7.46 shows the maximum compressive stress due to
bending at location "A" in Figure 7.15 while Equation 7.47 presents the maximum shear stress at the position
where the impact force is applied. Both these equations are multiplied by a safety factor of 1.5, which is a
commonly used value in the aerospace community. [59]

σy=

√
1

2
[(σx−σy)2+(σy−σz)2+(σz−σx)2]+3τ2xy+3τ2yz+3τ2xz (7.45)
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2
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6.93∗10−11
=1.5

√
1

2
(4.373∗108)2=4.638∗108 Pa (7.46)

τring=1.5

√
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√
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116∗0.00552

8∗6.93∗10−11
)2=1.644∗107 Pa (7.47)

One major assumption that has been made is that at position "A" of Figure 7.15, only the compressive stress
is considered and at the position where the impact force is applied, only the shear stress is considered. The
validity of this assumption lies in the fact that the magnitude of the shear stress is 1, sometimes 2 magnitudes
lower than the compressive stress as it will be seen in Subsection 7.2.5.

The next step in the process is to calculate whether the stiffening struts that connect the foam and the stiffening
ring can actually survive the compressive load. The stiffening struts will have a rectangular cross-section to
allow for easy variations of the moment of inertia. For the calculations, it is assumed that the impact load acts
directly in the middle of the rectangular cross-section. The cross-section will have the exactly the same shape
(with different dimensions) as the one seen in Figure 7.14. As it was already discussed in Subsection 7.1.2, the
struts are more likely to buckle before compressive failure would occur, therefore only the buckling case will
be considered to find the limit of the concept. Equation 7.48 shows the expression for the buckling load. [70]

Fimp
′=

π2EstrutIstrut
L2
strut

(7.48)

For the sample calculation, it has to be noted that the impact load is already known (116 N) along with the
strut length (33.5 mm) and the inertia of the 1.5x1.5 mm strut is equal to 4.22∗10−13 m4. Rearranging the
equation results in finding the proper Youngs’ modulus as it can be seen in Equation 7.49 where a safety factor
of 1.5 is applied.

Estrut=1.5
F L2

strut

π2Istrut
=1.5

116∗0.03352

π24.22∗10−13
=4.69∗1010 Pa=46.9 GPa (7.49)

13URL:http://fp.optics.arizona.edu/optomech/references/OPTI_222/OPTI_222_W10.pdf

http://fp.optics.arizona.edu/optomech/references/OPTI_222/OPTI_222_W10.pdf
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7.2.5 Material selection for the stiffening ring concepts

The stiffening ring concepts presented in the previous subsection are prospective additional features of the vehicle.
It means that additional weight would be added to the structure which has to be minimised. It is also required
next to stiffening the structure to keep the additional weight minimal. Therefore, a trade-off has to be made
between several materials based on their strength, mass, occupied volume in the hull, cost and environmental
friendliness. Eight different materials were collected and examined for each of the above-mentioned criteria.
Moreover, two stiffening ring concepts are being introduced. Firstly, the stiffening ring would be housed inside
the payload carrying hull, more specifically it would be attached to the inner wall of the hull as shown in Figure
7.16. It can also be seen that stiffening struts is attached to the foam and the stiffening ring. The presence
of these struts is essential in order to avoid direct load transfer into the hull structure.

Figure 7.16: Stiffening ring with stiffening struts attached to the inner side of the hull as a means of impact
resistance solution

Figure 7.17 shows the second stiffening ring concept. Here, the ring is attached to the outer wall of the hull,
therefore the foam is directly attached to it and the use of additional struts is unnecessary.

Figure 7.17: Stiffening ring attached to the outer side of the hull as a means of impact resistance solution

In order to carry out the comparison on these concepts, several assumptions in the design had to be made.
It has to be mentioned that this is not the finalised situation, this is only a suitable condition to compare the
two stiffening ring concepts. Change in their final parameters might be possible in later design stages and
will be addressed in Section 12.4. The first assumption was based on the load case when the vehicle collides
with a wall at 3 m

s and an expanded polystyrene layer is attached to the outer side of the structure. These
conditions were already presented in Subsection 7.2.2. The polystyrene layer would reduce the g load acting
on the structure to 23 g’s. Also, after extensive discussions with the propulsion design team, it was concluded
that the maximum allowable deflection of the stiffening ring, and hence the hull is 5 mm. It means that there
is at least 5 mm clearance between the propellers and the inner wall of the hull. Then, it is also assumed that
in case the ring with stiffening struts are used, 8 struts will be present in the structure (one strut every 45
degrees) as mentioned in Subsection 7.2.3. As for the ring stiffener at the outer hull concept (Figure 7.17), the
polystyrene foam is directly attached to the ring. It is also assumed that the impact on the vehicle acts in
the middle (cross-sectional center of gravity) of the strut or at the neutral axis of the ring.



77 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 7. SUBSYSTEM DESIGN: STRUCTURES

The next step in the process is to list the prospective materials that could primarily cope with the loads without
breaking or deflecting enough that the duct wall reaches the propellers which would lead to system failure.
Table 7.9 contains eight selected materials that will be examined for the impact resistance solutions. Material
costs were based on distributor prices. Also, these prices are based on large quantity orders (900 kg), since most
materials are sold in bulk lots. Unfortunately, it was impossible to obtain material prices for lower quantities.
The collection date of the pricing information is January 2007. The prices that were measured in US dollars,
however, they were converted to Euros based on the mid-market rates on 14/06/2015 when the cost of 1 USD
was 0.8878 EUR. 14 Moreover, the prices that were measured in GBP were converted to Euros based on the
mid-market rates on 14/06/2015, when the cost of 1 GBP was 1.3979 EUR. 15

Table 7.9: Material properties for the stiffening ring with and without struts impact resistance concepts

Material name Yield strength [MPa] Tensile strength [MPa] Young’s modulus [GPa] Density [kg/m^3] Elongation at failure [%] Cost [EUR/kg] Relative cost
Aluminium 1100 34 90 69 2710 40 2.45 1
Aluminium 6061 276 310 69 2700 17 7.55 3.1
Aluminium 356 164 228 72.4 2690 3.5 2.97 1.2
Aramid RA11 16 - 147 68.6 1270 2 35 14.3
Aramid RA13 17 - 139 68.6 1275 2 35 14.3
E-glass fiber epoxy - 40 12 2100 2.3 44.4 18.1

CFRP 18 - 503 65 1540 - 48.8 20
Torayca T300 19 - 76 135 1760 1.3 115.4 47.1
Torayca M40J 20 - 53 230 1770 1.1 115.4 47.1

In the table, CFRP corresponds to Carbon Fibre Reinforced Polymer and Al 1100 corresponds to an aluminium
alloy. As it can be seen, aluminium alloys cost the least out of the listed materials, however since cost was
determined as a secondary requirement (Section 2.3) and impact resistance is a primary requirement, materials
with high stiffness and low weight are considered more favourable. Low weight is benign since additional weight
might cause a significant snowball effect in the weight of the total vehicle (propulsion system & power system
weight increase). Calculations with all the materials on the model presented in Subsection 7.2.4 and the results
are shown in Table 7.10.

Table 7.10: Stiffness and dimensional parameters of the stiffening ring concept at the inner hull wall

Material Applied force [N] Ring thickness [mm] Ring height [mm] Max. deflection [mm] Max. bending stress [MPa] Max. shear stress [MPa] Ring mass [g]
Al 1100 116.5 13 15 0.1 32.2 1.34 322
Al 6061 116.5 5 7 2.2 272 12.9 54
Al 356 116.5 6.5 8 1.1 160 8.73 82

Fibra RA11 116.5 6.5 8.5 1 142 8.2 41
Fibra RA13 116.5 6.5 9 0.9 132 7.62 44.5

E-glass fiber epoxy 116.5 12.5 12 1 37 3.03 199
CFRP 116.5 5 5.5 4.9 441 16.5 23.5

Torayca T300 116.5 9 10 0.2 74 5 94.5
Torayca TM40J 116.5 15 10 0.1 44.5 3 158.5

The properties of prospective struts can be found in Table 7.11. It has to be mentioned that the same materials
were used for the struts and the ring. One can easily see that all types of struts are very small both in size
and in mass, therefore one can choose any of the materials. Nonetheless, it is favourable to choose the same
material as the ring since production and assembly of the system is more straightforward. Also, in case the
same material is used for the strut and the ring, they can be manufactured as one part, which is beneficial for
load translation from the strut to the ring. Provided that one chooses to do this, the mass properties mentioned
in Table 7.10 would increase by a maximum of 2 grams.

14URL:http://www.xe.com/currencyconverter/convert/?From=EUR&To=USD
15URL:http://www.xe.com/currencyconverter/convert/?From=GBP&To=EUR

http://www.xe.com/currencyconverter/convert/?From=EUR&To=USD
http://www.xe.com/currencyconverter/convert/?From=GBP&To=EUR
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Table 7.11: Comparative design parameters of impact resistance struts for different materials

Material Buckling load [N] Strut thickness [mm] Strut height [mm] Mass of 9 struts [g]
Al 1100 116.5 1.5 1.5 1.5
Al 6061 116.5 1.5 1.5 1.5
Al 356 116.5 1.5 1.5 1.5

Aramid RA11 116.5 1.5 1.5 0.7
Aramid RA13 116.5 1.5 1.5 0.7

E-glass fiber epoxy 116.5 1.5 2 2
CFRP 116.5 1.5 1.5 0.9

Torayca T300 116.5 1.5 1.5 1
Torayca TM40J 116.5 1.5 1.5 1

HPDE 116.5 2 4 1.9
PA 640-GSL 116.5 2 3.5 1.4

In case one opts for the ring at the outer hull wall, the results in Table 7.12 are found for the stiffening ring.
It has to be emphasised, that these values are comparable to the values mentioned in Table 7.10 and Table
7.11. Since the ring is on the outer side of the hull (outer-most position on the vehicle), it is longer than the
one in the inside, therefore more material and larger dimensions are necessary to cope with the bending loads
and increased deflections as mentioned in Subsection 7.2.4. This results in higher masses for each material as
it can be seen in Table 7.12. Therefore, it can be concluded that it is preferable to use a stiffening ring on
the inside of the hull with stiffening struts rather than using a ring on the outside. The reasoning is twofold:
the inner ring introduces less additional mass into the structure and there is less extra space necessary to be
allocated (in the hull) for the impact resistance system. In this way, the outer stiffening ring concept will not
be further considered as a solution for impact resistance.

Table 7.12: Stiffness and dimensional parameters of the stiffening ring concept at the outer hull wall

Material Applied force [N] Ring thickness [mm] Ring height [mm] Max. deflection [mm] Max. bending stress [MPa] Max. shear stress [MPa] Ring mass [g]
Al 1100 116.5 13 13.5 0.1 32.4 2.6 329
Al 6061 116.5 6.5 7 1.7 259 10 86.5
Al 356 116.5 8 8 0.9 157.7 7.1 121.5

Fibra RA11 116.5 9 8 0.8 140 6.3 64.5
Fibra RA13 116.5 9 8 0.8 139 6.3 65

E-glass fiber epoxy 116.5 15 12.5 0.8 33 2.4 272
CFRP 116.5 5.5 5.5 4.4 497 15 32

Torayca T300 116.5 11 10 0.2 72 4.1 136
Torayca TM40J 116.5 15 10 0.1 53 3 187

This chapter presented several solutions for the impact resistance of the system. It can be concluded that
all solutions would be suitable for the vehicle, however, decisions have to be made in order to keep the UAV
mass minimal. Therefore, as it will be seen in Section 12.4 the vehicle will make use of a protective foam layer
introduced in Subsection 7.2.2 with a thickened hull structure as shown in Section 7.1. The combination of
these two solutions produces the least amount of additional material to the system.

7.3 Occupational Health & Safety considerations

This section primarily assesses the safety of the system towards the environment. It is of primary importance
to design a system that carries the least amount of risk, mainly due to the fact that civilian people might be
involved in the operations. In this way, Occupational Health & Safety considerations have to be accounted
for. Several primary requirements address this issue and can be broken down to two separate parts, namely
the prevention of injury upon collision and prevention of lacerations upon impact.

The system makes use of contra-rotating propellers which pose a huge risk to the casualties that might be
involved, therefore, it important to protect them from lacerations. Fortunately, the propellers are guarded
against the environment on the sides but are still not covered on the top and the bottom. Consequently, a
protective fence has to be placed on the top and bottom of the vehicle. In order to find the required refinement
of the mesh, one has to investigate the worst-case situation where a civilian accidentally has his or her hand
jammed in the propellers. The average hand breadth for a child is used to size for the protective fence and
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it is measured to be 16 cm.21 In the design, a square type mesh will be used, therefore the 16 cm breadth has
to be considered as the diagonal of this square. Using simple trigonometry reveals that the mesh clearance
is 10x10 cm. It means that for the current design, a cross suffices, since the diameter of the duct is 94 cm. In
order to introduce some redundancy into the system, 5 spokes instead of the necessary 4 will be used to arrive
at an immensely safe system. The schematic representation of the protective fence can be seen in Figure 7.18.

Figure 7.18: Protective fence with 5 spokes to be used on the top and bottom of the vehicle

As it can be seen in Section 5.1.2, the total loss in thrust is only 1.3 %, which does not have a significant
effect on the performance of the system, therefore, can be considered negligible. It is not only important that
the propellers are housed, it is also crucial to assess whether the fence can take up the occurring loads. The
event of a fence failure would be fatal to the vehicle because the propellers would get jammed. It is assumed
that the vehicle traverses through a room at 1.5 m altitude when suddenly power is lost and the UAV falls
on the ground. Simple dynamics for the 533 gram drone reveals that the average force acting on the strut is
100 N. 22 This value has to be used to calculate the tensile stress due to bending and the shear stress to find
the required thickness of the fence elements. These scenarios are shown in Equation 7.50 and Equation 7.51.
The cross-sectional shape of the fence is solid circular. The shear stress equation is identical to Equation 7.47.

σfence=
Mfencerfence

Ifence
=
FfenceLfencerfence

Ifence
=

100∗0.094∗0.002

1.27∗10−11
=1.47∗109Pa (7.50)

τ=
Ffencer

2
fence

Ifence
=

100∗0.0022

1.27∗10−11
=3.15∗107Pa (7.51)

The assessment of each material presented in Table 7.9 was carried out to come up with the optimum solution.
The decision was made to choose the Aramid RA11 material of 2 mm radius (circular cross-section), which
resulted in 7.5 grams of structural weight for each fence (top and bottom), which means that a total weight
allocated for Occupational Health & Safety is 15 grams.

7.4 Vibrational Analysis

Moving parts such as motors and rotors, if out of balance, induce vibrations on the UAV. These vibrations
can have undesirable effects on the payload and navigation instruments, negatively affecting the performance of
the mission. Moreover, if the frequency of the input vibration is close to the natural frequency of the structure,
resonance might compromise the structural integrity of the drone.

In the specific case of copters, vibrations are mainly induced by the motor, at the frequency it operates and its
harmonics, and by the propellers, at frequencies equal to the motor frequency and its harmonics, or at frequencies
equal to the motor frequency times the number of blades on the rotor, depending on the type of vibration. Two
main vibration modes are present in copters, namely, lateral vibration and a vertical vibration. Lateral vibrations
are caused by a mass imbalance of the propellers or improper alignment of the rotor shaft. Vertical vibrations are
due to the blades producing different lift at a certain point of the rotation. This difference in lift can be caused by
slight differences in the blade profile or by differences in the blade pitch due to unequal links to the swashplate.23

In order to analyse the propagation of vibrations from the motors and propellers to the hull structure of the
UAV, the model shown in Figure 7.19 was used. It consists of a mass representing the propellers and motors,

21URL:http://www.censusatschool.ca/data-results/2004-05/average-hand-span-age/
22URL:http://hyperphysics.phy-astr.gsu.edu/hbase/flobi.html
23URL:http://www.helicoptermaintenancemagazine.com/article/rotor-blade-track-and-balance-past-and-present

http://www.censusatschool.ca/data-results/2004-05/average-hand-span-age/
http://hyperphysics.phy-astr.gsu.edu/hbase/flobi.html
http://www.helicoptermaintenancemagazine.com/article/rotor-blade-track-and-balance-past-and-present


80 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 7. SUBSYSTEM DESIGN: STRUCTURES

mprop, a mass representing the hull structure and the payload, mh, and a spring representing the struts that
connect them. The spring has stiffness k, which is equal to the equivalent stiffness of the struts. Two input
forces are applied at mprop modelling the disturbances that induce the vibrations. Therefore, the total applied
force on the propeller mass has two sinusoidal components. Two forces were used rather than one because
the design has two different propellers, that might rotate at different speeds, and cause disturbances with
different amplitude and frequency. The system of first order differential equations that define the model is
given by Equations 7.52, 7.53, 7.54, and 7.55. The system variables are xp, the displacement of mprop, xh, the
displacement of mh, and their derivatives ẋp and ẋh.

Figure 7.19: Model used to analyze the vibration behaviour of the UAV

ẋ=Ax+Bu (7.52)

x=
[
ẋp xp ẋh xh

]T (7.53)

A=


0 −k

mprop
0 k

mprop

1 0 0 0
0 k

mh
0 −k

mh
0 0 1 0

 (7.54)

B=
[
1 0 0 0

]T (7.55)

u=A1cos(w1t)+A2cos(w2t+phase2) (7.56)

The system was used to analyze both lateral and vertical vibrations. The equivalent stiffness of a single strut
under vertical vibrations is given by Equation 7.57. In the UAV three struts are present, therefore the total
vertical stiffness is 3 times that of a single strut.

kv=
3EI

L3
(7.57)

In Equation 7.57, kv is the equivalent vertical stiffness of a strut, E is the Young’s modulus of the strut material,
I is the moment of inertia of the strut around the horizontal axis, and L is the length of the strut.

For the case of lateral vibrations, the struts can be located at an angle with respect to the deflection direction
and therefore finding the total equivalent lateral stiffness kl is not straightforward. For a given displacement
of the propeller mass ∆x, every strut deforms axially and laterally as seen in Figure 7.20. The magnitudes
of these displacements depend on ∆x and on the angle Θ between the direction of the displacement ∆x and
the strut longitudinal axis. The axial displacement ∆a is given by Equation 7.58 and the lateral displacement
∆b is given by Equation 7.59.

Figure 7.20: Axial and lateral deflections of a strut induced by a deflection ∆x
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∆a=∆x·cos(180−Θ) (7.58)
∆b=∆x·sin(180−Θ) (7.59)

In Equations 7.58 and 7.59, Θ is in degrees. The axial and lateral forces Fa and Fb that the displacements
induce are proportional to the displcements and given by Equations 7.60 and 7.61.

Fa=ka∆a (7.60)
Fb=kb∆b (7.61)

The constants of proportionality ka and kb in Equations 7.60 and 7.61 are the equivalent stiffness of a strut
under axial and lateral loads respectively. Due to the symmetry of the strut cross section, kb is equal to kv,
given in Equation 7.57. The equivalent axial stiffness ka is given by Equation 7.62.

ka=
EA

L
(7.62)

In Equation 7.62, A is the cross sectional area of a strut. The components of the forces Fa and Fb in the line
of the displacement ∆x are Fa,x and Fb,x respectively. Their expressions are given in Equations 7.63 and 7.64.
The total force in the direction of ∆x that a strut applies in one beam, Fx is given in equation 7.65, in which
the relation of Fx, ∆x and the equivalent stiffness in the direction of ∆x, kx is also presented.

Fa,x=Fa·cos(180−Θ) (7.63)
Fb,x=Fb·sin(180−Θ) (7.64)
Fx=Fa,x+Fb,x=kx∆x (7.65)

Combining the previous equations, an expression for kx as a function of Θ can be obtained. The total stiffness
in the lateral direction kl is given by the summation of the kx of every strut. The values of Θ for the struts
differ by 120 degrees. This fact causes the total stiffness kl to be constant, independently of the direction of
lateral vibration, with the expression given by Equation 7.66.

kl=
3

2
(ka+kb) (7.66)

With the stiffness for both lateral and vertical vibrations defined, the system was simulated in Matlab using
the lsim command. Different runs of the simulation were performed for the vertical and lateral vibration modes
varying the amplitude of the input forces and their phase difference. The frequencies of the response of the
system were investigated by means of a Fourier transform. The results show that the highest accelerations
in the hull are present for phase differences of 180 degrees between the inputs, i.e. when both components act
in the same direction at all times. The maximum deflections of the beam, given by the difference between xh
and xp also happen at that value of phase difference.

When using the values for the structure design of iteration 11, an input amplitude of 10% of the hover lift, an
input frequency range from 11500 to 13500 rpm, as given by the propulsion group, and a phase difference of 180
degrees, the maximum lateral deflection was found to be (xh−xp)l,max=2.36·10−6mm. Such a small deflection
will not cause structural problems. On the other hand, the maximum g load on the hull under the same
circumstances is gl,max=0.51. This is not a negligible acceleration, it could render the readings of the gyros and
accelerometers located in the hull useless. However if the frequency spectrum of the acceleration on the hull is
investigated, the Fourier transform presented in Figure 7.21 shows that only two peaks are present, at frequencies
of 225.0 Hz and 485.8 Hz. The first one is the input frequency of the motors at 13500 rpm and the second one is
the natural frequency of the struts under lateral vibration. In reality, harmonics of both this frequencies would
also be present. Nevertheless, since all of these are high frequencies, a low pass filter can be used on the data
collected by the accelerometers and gyros, and the acceleration due to vibrations will not influence the navigation
performance of the UAV. In addition, since the sampling frequency of the IMU of the Navstik is 4000 Hz, vibration
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frequencies up to 2000 Hz will be sampled correctly and aliasing will not occur. Higher frequency vibrations will
have low enough amplitudes that will not pose a problem to the navigation, even if aliasing is present. Moreover,
resonance due to the main input frequency will not be experienced in lateral vibrations due to the high natural
frequency of the system and the limited input frequency of the motors and propellers. Regarding harmonics
of the input frequency, the second harmonic of the input could induce resonance. However, the amplitude of
the second harmonic would be lower than the amplitude of the base frequency, and the damping inherent to
the strut, which was not considered in the analysis for simplicity, would prevent the hull vibration amplitude
and the acceleration from growing past the point that would compromise the structural integrity of the drone.

Figure 7.21: Frequency components of the acceleration on the hull in the lateral direction

When the same inputs were used to analyze the vertical vibrations, a maximum deflection (xh−xp)v,max=
1.21·10−5mm and a maximum g load gv,max=0.008 are found, at 11500 rpm. Both have a negligible impact
on structural integrity and navigation capabilities. Also, the frequency spectrum of the acceleration, presented
in Figure 7.22 shows two peaks, one at 26.7 Hz and one at 216.6 Hz. The first is the natural frequency of the
system under vertical vibrations, and the second is the input frequency. As with the lateral vibrations, the
input frequency is high enough to be filtered out. The vibrations on the natural frequency could probably be
filtered as well, but the natural frequency is low enough that it may not be feasible. Either way, the amplitude
of the acceleration is low enough that it will not have a noticeable impact on the navigation performance of
the drone [20]. Regarding resonance, as long as the frequency of operation of the motors is maintained at a
high enough level, no structural problems will arise.

Figure 7.22: Frequency components of the acceleration on the hull in the vertical direction

Factors that generate a force that induces lateral or vertical vibrations, like propeller mass imbalance, can also
induce moments on the propulsion subsystem mass. Similarly to the forces mentioned before, these moments
would occur at the motor rotational frequencies of the UAV and its harmonics, and induce vibrations on the
drone as well. In order to analyze the effect of these moments, a model equivalent to the one shown in Figure
7.19 was used. However, since these vibrations involve rotations, the masses mh and mprop were substituted
by Jh and Jprop, the moments of inertia of the hull and the propulsion elements respectively. Moreover, the
variables of the model were changed to θh and θprop, the rotation of the hull and the propulsion elements with
respect to a horizontal frame of reference. Finally, the linear spring with stiffness k connecting both masses
was substituted by a rotational spring with stiffness kr.
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The expression for the stiffness kr was found following an equivalent process to the one outlined to determine
kl. This time, instead of axial and bending stiffness of the struts, torsional stiffness kt and rotational stiffness
due to bending kr,b were used. The expression for kr is given in Equation 7.67.

kr=
3

2
(kt+kr,b) (7.67)

kr=
GJ

L
(7.68)

J=2πR3
strut,innertstrut (7.69)

kr,b=
EI

L
(7.70)

F=∆mpropω
2L (7.71)

As with kl, the value of kr is independent of the axis around which the rotation occurs, and so the vibrations
analysis can be performed around any axis. The expression for kt is given in Equation 7.68 [59].

In Equation 7.68, J is the torsional rigidity of the cross section. For the circular cross section of the struts,
J is given in Equation 7.69.

The expression for kr,b as shown in Equation 7.70 was obtained rearranging the expression of the tip deflection
of a cantilevered beam under a moment [70].

The force that a mass imbalance induces on the propeller shaft is given by Equation 7.71. This force times
the distance from the propellers to the strut location gives the magnitude of the moment load that is used
as input for the simulation of the vibrations due to bending.

In Equation 7.71, ∆mprop is the difference in mass between propellers, set to 5% in the analysis. The symbol
ω stands for the angular velocity of the propellers, and is directly related to the rpm of the motor. As with the
case of vertical and lateral vibrations, the highest rotations and accelerations occurred when the phase difference
was 180 degrees. Using an input rpm range from 11500 to 13500 the maximum rotation of the hull was found to
be ϕ=0.095degrees, at an rpm input of 11500. The maximum angular acceleration occurred at the same input
frequency, and resulted in a linear acceleration in the hull of 4.81 g. Similar to the vertical and lateral vibration
modes, the deflection due to moments acting on the propulsion subsystem will not compromise the structural
integrity of the UAV. However, the acceleration experimented by the hull in this vibration mode is considerable,
and would not allow the use of the IMU data for navigation. Fortunately, the frequencies at which the UAV
vibrates in this mode are 87.46 Hz and 191.7 Hz, as seen in Figure 7.23, both high enough to be filtered out.
Moreover, as long as the minimum rpm of 11500 is not decreased, resonance will not occur in this vibration mode.

Figure 7.23: Frequency components of the acceleration on the hull in the bending mode of vibration

This section addressed the structural analysis of the vehicle’s architecture. The reader got acquainted with
the hull design in Section 7.1 and with the strut design in Subsection 7.1.2. The hull makes use of 1 mm thick
walls on the all sides. The struts are hollow cylinders with 4.6 mm inner and 5.7 mm outer radii. Section 7.2
introduced impact resistance concepts. The employed design makes use of the foam finger paddings on the sides
and full foam cover on the top and the bottom of the hull. Also, a protective fence was placed on the top and
bottom of the duct to account for Occupational Health & Safety considerations. Lastly, the vibrational analysis
of the structure concludes that resonance will not compromise the structural integrity and that vibrational
accelerations on the payload (IMUs) either are negligible or can be filtered out.
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8 | Data Handling & Hardware-Software Inter-
action

To ensure the proper interaction of the individual payload components, the software design needs to take care
of the data flow through the complete system and the human-machine-interaction. In order to start with
the software design ,the complete airborne system needs to be split up into individual parts with a given
functionality and clearly defined in- and outputs. The main subsystems to consider are the following:

1. Propulsion

2. IMU & Control

3. Visual recording

4. Additional World perception

5. Communications

6. Environment interaction

These subsystems together ensure the full operability of the system. The individual hardware components used
have already been addressed in the previous chapter in Section 6.6. This chapter will focus on the individual
interaction of these components and not on how and why they were chosen.

Section 8.1 will cover the internal data handling and data flows between the hardware components and also
functions as an indication for the internal wiring. Section 8.2 will show the additional software needed to run
the system aside from the off-the-shelf Paparazzi flight controller used by the Navstik by means of a software
block diagram.

8.1 Data handling

The summary of the overall data handling structure is given in Figure 8.1. Two main processing units are in
charge of handling all the drone’s data: The Navstik for Flight control and the Gumstix Overo Earthstorm
mostly in charge of video compression and forwarding; its additional computing power can be used to process
additional flight control maneuvers if necessary in case the slower Navstik cannot handle all the sensor data.

Both the Navstik and the Gumstix are attached to a breakout board to add additional interfaces for connection of
sensors and actuators. The Navstik is attached to the IvyPro interface board, which is equipped with a 16GB mi-
cro SD card to function as a flight-recorder/blackbox. The Gumstix Overo, which itself is already equipped with a
32GB micro SD card, is attached to its expansion board Summit to attach the IR camera and the transceiver unit.
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Figure 8.1: Data handling diagram of the UAV
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Following the flow of data from the operator command through the system, back towards the GCS:

GCS Commands: Via the GCS, the operator sends commands towards the UAV in the form of gain values
for roll,pitch,yaw and thrust; plus occasional commands to turn on/off the lights and/or change the flight mode
of the UAV. This data is received by the transceiver and directly forwarded to the Gumstix summit via its
SPI Port. Also, the processor on the Gumstix Overo decodes the received command data stream and sends
it via the USB serial port towards the Navstik.

Navstik + IvyPro: The Navstik itself is a specialized flight control board, which does the control and stability
calculations based on the pre-programmed layout of the UAV and the real-time received sensor data. It has a build-
in IMUwith an accelerometer, gyroscope andmagnetometer as well as a static pressure and a temperature sensor 1.
The Navstik also receives additional sensor data directly and indirectly; a GPS signal is received via the dedicated
UFL connector and the data of the 6 sonar sensors is received via the I2C bus of the IvyPro and forwarded to
the Navstik. The IMU data together with the gathered sonar and GPS data is then merged via sensor fusion
and together with the GCS commands used as input for the main control loop of the Paparazzi flight controller.

The paparazzi software will need to be altered to properly fuse all the additional sonar data to ensure the best
possible ease of use for the operator, while still ensuring essential safety; this planned alteration will be addressed
in the Section 9.3. In essence, the Paparazzi software converts all the sensor and command input data to a
set of gains for the individual PWM ports connected to propulsion actuators, which in the present case are the
2 brush-less motors on port 1&2 and the 3 servos for the swash-plate tilt mechanism on ports 3-5. The sensor
data and the results of the Paparazzi control algorithms are all stored in the micro SD card on the summit
for flight path reconstruction and possible incident investigation in case of an unexpected failure or irregularly.

Besides the 6 dedicated PWM ports, the IvyPro interface board also has the possibility to use the 6 RC ports
as PWM signal ports, these ports will be used to attach different kinds of LEDs for several purposes. In order
to still be able to have a proper visual image in low lighting conditions, 4 high brightness LEDs are mounted
to the front of the UAV in pairs of 2 to illuminate the area that is perceived by the cameras. A third PWM
port is mounted to 2 auto-blinking LED’s mounted on the side of the UAV for awareness of bystanders and
enhanced visibility of the system at night or in dark indoor confinements. Due to the control of the LEDs via
PWM ports all of them can be dimmed according to outdoor lighting conditions to save energy when high
brightness is not required or contra productive e.g. blinding a subject of rescue inside a building. 2 PWM
ports are connected to a red and a green status LED to display various information such as the flight controller
status: e.g. ’Self-test completed’,’Ready for Takeoff’, ’Battery low’ or ’an Error occurred’. The last additional
PWM port can be used to control the additionally attached window breaker mechanism, but since the design
choice for this has not been finalized, this is merely an option.

Video Feed: Since 5 out of 6 dedicated PWM ports of the IvyPro are used for direct flight control, the
remaining one is connected to the frontal servo used to pitch the 2 cameras: The e-CAM56-37x digital camera
and the Flir lepton IR camera. These cameras are both connected to the Gumstix module, the digital camera
is directly connected to the Overo processing unit via the OMAP ISP port, while the IR camera is connected to
the SPI port on the Summit expansion board; both camera feeds are compressed by the compression thread on
the Overos central processor to reduce the data rate that is send towards the GCS. Apart from the live video
feed the cameras can also be used to take high quality single frame pictures to be stored on the micro SD card.

The compressed video streams together with general state- and sensor data received from the flight controller
via USB will be combined to data packets that are being send via the SPI port and the transceiver to the
ground station, to be processed on the GCS to be displayed in a comprehensible fashion on the GCS visual
interface; in terms of video stream and flight instruments.

8.2 Software Design

Due to the design choice to use the Paparazzi hardware-software solution to control the UAV, the overall
software that needs to be written to control, operate and communicate with the drone is rather marginal and
most of the data flows in between the components and sensors are represented in Figure 8.1 and have just been
explained. The more complex computations are the Paparazzi flight controller running on the Navstik and
video compression running on the Overo; all other software functions are mostly direct data transfer via e.g.

1URL: http://wiki.navstik.org/doku.php?id=hw:ivypro

http://wiki.navstik.org/doku.php?id=hw:ivypro
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sockets, sensor decoding and few smaller command loops to ensure e.g. the tilting of the camera, turning on
and off the LEDs and possibly send the audio stream to the speakers.

There are 4 main computation blocks:

1. Flight Controller

2. Video compression

3. Communication

4. Sensor data pre-processing

The flight controller is an enclosed block handled by the external software; the internal processing of the
Paparazzi system and possible alterations are addressed in Chapter 9.

The video retrieval is done via the build in ISP and SPI ports and compressed via the established h264
compression algorithm, this software functionality is described in Section 6.4.2.

The main task of the communications software is the merging of the individual sensor- and video data into a
single compressed and encrypted data stream to be sent in packages towards the GCS, this system functionality
is explained in Section 6.4.2.

The later sensor data processing is dealt with individually for the different sensor types: For example the voltage
measurement of the sonar sensors needs to be translated to a distance via a calibration table/formula, the
same holds for e.g. the accelerometer where the conversion is from voltage to acceleration; these are in essence
one-liners executed during run time and do not require extensive computational power or attention.

In this chapter the interaction between the individual payload components and handling of data is depicted.
Furthermore the operational software is explained.
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9 | Control and Stability

The following chapter will introduce the theory on how to control the UAV. Since the flight control is taken
care of by the paparazzi control software only the basis of the control method is addressed. The second half
of the chapter will focus on what changes have or can be made to the existing software to enhance performance,
optimize and ease the human-machine interaction.

9.1 Actuation flow

The IPD is in essence a tailless coaxial helicopter, so the control of such a drone is not trivial. Even though
it will be handled by a third party software it is of upmost importance to understand the dynamics of existing
system and not completely rely on the performance of a pre-programmed software.

Before going in depth looking at the actual control, it is needed to first get a better understanding of the
characteristics and layout of the propulsion units and actuators that compose the overall physical control system.
In the case of the IPD there are a total of 5 control actuators:

1. Engine #1

2. Engine #2

3. Swashplate Servo #1

4. Swashplate Servo #2

5. Swashplate Servo #3

All these actuators are controlled via the PWM ports on the IvyPro interface board. The control/actuation
flow from the software output PWM signal towards the absolute drone state is depicted in Figure 9.1 and will
be explained in the following section:

Figure 9.1: Control Flow of the UAV: Software output -> UAV final state

The PWM signals for the motors define the given throughput power to the motor, resulting in a given RPM based
on the drag of the rotor blades, this RPM is translated to the thrust the propeller generates given its own induced
velocity. The exact calculations on how to get from a given rotor RPM to the thrust are explained in Section 5.1.
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Based on the specifications of the servos, the PWM signals sent into the servos will position the servo under
a given angle based on the pulse length (for off-the-shelf servos the pulse length for the neutral position is
around 1,5 ms). Hence the PWM signal send to the servos directly control their attitude and neither rotational
velocity nor -acceleration. A rod is connected to the end of the servo arm and to both the upper and the lower
swashplate, the upward deflection of the servo actuated rod is given based on Equation 9.1.

∆hservo=rservo·sin(∆αservo) (9.1)

Since the rod connected to the servo is attached to the top- as well as the bottom swashplate, they are coupled
and will behave both in a similar fashion, the 3 servos are all attached to a joint on the swashplates. Just as
3 points can form a plane, the three joint ends on the swashplate actuated by the servos form the swashplates’
plane and define its attitude as well as its overall elevation; in terms of helicopter flight controls the attitude
of the swashplate correspond to a cyclic input and the overall elevation corresponds to a collective input.

While the swashplates’ outer ring is connected to the actuation rods of the servos, the inner part is freely
rotating due to a ball bearing, yet maintaining the same attitude as the outer ring. The inner part is connected
to the handles attached to the individual rotor blades. The pitch of the rotor blades is changed corresponding
on the upward deflection of the rods based on the swashplate attitude and its current position in terms of
heading in its own body reference frame (ψActRod), corresponding to Equations 9.2 - 9.4.

βswash=−sin(ψActRod)∗φswash−cos(ψActRod)∗θswash (9.2)
∆hAct=rswashinner ∗sin(βswash)+hswash (9.3)

θblade=arctan(
∆hActRod
rBladeArm

) (9.4)

The unsymmetrical pitch distribution results in an unsymmetrical lift distribution over the blade, creating a
moment around the center of gravity to pitch and roll the UAV.

9.2 Flight Controller

The flight controller itself is handled by the NavStiks Paparazzi software, and is a complex universal flight
controller. To properly understand how the system works it is best look at the top level control loop that is
executed to stabilize the drone in a given reference attitude, this loop is illustrated in the lower half of Figure
9.2. The control of attitude is very easily executable due to the fact that the drones attitude is one of the
properties that the internal sensors can measure with a low bias, therefore these values can be reliably used
to minimize the control error. This is the most common form of control for rotorcraft drones.

In the case of attitude control the operator gives a reference attitude with the joystick and communicates this to
the drone. The IMU of the UAV measures the attitude in pitch and roll of the drone and the rotational velocities
around all its 3 axes. With these parameters known the error between the desired- and actual attitude, as well
as the desired- and actual rotational velocity can be calculated (usually for the sake of stability ωref =0). These
errors are then used as input for the PID controller calculating the desired gains for pitch and roll. For the present
vehicle, the resultant control gains correspond to a given swashplate, which is then fed into the Servo Mixer that
will translate a given swashplate attitude to the servo rod deflection and their corresponding PWM signal values.
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Figure 9.2: PID Flightcontroller layout for navigation and attitude stability

Since the main control code of the paparazzi software is open source, it is possible to make personalized
changes to the code to optimize and extend the functionality of the code in order to improve the overall
hardware-software interaction. This issue will be addressed in the next Section 9.3.

9.3 Alterations to the Paparazzi software

To be able to make the UAV control system as user friendly as possible, a few available and highly advisable
alterations to the standard paparazzi control algorithms have been developed, which need to be incorporated
into the system.

Flight Modes

1) Emergency proximity stop:
The sonar sensors mounted on the vehicle provide the flight controller with information about the distance of the
UAV to walls or other hazardous objects in flight direction, and all lateral directions. This information needs to
be taken into account to prevent the UAV from crashing into its surroundings and to aid during the window entry
process. The most important feature there is to alter the operator’s commands based on the current situation:
e.g. when the drone is 1 meter from the wall in front of him, a full pitch control input should be reduced to
a gain, which is considered safe and does not result in an unavoidable crash against the prior detected obstacle.
So, a proportional gain reduction based on the distance measurement is needed. This practice is comparable to
a virtual potential field, where every obstacle functions as a repeller, with increasing flux the closer the obstacle
is located to the UAV. This feature should also include a ultimate minimum offset that needs to be kept to a
wall at all times, in case dwall<dmindistance the user control input in the direction of the obstacle should be set
to 0 and possibly even give a negative response so the system autonomously distance itself from the obstacle.

This feature should always be turned on, except the operator specifically turns it off in case of the necessity
to go through a very tiny opening where this feature would result in a full system halt.

2) Corridor traverse mode:
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To increase the user friendliness of the system and increase the Human-Machine-interface efficiency, a ’Corridor
traverse mode’ should be implemented as an optional flight mode that once engaged will enable the user to set a
constant speed at which the UAV will traverse through a hallway, until it reaches an obstacle in front of it (end
of the hallway, or corner) or the user specifically stops the traverse. The drone will keep itself in the middle of the
corridor by accounting for the difference in sonar sensor distances in the calculations of the lateral and vertical
control gains. Due to the limitations in velocity management it might be possible to use the GCS as an external
computing source to perform a optical flow analysis on the received video feed to approximate the forward velocity.

3) ’Take a look around’:
To make full use of the optional virtual reality component of the GCS, a flight mode should be implemented
that enables the operator to inspect its surrounding area in an intuitive fashion, fully concentrating on the
observation and less disturbed by the need to operate and stabilize the vehicle. To incorporate the use of the
VR kit, the operator has the possibility to actually ’Take a look around’ by tilting his head in the desired
direction, the IMU in the VR headset and possibly an additional IR head tracker will measure the operators
head movement and its absolute attitude, which can then be translated into the pitch angle of the camera servo
and the control gain for the UAVs yaw axis. Therefore, the camera will indeed face into the direction of the
operators eyes/head. This flight option is most useful in combination with the corridor traverse mode.

The biggest issue with this mode of operation is that since only one servo is used to control the camera the
UAV has the yaw to look laterally and therefore does no longer face into the direction that is considered to
be ’forward’. In terms of flight control this is easily solvable with a correction matrix on all the incoming data,
transforming the data from the vehicle’s body frame of reference to the flight controller flight coordinate system.
But in terms of intuitive control by the operator, it might result in a few major issues. Imagine this: You’re the
operator and slowly traverse through a corridor and use the drone’s camera to look for victims and suddenly
to your left you see an unconscious individual lying on the ground, your initial reaction is to move forward
towards that person to take a closer look; but remember, your specified forward direction is now to your right
so as soon as you move your stick to the front suddenly you move sideways! To solve this problem an indication
in terms of a head-up display style arrow shall always point your specified forward direction. Therefore as soon
as you tilt your head sideways there’s always a reminder present. Most importantly a reset button needs to
be present that will reset the forward direction and/or end the ’Take a look around’ mode, to enable a quick
maneuvering as soon as you made a discovery. Coming back to the scenario that was just pointed out, the
operator would press the reset button as soon as he made his important discovery and then engage in a quick
forward maneuver resetting his forward direction and directly leading him towards his destination.

4) Connection-loss halt and landing:
In case of a connection loss with the GCS, the UAV shall engage in a ’Hold’ mode that will minimize the
systems acceleration, which can be directly translated to attitude, and possibly if measurable minimize absolute
velocity to keep its initial position at the time of connection loss as accurate as possible and prevent a crash
with the surroundings and/or a major uncontrolled drift around the perimeter.

In case the connection loss is not temporary and remains for a certain duration of time the system will be given
2 possible options: 1. Land and remain at the specified location to enable a possible rescue of the UAV in case
humans will be entering the building after all. 2. Return to the GCS autonomously, aborting the mission, but
saving the system itself to be reused in a follow-up mission after repairs have been performed. This second
option is very complex and non-trivial, but will be addressed shortly.

5) Outdoor safety height:
To ensure no individuals will be harmed during the outdoor use of the system, the UAV shall, if requested,
make use of the nadir pointed sonar sensor to measure it’s height and always remain above a set safety height
(approx. 2-3 meters); this will be very useful since the operator has no ’eyes’ on the bottom of the vehicle
and from a FPV point of view, its rather difficult to estimate your height above the ground and some possible
obstacles can be overlooked. This mode is very similar to the proximity aided indoor flight, but in this case
preventing crashes with ground based individuals and objects rather than walls and other objects.

Experimental Flight Modes

Besides these feasible and highly beneficial flight mode scenarios, a few other modes were also accounted for
that require a significantly increased amount of work and computing power; these are not exactly trivial and
quite experimental but very promising concepts.

6) Velocity control
Controlling a rotor-craft requires dual integration in the operators head, since the accelerations are controlled
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essentially by means of throttle (vertical acceleration) and attitude (directional lateral acceleration). The only
axis that is essentially controlled by means of (rotational) velocity is the yaw, as during a yawing input the
UAV can directly measure the rotational velocity via the gyroscope and cancel it out via a PID controller, just
as it does for the attitude. This form of control requires a lot of practice and precision by the pilot to properly
maneuver such a vehicle especially via FPV. Therefore, every aid to ease the use of the system is very welcome,
especially if every second counts. A control by means of a given reference velocity by the operator is the most
intuitive form of operating any vehicle: Forward input → forward flight; Zero input → zero velocity (Hold).

In theory and for simulations, this method of control has been tested and been proven to be very effective and
intuitive. This is similar to the control of a video game character and can be compared to the control of a
car. Although, in a car, technically accelerations are the given input, but the quickly converging drag results
in the intuitive feeling of velocity control. The problem arising though is the necessity for a very accurate
measurement of the velocity. For an airborne vehicle without any external sensor, this is not trivial for small
velocities. One possibility is to use a differential pressure sensor (pitot tube), the downside of this is that this
measurement is only directional and only provides indicated airspeed and not ground speed.

The currently mounted sensors can give an indication of the drones state of velocity by means of fusing all
sensor data together: For very short time-frames the IMU of the drone can give a reasonable estimation of
the drones velocity by means of integration of the accelerometer data in accordance with the gyroscope. This
method however is very prone to drift. A more direct measurement of velocity can be obtained by differentiating
the distances measured by the sonar sensors, e.g. a decrease in distance can be translated to a velocity towards
the wall, with the the drone can keep a constant distance from the wall. The excess computational power of
the Gumstix Overo can be used to perform optical flow computations in lower resolution which can be used
to calibrate the IMU velocity data: First the optical flow measurement is calibrated based on the knowledge on
the rotational velocity of the drone from the gyroscope, hence any errors due to rotations can be reduced. If the
resulting data if shows stationary behavior of the drone it can be used as fix point to reset the drones velocity
to 0 hence nullifying the error caused by the IMU drift, on the other hand if the camera measures a optical flow
not caused by the drones eigenmotion, but due to a dynamic object in front of the lens it can be distinguished
due to the drones velocity measurement based on the IMU, hence if the drone was stationary and did not
accelerate since the point of a dynamic optical flow measurement it can be assumed to a dynamic object rather
than the drones eigenmotion. In anyway this control needs to be dealt with a lot of caution since exponentially
growing errors can result in serious problems , therefore this method should only be used in situations when the
probability of an erroneous measurement can be assumed to be small enough, hence when the sonar sensors give
an absolute distance measurement for calibration. The best use of this flightmode is in cooperation with the
corridor traverse mode where the walls are in close proximity and deliver adequate absolute distance measurement

Assuming the absolute velocity of the system would be exactly known at any point in time the control would
be as follows: the error between the absolute velocity of the UAV and the reference velocity set by the operator,
can be translated to a given reference acceleration based on a set proportionality factor defining the minimum
settling time of the system. For example, with a difference velocity (Vdif) of 1ms and a gain K=2, the reference
acceleration (aref) is given by: Vdif ·K=2ms2 resulting in a minimum Settling time (tsettling) of:

Vdif
aref

= 1
K =0.5s.

This reference acceleration is then translated to a given reference attitude of the vehicle in the form of roll and
pitch. This value is then fed into the regular PID attitude control system of the flight controller. The conversion
from acceleration to attitude is performed by means of trigonometry, the current engine thrust setting and
the known system mass.

If arefz =0 the formula is very straight forward and reduces to: θ=arctan(axg ).

A summary of this control algorithm given in the upper half of Figure 9.2.

All in all this flight mode can most probably not be implemented with sufficient accuracy, but can be used
partially to prevent collisions: In case the operators flies to fast forward through the building and approaches
a wall the differential measurement of the frontal sonar sensors translated to a velocity can be used to perform
a quick breaking maneuver, a technology that is currently more and more adapted by car manufacturers to
increase the vehicles safety.

7) Return to Base
As a last additional flight mode a ’return to base’ function would significantly ease the use of the system. The
main idea behind this flight mode is that the drone will be able to autonomously find its way back to the GCS,
as soon as 1: the operator decides to abort the mission, 2: the UAV realizes that its battery power is below
the critical value to make a safe return or 3: the communication with the GCS is lost for a prolonged time;
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in this case the chances of a reconnection are enhanced.

As incredibly helpful this function might sound, its implementation requires a lot of ingenuity and computing
power, as the current equipment of the vehicle does not allow for an absolute positioning while being indoors.
To successfully implement and execute this functionality, the UAV requires extensive information about its
surroundings, by this means the drone is in need to create a map of its perimeter while traversing through the
building. Larger UAVs equipped with a Light Detection and Ranging (LIDAR) system can create very accurate
maps of their surroundings, but not only are these systems very heavy but they are also power consuming and
their processing the data requires a lot of (usually external) computing power. The system if implemented
should be able to perform this task, while disconnected to the GCS, hence without external computing power.
A solution for this would be to track to the position of the UAV via GPS while outdoors to enable safe return
to the GCS and indoors a sophisticated sensor fusion is necessary that makes use of the local tracking of the
UAVs movement using the IMU data and cross-check of speed with the sonar sensors and optical flow based on
the camera data. A means of breadcrumbs navigation can be implemented based on a quick pattern recognition
software, spotting and re-identifying of particular structures inside the building.

9.4 Summary

To summarize the findings on the UAV’s control system, it is safe to assume that the well established Paparazzi
autopilot software will take care of the overall control and stability of the dual swashplate actuation system.
The tasks left to be performed are the optimization of the original code and the integration of additional flight
modes as stated in the previous section. These flight modes except for mode #7 & #8 are pure software
solutions and no changes in the hardware design are needed to implement them and make them reality.
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10 | Verification and Validation

In this chapter, the calculations of the system properties will be verified and validated and the methods to do
this will be explained. In Section 10.1, the propulsion calculations will be verified and in Section 10.2 validation
methods are proposed for the results. In Section 10.3, the verification and validation for the structural calculations
are performed. In Section 10.4, verification and validation for the communication subsystem is shown.

10.1 Verification of Propulsion Calculations

The theory used to perform the propulsion calculations as shown in Chapter 5 is already verified as it has been
taken from articles and known helicopter dynamics. However the program used for the calculations needs to
be verified. This verification will be done in the same order as the theory is explained in Chapter 5.

10.1.1 Verification of Thrust Calculations

The calculations described in Section 5.1 have been revised by analytical performing the calculations. This
resulted in exactly the same values as the program directly uses the analytical method to calculate the values.
However, as a special note, the drag coefficient for the design could only be approximated. This approximation
is performed at a Reynolds number of 10000 while the drone itself has a Reynolds number of 200000. This
discrepancy is very large as there was no accessible data on higher Reynolds numbers. Thus, is it important
to validate the drag coefficient using tests when the prototype is developed.

10.1.2 Verification of Coaxial Rotor Calculations

The integrals shown in Section 5.2 are too complicated to be performed analytically. Therefore, this part of
the program can not be verified using an analytical method. Instead, the code was evaluated for convergence as
the step size used to calculate the integrals increased. At first, the value from the integral increased in the same
order as the step size was increased. This error was investigated and solved to have the integral converging.
Tests were also performed by varying the initial guess of the Prandtl tip loss factor, however, convergence was
found for values between 0 and 1 in varying step sizes.

10.1.3 Verification of Propeller Design

The twist distribution calculations in Subsection 5.4.2 have been verified by taking random points along the
propeller and comparing the numerical values to analytical values for the velocities the propeller sees. These
were either exactly the same or insignificantly different due to rounding errors. Using these velocities, the angles
were plotted over the length of the propeller as seen in Figure 5.7 and the twist distribution was fitted over
this plot for visual inspection. The twist distribution was smooth enough for production and did not differ from
the angle it was set to be either exactly the same or only different due to rounding errors. The tip displacement
was verified using several assumptions. The formulas are too computationally intensive due to the blade twist
and distributed force. Therefore by using a constant inertia and an uniform distributed load it could be verified
that the values are in the right order of magnitude, but could not be used to verify the exact number. The
stresses were verified analytically and found to be exactly the same as the numerical program.

10.1.4 Verification of Power Calculations

The calculations described in Section 5.5 have been confirmed by additional analytical calculations. This
resulted in exactly the same values as the program directly uses. However, the Figure of Merit can also be
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checked against known values from existing designs. For a standard helicopter design, the FM is in the range
of 0.6 to 0.65.[7] As the drone design mostly uses helicopter dynamics theory, the FM of 0.58 is very plausible.

10.2 Validation of Propulsion Design

As mentioned in Subsection 10.1.1, the drag coefficient of the drone should be validated using tests such as wind
tunnel testing. Although, the effects of a duct and coaxial rotors have been studied extensively little is known
about the combination of these two parts. As such tests need to be performed to validate the combination of the
theory used to calculate the effect of the duct and the theory used to calculate the thrust of the coaxial rotors.

Regarding the effect of the duct, it is known that blade tip clearances of 1m or less are preferable. [4] However,
due to impact constraints, a larger blade tip clearance of 5mm is chosen for the design and the effect of a larger
blade tip clearance is not present in the theory and needs validation from experiments. For the effect of the
coaxial rotor wake analysis needs to be performed to see what the wake contraction of the upper rotor and thus
validate the assumption that the wake of the upper rotor is fully contracted. The tip displacement of the blades
can be validated by manufacturing a model and applying the right force to it. In this way, the tip displacement
can be measured. The tensile and bending stresses should be validated using strain gauges on the model.

10.3 Verification and Validation of the Structural Design

Verification of the models used to simulate structural behaviour was conducted to ensure the results obtained
agreed with the theoretical models used. The choice of theoretical model has already be discussed in the
respective sections, however, this section describes the verification of code implementation.

10.3.1 Buffer Design Response Analysis Tool

The MATLAB tool designed to simulate the loads on the spring and viscoelastic buffer design was verified
against similar implementations of a conventional spring mass and spring-damper mass system. The fundamental
equations of motion used to simulate the systems as described in Sections 7.2.1 and 7.2.2 do not need to be
verified as they are widely adopted equations to model the system.[62] The coding was checked using simple
spring constants and damping coefficients to ensure the correct response, including period and frequency, was
computed by theory of vibrations [62]. Individual functions of the code were verified by ensuring correct
implementation in code and computing results by hand to check agreement. Bugs in the code were rectified
before it was used for design. As described in Sections 7.2.1 and 7.2.2, the average force computations were
verified against simplified theory based on change of linear momentum using the rebound velocity and time.
Given the highly non-linear behaviour of viscoelastic material [64], it is recommended to validate the results
with experiments to get realistic behaviour of the material under impact.

10.3.2 Stiffening Ring Calculator Tool

It is of primary importance to ensure that the tool that is used for the Stiffening Ring concepts is properly
verified. Therefore, a verification procedure was carried out on the Stiffening Ring calculator tool. Firstly, the
so-called code verification has to take place which is the systematic checking and re-checking of the code while
fixing syntax errors. It can be reported that all syntax errors were properly fixed and the software is error free.
The next step in the process is calculation verification where the parts of the code are examined, several inputs
are being run on it and the results are compared with analytical solutions. The moment of inertia calculation
comparisons can be seen in Table 10.1.



96 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 10. VERIFICATION AND VALIDATION
Table 10.1: Verification of the inertia calculator of the Stiffening Ring Calculator tool

Height [mm] Thickness [mm] Numerical Iyy [m4] Analytical Iyy [m4] % Difference
4.5 4 3.04∗10−11 3.04∗10−11 0
5 4.5 4.69∗10−11 4.69∗10−11 0
5.5 5 6.93∗10−11 6.93∗10−11 0
6 5.5 9.9∗10−11 9.9∗10−11 0
6.5 6 1.37∗10−10 1.37∗10−10 0

The verification of each equation and loop was carried out in the same fashion and it was concluded that the
difference between the numerical and the analytical solutions does not exceed 1 %. Also, the final results of
the code have to be verified, this is done by using the same values as in Table 10.1 for the compressive stress
calculations presented in Equation 7.46. The results can be seen in Table 10.2.

Table 10.2: Verification of the compressive stress calculations

Height [mm] Thickness [mm] Numerical σ [m4] Analytical σ [m4] % Difference
4.5 4 8.66∗108 8.65∗108 0.1
5 4.5 6.23∗108 6.23∗108 0
5.5 5 4.64∗108 4.64∗108 0
6 5.5 3.54∗108 3.54∗108 0
6.5 6 2.77∗108 2.77∗108 0

The rest of the code was also verified and it was concluded that the maximum difference between the analytical
and the numerical solution was 0.1 %. These results are not presented in this document due to the limited
amount of space allowed for reporting. Due to the limitations of the Design Synthesis Exercise, it is not possible
to collect real-life data for the validation of the software, therefore the validation procedure is disregarded.
However, assessing code validation is recommended for future work in order to ensure that the calculated results
are accurate and accurately represent reality.

10.3.3 Hull cross section stress calculations

The Matlab script used to calculate the stresses in the hull cross section was verified as follows. Firstly, the
dimensions of the cross section were set to be such that the cross section was symmetric around two axis. The
first verification step was then to calculate the location of the centroids of the cross section elements, and their
moments of inertia. This values were compared with the calculated values in the script, and they were found
to match. The next step involved the location of the centroid and the shear centre. For such a cross section the
location of these points coincides with the point where the symmetry axes meet. While the centroid was in the
expected location, and the x location of the shear centre was correct, a small error of 1.29% was found in the
vertical location of the shear centre. This error was attributed to the imperfection of the integrals performed to
obtain the value. Moreover, since the error was so small, it was deemed negligible. Next, the bending stresses
and shear flows at certain locations were calculated analytically and compared with the stresses calculated by
the tool. This was the main verification procedure, and when it was performed, the stresses were found to be
in agreement. Other procedures were followed as well, making use of theoretical knowledge of the stresses in a
cross section. For one of these steps, a single vertical shear force was applied through the centre. The constant
shear flow due to shear forces calculated by the tool was found to be zero, as should be the case. For another
verification activity the von Mises stresses caused by a vertical force not acting through the shear centre were
compared to the stresses of a fore of the same magnitude acting through the shear centre and an additional
equivalent moment around the z axis. The stresses were found to match perfectly in both cases. More of these
activities were performed but are not included here due to page limit constrains.

10.3.4 Vibrations calculations

The main functions used in the vibration analysis script are lsim and fft. Since these are standard Matlab
functions they were not verified. What was checked was the inputs. It was made sure that the moment of
inertia, Young’s modulus, and area of the strut were correct, as well as the masses of the propulsion system
and the hull. In addition, the derivation of the state-space system was double checked, in order to assure the
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correct system was being solved, and that the model would accurately represent the system. All these processes
were performed without incidents, and the script was deemed verified by the team.

10.4 Verification and Validation of Communication Calculations

The link budget calculations presented in Section 6.4.6 and example performance analysis in Section 6.4.8 were
based on theory widely adopted and well documented by many scholars. References have been provided to justify
the theory and the method so only its implementation was verified. The program analytically computed results
and was verified by computing the link budget by hand and confirming the results of the program. As both
methods are analytical, there were no differences in the results obtained using both approaches. Unit tests were
performed to check whether the correct functions for the atmospheric and wall attenuation were implemented by
comparing plots against those available from the referred literature. To validate the results, it would be necessary
to produce the system and conduct experiment in actual operational conditions. This would require a thorough
study of the signal propagation in built-up indoor and outdoor environment over varying range using actual walls
and obstacles to check power losses. It is also advised to test the antennae gains when integrated with the rest
of the UAV to see how its performance is affected by interferences, placement and the quality of components.
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11 | Sustainable Solutions

This chapter primarily deals with the sustainability of the developed system. It is of primary importance to
develop a product that is both environmentally friendly and socially acceptable and economically favourable.
Firstly, social considerations, such as influence of the system on human perception, occupational health and
safety and user friendliness are considered in Section 11.1. This is followed by economical considerations
in Section 11.2. Lastly, environmental considerations such as material selection, production techniques and
recyclability are considered in Section 11.3.

11.1 Social sustainability

One of the primary concerns of UAVs is the perception by humans. Due to the lack of information of the
public on UAVs, it is fair to assume that meeting with drones might cause either aggressive or unpredictable
behaviour [71]. Therefore, it is of primary importance to make the people involved in such an operation aware
of the drone’s presence and its behaviour. One of the solutions is to apply painting on the vehicle that defines
the intended user or the purpose. Such an example is the application of distinctive colours of the Dutch fire
department (Brandweer). In this way, the victims to be rescued from a building on fire are warned that a
rescue operation is being carried out. Operating in a smoky environment is also highly likely, so it is crucial
to equip the vehicle with pulsating (LED) lights. For the fire department edition of the system, blue and red
colours can be used to further emphasise that the operation being carried out serves the involved. Of course,
the vehicle’s outlook can be fully customised based on customer needs.

One of the advantages of the system is that it can be used for multiple purposes such as rescue operations and
inspection activities as mentioned in Section 2. Since all of these operations might have human involvement, it
is critical to prevent the system from being harmful to people in any way. One of the ways to prevent accidents
is to make the system exhibit an equivalent level of safety (ELoS) to Conventionally Piloted Aircraft (CPA).
It means that the pilot of the vehicle shall be equipped with a "RPAS Operator License" to operate the system.
This law will be enforced by the Dutch Ministry of Infrastructure from the 1st of July 2015 and is mentioned
in "Regeling op afstand bestuurde luchtvaartuigen". Unfortunately, that still does not necessarily convince the
public of the reliability of such a system due to the fact that there are differences between conventional aircraft
operations and UAV operations in perceived level of benefit or voluntariness of exposure [71]. Unfortunately,
this is a consideration that cannot be designed for or mitigated and will only change over time when drone
applications will be more present in everyday life. A way to improve public opinion is to have demonstrations
of drone deployment in practice, for example during a fire drill.

It is not only important to create a product that complies with the regulations as imposed by authorities and
that can be perceived as a non-harming product, but it is also important to make sure that in case of a system
failure, the vehicle does not cause any trauma to the people involved. The most critical part of the body in
terms of injury is the head. Head injuries are assessed using the so-called Head Injury Criterion [72]. Section
7.2.2 shows that the total duration of impact is approximately 18 ms. Also, Table 11.1 shows the allowable
HIC values for different age groups.

Table 11.1: Head Injury Criterion for different people

Person Type Large-sized Male Medium-sized male Small-sized male 6-year-old Child 3-year-old Child 1-year-old Infant
HIC Limit 700 700 700 700 570 390

This information can be used to calculate the impacting g load on the human body. Equation 11.1[72] shows
the way the maximum allowable impact g-load on the head can be obtained.

Ahead= 2.5

√
HIC

timpact
=

2.5

√
390

0.036
=41”gforces” (11.1)
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It has to be noted that infants might be involved in rescue situations, therefore they have to be considered
as worst-case scenario targets. Therefore, the maximum allowable g load on their head is approximately 41 g’s.
Since it is already known that the vehicle will have a maximum impacting force of 111N (Subsection 7.2.2), one
also needs to investigate whether the total force acting on the person’s head due to collisions exceeds this value.
The mass of an average 1-year-old’s head is approximately 9kg1, so the maximum force that can act on their
head can already be calculated using Equation 11.2 wheremhead is the mass of the head and Ahead is the g-load.

Fallowable=mheadAhead=9·41=369N (11.2)

As it can be seen, the drone’s impact force is significantly lower (111 N), so the vehicle does not cause head
trauma upon impact. It is also essential to make sure that the vehicle does not cause lacerations. Due to the
two counter rotating blade system, the UAV is a potential threat, however the payload housing hull covers
most of the exposed area preventing injuries. Unfortunately, the top and bottom of the vehicle are not covered,
therefore they introduce risk of injuries. This problem can be solved with the protective fence solutions presented
in Section 7.3. In this way, the propellers of the drone are essentially fully housed and guarded from the
environment, which means that lacerations are eliminated.

11.2 Economical Sustainability

This section contains information and elaboration on the economical sustainability of the UAV. To achieve
economical sustainability, the target market is assessed to establish an estimate on the size of the demand. A
customer with high interest in the product would be the Dutch fire departments. With about 900 fire stations,
400 of which in urban areas, this may generate a sizable demand2. Since the national fire department’s costs
amounts to 1.1 billion euros annually, their budget is deemed sufficient to purchase the system as a new piece of
standard equipment3. Other possibly interested parties are construction companies, building inspection services
and emergency services other than the fire department.

A second point of interest for assessing economical sustainability are the production costs. Since most subsystems
consist of off-the-shelf components, production costs can be directly translated into purchasing costs. Self
produced components are the airframe and the propellers, and highly depend on the manufacturing method
and materials used. Another factor is the batch size in which the components are produced. For example, using
a 3D-printer might be cheaper than using a mold when only small batches are required. It is the Selective Laser
Sintering (SLS) technique that will be used to produce the airframe of the vehicle. Although, this process has
higher material costs per product, this process is still more economical when small batch sizes are considered
than the conventional Injection Moulding [73]. This phenomenon can be clearly seen in Figure 11.1.

Figure 11.1: Comparison of production costs of the Selective Laser Sintering and the Injection Moulding
processes[73]

This figure shows a significant decrease in price for the design at hand. Since the amount of parts to be
manufactured are in the order of a few thousand, total manufacturing cost per part is decreased by at least
75%. (see Figure 11.1)

1URL:http://www.babycenter.com/0_your-childs-size-and-growth-timeline_10357633.bc
2URL:http://www.brandweer.nl/organisatie/brandweer-buurt
3URL:http://statline.cbs.nl/StatWeb/publication/?PA=37511

http://www.babycenter.com/0_your-childs-size-and-growth-timeline_10357633.bc
http://www.brandweer.nl/organisatie/brandweer-buurt
http://statline.cbs.nl/StatWeb/publication/?PA=37511
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A third important contributor is the durability of the components. For the end user, it is important that
individual components do not need constant replacement, not only in terms of convenience but for the constant
negative cash flow this would represent. If this cannot be guaranteed, the buyer might switch to a competitor’s
product. To gain an accurate estimate of the durability of the design as a whole, tests will have to be performed.
For the purchased components, the manufacturer gives an indication of expected durability per part. This will
have to be verified with real-life application of the component. For the self-made parts, durability assessment is
slightly more difficult. It depends on the material and the manufacturing method employed. The three self-made
components (airframe, rotor blades and hull protection), due to different imposed requirements, are made from
different materials using different production methods. The airframe will be made out of two materials: the
struts are made from HDPE, a High Density Polystyrene Blend [74]. Since this material is both chemical and
corrosion resistant, non water-absorbing, has a high tensile strength and is very impact resistant, it is considered
highly durable. The hull itself is made from PA 640-GSL, a very light-weight Nylon 12 Laser Sintering Material
[75]. With a high strength-to-weight ratio, this is also considered a durable material. However, the hull is fitted
with a protective rim, so the durability of the combination should be assessed to attain a good insight. This
protective rim is made from MP15FR, a fire-retardant and water resistant polyethylene [69]. Although often
used as an impact-resistant UAV material, few information on durability is given. However, the low price and
easy of replacement of this specific part make up for any durability deficiency.

11.3 Environmental sustainability

This section contains information and elaboration on the environmental sustainability of the system. To achieve
environmental sustainability, the entire life of the UAV must be analysed to identify potential polluting factors.
This can be split up into production methods applied (for self-made components), shipping method used for
purchased and self-made components, efficiency of power consuming components, and recyclability.

The first subject for analysis is the production methods used. Various production methods exist, each with their
own benefits and drawbacks. The hull and struts, although made from different materials, will be shaped using
the same method: Selective Laser Sintering. This method is very sustainable in terms of material usage, because
almost all waste material is instantly recycled. It is also efficient in terms of power consumption, especially
for small component batch sizes [76]. For the protective hull component, the production method to be used
is thermoforming. Again, the waste material can be immediately recycled to serve as basis material for new
parts. Moreover, in terms of power consumption, thermoforming offers low-power options4.

The second point of interest is the method of shipping. A distinction is made between four modes of freight trans-
portation: maritime, aerial, rail and road. All of these cause environmental pollution, both by generating waste
material (e.g. greenhouse gasses) and noise. Noise pollution has been a factor of influence for a long time, whereas
awareness of environmental pollution has only been considered for the past few decades. Even now there is still a
large group that does not believe in the predicted effects of environmental change due to pollution. To assess the
impact of certain sources of pollution to determine what needs improvement, the European Environment Agency
has performed widespread research. Part of this research was aimed toward determining emission of certain pollut-
ing materials (mostly gasses and some liquids) by transportation methods for both freight and person transport.
Their report [77] indicates a large difference in emissions generated between the aforementioned transportation
types. The conclusion is drawn that transport by rail is the least polluting means of transporting large quantities.
Maritime transport takes second place in this ranking. This means that transportation should be planned so
that railroads are used as primarily, with maritime transport when necessary, when no rail connection is possible.
Transportation on the road should be avoided at all cost, since this has the largest pollution to cargo ratio. Of
course, the individual efficiency of a vehicle depends on the level of technology used to make that specific vehicle.
However, it is safe to assume that a company or country still operating old vehicles of one type also operates vehi-
cles from the same era in the three other classes. The report also shows the change in total emission over the years
per transportation type, which indicates that rapid developments are taking place. This is good to know, and re-
assessment of transportation methods might be necessary in the future to accommodate the new emission figures.

A third facet is the efficiency of power-consuming components. Since the UAV is designed to have a balance
between weight and flight time, energy density is an important factor for the batteries. This includes the decay
of total capacity over time. The chosen batteries, when treated with care, have an average loss in capacity of
2% per year. This means storing the battery in a cold location at 40-50% charge. When considering the mission,
the specific treatment necessary to attain this is not feasible, since the drone has to be ready to go as soon

4URL:http://www.thermoformer.biz/know-how/newsdetail/id/196/?L=1&cHash=bf2768de9ff99257f91c95e593c53c73

http://www.thermoformer.biz/know-how/newsdetail/id/196/?L=1&cHash=bf2768de9ff99257f91c95e593c53c73
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as an emergency situation occurs. Therefore, the batteries have to be kept at 100% charge at all times. Storing
the batteries in a cold location is still possible, and this would lead to an average loss in capacity of 6% per year.
These percentages exclude capacity loss introduced by load cycles, since this depends on the number of times the
vehicle is employed per year. When comparing this battery degradation to other batteries, this turns out to be
the lowest of all common battery types, making the lithium-polymer the optimal choice in terms of sustainability.
As for the actual power consumption by the system, the efficiency is expressed as a Figure of Merit. This
is 58.6% for the UAV, which seems very low at first glance. Considering that common helicopter attain a
value around 60%, perspective is changed drastically, and the total system efficiency is actually acceptable. An
improvement can be achieved by reducing the drag on the rotorblades (the main source of energy loss), but
this would require a drastic change in other system properties such as total weight or thrust generated. Doing
so would most likely break primary requirements on the UAV design, and is therefore not an option.

Lastly, recyclability is an important indicator of environmental sustainability. Since recycling of materials during
production is already discussed in the paragraph on production methods, this paragraph focuses on recycling of
components at end-of-life. The design features different components made from many different materials, which
therefore have to be assessed individually. First of all, the circuitry of the UAV is assessed. Since circuit boards
and components contain precious metals such as gold, silver and platinum, the circuits and computer parts
are considered very lucrative for recycling [78]. Therefore, these boards are highly recyclable, and the same
applies to wiring. Secondly, the body frame of the drone is assessed. This consists of three materials, the first
of which to be analyzed is the protective foam. The datasheet, being outdated, states methods of recycling this
type of foam are under development. Nowadays, this type of foam is 100% recyclable.5 The second material
is a nylon laser sintering material. This falls under the thermoplastic material family, and thermoplastics are
easily recycled by simple reshaping the structure at high temperatures. The last material used in the body
is High-Density Polyethylene, the same material used in plastic drinking bottles. This material is also very
recyclable, either in the current shape or as shards for 3D printing purposes [79].
Thirdly, the engines of the UAV are assessed. These mainly consist of different metals, and are therefore highly
recyclable. Lastly, the batteries have to be assessed. Batteries are notorious for containing hazardous materials
and acids, and disposal and recycling of these materials has been a challenge for a long time. As far as the
components are concerned, lithium polymer batteries are a lot like lithium ion batteries. The main difference
lies in the electrolyte being a polymer instead of a lithium-salt solution. Recycling of lithium-ion batteries is a
well-practiced operation nowadays, and uses most parts of a battery for re-purposing6. The polymer electrolyte
is also largely recyclable. In total, about 25% of the battery system will have to be land-filled, but this number
can reduce in the future as the lithium battery technology develops further.

5URL:http://www.dow.com/en-us/markets-and-solutions/products/impaxx/impaxxenergyabsorbingfoams/
6URL:http://www.teslamotors.com/blog/mythbusters-part-3-recycling-our-non-toxic-battery-packs

http://www.dow.com/en-us/markets-and-solutions/products/impaxx/impaxxenergyabsorbingfoams/
http://www.teslamotors.com/blog/mythbusters-part-3-recycling-our-non-toxic-battery-packs
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12 | Systems Engineering

In this chapter, the systems engineering approach utilized to achieve a feasible product is described. Firstly,
the resource allocation and budgeting is described in Section 12.1. A risk assessment is performed in Section
12.2, and after that the payload placement is explained in Section 12.3. Section 12.4, gives a summary of all
the iterations of the design, and the chapter is ended with the final design in Section 12.6.

12.1 Resource Allocation and Budget Balance

This section describes how the technical budgets have been set up and managed over the course of the design pro-
cess. Contingencies were reduced over time and budgets finalised. For each budget a short summary is given here.

12.1.1 Mass Budget

In the design process of the vehicle at hand, it is important to develop a contingency plan and see how the system
evolves over time. Unfortunately, as a natural tendency, the mass of a system always increases over the develop-
ment time. [80] It is also important to realise that as the design is maturing, its subsystem and total mass should
stay within the pre-defined limitations to avoid a so-called snowball effect. It is set by a customer requirement,
that the mass of the vehicle shall not exceed 500 g as mentioned in Section 2.3. This value can be considered
as the baseline of the mass budget analysis. However, it has to be mentioned that it is a secondary requirement,
since the customer’s reasoning behind the 500 g mass was to create a system that is easily transportable. The
next step is to set a mass budget and a corresponding redundancy to keep the design process within acceptable
bounds. The contingency for the total mass is defined based on currently existing similar design masses and
the 500 g criterion. The summary of the structural masses of similar designs can be found in Table 12.1.

Table 12.1: Mass of similar designs

Name of design Total mass [g]
Gimball project 1 500
Phantom 1 2 1280
Phantom 3 3 1200
Average mass 745

Additionally, the concurrent design process that will be mentioned in Subsection 12.4 has to be divided into 3
segments. Namely, design iteration step 1 is called Design for Flight (Phase 1), design iteration step 2 is called
Design for Robustness (Phase 2) and design iteration step 3 is called Optimisation (Phase 3). In order to set
a starting point to the design process, the average of the weights of these designs was taken as a starting point.
It means that the average is approximately 50 % heavier than the mass of 500 grams set in the requirements.
Therefore, this 50 % will be taken as the contingency for the "Design for Flight" phase. It is also vital to set
the contingency for phase 2 and 3 accordingly. A contingency of 35 % for phase 2 is set and a contingency of 20
% for phase 3 was appointed. The reason for determining such high contingencies is the fact that the presented
designs (Table 12.1)that are able to cope with high impact loads is limited. Also, the currently designed system
has to deal with high impact loads, therefore there is an expected increase in structural mass due to the feature
of impact resistance. In Section 12.4, the change in the mass of the system is clearly shown per iteration. This
figure can again be seen in Figure 12.1 along with the applied contingency plan.



103 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 12. SYSTEMS ENGINEERING

Figure 12.1: Variation in total mass as a function of the design iteration steps

As one can clearly see, the customer requirement of 500 grams was not met in any of the cases. The final mass of
the vehicle is 533 grams, which is 6.6 % more than anticipated by the customer. The reasoning for that can be the
fact that no other similar system was design to the writing of this report. Moreover, the customer requirement
might not be precise, it can be considered as an indication of the desired range of mass that has to be achieved.
However, one has to make sure that the design does not diverge significantly away from the goal at hand. As it can
be seen in Figure 12.1 and in Section 12.4, the mass of the vehicle changes abruptly several times in the process.
It is a consequence of the fact that the design was built in phases and during each phase a new function or feature
of the system was presented. It has to be mentioned that this design strategy is not favourable, was harmful
in the design process and lead to unpredictability. The predictability of the design growth is unclear, and it is
impossible to draw conclusions based on the mass pattern after each iteration. Additionally, as it was mentioned
earlier, it is a natural tendency that the design increases in weight as the delivery deadline is approached, but due
to the lack of proper information the behaviour shown in Figure 12.1 follows a pattern opposite to the natural
tendency. All in all, a rather pessimistic concurrent design approach was chosen where firstly the essential
requirements were met and then additional features such as impact resistance were included. It is recommended
that more research is to be carried out about the currently existing designs. Likewise, it is important to consider
all the essential features of the system at the beginning of the design and to add extra characteristics only in
case they have a minor influence or if there is enough room to accommodate that component.

12.1.2 Power Budget

To check if the power budget is on track a contingency strategy has to be made. From previous designs the
mass of a small UAV can be linked to the required power. By using the values for the contingency for mass
the contingency for power can be set up. This can be seen in Figure 12.2. This contingency was based on data
that comes from open rotor UAVs, therefore it was multiplied by a factor one and a half, to account for the
duct (for more details on the duct effect see Chapter 5 about Propulsion).

The power budget is mostly dictated by the propulsion subsystem. To fly the motors need a certain amount of
energy that must be supplied by the battery. The payload only needs a little additional power with respect to the
propulsion. With each iteration the required lift and thrust changes, and thus the power required from the batter-
ies. The payload power requirement is taken into account and fixed at a value of seven watt. This also includes a
safety factor for if some additional payload is implemented in the drone. Even if this excess power is not needed
it provides some contingency on mission duration. The total power budget required is than the power required by
the propulsion group and the payload group together. The development of the power budget over time can be seen
in Figure 12.2. The significant drop in power from iteration two to three comes from the fact that for the first two
iterations it was assumed that the entire mission is flown with full power. This leads to a lot of contingency for the
available energy, which increases the endurance. This leaded to heavy batteries, so a better estimate of the flight
profile was made. The steep increase for iteration four and five follows from the development of the structure for
collision resistance, which increased the weight. More weight means more lift required which means more battery
power required. Further finalising the design yielded the general decrease towards the final iteration. After this
was done a bug was found in on of the codes that resulted in a massive weight reduction, and as a consequence
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a significant power drop. This power drop caused the required power to almost match the budget power. As
said before, of these numbers only seven watt is required for the payload, the rest is required for the propulsion.

Figure 12.2: The power budget during the several iterations

12.1.3 Data Budget

The data link budget is treated in detail in Section 6.4.2 when designing the Communication subsystem with
the budget breakdown given in Table 6.10. The initial calculations for the communication module were based
on a maximum 850kbps directional data rate budget. However, further analysis of the data flows as described in
Section 8.1 showed that the budget would have to be increased to allow a 910kbps maximum directional data rate
(downlink from UAV) to accommodate for additional sensors. The budget was mainly driven by the downlink
from the UAV to the GCS as a result of the live video feed requirement. The chosen module had a maximum
1Mbps directional data rate which meant the data flows to and from the UAV were within the maximum limit.

12.2 Risk Assessment

As the design is in the detailed phase where all individual components and subsystems are defined and their
relations are properly determined, the risk of the entire system is assessed as documented in this chapter. When
an overview of the most risky elements of the system and its behaviour is created, eventual risk mitigation
and management can be initialized.

12.2.1 Risk identification

Technical and non-technical risk is assessed using an identical method. The risk assessment is performed by
starting at the top-level of the FFD and working towards the lower, more detailed levels of functionality. The
procedure for technical risk assessment follows the failure mode and effects analysis (FMEA) method 4. The
list below defines the necessary steps towards assessing the functional and technical risk of the UAV system.

1. Identification of the top-level system functions by defining the system, system functions and flow of functions
(using the FFD)
2. Identification of the different failure modes at a detailed level of functionality.
3. Analysis of the risk by qualitatively (quantitatively if possible) assessing the likelihood and consequence of
the failure.
4. Organisation of failure modes by risk level (high, medium and low risk items) by means of a risk map.
5. Identification of high risk items, the type of risk and possible risk mitigation strategies.

4URL:http://asq.org/learn-about-quality/process-analysis-tools/overview/fmea.html

http://asq.org/learn-about-quality/process-analysis-tools/overview/fmea.html
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12.2.2 Types of risk

For use in the risk assessment of the final product, three risk categories are identified:

1.) Environmental risk
This category contains risk elements caused by environmental circumstances and their impact on the behaviour
and performance of the system. This can include weather, bystanders, traffic and other uncertainties the
surroundings might pose while the system is operated.

2.) Operational risk
Operational risk elements directly relate to the risk posed by the way the system is operated and reacts to
its surroundings. Risks related to handling and logistics of the system are taken into account as well.

3.) Technical risk
The technical risk items relate to the reliability of all components and internal functionality. The technical
risk items are categorized for each subsystem for easy identification.

12.2.3 Risk quantification and mapping

The risk of a specific failure mode is determined by assigning each risk item with a probability of occurrence of
the respective failure and its impact on the mission or the environment. The probability of occurrence is given
by an estimation of number of occurences per number of mission cycles, ranging from (1:1), almost certainly
occurring every mission up to (<1:1000), meaning that the failure occurs in less than one in a thousand mission
cycles. An overview is provided in Table 12.2.

Table 12.2: Probability levels of failure occurrence

Level Likelihood of occurrence Description
1. Rare <1:1000 The probability of failure occurrence during the mission

is very low.
2. Unlikely 1:100 - 1:1000 There is a remote probability of failure occurring in

lifetime of system.
3. Likely 1:10 - 1:100 There is a significant probability of failure occurring

in lifetime of system.
4. Very Likely 1:1 - 1:10 There is a high probability of failure occurring in

lifetime of system.
5. Almost certain 1:1 The probability of failure occurring in lifetime of system

is almost certain.

Considering the impact of failure modes on the mission and the environment, the categories are as defined
in Tables 12.3 and 12.4 for the environmental and operational risks and technical risks respectively

Table 12.3: Impact levels of failure on mission performance and environment for environmental and operational
risk items

Consequence of failure Description
1. Negligible The mission success is not affected. Failure has a negligible or non-operational

impact and/or no compromised safety for the mission environment.
2. Marginal Degradation of success of secondary mission goals or small reduction in technical

performance and/or minor safety consequences for the mission environment.
3. Moderate Failure of secondary mission goals and degradation of success of primary

mission goals. Significant reduction in technical performance. Significant
induced safety consequences for the mission environment.

4. Major The overall mission success is questionable or leads to imminently high decrease
in technical performance and/or severe safety consequences for the mission
environment.

5. Extensive Catastrophic for mission or inducing severe and unacceptable safety consquences
for the mission environment.
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Table 12.4: Impact levels of failure on mission performance for technical risk items

Consequence of failure Description
1. Negligible The mission success is not affected. Failure has a negligible or non-operational

impact.
2. Marginal Degradation of success of secondary mission goals or small reduction in

technical performance.
3. Moderate Failure of secondary mission goals and degradation of success of primary

mission goals. Significant reduction in technical performance.
4. Major The overall mission success is questionable or leads to imminently high decrease

in technical performance
5. Extensive Results in overall mission failure or very high decrease in technical performance.

The considered risk items and their failure probability and impact, as based on the earlier tables, are listed
in Figures 12.3, 12.4 and 12.5 for respectively the environmental risk, operational risk and technical risk.

Figure 12.3: Environmental risk items, failure probability, impact and resulting risk

Figure 12.4: Operational risk items, failure probability, impact and resulting risk
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Figure 12.5: Technical risk items, dependent components, failure probability, impact and resulting risk

Resulting from this risk assessment, the risk items can be mapped in the risk maps as shown in Figures 12.6,
12.7 and 12.8.

Figure 12.6: Risk map containing the environmental risk items

Considering environmental risks, the most riskful items include encountering high environment temperatures
during the mission, based on the initial mission scope of providing aid in firefighting missions. Substantial
exposure to temperatures higher than 80 degrees can damage the on-board electronics and structural elements.
Furthermore, very strong wind conditions, for instance in case of extreme weather, might cause the drone to not
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be able to cope with the disturbances or collide with its surroundings. In case the operation takes place in densely
populated areas or places with many bystanders, operating the drone carries higher risk on colliding with a person.

Figure 12.7: Risk map containing the operational risk items

With respect to operational risk, the most risk carrying items include that there is no available opening for
the drone to make the transition from outdoors to indoors. Collisions with objects to both the side and
top or bottom of the UAV pose a risk. However the design is built for withstanding impacts, their almost
certain probability of occurrence during a mission induces frequent checking for possible damage. Furthermore,
pilot errors might result in unexpected and unwanted damage resulting in the system being unable to further
complete the mission. Besides in-operation risks, regulatory requirements pose a risk as well, related to when
and where the system can be deployed.

Figure 12.8: Risk map containing the technical risk items

Most risk items in the Technical Risk category belong to the high-impact, low-probability area of the risk
map, as they are related to the failure of certain components. The most riskful items in the technical risk
category relate to signal obstruction or loss of communication link between the UAV and the ground station.
Besides the fact that the UAV is designed to, in case of a signal loss, hold its position, it does affect the further
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mission completion until the connection is re-established. Furthermore, both the normal and thermal camera
are sensitive components which in case of failure have a large impact on mission success.

12.2.4 Risk Mitigation

As can be seen in the risk maps, no risk items fall within the areas of very high and unacceptable risks. Therefore,
there is no urgent need to introduce risk mitigation measures. However, in future development phases special care
and resources should be assigned to ensuring the reliability and functionality of the communication link between
the UAV and the ground station by means of extensive testing and introducing measures for redundancy. This
currently poses the highest technical risk related to the system. For further development, regulatory challenges
affect the success and applicability of the UAV system as well. Careful notion should be taken in changes in these
regulations related to the flight and certification of unmanned aerial systems. This is also addressed in Section 3.5.

12.3 Subsystem Allocation

This section presents the choices made on the absolute positioning of each subsystem on the UAV airframe.
Firstly, the general overview of the subsystem locations will be presented which will be followed by a center of
gravity location analysis. Also, the reasoning behind the payload placement will be presented. It is important
to collect all the subsystems that are present in the vehicle to a complete list. This can be seen below with
an additional identifier for each subsystem.

• 1, eCam56 Camera

• 2, Navstik Main board

• 3, IvyPro interface board

• 4, Gumstix Overo Earthstorm

• 5a-b, System batteries

• 6, Vehicle on-off switch

• 7, Gumstix Summit expansion board

• 8a-b, ECSs

• 9, Wires

• 10, Propulsion subsystem

• 11a, SiFlex Transceiver

• 11b-c, Antennas

• 12a-f, Sonar sensors

• 13, FLIR Lepton Thermal camera

• 14a-f, LED lights

• 15 GPS antenna

The subsystem allocation procedure is based on several influencing factors. The most important one is to
allocate the payload in such a way that the mission objective is accomplished to the fullest. Secondly, systems
that are in a close interaction shall be placed close together to decrease the length of cabling. Also, subsystems
that are directly connected to the motors and servos shall be placed close to the load carrying struts, since
these stiffeners provide room for cable lead. Determination of the position of the subsystems was based on the
co-operation of several divisions, namely the payload division, the power division, the communications division
and the structural solutions division. The resulting subsystem allotment can be seen in Figure 12.9. The arrow
represents the inspecting and forward translating direction of the vehicle. The angle β presents the clockwise
rotation around the centroid of the vehicle to help determine the position of each subsystem.

The subsystems are attached to the structure using rubber clamps. These clamps are glued to the structure and
use friction to hold the subsystems in place. The clamps reduce vibrations for the subsystems as well. Important
to note is that the IvyPro interface board is instead fastened using screws on top of rubber padding as this board
does not have the space for rubber clamps. Next to that the struts of the propulsion subsystem are attached
to the hull by sliding these into custom sockets and then using screws to fasten the struts to the sockets.

As it can be seen, the inspection camera is placed in the front of the vehicle along with the thermal camera plus
a green and a red LED light to allow for inspection in smoky or dimmed lighting conditions. One can also find
sonar sensors on both the left and the right side of these subsystems. Sonar sensor 12a and 12c are pointing to
the front under a 45 degree angle from the flight direction (in the horizontal direction) and trace the path of and
distance of the drone from its surrounding. Additionally, sonar sensor 12b points downwards to assess distance
between the drone and the object below it. Sonar sensor 12d does the same job accordingly, but in the upwards
direction. The remainder of the sonar sensors (12e and 12f) are placed on the left and right-hand side (90 and
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Figure 12.9: Top view of the Inspection Pocket Drone with subsystem allocation

270◦) of the vehicle to sense sideways distances. Indicator LEDs 14c and 14d are also placed on the sides to
provide full visibility by people of the vehicle in all rotational conditions. One can also notice that the Navstik
Mainboard (2) and the IvyPro breakout board are attached together as it was requested by the payload division.
Furthermore, the Gumstix Overo Earthstorm COM, the Gumstix Summit board and the GPS antenna are also
attached and placed symmetrically on the other side of the vehicle. It is also visible that the Siflex transmitter
(11a) is placed at approximately 280 degrees. The two antennas (11b and 11c) are placed as far as possible from
each other to provide all-time communication coverage and to avoid interference. Their respective positions
are at 90◦ and 270◦. The batteries and the electronic speed controllers (ESC) are placed closely together as
requested by the power division. These are also located close to the strut at 180◦ in order to reduce the cable
length. Finally, 2 LEDs for system initialisation are placed also at the 180◦ position along with the on-off
switch of the vehicle (6). Figure 12.9 does not show element 9, namely the cables due to the fact that it was
assumed that the cables are equally distributed and their center of gravity lies in the centroid of the system.
It is also essential to mention that the placement of the subsystems was also driven by the fact that there is a
significant amount of vibrations originating from the engines as it was mentioned in Section 7.4. Therefore, one
has to make sure that no subsystems are placed directly at or at the close proximity of the struts. It is clearly
visible that near the struts, subsystem placement is avoided. Only the on-off switch with 2 LED lights are
placed at the 180◦ strut, however, these subsystems are not affected by the above mentioned vibrational loads.

The subsystems are already allocated according to the requests of the involved divisions, but it is also vital to
take stability considerations into account. The system achieves maximum stability when the center of gravity
lies as close as possible to the geometrical center of the vehicle. The center of gravity of the vehicle is calculated
using Equation 12.1 and Equation 12.2 The x and y locations of the center of gravity are mainly determined
by the subsystem positions since the structure around them is highly symmetric.

xcg=

∑
ximi∑
mi

=1.8 mm (12.1)

ycg=

∑
yimi∑
mi

=−3.5 mm (12.2)

It is visible that the center of gravity location is 1.8 mm right of and 3.5 mm below the centroid of the vehicle as
shown in Figure 12.9. These distances can be considered negligible since their effect on the stability of the vehicle
are not influencing. Allocation of subsystem positions is a critical step in the design process. Once all the positions
are settled, it is time to build the vehicle around the subsystems. This procedure is presented in the section below.

12.4 Design Iteration Summary

This section primarily deals with the development history of the design. In total, 11 iterations were carried
out as presented below. As a usual behaviour of the design process, one would expect that the mass of the
design increases over time, however as it will be seen, it was not achieved during this design process. [80] It
has to be mentioned that the mass of the payload, OBC and communications subsections was set in the first
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iteration to be 100 grams and did not change in the design process up until iteration 10 where it increased
to 118. The rest of the parameters were constantly changing and finally a feasible design is achieved.

The design process was divided up into 3 phases, namely phase 1 dealt with "Design for Flight", phase 2
considers "Design for Robustness" and phase 3 addresses "Optimisation". As it will be seen later on, the first
phase comprised of 3 iterations, phase 2 contained 4 iterations and phase 3 consists of 4 optimisation iterations.
A simple schematic of the iteration process can be seen in Figure 12.10.

Figure 12.10: The division and the order of the utilised design phases for the IPD project

In order to give the reader a proper overview of the iteration steps that were taken, Figure 12.11 shows all
the 11 steps along with the mass and additional features of each design. The colouring of the figure was based
on the previously mentioned 3 phase system. In this way, one can again clearly see that phase 1 consists of
3 iterations, phase 2 consists of 4, while phase 3 contains 4 optimisation iterations.

Figure 12.11: Flow diagram with detailed description of the iteration steps with the 3 distinctive iteration phases

12.4.1 Phase 1: Design for Flight

In this first part of the design process the basic features of the UAV were designed for. Namely, the vehicle
shall be able to fly, cope with the -dynamic and static- internal and external loads and to house the payload. In
this design process, the results and solutions could be considered sufficient in case an outdoor drone were to be
built. The electronics mass of the system was already fixed to be 100 grams, therefore the power and propulsion
subsystem along with the load carrying structure still had to be decided on. These 3 divisions had to work
in close co-operation during the design process, since a change in mass in one of them leads to a completely
different result than the previous one. An additional general remark is that the iteration loops had a converging
behaviour, therefore with the enough amount of tries, a feasible design was produced. Figure 12.12 shows the
iteration procedure and the interaction between the 3 divisions (design teams). At the end of this section, a
summary of all the important general parameters of the vehicle for all iterations are listed in Table 12.5.
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Figure 12.12: General outlook of the iteration loop used for the IPD project

Iteration 1

The main purpose of iteration 1 was to come up with a design that is able to fly and that can house all the
payloads and protect them from the environment. The theories used to design the concepts presented below
were all presented in Chapter 7.The cross-sectional area of the hull structure can be seen in Figure 12.13a,
where the payload is mounted in the hull structure. Unfortunately, additional material has to be placed below
the payload, because this design makes use of a diffuser mentioned in Section 5.1.1. As it can also be seen,
the payload is covered with a protective cover against environmental effects such as wind, dust and water. An
additional feature of this hull shape is that it is able to cope with the experienced manoeuvring acceleration
loads. The thickness of all the walls is 1 mm and will not be changed in the iteration process unless stated
otherwise. Additionally, the diameter of the rotor housing duct is set to be 204 mm and will not be changed
in the iteration process unless mentioned. Furthermore, a huge amount of contingency was put on the design
when it comes to power management. It was assumed that the vehicle has to be able to cope with maximum
wind speeds of 21 m/s as it was stated in requirement IPD-AAoI-Reach-A-8-A in Section 2.3. This means that
the vehicle is over sized. Unfortunately, this decision resulted in heavier batteries, which greatly contributed to
a weight increase. The mass of the vehicle is 682 grams, which is 36 % above the on requested by the customer.

(a) Hull cross-sectional view of iteration 1 (b) Hull cross-sectional view of iteration 2

Figure 12.13: Hull cross-sectional views of iterations 1 & 2

Iteration 2

Iteration 2 still makes use of the 100% maximum thrust for the full mission profile just as iteration 1, however,
due to a more detailed research, it was found that the diffuser can be discarded from the design, since its added
aerodynamic benefit results in significant weight increase. The only difference between iteration 1 and the
current model is that the diffuser is discarded (Subsection 5.1.1) which allows for a symmetric hull cross-section
as it can be seen in Figure 12.13b. This update to the design resulted in a total mass of 639 grams which
means that 43 grams of weight was removed.

Iteration 3

In order to decrease the weight of the vehicle, the attributes of the propulsion subsystem had to be reconsidered.
It was determined that 4 minutes of full throttle in 11ms of wind (outdoors) with 3ms will be used along with 6 min-
utes of translation with 3ms in zero wind conditions (indoors). This assumption represents the mission profile in a
more accurate way and also mainly concerns the primary requirement IPD-AAoI-Reach-A-3-A which is mentioned
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in Section 2.3. As it was expected, the weight of the vehicle decreased drastically, since the total required power is
halved (see Table 12.5). The cross-section of the hull is left unchanged and is identical to the one shown in Figure
12.13b. However, the diameter of the duct could be decreased to 179 mm since the vehicle weighs less, therefore
smaller propellers suffice. This design solution closes down the first phase of the design procedure, namely the "De-
sign for Flight" phase. The next iteration, iteration 4 will directly begin with the "Design for Robustness" phase.

12.4.2 Phase 2: Design for Robustness

Iteration 3 concluded the "Design for Flight" phase, which means that the vehicle is able to take-off, traverse
and manoeuvre in- and outdoors. These abilities result in the fulfillment of most of the primary requirements set
in Section 2.3. Unfortunately, the ability that makes this vehicle so unique, namely to fly indoors safely without
structural failure upon impact is still lacking. Hence, phase 2 aims at developing an impact resistance system to
ensure a robust design. This phase consists of 4 iterations where several ideas will be developed and presented.
At the end of the iteration process, a final concept is chosen and will be sent to phase 3 for optimisation.

Iteration 4

Iteration 4 is included in phase 2, namely "Design for Robustness". The 516 grams obtained in the previous
iteration look very attractive, however, it has to be noted that impact resistance is still not accounted for in the
design. In its current state, the vehicle would fail in case an impact would occur at its maximum translational
speed of 3ms . This design makes use of the stiffening ring concept introduced in Subsection 7.2.4 with stiffening
struts. Both of these stiffeners are made out of Carbon Fibre reinforced Polymer (CFRP). This results in 25
grams of additional weight due to the impact resistance. Besides, the vertical distance between the propellers
had to be increased due to the accommodation of the detailed swashplate design as shown in Section 5.3,
therefore the height of the hull had to increase to 115 mm. Furthermore, the diameter of the duct is increased
again to 188 mm, but will remain unchanged for the remaining iterations. It is also important to mention that
the width of the hull increased by a total of 5.5 mm since the stiffening ring had to be housed. This also leads
to an increase in structural mass. All of these resulted in a total of 66 gram increase in the total vehicle mass
which lead to a total mass of 582 grams. The cross-sectional area of this design can be seen in Figure 12.14.

Figure 12.14: Cross-sectional view of the payload carrying hull (symmetric) of the vehicle for design iteration 4

Iteration 5

Iteration 5 introduces a new solution for impact resistance. The vehicle is fully covered with a protective foam
cover as mentioned in Subsection 7.2.2. The stiffening ring concept in this case is excluded, so the hull structure
has to take up the load dampened by the foam. The thickness of the top wall of the hull has to be increased
from 1 mm to 1.5 mm, on top of the increase in mass due to the addition of the foam cover of 40 grams
using the theory of Section 7.1 and Subsection 7.2.2. As it was expected, due to all these weight increases, the
propulsion subsystem could not produce enough thrust, therefore the rpm of the propulsion subsystem had
to be increased. Interestingly, the absolute height of the vehicle remains unchanged (115 mm), so the addition
of 10 mm foam to the top and bottom reduces the hull height leading to some degree of weight reduction.
Unfortunately, that is still not enough to prevent the vehicle mass from exceeding 700 grams to end up on
724 grams. The cross-section of this concept can be seen in Figure 12.15a.
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(a) Cross-sectional view of the hull of design
iteration 5

(b) Cross-sectional view of the hull of design
iteration 6

Figure 12.15: Main geometric considerations of iterations 5 & 6

Iteration 6

Iteration 6 makes use of a similar concept to the one mentioned in iteration 5, however, the side of the vehicle
will not be fully covered with foam. Eight so-called foam fingers will be utilised on the outside of the vehicle.
This results in a small amount of weight decrease. This weight decrease resulted in a lower rpm for the motors
which is interestingly just enough to opt for a smaller, hence lighter battery. The vehicle mass is decreased by
19 grams (due to partial foam removal) and by an additional 36 grams (decreased battery weight) and stopped
at 668 grams. The general outlook of this concept can be found in Figure 12.15b.

Iteration 7

Iteration 7 makes use of the same concept that was considered for iteration 4, however applied for a higher
absolute mass (Figure 12.14). The reason behind this choice is the differences between a fully impact resistant
system compared to a system that is only impact resistant on the sides (Iteration 7). As it can be seen, there
is an additional weight due to the stiffening ring with struts component of 24 grams. This means that the
vehicle mass would increase for no reason. Design iteration 7 concludes the "Design for Robustness" phase
which means that the "Optimisation" phase can commence. Before that could happen, it is essential to choose
a final concept that will further be optimised. The chosen concept (based on impact resistances) is iteration 6.

12.4.3 Phase 3: Optimisation

Design iteration 6 was favoured in the conclusion of phase 2, which means that this concept is the one to be
further developed and optimised. Phase 3 consists of 4 major optimisation steps, which are presented as iterations
8-11. Iteration 10 is somewhat of an outlier since a late update from the payload design team altered the design.
It means that iteration 10 is not a classical optimisation step, but is included here as part of the iteration process.

Iteration 8

Iteration 8 entertains the idea of thickening the top of the hull structure again to 1.5 mm and covering it with
foam. The top and the hull would be fully covered while there would be 8 foam fingers of 20 mm length. The
major difference between iteration 5 and the current one is that while the absolute vehicle height is still 115
mm, the hull height is decreased to 60 mm. The remaining 55 mm will be replaced with foam, which results in
a weight reduction of the hull of 28 grams. As a positive side effect, the use of lighter batteries is possible which
also leads to a mass reduction of 18 grams totalling a 46 gram weight reduction. In this way, the finalised mass
is 646 grams. The cross-section of iteration 8 can be seen in Figure 12.16a.
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(a) Cross-sectional view of the hull of design
iteration 8

(b) The optimised and finalised iteration 9
concept of the IPD project

Figure 12.16: Main geometric considerations of iterations 8 & 9

Iteration 9

Iteration 9 aims at improving on iteration 8 by reducing the mass of the vehicle. The propeller mass could be
decreased by 11.5 grams as the rpm of the motors was increased as much as possible without having to choose
a larger battery. This increase in rpm resulted in a reduced chord length for the propeller blades. Unfortunately,
a calculation mistake was made in iteration 8, since due to the decrease in hull height, the width of the foam
fingers had to increase from 15 mm to 23 mm. This lead to a weight increase of 12.5 grams which resulted
in a total of 1 gram increase compared to iteration 8. The outlook of the cross-section can be seen in Figure
12.16a, while the general outlook of iteration 9 is seen in Figure 12.16b.

Iteration 10

A change in the design of the payload system caused the mass to increase by 18 grams. Also, the top and bottom
protective fences were added to the design which resulted in 15 grams of additional structural weight. Therefore,
the total added mass was 33 grams. These decisions clearly interrupt the optimisation procedure and have to be
dealt with in a way that a snowball effect in the mass increase is avoided. The design team came to the decision
to reduce the translational speed of 3 m

s at full wind speed conditions to 2 m
s . It resulted in more redundancy

and range in the usable power, thus weight increase due to the employment of heavier batteries is prevented. It
also has to be indicated that the indoors (no wind conditions) translational speed of 3 m

s is left unchanged. The
only weight optimisation procedure was a 2 gram weight reduction in the foam weight. The possibility of foam
reduction on the outer edges of the drone on the top and bottom was probable and accounted for. The general
cross-sectional look of this design is also seen in Figure 12.16b. The weight of iteration design 10 is 678 grams.

Iteration 11

The re-evaluation of the subsystem locations and dimensions revealed that a significant amount of mass can
be saved by means of reduction in the height of the load carrying hull. The locations of the subsystems can
be seen in Figure 12.17b. The hull height could be decreased by a significant 18 mm while the width of the
hull is changed to 28 mm. However, the absolute height of the drone still had to stay 115 mm, therefore, the
resulting gap also had to be filled up with the impact resistant foam. An overview of the new cross section
can seen in Figure 12.17a. It resulted in a 120 gram weight reduction in the structural mass. Additionally,
the required thrust and power are significantly reduced as a result of the previous discussion. So, new battery
mass of 124 was achieved resulting in a 20 gram reduction. Even though, the shape of the hull is drastically
changed, the only change in absolute dimensions is the diameter of the vehicle which is 278 mm. It has to
be mentioned that this configuration is chosen to be the finalized design solution and it is elaborated on in
Section 12.6. The location of the centre of gravity is at xcg=8.5·10−7m, ycg=3.9·10−3m.
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(a) Cross-sectional view of the
payload carrying hull (symmetric)
with a protective foam cover (b) Revised subsystem location in hull

Figure 12.17: Iteration 11 hull and payload allocation design

12.4.4 Results overview of the iteration process

The above mentioned subsections addressed the iteration steps that were taken and their prime characteristics.
This subsection gives a short summary of all these steps. The visual representation of the mass changes of
several main components can be seen in Figure 12.18 and Table 12.5. It is clearly visible that the pattern in the
weight increase of the batteries and the hull shows the same behaviour as the total weight increase. Therefore,
it can be concluded that the main design drivers are the hull and batteries masses. Varying the mass of these
components massively influence the total vehicle mass. It can also be seen that the mass of the central struts did
not change drastically over the iteration procedure, which clearly shows that these were over designed from the
beginning of the procedure. The decrease in propulsion mass can be correlated to the increase in the possessed
propulsion theory and the constant optimisation of propeller and engine sizing from iteration 1 onwards.

Figure 12.18: Overview of the changes in masses of subsystems throughout the iteration procedure

12.5 Sensitivity Analysis

This section assesses the sensitivity of the design to mass changes. The power and thrust required is plotted over
a range of masses, while keeping all other values fixed. This results in the plots in Figure 12.19. As expected they
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Table 12.5: Summary of the important design parameters per iteration

1 2 3 4 5 6 7 8 9 10 11
Total Mass [g] 682 639 516 582 724 668 692 646 647 678 533
Hull Mass [g] 209 151 136 207 248 229 235 195 207 207 87
Propulsion Mass [g] 150 150 147 133 133 133 133 133 122 122 122
Payload Mass [g] 100 100 100 100 100 100 100 100 100 118 118
Battery Mass [g] 210 210 108 124 180 144 162 144 144 144 124
Height [mm] 105 95 95 115 115 115 115 115 115 115 115
Drone Diameter [mm] 248 248 234 265 299 299 299 299 299 299 278
Duct Diameter [mm] 204 204 180 188 188 188 188 188 188 188 188
Average Power [W] 145 145 70 85 126 103 110 102 102 105 81
Motor RPM [rpm] 10000 10000 10000 12000 14000 12500 13000 13000 15000 15000 13500
Maximum Thrust [N] 11.4 10.8 6.1 8.2 10.8 8.8 9.4 9 9.4 8.5 7.6

vary linearly with changing mass. The problem is however that for the power increase created by a mass increase
different batteries might be necessary. This results in a change in battery mass which triggers the snowball effect.
Figure 12.20 shows the required battery mass with increasing mass. As can be seen a certain battery has a window
of masses in which it can fulfill the mission requirements. Over this window the maximum achievable flight time
decreases with increasing mass, because more of the energy in the battery is needed to provide the required power.

(a) Power (b) Thrust

Figure 12.19: Power and required thrust variations due to changing mass

Figure 12.20: Battery mass and maximum endurance due to changing mass

Another parameter that can be checked for sensitivity is the rotor RPM in full power flight. This is done with a
fixed mass of 650 gram and the same propeller for each RPM. As such the required power and the delivered thrust
will go up with increasing RPM. This can be seen in Figure 12.21 An increase in RPM is undesired, since it requires
more power which will lead to heavier batteries which will show the behaviour as shown in Figure 12.20, except
now as a function of RPM instead of mass. However, as can be seen in Figure 12.21b, there is a certain minimum
RPM that must be achieved to meet the requirements. This limit will only go down with a more aerodynamic
design that will reduce drag or a lighter design that will reduce the weight. The other option is to change the
propeller so that it generates more lift. Since less RPM means less power required, the battery can be smaller,
which reduces mass, which again reduces the required thrust, so a snowball effect is to be expected here as well.
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(a) Power (b) Thrust

Figure 12.21: Power and required thrust variations due to changing RPM

12.6 Inspection Pocket Drone: description of the integrated system

The previous chapters discussed the theories and method necessary to design the Inspection Pocket Drone. This
section summarizes all design choices and provides a brief description of the entire Inspection Pocket Drone system.

12.6.1 Propulsion technology

The propulsion subsystem consists of a coaxial rotor inside a duct. The rotors are made from carbon fiber and
have a radius of 89mm, a cut-off radius of 13mm, and a constant chord length of 15mm. Due to the effect of the
upper rotor on the lower rotor the twist distribution is different per rotor and can be found in Figure 5.7. Between
the rotors and the duct is a blade-tip clearance of 5mm. In full thrust setting the rotors have a RPM of 13500. The
duct is a modelled as a straight diffuser with a length of 95mm and with an inlet and outlet tip radius of 10mm.

12.6.2 Payload and On Board Computing

The On Board Computing architecture is the Paparazzi framework, which is a combination of open-source
hardware & software modules. The NavStik flight controller board is the basis, plus the IvyPro interface
board which connects the servos, electronic speed controllers and 6 MaxBotix sonar sensors for ranging. To
enable FPV flight and perform the recognition mission, a video feed is included by the eCam56 5MP camera
in the payload which is able to generate VGA quality video at 30fps and 5MP stills at 7fps. A FLIR Lepton
80 x 60 pixels thermal camera is included for recognition of fire hotspots and persons in reduced visibility
environments. To add processing power for compression of the video data, the Gumstix Overo Earthstorm
COM is used, adding 1GHz of CPU power. The Gumstix Overo Earthstorm is combined with a Gumstix
Summit breakoutboard adding the required connectivity options.

12.6.3 Communication technology

To achieve live video streaming and transmission of command and control data for a 150m range through
reinforced concrete, a robust and powerful subsystem was designed. The UAV will be equipped with two
Random Wire Antennae which have near omnidirectional transmission in the plane perpendicular to the wire.
The wires are placed on opposite ends of the vehicle on a slanted face that faces ground on the perpendicular
as shown in Figure 6.9. Two 1.25 wavelength dipole antennae are used on the GCS as will be described in
Section 12.6.5. Two customisable SiFLEX02-R2-HP dual antennae transceiver module, one on the UAV and the
other on the GCS, will interface with the host to handle data flow, antennae switching and signal amplification.
The maximum range through concrete wall on 868MHz and 908MHz is 278.3m and 263.2m. The module is
customisable and available to operate on either frequency band. The maximum supported data rate would
be 1Mbps directional which is sufficient for timely data transmission as analysed in Section 6.4.8.
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12.6.4 Power solutions

To provide enough power while staying lightweight, the battery system consists of two LiPo batteries, that
are connected in parallel. Using two batteries has an advantage over using one bigger battery, since the two
batteries can balance each other around the center of gravity. The batteries are placed in compartments inside
the hull that can be opened, so they can be changed on site to extend the mission.

12.6.5 Ground Control Station and the User

The user has a handheld controller device to control the movement of the UAV. It is linked to a tablet computer
and the antenna system to relay the instructions and get a video feed. The video feed can be watched on
the tablet, or using virtual reality goggles which immerse the operator in what the drone sees, with a motion
tracker so that the motions of the head can be used to control the vision of the drone.

12.6.6 Structural solutions

Structural considerations were conducted on the vehicle itself and were not assessed for the Ground Control
Station. The vehicle contains a ring shaped hull which houses the payload and other subsystems, protects the
environment from the propellers and vice versa. The hull is fully covered on the top and the bottom with a
protective foam which is multifunctional: it protects the structure from failure upon impact, it reduces impact
forces upon collision with people and it also defines the required aerodynamic shape. There are 10 foam fingers
connecting the top and the bottom foam layers together to ensure sideways protection of the hull, the camera
and other sensors. The hull is a 1 mm laser printed carbon fibre reinforced Nylon 12 material. The height of the
hull is 42 mm which is covered by 36.5 mm of foam on the top and the bottom equaling an absolute hull height
of 115 mm. The width of the hull is 28 mm, the length of the foam fingers is 17 mm equaling a total of 45 mm
hull width. The diameter of the vehicle takes into account the diameter of the propeller housing duct (Subsection
12.6.1) which is 188 mm plus the above mentioned 45 mm two times. This gives a total vehicle diameter of 278
mm. To facilitate fast battery replacement, the outer wall of the hull at the battery locations is possible. The hull
is connected to the propulsion subsystem with 3 stiffening struts that are made out of High Density Polyethylene
(HDPE). These struts can survive impact loads and provide stiffness to reduce the impact of vibrations on other
subsystems. The struts are circular with a hollow inner radius of 4.6 mm and an outer radius of 5.7 mm to allow
for the placement of cables that connect the motors to the electric speed controllers and the batteries. Additionally,
a protective fence of 5 spokes is placed on both the top and the bottom of the vehicle. They are 94 mm in length
and 4 mm in diameter and made out of Aramid RA11 (Table 7.9). The total mass of the vehicle is 533 grams.
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13 | Requirement Compliance Matrix & Feasi-
bility Analysis

In this chapter, the Requirement Compliance Matrix and Feasibility Analysis will be described. The Requirement
Compliance Matrix will be shown and explained in Section 13.1 and the Feasibility Analysis of the design will
be discussed in Section 13.2.

13.1 Requirement Compliance Matrix

The Requirement Compliance Matrix is shown in Table 13.1. The first column of the matrix contains the code
of the requirements listed in Section 2.3. The second column contains the value each requirement specifies the
design must meet. The third column shows the actual value the design meets and the fourth column shows
with either a tick-mark or a cross if the required value has been met or not. For requirements that have no
concrete value it will be said that it’s not applicable (n.a.) and qualitative assessments have been performed
for those requirements to see if they are met or not. The requirements that are not met according to Table
13.1 will be elaborated on in Section 13.2.

13.2 Feasibility Analysis

Several requirements that were set have not been met. Mostly these requirement are not met as they would
conflict with other requirements. The exact reason why these requirements are not met and what reasoning
is used to justify this will be explained per requirement in the list of failed requirements. Also requirements
stating a value that need to be met and have no value given but are fulfilled will be explained in the list of
special requirements for the sake of clarity.

List of failed requirements

• IPD-AAoI-Transport-A [2,D,K]: The maximum stored size of the total system shall be 35x25x10cm.
The original transport size requirement defined a rectangular shape that fits inside a conventional backpack.
The circular drone design does not fit into this rectangular shape but does fit inside conventional backpacks
for easy transport.

• IPD-AAoI-Transport-B [3,D]: The maximum total system mass shall be 2kg.
The 2kg mass requirement on the total system mass was an initial estimate made by the design team
as the first impression was to design a system weighing around the same as a laptop. After more research
into a ground station it was found that the required components together already weighed more than 2kg.
And as such it was not possible to go below the 2kg requirement without sacrificing required functionality.

• IPD-AAoI-Reach-A-8 [2,D,KL]: The system shall be able to operate in 75% of Dutch weather conditions
at an altitude of 100 meters.
This requirement is not met as the two child requirements IPD-AAoI-Reach-A-8-B [2,D,KL] and IPD-
AAoI-Reach-A-8-D [2,D,KL] are not met.

• IPD-AAoI-Reach-A-8-A [2,D,KL]: The vehicle shall be able to perform its mission in maximum wind
speeds of 21ms .
The first two iterations of the design met this requirement. However this pushed the drone to fail other
requirements. As such it was decided by the design team to reduce the speed the drone could fly at as
it was known that this requirement was a secondary killer requirement.

• IPD-AAoI-Reach-A-8-B [2,D,KL]: The vehicle shall be able to perform its mission in maximum gust
speeds of 24ms .
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Table 13.1: Requirement Compliance Matrix

Requirement code Req. Value Design Value Tick Requirement code Req. Value Design Value Tick
IPD-AAoI-Transport [1,D,K] n.a. n.a. v IPD-GI-Maneuver [1,D] n.a. n.a. v
IPD-AAoI-Transport-A [2,D,K] 35x25x10 cm D28x11.5cm x IPD-GI-Maneuver-A [1] n.a. n.a. v
IPD-AAoI-Transport-B [3,D] 2 kg 5 kg x IPD-GI-Maneuver-A-1 [1] n.a. n.a. v

IPD-GI-Maneuver-B [1] n.a. n.a. v
IPD-AAoI-Deploy [1,D] n.a. n.a. v IPD-GI-Maneuver-B-1 [2,D] 0 cd/m2 n.a. v
IPD-AAoI-Deploy-A [1,D,K] 60 sec n.a. v IPD-GI-Maneuver-B-2 [1] n.a. n.a. v
IPD-AAoI-Deploy-B [3] n.a. n.a. v IPD-GI-Maneuver-B-3 [1] n.a. n.a. v
IPD-AAoI-Deploy-C [3] n.a. n.a. v IPD-GI-Maneuver-B-4 [2] n.a. n.a. v
IPD-AAoI-Deploy-D [2] 60 sec n.a. v IPD-GI-Maneuver-B-5 [1] n.a. n.a. v

IPD-GI-Maneuver-B-6 [3] n.a. n.a. v
IPD-AAoI-Reach [1,D,K] n.a. n.a. v IPD-GI-Maneuver-C [1,D,K] n.a. n.a. v
IPD-AAoI-Reach-A [1,D] n.a. n.a. v IPD-GI-Maneuver-C-1 [1] n.a. n.a. v
IPD-AAoI-Reach-A-1 [1] n.a. n.a. v IPD-GI-Maneuver-C-2 [1,D,K] n.a. n.a. v
IPD-AAoI-Reach-A-1-A [1] n.a. n.a. v IPD-GI-Maneuver-D [1,D] n.a. n.a. v
IPD-AAoI-Reach-A-2 [1] n.a. n.a. v IPD-GI-Maneuver-D-1 [2,D] n.a. n.a. v
IPD-AAoI-Reach-A-2-A [1] n.a. n.a. v IPD-GI-Maneuver-D-2 [1,D] n.a. n.a. v
IPD-AAoI-Reach-A-3 [1,D,K] n.a. n.a. v IPD-GI-Maneuver-D-3 [2,D] n.a. n.a. v
IPD-AAoI-Reach-A-3-A [1,D] 11 m/s 13 m/s v IPD-GI-Maneuver-D-4 [3,KL] 400◦C 55◦C x
IPD-AAoI-Reach-A-3-B [1,D] 17 m/s 13 m/s v IPD-GI-Maneuver-D-5 [3] n.a. n.a. v
IPD-AAoI-Reach-A-3-C [1,D] n.a. n.a. v IPD-GI-Maneuver-E [2] n.a. n.a. v
IPD-AAoI-Reach-A-3-D [1] −5◦C 0◦C v IPD-GI-Maneuver-F [3] n.a. n.a. v
IPD-AAoI-Reach-A-3-E [1] 25◦C 55◦C v IPD-GI-Maneuver-F-1 [3] n.a. n.a. v
IPD-AAoI-Reach-A-4 [1] n.a. n.a. v IPD-GI-Maneuver-F-2 [3] n.a. n.a. v
IPD-AAoI-Reach-A-4-A [1] n.a. n.a. v IPD-GI-Maneuver-F-3 [3] 1 sec n.a.a x
IPD-AAoI-Reach-A-4-B [1] n.a. n.a. v IPD-GI-Maneuver-G [1] n.a. n.a. v
IPD-AAoI-Reach-A-4-C [1] n.a. n.a. v IPD-GI-Maneuver-G-1 [1] n.a. n.a. v
IPD-AAoI-Reach-A-5 [1] n.a. n.a. v IPD-GI-Maneuver-G-2 [1] n.a. n.a. v
IPD-AAoI-Reach-A-5-A [1,D] n.a. n.a. v IPD-GI-Maneuver-G-3 [1] n.a. n.a. v
IPD-AAoI-Reach-A-5-B [1,D] n.a. n.a. v
IPD-AAoI-Reach-A-5-C [1] n.a. n.a. v IPD-Communicate-A [1] n.a. n.a. v
IPD-AAoI-Reach-A-6 [1] n.a. n.a. v IPD-Communicate-B [3] n.a. n.a. v
IPD-AAoI-Reach-A-6-A [2,D] 0 cd/m2 n.a. v IPD-Communicate-C [3] n.a. n.a. x
IPD-AAoI-Reach-A-6-B [1] n.a. n.a. v IPD-Communicate-D [2,K] 96000 cd/m2 n.a. v
IPD-AAoI-Reach-A-6-C [1] n.a. n.a. v IPD-Communicate-E [1,D] n.a. n.a. v
IPD-AAoI-Reach-A-6-D [2] n.a. n.a. v IPD-Communicate-E-1 [2] 0.1 sec 0.1 sec v
IPD-AAoI-Reach-A-6-E [1] n.a. n.a. v IPD-Communicate-E-2 [2] n.a. n.a. v
IPD-AAoI-Reach-A-6-F [3] n.a. n.a. v IPD-Communicate-E-3 [1] n.a. n.a. v
IPD-AAoI-Reach-A-7 [1,D,K] n.a. n.a. v IPD-Communicate-E-4 [2] n.a. n.a. x
IPD-AAoI-Reach-A-7-A [1] n.a. n.a. v IPD-Communicate-E-5 [2] n.a. n.a. v
IPD-AAoI-Reach-A-7-B [1,D,K] n.a. n.a. v IPD-Communicate-E-6 [2] n.a. n.a. x
IPD-AAoI-Reach-A-8 [2,D,KL] n.a. n.a. x IPD-Communicate-F [1,D] n.a. n.a. v
IPD-AAoI-Reach-A-8-A [2,D,KL] 21 m/s 13 m/s x IPD-Communicate-F-1 [3] n.a. n.a. v
IPD-AAoI-Reach-A-8-B [2,D,KL] 24 m/s 13 m/s x IPD-Communicate-F-1-A [3] 10 Hz 10 Hz v

IPD-Communicate-F-1-B [3] n.a. n.a. v
IPD-AAoI-Enter [1,D,K] n.a. n.a. v IPD-Communicate-F-1-C [3] n.a. n.a. v
IPD-AAoI-Enter-A [2,D] n.a. n.a. v IPD-Communicate-F-1-D [3] n.a. n.a. v
IPD-AAoI-Enter-A-1 [2,D] n.a. n.a. x IPD-Communicate-F-1-E [3] n.a. n.a. v
IPD-AAoI-Enter-A-2 [2,D] n.a. n.a. v IPD-Communicate-F-1-F [3] 0.1 sec 0.1 sec v
IPD-AAoI-Enter-B [1,D,K] n.a. n.a. v IPD-Communicate-F-2 [1,D] n.a. n.a. v
IPD-AAoI-Enter-B-1 [2] n.a. n.a. v IPD-Communicate-F-2-A [2] 0.1 sec 0.1 sec v
IPD-AAoI-Enter-B-2 [1,D,K] 61x60 cm 28x11.5 cm v IPD-Communicate-G [2] n.a. n.a. v
IPD-AAoI-Enter-B-3 [1,D] n.a. n.a. v IPD-Communicate-H [2,D] 150 m 263 m v
IPD-AAoI-Enter-B-3-A [2,D,KL] 21 m/s 13 m/s x IPD-Communicate-H-1 [2,D] 100 m 263 m v
IPD-AAoI-Enter-B-3-B [2,D,KL] 24 m/s 13 m/s x IPD-Communicate-H-2 [2,D] 100 m 263 m v
IPD-AAoI-Enter-B-4 [1,D] n.a. n.a. v

IPD-Misc-A [2,D,K] 500 g 533 g x
IPD-GI-Payload [1,D,K] n.a. n.a. v IPD-Misc-B [2] 200 m 263 m v
IPD-GI-Payload-A [1] n.a. n.a. v IPD-Misc-C [2] 100 m n.a. x
IPD-GI-Payload-B [1,K] n.a. n.a. v IPD-Misc-D [2,K] 600 sec 628 sec v
IPD-GI-Payload-B-1 [2,K] n.a. n.a. v IPD-Misc-E [2,K] e15000 e1500 v
IPD-GI-Payload-B-1-A [2,K] n.a. n.a. v IPD-Misc-F [2,K] n.a. n.a. v
IPD-GI-Payload-B-1-B [3] 24 fps 30 fps v IPD-Misc-G [2,D,K] 80% 93% v
IPD-GI-Payload-B-2 [1,K] n.a. n.a. v IPD-Misc-H [2] n.a. n.a. v
IPD-GI-Payload-B-2-A [1,K] n.a. n.a. v IPD-Misc-H-1 [2] n.a. n.a. v
IPD-GI-Payload-B-2-B [2,K] 3 MP 5 MP v IPD-Misc-H-2 [2] n.a. n.a. v
IPD-GI-Payload-B-3 [3] 80 degrees n.a. v IPD-Misc-I [3] 20 Sy/year n.a. v
IPD-GI-Payload-C [2,K] 0 cd/m2 n.a. v IPD-Misc-J [3] n.a. n.a. v
IPD-GI-Payload-D [2] n.a. n.a. v IPD-Misc-K [3] n.a. n.a. v
IPD-GI-Payload-E [2] n.a. n.a. v IPD-Misc-L [3] 85 dB n.a. v
IPD-GI-Payload-E-1 [2] 5 pixels n.a. v
IPD-GI-Payload-E-2 [2] 12Hz 26.7Hz x IPD-DSE-A [1,K] n.a. n.a. v
IPD-GI-Payload-E-3 [2] n.a. n.a. v IPD-DSE-B [3] n.a. n.a. v
IPD-GI-Payload-F [2,K] n.a. n.a. v IPD-DSE-C [3] n.a. n.a. v
IPD-GI-Payload-G [2,D] n.a. n.a. v
IPD-GI-Payload-H [2,K] n.a. n.a. x

To meet this requirement the drone had to be designed in such a way it would fail most other requirements.
As such the same decision was reached as with requirement IPD-AAoI-Reach-A-8-A [2,D,KL].



122 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 13. REQUIREMENT COMPLIANCE MATRIX & FEASIBILITY ANALYSIS

• IPD-AAoI-Enter-A-1 [2,D]: The vehicle shall be able to break a tempered double-glass window.
Due to time constraints and prospectively high mass increase the option to break windows by using the
drone has been postponed. It is still possible for users to open windows for the drone to use to enter
the building.

• IPD-AAoI-Enter-B-3-A [2,D,KL]: The vehicle shall be able to enter the area of interest in maximum wind
speeds of 21ms .
See IPD-AAoI-Reach-A-8 [2,D,KL].

• IPD-AAoI-Enter-B-3-B [2,D,KL]: The vehicle shall be able to enter the area of interest in maximum gust
speeds of 24ms .
See IPD-AAoI-Reach-A-8-B [2,D,KL].

• IPD-GI-Payload-E-2 [2]: The frequency of the vibration of the payload cameras shall not exceed half
of the video frame rate.
The lowest frequency of the system is 26.7Hz this is more than twice the set requirement. However the
amplitude of the vibrations is in the order of 10−5m and as such the frequency poses no problem.

• IPD-GI-Payload-H [2,K]: The payload shall gather gas concentration data of the surroundings.
Due to constraints on the mass and size of the drone it was decided to leave out sensors that can measure
the concentration of toxic gasses. As this was a second requirement it is not vital to the mission.

• IPD-GI-Maneuver-D-4 [3,KL]: The vehicle shall be able to perform its mission in maximum indoor
temperatures of 400◦C.
The highest operational temperature of one of the components is 55◦C. This is far below a temperature
of 400◦C. However it is assumed that by moving quickly through the high temperature areas the drone
should be able to perform it’s mission without increasing it’s internal temperature past the operational
temperature of the components.

• IPD-GI-Maneuver-F-3 [3]:
It is not known yet whether or not this requirement is actually met. This is due to no hardware or
software testing during the design phase. Thus it can’t be known what the settling time is with the
paparazzi software.

• IPD-Communicate-C [3]: The system shall be able to communicate with persons inside the building.
Tests were performed to find out if the noise of the propellers could be filtered out of an audio sample
if the propellers were in the vicinity of the microphone. It was found that this was not possible and as
such direct communication with persons inside the building was scrapped.

• IPD-Communicate-E-4 [2]: The vehicle shall transmit sound data to the GCS.
As it was decided to scrap direct communication with persons inside the building this requirement
automatically fails.

• IPD-Communicate-E-6 [2]: The vehicle shall transmit gas concentration data of the surroundings to the
GCS.
As it was decided to leave out sensors that can measure the concentration of toxic gasses this requirement
automatically fails.

• IPD-Misc-A [2,D,K]: The vehicle shall have a maximum weight of 500 grams.
The mass of the drone is over the 500g requirement. The drone is designed to be able to perform the
mission while being as light as possible. However to perform it”s mission the drone is heavier than required.

• IPD-Misc-C [2]: The vehicle shall have an operational ceiling of 100m.
According to requirement IPD-AAoI-Reach-A-8-B [2,D,KL] the drone is not capable of flying at 100m
altitude in certain wind conditions. However in lower wind conditions of 13ms it is possible to fly at 100m
altitude.

List of special requirements

• IPD-AAoI-Deploy-A [1,D,K]
It was specified that the drone is deployed in 1 minute, however without an actual prototype it is not
possible to test this. Thus to meet the requirement the drone is designed to have no assembly and be
able to start directly after switching on.
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• IPD-AAoI-Deploy-D [2]
There are two doors on the drone that can be opened up to reach the subsystems. To replace the batteries
you can quickly open up the drone replace the batteries and close up. Due to this simple design it is
assumed that this requirement is met.

• IPD-AAoI-Reach-A-3-B [1,D]: The vehicle shall be able to perform its mission in maximum gust speeds
of 17ms .
This requirement specifies that the drone shall be able to perform it’s mission in gusts of 17ms . Any wind
speed over 14ms will push the drone away. However gusts are short in duration and as such the drone will be
moved a small distance but as long as it maintains stability it can continue the mission after the gust is over.

• IPD-AAoI-Reach-A-3-D [1]: The vehicle shall be able to perform its mission in minimum temperatures
of 5◦C.
One of the payload components has a lower operational temperature of 0◦C. However the component is
encased inside a hull generates heat by itself when operational. As such it is assumed that the component
will not fall below the 0◦C mark. A test run in an environment of -5◦C would be necessary to provide
a final conclusion.

• IPD-AAoI-Reach-A-6-A [2,D]
This requirement specifies that the drone shall be able to sense its state properties when there is no light.
The sensors used do not require any light to sense its state properties as such there is no value but the
requirement is met.

• IPD-GI-Payload-B-3 [3]
The minimum view angle is set to be 80 degrees, the camera used has a view angle of 70 degrees.

• IPD-GI-Payload-C [2,K]
In lighting conditions of 0 cdm2 a LED Will be used to shine light on the surroundings at which point the
lighting condition will no longer be 0 cdm2 and the camera can be used.

• IPD-GI-Payload-E-1 [2]
The amplitude of the vibrations of the entire drone have been calculated to be in the order of 10−5m.
This is so low that is assumed that the camera vibration amplitude does not exceed 5 pixels.

• IPD-GI-Maneuver-B-1 [2,D]
See requirement IPD-GI-Payload-C [2,K].

• IPD-Communicate-D [2,K]
The design uses Cinemizer OLED glasses which covers the eyes completely. Thus outside lighting
conditions have no effect on the user interface.

• IPD-Misc-I [3]
No radioactive materials are used in this design. Thus this requirement is met.

• IPD-Misc-L [3]
Testing of the propulsion unit would give a value of how much noise the drone generates at the source.
However from experience with existing drones it is assumed the noise will not reach the level of 85db.



124 Delft University of Technology18 - Inspection Pocket Drone

CHAPTER 14. FURTHER DEVELOPMENT

14 | Further Development

In this chapter the further development and usage about the IPD project is discussed. First an overview is
given in Section 14.1 about the tasks that have to be performed to further develop the UAV and come to the
first sale. In Section 14.2 the tasks that have to be performed are plotted in a Gantt Chart with an estimation
of the time that the tasks will take. The estimated cost of further testing, development and production is
presented in the form of a Cost Breakdown Structure in Section 14.3. Finally in Section 14.4 the operations
and logicstics concept of the actual mission is discussed.

14.1 Project Design and Development Logic

In this section the project design and development logic of the IPD project after the detailed design phase is
explained. The logic is split up in to five separate phases, which are the prototyping, testing, certifications,
sales and after sales. From which the prototyping phase and testing phase will start in parallel. The logic is
visualized in a block diagram in Figure 14.1.

Prototyping
The first step in the development logic is to actually make a prototype of the UAV and start the development
of the software. The development of the software and the prototype of the UAV itself will start simultaneously.
For the prototyping the custom parts, like the rotor blades, have to be manufactured. Once these are finished
and the off the shelf components are ordered the first prototype can be assembled. Although before assembling
all parts should be measured and compared to the theory. Doing this will make sure everything fits as designed
for, if not some changes in the design might be necessary. It has to be noted that most likely multiple prototypes
are necessary, because the first one might not be perfect and some will probably break during the testing phase.

Testing
The testing phase will start simultaneously with the prototyping phase. It is common practice that after a day
of software development a day of testing is done. Also once the first UAV assembly is done the first structural
tests can be performed, since the software is not necessarily needed for this. First tests to be performed are
tests on the duct and the optimization off this component. With flow visualization and with measurements it is
possible to check how well the duct performs and what the drag coefficient of the duct is. Next are the structural
tests like, crash testings, stress testing of the hull and vibration tests. Heat resistance and water tightness of
the UAV will also be tested here. During the safety tests it will be checked whether the UAV will not cause
trauma on impact and failure modes will be investigated. Once all tests are done the actual fly testing will
be done, first inside and then outside. During all tests the results will be validated with the theoretical values.

Assessment
After all prototyping and testing there will be a working product which now has to be assessed to comply with
the Dutch regulations. For this an operational manual has to be written first. This will take quite sometime,
because the document will constantly be checked by an external company until it complies with all laws. Once
the operational manual is done an external company can assess the UAV and give the clearance.

Sales
Now everything is in place to sell the actual product it is time to find some customers and sell the product.
Of course the client will need time internally to make the decision to buy the product.

After Sales
Once the customer signed the contract it is time to deliver the product. First the certification for the customer will
be started. When the certification is done the UAV will be manufactured. Also a user training will be provided.
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Figure 14.1: Project Design & Development Logic Block Diagram

14.2 Development Gantt Chart

In this section the Gantt Chart of the project is shown, as can be seen in Figure 14.2. All activities discussed
in Section 14.1 and their duration are plotted in the Gantt Chart. It is likely that the duration may be grossly
under- or overestimated as the actual time it takes depends on unknown factors. For example the regulations
regarding UAV’s are changing in a rapid fashion and this might slow down or speed up the process.
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Figure 14.2: Project Gantt Chart
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14.3 Cost Breakdown Structure

This section presents an overview of the estimated cost for further development of the system. It follows the
logic of Section 14.1 and the components of the Gantt Chart in Section 14.2. Some of the components have
been merged for brevity: in the Gantt chart they were on different timelines and hence needed to be mentioned
separately, but since the purpose of this structure is not to show the timing but the cost, some were taken together.

Development cost
232 k€

Prototyping
€ 120000

Testing
€ 103000

Develop software
€ 40000

Produce Custom 
Parts

€ 23000

Acquire and 
Validate Parts

€ 10000

Assemble Prototype
€ 7000

Test Software
€ 40000

Duct optimization
€ 3300

Duct, structural and 
safety tests

€ 10000

Flight testing 
(indoor & outdoor)

€ 20000

Sales
€ 8600

Pre-sale
€ 4300

After Sales
€ 4300

Customer costs
10 k€

Product cost
€ 8200

Vehicle & Ground 
station
€ 4200

Certification cost
€ 2000

Operator 
certification

€ 2000

Organization 
Certification
(unknown)

Vehicle certification
€ 4000

Vehicle
€ 1500

Ground station
€ 2700

Write Operations 
Manual
€ 40000

Figure 14.3: Cost Breakdown Structure

This rough estimation of the costs required to continue develop the product was based on calculating the
required man hours by taking the time from the Gantt chart and assigning the expected number of persons to
it (for instance, software development: 60 days by 2 persons), and multiplying by the hours in a day (8) and the
average cost for this type of labour (e41.571) Additionally, some equipment costs (for instance, the 3D printer)
and costs for external parties (for certification) are included. The development cost up to the point where there
is a working prototype is estimated to be e232 thousand, and the customer cost is estimated at e10 thousand.

14.4 Operations and Logistics Concept

This section describes the operations and logistics concept for the use of the IPD. It is set up so that it gives
an overview of all the actions that the user has to do while using the drone. Starting from the moment the
operator is notified that the UAV is required to inspect something somewhere, it stretches all the way till the
drone is back in storage. In Figure 14.4 the general flow of operations is shown during the course of one mission.
There are five main phases in the operations and logistics, being the pre-mission phase, the deploy phase, the
mission phase, the pack phase and the after-mission phase. They are explained in more detail below.

Pre-mission phase
After the operator has received a notification that the IPD is needed somewhere, it must be taken from storage.
The batteries must be taken from their cool storage and put in the systems ground control station casing in
their respective spot. The batteries that are going to be used for the first flight are placed in and connected
to the drone. The battery compartments must be shut so the system is ready to fly when arrived at the site.
A quick check must be done to ensure that everything is properly secured in the ground control casing. The

1Centraal Bureau voor de Statistiek, Cost of labour per hour, sector Business Services.
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Figure 14.4: The operations and logistics concept flow chart

system must then be transported to the inspection site to perform its mission. It may be desirable for the
operator to walk closer to the inspection site if the transportation vehicle cannot come close enough.

Deploy phase
When the system arrives at the site it must be unpacked. The ground control case is placed on it back and
folded open. The UAV, the remote control and the goggles must be taken out, after which the ground station
can be turned on. The drone is turned on next and when a connection between GCS and UAV is established a
quick systems check must be done. During this check the operator must check that the UAV responds correctly
to the control inputs and that the video feed is transmitted properly. When this is the case he can put on
the goggles and the mission can start. If an observer, for example the commander, also wants to follow the
operation he can take the tablet out of the casing and follow the mission on that.

Mission phase
In the mission phase the actual inspecting is done. After take off the drone is flown to an entrance of the building.
After entering the flight mode must be switched from outdoor to indoor flying. In indoor mode the drone will fly
slower than in outdoor mode, which will both feel more natural to the pilot and also reduces the chance and sever-
ity of impacts. When the batteries are running low the drone must return to the ground station, and the flight
mode can be switched back to outdoors once the drone is outside. Back at the GCS there is a choice to be made. If
there are still unexplored reachable areas of interest the mission can be extended. There are two things that need
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to be done to prepare the UAV for its next mission leg. The first thing is to quickly check the craft for damage and
malfunctions, for example a damaged or broken rotor blade or a stuck servo. Minor damages and malfunctions
that do not hinder the systems performance to a large extend do not have to be fixed in emergency situations where
every second counts, but critical damages must be fixed immediately. If the IPD is used in a non-emergency situ-
ation it is up to the operator to decide on what to do in case of minor damages found in between two mission legs.
Next to this quick inspection the battery of the UAV must be changed. Even in the case that the drone is back
at the ground station after only a very short flight due to for example dead ends this has to be done, so that the
range for the next mission leg is not compromised because of low power. To do this the drone must be turned off,
after which the battery compartments can be opened. Next the old batteries can be taken out and be replaced by
new ones. When these are connected and placed properly inside the drone the compartments can be closed again.
The drone can be turned on again and the quick system functionality check must be performed before flying again.
This process is repeated until the mission is completed, after which the operator can move on to the pack phase.

Pack phase
When the mission phase has come to an end the system must be packed again. To do this the UAV must be
turned off and then the ground control station. Everything must be placed in its respective location inside
the case, and secured properly to ensure safe transport.

After-mission phase
After the mission the system must be transported back to base. After arriving there are two things to be done.
The UAV must be extensively checked for damage and malfunctions. This may require disassembling the drone
completely, to gain access to deeply embedded subsystems and parts. Every error must be fixed and the drone
must also be cleaned if necessary, to ensure it is fully functional for it next flight. The batteries must be taken
out and charged before they go in their cooled storage. The batteries required for the ground station systems
must be charged. The ground station case inventory must be checked and refilled if necessary. When these
activities are done the system is packed and stored so that it is ready to repeat the aforementioned cycle. Next to
these fixing and packing actions the stored data achieved during the mission must be analyzed and documented.

In this chapter the further development of the project was explained. First, the Project Design and Development
Logic was described and then depicted with a time schedule in the Project Gantt Chart. Second, the Cost
Breakdown Structure was shown and the cost for the project was estimated. Third, the Operations and Logistics
Concept was explained.
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15 | Conclusion

In this chapter, a conclusion of the report is discussed to give the reader a clear overview of achievements and
processes treated during this design phase.

First of all, the mission is described using a Functional Flow Diagram and a Functional Breakdown Structure.
This provides a clear overview of what tasks need to be fulfilled, what subtasks this entails and in which
order the work should be performed. Having defined the mission, a market analysis was performed to identify
potential end users and indicate the demand for this new design. It includes an overview of laws that apply
to this design and have to be accounted for.

Having established the boundaries of the design space, the subsystems can be designed. The propulsion
subsystem is discussed first, separated into the different components of the subsystem. The final design makes
use of two electric motors with two swashplates, and incorporates two propellers with three rotorblades each.
These rotorblades are specifically designed for this mission, and have to be custom-made. The entire system
is placed in the middle of the UAV, and makes use of the duct-shape of this section to increase the thrust it
generates. This propulsion system enables the operator to control the UAV in all four degrees of freedom.

To perform the mission, a multitude of electrical components have to be implemented into the UAV. The
first and foremost is the payload, a group of many components. The chosen camera is the eCam56 5MP
Gumstix Overo, which fits the video requirements perfectly. To provide visibility to and of the drone, LEDs
are added. The next component is the Inertial Measurement Unit, which is already integrated in the NavStik
Flight Controller. For ranging, Maxbotix EZ sonar ranging sensors are chosen to support navigation. Other
components of the payload are temperature sensors and thermal camera modules. The FLIR Lepton thermal
camera will be used in combination with basic temperature sensors to make flight possible in reduced visibility
conditions. For location determination during the outside mission phase, a uBlox module with a Sangshin
1580MHz RF 18mm Antenna patch will make use of GPS signals to determine its exact location. Finally, to
interact with victims once located, the UAV is outfitted with speakers. Other optional payload components
and peripherals not included in the final design include a gas detector and window breaking mechanisms.
The second electrical component is the On-Board Computer. This is another collective term, and contains four
distinct OBC boards. These are the NavStik, IvyPro, Gumstix Overo Earthstorm and Gumstix Summit boards,
each with their own defined task. The NavStik, functioning as the main board, is based on the Paparazzi platform.
The third electrical component is the Communication subsystem. This subsystem consists of a transceiver
board and a set of antennae. For this design, a communication frequency of 868MHz was chosen, and the
SiFlex02 transceiver module turned out to be the ideal component to serve in this design. Using two quarter
wavelength wire antennae, the system is capable of receiving control inputs and transmitting video as well as
housekeeping data.
The fourth electrical component is the Power subsystem. A decision was made to use Lithium-Polymer batteries,
as is common in RC applications due to its favorable properties. Two Zippy Flightmax 1000 mAh packs are
needed in parallel to guarantee sufficient flight time.
Finally, an overview of the hardware interface of the electrical components is provided to clarify power, data
and control links between systems.

After determining the loads imposed on the UAV by the propulsive and electrical subsystems, the structure
of the UAV was designed. During the design, not just the performance but also occupational health and safety
was taken into account. The propulsive and electrical subsystems induce loads in terms of weight and vibrations.
The impact of both of these on the structure were assessed, and a structure was designed to cope with the
highest possible imposed loads including a safety factor. Finally, the shape of the drone with according material
properties necessary to cope with the maximum load case was determined. The final design features struts
to support the mounting of the propulsion subsystem, and features a protective foam layer to protect the
contents as well as possible victims from damage caused upon impact. For further protection, a 5-spoke fence
was added to the open sections of the UAV so that no hands can accidentally get into the propeller area. The
final diameter of the vehicle is 278mm with a height of 115mm.

Having acquired a clear definition of all the hardware that will be implemented, the data generated or required
by each subsystem must be handled properly. To this end, data handling and hardware-software interaction
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was analysed. The results of this are portrayed in a Data Handling Diagram, which shows where information
is generated and where it should go.

The software needed to handle this process of collecting and redistributing information is such an intricate
and integral part of the UAV that it’s handled in a separate section. The main software part needed to fly
the UAV is a flight controller, which is responsible for translating control inputs to movement and is constantly
controlling the actuators to compensate for external influences. To make this work, alterations have to be made
to the existing Paparazzi system.

To assure the validity of the final design, all subsystem designs are validated and all the formulae and calculation
methods used during the design are verified. This is not just an error check, but serves to show that the final
design is based on correct models, and the correct design method was applied. Having confirmed the validity of
the final product, the sustainability can be analysed. This is done by taking three different points of view: social,
economical and environmental. These all take different aspects of the final design into account, from shape
to materials used and from flight time to design costs. The final design is considered to fulfill its sustainability
demands in all three fields. If a design change is applied, this assessment will have to be re-evaluated.

The final design was achieved using a structured design process, based on an iterative approach. Time and
manpower was allocated to the separate subsystems according to necessity, and mass and power budgets were
continuously checked to make sure the design did not go to extremes. A risk assessment was performed to identify
potential hazards, which granted insight as to which parts of the design needed more attention. Having estab-
lished which hardware would be used in the UAV, the placement of each component was decided so that the center
of gravity would lie as close to the ideal location as possible. Of course, design alterations either to improve the
design in one way or another or due to unforeseen reasons occurred. To accommodate these changes, a total of 10
iterations was performed, each analyzing the system configuration at that point to identify points of improvement.
Of course, changes in design lead to changes in system mass. To determine the impact of an increase or decrease
in system mass in terms of power and thrust, a sensitivity analysis was performed. Finally, a description of the
integrated system as a whole is given to clarify the theories and technology used and how this will has a positive in-
fluence on the design as a whole. This included the user-system interaction at the Ground Control Station as well.

At the start of the UAV design, requirements were identified and analyzed to determine which were driving
or key requirements, and subsequently subdivided into primary, secondary and tertiary requirements. These
are split into the requirements that are fulfilled and those that could not be fulfilled by the final design, and
a feasibility analysis is performed to determine the cause and impact of failing certain requirements.

After the design phase, the product is not yet ready to be deployed. To clarify what needs to be done next,
a chapter on further development was written explaining further project design and development such as
prototyping and testing, but also sales and after-sales. A Gantt chart indicating expected time needed to fulfill
certain aspects is shown to clarify the extent of work still to be performed, and a cost breakdown is shown
containing estimates of further costs per segment shown in the Gantt chart. Finally, a concept of the operations
and logistics is included to describe how the UAV would be employed before, during and after a mission, to
clarify the suggested approach taken by any end user of the device.
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16 | Recommendations

In this chapter recommendations per subsystem are specified. These recommendations follow from challenges
encountered in the design of the UAV.

Propulsion

In Section 5.1 the drag coefficient was approximated using Figure 5.1. This approximation is very rough and
should be analyzed after testing for the drag. Furthermore it is recommended to perform analysis on the effect
of the duct and blade tip clearance on the blade tip losses.

In the current design the UAV is controlled by three servos actuating both swashplates. However it has to be
investigated whether this is actually possible due to the phase lag of the control input. Phase lag refers to the
angular difference between the point at which a control input to a rotor blade occurs and the point of maximum
displacement of the blade in response to that control input, said displacement occurring in the direction of rotor
rotation. In ordinary helicopter this phase lag is 90 degrees, so it has to be investigated what the phase lag is on a
small RC coaxial helicopter with high stiffness blades. If the the conclusion is that the phase lag is not cancelled
out by using a coaxial system, then three extra servos have to be added or only control the top or lower rotor.

Payload and On-Board Computer

The current configuration of on-board computer and payload hardware is designed with the outlook in mind
to add additional payload and OBC functionality in the future. Recommended is to pay special attention in
future development phases to the following items. Testing needs to be done on including a microphone and
speaker on the UAV. The current expectation is that due to the noise and vibrations from the propulsion
system including a speaker and microphone is not feasible as there are no ways to filter out the noise and get a
usable audio stream. However, if there is a way to include this functionality, it will greatly enhance the usability
and applicability of the UAV in emergency situations. For the camera, it is recommended to include a tilting
mechanism with servo in order to increase the vertical view angle and make control easier in case the UAV
has a pitch angle. Furthermore, it is recommended to develop a custom breakout board for the Gumstix Overo
module. The currently used Gumstix Summit breakout board includes connectivity options which are not
needed in the current design, resulting in redundant mass.

Communication

There is usually a significant discrepancy between theory and practice regarding communication as empirical
models are used to model electromagnetic propagation. The empirical model utilised for path loss also had
a large uncertainty in the conclusions drawn as explained in Section 6.4.6. Also, the antennae placement should
be investigated for coverage and especially blind spots to optimise their placement. Therefore, it is advisable to
conduct field tests of the communication subsystem using the selected components. This test will help identify
possible interference sources, and unforeseen factors that were not accounted for in the model resulting in a
more accurate estimate of the performance characteristics, and limits of the subsystem.

Power

Regarding the battery system, the most important recommendation is to go for a fully customized tailor
made batteries. These will be fully optimized only for this UAV and therefore be lighter than any of the shelf
component can be. It can also increase the integration of the batteries, because of the large flexibility in cell
shape. Similar custom designs can be made for the motors. The current motor choice has about seventy percent
excess power and eighty percent excess RPM, so that can be a lot closer to the requirement values. The ESCs
can be custom design as well, to achieve better part integration.
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Structures

Although Chapter 7 elaborated on the internal and external loads acting on the vehicle, there are still some
necessary fundamental analyses to guarantee the delivery of a complete system. The first recommendation
would be to implement the analysis of cut-outs on the structure at the locations where the cameras and the
sonar sensors are located. Stress concentrations will be present at these locations, but due to time constraints,
these were not accounted for. Additionally, cut-outs for the ease of battery replacement have to be treated
alike. Furthermore, the mounting of payload to the hull was not designed for. Mounting the payloads and
measurement systems while accounting for the damping the vibrations on them is indispensable for correct
manoeuvrability and proper functioning of subsystems. Therefore, further research is highly advised in the
future. Unfortunately, there were no time and material resources available for testing the system during the DSE
period. It is advised to utilise stress tests, impact tests and crash tests on the vehicle for a proper validation.
Lastly, the hull structure and the stiffening struts are produced from different materials. During the assembly
of the system, it was assumed that these two components can easily be mounted together. However, this
assumption is yet to be validated. Accordingly, it is recommended to investigate how these two materials behave,
how can they be attached and whether the load carrying properties diminish due to the manner attachment.
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APPENDIX A. WORK DISTRIBUTION

A | Work distribution

The work distribution of the final report can be found in Table A.1. The table gives both an overview on who wrote
which section in the report it self but also who actually worked on what. An I in the table means the person worked
on it, but did not do the reporting in this report. And Xmeans the person both worked on it and did the reporting.

Table A.1: Work distribution for the Final Report
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APPENDIX B. PROPULSION EXAMPLE CALCULATION

B | Propulsion Example Calculation

In this appendix sample calculations of the theory in Section 5.2 are shown. For brevity the number of steps is
set to 10. For the actual calculation used during the design phase a 1000 steps was used for accuracy. Table B.1
shows the values of the Prandtl tip-loss factor (F), inflow ratios (λ), twist (θ) and blade solidity (σ) for both upper
and lower rotors. The values for the inflow ratio of free steam velocity, thrust coefficients, and thrust generated
by upper and lower ratio are single values and are given to be 0.197, 3.7·10−3, 3.2·10−3, 1.8, 1.52 respectively.

Table B.1: Calculation values over the radius of a propeller in 10 steps

r [m] 0.0089 0.0178 0.0267 0.0356 0.0444 0.0533 0.0622 0.0711 0.0800
Fupper [N] 0.9993 0.9975 0.9954 0.9912 0.9824 0.9643 0.9268 0.8480 0.6741
λupper [-] 0.1971 0.2168 0.2129 0.2105 0.2091 0.2083 0.2079 0.2081 0.2102
θupper [◦] 0 41.7703 32.5761 27.1257 23.8818 21.7545 20.1005 18.7236 17.8745
σupper [-] 0 0.0358 0.0239 0.0179 0.0143 0.0119 0.0102 0.0090 0.0080
Flower [N] 0.9793 0.9573 0.9432 0.9221 0.8909 0.8451 0.7774 0.8461 0.6744
λlower [-] 0.3942 0.4440 0.4343 0.4279 0.4239 0.4215 0.4201 0.2099 0.2099
θlower [◦] 0 44.8534 34.6769 27.4679 22.4572 18.8757 15.9542 12.9236 9.0147
σlower [-] 0 0.0358 0.0239 0.0179 0.0143 0.0119 0.0102 0.0090 0.0080
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