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Executive Summary
The purpose of this report is to design and iterate all the subsystems of a drone for Mars exploration. Based on a
design option analysis and trade­off, the vehicle is designed to beaVTOL tilt rotor. Themission need statement is:
Enable large­scale targeted exploration of the atmosphere and surface of currently inaccessible areas of Mars.
This mission statement resulted in two expedition types: collect and return expeditions in which soil samples are
collected, and remotesensingexpeditionswherevisualmapping, heightmapping, gasanalyzinganddust compo­
sitiondata iscollectedand. Theprojectobjectivestatement is: Design a semi­autonomous unpiloted atmospheric
vehicle that can assist humanMartian exploration by observing remote areas and collecting atmosphere and soil
samples from difficult­to­reach places. This design will be performed by 10 students in 10 weeks.

Beforedevelopingeachseparatesubsystema final sizingprocesswascarriedout toprovide the layoutanddimen­
sions of the final design. This skeletonwas then built on and the final design is displayed below:

Figure 1: Multi­view technical drawings of external layout of the design (dimensions in millimeters)

The payload subsystem is at the heart of the design as it houses the instruments required to collect data on the
Martian environment. For each top­level requirement amodel wasmade to ensure the instruments chosen were
capable of performing the required measurements in flight. The payload was split into two parts being the collect
and return part and the remote sensingpart. For the first part amodelwasmade to sizea sample collection robotic
armwith an ultrasonic coring tool attachment. It was also determined how long collection would take. The results
were a 9.5 [kg] armwith two cylinders of length 0.4 [m] and collection times of 30minutes per 20 [g] sample for the
hardest rock on Mars which is Basalt rock. For remote sensing a number of instruments were selected such as
cameras, a ground penetrating radar and a gas analyzer thus completing all the top level requirements.
The flight operationssubsystemensures that theUAV iscapableofperformingautonomousandhumancontrolled
flights. It also covered procedures with respect to take­off, landing, safety and emergency situations essential
for the proper functioning of the aircraft. The autonomy system consists of an inertial measuring unit and cam­
eras to determine position and attitude, a laser altimeter for height measurements, a laser sensor for airspeed, a
thermometer tomeasure air temperature and extensive computer hardware to process all the data inputs.
The communications subsystem ensures that the UAV can communicate with the base for control command and
data transfers. Threescenariosweremodelledwhichwereanetworkofbeacons,asinglebeaconat thebaseanda
networkof beacons in combinationwithasatellite. Basedon theselectionof communicationstrategyamodelwas
madetoanalyze thebeaconcoveragebasedon the locationandheightofeachbeacon. Theresultwas thatusinga
networkof beaconswouldbe themost efficient strategy. If theUAVwere flyingat 100 [m], using twobeaconsaway
from the base 10 [m] off the ground results in 92%coverage in a 50 [km] radius from the base. The power usage of
the beacons is covered by placing solar panels on the beacon tower. The beacon tower needs to be constructed
by the astronauts however, due to its light weight structure does not pose issues.
Thestructuresandmaterialssubsystemensure that theUAVdoesnot failunder the loads that itexperiencesduring
themission. It was one of the first subsystems to be addressed as it provides the skeleton to package the payload.
Amodelwasmade toanalyze thepropeller carrying structure,mainbodystructureand thewingboxstructure. For
eachmodel launch loadsandoperational load caseswereanalyzed. Asa result of theseanalysesa structurewas
designed capable of withstanding critical load cases.
The aerodynamics subsystem was focused on producing sufficient lift during flight while also minimizing drag to
be able to fly with minimal thrust. The components of the UAV taken into account whenmaking a drag estimation
were thewing, landinggear, vertical rotor, vertical rotor structure and forwardpropulsion structure originating from
the structures subsystem. For the landing gear struts an airfoil selection was carried out instead of simply using
cylinders to reduce thedragproducedby thesestructures. This resulted in theRAFMOD30airfoil beingused. The
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largest part of this subsystem is however the wing sizing which depends on aerodynamics, structures and flight
stability. Taking into account aspects the Reynolds number, wing geometry, surface areas, twist and dihedral the
aerodynamics polars of the final design were outputted. The maximum CL was 1.28 with stall occurring after 9°.
The trim angle of the aircraft in cruisewas 6°.
The flight control and stability subsystemwas focusedonensuring the stability and controlability of the drone. The
landing and take­off maneuvers present a large risk to the drone as they occur at high velocities and close to the
ground. The VTOL sequences were designed to ensure sufficient lift at all moment while minimizing the energy
requirement for these operations. The elevon sizing resulted in elevonswhich take up 27%of the chord and have
a length of 2 [m] on each side of thewing.
Thepowersubsystemprovidesthenecessaryelectricalpowerall thesubsystemsof thedrone. Power isgenerated
onboard using solar cells forwhich amodelwasmadebasedon the amount of solar power that could be salvaged
onMars. Based on this 1.26 [m2] of solar panel were required with amass of 0.63 [kg] and producing 146.58 [Ah].
To store the power lithium ion batterieswere selected as they are rechargeable. The total energy they can store is
4659 [Wh] with a capacity of 194 [Ah] and amass of 16.64 [kg]. The next decisionmade for the power subsystem
was its placement as this played a significant role in ensuring longitudinal stability. The battery is divided into two
arrays andplaced in eitherwing. Lastly, the powermanagement anddistribution strategywasdesigned. A source
controller is used as the solar panels do not provide direct energy to the components but simply charge the batter­
ies. A storage controller is used to regulate battery charging. Anoutput controller ensures that powerlineswith the
correct current and voltage reach the instruments.
The propulsion subsystemensures that theUAVhas sufficient thrust in the forward and vertical directions staying
within the limits of the power subsystem. Analysis was done on the main parameters that influence rotor design
whichwere the chord, taper and revolutions perminute. Basedon theseQBladewasused to optimize the forward
and tilt rotor. The challengewas that they both require different optimization techniques. It was concluded that the
vertical rotorwouldbeaco­axialbi­rotor toachieve the requiredperformance. The resultsof thisanalysiswere that
the tilt rotor cruise thrust is17.5 [N]withanefficiencyof74%, the tilt rotorhover thrust is55.2 [N]withanefficiencyof
50.6%and thevertical rotorhover thrust is122 [N]withanefficiencyof53.8%. DuringVTOLeach forwardpropeller
requires 2200 [W] and each rear propeller requires 2311 [W]. During cruise, one forward propeller requires 2400
[W]. Based on these values a brushless DCmotor was selected for propulsion with an optimum efficiency torque
of 34.27 [Nm] and anRPMbetween 1500 and 3000.
The thermal control system has one requirement and that is: to keep the temperature of all the subsystemswithin
their operational ranges during expeditions. Thiswas the last consideration as it required a lot of design decisions
to be finalized before it was designed. The biggest consideration whenmaking amodel for the thermal controller
was the temperature range in the Hellas Planitia from ­96 to 0°C. The heat contributions taken into account were
radiation,conductionbetweencomponentsandconvectionbetweenthegasesintheatmosphereandcomponents.
Themodel isbasedonaheatbalanceequationtakingeachinstrumentasathermalnodeandmakinganetworkfrom
this. Basedon this balance it was determinedwhich components needed thermal finishing and insulation. For the
motorsaseparatethermalanalysiswasalsodonewhichresultedinaradiatorbeingrequiredtopreventoverheating.
Lastly, a thermal analysis was done for the batterieswhich resulted in no active heat control being required.
Havingdesignedall the subsystems the final systemhad tobeverifiedandvalidated toensure itwasbuilt right and
the right systemwasbuilt. Each individual subsystemmodelwasverifiedusinga rangeofunit andsystemtests. To
modelthesystemthesubsystemmodelswereintegrated. Toverifythesystemonlytheiterativeloopthatusesall the
verified inputs needed tobechecked. Thiswasdoneusingaconvergence test for the totalmassof thedesign. For
productverificationamethodoftesting,analyzing,demonstratingorinspectingthevehicleforeachtoplevelrequire­
ment was devised and for production validation tests were devised to to check the integration of the final system.
To conclude, the goal of this report was to design the subsystems of a drone for Mars exploration proving its feasi­
bility. The result of this can be seen in Figure 1 where the integration of all these separate subsystems results in a
single product.
A number ofmain recommendations for future research have been identified as vital to the design. To improve the
aerodynamic, controllability and propulsion analysis, Computational Fluid Dynamics simulations or wind tunnel
tests should be performed for a better understanding of the stall characteristics. For structures a Finite Element
Analysis should be done on the entire structure, furthermore, more failure cases can be identified and analyzed,
for example where one propeller breaks off. For communication a detailed analysis of the beacon network could
have been performed by creating a numerical model that considers the limitations due to surface characteristics.
The thermalanalysisconsistsofseparateanalysesandonly takesconvection intoaccountonce. Integrating these
analyses and analysing convection would lead to more realistic results. For improved power analysis, the degra­
dation of the solar and battery cells has to be accounted for. The orientation of the drone during charging can be
analysed for optimumsolar incidence angle.
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S Speed of the drill bit [s−1]
Sa Abrasive particle size on drill [m]
t Thickness [m]
V Velocity [m/s]
v Deflection [m]
v Poisson ratio [­]
z Zenith angle [◦]
β Scattering limit GPR [◦]
δ Declination Angle [◦]
ρ Density [kg/m3]
σ Stress [MPa]
σ Stefan­Boltzmann constant [W/(m2K4)]
τ Shear [MPa]
τ Optical Depth [­]
ϕ Latitude [◦]
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1 Introduction
The search for extraterrestrial life has consistently pushed technology to its limits over the past decades. As the
search for life beyond Earth carries on, the technology being used to do so continues to advance with leaps and
bounds. One of the planets that is of most interest is Mars, due to the presence of water in the soil and the rel­
atively favorable conditions. A number of successful Mars rover missions have already been carried out which
have explored the surface, but after humanmissions have landed onMars and a base has been established, the
next paradigmshift in exploration capabilities is to use a flying vehicle to quickly scout large areas near the base in
great detail. The challenge that this poses is immense, since theMartian atmosphere is extremely thin compared
toEarth’s and the environment is harsher inmanyways, including large temperature fluctuations, damaging solar
radiation, and fine dust particles. The importance of overcoming these obstacles is of interest when considering
the possibilities of future homes for mankind. As humanmissions to Mars are already planned for the mid 2030s,
doingmore extensive research is necessary.
The aim of this report is to develop the design of a semi­autonomous unpiloted atmospheric vehicle (UAV) and
to integrate all the main subsystems to prove its feasibility. Based on the trade­off of potential design concept
options completed in the previous report, the starting point for this report is a VTOLTilt Rotor concept. To fulfil this
aim, extensive researchanddesignwork is carriedout for the tenmost important subsystems,with the customer’s
requirements serving as the basis for all design decisions made. Based on this research, models are made and
analysesarecarriedoutoneachsubsystemtodevelop the initial concept intoa fulldesign. After this,a riskanalysis
is carried out and themodelsmade are verified and validated to ensure that the results are reliable.
The report is structured as follows: first, a summary is given of the three reportswhich detailed the design process
prior to this report. After this, amarket analysis is presented toestablish thecost andvolumeof themarket for such
a vehicle. Then a budget breakdown is shown to set boundaries for the amount of power, mass, and volume that
can be used. The next chapter is a mission analysis to better understand what the functionalities of the vehicle
mustbe. After this, theoverall sizingmethodology isexplained, settingup thegeneral framework intowhich the ten
individual subsystemscan fit. Onceall of the subsystemsaredesignedandexplained in detail, the final integrated
system is presented. This is followed by an analysis of the final design as a whole, and system­level verification
andvalidation. The final chapter looksat the futureoutlookandprospectsof theproject fromamanufacturingpoint
of view and also an organizational point of view. A conclusion then summarizes themain findings from the report
and the lessons learnt throughout the design process.
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2 Project Overview
The purpose of this chapter is to give an overview of the project and thework that has been completed prior to this
report. Formore detail on any of thiswork, please refer to theProject Plan [3], BaselineReport [1], and/orMidterm
Report [2]. First, thebackgroundof themission isdescribed inSection2.1, including thepurposestatementsof the
mission. This is followedbyadescriptionof theoperational conditionsandcomparablepastmission inSection2.2.
The sustainability strategy is discussed in Section 2.3. In Section 2.4, the different design concepts are given,
leading to a summary of the trade­off in Section 2.5, where the final design choice is presented.

2.1 Mission Background
The first humanmissions toMars are planned for the around themid 2030s. Onceabase is establishedon the sur­
face, it would beof great scientific value if a semi­autonomousUAVcould fly to areasof interest in the vicinity of the
base to explore and takemeasurements. Such a vehicle could take high resolution images,make detailed height
maps, analyze atmospheric gas and dust particle composition, detect the presence of underground ice, and even
collect soil samples to take back to the base for analysis. An aerial vehiclewould be advantageous because rover
vehicles are slow­moving and limited by rough terrain. Satellites are capable of imaging and height mapping, but
not to the same level of resolution as an aircraft. Furthermore, satellites are not capable of in­situ measurements
of gasanddust, nor can they collect soil samples. Thus, thepurposeof this project is to designaUAV toassistwith
the exploration of the areas surrounding aMars base.

2.1.1 Purpose Statements
Thestatements belowweredevised to solidify thegoals andpurposesof theproject. All stepsanddecisions in the
design process are in service of achievingwhat is set out in these statements.

Mission Need Statement:
Enable large­scale targeted exploration of the atmosphere and surface of currently inaccessible areas ofMars.

Project Objective Statement:
Design a semi­autonomous unpiloted atmospheric vehicle that can assist human Martian exploration by observ­
ing remote areas and collecting atmosphere and soil samples from difficult­to­reach places. This design will be
performed by 10 students in 10weeks.

2.1.2 Customer Requirements
The task at hand comeswith some requirements as specified by the customer. These lay out the scientific capabil­
ities which the dronemust possess, as well as setting someminimum values for performance. Some of themost
important requirements which drive the design include needing to be able to carry out expeditions in which the
drone can:

• Perform semi­autonomous remote sensing of areas of 50 [km2] up to 50 [km] from the base. This includes:
– Visual imaging at 10 [cm] ground resolution
– Heightmapping at 10 [cm] ground and height resolution
– Shallow ground ice deposit detection at 10 [m] depth
– Dust composition and particle sizemeasurements
– Atmospheric gas proportionmeasurements

• Perform(subsurface) soil samplecollect­and­returnmissions. The requirements for thisdependonwhether
the expedition is semi­autonomous or remotely piloted by a human.

– Semi­autonomous: up to 50 [km] from the base, soil sample of 0.1 [kg], between ­1 and +2 [km] height
relative to base elevation

– Human remote control: up to 10 [km] from the base, soil sample of 0.5 [kg], between ­2 and +4 [km]
height relative to base elevation

The full set of these top­level requirements canbe found inTable19.1. In theBaselineReport, a larger set of lower­
levelorsubsystemrequirementsweredevelopedtoguidethedesignofmorespecificaspectsofthemission. These
can be found in compliancematrices in their respective subsystem chapters throughout this report.

2.2 Literature Review
The goal of the literature study was to better understand the environmental conditions on Mars and to better un­
derstand the mission as a whole. In addition, past missions and studies were identified which could be used as
references for the design of the vehicle.

2.2.1 Operational Conditions
TheMartian environment presents unique challenges which make flight a much more difficult task than on Earth.
For the purposes of some initial calculations, the location of the Mars base was taken to be in Hellas Planitia, an
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areawithin the impactbasinHellas inMars’southernhemisphere. Thisplaces thebaseatabout ­5.5 [km]elevation
with respect to theMartian vertical datumand at a latitude of 40° south.
The”air” inMars’atmosphere ismostlycomposedofcarbondioxideandhasasurfacepressureofabout700 [Pa]at
the vertical datum, only 0.7%of sea­level pressure onEarth. The surface air density is 0.015 [kg/m3] and surface
air temperature is 242 [K] on average [87]. Wind speeds are generally in the range of 0­10 [m/s]; wind speeds up
to 32 [m/s] have been observed during dust storms [163]. Dust storms are a significant threat to themission, due
to potential damage from the dust’s abrasive properties [89]. At the assumed base location, the conditions are
slightly more favourable to flight, with an air density of 0.024 [kg/m3]. The speed of sound is 20% lower than on
Earth, which limits themaximumspeed of propellers if transonic tip speeds are to be avoided.
The gravitational acceleration onMars is 3.72 [m/s2] (38% of sea­level gravitational acceleration on Earth). This
leads tohigh­extendingdust stormsandcausesdust tobesuspended in theatmosphere for longerperiodsof time.
However, it also provides an advantage since less lift is required for the samemass and structures can be made
lighter.
SinceMars is furtheraway fromtheSun thanEarth, it receives lesssolar irradiance: around590 [W/m2] compared
to Earth’s ~1360 [W/m2]. Solar irradiance can drop further in the event of dust storms [91]. Due to the lack of
a magnetic field and a dense atmosphere, dangerous solar radiation reaches Mars’ surface. This is a hazard to
humansand to sensitive components. HellasPlanitia has someof the lowest radiation levels onall ofMars [90], at
about 0.1 [Sv/year] ­ this is roughly double the exposure astronauts experience on the ISS [133].

2.2.2 Past Missions
Avariety ofmissionswere considered as relevant for this literature study. One is aMarsmission and the other two
are high altitude Earth designs which are representative of the options for lift generation and propulsion on Mars.
Thesemissionswere later used as references to help in the sizing of the four design concepts.
The only successful powered flights on another planet have been performed by the Ingenuity helicopter, whose
primary mission was to be a technology demonstration. It uses large lightweight contra­rotating coaxial rotors
spinning at high rotational speeds to perform vertical take­offs and landings. It has a totalmass of 1.8 [kg] and has
no scientific payload.
The JP Aerospace Tandem high altitude airship has been able to fly up to an altitude of 29 [km] on Earth (where
air density is 0.0214 [kg/m3]). Using its propellers, it is able to achieve amaximum speed of around 3 [m/s]. This
proof­of­concept shows that is it not unrealistic to use a lighter than air solution to create lift in the thin Martian
atmosphere. However, additional challengesarising from theMarsenvironmentwould include: windspeedsofup
to 10 [m/s], low temperatureswhich can cause rubber to become brittle, and including a significant payloadmass.
Helios HP01 is an extremely high altitude and high aspect ratio flying wing developed by AeroVironment. It has
been able to attain a maximum altitude of 29.5 [km] on Earth (where air density is 0.0194 [kg/m3]). The design
presents an inspiration for an optimized propeller design for low density and lowReynolds numbers. Additionally,
it provides proof that generating lift with flying wings at these densities is realistic. The design has an emptymass
of 600 [kg] and amaximumpayloadmass of 329 [kg].

2.3 Sustainability Strategy
The purpose of developing the sustainability strategy was to ensure that themission will have aminimal negative
impact on both the Earth environment and the Mars environment. By taking proper precautions and by devising
appropriate requirements, sustainabilitywas taken into account throughout the design process andanydamages
can beminimized.
The sustainability strategy was based upon a framework of 15 sustainability principles for engineering projects
from [52]. This framework can be seen in Figure 2.1. The principles were situated based on their relation to the
three pillars of sustainability: environment, society, and economy.
Themissionwas then split into stages, divided by time (from the design stage to the end of life) and location (Earth
operations andMars operations). For each stage, themost relevant principleswere identified. Anoverviewof this
can be seen in Table 2.1.
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Figure 2.1: Triangle of sustainable engineering principles compiled by Gagnon, Leduc,
and Savard in 2008 [52], with number labels added for referencing

Table 2.1: Division of mission into stages and the relevant sustainability aspects for each stage

Stage Earth Mars

1. Design 1E 1M
(4) Using green energy/transportation,
etc.
(7) Consulting experts about design,
close communication with customer
(14) Taking innovative ideas into
account when designing
(15) Comparing expected benefits of
mission to estimated costs

­

2. Production
and testing

2E 2M
(4) Using green energy/materials, etc.
(6) Avoiding use of toxic/dangerous
materials
(9) Accounting for consumption of
goods and services

­

3. Pre­launch,
launch and
journey to Mars

3E 3M
(1) Sterilizing to prevent forward
contamination ­

4. Arrival and
assembly on
Mars

4E 4M

­

(1) Preventing forward
contamination
(6) Ensuring safety of Mars
astronauts and their base

5. Operational
life

5E 5M

(3) Including info about impacts in
social media, PR campaigns, etc.
(12) Benefits (scientific data) should
be made available to scientific
personnel and institutions

(1) Preventing forward
contamination
(2) Some impacts are inevitable,
but should be limited
(4) Using renewable resources
available on Mars
(6) Ensuring safety of Mars
astronauts and their base

6. End of life 6E 6M
(12) Benefits (scientific data) should
be made available to scientific
personnel and institutions

(4) Using reusable equipment
after EOL
(6) Ensuring safety of Mars
astronauts and their base

For the justifications and explanations of why certain principles are relevant to certain stages, please refer to the
BaselineReport [1].
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The sustainability strategy was implemented through the requirements which arose from it. By meeting these
requirements, it could be guaranteed that all mission stages could be carried out in a sustainable manner. These
requirements were created per stage and were based on the top­level sustainability requirements and the above
sustainability analysis. Theyare listedbelow,with the relevant stage(s)andprinciple(s) givenafter inparentheses.
DME­REQ­STN­01: At least 15% of the materials used in the design (by mass) shall be from recycled sources.

(Principle (4) in stage 2E)
DME­REQ­STN­02: The process of manufacturing the design shall not involve any toxic/hazardous processes

which would endanger the production workers past the threshold set by local guidelines. (Principle (6) in
stage 2E).

DME­REQ­STN­03: All parts, components, and peripheral equipmentwhich are part of the design andwhich are
to be delivered to Mars shall be sterilized on Earth before launch such that the entire UAV is restricted to a
surface biological burden level of≤ 30 spores. (Principle (1) in stage 3E).

DME­REQ­STN­04: Information about the sustainability risks and impacts of the mission shall be made publicly
available via themissionwebsite,media coverage, and social media posts. (Principle (3) in stage 5E).

DME­REQ­STN­05: The scientific data resulting from themission shall bemadeavailable to scientists and scien­
tific institutions for which this data is relevant to research. (Principle (12) in stages 5E and 6E).

DME­REQ­STN­06: During theoperationalphase, componentsof theUAVrelating tosoil collectionshall besteril­
izedat thebasesuch that thesecomponentsare restricted toasurfacebiological burden level of≤30spores
before they are used for soil collection purposes. (Principle (1) in stages 4Mand 5M).

DME­REQ­STN­07: The design shall not leave behind any stray material on the Martian surface during mission
operations. (Principle (2) in stage 5M).

DME­REQ­STN­08: It shall be possible for the operators on Mars to disassemble the UAV to access reusable
components after end­of­life. (Principle (4) in stage 6M).

DME­REQ­STN­09: The instruments and sensors used on the UAV shall have expected minimum lifetimes of 2
years. (Principle (4) in stage 6M).

DME­REQ­STN­10: All parts, components, and spares needed to sustain the mission for 10 years shall be in­
cluded in a single launch vehicle.

2.4 Design Concept Generation
Inordertocreatefeasibledesignconcepts, inspirationwastakenfromthepreviouslydescribedpastmissions. First,
design optionswere generatedwith the help of a design option tree. This treewas then systematically pruned: if a
particular branch or design solution could not feasibly be used for this mission, it was eliminated. More details on
this process can be found in the BaselineReport [1]. The options that were not eliminated are listed below.

• Lift: Fixedwing (conventional configuration or flyingwing), gas balloon (dirigible).
• Propulsion: Fixed rotors, tilted rotors, cold gas thrusters,mono propellant.
• Ascent and descent: Externally powered launching and catching systems, not landing at all, vertical as­
cent/descent (fixed rotors or tilt rotors).

• Control in flight: Thrusters, rotors, aerodynamic control surfaces.
• Power storage: Batteries, fuel tank.
• Soil collection: Grabber, drill, scoop.
• Storing soil samples: Hanging under aircraft flying, store internally.
• Site strategy: Hover above site, drop/pick­up, vertical take­off/landing.
• Power generation: Nuclear energy (RTGs), solar panels, fuel cells.
• Communication strategy: Usingsatellites inMarsorbit, usingcentral beaconatbase, usingbeaconnetwork.

From these remaining design options, four conceptswere generated: a dirigible, a fixed rotor VTOLairplane, a tilt
rotor VTOL airplane, and aSTOLaircraft with a soil collection pod to be dropped and recovered in flight.

Dirigible Concept
The dirigible concept is a lighter­than­air design, meaning it could hover without a power source. Additionally, it
was designed such that the payloadwould hangbeneath the balloon so that the entire craft would not need to land
for soil collection. However, the dirigible also has disadvantages. The use of a large envelope to store the lifting
gascreatedsignificant risks. Themost significant risk identifiedwas theenvelope rupturing. The large frontal area
causessignificantdrag,meaning that thisdesignwouldrequireapowerfulpropulsionsystem. Aconceptualsketch
of this concept can be seen in Figure 2.2a.

VTOL Fixed Rotor Concept
This concept uses dedicated vertical rotors to perform vertical take­offs and landings, separate horizontal rotors
to generate thrust during flight, and awing to generate lift during flight. Its estimated totalmass ismuch lower than
that of the dirigible concept. The use of separate propellers for VTOL and forward thrust in a relatively heavy but
simple propulsion system. A conceptual sketch of this concept is shown below in Figure 2.2b.
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VTOL Tilt Wing Concept
This concept makes use of the same propellers for take­off/landing as for producing forward thrust during flight.
Compared to the VTOL Fixed Rotor, this results in lower system mass, but at the price of added complexity (as
a tilting mechanism is required to orient some of the rotors). The tilt mechanism also limits the level to which the
propellers can be optimized, as theymust be efficient for VTOL and during flight. Figure 2.2c presents a sketch of
this design concept.

STOL with Pod Concept
The final concept was a winged aircraft without VTOL capabilities. Visually, the aircraft was similar to the above
concept (Figure 2.2c), however the rotors are fixed and only used for forward propulsion. This simplifies the de­
sign and reduces required thrust capacity of the rotors significantly. Note that VTOL capabilities are a significant
contribution to aircraft mass. Given the lack of VTOL capabilities, soil sampling would be carried out by dropping
the required soil sampling payload in a pod. The aircraft then loiters over the area until the soil sample has been
collected,afterwhich it descendsandpicksup thepodusingagrabbingmechanism. Note that thisaddssignificant
complexity in terms of the soil collection payload, the inclusion of the grabbing mechanism, and the required au­
tonomy considerations. Furthermore, the UAVwould require external ground infrastructure to assist with take­off
and landing: a launching systemwould be used to quickly accelerate the aircraft to flight speed for take­off and a
catching systemwould help to slow it down over a short distance for landing.

(a) Dirigible concept (b) VTOL Fixed Rotor concept
(c) VTOL

Tilt Rotor concept / STOL with Pod concept

Figure 2.2: Overview of the main concept design for the UAV for Mars exploration

2.5 Trade­Off and Selected Design
One of the four concepts needed to be chosen to be able to produce a detailed design. When comparing design
options, the focuswasonhowwell theconceptscouldbeexpected toexceed the requirements, as itwasassumed
that each of the designs could at least meed the requirements. The process of selecting a final design was done
bymeansof a trade­off. First, thedesign criteriawereestablished ­ theseareare listedbelowwith their associated
weights. The criteria were selected andweighted based on the requirements set by the customer.

• Reliability andDurability: 17.8%
• Safety: 17.3%
• Totalmass: 15.6%
• PayloadChoice Flexibility: 10.4%
• Transport dimensions: 9.1%
• Distance permonth: 7.6%
• Resources andMaintenance: 6.8%
• Sustainability: 4.7%
• Flight operations: 4.4%
• Cost: 2.8%
• Ground transportability: 2.3%
• Assembly: 1.2%

Before scoring each designwith respect to these criteria, a preliminary analysis was done. This analysis took into
accountsomeimportantcharacteristicsof thedesign,suchas theautonomysystemcharacteristics, thepowersys­
tem, and the aerodynamics. In addition, the functionality of the communications subsystemwas initially designed
and the payload instrumentswere selected. An overviewof these payload instruments is given below in Table 2.2.
As a final part of the preliminary analysis, an initial sizingwas done on each of the design options.
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Table 2.2: Summary of payload instruments and specifications

Subsystem Mass [kg] Power [W] Dimensions [cm] ESA Mass and Power Margin
Drill and Arm 7.16 50 50×30×30 20%
Soil Containers 2.2 0 15×15×15 20%
Camera 0.056 3.1 3.8×3.8×3.6 10%
Ground
Penetrating Radar

3.3 8.25 41×31×18 20%

Gas Analyser 16 70 30.5×30.5×28 10%
Magnetic Disks 1 0 3×2.5×0.9 10%
Total Including Margins 33.95 150.31 ­ ­

The communication subsystem of the designmust support constant contact with theUAV in order to obtain visual
telemetry and assess the state of the UAV. Therefore, a combination of a beacon network and an orbiter around
Marswas chosen. The beacon network functions as a primary link and the orbiter as a secondary/emergency link,
due to the significant amount of delay.
For the initial sizing of the design options, two separatemodels werewritten; one for the dirigible concept and one
for the winged concepts. The models used the payload mass, required range, and air density as inputs, among
others. The payload mass for the Dirigible and STOL Pod were assumed to be a bit larger due to the addition of
suspension cables and a drop pod, respectively. This resulted in an initial mass estimation of 315.3 [kg] for the
Dirigible, 113.6 [kg] for the VTOL Fixed Rotor, 98.0 [kg] for the VTOL Tilt Rotor and 94.1 [kg] for the STOL Pod
concept. The calculated dimensionswere also taken into account in the scoring.
Finally, the trade­off between the different design optionswas performed. The four design optionswere analyzed
with respect to each of the criteria. The purpose of this analysis was to identify all of the factors affecting each
concept’s expectedperformance for eachcriterion. Basedon this, each conceptwasgivenascore from1 to10 for
eachcriterion. TheVTOLTiltRotorconceptreceivedthehighestscoreintermsofmass,dimensions,andassembly,
withtheVTOLFixedRotorcominginsecondplace. Forresourcesandmaintenance, flightoperations,andreliability
and durability, the VTOL Fixed Rotor came in first with the VTOL Tilt Rotor in second place. This is due to the tilt
design,allowingthepropellers tobeusedforbothupwardandforwardthrust,making itmoremassefficient,butalso
resulting in more complexity. For ground transportability, the Dirigible received the highest score, since it would
support its own weight, making it easier to move around. For the distance per month and cost criteria, the STOL
withPod concept received the highest score. Thiswas due to the fact that this design has the lowest batterymass,
resulting in lower costs and lower recharging time. However, themain issues for this designwere the use of a pod
andanexternal launching/catchingsystem. This led toa lowscore in thedesign’spayload flexibility criterionscore,
aswellas thegroundtransportabilitycriterion. TheDirigible’smain issueswere itssizeandthinskin,whichresulted
in low scores for the dimensions, assembly, reliability and durability, and resources andmaintenance criteria.
The assigned scores were thenmultiplied by the criteria weights to give an overall score for each design. Overall,
the VTOLTilt Rotor came out on top, with the VTOLFixedRotor design in a close second place. TheDirigible and
STOLwith Pod concepts received significantly lower scores than the twoVTOLdesigns.
In order to select the best design for the mission, the two best options were analyzed further. The fact that the
VTOL Tilt Rotor scored slightly higher in the trade­off did not ensure that it would be the best design. Therefore, a
technical sensitivity analysis as well as a trade­off sensitivity analysis were performed. The technical sensitivity
analysis introduced changes in the requirements for altitude, range, and payloadmass. The result of this analysis
showed that the VTOL concepts were robust against range and altitude, but not against changing payload mass.
For the trade­off sensitivity analysis, the criteria weights were changed randomly between ­100% and 100% and
the winning concept was identified; VTOL Tilt Rotor was chosen in 96% of the cases. All in all, the results of the
sensitivity analyses showed that the VTOLTilt Rotor designwas themost robust.
Thus, the design concept chosen for the final design was theVTOL Tilt Rotor design. The focus of the rest of this
report is on the further design of this concept into a complete design.
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3 Market Analysis
Interest inMars as a new habitat has grown significantly in the past years. With the current growth of large private
spacecompanies, investments in theexplorationofMarsare increasing. In this chapter, the futuremarketofdrone
exploration onMars is analyzed. First, amarket segmentation is donewith regard to stakeholders, followed by an
analysis of these. Then, an analysis is done on the future and possible newmarket of drone exploration onMars.
Finally, a SWOTanalysis is completed to distinguish the strengths, weaknesses, opportunities, and threats of this
market.

3.1 Stakeholder Identification
In order to distinguish segments of themarket,market segmentation is donewith regard to the different stakehold­
ersof themission. Thissectionprovidesacomprehensiveoverviewon thesestakeholders. First, thestakeholders
and their needs are identified. Stakeholders are companies, individuals, or institutes that have an interest in the
mission and the outcome of the mission. Therefore, they either affect or are affected by the mission. In order to
identify thestakeholders, it is important toconsider theentiremission fromgettingapproval fromthegovernment to
assembling the drone onMars. Each stakeholders has primary needs, which are derived from their expectations
and concerns. These stakeholders with corresponding roles and needs are presented in Table 3.1. From these
stakeholders, the key players in the futuremarket are identified. These key stakeholders, as well as their position
in the futuremarket will be analyzed below.

Table 3.1: Stakeholder identification

Stakeholder Identifier Definition and Role Primary Needs

Launcher company LC A company that provides a platform
to transport the drone to Mars.

Provide a platform that is
safe both for the launcher
and for the drone.

Payload providers PP
Companies that provides payloads
to be sent to Mars on board with the
drone.

To be able to fulfil the
science objectives of the
drone.

Government G Departments and groups of people that
have the authority to govern a country.

A successful mission that
meets the regulations set
by the government.

Insurers I A company that assess the risks and
provides an insurance coverage. A reliable and safe drone.

National/International
space agencies SA

Space agencies which ensure that
innovations in the field of space
continue. Responsible from organization
of the launch, tracking, data acquisition.

Perform and manage a
successful launch to
transfer the drone to Mars.

Assembly team AT
A team of astronauts on Mars
that are responsible from assembling
the drone.

Perform assembly safely
and without any difficulties
on Mars.

Operators O
A team of astronauts on Mars that
are responsible from operating the
drone.

Operate the drone on Mars
without any difficulties.

End users EU

Scientists/individuals who are employed
by academia that use the data gathered
by the drone to enhance the level of
knowledge in the field.

Scientific data that is
gathered by the drone.

Educators EDU Individuals/institutions that provide
education to various age groups.

Access to scientific
knowledge.

Public PUB The general society and their view. Access to scientific
knowledge.

National/International Space Agencies
Several governmental institutions have beenworking on exploringMars for decades. Examples are NASA, ESA,
Roscosmos, and theUAESpaceAgency. Alternatively, companies suchasBoeingandSpaceXhavealso started
to play an important role in the space industry in the past few years. Some of these institutions currently have
scientific missions on theMartian surface and schedules for upcoming tasks as early as 2022. This proves it is of
high interest currently to perform such scientific missions. Therefore, it can be concluded that these institutions
are interested in the product delivered by this project and can be seen as customers.

Launcher Companies
For past missions to Mars, launchers were provided by a small group of launcher companies. For this mission,
the Atlas V launcher is selected, since this launcher provided a safe journey to Mars for the Perseverance Rover,
which is a comparablemission. These launch costs are taken as a guideline for the future launch costs. However,
when looking at the future launchmarket regarding new technologies, the costs reduce. It is said that the launcher
costs canbe reducedbyapproximately $25millionUSDwhenusing refurbished rocket boosters. This is a realistic
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viewof the future launcher costs, since theUSSpaceForce isplanningon launching twosatelliteswith refurbished
rocket boosters by 2022 [130].

Payload Providers
In order to execute the mission requirements, several scientific instruments are needed. These scientific instru­
ments are included in the payload of the spacecraft. An overview of the costs of these instruments is given in the
next chapter. Although the space instrument sector is a constantly evolving field, the cost of these instruments do
not vary greatly. However, due to the increase in interest in space exploration, it will be expected that the space
instrument sector will grow a lot in the coming years. This is due to the opportunities to provide scientific instru­
ments for new missions. Therefore, the competition in this market will grow and it is likely that the design and
manufacturing prices for scientific instruments will decrease slightly [119].

Government
Thegovernment is interested in theexplorationof spaceaswell. This canbeseenby thevariousspace institutions
that are fundedby thegovernment inorder todo research. In the future, it is expected that these fundswill increase
[60]. However, there are some regulations and rules on space exploration set by governments as well. Before
executing a mission, for example, there are specific tests which have to be performed in order to ensure that the
spacecraftcanadhere to theserulesandregulations. Mostgovernmental institutions,suchasNASAprovidethese
testing facilities as a servicewhen the spacecraft ismanufactured. In the futuremarket, there are going to be rules
andregulationssetbythegovernmentaswell. Moreover, it istobeexpectedthattheamountofrulesandregulations
increase, lookingat the trendof thepast years [60]. In thisway, governmentswill playabig role in the futuremarket.

Insurers
Since spacemissions introducemany risks, it is important tomake sure that these risks are partly covered. This is
doneby insurers. They provide insurancewhen there is critical damagedue to unforeseen circumstances. This is
not only for assemblyand integration, but also for pre­launch risk, in­orbit life insurance, andmore. Since thecosts
for spaceexplorationaresohigh, soare thecoveringcosts for the insurancecompanies. Due todecreasingpremi­
ums, some companies are reviewing their position in themarket, and some are even stepping out [66]. However,
with thegrowingamount of spaceactivities, it is expected that thesepremiumswill increaseagainand remainhigh
for the coming decades [108].

3.2 The Future Space Market
The future spacemarket will look significantly different to the current spacemarket. It is estimated that the space
market global economy will double by 2030 [97]. This is because launch costs are expected to decrease, and
new technologies are expected to enter the market. One example of this is the company SpaceX, which already
introduced several launchers and aims to bring humans to Mars and back. With developing launch vehicle tech­
nologies, such as reusable rocket boosters, they aim to launch for under $22 per kilogram in the coming years. In
thisway, launch priceswill decrease in the next few years due to competition in the space sector. Therefore, it can
be assumed that the interest in space explorationwill only grow in the future, thereby expanding the spacemarket
and the number of stakeholders.

3.3 Establishing of New Markets
Government institutions have long dominated space exploration; however, the emerging commercial spacemar­
ket, NewSpace, offers the chance for more stakeholders to participate. Numerous start­ups and companies in­
terested in NewSpace are leading to the formation of larger commercial space market for space transportation,
research and development, in­situ resource extraction, orbital and suborbital space tourism, in­orbit satellite ser­
vicing, and space debris prevention [150]. From this division, it is clear that the product of this mission will enter
the research and developmentmarket as a technology demonstrator. Since the exploration ofMars is a relatively
newconcept in thespacemarket, itwill beexpected that thismissionwill beoneof thegreatpioneers inexploration
on Mars with drones. So far, only the Ingenuity helicopter has been able to perform powered flight on Mars. This
mission was, however, not capable of retrieving ground samples, for instance. Looking at sample retrieval and
atmospheric measurements, the Perseverance Rover has been able to perform such measurements. However,
since this rover is not able to cover such a large area, the drone for thismissionwill have a lotmore scientific value.
In this way, it will be one of the first of its kind and therefore will be able to set the standards for the future drone
explorationmarket. In the next section, the foreseeable share in this newmarket will be discussed, as well as the
opportunities and strengths that this design has compared to previousmissions.

3.4 Foreseeable Share in New Markets
Asmentioned above, there is not yet a specific market for drones designed for exploration on other planets. The
technologycurrentlyavailablewould fall under thecategoryof researchanddevelopment in themarket. Therehas
beenonly onepreviousmissionof a robotic flying vehicle onMars (the Ingenuity helicopter), whichwasconducted
byagovernmental institution (NASA).Nopublic recordsattest to thedevelopmentof such technology fromEurope
asof today. Therefore, if thedesignwere toenter themarket, itwouldbe theonlyproductof its type in theEuropean
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market. In 2021, themarket for non­satellite technology accounts for approximately 21% of all expenditure in the
space industry market. It is expected that the overall amount invested in such missions will increase by 20% by
2031 [97]. To better understand the aspects influencing a break into this newmarket, a SWOT analysis has been
performed; it is presented in Figure 3.1 and contains the strengths, weaknesses, opportunities, and threats of the
futuremarket forourspecificdesign. Asalreadymentioned, theopportunities fordroneexploration inspacecreate
an enormous gap in the futuremarket of space drones, as can be seenFigure 3.1. On the other hand, this leads to
a lot of emerging competitors in the futuremarket, as canbeseenon the right bottomof this figure. However, since
this design is one of the first of its kind, it will set the standards for the new market, being able to be ahead of the
emergingcompetitors. It has characteristics that areuniqueandnew to theenvironment ofMars, beingascientific
pioneer in the analysis of Mars. Also, the required investment of the customer can be realized, due to the growing
interest in life on other planets frombig companies.

Figure 3.1: SWOT analysis for the entrance in new markets of the UAV for Mars exploration [1]

3.5 Cost Analysis
The development costs usually account for about 70­75% of the missions’ total costs. This is primarily the case
in spacemissions, since they require high precision and considerable time and resources. The operational costs
as a proportion of the total costs vary between missions, based on the operational lifetime and complexity. The
launcher costs, however, are approximately the same permass unit.
Due to the complexity and longoperational lifetimeof thismission, it is decided that thedistributionof the costs can
bebest compared to thePerseveranceRovermission. Anapproximatedistributionof thecosts for thismissionwill
therefore be: 75% for design and development, 10% for the launcher, and 15% for the operations.
The launchercost for thePerseveranceRovermission toMarswasabout$243millionUSD,not including theuseof
reusablerocketboosters. Thiswillhoweverbeavailableinthefuture, thusforourdesign,alaunchercostof$218mil­
lionUSD isused. Using theabovedistribution, this leads toa totalmissioncost approximationof $2.18billionUSD.
Asapreliminaryestimate thecostshereareuncertain. That iswhytherearemargins for thecostbudget. According
toNASA, it is aground rule to take20%margin for designanddevelopment and10%for operation [100]. Using the
approximate distribution of cost segments of these pastmissions, this leads to the following budget breakdown:

• Design and Development: $1635millionUSD+$327millionUSD (20%)
• Launch and launch vehicle: $218millionUSD
• Operations: $327millionUSD+$32.7millionUSD (10%)
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4 ResourceAnalysisandBudgetBreakdown
Budgeting is an important part of the design process, since the use of resources such as mass and power tends
to grow as design of a product develops. In this chapter, an analysis on the resources used during the mission
is presented with the aim to set targets with contingencies for the final design. The breakdown is presented per
subsystemwithmargins based onESA standards [47].
In previous reports, a complete budget breakdown per subsystem was not presented. The reason for this was
because the four design options were far too different to the extent that different subsystems would have been
required for each one. However, in the detailed design phase, these budgets can now be defined thus ensuring
maximum values are set before the detailed design phase is begun. The budgets are based on the initial sizing
performed in phase 2 of the project [2]. This sizing primarily focused on themass and power usage of the payload
andof thecommunicationssubsystems,as thesewouldhavebeenconstantoverall designoptions. Extrapolating
these budgets for thewinning design options provides the final values.

Mass Budget
As the primary goal of theUAV is to exploreMars, the payload’smass and power usagewas one of the first design
parameters that was fixed. The sizing program uses that payload mass as input and provides good mass esti­
mates for themain heavy components, which includes thewing box, battery, and propulsion system. Additionally,
an extra percentage was added for the other subsystems, based on statistics. Subsystems represented by this
miscellaneousmasswere: all structuresnot part of thewingbox; theharnessof thepower subsystem; thecommu­
nications subsystem; the thermal control subsystem; and the onboard data handling subsystem, which also runs
themain software. However, in order for themass budget to be a useful tool for the detailed design on subsystem
level, themasses had to be rearranged and summed into appropriate subsystems.
Toachieve this, themiscellaneousmasshas tobedivided. Thecommunicationsubsystemhadalreadybeenanal­
ysed inphase2,yieldinga2[kg]mass including20%margin [47]. Furthermore,dueto the likenessof thedronesub­
systems tospacecraft subsystems,whichmakessensedue to its intendeduseonMars, spacecraftmass fractions
wereusedtoestimate theharnessmass(4%ofdrymass), thermalsubsystemmass(3.4%ofdrymass),andOBDH
subsystemmass(3.8%ofdrymass)[161]. Theleftovermasswasusedfor thenon­wingboxstructuralcomponents.
Subsystemsmassesthenfollowfromthenumbersabove. Thestructuressubsystemconsistsof thewingboxmass
and themiscellaneous structuresmass. The propulsion subsystem consists of the forward and VTOL propulsion
massestimates. Thepowersubsystemconsistsof thebatteryandharnessmasses. Thecommunicationssubsys­
tem is 2 [kg] including 20%margin asmentioned above. The Thermal control and onboard data handling subsys­
temsare themassesas foundby themass fractions. Finally, thepayload subsystem is the selectedpayloadmass.
Margins have to be defined in order to have a contingency on the masses in the mass budget. Since all masses
except for the payload are based on initial sizing estimates and still have to be newly designed, they were given
a margin of 20%. The payload mass on the other hand is primarily based on existing off­the­shelf components.
Someof thecomponentsmayneedminormodifications,meaning thepayloadwasgivena10%margin. Themass
budget to be adhered to for the detailed design can be seen in Table 4.1

Table 4.1: Mass budget

Subsystem Mass [kg] Margin [%] Mass Including Margin [kg]
Structures 17.6 20 21.1
Propulsion 20.0 20 24
Power 17.7 20 21.2
Communications 1.7 20 2.0
Thermal Control 3.3 20 4.0
Payload 34.0 10 37.4
Onboard Data Handling 3.7 20 4.4
Total 98.0 114.1

Power Budget
The power budget is more difficult to create, due to the preliminary state the analysis was in during phase 2. Only
power requirements for the forward and VTOL propulsion systems were sized in the initial sizing program. More­
over, in the Payload and Communications Selection chapter, a required power for the entire payload and the
communication subsystemwas identified. Proper preliminary sizing on the power requirements for the structures
subsystem, the power subsystem, the thermal control subsystem, and the onboard data handling subsystemwas
not performed yet. In order to be able to produce power budgets, an estimate had to be made for these missing
subsystems. This was done by using statistics on typical power consumption breakdowns.
It was decided that the thermal subsystem takes 2%of total operating power. The onboard data handling subsys­
tem takes 4%. Furthermore, the power subsystem takes 2% tomake up for losses in the long wiring in the wings.
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Finally thestructuressubsystem takes0%poweraccording to thestatistics; however, since theactuators for tilting
the rotors and for moving the control surfaces are considered part of the structure, a higher percentage had to be
chosen. It is decided to keep it in linewith the power and thermal subsystems and thus set it at 2%.
By using the known values for the propulsion, communication and payload subsystems, along with the percent­
ages above, an iteration could be done to find total system power. This was done twice, one time based on peak
propulsion power,which canbe seen in Table 4.2, anda second timewith nominal propulsion power,which canbe
seen in Table 4.3.

Table 4.2: Power budget based on peak power.

Subsystem Peak Power [W] Margin Peak Power Including Margin [W]
Structures 323 20 388
Propulsion 14368 20 17242
Power 323 20 388
Communications 17 20 20
Thermal Control 323 20 388
Payload 150 10 165
Onboard Data Handling 646 20 775
Total 16150 19366

Table 4.3: Power budget based on nominal power.

Subsystem Nominal Power [W] Margin Nominal Power Including Margin [W]
Structures 158 20 190
Propulsion 6960 20 8352
Power 158 20 190
Communications 17 20 20
Thermal Control 158 20 190
Payload 150 10 165
Onboard Data Handling 317 20 380
Total 7918 9487
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5 Mission Analysis
This chapter gives some context as to how the expeditions will be carried out. While the term ”mission” refers to
the overall, years­long operations of the drone, the term ”expedition” is used to denote individual flights and tasks
of the dronewhich occur on a daily basis. The functional flow and functional breakdown diagrams in Sections 5.1
and 5.2 give an overview of the operations of the drone from the beginning of the mission to the end, including
expedition procedures. Section 5.3 gives a rundown of the twomain expedition types, and Section 5.4 discusses
the altitude ceiling andmore distant exploration. Finally, assumptions regardingwhat will be available at theMars
base throughout themission are outlined in Section 5.5.

5.1 Functional Flow Diagram
The first part of analysing themissionwas tomake a functional flow diagram. This diagram present top level func­
tions and the order in which they occur. The diagram is presented in Appendix A. It is important to note the use
of a number of color indicators on the diagram. The blue blocks refer to sub­routines within a block. For example,
the blue block, ”4.8 Perform soil sample collection” has a sub­routine displayed at the bottom of the diagram. The
green reference circles at the ends of sub­routines direct the reader back to the appropriate block from which to
continue through the flow. The redboxesdenote abort sequencesasalso stated in the legendof thediagram. Any
of the ’Assess X’ blocks that are colored in red thus mean ’Assess X and abort when wrong’. The reason this is
included is because this missions focuses heavily on autonomy. In addition, the added cost and impracticality of
having to perform repairs or replace theUAVwould be far too great as a result of being onMars. The dashed lines
without an arrowheaddenote going a level deeper in to the routine and the orange lines denote going upone level.
There are anumber of differentmission profiles for theUAV thus it was decided that the diagramshould reflect this
sothat itencompassesall the functionalitiesof thedesign. Forexample,somemissionsmayrequire theastronauts
to move the drone to a specified location first. The focus of the UAV is to function as a tool for scientific research
thus anymission profile suiting this goal is feasible. Themain form ofmission profile reflected on the diagram is a
mission that involves, flying to a target location, doing remote sensing at this target location, landing to collect soil
samples and lastly flying back to the base.

5.2 Functional Breakdown Diagram
The second part of analysing themission was tomake a functional breakdown diagram. This goes a level deeper
in to each task in the functional flow diagram. The diagram is displayed in Figure A.4 in Appendix A. An important
decision that was made for this diagram was that the focus of the diagram should be on the operation of the UAV.
This means top level mission tasks such as, ”Perform launch” or ”PerformMars landing” are not expanded on as
they are not in the scope of this report. This decisionwasmade based on instructions from the customer.

5.3 Expedition Profiles
The expedition profiles are the basic types of expeditions that the drone will carry out on a daily basis. They are
defined by their scientific purposes, which impose certain requirements on the drone’s flight.

5.3.1 Expedition Profile 1: Remote Sensing

Figure 5.1: Profile for expedition profile 1: remote sensing.

The first mission profile is one in which the drone’s scientificmission is to survey an area of interest on theMartian
surface toperformvisual imaging, heightmapping, underground icedeposit detection, atmosphericgasdetection,
and dust sample collection. The dronemust be capable of surveying these parameters at the specifiedminimum
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resolutionsoveranareaofat least50 [km2] inasingle flight. Itmayalsobedesired tosurveyareasofdifferentsizes:
larger areas may be achievable by a single flight depending on conditions and performance, and smaller areas
may be used if very high resolution is desired for a specific region of interest (higher resolution requires flying at
lower altitudes, thereby reducing the swathwidth of the camera and thus the area covered per distance travelled).
The local region around the base, defined by a 50 [km] radius from the base location, covers an area of around
7854 [km2]. Assuming expeditions which survey 50 [km2] at a time, it would take 157 remote sensing expeditions
to survey the entire region. Note that certain strategies for fully covering this region aremore efficient than others.
Forexample, surveying longandnarrowstripswould require fewer turns tocover thesameareaasasquare region.
Of course, the exact areas to be surveyed and the order inwhich to survey themwill dependon the astronauts, the
scientists onEarth, andweather conditions at the time of themission.
To determine at the altitude above the ground at which theUAVshould fly to achieve sufficient resolution for visual
imaging and height mapping, the geometry of the situation must be considered. This can be seen in Figure 5.2,
whereFOVstands for Field of View,h is the altitude above the ground, and r is the ground resolution at the edgeof
the field of view. This diagramapplies to both swath directions (perpendicular and parallel to the direction of flight).

Figure 5.2: Geometry of downward­pointing
payload camera’s field of view and swath
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The top­level requirements specify that the ground resolution for visual imaging and heightmapping should be 10
[cm] or better. Since ground resolution is always better at the center of the field of view, the outer edge of the field
of view is taken as the limiting factor for resolution. It is assumed that a wide­angle lens will not be used, so image
distortion at the edges of the frame should beminimal.
By assuming a camerawithFOV = 72◦ andNpixel = 4000, andwith theminimum requirement that r= 0.1 [m], the
maximum altitude at which the drone should fly can be calculated to be 208 [m]. By flying at or below this altitude,
a drone equipped with such a camera would meet the relevant payload requirements. The corresponding swath
width is303[m]. Tocoveranareaof50[km2] inasingle flightat thisaltitudewouldrequirearangeofat least165[km].
This range does not include the initial distance to the area of interest (which would depend on the expedition), nor
does it include thedistance thatwouldbe required formaking turns to cover adjacent swaths (whichwoulddepend
on theshapeof thearea tobesurveyed). Itmustbenoted that flyingslightly lower than themaximumaltitudewould
be required to account for sudden (downward) changes in the terrain below.
If flying at a lower altitude of 100 [m], for example, resolution would improve to 4.8 [cm] at the edge of the field of
view, but the swath width would decrease to 145 [m], thereby increasing requiringmore than 344 [km] of range to
survey an area of 50 [km2] in a single flight.

5.3.2 Expedition Profile 2: Soil Collection
The aim of the second mission profile is to collect a soil sample within 50 [km] of the base when operating semi­
autonomously, or 10 [km] if operating human controlled. Hence, the primary difference from expedition profile 1
is that the drone needs to perform an additional landing and take­off at the soil sampling site. At the soil sampling
site thedronecollects between100and500gramsdependingonwhether it is anautonomousmissionor ahuman
controlledmission.
The altitude at which the drone flies is less important if all remote sensing equipment is turned off. However, since
these instruments are on the drone anyway, it is likely that they are just turned on to collect additional information
on the route flown ­ this is to be chosen by the operators for each expedition. Thiswould give an upper limit to fly at
of 208 [m] above the surface as described in Section 5.3.1.
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Figure 5.3: Profile for expedition profile 2: soil collection.

5.4 Altitude Considerations
In order tomake a decision about what altitude ceiling to choose for theUAV, a programwaswritten to investigate
which parts of theMartian surface can be explored for a givenmaximum flying altitude with respect to theMartian
vertical datum ­ the geoid. This calculation is performed under the assumption that the flight is performed 100 [m]
above the surface, so a flying altitude of 1000 [m] allows for exploration of all regionswith a surface altitude of 900
[m] or lower. This results in the area distribution shown in Figure 5.4. As can be seen, staying under the vertical
datum (corresponding to the dark and light purple regions) severely limits the versatility of theUAV in exploring dif­
ferent regions of Mars. Choosing amaximum flying altitude of 1500 [m] (corresponding to all the colored regions)
above the vertical datumallows for exploration of amuch larger portion of theMartian surface, aswell as crossing
between all the regions situated at low altitude, such as Hellas Planitia (bottom left), Argyre Planitia (bottom right)
and the large regionof lowaltitude in theNorthernhemisphere. While visitingmultiple of these locations ina single
flightwould requirearange in theorderof thousandsofkilometers, thisversatility isuseful forallowing theutilisation
of the UAV at various potential base locations. It was thus chosen to design for amaximum flying altitude of 1500
[m] above the vertical datum.

Figure 5.4: The areas of Mars that are explorable for different maximum flying altitudes

5.5 Assumptions About the Mars Base
The first human missions to Mars are planned for the 2030s. A significant amount of equipment and life support
systemswould beneededon theMartian surface to accommodate sustainedor evenshort­termhumanpresence
onMars. For example, astronauts would need pressurized habitationmodules, communication equipment, facil­
ities for growing food, systems for generating and/or recycling oxygen and water, medical equipment, and power
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generationasabareminimum. Themost likely strategy for settingupsuchabasewouldbe to first sendall of these
components to Mars throughmultiple robotic missions. Then a human­rated spacecraft could carry the first crew
to the surface, where the base components would be ready andwaiting.
As of 2021, there are many technological challenges still to overcome before a crewed Mars mission is feasible
and safe. There are currently no detailed plans from amajor space agency outlining what a Mars base may look
like, how itwould function, orwhat facilitieswouldbepresent; only looseconceptshavebeenpublished todate. As
a result, a number of assumptions about the base have beenmade to assist with the development of the designs
and procedures in the following chapters. They are listed and explained below.
It is assumed that:

• This mission takes place at a point in the future when humans have a semi­permanent presence at the
Mars base. The first crewed missions will likely be discontinuous and will involve a ~500 day surface stay
each; suchamissionprofile allows for orbital transfer to and fromMarsusing theminimumamount of energy
[162]. The initial non­permanence allows findings to be assessed betweenmissions (such as physiological
effects on the crew) and allows procedures or hardware to be refined if any issues were found. Additionally,
the operations involved in the first human missions may not be conducive to the operation of a drone like
the one detailed in this report. The crewwould likely be focusing on becoming familiar with the environment,
buildingand improving thebase itself, and testingoutequipmentandprocedures. TheoperationofaUAVfor
explorationmaybemoresuited to later in the timelinewhen themore foundationalworkhasbeencompleted,
when regular trips toMars aremore routine, andwhen there is a continuoushumanpresenceat thebase (as
there is on the International Space Station today). Therefore, it is assumed that the base will be relatively
advanced, well equipped, andwell functioning.

• The base will have its own power generation capabilities. The most likely methods are solar and nuclear
and the systemwould be easily expandable to allow for future growth. It is assumed that this power network
will be accessible for the drone to use for charging.

• There will be a communication link between the Mars base and the primary ground station on Earth. This
communicationlinkwill likelymakeuseoftheDeepSpaceNetwork(DSN)andwillprovidecontinuouscontact,
albeit with delays due to distance.

• There will be at least one Surface Rover Vehicle (SRV) present at the base which is capable of transporting
astronauts and cargo. Thismaybesimilar toNASA’sSpaceExplorationVehicleconcept,which iselectrically
powered and can provide life support to two astronauts for up to 14 days. This concept can also function as
a cargo transport vehicle when the pressurized cabin is detached [83].

• The base will have facilities for the sterilization of equipment. The first crewed Mars missions will almost
certainlyhavescientific goalswhich involvesearching for or analyzingsignsofMartian life. Forwardcontam­
inationwill be a risk to the success of thesegoals and thereforemeasures to prevent thiswill be an important
aspect of the design of the Mars base. This will include proper containment of human living spaces as well
as high­grade sterilization equipment of potentially contaminated equipment.

• 3D printing technology will be present at the base. These3Dprinterswould be capable of producingmiscel­
laneous spare parts, such as screws or other connectors. Therefore, spare parts of this kindwill not need to
be included in the design of thismission. It is not assumed that they are capable of printing entire sensors or
instruments.

• The instruments required to analyze soil and dust samples will be present at the base. As mentioned, a
large part of the early human exploration of Mars will be grounded in looking for signs of extraterrestrial life.
As a result, an important activity for the crew will be the analyzing of rocks, soil, and dust using laboratory
instruments at the base.

• There will be weather prediction systems in place which will be capable of predicting dust storms and other
weather events. Martianweather is relatively predictable due toMars’ lack of an ocean or thick atmosphere,
which contribute to making Earth’s weather quite difficult to predict in comparison [94]. Dust storms, espe­
cially larger regional or global ones, can be more unpredictable [94, 12]. However, current models which
use data assimilation are already capable of predicting dust storms up to ”about a sol in advance” [12] (a
sol is a Martian day, or around 25 hours). Furthermore, as more data is gathered about Martian weather by
current and future orbiting satellites, the understanding of the climate will increase further and predictions
will becomesmore accurate [76].

Itmustbeagainasserted that therearenoconcreteplans for theexactcompositionand functioningofa futureMars
base. The assumptions are estimations based on currently available information andmay need to be altered later
depending on the developments of the plannedmissions toMars.
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6 Final Sizing Process
Thischapterwill describe theprocessused todetermine the layoutanddimensionsof the final design. First the lay­
out choices for the design are described followed by the optimizationmethodology used to create the final system.

6.1 Layout of the Design
The final design option has been chosen in the midterm, it was determined to be the VTOL tilt rotor design. The
theorybehind thisdesignwas touseone(or two)mainVTOLrotorsbehind thewingwhichareoptimized for take­off
while the forward rotorswould tilt upwardsduring take­off to assist in thebalanceand then tilt forwardsduring flight.
Based on an initial analysis of the propulsion system and stability requirements a layout of one large VTOL rotor
behind thewingand two (smaller) tilting rotors in front of thewingwaschosen. Figure6.1 shows the internal layout
of the drone for referencewhen reading about the different subsystems in subsequent chapters.

Figure 6.1: Internal drone layout (not to scale)

6.2 Sizing Methodology
Afterthedeterminationofthedesignlayoutafinalsizingmustbeperformedwhichoptimizesoveranumberofparam­
eters and determines the best final design. The chosen parameters have positive and negative effects on various
subsystems and hence it is not clear (without optimization) what the optimal values for these are. For example, a
higher cruise speed is beneficial for aerodynamics (as it allows for higher Reynolds numbers) but it is detrimental
for the energy required for phase 2 of the take­off as it will take longer for the drone to reach the desired speed.

6.2.1 Iterative Sizing Model

Figure 6.2: Overview of the iterative sizing model
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Figure 6.2 presents a simplified overview of the sizing model. There are a number of environmental factors and
constantswhichdonot changeduring theoptimizationprocess. Theseoftendependon thedesiredserviceceiling
is is chosen based on Section 5.4. The drone mass for a certain set of parameters is calculated by performing
an iterative loop which converges to a final mass with a tolerance of 0.005 [kg]. The optimization is performed by
determining this final mass for a large number of parameter combinationswith the goal of finding the optionwhich
minimizes the cost function. The cost function is equal to the mass of the design and a small adjustment which
favors designs that have a larger stabilitymargin (as this increases the reliability of the design).
Theparameterswhichare included in theoptimizationarepresented inSection6.2.2belowaswellasa justification
for why the parameter has been chosen to be included.

Sizing Model General Flow
Basedon theabove inputs andastartingmass, anoptimalwingplanform is computed (except for the sweepangle
θ). Based on this wing planform and estimates for aerodynamic coefficients (refer to Chapter 11), this design’s
lift­ and drag figures feed into the sizing of the forward­ and VTOL rotors (refer to Chapter 13). This constrains the
center of gravity position (see Section 12.2.2) and based on a desired stability margin the required sweep angle
is computed (refer to Chapter 12). The efficiency loss from the elevons is dependent on this sweep angle as well
as other parameters, including the stability margin and the constant pitching moment of the wing. The required
cruise elevator trim has a non­negligible effect on cruise lift­over­drag performance and is thus included here al­
ready (refer to Chapter 12). This design is then fed into amission profile simulation where the required energy for
a desired worst­case mission profile is estimated (refer to Chapter 12), which then feeds into battery and power
system sizing (refer to Chapter 14). The wing box­ and body structure mass is computed based on a structural
model (refer to Chapter 10). The total mass follows from these computed masses as well as constant estimates
for other components and the iteration is repeated until the loop converges.

6.2.2 Parameters for Optimization
The number of parameters included in the optimization should be limited in order to reduce run­time. However, it
is desired that a somewhat optimal design is determined. Hence, theparameters chosen for theoptimizationmust
be selected to have a large impact on the overall design. Parameters with little interplay (such as landing gear
strut radius) were set to realistic values and not varied during this process. Furthermore, there turned out to be
parameters (suchas the lengthof thebodyor thespanwisepositionof the forward rotors) that hadclear, consistent
optima toward some limit. In which case they are simply set to these optima and left there.
This section presents the selected parameters as well as their expected effects (advantages and disadvantages)
on the design.

1. Excess forward thrust (Tfrw

FD
)

2. Cruise velocity (v)
3. VTOL rotor radius (rV TOL)
4. Stability margin
5. Spanwise forward rotor positioning
6. Body/fuselage length
7. Airfoil Selection

Excess Forward Thrust
It is necessary tosize the forward facing rotor so that theycanproducesufficient thrust toovercome thedragduring
cruise. However, increasing the size (and power) of the forward rotors beyond this point provides additional bene­
fits. Firstly, the second phase of the take­off will take less time (and energy) as the dronewill be able to accelerate
faster. Additionally, larger forward rotors will be able to produce more thrust in front of the wing during take­off
which makes it possible to shift the center of gravity forward (thereby increasing the stability margin). The main
disadvantage of increasing the front rotor size is that it addsmass to the system. Hence, an optimal point must be
found for the sizing of this subsystem.

Cruise Speed
Cruise speed is included as a parameter as it will determine the required chord length to achieve the desired
Reynolds number (this is elaborated upon further in Chapter 11). A high cruise speed will increase the power
usage for take­off and landing. Additionally, a higher cruise speed will also lead to higher parasite drag due to
the landing gear, vertical rotor etc. However, when the cruise speed is increased a lower wing area is required to
produce sufficient lift during cruise.

VTOL Rotor Radius
Increasing theVTOL rotor radiuswill increase thenewtonsperwatt that canbeproducedby the vertical rotor. This
results in a more efficient take­off sequence. However, the propeller cannot overlap with the wing which means
that increasing the rotor radiuswill also force the center of the rotor to bemovedback further, hence increasing the
size of the support structure. Additionally, a rotor with larger radiuswill producemore parasite drag during cruise.



6.2. SizingMethodology 19

Stability Margin
Thestabilitymarginallowsforadesignwhich isstaticallystableandwill returnto it’soriginalangleofattack incaseof
perturbations. However, astabilitymarginwhich is too largewill requirea largeelevatordeflection (orwing tip twist)
inorder tobetrimmedduringcruise. Thesweepangleof thewing increasesthestabilitymarginas itmovestheaero­
dynamiccenterof thewingmoreaft. However, a largesweephasanegativeeffect onstructuresas it increases the
momentarmandeffectivelymakes thewing longer. It is important tonote that this isasignificant interplaybetween
thementioned parameters. For example, theCm of the airfoil will influence the required sweep angle for stability.

Spanwise Forward Rotor Positioning
The spanwise position of the forward rotors will determine their location with respect to the center of gravity. This
influences their moment arm during take­off which has a large influence on the sizing of the forward rotors. How­
ever, the spanwise location of these rotors also has an influence of the sizing of the wingbox since the load must
be transferred through the structure.

Body/Fuselage Length
Theminimum length of the fuselage is sized such that it is able to fit the payload and other subsystems. However,
increasing the length could be beneficial as it allows the center of gravity to be moved back which influences the
thrust balance during take­off. However, a larger body will influence the placement of the VTOL rotor and the
parasite drag on the designwhich is detrimental to the design.

Airfoil Selection
For the airfoil selection an initial selection of 15 lowRe airfoils wasmade and a swept wingwas simulated for each
airfoil to determine aerodynamic characteristic in flight. The chosen airfoil of the wing has a large impact on the;
aerodynamics, structures and stability of the drone. While it is difficult to perfectly quantify all of the effects, a num­
ber of aerodynamic characteristics were chosen to assist in the airfoil selection. Specifically; CL, CL

CD
and Cm at

CL

CD
maxwere chosen as themost important characteristics for the aerodynamics and stability. For the structures

the geometry of the airfoil (as well as the thickness to chord ratio) plays a large role. It it not easy to determine the
optimal airfoil due to the interplay between subsystemsandparameters. For example anegativeCmα is preferred
for stabilitywhichwill require theaerodynamiccenter tobebehind thecenterofgravity. In this case it isbeneficial to
have a positive airfoilCm at the trim condition to reduce the required elevon deflection for the drone to be trimmed.
However, for structures a highCL (which usually corresponds to a large negativeCm) is preferred as it results in a
shorter wing. The 15 airfoils that have been considered are shown in Figure 6.3.

Figure 6.3: The different airfoils that have been considered for the main wing of the UAV (adapted from [8, 5])
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7 Payload Analysis
In the first section it is detailed what the requirements and constraints are for the payload subsystem. After this,
eachpartof thepayloadisdetailedusingaCADmodel todetail theconnectionof thepayloadtotherestof thedesign
and a program showing how the payload software functions when doing measurements. After this, a risk analy­
sis is done based on the functioning of the instruments looking at the probability and severity of certain of events
that could negatively impact the payload subsystem. Finally all themodels and programming done is verified and
validated to ensure it is of sufficient accuracy.

7.1 Requirements
Based on the requirements listed below, the payload is split up into six parts. Each part focuses on completing a
number of requirements using a specific scientific instrument. Formost of the instruments, a CADmodel is made
showing how the instrument interacts with the rest of the aircraft. In some cases a model is made to show what
specifications the instrumentwill need tobeset to, to complete the requirement andshow that the requirement can
be feasibly fulfilled.

Table 7.1: Requirements related to aerodynamics and their expected compliance

Index:
DME­REQ­ Requirement Compliance

SYS­PAY­01 (Key)The remotesensingsystemshall providevisual imagingwith10 [cm] resolution. Satisfied
SYS­PAY­02 The remote sensing system shall provide visual imaging with at least 100 [m] swath

width.
Satisfied

SYS­PAY­03 (Key) The remote sensing system shall provide height mapping with 10 [cm] ground
resolution.

Satisfied

SYS­PAY­04 (Key) The remote sensing system shall provide height mapping with 10 [cm] height
resolution.

Satisfied

SYS­PAY­05 The remote sensing system shall provide height mapping with at least 100 [m] swath
width.

Satisfied

SYS­PAY­06 (Key) The remote sensing system shall be able to analyse atmospheric dust particle
size distribution up to 1.5 [km] altitude.

Satisfied

SYS­PAY­07 (Key) The remote sensing system shall be able to measure dust particle sizes in the
range of 1­40 [µm].

Satisfied

SYS­PAY­08 (Key) The remote sensing system shall be able tomonitor trace gas emissions every
500 [m] during cruising flight.

Satisfied

SYS­PAY­09 (Key) The remote sensing system shall be able to measure the presence of carbon
dioxide with an accuracy of±0.06 [ppm].

Satisfied

SYS­PAY­10 (Key) The remote sensing system shall be able tomeasure the presence of methane
with an accuracy of±2 [ppb].

Satisfied

SYS­PAY­11 (Key) The remote sensing system shall be able to measure the presence of ozone
with an accuracy of 0.150 [ppm].

Satisfied

SYS­PAY­12 (Key) The remote sensing system shall be able to measure the presence of atomic
oxygen with an accuracy of 3 [ppmv].

Satisfied

SYS­PAY­13 The remote sensing system shall be able to measure the presence of argon with an
accuracy of±1 [ppb].

Satisfied

SYS­PAY­14 (Key)The remote sensing system shall be able to detect shallow ground ice deposits
up to a 10 [m] depth.

Satisfied

SYS­PAY­15 (Key)The remote sensing system shall be able to detect shallow ground ice deposits
at a 17 [cm] ground resolution.

Satisfied

SYS­PAY­16 (Key, driving) The soil collection system shall have an instrument to collect
subsurface samples at a depth of at least 1 [cm].

Satisfied

SYS­PAY­17 (Key, driving) The soil collection system shall be able to collect soil samples up to
500 [g].

Satisfied

SYS­PAY­18 Thesoil collection container(s) shall beable to surviveall flight loadswithout damage. Satisfied
SYS­PAY­19 The soil collection system shall seal the sample container(s) after retrieval. Satisfied
SYS­PAY­20 The soil collection system shall provide the capability for the operators to replace

soil container(s).
Satisfied

SYS­PAY­21 The soil collection system shall be able to exert a force of at least 100 [N]. Satisfied
SYS­STN­08 It shall be possible for the operators on Mars to disassemble the drone to access

reusable components after end­of­life.
Satisfied

SYS­STN­09 The instruments and sensors used on the drone shall have expected minimum
lifetimes of 2 years.

Satisfied
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7.2 Model and Analysis
In this section the models made for different parts of the payload suite are presented. These models ensure that
the specifications of each instrument is carefully chosen ensuring that the requirement can be completed.

7.2.1 Collect and Return
The requirements state that the drone should be able to collect and return 100 [g] soil samples autonomously and
collecting and returning 500 [g] of soil samples when human controlled. The instrument should be capable of col­
lecting a wide range of samples to accurately reflect the large range of geological specimens that are present on
Mars. Many of these specimens could hold clues to the presence of life on Mars [165]. These specimens range
from hard basalt rock to softer formations such as evaporites which are a sedimentary rock often found in marine
basins [64]. To fulfill this requirement, a robotic arm with a hammer drill coring tool at its end is designed, sample
containers are designed and the process of transferring samples from the drill to the container is shown. A coring
tool is a hollow cylindrical drill bit that is filledwith samplematerial and then deposited into the container.
Themodelmade for thedrilling itself isbasedonavarietyof inputs related to theconstraintsofdrillingonMars. The
inputs can be summarized in three parts which are the drill bit design, the process of drilling and properties of the
material being drilled into [64]. The formula for the rate of penetration is Equation 7.1. In addition, the formula for
the total drilling time is also shown.
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WhereROP is the rate of penetration [m/s],WOB is theweight on bit [N], S is the speed of the drill bit [1/s],Sa is the
abrasive particle size [m],Ca is the abrasive particle concentration,Davg is the average diameter of the coring bit
[m],E is theYoung’smodulusof thematerial beingdrilled into [Pa],Hv is theVickershardnessof thematerial being
drilled into,KIC is the fracture toughness of thework piece and lastly v is the Poisson ratio. The final output of the
model is the amount of time it takes to drill the samples taking in a to account the variables in the formulas above.
Theassumptionsmadeare that the timesshownareaworst casescenario inwhichsamplesof thehardest rockon
Mars are taken. This is Basalt rockwith aHv of 1.5∗109, aKIC of 1.2∗106 and anE­modulus of 74∗106. There are
two typesof sampleswhichare5x20 [g] for theautonomousmissionor25x20[g] for thehumancontrolledmissions.
It is chosen to drill 20 [g] samples at a time to balance the time required to drill and themass of sample required to
do a proper analysis of thematerial [64].

Figure 7.1: Drill performance based on parameters in Equation 7.1

Ascanbeseenon thegraph thevalue thatneeds tobemaximized is rateofpenetration. Primarilyusingdiameterof
the coring tool and the rotational speed of the tool. The boundaries for these values are taken based on limitations
of theMartianenvironment. The reason this isan importantpartof themodel isbecause thereare twoscenarioson
Mars where excessive heat production could lead to failure of the drill system. This is when drilling into saturated
materials at pressuresbelow the triple point, theheat due to frictionevaporateswaterwhichmay freezeagain thus
trapping the drill. The second critical scenario is when the pressure is above the triple point. In this scenario liquid
water could get into the drill and freeze again leading to the coringmechanism failing [165]. By keeping the drilling
speedswithin the boundaries shown this risk ismitigated as discussed in Section 7.4.
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The result of this model is shown in Figure 7.1. It can be seen in a worst case scenario with the highest realistic
drill speed, highest drill diameter andaweight onbit of 130 [N] completingSYS­PAY­21which is themaximum load
the arm can handle it would take 30 minutes per sample. A sample is seen as a filling a soil container with 20 [g]
of material with a volume of at most 400 [cm3] thus ensuring low density samples can be collected. This amount
of material per sample is chosen because it is sufficient to do a geological analysis and multiple samples provide
a much higher chance of making accurate geological conclusions about an area [64]. For a 100 [g] missions this
wouldmean150minutes of drilling and for 500 [g]missions thiswouldmean750minutes of drilling complyingwith
SYS­PAY­17. This is a long time however, it is for the absolute worst case scenario. It is interesting to note that
although the rate of penetration increases with decreasing diameter this effect is trumped by having to drill less
deep. Thedrill depth in thisworst case scenario is 1 [cm] complyingwithSYS­PAY­16. This is anacceptable lower
boundaryforalldrillingdepthsandfulfills therequirementset for thecollectionofsubsurfacesamples. Furthermore,
in all othermaterials the drilling depthwould be higher and the diameter of the drill bit smaller.
The next step in the collect and return process is to design the robotic arm that the drill is connected to. This is
necessary because the drill components needs to be manoeuvred and oriented so that it can effectively collect
samples. Thedrill armdesigned is basedondesigns that havebeenusedorwill beusedonMars in thenear future
[10] [53] [109] [27]. The dimensions the drill arm fits into are a cuboid of 70×45×15 [cm] when stored, its power
usage is52 [W]and the finalmassof thearm is9.5 [kg]. The layoutwhich isdiscussed inSection7.3showshowthe
arm is able tomaneuver a cylindrical sample ofmaterial into the containers. Lastly, the sections of the drill armare
sized based on aWOBof 130 [N] for which it results that a radius of 0.09 [m], a thickness of 0.007 [m] and a length
of 0.4 [m]. Amodel of the arm is shown below in its folded and extended positionswithout the drill bit attachment.

Figure 7.2: Top view of folded robotic arm Figure 7.3: Extended robotic arm

The last part of the collect­and­return instrument is the soil containers. These are assumed to be very similar to
those on the Perseverance rover, meaning they are capable of sustaining large loads and also sustaining radi­
ation [27], thereby satisfying requirement SYS­PAY­18. To comply with requirement SYS­PAY­19, the tubes get
hermetically sealed once the coring tool deposits its cylindrical sample into the container. Once the drone returns
to base the door present for the drill arm is opened and the operator can easily dismount the 21 containers and do
an analysis of thematerial at the base.

7.2.2 Visual Imaging
The requirements for the visual imagingwere that aminimumswathwidth of 100 [m] is required and the resolution
should be better than 10 [cm]. Currently satellites have provided images of the whole of Mars with a resolution of
2 [km] per pixel and around2%of the surfacewith a resolution of 100 [m] per pixel [112]. This shows that the drone
provides a resolution 1000 times better than current satellite imagery . To complete this requirement, a camera is
placed in the underbelly of the aircraft to film in the remote sensing region. A consumer grade camera often used
for drone video recordingwas foundcalled theRunCam5Orange. It hasa12megapixel camera sensorwith a4:3
aspect ratio, corresponding to a resolution of 4000×3000 pixels with a frame rate of 60 frames per second. The
original fieldof viewof thiscamera is145◦whichcanbeadjustedbyusingdifferent lensesandadjusted fordifferent
altitudesof flight [124]. Basedon thesespecifications, thecameracanprovide the required resolutionup to208 [m]
in height and a better resolution than required anywhere under this in accordancewith requirementsSYS­PAY­01
andSYS­PAY­02. This assumedastandardFOVof 72◦ to prevent distortionat theedgesof the feed. This camera
weighs 56 [g], uses 3.1 [W] of power, andmeasures 3.8×3.8×3.6 [cm] [124].
No specific models were made for the visual imaging instrument. Instead, a mission profile from a top and side
view can be seen below detailing exactly how the data is collected, what it looks like and how it is processed. This
demonstrates the capability of the visual imaging camera to fulfill the resolution and range requirement as it is
described. The turn radius of the drone due to its high cruising speeds is approximately 700­800 [m]. Thismeans
the approximately 200 [m] wide visual swats can not be done in order. Instead the drone effectively flies in spirals
around theareaskippinganumberof swatsand thencomingback tocover them. Theminimumturn radius isused
in the bottom turns and the top turns are larger than the minimum turn radius. This is shown in Figure 7.4 below.
Lastly, to ensure there are no gaps left in the imaging the swats aremade to overlap increasing the rangeminutely
but ensuring effective data collection.
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Figure 7.4: Route map for remote sensing mission (unedited original image from [156])

7.2.3 Height Mapping
It is stipulated by the customer that the aircraft should be able to perform height mapping at 10 [cm] ground reso­
lution at a swath width of 100 [m]. The camera system can be used for height mapping as well, through the use
of photogrammetry. This works by taking multiple photos of a target from different angles and then based on this
determining theheight of the target. Asa result of thehighnumberof images thismethodhas inherent redundancy
in its measurements [2]. No specific models are made for this requirement as qualitatively it is clear that it can be
completed. The route taken is specified in Figure 7.4. The resolution requirement of 10 [cm] on the ground and in
height ismet by cameras of 8megapixel resolution or higher, meaning that a camera subsystemequivalent to the
RunCam 5 Orange meets these requirements [2]. This completes SYS­PAY­03 and SYS­PAY­04. It would even
enable a swathwidth of up to 500 [m] at the same heightmapping resolution completing SYS­PAY­05.
Choosing photogrammetry as a heightmapping solution does have implications for heightmapping under certain
lightconditions. Shadowscastonthegroundcanhaveadverseeffectsontheaccuracyofcollectedheightmapping
data. A way to remedy this would be to fly over affected areas once before and once after noon [116]. This would
haveasignificant impacton the rangeandpower requirements. Analternativewouldbe tousea lightdetectionand
radar systemwhich uses laser pulses tomeasure distanceof the terrain to the aircraft for example as this does not
depend on visible light. It is decided based on these arguments that adding the extra power andmass of a LiDAR
system isnotworth it. Theaddedscientificbenefit ofnight timeheightmapping flights isdeemed insignificantwhen
considering themission objective as awhole.

7.2.4 Underground Mapping
Therequirement forundergroundmappingstates thatshallowground icedepositsup toadepthof10 [m]shouldbe
visibletotheradarwitha10[cm]resolution. Thetechnologychosentofulfill thisrequirement isagroundpenetrating
radar consisting of a transmitter, a receiver, and a signal processing unit. A simple mathematical model is made
basedon the functioningofa radar todetermine thespecificationsof the radar that are required tocollect dataup to
the standards set by the requirements. Themodel is based on the physical limitations of ground penetrating radar
which is a balance between resolution and depth [24]. The inputs for themodel are a range of the permittivities of
theMartian surface, a range of conductivity’s of theMartian surface and a fixed length for the local variability in the
material. Theoutputsare theachievableresolutionof thescan, thecentre frequencyof theradarandasanitycheck
to ensure the penetration depth is realistic for the frequency chosen based on the scattering of the signal [15].
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Whereβ is the frequency limit factor for scattering, d is the depth of exploration andK is the permittivity. Themodel
yieldsacentralfrequencyof458[MHz]whichiscapableofaresolutionof17[cm]anduptoadepthof10[m]inlinewith
SYS­PAY­14andSYS­PAY­15,workinginpermittivitiesrangingfrom1­12[9]whichisrepresentativefor theMartian
surfaceandconductivity’s between0.1­1.0 [mS/m]whicharealso representativeof theMartian surface. The local
variability of the surface is set to 0.1 [m] as this is theminimumsize of ice that originally needed to be detected.
The transmitter and receiver are two antennas that are sized based on thewavelength of the radar. This results in
twoantennasof approximately 32.5 [cm] inwidthwhich is exactly onehalf of awavelengthbasedon thepreviously
mentioned frequency of 458 [MHz] [4]. In addition to the antennas a control unit is present that acts as the co­
ordinator for transmittingandreceivingpulses. It is important tonoteaspartof thecontrolsystemthatbalancing the
signal to noise ratio is critical to the resolutionof thedata. Basedon theattenuation indifferentMartian surfacesup
toadepthof10 [m] it is selected that50 [W] is the requiredpowerusageby the transmitter tohave resolvablescans.

7.2.5 Gas Measuring
Theaircraft shouldbeable tomeasure tracegasemissionsofmethane, carbondioxide, atomicoxygen,ozoneand
argonata500 [m]horizontal resolution. Thishorizontal resolutioncorresponds to thedistance that theaircraft flies
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whilst the cavity containing the gas fills up. The instrument chosen to fulfill this requirement is the greenhouse gas
analyzer designed by Berman et al, which was designed and constructed for operation aboard NASA’s SIERRA
aircraft, an unmanned aircraft system for remote sensing and atmospheric samplingmissions [26].
The instrument is already capable of measuringmethane to an accuracy of±2 [ppb] in line withSYS­PAY­10, car­
bondioxide to anaccuracy of±0.6 [ppm] in linewithSYS­PAY­09andmeasure argon to anaccuracy of±1 [ppb] in
linewithSYS­PAY­13 [26]. Ozonecanalsobemeasured in thesamplingcontainer. Althoughthespecific reference
instrument does not have this capability the technology to do so without significant impact on the mass, power or
sizing is present [77]. This can be done to an accuracy of ±0.150 [ppm] in line with SYS­PAY­11. The final gas
measurement to bemade is that of atomicoxygen. Onceagain, this specific instrument doesnot have this capabil­
ity however based on the method of measuring atomic oxygen using UV light in the chamber. Themeasurement
accuracy of thismethod is approximately±1 [ppmv] thus in linewithSYS­PAY­12 [38].
A simplemodel ismade to showwhich specifications the instrument needs to fulfill the requirement. The inputs of
thismodelare thepumprateof the instrument, thevelocity thedrone is flyingatand thevolumeof themeasurement
container. Theoutput is theresolution. It isknownfor theSIERRAaircraft that it fliesat28 [m/s],hasa400ccsample
container and takes 9 seconds to fill up with the pump attached to the instrument [26]. This leads to a resolution
of 250 [m]. The cruise speed of the drone being designed is 80 [m/s]. With the same pump this would mean a
resolutionof714 [m]however it is assumed thatby the time themissions takesplaceapumpwill beavailablewithin
the same constraints capable of inhaling 1.5 times more gas per second. This estimate is made based on the
improvements in trace gas analyzing equipment that has taken place over the past 15 years [16].

Figure 7.5: Trace gas analyzer in casing designed for NASA SIERRA drone [26]

7.2.6 Dust Composition
The last requirement states that dust composition andparticle size distribution in the lower atmosphere need to be
collected for analysis in a 50 [km2] area and that dust particles sized in the range of 1­40 [µm] need to be collected.
Todo this,magnetsareusedwhicharecapableofcollectingdust in thissize range [85]. Themechanisms functions
as follows. During a remote sensingmissions the drone flies to anareaof interest and starts its route to fully image
thearea. At eachpoint in thediagramaslidingdoor exposesonemagnet to theenvironment. After this, the sliding
door is actuated further thus covering thepreviousmagnet andexposinganewmagnet to theenvironment. Using
thismechanism, thedifference industparticleswithin the remotesensingareacanalsobe identified. Eachmagnet
capture and filtermagnet is used in 5 [km2] areas of the remote sensing region leading to an effective resolution of
5 [km2] for the dust collection at whatever height the drone is flying at completingSYS­PAY­06.
Thereare two typesofmagnets onboard thedrone. Theseare filtermagnets and capturemagnets [85]. Themain
difference between the two is the strength of the magnetic field they produce. The capture magnetic has a much
strongermagnetic field thanthefiltermagnet. Theresult is that thefiltermagnetonlyattractsparticles thatarehighly
magneticand thecapturemagneticattractsall particles. Basedon these two typesofmagnets it is determined that
SYS­PAY­07 canbe complete for dust collection anda simple sizing is done for the instrument. Magnets for space
are often made out of Samarium Cobalt. The size of the magnets on the Mars rover are 4.5 [cm] in diameter and
1 [cm] thick. [85]. Based on the density of the magnets of 8.2 [g/cm3] it is concluded that eachmagnet weigh 130
[g] and thus 20magnets with a mass of 2.6 [kg] [31]. Two small motors are taken into account for the sliding door
mechanism which have amass 66 [g] each. The total mass of the instrument is thus 2.73 [kg]. The power usage
based on themotors is 16 [W] and the dimensions of themechanismare estimated to be 25x1x4.5 [mm].

7.3 Layout
In terms of the layout of payload, it is fitted into the aerodynamic shell in the body of the aircraft. The table below
summarizes the dimensions of each instrument that is present and the figure below that displays how they are
placed. Theplacementof the instrumentshasasignificant impacton thecentreof gravityof thedronewhich iswhy
the instruments are placed as aft as possible.
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Table 7.2: Dimensions of all scientific payload present in the body of the drone

Instrument Dimensions (x×y×z [mm]) Mass [kg] Power [W]
Collect and Return Arm 450×700×150 9.5 50
Collect and Return Containers 150×150×150 2.2 0
Visual imaging camera 38×38×38 0.056 3.1
Height mapping camera ­ ­ 0
Ground penetrating radar 5×32.5×5 3.3 8.25
Trace gas analyzer 305×305×280 16 70
Dust composition magnets 25×1×4.5 2.7 16

In Figure7.6, green refers to the collect and return arm, blue refers to the collect and return containers, red is the vi­
sual imagingandheightmappingcameras, yellow is thegroundpenetrating, purple is the tracegasanalyzerwhich
is the largestandalsoheaviestpieceofequipmentand lastlyorange is thedust compositioncollectionmechanism.
The items in grey refer to the navigation and control payload and are not considered in this chapter.

Figure 7.6: Top view of layout with different
colours referring to different instruments

Figure 7.7: Side view of layout with different
colours referring to different instruments

7.4 Risk Analysis
There are a number of risks related to the payload subsystemandmore specifically per instrument. These can be
seen in the bullet points below. Many of the risks listed as part of this subsystem do not have large consequences
for themission. The reason for this is that failure of a part of the payload only has consequences for the collection
of data and not for the drone as a whole. To amend this, often the instrument can be repaired or replaced and the
drone can be sent on the samemission again to collect the data that wasmissing.

• PL­1: Collect and return system gets trapped by ice
– Effect: Can lead to the drone getting stuck at a drilling location
– Probability: This risk is classified asProbable as it has occurred in pastmissions
– Severity: Catastrophic as if the drill bit gets stuck there is a chance the dronewill tip over or not be able
to take off again

– Mitigation: Carefully measure the electrical resistivity of the formation being drilled into to determine
whether ice ismelting [165]

– Effect of Mitigation: Using this mitigation strategy the severity of the risk is not decreased however the
probability of it occurring is significantly decreased. As soon as ice starts melting the drill can be put in
idle. The result is an Improbable risk

• PL­2:Drill bit breaks or is worn down to unusable extent
– Effect: ThedrillcannolongerpenetratetheMartiansurfaceandthuscannotcollectsubsurfacesamples
– Probability: Probable as drill bits will eventually wear downwhen they are extensively used
– Severity: Critical, as the dronewould no longer be able to perform a large part of its scientificmission.
– Mitigation: Takemany spare drill bits to the base.
– Effect ofMitigation: By takingmultipledrillbits to theMartianbasetheycanbefrequently replacedunlike
on a rovermission. Returning then to the same location to continue soil collection is not an issue only a
minor inconvenience. After implementing this mitigation strategy the risk remainsNegligible however
the frequency is not decreased.

• PL­3: Dust gets into payload subsystem
– Effect: Sufficient remote sensing data can not be collected during themission
– Probability: Rare as the payload is relatively well sealed off from the environment



7.5. Verification andValidation 26

– Severity: Marginal
– Mitigation: The design is made in such a way that the relevant parts of the instruments are exposed to
the environment but sealed around the egdes of the openings

– Effect of Mitigation: The probability is reduced from rare to Improbable
• PL­5: Magnets are unable to collect dust due to the high air speed

– Effect: Nodata about theMartian dust composition can be obtained
– Probability: Occasionalas theboundary layer on theaircraftmaybe toostrong toallow for dust to settle
on themagnet at times

– Severity: Marginal asmissing a small amount of data although inconvenient does not have any impact
on themission as awhole

– Mitigation: Maximizing the time themagnets are exposed to the environment
– Effect of Mitigation: The probability is reduced to Improbable but the severity is not affected

• PL­6: Lighting conditions are too dark
– Effect: Accurate photogrammetry, heightmapping and navigation can not be done
– Probability: Probable however it is determined that the drone’s manouevrability as a whole would be
more limitingwhen it comes toanalyzingareas thatarenotwell lit. This isbecause itwouldnot fit indeep
canyons or valleys.

– Severity: Critical as a large amount of scientific datawould bemission from the expedition
– Mitigation: The dronewill not be flown during night time or in bad lighting conditions
– Effect of Mitigation: The probability of the event is reduced to Improbable as instead of being the result
of a lack of light it may occur by chance due to shadows. These shadowswould likely reduced visibility
for a very limited amount of time reducing the severity of the risk toNegligible

7.5 Verification and Validation
For eachmodel made a number of verification tests are carried out to ensure themodel is coded correctly. There
are3piecesof code thatneed tobeverifiedand theseare themodel for thedrillingspeed, themodel for thedrill arm
structure and themodel for determining the groundpenetrating radar frequency. In addition, a framework is set up
for how themodels could be validated however these are not carried out as this is beyond the scope of this report.

7.5.1 Unit Tests
Collect and Return Speed Model
For thedrillingspeedcodeanumberofunit testsaredonebasedon the formula for the rateofpenetrationof thedrill.
Theconcept for the tests is todouble, half or zerovariables in thegoverningequationsof the rateorpenetrationand
drilling time formulas. It is important to note that some tests specifically influence oneof the two formulas ensuring
thus ensuring a lack of change in the result is also a test.

Table 7.3: Unit tests carried out on drilling speed model

Unit test Expected output Test Result
Doubling the WOB Double the ROP and half the drilling time Successful
Halving the WOB Half the ROP and double the drilling time Successful
Zeroing the WOB Zero ROP and infinity error for drilling time Successful
Doubling drill speed Double ROP and half the drilling time Successful
Halving drill speed Half the ROP and double the drilling time Successful
Zeroing the drill speed Zero ROP and infinity error for time Successful
Doubling the drill diameter 2−

1
8 change in ROP and quartered drilling time Successful

Halving the drill diameter 2
1
8 change in ROP and 4x the drilling time Successful

Doubling the sample mass Doubling the drilling time and no effect on ROP Successful
Halving the sample mass Halving the drilling time and no effect on ROP Successful
Zeroing the sample mass Zero drilling time and no effect on ROP Successful

Collect and Return Arm Structure Model
For the drilling structure code a similar logic is applied. Different parameters in the code are adjusted and the
expected resultant output based on the formulas used is determined. This is checked for whether it is in line with
the original equations. The results for this code are displayed below:
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Table 7.4: Unit tests carried out on drill arm structural model

Unit test Expected output Test Result
Double density Mass gets doubled Successful
Half the density Mass gets halved Successful
Zero the density Mass goes to zero Successful
Double WOB Total sigma doubles and Tau doubles Successful
Half the WOB Total sigma halves and Tau halves Successful
Zero the WOB Sigma and Tau reduce to zero Successful
Double radius 1

4
bending stress and 1

2
normal stress Successful

Half radius Double bending stress and double normal stress Successful
Double thickness 1

2
bending stress and 1

2
normal stress Successful

Half thickness 4x bending stress and 2x normal stress Successful
Double length 2x bending stress and no impact on normal stress Successful
Half length 1

2
bending stress and no impact on normal stress Successful

GPRModel
For the ground penetrating radar a simple model based on two simple formulas for the frequency and resolution
areused. As the formulasare relativelysimpleverifying thecode isnot that interestinghowevervalidating thecode
with an eye on the assumptions is ofmore importance here.

Table 7.5: Unit tests carried out on GPRmodel

Unit test Expected output Test Result
Halving Depth 20.25 times frequency and 1

2

0.25 resolution Successful
Doubling Depth 1

2

0.25 times frequency and times 20.25 resolution Successful
Zeroing Depth Error to infinity in code Successful
Doubling beta Double the frequency and half the resolution Successful
Halving beta Half the frequency and double the resolution Successful
Zeroing beta Error to infinity in code Successful
Doubling K 1√

2
times the frequency and no effect on resolution Successful

Halving K
√
2 times the frequency and no effect on resolution Successful

Zeroing K Error to infinity in code Successful

7.5.2 System Tests
Systems tests aid in finding errors in the connections between different parts of a model or piece of code. In this
chapter, almost all the code written was based on a handful of of formulas and most of the code did not contain
many input or output functions. Based on this, it is decided that units tests are sufficient in verifying the code and
that systems tests do not provide any added value.

7.5.3 Validation
The last step in ensuring the quality of the models built is validating the code. This means the outputs of the code
are comparedwith experimental data to ensure themodel is an accurate reflection of the real world. To do this the
a number tests are devised.
For the collect and return arm twomodels need to be validated. First of all, the drilling timed calculatedneeds to be
validated. This canbedonebysettingupa testing rigwith theselectedcoring tool and relevant specifications. The
drilling times from this test shouldbe in linewith those from themodel. Secondly, thestructureof thedrill armneeds
tobevalidatedtoensureit isstrongenoughtowithstandthedrillingloads. Todothis, themostrealisticmethodwould
betoseparatelystructurallytestthepartsofthedrillarmfortheircritical loads. Byseparatelytestingeachcomponent
the specificmistake in themodel can be found rather than testingwhether themodel as awhole is right or wrong.
For the visual imaging, height mapping and ground penetrating radar the most effective method of validating
whether the instruments are capable of making measurements as expected. The most effective way of doing
these tests would be at Earth locations that have similar landscapes to that of Mars. A similar narrative applies
to the gasmeasuring instrument and the dust compositionmagnets however, as it is difficult to replicatedMartian
environments for these instruments tests in awind tunnel or laboratory would bemore suitable.
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8 Flight Operations Analysis
Flight operations coversmany onboard aspects of the expeditions: the navigation system, the autonomy system,
thehuman flight controlmethods, and theproceduressurroundingemergencyandabort situationsareall covered
in this chapter. Theseaspects of thedesignare vital for theproper functioningof theaircraft and the successof the
mission, as together they help to guide the drone to the right locations and they ensure that the astronauts and the
drone are safe. The flight control system, which usesmany of the same sensory inputs as the autonomy and nav­
igation systems, is covered in Chapter 12. After presenting the requirements and their compliance in Section 8.1,
the details of the autonomy system are given in Section 8.2, including navigation, guidance, weather monitoring,
and the hardware needed to carry out these tasks. The remote pilotingmethods are described in Section 8.3. The
software required for theonboardcomputerandhow it functions ispresented inSection8.4. Section8.5shows the
layout of the hardware components. The in­flight emergency and safety procedures are listed in Section 8.6, and
Section8.7details the risksassociatedwith flightoperationsand theirmitigationstrategies. There isnoverification
and validation section in this chapter because no computermodelswere used to assist the decisions and designs
made. The selected off­the­shelf components will be validated as described in Chapter 19.

8.1 Requirements
Therequirementsof thismissionwhicharedirectlyrelatedtoflightoperationsare listed inTable8.1. Throughout the
chapter, it isexplainedhoweachrequirementmeets its indicatedcompliance(giveninthetable’srightmostcolumn).

Table 8.1: Requirements related to flight operations and their expected compliance

Index:
DME­REQ­ Requirement Compliance

SYS­AUT­01 The autonomy system shall be able to assess weather conditions. Satisfied
SYS­AUT­02 The design shall be able to assess the state of all subsystems in flight. Satisfied
SYS­AUT­03 The autonomy system shall be able to assess whether there are obstacles on the

flight path.
Satisfied

SYS­AUT­04 The autonomy system shall be capable of determining the system’s position with an
accuracy of±0.15 [m].

Satisfied

SYS­AUT­05 The autonomy system shall be able to fly to a target point with an accuracy of±0.50
[m].

Satisfied

SYS­AUT­06 The autonomy system shall be able to fly at a target height with an accuracy of to
±0.15 [m].

Satisfied

SYS­AUT­07 The autonomy system shall assess wind velocities with an accuracy of±1 [m/s]. Satisfied
SYS­AUT­08 The autonomy system shall assess visibility with an accuracy of±50 [m]. Satisfied
SYS­AUT­09 The autonomy system shall provide flight path planning to the target location(s). Satisfied
SYS­AUT­10 The autonomy system shall be capable of determining the system’s attitude with an

accuracy of±0.1 [deg].
Satisfied

STN­09 The instruments and sensors used on the UAV shall have expected minimum
lifetimes of 2 years.

Satisfied

8.2 Autonomy System
The top­level requirements specify that the dronemust be capable of semi­autonomy. A semi­autonomous flight
modealleviates theburdenof constantly controlling thedrone from theastronauts, and frees them toworkonother
tasks. Semi­autonomy does however require some input from the astronauts in terms of choosing the expedition
type and target location(s). Once these are given, the autonomy systemof the drone then handles flight path plan­
ning,obstacleavoidance,determinationof theUAV’spositionandorientation,assessmentofdanger, andwhether
to abort the flight. Themethods for how the dronewill perform theseduties are described in sections 8.2.1 to 8.2.3,
and the relevant hardware and sensors selected for reference are given in Section 8.2.4.

8.2.1 Positioning and Attitude Determination
Determining the position of a drone on Mars is not as straightforward as on Earth. There is no global navigation
satellite system(GNSS)availableonMarsand it isnotassumed thatonewill beavailableby the time thismission is
taking place. Mars’ magnetic field is very weak and unreliable, makingmagnetometers or compasses ineffective.
Inferring height fromabarometer’s pressuremeasurements is also not feasible due to how thin the atmosphere is
[13]. For these reasons, the drone will have to determine its location by making observations about its surround­
ings. Themethodsexplained in thissection,alongwith thehardwaredetailed inSection8.2.4satisfies requirement
SYS­AUT­04andpartiallysatisfies requirementsSYS­AUT­05andSYS­AUT­06 (whichare fullysatisfied together
with themethods explained below in Section 8.2.2).
The primary method of state­estimation to be used by the drone is a visual­inertial odometry (VIO) algorithm, a
type of sensor fusion. This algorithmuses visual information fromat least one camera and inertial measurements
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from an inertial measurement unit (IMU) to assess themovement of the drone and to infer the drone’s position. In
particular, the algorithm assesses a stream of images from the camera and identifies how objects track across in
the field of view. By combining the cameradataand the IMUdata, thedronecanestimate its pose (both its position
and its orientation in 3D space). This is already possible and has been implemented [13], and the algorithms and
image processing are certain to improve over the coming years before this mission begins. Each aspect of the
positioningandattitudedetermination is described in the followingparagraphs. BecauseMars is a challengingen­
vironment for flight and inorder toensure redundancy (andpossibly improvedaccuracy), thedronewill oftenmake
use ofmore than onemethod to complete the same task. Visionmeasurements alone from a single camera have
been shown to provide extremely accurate assessments of orientation (down to 0.01°) [168], so it is reasonable to
assumethat thesuiteof techniquesexplainedbelowwillbeable tomeet theaccuracyrequirements fordetermining
position, orientation, and height.

Vision
Thedronewill needmultiplecameras foranumberof reasons. First,multiplecameraspositioned invariousplaces
andpointing invariousdirectionsallow foraverywide total fieldofview,giving theautonomysystemgoodoverview
of thedrone’ssurroundingsandreducingblindspots. This isbeneficial for terrain recognitionandweatherobserva­
tion conditions. Second, multiple cameras ensure redundancy: even if one or two cameras fail unexpectedly, the
autonomysystemshouldstill haveenoughvisual information toperform its taskssuccessfully, althoughwith larger
blindspotsthanusual(asidentifiedintheriskanalysis,seeSection8.7). Third,morethanonecamerapointinginthe
samedirectionallowsforbinocularvision,whichcanhelptomaketheVIOalgorithmmoreaccurateandefficient[79].
The visual part of the VIO algorithm takes in the camera data and applies image processing and/or correction to
reduce blurring or distortion. It then searches for features in the images and tracks them by checking subsequent
framesof inputandcorrelating themto finddifferencesand todeterminehow the featuresmoveacross the images.
After searching for and eliminating outliers, the visual data is ready to be combinedwith the inertial data. It is then
linearized and solved, and an updated state estimation is made [169]. This algorithm should be designed to work
for normal flight, where featuresmove across the frame according to the ground velocity of the drone, and during
vertical take­off and landing, where features scale and appear/disappear from view as the drone rises/descends.
There are a number of potential problems and limitations with the visual side of VIO. First, take­off and landing
are challenging because of the small distance between the downward­pointing cameras and the ground (see
Section8.5). Thiscausesproblemssincemostofthefieldofviewwillbefilledwithonlyasmallareaofground, likelyin
shadowfromthewingsandbodyoftheaircraft,solittleusefulvisual informationcanbeparsed[13]. Second, theVIO
algorithmtends toneedrelativelyhighcontrast in the images inorder tocorrectly identifyand tracksurface features.
Thismeans thatcertainground textures (stonyareas)provideeasier tracking thanothers (rollingsanddunes). The
timeof day also plays a role, as theSun casts larger andmore defined shadows in themorning and evening than it
doesaroundmidday. ThemiddaySunlightsthegroundquiteevenly,makingfeatureshardertodetectfordownward­
pointing cameras [13]. However, the wide total field of view of the cameras shouldmitigate this effect, as features
can be identified frommany different directions. Third, the positioning of the cameras has been chosen to give an
almost full viewof thegroundbelowandpast thehorizonduringnormalsteady flight (seeSection8.5). During turns,
the cameras will be angled differently, covering less of the ground and more of the sky. However, as long as this
is properly accounted for in the autonomy systems’ programming, this should not be a significant problem. Fourth
and finally, the bending from the aerodynamic loading on thewingswill cause the cameras located at thewing tips
to move during flight. Camera shaking effects can be reduced by using image stabilization software to provide a
smoothervideofeed. Slowermovements(duetotherelativelyconstantbendinginthewing)arelessproblematicfor
theVIOsoftware and thesedeflections canbeestimatedbasedon testing of thewing structure before themission.

Accelerations
An integral part of VIO is, of course, the inertialmeasurement unit (IMU). This unit contains sensors formeasuring
linear andangular accelerations. Theacceleration data from these sensors is integrated to give (angular) velocity,
position, and orientation information. All of this data is used by the VIO algorithm as an input to help to determine
the drone’s current pose and how it is changing over time. It can also be used to help the algorithm to understand
the changes seen in the images when the drone is performing a turn, for example. Since IMUs are prone to drift
(a small sensor error which grows over time), IMUs in drones on Earth often include magnetometers to allow for
in­flight calibration [35]. SinceMars’magnetic field is not suitable for this [13], this designwill instead calibrate the
IMUwith a different method. Here, the visual side of VIO can help out: if, for example, the IMU is giving a reading
which indicates that the drone is rolling slowly to the left, but the camera feeds indicate that the drone is level and
steady (by observing the horizon), the IMU’s roll axis sensor can be calibrated back to zero.

Positioning
The autonomy systemmust be able to accurately determine the drone’s position in 3D space in order to fly to the
correct target location and to ensure that the scientific data collected is useful. Positioning will take place using
a combination of techniques. As explained, 10 cameras will be placed on the drone to give it a good overview
its surroundings. Since the VIO algorithm traces objects across the field of view of the cameras and changes in
accelerationaremeasuredby the IMU, thedrone’schange inpositioncanbe inferredasaresult. Since thismethod
alone is susceptible to drift becauseof the IMUhowever, terrain recognition canalsobeused to increaseaccuracy.
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At thebeginningof themission, thedronewouldhavea low­resolution3Dtopographicmapof theareasurrounding
thebase. Byanalyzing the terrain seen from theonboardcameras, including the featureson thegroundbelowand
larger features such as hills on the horizon, the drone could verify its position in 3D spacewith respect to the value
found through theVIO algorithm.
Becauseof theseverityofascenario inwhich theVIOalgorithm fails, it is important to includeaback­up/secondary
positioningmethod,as identified inSection8.7. For thismission,anappropriatechoice ispositioningusingmultilat­
eration. This is similar to howGNSSsystemswork, only in this situation the dronewould be using the communica­
tionsbeacons insteadoforbitingsatellites. If thedronehas lineofsightwithall threebeacons, theguidancesystem
sends a signal antenna out to the three communication beacons on the ground (see Chapter 9 for more detail on
these) andmeasures the time taken to receive a signal fromeach beacon. Since the speed of light inMartian air is
knownand the locationsof thebeaconsareknown, thesignal’s return journey timecanbeused tocalculate thedis­
tance toeachbeacon. However, since thereareonly threebeacons in total, this ismethodalonewould result in two
solutionsfor location(sincethegeneral intersectionofthreespheresisasetoftwodistinctpoints). Therefore,under­
standing of the surroundings through terrain recognition is needed in tandemwithmultilateration to determine the
positionof thedrone for certain. Sinceheight above theground is alsomeasured separately (seenext paragraph),
this information can also be included to help to distinguishwhich of the two solutions from themultilateration is the
correctone. Thismethod isanappropriateback­up forpositioning incase the IMUbecomes faultyornot functional.

Height Measurement Method
During any kind of flight, it is important to know the distance between the vehicle and the ground, as it will affect
flight path planning, maneuvers, aerodynamic performance, and communications. While this can be determined
to a degree from positioning, it is beneficial to have a dedicated instrument for height measurement for accuracy
and redundancy. Given the accuracy problems of measuring height using barometric pressure [13], it has been
decided to use a laser altimeter tomeasure the distance between the drone and the ground using the time of flight
principle. This will be placed on the underside of the drone in the payload module, pointing directly down. The
Ingenuity helicopter also uses laser altimetry to measure its distance from the ground [58]. However, Ingenuity’s
laser altimeter has a range of only 40 [m] (its expectedmaximumaltitudewas only 10 [m] [22]), and these kinds of
compact altimeters typically have rangesonlyup toacouplehundredsofmetersunlessspecial reflective surfaces
are used. Therefore, an alternative method of determining the drone’s height must be used for higher­altitude
activities and for use as a back­up: multilateration using the communication beacons on the ground.
As explained above,multilateration (in combinationwith terrain recognition) can be used to determine the drone’s
position in 3D space as long as the antenna has line of sight with all three beacons. This can therefore be used
as a back­upmethod of height measurement. The altitude from this method would likely be calculated relative to
theMars vertical datum. This could then be converted to height above the ground through the use of a topograph­
ical map. Note that this brings two sources of uncertainty into this measurement: the inherent uncertainty from
positioning usingmultilateration and the error in the topographicmap.

Velocity
Knowing the aircraft’s ground velocity is important for flight control and performance (some velocities are more
energyefficientthanothers)andforexpeditionreasons(estimatingtimeuntilarrivalatalocation,whichisalsouseful
information forpower/energymanagement). TheVIOsoftware is capableofdeterminingaccelerations, velocities,
andpositionsbycombiningvisualdatawith(integrated) inertialdata. Thiswillbe theprimaryvelocitymeasurement
method for thedrone. In thesameway thatmultilateration isanalternatemethod forpositioning (whichcanactasa
back­upor just asextra information for improvedaccuracy), it is alsoanalternatemethodof velocitymeasurement.
The ground velocity of the drone can be calculated bymeasuring the time between subsequent position readings.
Measuring airspeed is also important for flight control and performance, and can be used as part of the weather
monitoringsystem(seeSection8.2.3). Whilepitot­statictubesarethestandardmethodfordeterminingairspeedon
Earth, theycomewithanumberofproblems,whichareworsenedwhenconsideringflightonMars. Pitot­statictubes
calculateairspeedfromthemeasurementofapressuredifferential (betweentotalandstaticpressure),but theycan
be inaccurate if the pressure differential is small (when flying at low velocities) [104]. With an atmosphere as thin
asMars’, pressure differentialswould always be very small and thus pitot­static systemswould not be appropriate
onMars. Furthermore, apitot­static tubeneeds tostickout of theaircraft into theairflow,where it causesadditional
drag and where it is susceptible to damage [111]. An alternative is to use a newer technology: a laser airspeed
sensor. These instrumentssendultraviolet lasers into theair in frontof theaircraftandmeasure thescatteringof the
light. Basedon theobservedwavelength changedue to theDoppler effect, theairspeedcanbecalculated. These
sensorsworkequallywellat loworevennegativeairspeeds[111],makingthemhighlyappropriateforaVTOLdrone.

8.2.2 Flight Path Planning
Given a target location, the autonomy system must be able to plan and follow an appropriate flight path to that
location. This will be possible with the use of an algorithm combined with data about the terrain surrounding the
base. 3D topographicmaps ofMars are already available thanks toMars­orbiting satellites, though the resolution
is not as high as is achievable in thismission through heightmapping. As themission progresses, the heightmap
information collected by the drone can be used to update the satellite­measured topography to give higher fidelity.
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These maps will be essential to successful flight path planning. The implementation of an algorithm like the one
describedherewouldsatisfy requirementsSYS­AUT­03andSYS­AUT­09, andpartiallysatisfy requirementsSYS­
AUT­05andSYS­AUT­06 (whichare fully satisfied togetherwith themethodsexplainedabove inSection8.2.1and
the hardware explained below in Section 8.2.4)
The essential inputs and processes of the algorithm can be seen in the flow diagram in Figure 8.1. In general, the
algorithmwill bedesigned tominimize theenergyusageofgetting to the target location. Thus, it choosesastraight
flight path if possible,with anenergy­optimal climbpath, cruisealtitude, anddescent path. Thesewill varydepend­
ing on the distance to the target location, as there is a balance between spending energy to climb higher, saving
energy by reducing drag, and aerodynamic effects of lower Reynolds numbers at higher altitudes. There are then
a series of checks and corrections tomake the route feasible in the real world, including checking the topographic
map andweather information for obstacles along the flight path (hills, cliffs, dust storms/devils). If any such obsta­
clescomewithinapredefinedsafety radius, the flightpathwill beamendedwithawidebertharound theobstacle(s).
Finally, an energy estimate ismade for the entire expedition, and the batteries are checked for their charge.

Figure 8.1: Flow chart showing the inputs and processes of the flight path planning algorithm

During the flight, the autonomy system will continually monitor the flight path to check that it is followed properly.
The flight path may be updated in­flight, in any of the following cases: 1) new updated commands are received
from the base which include alterations to the expedition type or target location; 2) updated weather information
is received from the base which indicates the presence of dust storms/devils in the flight path, the target area, or
between the drone and the base; 3) the autonomy system identifies dust storms/devils or other weather changes
through its ownobservationswhichmayaffect theexpedition (seeSection8.2.3); 4) theautonomysystemnotices
discrepancies between the observed terrain and the expected terrain from the topographic map; and 5) an abort
command is received from the base. For cases 1 to 4, the autonomy systemmust make a decision itself on what
to do, which in many cases will be to simply update or plan a new flight path with regard to the new information.
The drone may also decide to abort the expedition and depending on the identified severity of the new situation,
it will follow one or more of the procedures explained in Section 8.6. In case 5, the drone immediately aborts the
expedition and plots a route for the base.

8.2.3 Weather Monitoring
Monitoringweather conditions during expeditions is important for ensuring the safe return of the drone to the base.
While weather updates from orbiting satellites can provide useful updates, they may not be comprehensive and
theymaymisssmallerweatherdevelopmentssuchasdustdevils. RequirementsSYS­AUT­01,SYS­AUT­07, and
SYS­AUT­08 state that the autonomy systemmust be capable of assessingwind velocities, visibility, and general
weather conditions. These requirements can be satisfied by using the techniques described in this section.
Low visibility canmake flying difficult on Earth, but on aMars drone which relies heavily on visuals for navigating,
it may be detrimental. Although the thin atmosphere may lead to better visibility than on Earth in ideal conditions,
suspended dust can often cause the atmosphere to be hazy and results in worse than visibility on Earth [114, 32].
Therefore, it is important that the drone can assess visibility. It will do this primarily through image processing
software: by utilizing techniques such as edge detection, filtering, comparison with images of known visibility,
uniformity segmentation, and contrast ratios, it is feasible that software processes could accurately determine at­
mospheric visibility [118]. The accuracy such software can also be expected to increase as the image processing
algorithms improve and more (Mars­specific) data becomes available for training these algorithms, and thus it is
reasonable to assume that this will be able to comply with requirementSYS­AUT­08.
Dust storms are a danger to the drone due to the large amounts of suspended fine dust and because they provide
extremely low visibility. These can again be detected through image processing and object detection software.
This (machine learning) softwarewould likely use similar techniques to the visibility determination software, to de­
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tect local patches of skywith lower visibility. It would also be trainedwith datasets of images of dust storms so that
it can understand and recognise typical shapes or formations caused by dust storms. Similarly, object recognition
can be applied to dust devils, which have distinct shapes andmovements.
In order to guarantee stability, it is useful for the flight control system to understand wind conditions. While wind
speed cannot be directlymeasured on an aircraft, it can be inferred by comparing ground speed to airspeed. Both
ground speed and airspeed can be calculated as described in Section 8.2.1, usingVIO/multilateration and a laser
airspeed sensor, respectively. Wind speed can then be calculated simply by taking the vector difference of these
measurements.
Air temperature is another environmental characteristic which has an effect on theMach number, thermal control
system, and the scientific results of the mission (as it would give context to atmospheric readings). Therefore, a
simple thermometer should be placed on the outside of the drone, outside of the drone’s thermal boundary layer
which can regularlymeasure the air temperature.

8.2.4 Hardware
Thissectionwill present thesensorsand instrumentsselected forcarryingout the tasksof theautonomysystem,all
ofwhichareoff­the­shelf components. Themakeandmodel of eachpieceof hardware isgiven, aswell as someof
themost important specifications. Note that all of these itemsareselected for reference to show that thedescribed
design would be possible. Since this mission takes place in the future, different models which perform similar
functionswill likely beavailableat the timeof production. Thesemodelsare likely tohaveevenbetter performance
than what is available on today’s market. Alternatively, hardware such as the onboard computer could be built to
specification with this exact mission in mind. Since the selected instruments are high­grade consumer products,
it is expected that each of them will withstand at least two years of operational use without failing, assuming that
proper inspection andmaintenance procedures are followed. This therefore satisfies requirementSTN­09.

Cameras (Vision)
The camera model to be used as reference is the RunCam 5 Orange. This camera is designed for first­person
view (FPV) drones on Earth, so it has a high resolution and a wide field of view. Its resolution is 4000×3000 (12
megapixels, 4:3 aspect ratio) with a frame rate of up to 60 frames per second and has a built­in image stabilization
chip. Theentire cameraweighsonly56 [g], uses3.1 [W]of power, andmeasures3.8×3.8×3.6 [cm]. Thestandard
lens gives a field of view of 145° [124], which is quite a wide viewing angle. This camera is also is also used for
reference for the payload tasks of performing visual imaging and heightmapping (seeChapter 7). Since there are
10 cameras placed around the drone for the autonomy system, their total mass is 0.56 [kg] (excluding wiring and
thermal control) and their power usage is 31 [W] (also excluding thermal considerations). These cameras will be
used by the autonomy system for VIO, flight path planning, terrain recognition, andweather assessment, and will
be used to provide a video feed for the human remote control mode (see Section 8.3 andChapter 9).
The RunCam camera is used for reference in this design, but it is possible that omnidirectional (360°) cameras
may become themore desirable option in the future. These would generally require lenses that stick out from the
aerodynamic surface in order to make full use of their wide field of view, but as the technology improves, this may
becomemore feasible. The feasibility for this designwill also dependon the cameraquality and resolution, aswell
as the achievable data transmission rate. For now, the drone will be designed with the previously described 10
RunCamcameras inmind.

IMU (Accelerations)
The IMU to be used on the drone is the Bosch BMI088, which combines a high­accuracy accelerometer and gy­
roscope into a unit designed specifically for drones and robots. The detectable linear acceleration range can be
selected, with the options being±3 g,±6 g,±12 g, and±24 g, as can the detectable gyroscopic range, with five
options between±125 [°/s] and 2000±125 [°/s] [132]. Both have 16­bit resolution, dividing the detectable range
into 216 increments. Depending on the selected ranges, this gives resolutions between 0.09 and 0.73 mg (ac­
celerometer) and between 3.81×10−3 and 3.05×10−2 [°/s] (gyroscope). This unit is a small chip with dimension
of only 3.0×4.5×0.95 [mm] and has amass of just 0.67 [g] [132]. It can provide data output at rates between 12.5
and2,000 [Hz], it drawsup to0.019 [W],and ithasanoperating temperature rangeof ­40 to85°C.Since theseunits
are important to the proper functioning of theVIOalgorithm (as identified in the risk analysis, seeSection 8.7), and
because they are so small, light, and low power, two are included in the design for redundancy. This instrument
allows the design to satisfy requirementSYS­AUT­10.

Laser Altimeter and Antenna (Positioning and Height Measurement)
The chosen laser altimeter sensor for low­altitude height measurement is the LightWare SF30/D LiDAR sensor.
This infrared laserdevicehasamassofonly35 [g], dimensionsof30×56.5×50 [mm],powerusageof0.55 [W],and
canmeasure distances between 0.2 and 200 [m] to an accuracy of±10 [cm] at a rate of 49 to 20,000 readings per
second [81]. It also features an alarm setting to send a signal if a distance is measured below a predefined value.
While the listed operating temperature range is ­10 to 50°C, it is not an unreasonable assumption that this may
be widened to ­25 to 50°C through further technological advancements over the coming years, especially when
looking at other laser altimeters with similar optical ranges. As explained in Section 5.3.1, most of the surveying
tasks of the UAVwill take place at an altitude of approximately 100­200 [m] in order to achieve the desired ground
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resolution for visual imagingandheightmapping. Therefore, this sensorwill beuseful during take­off, landing, and
for the duration ofmost ground surveying activities.
Multilaterationwill becarriedoutwith thehelpof theonboardonboardcommunicationsantenna. Detailsabout this
component can be found in Section 9.2.3.

Laser Airspeed Sensor (Airspeed)
While laser airspeed sensors havebeendevelopedand tested, they are not yet in regular use, and sooff­the­shelf
optionsarenotavailable. Therefore,assumptionsmustbemadeabout thecharacteristicsofsuchasensor. Based
on thespecificationsof other productswhichusesimilarmeasuringprinciples (suchas radar speedguns [50], opti­
cal speedsensors formeasuring rotations [84], andnon­contact optical sensors for roadvehicle testingand racing
[34]), it is reasonable toassumedthata laserairspeedsensorwouldbeapproximately thesize, shapes,andweight
of a medium handheld flashlight or microphone. Assumptions about this sensor include: a cylindrical shape with
a 40 [mm] diameter and a length of 150 [mm]; a mass of 0.2 [kg]; a power consumption of 10 [W]; an operating
temperature range of ­25 to 50°C; an accuracy of <1 [m/s]. Two of these sensors would be required on the drone;
one to measure airspeed in the direction of flight and one to measure airspeed in the cross wind direction (it was
decided that the vertical airspeed is not important enough to include an additional sensor).

Thermometer (Air Temperature)
The type of sensor to be used to measure air temperature will be a Pt1000 sensor, which is a platinum resistance
thermometer. Since the relationship between platinum’s temperature and its electrical resistance is known, tem­
perature can be calculated bymeasuring the resistance through the sensor. This type of sensor was used on the
Curiosity and Perseverance rover missions for measuring air temperature, and typically has a wide temperature
range (150 to 300 [K]) and high accuracy (better than 0.9 [K] ”in theworst case” [122]). Perseverance’s air temper­
ate sensorswere passive instruments [55], so the power usage can be expected to be negligible in thismission as
well. The dimensions can also be expected to be similar, at around 5.7×2.5×6.9 [cm] [102].

Computer Hardware
All of the tasks of the autonomy system and other subsystems on the drone will require a small and powerful on­
board computer (OBC).Thesoftwareand requiredprograms for this computer aredescribed inSection8.4. Since
computer technology typically changes and improves very quickly, the best available components for a drone’s
OBCwill be quite different by the time this design is actually produced. For this reason, a representative product
which is currently on the market will be used for reference for the OBC’s hardware. This will be a combination of
theDJIManifold 2­G and theDJIManifold 2­C. These computers are designed for autonomous drones, and each
has different specialties: the 2­G features a powerfulGPU (NVIDIA JetsonTX2) for performing object recognition,
motion analysis, and image processing, while the 2­C houses a powerful CPU (Intel Core i7­8550U) and is appro­
priate for autonomous flight, dataanalysis, andcommunications. Together, they feature16GBofDDR4RAM,384
GB of SSD storage, and multiple USB and other ports. Their combined mass is around 450 [g], their maximum
power usage is 85 [W], and they eachhavedimensions of 91×61×35 [mm] andoperating temperatures ranges of
­25 to 45°C [40]. Using two separate computers also allows for redundancy, thereby mitigating the risk identified
inSection 8.7: each computerwill have access to themost essential software needed to fly and land safely so that
the failure of one computer will not cause the drone to crash.

8.3 Human Remote Control
The top­level requirements specify that the dronemust be capable of being remotely controlled by humans on the
ground. This means that astronauts at the base should be able to choose the trajectory and actions of the drone
without needing to specify an expedition type or target location beforehand. The human controller will not be re­
sponsible for controlling every aspect of flight such as adjustments to the control surfaces to ensure stability or the
precise thrusting of the propellers required for take­off or other maneuvers. The drone already includes a flight
control system and an autonomy systemwhich are capable of performing flights independently of human control,
so it is logical to utilize thesecapabilities to simplify theexperience for theastronaut. This also reduces theamount
of training the astronauts require before they can remotely operate the drone.
At the base, the controllerwill conduct operations fromacomputerwith a display anda control stick setup. A video
feedwill be continuously broadcast from thedrone to thebase. Thecontroller has thechoiceofwhichcamera feed
to view and can switch between views to look around the environment to find points of interest. There will be an
overlay on the display which shows the controller important flight information such as velocity, altitude, location,
orientation, remaining charge in the batteries, weather conditions, and housekeeping information for various sub­
systems. Thiskindofdatacanbe transmitted fromthedrone to thebasealmost instantaneously, but thevideo feed
comeswith a slight delay of around 0.3 seconds (seeChapter 9). This is another reasonwhy the human controller
only controls high­level functions of the drone.
In general, the human has control over the flight path, velocity, flight altitude, making turns, deciding where to
land for soil sampling, andwhich instruments are operational. The autonomyand flight control systems are active
throughout the flight are responsible for keeping the aircraft stable, controlling the rotor speed, tilting the rotors,
staying within the flight envelope, providing information on positioning and velocity, providing weather informa­
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tion, warning the controller about potential dangers (obstacles, dust storms, etc.), and taking over control from the
controller if nothing is done to avoid the dangers.
Since the controls are quite simple, the astronauts responsible for operating the drone remotely would likely not
need advanced pilot training on Earth. They would however require training on the drone, its purpose, its design,
and its dynamics, as well as training with a simulator to practise the remote operation of the drone. This would be
done on Earth before the astronauts’ departure to Mars, and simulation practise could even continue during the
transit toMars. Formore details on astronaut training, see Section 16.2.

8.4 Onboard Computer
Theonboardcomputer (OBC)willberesponsible forahostofdataprocessinganddecisionmakingtasks. Thecom­
puterhardwareusedfor reference in thisdesign isdescribed inSection8.2.4. Here, thesoftwareandprogramming
side of theOBCwill be described briefly.
In terms of general software, the OBC first needs an operating system for task scheduling andmanaging the sys­
tems resources, suchasprocessingpowerandmemory. Theoperatingsystem isalso themainhub for connecting
differentpiecesofsoftwareorexternaldevices. TheOBCalsoneedssystemmanagementsoftware formonitoring
all subsystems for problems (thereby satisfying requirementSYS­AUT­02) and scheduling long­term tasks (such
as activating payload instruments, changing power configurations, or activating thermal controlmodes). Payload
management software monitors the payload instruments and acts as the interface between the payload and the
rest of the drone, helping to ensure that it is oriented correctly for observation, for example. It also handles the col­
lection, compression, and storage of the scientific data. These responsibilities slightly overlap with the command
and data handling (CD&H) software, which handles housekeeping and subsystem health data and prepares it for
transmission to the base. Depending on the software setup, the CD&H software may also be responsible for the
collection,compression,andstorageofsomedata[160]. Communicationssoftwareisalsoneededforhandlingthe
transmission of data back to the base through the antenna, and for decoding and processing commands received
from the base.
Some of the more specific software functions have already been mentioned above. Guidance and navigation
software is required as part of the autonomy system for determining the location of the drone (using VIO, terrain
recognition, andmultilaterationasdescribed inSection8.2.1)and forplottingandmonitoring flightpaths (including
obstacleavoidance, asexplained inSection8.2.2). Separateweathersoftwarewouldalsobe includedspecifically
for analyzing atmospheric conditions and the visual data from the onboard cameras to calculate wind speed and
visibility, and to detect dust storms and dust devils (as explained in Section 8.2.3). The autonomy system also
needs programming and software for making high­level decisions, such as whether to change course to avoid a
dust devil, or whether to abort an expedition. Flight control software is needed to determine how the drone can
ensure its ownstability through themovement control surfacesandcontrollingof velocity. Software isalsoneeded
tomanage the human remote control mode, to interpret inputs from the base and to convert those into actions for
the subsystems. Finally, simulation software is required so that astronauts can get a feel for remotely operating
the drone and understanding its behavior during their training.
Much of this software will need to be developed for this mission, as most of it is very specific and would not be
available in another format from a previousmission. This would occur in the ’Research Software Systems for Au­
tonomy’, ’DevelopSoftwareSystems forAutonomy’, and ’DevelopProcedure forSystem Integration’ blocksof the
Project Design & Development plan (see Figure 20.1). Much of the flight control and simulation software would
need to be developed following preliminary production and testing of parts to ensure that the flight dynamics are
properly understood.

8.5 Layout
Allof thehardwareselectedneedstobeplacedonor in thedroneinsuchawaythat it isabletoperformproperly,with­
out interferingwith any other subsystems. This section describes the positions of all of the hardware components
discussed above.

8.5.1 Camera Placement
The drone will make use of 10 cameras (including the camera used for the payload) to provide a wide view of the
ground beneath. No cameras are oriented to look up into the sky because this would rarely provide any useful
information for the autonomy system or for a human remote pilot. Each camera has a horizontal field of view of
145° and a vertical field of view of 108°, except the payload camera, which has a field of view of 72×54°.
An overview of the camera locations and their respective fields of view from three different perspectives can be
seen in Figures 8.2, 8.3, and 8.4. The naming of the cameras in the winglets follows from the direction they point
and which winglet they are on. F, O, I, and B stand for Forward, Outward, Inward, and Backward, while L and R
standforLeftandRight. Thepayloadcamerapointsdirectlydownward fromthefuselageof thedrone. Onecamera
is placed in the nose of the aircraft, pointing forward. Each winglet houses four cameras: one at the leading edge
which points forward, one at the trailing edgewhich points back, and two in betweenwith one pointing inward and
theotherpointingoutward. Theninenon­payloadcamerasall point slightly downwardsuch that thevertical fieldof
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view extends 18° above and 90° below the horizon. Placing cameras in thewingletsmitigates the problemof dust
being kicked into the air during take­off and landing, since they are placed relatively far from the propellers. Since
the thecameraunitswill be larger than the thicknessof thewinglet airfoil (especially at the trailingedge), additional
panellingwill need to bemanufacturedwhich can accommodate the cameras.

Figure 8.2: Top view of drone showing camera fields of view

Figure 8.3: Side view of drone showing camera fields of view

Figure 8.4: Back view of drone showing camera fields of view

8.5.2 Placement of Other Components
The IMUs, laser altimeter, andOBCwill all be located in thepayloadmodule in themain fuselageof thedrone, near
thepayload instruments. Inorder for the laseraltimeter topointdirectlydown toward thegroundduringcruise, itwill
needtobeinstalledataslightangle(equaltothecruiseangleofattackplustheoffsetangleofthefuselage,orapprox­
imately 10°). When flying at other angles (during take­off or landing, for example), the reading from the altimeter
will need tobeadjustedappropriatelyusingasimple trigonometric relation. This setupallows for thebest accuracy
during cruise,which is how thedrone fliesmost of the time. The laser altimeter canbeseenas thedark redblock in
Figures8.5and8.6(note that thesmall installationangle isnot indicated). TheIMUswillbeplacedonthe innerwalls
of the payloadmodule, with the primary IMUon the bottom (seen as a very small green rectangle dot in Figure 8.5)
and the back­up IMU on the side wall (not pictured in the figures). The OBC is located near the front center of the
payloadmodule,suchthat ithasaccesstoothercomponents throughcabling. It is theblackbox in thefiguresbelow.
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Figure 8.5: Top view of layout with
different colours referring to different instruments

Figure 8.6: Side view of layout with
different colours referring to different instruments

The two airspeed sensors will be integrated into the wing (see Figure 6.1). One will be oriented in the direction
of flight, such that it can measure airspeed in that direction. The other will be oriented perpendicular to the first,
such that it canmeasure crosswind speeds. Bothwill require small cut­outs in thewing structure so that they have
access to the outsideworld.
The thermometerneeds tobeplacedsuch that its readingsarenotaffectedby the thermalcontrol system,ensuring
that it is measuring the outside air temperature. It will therefore stick out from the underside of the fuselage. The
appendagewhich holds the thermometer will also act as a thermal insulator, protecting the thermometer from the
heated fuselage.

8.6 Procedures
Thissectionexplainssomeof theprocedureswhichwill occur if certainproblemsoccurduring flight. Problemsmay
include themalfunctioningof an instrument or thedetectionof adust storm. Thedrone’s programmed response to
these problems will depend on their severity. These procedures are put in place primarily to ensure the safety of
the drone. Take­off and landing procedures are described in Chapter 12.

General Abort Sequence
The abort sequence may begin for a number of reasons: the autonomy system may detect a danger, a critical
componentmaybemalfunctioning, or the crewmaysendanabort command from thebase. In any case, theabort
sequence is thesame. First,anotification issent to thebaseto let thecrewknowthat thedrone isaborting itscurrent
expedition. The target location is then set to be the base, and a flight path is plotted. Depending on the severity of
thesituationwhichcaused theabort, ordependingoncommands fromthebase, thedronemay flyabove itsnormal
cruise speed to returnmore quickly. Throughout the flight back to the base, the base crewwill be able to take over
control of the drone if they feel it’s necessary. They may also decide to cancel the abort, thereby continuing the
previously set expedition.

Detection of Danger Procedures
The autonomy system has multiple methods for detecting dangers, and will also have the capability of categoriz­
ing these dangers as minor, mild, or serious. A minor danger may be wind speeds which are slightly higher than
expected, or the failure of a non­critical instrument such as the thermometer. The autonomy system will typically
be able to deal with these problemswithout any intervention from the crew. As opposed to aminor danger, a mild
dangermay negatively affect the scientific outcome of the expedition. It may be that a scientific instrument is mal­
functioning, or that adust stormhasbeen identifiedalong the flight path. Aseriousdanger is somethingwhich isan
immediate threat to the safety of the drone. Thismay be the failure of a critical function or piece of hardware, such
as one of theOBCs.
If amild or serious danger is detected, an abort request notification is sent to the base. The crewmay respond by:
1) approving the abort request, thereby initiating the abort sequence, 2) entering human remote control mode, or
3) forcing the expedition to continue (if they determine that the danger is not actually dangerous). In the case of a
mild danger, the drone will wait 60 seconds for a response, and in the case of a serious danger, it will wait only 10
seconds. If the drone does not receive a responsewithin the time limit, it initiates the abort sequence by default.

Other Malfunctioning Procedures
If thedrone is inhumanremotecontrolmode, it ispossible thatamalfunctionoccurswhichprevents thehumanfrom
continuing tocontrol thedrone. Thismaybeasaresultofaproblemwith theonboardantennaoracommunications
beacon, for example. As identified in the risk analysis in Section 8.7, this could cause the loss of the drone if no
proceduresare inplace. Therefore, theprocedurewill simplybe tomonitor incomingcommands: if theconnection
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is lost or if commands cease, the autonomy system will take over again. A notification will be sent to the base
that this has happened (if possible), and the autonomy system will execute a flight path back to the base. If the
connection is re­established, the human remote controlled flight may continue as before. This procedure follows
from themitigation strategy for risk FLOR­5 (see Section 8.7).
If any part of the weathermonitoring system fails, this will not be considered critical for flight safety. If any sensors
or processes in this systemaremalfunctioning, a notificationwill be sent to thebase containingdetails on theprob­
lem. The drone then will rely solely on the weather updates from the base weather system rather than on its own
observations/measurements. Other weather sensors or processes that are still functioning normally will continue
todoso. If thevisibilityorduststormdetectionprocessesareaffected,astronautswill beadvised tocheck thevideo
feed from the drone regularly tomanually look for dust storms on the horizon or to asses visibility. This procedure
follows from themitigation strategy for risk FLOR­6 (see Section 8.7).

8.7 Risk Analysis
A number of risk have been identified related to flight operations. Often, these risks involve the failure of a certain
component or systemduring an expeditionwhere they cannot be directly solved by an astronaut at the base. This
makes it important to include redundancy or back­up methods, as can be seen in the mitigation strategies listed
below. These strategies have been taken into account in the descriptions given previously in this chapter. The
code FLOR is used to denote a flight operations risk.

• FLOR­1 ­ One of the onboard cameras fails during flight
– Effect: Reducedvisualinformationisavailabletotheautonomysystemforguidance/positioning/weather
monitoring, andmore limited options for human remote controllers to view surroundings.

– Probability: Probable, as it is likely that a connectionwill fail at the camera itselfwillmalfunctionat some
point during themission.

– Severity: Critical, depending on which camera fails, the autonomy system may have a difficult time
positioning itself ormaintaining a flight path back to the base.

– Mitigation: Include 10 cameras in total, together giving an (almost) full view of the ground below, up to
and just past the horizon.

– Effect of Mitigation: If one camera fails, there will still be plenty of visual information available to the
autonomy system, so it can continue to function normally. Severity reduced toNegligible.

• FLOR­2 ­ IMU fails or gives faulty readings
– Effect: VIOalgorithm loses a significant input source or is providedwith faulty information.
– Probability: Occasional, at somepoint during themission the IMUmay becomedamaged or dislodged
from its position.

– Severity: Critical, depending on how exactly the VIO algorithmworks, it could lead to severe problems
with positioning and guidance. Chance of hard landingwhichmay cause structural damage.

– Mitigation: Includeaspare IMUonboardand includecode in theVIOalgorithmwhichchecks thevalidity
of the readings based on the incoming visual information.

– Effect ofMitigation: If theVIOalgorithm identifiesaproblemfromtheprimary IMU, it canswitch to taking
readings from the back­up IMU.Reduces severity toNegligible.

• FLOR­3 ­ VIO algorithm fails
– Effect: Drone is no longer able to determine/measure its own position, speed, acceleration, or orienta­
tion.

– Probability: Rare, since this algorithmwould be verywell tested before themission.
– Severity: Catastrophic,wouldalmostcertainlyleadtoanuncontrolledcrashsincethedroneiseffectively
blind.

– Mitigation: Include a back­up positioningmethod: multilateration. By sending signals to the communi­
cationsbeaconsandmeasuring the times to receive responses, thedronecannarrow its locationdown
to two points (since there are three beacons). It can then determine the exact position using terrain
recognition or the laser altimeter or both.

– Effect of Mitigation: Allows positioning inmost areas (beacon coverage is not 100%), reduces severity
toMarginal.

• FLOR­4 ­ Onboard computer fails
– Effect: All scientific processes and all essential flight processes cannot continue.
– Probability: Occasional, a malfunction at some point during themission is possible, even though such
a critical component would bewell tested before themission.

– Severity: Catastrophic, would almost certainly lead to an uncontrolled crash.
– Mitigation: Include 2 OBCs with shared functionality. Allow each to perform critical functions needed
for carrying out an abort sequence flight back to the base.

– Effect ofMitigation: IfoneOBCfails, theothercan takeover theessential functionswhile theprocessing
of scientific and other data is put on hold. This allows the drone to fly back to the base safely. Reduces
severity toMarginal.

• FLOR­5 ­ A malfunction occurs preventing human remote control from continuing



8.7. Risk Analysis 38

– Effect: The drone (in human remote control mode) stops receiving control commands from the base
and continues in a straight line.

– Probability: Probable, due to the low technology readiness of the communications subsystem and the
less than 100% coverage in the region surrounding the base. Other malfunctions may also cause this
risk.

– Severity: Catastrophic, the dronewould continue to fly away until its batteries run out andwould either
crash or become lost or both.

– Mitigation: If no commands are received for a set amount of time, the drone automatically returns to
semi­autonomousmode and flies back to the base. It continues to look out for signals from the base to
continue the remote controlled expedition.

– Effect of Mitigation: Remote control malfunctions will not lead to crashes or the loss of the drone. Re­
duces the severity toNegligible.

• FLOR­6 ­ Weather monitoring systems fail
– Effect: Can no longer detect wind speeds, air temperature, visibility, dust storms, etc.
– Probability: Occasional.
– Severity: Marginal, as these systems are useful but not critical for flight. Flight performance and thus
energy efficiencymay decrease. Dust stormsmay not be avoided as quickly as they should be (but ex­
ternal weather systemswould eventually notify the base, leading to commands to avoid the dust storm
or return to base).

– Mitigation: Notify base if any readings from weather instruments are malfunctioning. If applicable, as­
tronauts will then be advised to check the video feed from the drone regularly to manually look for dust
storms on the horizon.

– Effect of Mitigation: Reduces severity toNegligible.
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9 Communications Analysis
Regardless of the expedition type, the communications subsystem is a significant component that enables the
drone to communicatewith the base in order to provide control and/ormanage the transfer of data. In this chapter
the communication subsystem of the UAV is presented. A simulation is run to size the beacon network. After the
analyses are performed, the overall communication architecture is presentedwith a flow diagram. To ensure that
the communication linksare supported, a link budget is calculated. Finally, verificationandvalidation is performed
to ensure that the numericalmodel complieswith the specifications and requirements.

9.1 Requirements
In Table 9.1 the requirements that should be fulfilled by the communications subsystem and their compliance is
presented.

Table 9.1: Requirements related to communications and their expected compliance

Index:
DME­REQ­ Requirement Compliance

SYS­COM­01 (Driving) The communication subsystem shall transfer live video feed for entirety of
the expeditions.

Satisfied

SYS­COM­02 The communication subsystem shall have at most 3 seconds of delay for imaging
data.

Satisfied

SYS­COM­03 The communication subsystemshall haveatmost 0.5 secondsof delay for command
data.

Satisfied

SYS­COM­04 (Key) The communication subsystem shall be single point failure free. Satisfied
SYS­COM­05 The communication strategy shall comply with the rules and regulations set by the

International Telecommunication Union.
Satisfied

SYS­COM­06 The communication subsystem shall transfer at least 0.0025 [kBps] for entirety of
the mission.

Satisfied

9.2 Model and Analysis
Based on the requirements that were presented in Section 9.1, three communication strategies with two different
means were identified to be feasible for themission. The first two were by use of beacons. A network of beacons
or a single beacon at the base were identified as feasible options along with usage of satellites. In this section all
these options are analyzed in depth.

9.2.1 Required Data Rates
Before elaborating on the communication strategies and choosing a feasible option, the required data rates are
calculated. Considering the requirementsonpayloadandcommanding, itwasestablished that therewerevarious
types of data that needs to be transmitted and received. The uplink data is that which goes from the base or con­
troller to the UAV, also called the commanding data. The downlink data is that which goes from UAV to the base,
and consists of imaging data, a live video feed, ice detection data, control data, andnavigation data. All data rates,
except the ones for commanding data and live video feed,were supplied by the payloadproviders. As a result, the
values in Table 9.2 are obtained.

Table 9.2: Required Data Rates

Data Type Data Rate [kBps]
Imaging Data 12.50
Live Video Feed 27468
Ice Detection Data 10.00
Control Data 0.9296
Navigation Data 0.1392
Commanding Data 0.0025

In order to calculate the data rate of the live video footage, resolution is taken as 1280×720 pixels with 30 frames
per second and a bit depth of 8 bits per pixel. This resulted with a data rate of 27.648 [MBps]. Note that this is the
amount of raw data. Hence, it is possible to perform image compression. If ICER compression is used this value
canbedecreased to3.46 [MBps] [74]. Meanwhile inorder to calculate thecommandingdata, a simpledatapacket
format is assumed. The data packet consists of a start statement, includes acknowledgments and the message
bit and endswith an end statement [28].

9.2.2 Beacon Analysis
Usingbeaconstoprovidecontactwiththebaseduringsemi­autonomousflightor inhumancontrolledflightprovides
an efficient communication strategy. It is especially advantageous due to its dual purpose for position estimation.
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It is important to consider that the performance of the beacon network is closely related a combination of various
factors. These factors are include the height and locations of the beacons. Hence, before performing an analysis
on thebeaconnetworkandbeginningoptimization,apreliminarydecisionwas taken inorder tosimplify thebeacon
network and ensure that construction of themodel can be carried out in an straightforwardmanner.

• The optimumheight of the beacon is 10 [m]. Therefore by transporting the beacons in a disassembled state,
they can complywith the launcher dimension requirements while obtaining the highest amount of coverage.

• Itwasassumedthatamaximumoftwobeacons,apart fromtheoneinbase,canbeplacedbyastronauts. This
assumption limits the amount ofmanualwork that has to beperformedby the astronauts outside of the base.

• The beacons operate at S­band with a frequency of 2.4 [GHz]. This is a common band for Earth based
beacons.

• Eachbeaconwithin the network includes a solar panel for power generation andbatteries for power storage.

Numerical Model
Having obtained the set of decisions that describe the characteristics of the communication strategy, amodel can
becreatedtosimulatetheefficiencyofthebeaconsandanalyzeit toanevenfurtherextent. This ismainlyperformed
by considering the coverage of the beacons. The coverage is highly related to the placement of beacons, thus the
line of sight, and height of beacons. Therefore, a numericalmodel is constructed considering all these relations.
The model begins running with constructing the elevation map of the site around the base, and places the first
beacon at the base. Depending on the first placed beacon, which is the base for this scenario, the area of 50 [km]
radius is constructed and identified with a red circle, as can be seen in Figure 9.1.Every time a beacon is placed,
first thecodecalculates thedistancebetween theUAVand thatbeacon. Then thecodegoes througheverypoint in
this distanceand interpolates thedata set to obtain theheight thatUAVhas to fly in order to be in line­of­sight of the
beacon. If the data set contains a zero this indicates that whenUAV is at 0 [km] altitude, therefore on the ground, it
can be in contact with the beacon. Using the number of zeros in the data set and size of the data set, the coverage
of a beacon at the ground level is calculated as a percentage.
From the preliminary analysis it was determined that a beacon network of three beacons (including the base bea­
con) isanoptimumsetup. Thiswasdueto logistic reasonsaswellas technical reasons. Therefore, inorder toverify
this analysis and find themost optimum location for the two non­base beacons, aMonteCarlomethod is used.
It should benoted that the image is downsizedand themodel runswith iterations. In order to outputmoreaccurate
results, these two values can be altered. Therefore, if different downsizes run for the same iteration number, it is
expected to see a higher output, thus coverage, for the code with a lower downsize. This is due to the fact that as
downsizing increases, thepixel information isalteredasanyunneededpixel isdiscardedduring imageprocessing.
Therefore, in order to getmore accurate results, the downsizing should be kept as small as possible.
Note that as downsize is decreased, it requiresmore time to process the image, because of the higher resolution.
Therefore, if the iteration is set to be a high value, the code could run for weeks before outputting a result.

Beacon Placement
Initially, the simulation is run to evaluate the height required by a single beacon to cover the entire circular area.
Having only one beacon at the base is not a feasible option. In Figure 9.1, it can be seen that with downsizing of
20, a 1000 [m] high beacon only gives around 95.7% coverage, while a beacon of 10 [m] height gives a coverage
of 32.2%. Having a beacon of 1000 [m] tall is not possible due to the height restrictions that are imposed by the
launcher. Furthermore,astronautshave tomanuallyplace thebeaconsaround thebase, in the indicated locations.
Therefore, it would be enormous amount of laboring to carry the infrastructure to build a beacon structure of 1000
[m] tall. Note that, although the beacon could be placed on top of a balloon that is tethered to the base and sus­
pended 1000 [m] above the ground, dust storms are significant threat for such balloons. Although the turbulence
reduces at such high altitudes, the abrasive properties of the dust are still a threat. Especially for such a mission
that requires high durability for a long lifetime.
Therefore, using a network of beacons is themost suitable strategy. Usage of one beacon of 10 [m], additional to
base, yields a coverage around 50­60%, however this value is increased to 65­75%when the number of beacons
outside of the base is set to be two. As literature suggests, with increasing height, the line­of­sight improves [99].
Hence, off the ground, it is expected to see even higher values of coverage. Indeed, once the code is run for UAV
that is flying at 100 [m] altitude, the coverage for a beacon network of 2 beacons with 10 [m] height is 92%. This
satisfies the requirementSYS­COM­01.
Below in Table 9.3 coverage and most optimum beacon placement that is obtained for different iterations and
downsize values are presented. As it can be seen from the table there are multiple locations that output the best
location for the optimumcoverage. Meaning that theremight bemore than one set of locations that outputs 74.5%
coveragewhendownsize is 3 and iteration number is 1000. Hence, out of these set of locations, the one that is not
on top of the hill and closer to the base will be preferred. This is decision is takenmanually, in order to reduce the
laboring that has to be performed by astronauts while planting the beacons around the base.
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Figure 9.1: Coverage for only one beacon at the base

Table 9.3: Coverage and most optimum beacon placement for different iterations

Downsize Iteration Placement Coverage
20 100 (75.0, 75.0), (65.02, 37.15), (65.02, 111.46) 67.7%
20 1000 (75.0, 75.0), (83.60, 111.46), (65.02, 46.44) 70.7%
3 1000 (75.0,75.0), (86.38,26.47), (66.88,101.71) 74.5%

Power Sizing
Onceall thearchitectureof thebeaconnetwork is constructed, batteryandsolar power sizing is carriedout. This is
primarily performed inorder toensure that thewholebeaconstructurecomplieswith the launcher requirementson
the size. From the preliminary analysis it was obtained that the power required by each beaconwould be around2
[W]. Regarding amission of 2 hours it was possible to obtain various characteristics for batteries and solar panels
onboardofbeaconsystem. Thesizingof thebattery isachievedby following theproceduresonSection14.2.2and
the sizing of solar panels is performed by following the steps in Section 14.2.1. As a result Table 9.4 and Table 9.5
is constructed.

Table 9.4: Sizing of Batteries

Characteristics Value
Minimal Battery Capacity [Ah] 1.96
Battery Energy stored [Wh] 6.49
Battery Volume [L] 0.0168
Battery Mass [kg] 0.023

Table 9.5: Sizing of Solar Panels

Characteristics Value
Area of Solar Panels [m2] 0.0054
Mass of Solar Panels [kg] 0.0027
Capacity [Ah] 1.45
Energy Produced [Wh] 4.785

Beacon Architecture
Once it was identified the power supply system of the beacons and height of the beacons are decided on, the
beacon structure is constructed. It was previously elaborated that, having a balloon attached to a beacon, gain
the required height, is not a favorable structure. Therefore, in order to raise the beacon to 10 [m], a simple pole is
chosen. Although pole structures are not too advantageous in terms of load carrying, this is the scenario for Earth
conditions. OnMars, gravity is around one third of gravity onEarth, therefore regarding this and low density of the
wind, 20 [kg] of an initial estimate is made for the beacon structure. The estimation followed the same steps that
were taken in Chapter 10.In Figure 9.2a the beacon structure is presented. The red box represents the beacon
while two dark grey boxes represent the solar panels. Meanwhile, in Figure 9.2b the placement of beacon on top
of the tower, alongwith placement of solar panels andwith battery is visualized.
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(a) Side View

(b) Top View

Figure 9.2: Beacon tower

9.2.3 Satellite Analysis
Antenna Choice
A typeof antenna that is considered for spacemissions isomnidirectional antennas. This typeof antenna receives
and transmits signals equally from all directions, thus the antenna does not require pointing. Therefore, the UAV
does not need to alter its position to receive or transfer data. This is a large advantage over a pointed antenna,
however it results with lower received power.
The communicationbetween theUAVandanorbiter aroundMars is short rangecommunication, since the signals
are not reaching to a ground station on Earth. Therefore, it is feasible to use an omnidirectional UHF antenna
system. This type of antenna is usedmostly in CubeSats and a few NASAmissions, including the Perseverance
rover [101]. Regarding thespecificationsof theUAVandthedata thathas tobe transferred frompayload, taking the
Perseverance rover asamodel for sizingwould resultwithamoreaccurateantennasize than takingaCubeSat as
amodel. Looking at previousmissions, preliminary estimates for the communication subsystemare given below:

• Ultra­high frequency (UHF) transceiver on board of UAV.
• Mass of the antenna is around 2 [kg] [7].
• Power required byUHFantenna is around 20 [W] [139].

Delay Calculations
Asitwasmentionedpreviously,communication in thismissiondoesnot requirecontactwithEarth. Therefore,even
though this Mars to Mars communication is considered as a short range communication, there is still a chance of
delay being present when transmitting or receiving data from the base.
It is highly possible that a transmission delay, which is the delay due to time taken for data to be transmitted across
a link, and a propagation delay, which is the delay due to time taken by first part of the signal to be transferred from
sender to receiver, are present. Hence, in order to obtain the delay and perform the calculations accurately, few
points have to be taken under consideration.

• All payload data is not transferred with the communication link. Only images, video footage, telemetry data
and commands require transmission via the communication link, as the data provided by other scientific
payload is transferred once theUAV is landed back at the base. Among all these, imaging data requires the
highest data rates, see Figure 9.3. Therefore the delay calculations were going to be performed regarding
the imaging data.

• In order to fulfil the heightmapping requirements, a camera of 8megapixel resolution is used.
• When satellite is at the closest point to surface of Mars, the distance between the UAV and the satellite is
400 [km]. This value isobtained regardingoperational orbiters, suchasMarsReconnaissanceor2001Mars
Odyssey, closest points to surface of the planet and the height that can be reached by theUAV [45].

• Itwasdefined that themaximumdatarate thatcanbecarriedby theorbiter is6 [Mbps] [69]. Thisvaluedefines
the maximum amount of data that can be transferred per second and it is used to calculate the delay of the
downlink, fromorbiter to base onMars surface.

• It was defined that the maximum data rate that can be carried by the UAV is 256 [kbps] [138], which is used
for calculating the delay of the uplink, fromUAV to orbiter.

Onceall theseconsiderationsweremade, itwaselaborated that transferring images that has8megapixel, (3840×
2160p), is not efficient. Since the requirements on imaging suggests that much information is going to be redun­
dant, down­scaling and compressing the imaging data before transfer became a feasible option. Compression
technique is chosen to be ICERcompression, of decreasing thebit depth down to 0.25bits per pixel. Furthermore,
since it does not interfere with compliance with the requirements, the bit depth is decreased from 8 bits per pixel,
which is the amount providedby the camera, to 1 bit per pixel [74]. Meanwhile, down­scaling allowed images to be
1080×720 pixels.
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Therefore when the bit depth is taken as 1 bit per pixel and the resolution is dropped to 1080×720 pixels, the total
amount of pixels that need to be transferred by the UAV is 777600 pixels. Since one pixel corresponds to one bit,
the image also consists of 777600 bits. Therefore the transmission delay of the link is calculated as:

ttrans=
L

B
(9.1)

in which L refers to length of the package and B refers to bandwidth of the link. Therefore, adapting Equation 9.1,
the transmission delay fromUAV to orbiter is calculated as:

ttrans=
777600

256∗103
=3.0375[s] (9.2)

Followingthesameprocedurethetransmissiondelay fromorbiter tobase iscalculatedtobe0.0162[s]. Meanwhile,
the propagation delay is calculated regarding the location of the satellite in theorbit. Since it wasassumed that the
satellite is 400 [km] above theUAV, the propagation delay is calculated as:

tprop=
d

s
(9.3)

where d is the distance and s is the propagation speed. Since the communication link is carried through radio
waves, propagation speed is equal to speed of light. Therefore propagation delay is calculated to be 0.00133 [s].
Finally, all these added up to calculate the total delay, which is the overall time that take to transmit data between
UAVandbase, of 3.055 [s]. This valuecanbedecreased further to0.777 [s] bykeepingnumberof pixels sameand
decreasing the bit depth.
Looking at other missions on Mars that contact with an Earth ground station, it expect to encounter with a delay
between3to22minutes [96]. Inorder toavoidcatastrophic results thatcouldbeassociatedwith these largevalues,
commandsare predefined and sent in advance considering the last image that is received from the rover, or in this
scenariodrone, andmapofMars [68]. Sameprocedure isalso followed for thedrone, decreasing theprobability of
failure. Therefore, it is feasible toassume thatdelayof3.055 [s] isanupperbound that isacceptableby themission
to be used as an emergency link but not as a primary link, since it still poses a risk of failure.

9.2.4 Link Budget
Having the communication architecture obtained, a link budget can be constructed. It is significant to calculate
the link budget as it determineswhether or not the data can be receivedwith adequate signal to noise ratio. Since
the communication architecture in themission consists of two links, primary and emergency, two link budgets are
calculated, as it can be seen in Table 9.6 and Table 9.7. Throughout these calculations, various design choices
weremade, these are presented below.

• Any antenna characteristic that are related to pointing, such as pointing offset angle or pointing loss, were
set to be zero, since an omnidirectional antenna is chosen for both links.

• System noise temperature for the emergency link budget is estimated to be 1000 [K]. The value is obtained
considering the galactic noise and the physical temperature ofMars.

• The systemnoise temperature for the primary link budget is estimated to be 135 [K].
• A swathwidth angle of 10degrees is assumed. Dependingon thearea thatwant to be imaged this value can
be altered. Note that up until swathwidth of 70 degrees the linkmargin is closed.

• Themodulation type is estimated to be 8FSK for both link budgets. This effects the required signal to noise
ratio and resultedwith a value of 10 dB.

Table 9.6: Primary Link Budget: UAV to Beacon

Unit Value
Received SNR dB 14.63
Required SNR dB 10
Margin 4.63

Table 9.7: Emergency Link Budget: UAV to Orbiter

Unit Value
Received SNR dB 18.63
Required SNR dB 10
Margin 8.63

Note that if the signal to noise ratio is low, meaning if there is more noise power than signal power, the link budget
can be altered by changing the efficiency of components in the transmitter and receiver chain. Moreover, in the
further iterations, the modulation type can be altered to save power within the system. This power is called the
coding gain and if it is high enough, the transmitter power or antenna sizes canbealtered, to adjust the linkmargin.

9.3 Risk Analysis
Either in autonomousor human­controlled state, the drone is being operatedwithout anonboard operator. There­
fore, it is significant to maintain contact with the base, in order to assess the state of the drone at any given time.
Therefore, the main risk related to the communication subsystem is loss of contact with Mars base. In order to
comprehend the consequences of this risk, below the in depth elaboration of such risk is presented.
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• CR­1/Communication subsystem Risk ­ Loss of communication with Mars base
– Effect: Could lead to a crash ormissing the target
– Probability: Loss of communication is thought to be Occasional due to the untested nature of such a
systemon another planet.

– Severity: Catastrophic, could lead to a crash.
– Mitigation: UAV needs to enter a predefined abort sequence to be performed if loss of communication
persists, that applies for both the human­controlled and semi­autonomous flightmodes.

– Effect of Mitigation: The procedures serve to reduce the severity of the event, but have no effect on the
probability. This is due to the fact that the reliability of the communication system stays the same. The
severity will be reduced toMarginal due to theUAV initializing abort procedures.

9.4 Communication Flow Diagram
Since communication subsystem include components that are also operating outside of the UAV, the layout of
the communication subsystemcanbe visualizedwith the overall communication architecture. This architecture is
presented in Figure 9.3, along with the communication flow diagramwhich visualizes the flow of data through the
whole communication architecture. Two different arrow types are used to represent different links. The continu­
ous arrows represent the primary communication link, in which the communication between UAV and the base is
supportedbyanetworkof beacons. This link is theprimarypreference for the communicationand it is valid as long
asUAV is in the coverage range of beacons. In any case the beacon network is out of reach the secondary linkwill
be activated. This link is acting as an emergency link and fulfilling the single point failure free requirement for the
communication subsystem. In the diagram secondary link is representedwith noncontinuous arrows.

Figure 9.3: Communication flow diagram

9.5 Verification and Validation
9.5.1 Unit Tests
Unit tests are performed in order to test the smallest individual componentswithin the big blocks of code. By doing
so it is verified that each unit of the code performs as anticipated.

Circle Unit Test
The area, which needs to be discovered, around the base is defined with a circle of 50 [km] radius in the code. In
order to check whether or not this area is defined correctly, the first unit test is performed by changing the location
of the base. It was expected to observe a shift in the circular area, since the base is located at the center of the
circle. Indeed, once the alteration is performed the results were as expected. As it can be seen in Figure 9.4 if the
location of the base is shifted from (75,75) to (100,100), thewhole area shifts to right.

9.5.2 System Tests
In order to ensure that the integration between these individual components are correct and complete, system
tests are performed on larger sections of the code. Regarding the characteristics of the model, the system tests
are performed in a similar manner. It was decided to alter various components and observe the output coverage.
The tests that are performed are presented below.

Data Size Test
Currently, the model is obtaining the coverage for only the circular area around the base, since that is the area to
be explored by theUAV.However,whilemaintaining the amount of beacons, if the data size is increased fromonly
the circular area to the square area that is visible on the graphs, as it can be seen from Figure 9.4, it is anticipated
to observe a decrease in the coverage. This is due to the fact that now the same amount of beacons at the same
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(a) Area when the base is located in (75,75) (b) Area when the base is located in (100,100)

Figure 9.4: Shift in base

locationhavetocovera largerarea. In fact,onceboth thedownscalingand iteration isset tobe10,andthe locations
of the beacons are (75.0,75.0), (97.54, 32.52), (78.95, 106.82) the coverage for the circular area is 68.69%, while
the coverage of the square area is 37.56%.

Beacon Height Test
Height and coverageof a beaconare directly related, this is due to the fact that in order to havea line of sight that is
clear fromobstacles, it is significant to add height to the beaconor placement should be onahigh point. Therefore
in order to ensure this relationship is captured accurately in themodel, the height of the beacon is decreased from
10 [m] to 2 [m] for the beacons that are placed at the same location. As it was expected, this resulted the coverage
to drop from52.90% to 39.61%.

Radius Test
Simplebeacons that are generally usedonEarth, 2.4GHz, usually cover 10 [m] to 20 [m]. Thesebeaconsarealso
used to construct themodel. Therefore, if the area around the central beacon is increased, while maintaining the
amount of beacons and the placement of beacons, the coveragemust be decreased. Therefore, in themodel the
radius is increased from 50 [km] to 80 [km], as it can be seen from Figure 9.5. As it was anticipated, this resulted
with a coverage drop from60.94% to 36.80% for a beacon of 10 [m].

(a) Area when the radius is 50 [km] (b) Area when the radius is 80 [km]

Figure 9.5: Increased area around the base

9.5.3 Validation
Toensure thatmodel reflects the real lifeworld it is significant to validate the results that is obtained from thenumer­
icalmodel. Oneway to perform validation is by comparing the numericalmodel response to an actual experiment.
Laying the output of the numerical model along with the results of an actual experiment would give an indication
whether or not themodel output is similar to datameasured.
However, it should be noted that in order to perform this validation, data from an actual experiment is missing.
Therefore, abeaconnetworkof threebeaconswithsameareaaround thebaseshouldbeconstructedonMarsand
thecoverageof thenetworkshouldbeobtained. It is possible toperform thevalidationwhen theactual experiment
is performed on Earth as well. However in that scenario, it should be noted that the majority of the discrepancies
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will be due to different nature of the two distinctive atmospheres. Therefore for a more accurate validation the
experiment should be performed in theMartian atmosphere.
It is reasonable toassume thatdiscrepancieswill beapparentwhenbothdata isobtainedundersameatmospheric
conditions as well. First of all, there might be imperfections in the Martian atmosphere due to the harsh weather
conditions. Furthermore, for simplification reasons the numerical model runs with assumptions, one example of
this is the downsizing factor which scales 128 pixels per kilometer. This alters the resolution of the image thus
effects the output. Finally, in the actual experiment it ismore likely to experience external and internal interference
with other components of the communication system. Eventually this will cause the data to bemore noisy.
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10 Structures and Materials Analysis
In order to make sure the UAV does not fail under the loads that it experiences during the mission, the structure
of the system has to be carefully designed. Therefore, a number of structural requirements have to be satisfied.
These requirements and their compliance are given in Section 10.1. In order to provide a better overview of the
structureof thedesign, a layout ispresented inSection10.2. This is followedbyadetaileddescriptionandanalysis
of thestructuralmodelSection10.3. Then, ananalysison thepossible risksof thestructure isdone inSection10.4.
Finally, verification and validation on themodel is done and presented in Section 10.5.

10.1 Requirements
Table 10.1: Requirements related to structures and materials and their expected compliance

Index:
DME­REQ­ Requirement Compliance

TL­OPE­01 The design shall be able to be disassembled into sub­components. Satisfied
TL­OPE­02 The design shall be able to be transported in its disassembled state. Satisfied
SYS­GEN­06 The system shall be subjected to all the requirements that follow from the

selected launcher.
Satisfied

SYS­GEN­07 The system shall be subjected to all the requirements that follow from the
selectedMars landingmodule.

Satisfied

SYS­STR­01 The structural subsystem shall be capable of withstanding a maximum
launch loads of 6 g longitudinally [14].

Satisfied

SYS­STR­02 The structural subsystem shall be capable of withstanding a maximum
re­entry load of 12 g [159, 115].

Satisfied

SYS­STR­03 The structural subsystem shall be capable of withstanding the vibrational
loads of 100 [Hz] both longitudinally and laterally [14].

Satisfied

SYS­STR­05 The structural subsystem shall be capable of withstanding the maximum
loads during take­off and landing onMars of 400 [N] in vertical direction.

Satisfied

SYS­STR­06 The structural subsystem shall be capable of withstanding the maximum
loads during cruise flight onMarswith a limit load factor of n=2.5.

Satisfied

SYS­STR­07 The structural subsystem shall be capable of withstanding the maximum
loads due to its ownweight of 400 [N] while at rest onMars.

Satisfied

STN­08 It shall be possible for the operators on Mars to disassemble the UAV to
access reusable components after end­of­life.

Satisfied

10.2 Layout
In this section the layout of the UAV is given, as well as a Free Body Diagram including the loads. As can be seen
below, the structure is split up into three part: the VTOL propeller carrying structure (Figure 10.2a), the wing box
(including forward propeller beams) (Figure 10.2b and themain body (including landing gear) (Figure 10.2c). The
UAV is assembled at the reaction forces and division lines that can be seen in Figure 10.1.

Figure10.1: Freebodydiagramof thegeneral layout containing the threeanalyzedcomponentsand the reaction forcesbetween them. These
are disassembled further for transport, where eachwing is split in three and theVTOLpropeller structure is split into the three separate beams.
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(a) Free Body Diagram
of the VTOL Propeller Carrying Structure (b) Free Body Diagram of the Wing Box (c) Free Body Diagram of the Main Body

Figure 10.2: Free Body Diagram of the Different
Structural Components. It should be noted that reaction moments are not depicted for readability, but they are present and analyzed.

10.3 Model and Analysis
Thedesignof theUAV’sstructure iscritical insupporting theothersubsystemsandcomponentsof thevehicle. The
structural components shouldall beable towithstand the loadsduringoperationonMars, but also the loadsduring
transportation toMars. In this section, first, the load caseswill be discussed and accounted for. This is followedby
an analysis and description of the components described earlier during themission onMars.

10.3.1 Load Cases
To make sure the structure can survive all possible scenarios, several different load cases were identified. The
method used to obtain them differs for the operational loads and the launch loads, both of which are described in
this subsection. For evaluating the stresses a safety factor of 2 was used on all structural components as advised
in [161], since thedesign is still in aphase that everythinghasbeencomputed theoretically andno tests havebeen
conducted. Every load case was then tested on every component, where the limiting load case was used as final
sizing for the component.

Operational Loads
The loads were determined for four operational load cases: cruise; flight under limit load factor; the aerial part of
landing and take­off under maximum thrust; and the touchdown part of landing, sized to drop the last 0.5 [m] from
zero velocity to the ground. The loads were obtained by creating 3D free body diagrams of the three components
and setting the sums of forces andmoments to zero. By evaluating the propeller carrying structures first, thewing
box second and themain body last, the reaction forces could be taken into account. The equations were derived
and then put into a Python program tomake sure the loads can be computed easily for different input parameters.
The output of this program consists of a list containing the original input loads, the reaction forces and moments
between themain structural components and the internal shear force andmoment diagrams in thewing box. The
most limiting loading diagram, the diagram for the wing box in z­direction under amaximum load factor of n=2.5,
is given as an example in Figure 10.3. Here it can be seen that the deflection is only approximately 8°, proving the
small angle approximation is still valid satisfyingSYS­STR­06.

Figure 10.3: Loading diagramof internal shear force in thewing box in z­direction and internalmoments about the x­axis and deflections in the
z­direction (negative, since downwards is positive). The limiting load case is shown which is the case of the maximum load­factor of n=2.5.
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Launch Loads
During the transportation toMars, the components of the design are exposed to certain launch and entry loads. In
order to make sure that the design arrives in good condition, the structure has to be designed to withstand these
extreme loads. Duringpreviousmissions toMars, thepayloadmodulehasbeendesigned toexperienceapeakde­
celeration of 12g, satisfyingSYS­STR­01 andSYS­STR­02 [159, 115]. Therefore, the launcher payload structure
of thismissionwill also be designed towithstand this value.
Since the complete design is larger than the available dimensions in the launcher, it has to be split in different sub­
assemblies such that it does fit, satisfying TL­OPE­01 and TL­OPE­02. These components are disassembled on
Earth, then transported toMars,and finallywill have tobeassembledonMars tocomplete thedesign. Thedecision
wasmade to split up the design into the following separate components.

• Body of theUAV (including payload)
• Propeller carrying beams (2 forwardwithmotor, 1 VTOLwithmotor, 2 VTOLwithoutmotor)
• All the propeller blades (split in themiddle)
• Landing legs (6 in total)
• Thewing split up in 6 parts

The landing structure will be a frame with the separate sub­assemblies attached under it as can be seen in Fig­
ure 10.4b. It is attached under the skycrane with explosive bolts to make separation possible for the landing
maneuver. It features landing legs to be landed on from the skycrane, such that the components are not damaged
by landing on them. The outer dimensions are 2.9 x 2.7 x 1.6 [m], as specified as the maximum available accord­
ing to requirement SYS­GEN­12. After landing, the frame can be disassembled to recover the beams used for
sustainability, which satisfiesSTN­08.
During both the launch and the atmospheric entry a pushing force is applied to the bottom of the capsule, which is
shown in Figure 10.4a alongwith the resultant load path into the payload. From this load path it was identified that
the capsule pulls on the frame and in turn on the sub­assemblies, meaning that they are loaded in tension. The
configuration of a preliminary frame and the sub­assemblies is shown in Figure 10.4b.

(a) The configuration of the frame in the atmospheric
entry vehicle. The load path from the launcher or

atmospheric deceleration to the frame is indicated by the arrows.

(b) The frame and the philosophy of attaching the
sub­assemblies. It can be seen that the drone can fit within
the dimensions given by requirement REQ­SYS­GEN­12.

Figure 10.4: The launch configuration of the drone. The rectangle in figure (a) represents the outside dimensions of the frame in figure (b).

With the orientation, attachment points, and peak deceleration known, the loads on the sub­assemblieswas com­
puted and sized for. This load also acts on the rods connecting the sub­assemblies to the frame. Hence, the rods
were sized to resist the tensile forces and to make the natural frequency of the suspended parts higher than the
natural frequency of the launcher. This ensures that there is no resonance between launcher and payload. For
this, it is assumed that the sub­assemblies are a pointmass at the end of a beam. Equations for theminimum total
cross­sectional area andmoment of inertia of all rods attaching a certain sub­assembly to the framewere derived
from [161]. Since the rods are pulled in tension, the minimum area could also depend on the allowable stress,
hence themaximumof the two requirements should be used:

I≥ (2πfnlateral
)2mL3

3E
(10.1)

A≥max

(
(2πfnlongitudinal

)2mL

E
,
m greentry
σallow

)
(10.2)

Where I is the moment of inertia of all rods attaching to a certain sub­assembly,A is the total area of those same
rods, fnlateral

is the lowest natural frequency of the launcher in lateral direction, fnlongitudinal
is the lowest natural

frequency in launchdirection,L is thedistancebetween thepointmassand the frame, andE andσallow refer to the
Young’smodulusandallowable stressof the framematerial. Results for rodssatisfying the launcher requirements
giveninSYS­STR­03 in termsofvibrationsaregiveninTable10.2. Notethat theremaybeadditionalstrutsbetween
theparts to prevent themcollidingwith eachother during launch. However, due to the current preliminary analysis
of the frame, they are not added yet and should be investigated in the next phase. A preliminary mass estimate
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for the frame is done by adding up the lengths of all beams currently present in the frame and computing themass
assumingit isentirelymadeupfromtheheaviestrodsfromTable10.2,whicharetheconnectionrodstothepropeller
bladesandhaveadiameterof40[mm]andathicknessof4[mm]. Thisgivesanconservative initialmassof56.6[kg].
It can be concluded that in this phase, the launch structure will be able to support the drone during transportation
toMars, satisfyingSYS­GEN­06 andSYS­GEN­07.

Table 10.2: A possible configuration for connection rods from the frame to the various components. Note that it is not the final design
since that depends on what the leftover space will be filled with. This is just a possible configuration to prove the feasibility

of the frame design for transport.

Component Amount Length [m] Diameter [mm] Thickness [mm] Material
Main Body 4 0.25 30 2 Aluminum
Propeller Beams (per beam, 5x) 4 0.2 30 3 Aluminum
Propeller Blades 4 0.4 40 4 Aluminum
Landing Legs (per beam, 6x) 2 0.1 20 2 Aluminum
Wing Parts (per beam, 6x) 10 0.25 40 3 Aluminum

10.3.2 Propeller Carrying Structure
As can be seen in Figure 10.1, the carrying structure of the propellers can be divided in two parts: the forward
propeller beamsattached to thewing box on the front and theVTOLpropeller structure, attached to themain body
and wing box at the back. First, an analysis is done on the carrying structure of the back propeller. This large
VTOLpropeller is carriedby threebeams. Oneof thesebeams is connected to themainbodystructure (themiddle
beam,Bm) and theother twosidebeamsareconnected to thewingbox (thesidebeams,Bs). Here, thesubscripts
indicate thebeam. Due to the fact that thesebeamsareconnected toeachother in thecentreof thepropeller, some
assumptions can bemade:

• The beams are assumed to be clamped on the connecting structures
• The beams are made of the same material with the same cross­section, and thus have the same material
properties andmoment of inertia

• The deflection of the beam in the back structure is the same at the centre of the VTOL propeller
• The total VTOL propeller lifting force equals the forces over the three beams
• The angle between the beams is assumed to be the same as the sweep angle of thewing
• The failuremode is assumed to be bending stress, since the other loads are negligible compared to this

These assumptions lead to amore simplifiedmodel of the beamstructure of theVTOLpropeller. Since the beams
areattachedat theend, itcanbesaidthat thisenddeflectionis thesameforeachbeam: vm=vs. Duetotheclamped
beams and the propeller load acting on the end of the beams, themaximumdeflection can be assumed to be [63]:

vmax=vm=vs=
FmL3

m

3EI
=

FsL
3
s

3EI
(10.3)

where F is the applied force, L is the length of the beam, E is the Young’s modulus of the material and I is the
moment of Inertia of the beam. Since the sweep angle, Λ, between the two beams is known, the lengths of the
beams can be determined, leading to the following load equation:

Fprop=Fs+Fm+Fs=2Fs+Fm=Fm(2+cosΛ3) (10.4)

Nowthat the forcesandthe lengthsof thebeamsareknown, thebendingmomentcanbecomputed. Themaximum
bending stress of the beam is given to be:

σbending=
Mmaxymax

I
(10.5)

whereMmax is themaximumbendingmoment andequalsPmaxLand ymax is themaximumdistance to the centre
of thebeam. Taking themoment of inertia asaparameter, theoptimal beamcanbeconstructed. In order to do this,
an optimization program was written, taking a variable diameter and thickness for a hollow cylinder beam. This
programoutputs the geometry andmass of the beams that result in theminimummass, such that it canwithstand
the loads without plastically deforming. Using the assumption that the beams are loaded in bending, a compos­
ite fibre reinforced polymer (CFRP) is used as material, since this has the most optimal mechanical properties
regarding bending strength and density. Once the program is run, the diameter and thickness for the beams are
chosen. Then, the forward propellers of the design are analyzed. These propellers are connected with beams to
the wing box. Again, the assumption is made that these beams are clamped at the wing box. To size the beams,
Equation 10.5 is used again. In addition an equation for the torque in a thin walled circular section is used for the
torque the motors may provide, and the direct stress equation for the pulling force of the motors on the beam, as
well as for theweight of the propellers andmotors [63]:

τ=
T

2Amt
(10.6)
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σnorm=
F

A
(10.7)

where T is the torque,Am is the total cross­sectional surface, t is the thickness of the beam,F is the applied force
andA the cross­sectional area.
These equations are used in the optimization program to find the optimal thickness and diameter of the beams.
However, in addition to these optimizations, now also the length of the beam is taken as a parameter input for
optimization. This is due to the fact that an optimal length has to be chosen for stability and control during take­off.
Since the large VTOL propeller in the back is already positioned, the position of the forward propellers can still be
varied. Only when this program is run with regard to the stability and control constraints, the geometry and mass
of the beams for the forward propellers are determined. For these beams, the material CFRP is chosen as well,
since the shear strengthof thismaterial is able towithstand the torsionon thebeams. Also,withEquation10.3, the
maximum deflection of the beams was analyzed for the different parameters. For the final values, this was found
to be small enough to prevent the beams from failing.
Byvaryingthebeamdiameterandskinthicknessanoptimalmasswasfoundforallcomponentswhilestillbeingable
towithstand the loads on the structure during the differentmission operations, satisfyingSYS­STR­05,SYS­STR­
06 andSYS­STR­07. In Table 10.3 below, the dimensions andmasses of the total propeller structure are given:

Table 10.3: Propeller­carrying structure components

Beam Amount Length [m] Diameter [mm] Thickness [mm] Material Mass [kg]
VTOL Propeller to Wing 2 3.30 30 0.5 CFRP 0.49
VTOL Propeller to Body 1 2.76 31 0.5 CFRP 0.21
Forward Propeller to Wing 2 2.0 34 0.5 CFRP 0.34

10.3.3 Main Body Structure
Themainbodystructureof theUAV isdesigned tocarryand transfer the loadingof thewing, propellersand landing
structure. Next to that, it needs to have the ability to support the payload. Therefore, this is a crucial part of the
structure of theUAV.Due to the fact that this structure has to take up a lot of loads in different directions, aluminum
is chosen for this design. This choice ismadebasedon the isotropic property ofmetals and the fact that aluminum
has one of the highest strength over density ratios [63]. This will result in the lightest design for the main body
structure. The body structure consists of a few components:

• Two longitudinal beams towhich the payload is attached
• Two lateral beams carrying thewing box and propeller structure
• Four vertical beamswith two skis, acting as the landing gear structure of theUAV
• Twovertical beamsat theendof thewingboxhidden in thewinglets actingasboth the rear landinggearsand
thewinglet wing box.

For the design of these different components of the body structure, some assumptions aremade. These assump­
tions are:

• The longitudinal beams are assumed to carry the payload components
• The payload components are assumed to be one pointmass at the center of the longitudinal beams.
• The longitudinal and lateral beams are assumed to fail at touchdown due to impulse
• The forward lateral beam is assumed to be a connecting beambetween the twowing components
• Thewing loading is assumed to be transferred to the forward lateral beamends
• The landing gear beams are assumed to be loaded in pure normal stress
• Thetouchdowncondition isbasedonthe loadbeing transferred into theaft landinggearon themainbodyand
thelandinggearonthewing. Theforwardmainbodylandinggear isthengiventhesamedimensionsastheaft.

• Thewholemain body structure ismade of aluminum
First, the landing gear is designed. This should be able to withstand the loads caused by the weight of the UAV
during touchdown. Next to that, it should provide enough stability to prevent theUAV from tipping over. In order to
obtain the dimensions of these beams, two different failure modes are checked. One is the normal stress on the
areaof thebeamscalculatedusingEquation10.7. Theother failuremode is theEuler critical load,which takes into
account the load at which the landing gear will suddenly buckle:

Pcr=
π2EI

(KL)2
(10.8)

whereE is theYoung’smodulus, I is themomentof Inertia,L is the lengthof thebeamandK is thecolumneffective
length factor,which is determinedby thecolumnshape. In caseof the landinggear geometry, normally a factor of 1
ischosen. However, the recommendeddesignvalue forK for thiscase is1.2, so thebeamisdesigned for thisvalue
[78]. Due to thecenterofgravitynotbeingexactly inbetween thewing landinggearand themainbody landinggear,
resulting in that they do not have the same dimensions. Next to the vertical landing gear beams, the four landing
gear beamsat thebodyare connectedpairwisewith two ’skis’. These two longitudinal beamscarry auniform load,
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Figure 10.5: Airfoil cross section including spars and dots on the possible stringer locations.

and thus to prevent largedeflections ahollowcylinder shapewasused for this part aswell. However, the designof
this landinggear prevents it frombeingable to landon really steep slopes. Thewing tip landing struts allow for this,
although the slope is limited. Therefore, it is assumed that the drone will land on relatively flat terrain. For future
recommendations, the landinggear could bedesigned to be flexible in length, allowing it to landonsteeper slopes,
but this is beyond the scope of this process.
Againbyvaryingbeamdiameterandthickness, theoptimalgeometrywasfound. Thelandinggearstructurebeams
are given in Table 10.4:

Table 10.4: Landing gear structure components

Beam Amount Length [m] Diameter [mm] Thickness [mm] Material Mass [kg]
Main Body Vertical Beams 4 0.6 18 0.5 Aluminum 0.18
Wing Tip Vertical Beams 2 1.0 17 0.5 Aluminum 0.14
Longitudinal Skis 2 0.8 18 0.5 Aluminum 0.12

Furthermore, themainbodystructurehas tobedesigned. Thismainbodystructureconsistsofa rectangularshape
made up by two lateral cylindrical beams and two longitudinal cylindrical beams. For the forward beam, the wing
boxesexert forcesandmomentson theends, putting thebeam inbendingusingEquation10.5. The torque inpitch
direction causes the entire beam to rotate and thus causes no shear stress. For the rear beam, since the VTOL
systemexerts a vertical force on the center of the beam, and the landing gear or longitudinal beamson the ends of
the beam, Equation 10.5 is used again to find the stresses due to bending. The torque due to the VTOL system is
assumed to be transferred to the longitudinal beams and thus is assumed to cause no twist or shear stress.
By varying beam diameter and thickness, the masses of the beams were optimized while still being able to with­
stand the loadson thestructureduring thedifferentmissionoperations, satisfyingSYS­STR­05,SYS­STR­06and
SYS­STR­07. The resultinggeometry andmassesof the lateral and longitudinal beamscanbeseen in Table 10.5.

Table 10.5: Main body structure components

Beam Amount Length [m] Diameter [mm] Thickness [mm] Material Mass [kg]
Longitudinal Body Beams 2 1 48 1.2 Aluminum 0.96
Lateral Body Beams 2 0.7 101 3.1 Aluminum 3.6

10.3.4 Wing Box Structure
Thewing box is themost critical component of the structural analysis. Since the design is practically a flying wing,
thewing boxmass is themajor contribution to the total structural mass. Furthermore, the shape of the desired air­
foil and attachments of the VTOL and forward rotor structures complicate the analysis. A programwas created to
estimate thewingmass based on the following inputs: loads,material, andwing parameters such as airfoil shape,
sweep, chord length andwing span.
The following design decisions weremade for the wing box structure. Firstly, the wing box is the airfoil shape split
into threeparts by placing twospars as canbeseen inFigure 10.5. This is in contrast to theHelios prototypewhich
had an internal central cylinder with ribs, aroundwhich a covering skin was placed [148]. This decisionwasmade
to be able to place the batteries in thewing, whichwas desired to keep themain body size limited to keep drag low
and to make sure the center of gravity was in the right location. Furthermore the decision was made to place the
front spar at the location ofmaximum thickness, for ease ofmanufacturing. The rear sparwas placed at a location
of 66%of the chord to allow for control surfaces to be placed. Moreover, thematerial was chosen to beCFRP, due
to its high specific characteristics and to keep it equal to the material used for preliminary sizing. Additionally the
following assumptionsweremade to simplify the calculation.

• It was assumed that the rods from the forward and VTOL propeller structures are attached to the front and
rear spar respectively at the same height as the shear center to prevent a twisting torque. It was deemed an
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assumptionwith little consequencesince thewingbox is a closedboxandmost selectedairfoils did not have
enough camber to place the shear center above the spars.

• Itwasassumed that the thirdcell takesno loaddue to thecutouts required for thecontrol surfaces. Asa result
a lower thicknesswas used, which is to be supported by ribs, to save onmass.

• Astructural idealizationusingboomswasusedtofindstresseswithinthewingbox. This idealizationassumes
that the skin and spars only carry shear loads and no direct loads. The booms on the other hand only carry
direct loads and no shear loads. Tominimize the effect of neglecting the skin the booms are computed from
thestringer areasandcontributions fromadjacent skin sections. Themoment of inertia’s are thencomputed
using only the boom areas with the parallel axis theorem. Since these booms are also used to compute
shear stresses, a consequence of this assumption is that only the average shear stress will be computed,
and thus the maximumwill be underestimated. However, due to the safety factor of 2 already in place, this
consequencewas deemedmitigated.

• It wasassumed that thebendingaround the x­axis is significantlymore thanbendingaround the z­axis. This
hasaneffectoncomputingthemomentof inertia’s fromtheboomareas,sincethestressratio ischanged. The
consequence is that normal stresses are underestimated in certain booms and overestimated in the others.

• Angles of twist and deflection are assumed to be small and are thus neglected, meaning that the internal
forces andmoments are applied to the original non­deflected wing. The consequence ismainly that angles
of deflection and twist are inaccurate.

Theprogramused the followingmethod to estimate themass of thewing box. First airfoil datawasused to find the
shape of thewing box, after which the two spars were placed to split the box into the three cells. The third cell was
discarded as assumedabove, which yielded three sections to place stringers on: the top skin section, bottomskin
section and leading edge skin section. Based on these sections and the amount of stringers entered as input, the
stringer locationsweredetermined, stringerswerealsoplacedat the four sparattachmentpoints. With thestringer
andskin locations known the center of gravity is determined. Next structural idealization is performed to findboom
areas at all stringer locations, using Equation 10.9:

Bi=Astringeri+

adj∑
n=1

tDnbn
6

(
2+

σn

σi

)
(10.9)

WithBi theboomarea,Astringeri the stringer area, adj thenumber of adjacent skin sections, tD the skin thickness,
b the skin length and σn

σi
the ratio of direct stresses computed using the distance to the neutral axis. It should be

noted that in case the wing box was too strong, certain stringer area contributions were set to zero. This resulted
in no loss of accuracy, since the boomwas still considered, but themass could beminimized further. Themoment
of inertia’s follow straightforwardly.
With the cross sectional characteristics known and the fact that the wing has no taper, the stresses in the box can
bedetermined. Normal stresswas foundby adding up stress due to axial load in thewing box usingEquation 10.7
and stress obtained from the complete general bending equation, which resulted in Equation 10.10:

σnormal=
Fy∑
B
+
MxIzz−MzIxz
IxxIzz−Ixz2

z+
MzIxx−MxIxz
IxxIzz−Ixz2

x (10.10)

Shearstresswas then foundbyusing theshear flow ineachwall due to torsionandshear forces. Due to the twocell
designof thewingbox, themulti­cell approachhad tobeused. Forshear flow thismeantcalculatingshear flowcon­
tributionsdue toboomsusingEquation10.11andadding thebaseshear flowpercell byevaluatingEquation10.12
in combinationwith setting Equation 10.13 equal for both cells:

qij=
−VzIzz−VxIxz
IxxIzz−Ixz2

(
n∑

i=1

Bi y

)
+
−VxIxx−VzIxz
IxxIzz−Ixz2

(
n∑

i=1

Bi x

)
+qi (10.11)

∑
Mi+2Am,1 q0,1+2Am,2 q0,2=0 (10.12)(

G
dθ

dy

)
i

=
1

2Am,i

∫
qij ds

tDi

(10.13)

Where q is the shear flow between two booms, and V is shear force. For shear flow due to torque, Equation 10.14
was used in combinationwith setting Equation 10.13 equal for both cells:

T =2Am,1 q1+2Am,2 q2 (10.14)

By adding the separate shear flows and using q=τ t, the shear stresseswere obtained.
At several points on thewing, the section was tested for failure, where every section was evaluated at the stringer
locations. The Tsai­Hill failure criterion was used to determine whether the box will fail, since it is able to evaluate
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the anisotropic CFRP. Ply rupture and thus failure occurs under the following condition [106]:(
σ11
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)2

−

(
σ11σ22

σ2
allow11

)
+

(
σ22

σallow22

)2

+

(
τ12

τallow12

)2

≥1 (10.15)

Finallyaskinbucklingcheckwasperformed toensure thechosenstringer spacingwassmall enoughas toprevent
buckling. For this the plate buckling equationwas used as shown by Equation 10.16 [110]:

σcr=kcr
π2 E

12(1−ν2)

(
t

b

)2

(10.16)

Where σcr is the critical buckling stress, which has to be higher than the normal stress times the safety factor. kcr
wasset to be6.98, since both edgesare clamped to the spars [110]. Furthermore, ν is thePoisson’s ratio and b the
distance between stringers.
By iterating over increasing skin thickness and stringer areas theminimummass could be found to withstand the
loads on the structure during the different mission operations, satisfying SYS­STR­05, SYS­STR­06 and SYS­
STR­07. This iterationwasdonemany times in themainprogram to find theoptimal design. The final sizing results
can be seen in Table 10.6.

Table 10.6: Wing box structure parameters

ttop [mm] tbottom [mm] tLE [mm] trear [mm] Astringer [mm2] Material Mass [kg]
Wing Box 0.5 0.35 0.5 0.2 4 CFRP 12.86

10.3.5 Tilting Mechanism
For the tiltingmechanismof the forward propellers, it is decided to use a servomotor in combinationwith a rod. To
give a better understanding of this tilt mechanism, Figure 10.6 is included below. The forward propellers including
motor have a mass of 5.2 [kg] each, resulting in a weight of 19.35 [N]. In order to make sure that enough torque is
providedby theservomotor itself, it is decided to implement aservomotor that is able toprovidea torqueof 100 [kg
cm]. In thisway, theattachedrodcanbeatapproximately20[cm]distancefromthecentreofrotationof thepropeller.
The selected servo for this is theK­PowerHb150t [71] The servomotor is capable of rotating 180 [degrees], which
is necessary, since the propeller should be able to rotate 96 [degrees] clockwise to compensate for the angle of
attack. In thisway, thepropeller shouldbeable tobe tiltedautomatically fromVTOLto forwardpropulsionpositions.

Figure 10.6: Tilting mechanism of the forward propellers [70]

10.4 Risk Analysis
The structure of theUAV is designed tomake sure that it prevents all the components from failing. However, there
are some risks introduced in the operation and design of the structure. These risks, including their probability,
severity andmitigationmethod are presented below.

• SR­1/Structural risk ­ Materials not able to withstand Martian environment
– Effect: Can lead to structural damagewhich could cause systems tomalfunction.
– Probability: Mars has highly abrasive and fine dust suspended in its atmosphere [89], so this is charac­
terized asProbable.

– Severity: Critical,Would damage components leading to large loss of performance.
– Mitigation: Choose suitable materials that have been tested to withstand the harsh environment on
Mars. Assess the suitability of weather conditions before performing flight too.

– Effect ofMitigation: Themitigationprocedureisthoughttoonlyhaveaneffectontheprobability, lowering
it fromProbable toOccasional. The severity is not affected since structural damage is still as severe.

• SR­2/Structural risk ­ The internal structure fails due to manufacturing mistakes
– Effect: Can lead to failure of thewhole design.
– Probability: Manufacturing processesmostly happen very carefully, so this is characterized asRare.



10.5. Verification andValidation 55

– Severity: Critical, it would lead to a failedmission.
– Mitigation: Test the materials beforehand to make sure that they do not fail at the critical loading. In­
clude a safety factor to account for possible manufacturing mistakes. Next to that, supply additional
replacement components in case a component fails.

– Effect of Mitigation: The effect is that the materials are less likely to fail, due to the fact that they are
testedwith a safetymargin, so the probability decreases toRare, but the severity stays the same.

• SR­3/Structural risk ­ The wing box fails when something drops on it or when picked up at the wing tips
– Effect: Can lead to structural damagewhich could cause thewing box to fail.
– Probability: It can be that during assembly, a tool drops on thewing box. Also when it has to bemoved,
the drone gets picked up, so this is characterized asProbable.

– Severity: Critical, since awing box failurewill lead to loss of performance.
– Mitigation: The wing box is ultimately designed for loads far from the root. Next to that, the design has
a safety factor of 2, tomake sure that when such a risk occurs, thewing boxwill not fail immediately.

– Effect of Mitigation: Themitigation procedure is thought to only have an effect on the severity, lowering
it fromCritical toMarginal. The probability is not affected since this still might happen as probable..

10.5 Verification and Validation
Once the design of the structure is obtained, it has to be checkedwhether themethodology behind the design and
results are correct. This is done in the verification and validation process. First, the verification of the model and
code is discussed, followed by a validation of the results of themodel.

10.5.1 Unit Tests
Unit tests were utilized to ensure that certain codemodules were returning correct results. Since themodel uses
many input parameters to determine things such as loads and cross­sectional properties,mostmoduleswere ver­
ified by manually computing a simpler test case, and comparing results. In this way the following modules were
verified.

Loads Calculator
The method to obtain the loads was already derived in order to be able to create the code module. Hence, by
inputting a certain load case, the results could be compared to the sketch to check for the correct sign and the
magnitudes could be checked by checking with a calculator. The loads and signs were deemed correct and thus
themodulewas verified.

Moment of Inertia
A simplified wing box with a specified amount of stringers and a constant skin thickness was evaluated for verifi­
cation. By evaluating the boom areas by hand and computing the moment of inertia’s it could be verified that the
automated version of the codeworks properly.

Stress Module
Continuing with the samemanual calculation as for the moment of inertia, the direct and shear stresses could be
evaluated for thesimplifiedwingbox. Thesewere thencompared to thestresses theprogramwasreporting. Since
thestressesweresimilarand the loadsatwhich thewingboxshould failwerealsoapproximately similar, thestress
modulewas also considered verified.

10.5.2 System Tests
In order to verify the model of the body structure, a similar model is created in CATIA. The different beams are
created and analyzed in terms of stress and load cases. SinceCATIA has a pretty detailed simulation, this can be
used to verify themodel on system level due to the following reason. Thegeometry of thebeamsareoutputs of the
Python program and thus should be valid designs for the load cases. By then running the geometries through the
same code applying a known force and applying the same force in CATIA, interactions of the code are evaluated.
It should be noted that thematerial taken for verification is aluminum in each case due to complications that arose
while trying to use the an­isotropic CFRP. However, this does verify the code used for the model, since the inputs
are the same. In order tomake sure that this is also the case for CFRP, validation has to be performed.

Bending Stress
The beams that are loaded in bending are analyzed in terms of bending stress. This is done by assuming one side
of thebeamisclampedandapplyinga loadandpossiblebendingmomentat theotherendofeachbeam. Ascanbe
seeninFigure10.7, thehigheststressconcentrationsoccurat the largestdistancefromtheneutralaxisof thebeam.
Subjectingavertical thrustof100 [N] tothebeamwithalengthof3 [m], thisresults inamaximumbendingstressofap­
proximately70 [MPa]. UsingCATIAtomodel this, thesameforce isapplied. AscanbeseeninFigure10.8, themaxi­
mumbendingmoment isapproximately thesame. Therefore, thecodemodulecomputingbending loads isverified.
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Figure 10.7: Finite element analysis of the VTOL propulsion beam to wing box

Normal Stress
For the pure normal stress, the landing gear beamsare tested. This is due to the fact that at themoment of impact,
the landing gear gets exposed to thebiggest load,making it the best case for testing. This is tested inCATIAwith a
load of 400 [N], evenly divided over the four front landing gear beams. As can be seen in Figure 10.8, the result for
the landinggearbeamis that it hasamaximumnormalstressof11 [MPa]. Themaximumstress thatwascalculated
by the stressmodel of the UAVwas approximately 9 [MPa]. As can be seen, the value obtained in CATIA is about
25%higher, which is likely caused by using the standard stress calculation on a thin­walled beam in compression.
However, the model is still considered verified due to the following two reasons. First, Euler buckling load for a
column in compression was already accounted for, meaning that even though the normal stress is a bit higher, it
is still not causing failure due to exceeding critical load. Secondly, the safety factor was already set at 2, since the
CATIA stress did not exceed twice the stress computed by themodel, therewill not be failure yet.

Figure 10.8: Finite element analysis of the landing gear beam

10.6 Validation Strategy
In order to validate the model of the structure of the UAV, a complete and detailed model of the structure can be
made in CATIA. Once this model is created, it can be analyzed in terms of displacement, principal stress and Von
Mises stress using a Finite Element Analysismethod. This completemodel will be subjected to the different loads
actingonthestructureduring thevariousmissionscenarios. This leads toadetailedoverviewof thestressesonthe
structure of the UAV. Next to that, it can be easily seen where the highest stress concentrations are. In this way, a
detailedanalysisof thestructurecanbedone. However, itwasdecided that thevalidationplanwill not beexecuted
completely. Therefore, in this case, only a few separate beams with different loading cases were modelled and
analyzed,whichgivesasimplifiedanalysiswhich is still useful to verify that thePythonprogramworksas intended.
A safety factor of 2 was already applied to the full structure in order to be certain that the structure will not fail in its
operational lifetime and to compensate for not having a full FEMmodel yet at this phase.
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11 Aerodynamic Analysis
Theaerodynamicssubsystemensures that thedronecangeneratesufficient lift during flightwhileminimizingdrag
inorder toensure thedrone isable to flywithminimal thrust. Additionally, it producesanaerodynamicmodelwhich
canbeusedtoevaluate the flightperformanceof thedrone. Thissectioncovers thedragreductionmeasures taken
aswell as the design of thewing froman aerodynamics perspective. Section 11.1 presents the requirements spe­
cific to the aerodynamics subsystem. Section 11.2 gives an overview of how the parasite dragwas estimated and
mitigated. Following this Section 11.3 describes the software used tomodel the lifting surfaces of the drone. Then
Section 11.4 describes the functions created for the final sizing of the design. Basedon this the aerodynamic char­
acteristics of the final drone are presented in Section 11.5. Finally, the risk analysis and verification and validation
procedures are covered in Section 11.6 andSection 11.7.

11.1 Requirements
Table 11.1: Requirements related to aerodynamics and their expected compliance

Index:
DME­REQ­ Requirement Compliance

SYS­AERO­01 The wing shall produce 410 [N] of lift under particle accumulation conditions. Satisfied
SYS­AERO­02 The wing shall produce sufficient lift during cruising flight to fully counteract the

aircraft’s weight.
Satisfied

11.2 Drag
Drag at cruise should be reduced to increase range and limit the required thrust (and thereby the power required
from the battery). There are a number of components whichmust be considered as contributing towards the drag
experiencedby theUAV.The following components are expected to havea large impact on the drag during cruise:

• Wing
• LandingGear
• Vertical rotor
• Vertical rotor structure
• Forward propulsion structure

Ingeneral thereisatrade­offbetweenreducingdragandoptimizingothersubsystems. Forexample, increasingthe
VTOLrotorradiuswill increasetheefficiencyofthatsubsystembutitwillalsoincreaseparasitedragcausedbythero­
torbladesduringcruise. Hence, thegoal is toaccuratelyestimatethedragsuchthatanoptimumcanbedetermined.

11.2.1 Reducing Strut Drag
Somemeasurescanbe taken inorder tominimize thedragofstructural components. For thestrutsanairfoil shape
can be placed around the structural element which greatly decreases the parasite drag compared to a cylinder.
However, for all struts, a trade off must be made between minimizing the mass of a strut and the parasite drag
induced during cruise. A strut with a larger radius will be lighter but it will create a larger amount of parasite drag.
Therefore, anumberof symmetrical airfoilswereselected inorder todetermine theoptimalairfoil for agiven radius.
The selection contains airfoils with a wide range of maximum thickness to chord ratios as this was found to be the
most influentialparameter. Theresultsarepresented inFigure11.1. Theadvantage to reducing thickness tochord
ratio is thatanairfoilwill havea largest chord foragivenstrut radius; this increases theReynoldsnumber. However,
a largerchordalso leads toagreatersurfaceareawhich leads tohigherdragascanbeseenby theHT05andNACA
0006. These factors result in theRAFMOD30 airfoil (with amaximum thickness to chord ratio of 7.6%) providing
the lowest drag area permeter for a given strut radius.
For some struts, such as those which attach to the vertical rotor, the surface area should also be minimized as a
largeareawill negatively impact the thrustof thevertical rotor. Meaning theairfoil options for thesestrutsare limited
to options with a high thickness to chord ratio. On the other hand around the main landing gear and the winglets
thin airfoils can be used tominimize the drag for a given radius.

11.2.2 Modelling VTOL Rotor Drag
The VTOL rotor is heavily optimized to provide the best performance during the take­off and hovering phase as
these are the most energy intensive parts of the mission. The drag induced by the VTOL rotor can be estimated
basedon thewettedarea, skin fictioncoefficientand form factor. Thewettedarea issimplycalculatedbasedon the
geometry of theVTOL rotor which is provided by the propulsion department. The skin friction coefficient is heavily
dependent on the Reynolds number which is calculated based on Equation 11.4. During cruise, to estimate the
drag, each blade of the vertical rotor is treated separately with a characteristic length equal to the rotor radius, as
the VTOL rotor blades are aligned with the flow during cruise. The skin friction coefficient is calculated based on
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Figure 11.1: Plot displaying the Drag area and the radius for the considered airfoil options

the logarithmic fit by vonKarman [113]:
cf =

0.455

(logRe)2.58
(11.1)

Finally the drag area per blade is calculated as:

f=kcfSwet (11.2)

11.2.3 Crosswind Drag
An approximation of the crosswind drag is determined by estimating the drag of the wing and body based on
Equation 11.1 and by modelling the winglets and landing gear as a flat plate. This is later used during the flight
performance analysis of the drone.

11.3 Aerodynamic Model
The full 3Ddesign including internal subsystemsof the drone has been created inCATIAV5. However, a full scale
CFDanalysis of thismodel is beyond the scopeof this report. Hence, anequivalent aerodynamicmodel is created
in XFLR5 to model the aerodynamic characteristics during take­off, landing and cruise. This model is also used
to evaluate the stability characteristics and eigenmotions which is elaborated upon further in Chapter 12. It is im­
portant to note that XFLR has limitations in modelling the stall characteristics which is why angle of attacks close
to the stall angle are avoided in the flight envelope, this could be further improved upon with more accurate CFD
simulations at a later point in the design process.

11.3.1 NCrit
As the modelling software (XFLR5) uses eN transition theory it is crucial to determine an achievable NCrit value
for the operating environment. NCrit is a measure of free flow turbulence as well as the effect of airfoil roughness
and can have a large impact on aerodynamic performance. While in theory awing could be designedwhich relies
on a smooth surface (which corresponds to a higher NCrit of 12­13), the simulations show that at these Reynolds
numbers there is limitedaerodynamicbenefit to thisdesigndecision. In fact, at very lowReynoldsnumbersa lower
NCrit can improve aerodynamic performance. The risk caused by designing for a smooth surface is quite large
as it is likely that thewingwill get dirty during operation and dust suspended in themartian atmospherewill further
reduceNCrit of thewing. Hence, as itmakes thedesign resistant to external environmental factors, the choicehas
beenmade to design for a lowNCrit of 5which can certainly be achieved bymaking the surface of thewing slightly
rough such that the roughness of the surface is not affected by the martian dust. This choice removes the risk of
dust accumulation on thewing (froman aerodynamics perspective) which results in amore reliable design.

11.3.2 Aspect Ratio Correction
For the sizingmethodology in Section 6.2, a large airfoil selection has been presented. For the optimization of the
design the airfoil aerodynamic characteristics must be translated to those of a wing. In order to achieve this an
XFLR5model of a representative wing is generated for each of the airfoil options. It was not deemed reasonable
to generate and simulate a wing for a large number of aspect ratios for each airfoil option. Therefore, an aspect
ratio of 21 is chosen for the referencewing, as initial calculations showed this would be close to the optimal. In the
sizing function aspect ratio is varied based on the weight and lift coefficient of a given design. As a larger aspect
ratio causes a decrease in the lift induced drag of a wing a correction must be put in place to accommodate this.
The drag of awing canmodeled by the equation:

CD=CD,0+
C2

L

πARe0
(11.3)
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WhereCD,0 is the zero lift drag coefficient and e0 the Oswald efficiency factor. The AR correction is performed by
subtractingtherightmostterminEquation11.3fromthewingdragcoefficientandaddinganequivalent termwiththe
correctaspectratio. It is important tonotethatthiscorrectionisonlyusedinthesizingcode(inordertofindanoptimal
solutionwith variable aspect ratio) and not in the analysis of the aerodynamic characteristics of the final design.

11.4 Wing Sizing
Thewingsizingprocess is quite complexas itmust beoptimized for; aerodynamics, structuresandstability. There
are quite a large number of options and parameters to be optimized over, such as; airfoil selection, cruise speed,
sweepangleetc. Therefore, thewingsizing is performedbyusingan iterativeprocess todetermine themass. The
wing sizing function takes total mass, velocity, selected airfoil and the desired Reynolds number as an input. The
function outputs thewing geometry (chord, wingspan,wing area andaspect ratio). Finally, wing twist and dihedral
are determined based on stability analysis.

11.4.1 Aspect Ratio
Thedronebemustdesignedtooperateat lowReynoldsnumbers. Thispresentsdifficultiesasgenerally theaerody­
namicperformanceofairfoils becomesnegativelyaffectedat theseoperatingconditionsand it becomesdifficult to
achievea favourable lift todragratio, boundary layerstability isalsonegatively impactedby lowReynoldsnumbers.
AminimumReynoldsnumber of 50,000 is selected for theworst case cruise conditionduring the sizingof thewing.
For given atmospheric conditions the Reynolds number can be increased by increasing the chord of the wing or
the free stream velocity of the flow. However, for a high lift to drag ratio a high aspect ratio (small chord) wing is
desired. Therefore an optimal point must be foundwhich balances these two effects. TheReynolds number for a
wing is defined as:

Re=
ρV c

µ
(11.4)

where ρ is the fluid density, V the flow velocity, c the chord of the wing and µ the dynamic viscosity. The cruise
velocity of the drone is given by

Vcr=

√
2W

CLcr
ρS

(11.5)

CombiningEquation 11.5 andEquation 11.4 shows that theReynoldsNumber experienced at cruisewill increase
with increasing ρ:

Re=
ρV c

µ
=

ρ
√

2W
CLcrρS

c

µ
=

√
2ρWc√
CLcr

Sµ
(11.6)

Asa largerReynoldsNumber ispreferred this leads to theconclusion that thecritical case for theReynoldsNumber
design of thewing is at themaximumaltitude.
WhenEquation11.6 is combinedwith thewinggeometryofS=bcand theaspect ratioAR= b

c the following relation
can be obtained:

Re=

√
2ρWc√
CLcr

Sµ
=

√
2ρWc√
CLcrbcµ

⇒
√

b

c
=

√
2ρW√

CLcr
µRe

⇒AR=
2ρW

CLcr
(µRe)2

(11.7)

Ascanbeseen, therequiredaspectratiocandirectlybedeterminedbasedontheweight,cruiseliftcoefficient,some
atmospheric constants and the desired Reynolds number. In general, the goal is to maximize the aspect ratio in
order to reducedrag. Equation 11.7 shows themaximumaspect ratio that can beachievedwhile still obtaining the
requiredReynolds number. As aminimumReynolds number of 50,000 is chosen as the design goal. Thismeans
that in the sizing process the aspect ratio can be determined based on the cruise lift coefficient and service ceiling.

11.4.2 Surface Area
Thewing surface area is calculated basedon the required force balance at cruise. That is, the lift generated by the
wingmust equal the weight of the system. As the velocity is one of the parameters which is optimized over, this is
givenasan input to thewingsizing function. The lift coefficient is alsoan inputwhichdependson thechosenairfoil,
which is determined based on the simulation of a representative wing with the given airfoil. Using the following
formulas, wing area, span and chord can be calculated:

S=
2W

ρCLV 2
(11.8) c=

b

AR
(11.9) b=

√
AR·S (11.10)
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11.4.3 Twist
Twisting the wing downward at the tips has twomain benefits; it counters the negativeCm of the airfoil (therefore
it helps to trim the drone during cruise) and it delays stall at the tip to ensure that the control surfaces are the last to
stall. Thedelayof tip stall is especially important due to thesweptwingdesignas thesweep increases theeffective
angleofattackalong thespanwhichmeans thatwithout twist thewing tipwill naturallyhaveahigherangleofattack
than the restof thewing. Adisadvantageof thisnegative twist is that (since it reduces theangleofattack) it reduces
the lift coefficient of the wing. The wing twist is determined to sufficiently trim the wing during cruise with minimal
elevon deflection.

11.4.4 Dihedral
Thedihedral increases the stability of thedroneduring variouseigenmotions in flight. Due to the sweep thedesign
already has some effective dihedral, therefore a relatively small additional angle is required. It is desired that the
eigenmotions are naturally damped to increase reliability and reduce wear on the control surfaces. The dihedral
is chosen to achieve the desired damping based on the analysis performed in Chapter 12.

11.5 Layout
The layout of the aerodynamics subsystem can be summarised as the final wing geometry. The airfoil is based on
theairfoil selectionand thesweep isdeterminedbasedon thestability requirements. Thedimensionalparameters
are determined based on the process described in Section 11.4. The winglets have been chosen as downward
facing such that they can act as landing gear to avoid tip over. Twist is used at the wingtips to ensure the drone
can be trimmed during cruise and to ensure the control surfaces are the last to stall. Finally, the wing dihedral is
determined such that there is sufficient damping in the eigenmotions of the drone based on the stability analysis.
The dimensions and geometry of the final design is presented in Chapter 17 as it is greatly influenced by the sub­
systems to be discussed in the following chapters. The aerodynamic polars of the final design are presented in
Figure 11.2 and they show that the requirementsSYS­AERO­01 andSYS­AERO­02 aremet.

Figure 11.2: Aerodynamic polars of the final design

11.6 Risk Analysis
• AER­1/Aerodynamics subsystem Risk ­ Loss of lift due to stall

– Effect: Could lead to a crash due to loss of lift.
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– Probability: The probability of this can be consideredOccasional due to limited knowledge of the wind
conditions in themartian atmosphere.

– Severity: Thisrisk isseenasCatastrophic. Sincethedronefliesataheightof 200[m]off thegroundmost
of the time it is possible it will not recover froma stall, whichwould result in a completemission failure.

– Mitigation: The drone should fly at an angle below the stall angle and it should be designed to have
favourable and predictable stall characteristics. The bottom right of Figure 11.2 presents the lift to drag
ratiovsalphafor theaerodynamicmodel inXFLR,thedroneisdesignedtobetrimmedatanangleof6de­
greesduringcruise, thisgivesthedesignat least3degreesofmarginbeforetheonsetofstall. Foramore
precise prediction of the stall characteristics aCFD simulation or wind tunnel testmust be performed.
Another mitigation for the stall risk is the twist of the fuselage and wing tips. The fuselage is twisted
upwards by 4 degrees and the tip of the wings (as well as the elevator section) is twisted downward by
3.31 degrees. Thismeans the first section to stall is the fuselage, this reduces the lift generated in front
of the center of gravity which in turn causes a pitch downmoment on the drone.

– Effect of Mitigation: The first mitigation reduces probability of a stall from Occasional to Improbable
occurring as itmeans a largerwind gust is required to increase the angle of attack above the stall angle.
The second mitigation reduces the severity of the risk from Catastrophic to Critical as it increases the
chance of recovering froma stall by ensuring the control surfaceswill keep operating.

11.7 Verification and Validation
This section presents verification and validation procedures taken to ensure themodel is runningasexpectedand
producingtherequiredoutputs. Anumberofunit testsareperformedtotestsmallcomponentsof theaerodynamics
code for the sizing function. This is done to verify that the equations are coded correctly and outputting realistic
values. Some larger (system) tests have been performed on the aerodynamics code in order to verify that the
individual components work in conjunction in the desiredway.

11.7.1 Unit Tests
Parasite Drag
The parasitic drag equations are verified by hand and the results of the hand calculations are compared to those
given by the code. The results are expected to differ by amaximumof 0.1%due to differences in rounding. This is
achievedwhich verifies the unit test for the parasitic drag equations.

Reynolds Number and Aspect Ratio
Similarly the Reynolds number and aspect ratio are verified using hand calculations. They are tested for a variety
of values and the results are shown to differ less that 0.1%which is deemed acceptable to verify the equations.

11.7.2 System Tests
Aspect Ratio Correction
Theaspect ratio correction described inSection 11.3.2 is tested to ensure that the assumption (andequation used
tomodel the relation between AR and lift induced drag) is accurate. The reference wing has an aspect ratio of 21,
the correction is tested forwingswith aspect ratiosbetween10and30. The test results in amaximumdifferenceof
5%between the induceddragpredicted by the correction and the value obtainedwhen thewing is simulated. This
is seen as sufficient accuracy considering the AR correction is only used to help determine an optimal design.

Wing Surface Area
Thewing surfacearea is sizedbasedon the cruise condition. However, it is determinedbasedon the computed lift
coefficientwhichhasbeendeterminedfor thereferencewing. Thewingsizingmustbeverifiedthroughtheuseofan
XFLR5modelof the finalwing. Thefinalwing ismodeled, including the fuselageandwinglets,usingXFLR5. The lift
generatedatcruiseconditionsby the finalaerodynamicmodel is4%larger thanthatpredictedby thesizing function
whichisdeemedanacceptablemarginoferrorbasedontheaerodynamicassumptionsmadefor thesizingfunction.

11.7.3 Validation
Theusedmethodsmustbevalidated toensure that theycorrespond to real lifebehaviour. XFLR5hasbeenused to
plot theaerodynamic characteristics of the finalwing. XFLR5hasbeenvalidated for lowanglesof attack, however
it is known the model is not reliable for modelling conditions close to and past stall. In order to properly validate
the aerodynamic characteristics of the final design experimental or CFD data must be used. Unfortunately these
validation methods go beyond the scope of this report. At a later stage in the design process, wind tunnel tests
should be performed at the correct Reynolds numbers in order to validate the drone.
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12 FlightControl, Stability, andPerformance
Analysis

The flight control and stability subsystemensures controllability­ and stability of the drone. This section covers the
design of hardware components relevant for the flight control system as well as flight control and stability consid­
erations in the design of thewing.

12.1 Requirements
Table 12.1: Requirements related to flight control, stability, and performance and their expected compliance

Index:
DME­REQ­ Requirement Compliance

SYS­ADC­02 The flight control system shall ensure stable flight of the UAV. Satisfied
SYS­ADC­04 The flight control system shall control the system with an accuracy of 0.1 [deg] at

flight velocities up to 90 [m/s].
Satisfied

SYS­ADC­05 The flight control system shall control the system with an accuracy of 0.2 [deg] at
climb gradients up to 12%.

Satisfied

12.2 Model and Analysis
First, a general concept description of the control and stability subsystem is given in Section 12.2.1. After which
longitudinal andVTOLstabilityandcontrol aspectsand their influenceon thedesign isdiscussed inSection12.2.2.
Lateral stability and control aspects and their influence on the design are discussed in Section 12.2.3. More de­
tailed actuator sizing for pitch, roll and yaw control is performed in Section 12.2.4. After which a final evaluation of
themass and power budgets for the actuators is given in Section 12.2.5 and finally a control and stability analysis
of the final design is presented in Section 12.2.6, including an evaluation of the eigenmotions of thewing.
With regards to flight control: a flight performance simulation that accurately models landing, take­off, and cruise
maneuvers, including the power used during each of these phases, is presented in Section 12.2.7, together with
results relating to themission profile and the system’s flight performance. The integration of this model within the
sizing routine is elaborated on in Section 12.2.7.

12.2.1 General Concept Description Control and Stability
Although reasoning and analysis behind design choices is given inmore detail in the subsections below, there are
certain decisions that play a role in each of these analysis. Thesewill be shortly explained here for clarity.
First of all, it is found early on that passive stability is possible longitudinally, directionally, and laterally. From a
reliability point of view a passively stable aircraft is highly preferable as that simplifies the electronic flight controls
of the systema lot. Furthermore, the dronewill need less constantmodifications to the control surfaces andwill be
significantly easier tomodel and analyse.
The largest fromacontrol and stability standpoint is the exclusion of a horizontal tail. This decisionwasmade for 2
main reasons: (1) thepower andenergy requirementsareheavily dominatedby theVTOLphasesof flight, a small
increase in efficiency of the wing thus does not stack up against the added weight of a tail (as will be discussed
below) and (2) the arm of the tail would be extra space in the launcher and during landing and take­off phases (as
discussed in Chapter 8). In terms of control surfaces, there will be outboard elevons that provide pitch and roll
control. Yaw control is provided by rudders on the winglets and differential thrust from the two tilt rotors. Further
details on sizing and reasoning is given in Section 12.2.4.

12.2.2 Longitudinal and VTOL Stability and Control Aspects
This section will present control and stability considerations for longitudinal motion and the VTOL phase. As ex­
plained in Chapter 6 the general design of the system will follow from an optimization routine around an iterative
sizingmodel. Thissizingmodel includesconstraintssuch that thesystem isstable inpitch, theseconstraints follow
from the analysis below.

Longitudinal Stability
A simplified overview of the different forces on the system and the position of the center of gravity and the aerody­
namiccenter isgiven inFigure12.1. Note that thisdrawingservesasavisualaid, it isnotanexact representationof
the final design, but it serves to illustrate thedifferent forcesand lengths relevant for longitudinal andVTOLstability.
Themoment equation for a flyingwingwithout elevons is given in Equation 12.1. For thewing to be stable in pitch,
the aircraft would need to have pitch­down response to a positive angle of attack disturbance; i.e. dCm

dα =Cmα
<0.

Taking the derivative of the equation below with respect to α gives that xcg−xac

c̄ < 0; or the aerodynamic center of
thewing (xac) has to be behind the center of gravity (xcg). This relation is called the stability margin.
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Cm=Cmac
+CNw

· xcg−xac

c̄
(12.1)

Longitudinal Eigenmodes
The two longitudinal eigenmodes are the short period and the phugoid. Both of which will be discussed in more
detail in Section 12.2.6. But it serves for this design section to note that both of these modes will be stable with a
negativeCmα
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Figure 12.1: Free­body diagram of the flying wing

VTOL Stability
The center of gravity is constrained (with respect to the aerodynamic center) by the pitch stability requirement ex­
plainedabove. In thiscase, thecenterofgravity isalsoconstrainedby theplacementof theVTOLrotorwith respect
to the tilt rotors. The total upward force (seeEquation12.2) has tobe larger than0 (Fz>0) for the system tobeable
to lift off, however, themomentswill need to be in balance (see Equation 12.3) (M=0).

Fz=cos(ϵ−α)·Ftilt+cos(−α)FV TOL−Fg (12.2)

M=cos(ϵ−α)·Ftilt ·xtilt−cos(−α)FV TOL ·xV TOL (12.3)

The center of gravity is thus constrained by the position of the tilt and VTOL rotors as well as the amount of thrust
produced by each.

Aerodynamic Center Position
The aerodynamic center is a property of the wing. It is the point on the wing (span­ and chord­wise) where the
moment coefficient is independent of the angle of attack (dCmac

dα =0) and thus the point through which changes in
lift coefficient will act.
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The position of the aerodynamic center follows from the planform of the wing and the chosen airfoil. The chord­
wise aerodynamic center is taken to be at the quarter­chord point and span­wise at themean aerodynamic chord
position; and is thus heavily dependent on the span (b), mean aerodynamic chord length (c̄), taper ratio (λ) and
sweep angle (θ). With a taper ratio of 1 (i.e. tip chord length is the same as root chord length), this results in:

xac=
c̄

4
+tan(θ)· b

4
(12.4)

It was verified using XFLR5 that the aerodynamic center is indeed at this position.

Stability Margin as a Function of VTOL Rotor Positioning
As explained in Chapter 6, the forward thrust­to­drag ratio is an input to the sizing loop. The VTOL thrust is com­
puted such that the device is able to lift off with a specific maximum acceleration (az). There is a careful balance
as to what the optimal az is, given the increase in mass due to the higher thrust required on the one hand and the
increased VTOL take­off speed on the other. This gives a relation between the total tilt rotor VTOL thrust and the
VTOL rotor thrust; coupled with an estimate for the wing planform and the position/size of the tilt and VTOL rotors
(with theVTOLrotor constrainedby thesweepangleof thewing, seeFigure12.1), this results ina relationbetween
wing sweep and the c.g. and a.c. position, see Figure 12.2.
Note the different constraints for the VTOL rotor, it is constrained by (1) the sweep angle of thewing; (2) the length
that thebodyprotrudesfromthewingitselfand(3) theradiusof theVTOLrotor. Wecanseethataddingbodylengths
requiresanincreaseinsweepangle,asdoesanincreaseinrearVTOLradius. WithregardstotherearVTOLradius,
note that increasing radius results in increasing efficiency of the rotor, there is thus again a careful balance here.

Figure 12.2: Wing sweep influence on stability margin

The above figures serve as an example, in the actual sizing process, an iterative solver is used to solve for the
lowest possible sweepangle that delivers thedesired stabilitymargin for a given set of inputs. Note that this solver
solves for the lowest sweep angle to achieve a desired stabilitymargin (there are two solutions, as is evident from
the above plot). An overview of the main effects of adding sweep angle is given in Section 12.2.2, but given the
downsides of large sweep angles froma structural and aerodynamic point of viewwewish tominimize it.

Influence of Elevons
Onedownsideof a flyingwing is that there isasmall armbetween theelevator and thecenter of gravity (dependent
on the sweep angle of course). With a longer tail arm, as in a conventional aircraft, the tail will need to create a
smaller amount of lift to balance themoment produced by thewing. If there is a largemoment to balance (i.e. high
Cm), this means that a relatively large elevon deflection might be required on the main wing, reducing efficiency.
Furthermore, if the elevators need to provide a pitch­up moment and are behind the center of gravity (as we will
see they need to be), they subtract from the total lift of the design. Thus decreasing both L

D andCL.
The moment balance for the wing including elevons is given in Equation 12.5. In this equation, the e subscript
denotes variables relevant to the elevon.

0=Cmac
+CNw

· xcg−xac

c̄
+dCNe

·Se

S

xcg−xe

c̄
(12.5)

This equation leadsus to conclude that a low total pitchingmoment is preferable to reduce theamount of dCNe
that

is required tobalance theaircraft. However, consider that this isnot theonlycharacteristicofagoodselectedairfoil,
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hencewhy this effect needs to be included in the sizingmodel such thatwe canactually quantify the relative impor­
tanceofCmac

with respect to other airfoil quantities (i.e. CL,maximum L
D , etc.). Formethodologyandconclusions

on the final airfoil selection process, reviewSection 6.2.2.
In the sizingmodel, the negative effect on the cruise lift­over­drag ( LD ) follows fromsizing the elevons for the given
wingateach iterationandcomputing theadded lift anddragbasedon relations fromXFLR5, normalized to thenew
elevon’s surface area compared to the reference surface area. This sizing process is explained in more detail in
Section12.2.4. Includingelevonsizing in thesizingmodel like thismeansthat thewholesizingprocess isasholistic
aspossible, as the trimdeflectionangle requiredby theelevonshasanon­negligible effect on L

D and total dragCD.

Figure 12.3: Influence on sweep angle and required elevon dCL for a representative wing
with b=17 [m], c=0.61 [m] and theCL andCmac for the selected airfoil

Note that increasing the sweepanglewill result in a largermoment arm for theelevon; thusdecreasing theamount
of dCLδ

for a given required Cm and subsequently increasing the efficiency of the wing. There is a trade­off here
though, as increasing sweep above theminimum required sweep angle to achieve the desired negativeCmα

also
increases the second term in themoment equation above ­ as the aerodynamic center will move backward in rela­
tion to the center of gravity (Equation 12.5) ­ and thus increases the pitchingmoment that needs to be supplied by
theelevon in the first place. This effect is visualized inFigure12.3andwecanconclude that lower sweep is always
the best decision as the dCL required from the elevon still increaseswith increasing θ.

Center of Gravity Margins and Component Layouts
At this point, we have considered the desired center of gravity position froma longitudinal andVTOL stability point
of view. Component placement should be such that this center of gravity position is achieved. The total mass and
center ofmass of eight subsystems is considered:
1. Scientific payload: Refer to Chapter 7. From a stability and control point of view, the payload configuration

is such that the center ofmass is as far backward as possible.
2. Rear VTOL propulsion system: Follows directly from the sizingmodel.
3. Forward propulsion system: Follows directly from the sizingmodel.
4. Wing structure: Follows from thewing structure sizing code and thewing planform, refer to Chapter 10.
5. Body structure: Follows from the body structure sizing code, refer to Chapter 10.
6. Communications system: Assumed to be at the payload center of gravity. Refer to Chapter 9 for details on

mass sizing.
7. Miscellaneousmass fraction: Asexplained, there isa10%miscellaneousmass fraction. Thecenterofmass

is assumed to be at the battery center ofmass.
8. Battery: The battery mass follows directly from the sizing model. The batteries are placed inside the wing

(as was also taken into account when selecting a relatively high t
c airfoil, see Section 6.2.2) and their center

ofmass is adjusted until the center of gravity of the design is at the desired location.
The only variation in mass during a sortie is the added mass from the soil sample, a maximum of 500 [g]. This
is taken into account during energy calculations as well (see Section 12.2.7). In terms of center of gravity shift;
assuming a worst case location fully at the nose (as the soil collection containers are close to the drill) and a wing
relatively close to the final design (85 [kg], 20◦ sweep, 14 [m] span), this amounts to a forward shift of ~1 [% of
MAC]. Given that this is a forward shift, this will only increase the stabilitymargin of the aircraft, albeit at the cost of
decreasedefficiencyof thewingdue to theelevons (asexplainedabove). It follows fromthedata inChapter13 that
both the forward andVTOL rotors are able to providemore vertical thrust if required, albeit at the cost of efficiency.
This allows compensation for small shifts in the center of gravity.
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In termsofastabilitymarginusedasasizing target,wewish tominimize it toachieve themostefficientdesignwhile
maintaining passive stability (see Figure 12.3). It is decided to size the design for a stability margin of 5% with an
extra 5%margin added as a safety factor for the elevon design.

Longitudinal and VTOL Stability in the Sizing Model
All in all, there are two core stability and control related aspects that are implemented in the sizingmodel:

1. VTOL stability and the calculation of the wing sweep angle based on a desired stability margin. This is a
constraint.

2. The detrimental effect of the trimmed elevons on thewing’s aerodynamic performance.
Sweep angle is the most important parameter here from a control and stability point of view but it is important
to keep in mind the downsides of excessive sweep, most importantly the ramifications from a structures and an
aerodynamic point of view. Structurally, increased sweep adds moment and makes the wing heavier (see Sec­
tion10.3.4)andaerodynamically, sweepreduces liftbya factorofcos(θ) (seeChapter11). All theseconsiderations
are implemented in the sizingmodel such that their relative importance is implicitly traded off.

Wing Twist
Wing twist is used to locally increase or reduce the angle of attack. This means that: (1) the angle­of­attack in­
dependent moment coefficient changes due to the sweep angle; and (2) the tip of the wing stalls after the root,
meaning theoutboardcontrol surfaces retaineffectivenessduringonsetof stall. Thiscomesat thecostof reducing
themaximum L

D andCLmax
. Theseeffectswill bediscussed inmoredetail inChapter 11,wing twist for longitudinal

control and stability will be further discussedwhen sizing the elevons in Section 12.2.4.

12.2.3 Lateral and Directional Stability and Control Aspects
Several important lateral stability derivativesdictating stability in the lateralmodeswill bediscussed in this section,
including how they are influenced bywing parameters;most importantly the sweep angle and the dihedral angle.
On tailless flying wings, directional stability is often achieved using either high sweep or electronic augmentation.
Thewinglets in this design helps significantly with lateral stability. This is covered below aswell.
The three lateral modes that are considered are the periodic dutch roll, the aperiodic roll and the aperiodic spiral.
Thesewill be covered inmore detail in Section 12.2.6. Themost important stability derivatives are identified in the
list below.
1. Clβ < 0 The rolling moment due to sideslip. Having negative roll due to sideslip is advantageous as that

translates to roll into the wind. Dihedral has a positive effect and is the main contributing factor. As does
increased sweep and span, as that means a larger area straight into the flow on the inboard wing. Lower
negative Clβ leads to increased spiral stability but decreased dutch roll stability. The spiral stability follows
from theassymetricequationsofmotion, seeEquation12.6. Spiral stability thus increasingwith increasingly
negativeClβ asCnr

should also be negative.
2. Cnβ

> 0 The yawingmoment of the drone due to sideslip, also referred to as weather vane stability. For the
same reasons as above, a high sweep and span helps as that increases the drag of the wing facing the flow.
In conventional aircraft, this stability derivative is dominated by the vertical tail; i.e. a vertical surface behind
the center of gravity. The winglets serve a second purpose as weather vanes in this regard. Their length is
based on the distance to ground, as explained in Chapter 10. These add a significant positive contribution.

3. Clp < 0 The rolling moment due to roll. A negative value means the rolling motion is damped, as there is a
negativemoment response to apositive disturbance. This is themain contributing factor to the aperiodic roll
response. Themain influences are dihedral (whichwill be covered below inmore detail) and sweep.

4. Clr >0The rollingmomentdue toayawingmotion. Similar toClβ ; a highsweepandspanwinghasapositive
effect as thewingwith the incoming flow hasmore chord­wise velocity.

5. Cnr <0 The yawingmoment due to a yawingmotion. Similar to the weather vane stabilityCnβ
; the winglets

play a large role in ensuring this is negative.

E=ClβCnr
−Cnβ

Clr >0 (12.6)

Influence of Dihedral on Stability Derivatives
Using a representative model in XFLR5, we can evaluate the influence on dihedral on the lateral stability deriva­
tives. The primary effect of dihedral is on Clβ . Several stability derivatives are plotted against the dihedral angle
Γ in Section 12.2.3. Notice that indeedClβ appears to be influenced most. All derivatives are normalized to their
maximum value. The spiral stability (see Equation 12.6 is highest at Γ= 3◦. There are some negative effects to
dihedral as well, most notably: (1) reduction of lift by a factor cos(Γ) and (2) ineffectiveness of the elevons for the
same reason as well as the fact that the moment arm gets shorter. Both of these effects are very minimal at such
low dihedral angles: at 3◦ dihedral there is a lift reduction of ~0.15%.
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Figure 12.4: Dihedral effect on several stability derivatives

With winglet Without winglet
Clr 0.2406 0.3025
Cnr ­0.01063 ­0.007533
CYr

0.06125 0.02010
Clβ ­0.1527 ­0.2016
Cnβ

0.04128 0.004536
CYβ

­0.3217 ­0.01427
Clp ­0.8096 ­0.7956
Cnp

­0.1228 ­0.1238
CYp

0.1903 0.1052

Table 12.2:
Winglet effect on lateral and directional stability derivatives

Influence of Winglets on Stability Derivatives
Asexplained, thewinglets helpwith thedirectional stability derivatives. Fromasimple analysis,we find the results
in Figure 12.2.3. Note that the downward angle of thewinglets ­which helps themserve a dual purpose as landing
legs ­ causes a negative rollingmoment due to yaw, soClr actually goes down.
Note that especially the weather vane stability Cnβ

is significantly better with winglets. Given the large decrease
inCnβ

, we can deduce fromEquation 12.6 and the lateral stability diagram that without winglets the spiral stability
will go up significantly and the dutch roll stability will go down and possibly become unstable.

Conclusions on Lateral Stability During the Design Phase
With winglets and a 3◦ dihedral angleΓ, all lateral stability derivatives have the desired sign. For this combination
of lateral and directional derivatives, the drone will be just unstable in spiral (from Equation 12.6: E = ­0.0083 [­])
and stable in dutch roll (from XFLR­5 a negative eigenvalue of ­0.00458 [­] is found). Increasing Clβ further by
increasing dihedral would result in increased spiral stability, but come at the cost of decreased dutch roll stability,
unless theweather vane stability could similarly be increased.
Froma control perspective, a slightly unstable spiral is relatively common and can easily be resolved using active
yawcontrol. Yawcontrolwill becovered inSection12.2.4below. Moredetailedanalysisof theeigenmotionsof the
aircraft will be given in Section 12.2.6, however, for now, relaxed stability in the spiralmode is deemedacceptable.
Finally, note that drag and lift from the landing gear is not included in this analysis. Although these have a small
moment arm, they are expected to add a positive contribution to the directional stability derivatives.

12.2.4 Control Surface Sizing
Pitch and Roll Control
As explained in Section 12.2.1, outboard elevons are used for both pitch and roll control. Elevons are hardware­
wise the same as an aileron, however they are designed to provide the functionality both of an aileron and an
elevator. There are twomain reasons for this:
1. For both pitch and roll control, an outboard elevon provides themaximummoment with the least flap deflec­

tion. For roll control themoment arm along the longitudinal axis is largest that way. For pitch control the arm
is similarlymaximized due to the sweep angle (see Figure 12.1).

2. The complexity of the design is reduced as just a single control surface is used on either side of the wing, as
opposed to two.

The largest drawback of the coupled control is that the elevator deflection might need to be relatively large when
climbing and turning at the same time, as essentially the aileron deflection is superimposed on top of the elevator
deflection.
Thereareseveraldesignparameters for theelevoncontrol surface,most importantly thechord­ratio ( cec̄ ), thespan­
ratio( beb )andtheminimumandmaximumdeflection(δemax

andδemin
). Thesurfacearea(Se)of theelevonisdictated

by the chord and span ratios. The designmethodology used here starts with an upper limit for the chord­ratio and
maximumandminimumdeflections for the elevon.
There is a 20 [cm]margin between the edge of the elevon and the edge of the wing, where the winglet is mounted.
This is because of downwash or upwash due to the elevon near the winglet, reducing efficiency of the wing signif­
icantly. Thismargin is referred to as bmargin.

Elevon Chord Ratio
Asmentioned, therearedownsides to increasing theelevonchord ratioboth fromastructuresandanaerodynamic
perspective. Purely froman elevon design perspective, the chord ratio should be as high as possible tomaximize
themoment arm for the same surface area.
Basedon research on separation andnon­linear behaviour for control surfaces in low­Reynolds numberwith high
t
c , a chord ratio of

1
3 is deemed the maximum possible.
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Figure 12.5: Aft spar position as a fraction of the chord versus the total wing box mass

Using the wing box mass estimation model (see Section 10.3.4), it is found that moving the spar to 67% is not
critical as long as themaximumwing loading stays below ~2.75 [­], see Figure 12.5. The effect of wing loading on
turn radius will be discussed below. The two effects causing this are (1) moving the spar forward decreases the
wing boxmass by decreasing the amount of relatively thick skin and (2)moving the spar forward decreases shear,
torsion, and bending resistance of thewing box, thus requiring extra thickness at highwing loading.

Maximum and Minimum Elevon Deflection
Based on this same research, themaximum feasible elevon deflection in this low­Reynolds number environment
is determined to be± 15◦.

Control Surface Gap
Based on this same research, it is found that as long as the gap between the wing and the control surface is kept
below x [mm], there is no noticeable effect on control surface effectiveness, even at such low Reynolds numbers.
This assumption is used throughout this section.

Requirements For Pitch
Pitch requirements follow from requirementsoncontrollability: theaircraft shouldbe trimmable in all relevant flight
cases. The limitingcasesare theminimumandmaximumrequired lift coefficients. Thestall angleofattack is taken
as the positive limiting case, which givesαmax=9◦. Refer to Chapter 11 for lift and drag curves.

Requirements For Roll
Therollrequirementsfollowfromtwofactors: (1)theamountofailerondeflectionneededinsteady,non­sideslipping
turns, and; (2) the amount of aileron deflection needed to satisfy the roll rate requirement. The roll requirement
is given as a maximum amount of Cl (rolling moment coefficient) the drone should provide. It should be able to
provide this amount ofCl at every trim angle. WithCl=Clδa

·δa, we can find for a certain elevon design howmuch
extra δa is needed to get the requiredCl. This iterative process is further explained below.
Based on an initial reference design we can compute the amount of roll (ϕ) needed for a steady, non­sideslipping
turnwithacertain turn rate. Themaximumturn radius follows fromEquation12.7,wheren (n= L

W ) is themaximum
loading. Based on Figure 12.5, thismax loadingwas set to 2.5 [­], to have a small safety factor.

R=
v2

g ·
√
n2−1

(12.7)

Based on the equations of motion for horizontal, steady asymmetric flight, we can derive the amount of roll (ϕ),
aileron deflection (δa) and rudder deflection (δr). For steady, non­sideslipping flight (β = 0) ­ which is the most
efficient ­ this results in the following required roll angle:

ϕ=sin−1(4µb
rb

2v
) (12.8)

Where the roll rate r follows directly from the turn radius via:

r=
v

Rπ2
(12.9)

Note that the velocity v drops out here. Although the minimum turn radius is dependent on v, the required ϕ for a
given turn radius is not. Taking amass of 95 [kg], aCL of 1 [­] and the worst­case density, we find amaximum ϕ of
~25◦. With an estimate forClr of 0.24, thismeans that in a coordinated turn theCl requirement is± ~ 0.00061 [­].
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As for the roll rate requirement, this is dependent on theClp of the aircraft:

p=−Clδa

Clp

δa ·
2v

b
(12.10)

Figure 12.6: Elevon effectiveness as a function of δ for different α

With Cl = Clδa
· δa, the Cl requirement for a certain roll rate can be computed. For pilots, 15 ­ 20 [◦/s] is deemed

acceptable. This means that we can roll to the desired maximum ϕ of ~25◦ in under 2 seconds. Although this
is an unmanned system, this minimum acceptable limit for human pilots is considered a decent benchmark for a
controllabledesign. Theworst­casevelocity is taken tobe thevelocity at lowdensityatCLmax . Takingamassof 95
[kg],adensityof0.0228[kg/m3],asurfaceareaof9.5[m2]andaCLmax

of~1.3[­], thisresults inaworst­casevelocity
v=
√

mgmars

ρCLmaxS
=52 [m/s]. Thisgivesforarollraterequirementof20[◦/s],arequiredClof±~0.04[­],withanestimate

of ­0.8 forClp (seeFigure12.2.3). Asmentioned, these stability derivativeswill be further refined inSection12.2.6.
All in all, theCl requirement is set to± 0.04 [­].

Elevon Effectiveness
Themoment coefficient of the elevon (Cmδ

) is given as:

Cmδ
=CLδ

lh
c̄
=CLα

τ
Se

S

le
c̄

(12.11)

Where τ is a measure of the elevon’s efficiency in relation to CLα
and follows from the chord ratio and lh is the

moment arm of the elevon. Thismoment arm follows from the span and chord of the elevon:

le= tan(θ)·( b
2
− be

4
)+(1− 3

4

ce
c̄
)·c̄−xcg−tan(θ)·bmargin (12.12)

Similarly, the aileron effectivenessClδa
follows from:

Clδ =2·CLδ

la
b

(12.13)

Where la is themoment arm for the aileron, which similarly follows from the planform of thewing::

la=cos(θ)·(1
2
− be
4b

)−tan(θ)·bmargin (12.14)

Usingdata fromXFLR5withawingclose to the finalwingdesignwith knownparameters,wecan fit Equation12.11
to find τ for anelevatorwith a chord ratio of 13 . Thedata is presented inFigure 12.6. Note thatCLδ

doesnot change
much for differingα, meaning that we can use the same τ for all angles of attack.
From this data, we obtain for a chord ratio of 1

3 a τ value of 0.541. This matches closely with the empirical relation
of τ found in literature (see Equation 12.15), which gives a τ value of 0.547.

τ=1.129· ce
c

0.4044
−0.1772 (12.15)

For thewing sweep θ in the final designof 20◦ andastabilitymargin of 10% (note theaddedmargin asexplained in
Section 12.2.2 above) and the pitch and roll requirements as given above, we obtain the following relation for the
minimumandmaximum required elevon angle against the span ratio be

b .



12.2. Model andAnalysis 70

Wing Twist
Asnoted, twistingthetipdowncomeswithseveralbenefits. Quantitatively; (1) itcausesanupwardpitchingmoment
and (2) it adds an offset to the required elevon angle. In the elevon sizing process, an optimal twist is determined
for the part of the wing where the elevon is. This twist distribution is further refined in XFLR5, as will be discussed
inChapter 11. Twist is denoted by β, downward twist (so the angle of incidence becomes lower) is positive.
An approximation of the effect on the constantCm of thewing is given by:

Cmtwist
=CLtwist

·
(lh− 1

4 c̄)

c̄
=

be+bmargin

b
CLα

β ·
(lh− 1

4 c̄)

c̄
(12.16)

In effect, thismeans thatCmac,wing
=Cmac

+Cmtwist
.

Elevon Sizing
All in all, these requirements and relations lead to the results in Figure 12.7. The twist and span ratio is determined
byevaluatingatwhat twist theminimumelevonspan ratio is required tocomplywith theelevon requirementswithin
the predeterminedminimumandmaximumdeflection of the elevon.

Figure 12.7: Elevon sizing curves for different wing twists β and elevon span ratios

This finally results inanelevonwithachord ratioof 13 andaspanratioof29%. With thewing twisted3.3◦ downwards
for the segment with the elevon.
These calculationsdonot include the contribution from the small fuselage in themiddle. Given that this fuselage is
not included in anyof the sizing, the total lift of thewingwill go up slightly. Furthermore, the pitchingmomentwill go
downever so slightly due to the (small) positive contribution to lift at the front. Moredetailedwing twisting including
this fuselagesection is analyzed in theaerodynamicssection (seeChapter 11)whereanXFLR­5model is used for
more detailed analysis.

Yaw Control
There are two ways to achieve yaw control on this design: (1) differential thrust from the front rotors and (2) rud­
ders. The critical requirements follow from (1) front rotor failure, (2) cross­wind flying and (3) rudder requirements
in coordinated turns (see also the paragraph on roll requirements). The yaw requirement will be expressed as a
maximumdesiredCn, withCn=δr ·Cnδr

. The rudders are sized to handle each of these three requirements such
that the design can remain operablewith one side failed during flight.
Ruddereffectivenesscomputationsare thesameas for theelevons. Thewingletsareangledbackwardsandhave
a taper ratio λ of two. With a maximum achievable chord ratio of 1

3 , this results in an elevator chord of 0.1 [m] at
the tip of the winglet and a chord ratio that changes over the span of the winglet. In terms of span, a 5 [cm]margin
is included at the top and bottom of the winglet for mounting clearance and to ensure that the drone does not land
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on the control surface. Calculating the average τ over the rudder then gives τ =0.44. The surface area ratio (Sr

s )
is ~0.2 [­]. FromXFLR5­data, it was found the selected airfoil has aCLα

of 0.056 [1/deg] at a Reynold’s number of
50,000, seeChapter 11 formore information.
Themoment arm of the rudder is given by:

lr= tan(θ) b
2
+0.9c−xcg (12.17)

This results in a rudder effectiveness of:

dCn=2·dCy
lr
b
=2·CLατδr

Sr

S

lr
b

(12.18)

Withamaximumdeflectionof±15◦ andaspanof15 [m], thismeans these ruddersareable toproduceamaximum
dCn of 0.0181 [­].

Coordinated Turn Requirement
Forcoordinatedturns, thesamerelationsareusedasfor theroll requirements. Fromthelateralequationsofmotion,
we arrive at Equation 12.19 for the yaw rate. The sameworst­case scenario is used.

r=−
Cnδr

Cnr

δr ·
2v

b
(12.19)

Which results in a desiredCn of−2.7×10−5 [­], withCnr
= ­0.0106 [­] (see Figure 12.2.3).

Crosswind Requirement
The crosswind rudder requirement follows from a set of two equations describing the force and moment balance
acrossthelateralaxisofthedesign. ThemomentbalanceisEquation12.20andtheforcebalanceisEquation12.21.
The moment due to the center of drag along the longitudinal axis is neglected as this distance is assumed to be
relatively small, given that the center of gravity is roughly in themiddle of thewing and the rudder, fuselage, rotors,
and landing gear (the main lateral drag producing components) are all placed around this point. The crosswind
velocity is given as vw and the forward velocity as vf . The total velocity is given as vt=

√
v2f+v2w.

The crosswind velocity is assumed to be 10 [m/s] and is based on typical near­surface wind measurements [58].
With a low estimate for the cruise speed of 52 [m/s], thismeans that the side­slip angle β= tan−1( vwvf )=10.9◦.

1

2
ρvt

2Sb(Cnβ
(β−σ)+2dCylr)=0 (12.20)

Dy−
1

2
ρvt

2S(Cyβ
(β−σ)+dCy)=0 (12.21)

The total lateral dragDy=
1
2ρvw

2SsCDy is computed in Chapter 11 and found to be 3.9 [N].
Solving these equations results in a crab angle σ of 13◦ with a required Cn of 0.0015 [­]. Significantly lower than
themaximumcapabilities of the rudders.
Note that it is possible to fly in cross­wind with less rudder, but this requires a roll angle which would result in the
instruments no longer pointing downwards, reducing the scientific value of the flight.

Forward Rotor Failure
Although forward rotor failurewill surely lead toanemergency landing, asexplained inChapter13, this is still taken
intoaccount in rudder sizing toallowcontrolled flight to thebest possible site for anemergency landing. Thecruise
drag is given as 36 [N] (seeChapter 11), with an armof 2.1 [m] (xrot). The required dCn follows from:

dCn=
2Txrot

ρv2Sb
(12.22)

In theworst­casescenario, at v=52 [m/s], this results in a requireddCn of 0.01635 [­], within the limits of the rudder.

Conclusions Regarding Yaw Control
In conclusion, 0.9 x 0.1 [m] rudders on both winglets alone should be sufficient for yaw control for each of these
three scenarios superimposed, within the± 15◦ limit.
In the general case, with two working forward rotors, the rotors can supply differential thrust as well. Albeit at the
cost of efficiency (seeChapter 13). Given theVTOL requirement these rotorsareheavily oversized for cruise,with
a total foward rotor thrust of about 90 [N] at anarmof 2.1 [m], this amounts to a totalmoment of ~113 [Nm], or a dCn

of 0.014 [­] at a cruise speed of 80 [m/s].
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12.2.5 Mass, Power, and Cost Budgets
Other than software, the only hardware components on the flight control side are the actuators for the control sur­
faces. Thefront tilt rotoractuatorsarediscussed inChapter10. Therate requirements followfromtheperformance
model and the required tilting rate during the acceleration and deceleration sequences, see Section 12.2.7.

Elevon Actuators
Thetotalhingemoment for theelevatorswas found tobe~1.5 [Nm]atv=80 [m/s],maximumangleofattackα (9.5◦)
andmaximumelevator deflection δ (15◦). With a safety factor of 2, this amounts to a torque requirement of 3 [Nm].
Servos providing such torque are relatively expensive and heavy. The other two options are electro­hydraulic ac­
tuators (EHA)andelectro­mechanic actuators (EMA). For lowhingemoments, anEMA is suitable,which consists
of an electricmotor and a high­ratio reduction gearbox.
Given that the drone does not fly with relaxed stability and only needs to cover a total of 30◦ elevon range, the
requirements on actuator rate are not very stringent. With 60 [◦/s] as a baseline ­ basedon commonly used values
­ this results in a total motor power requirement of 2π · 60

360 ·3= 3.14W . Selecting an existing brushless motor with
roughly such a power output and using an estimate of the motor being 36% of the mass of an EMA actuator, this
amounts to a total actuatormass of ~ 300 [g].
Adecision ismadetouseredundantactuatorsonbothcontrolsurfaces,oneoneitherside, the20[cm]margin to the
winglet allows for enough space to fit one actuator. The rate of failure is considered negligible with two actuators.
The other actuator will needmaintenance at base. In total the elevon actuators thus weigh 1.2 [kg] and consume
amaximumpower of 6.2 [W].

Rudder Actuators
Given the reduction in surface area for the rudder (Se

Sr
>10), aswell as the use of a symmetric airfoil, the estimated

required torque is significantly lower, in the order of 0.5 [Nm] at 1 [W]. Using a direct­drive servo here reduces
complexity, maintenance requirements and weight. An example of such a servo is the [], which amounts to an
estimated actuatormass of 200 [g]. Again, redundant actuators are included on both control surfaces, resulting in
a total rudder actuatormass of 0.8 [kg] and amaximumpower usage of 2 [W].

Conclusions on Mass, Power, and Cost budget
In total, the actuatormass is estimated to be around 2 [kg], with a total power usage of 8.2 [W].

12.2.6 Dynamic Stability Analysis
Dynamic stability analysis is performed using XFLR­5. The process is the same as the process used in Sec­
tion 12.2.3. The eigenmodes are given in Table 12.3.

Table 12.3: Dynamic eigenmodes of the drone

Eigenmode Eigenvalue
Phugoid ­1.247± 2.674i
Short period −1.089×10−5 ± 0.1840i
Aperiodic roll ­3.575
Dutch roll ­0.0046± 1.558i
Aperiodic spiral 0.020

Wecandistinguishamong thesymmetric (or longitudinal) eigenmodes: the twoconjugatephugoidmodesand the
two conjugate short periodmodes. Both of which have negative real values (as expected given thatCmα

<0) and
are thus stable.
Among theasymmetric (or lateral) eigenmodeswecandistinguish the twoconjugateDutch rollmodes, theheavily
dampedaperiodicroll (giventhatClp <<0)andtheslightlyunstableaperiodicspiral. AsexplainedinSection12.2.3,
relaxed stability in the spiral mode is not considered a significant issue since the electronic flight control system
can bemade to copewith this.

12.2.7 Flight Performance Simulation
In terms of flight performance analysis, it is most important to assess what kind of mission profiles the design is
capable of. In terms of scientific value the limit to the design’s capabilities is largely dictated by the amount of
energy used during a certainmission profile. Amodel wasmade to assess differentmission profiles in detail. This
model works by actually controlling the thrust of the two rotors, the tilt angle of the front rotors and the angle of
attack. The environment and the design are thus modeled completely separately. This allows for much deeper
analysis of the design’s capabilities, especially during the complicated and hard to analyze (VTOL) ascent and
descent phases. Anothermajor advantage of this approach is that the feasibility of controlling the design in these
complicated phaseswithin its limits is proven during this early design phase aswell.
A general overviewof themodel is given in the first section below, afterwhich the complicated landing and take­off
maneuvers are explained in more detail. Energy and power usage for different mission profiles is evaluated in
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Section 12.2.7.

Flight Performance Model Overview
As explained, the UAV and environment are modelled separately from the drone control. In a broad sense, this
amounts to the schematic in Figure 12.8. A∆t of 0.01 [s] is used.

Angle of attack

Thrust

Text

Controller UAV

Environment

Figure 12.8: Simple overview of the flight performance analysis model

There are a number of different flight phases in themodel, which can be chained together tomodel every possible
mission profile. A distinction ismade between four different flight phases:
1. VTOLascent anddescent: Purelyvertical flightuntilaspecifiedheightwithagivenmaximumupwardvelocity

and acceleration.
2. Horizontal acceleration: Build speed horizontally and slowly twist the tilt rotors as aerodynamic lift starts to

take over from vertical thrust.
3. Height and airspeed controlled flight: Controlled flight at a given height with a given speed.
4. Deceleration: Reducespeedhorizontally, tilt theforwardrotorsupwardanddecelerateusingtheVTOLrotors.

Ineachof these flight phases, the total thrust (givenasa ratiobetween0and1,xT ), tilt angle (η) andangleof attack
(α) iscontrolledtoatarget. Thetotal thrust iscoupledgiventhat(asexplainedinSection12.2.2) thetwoVTOLrotors
need to be in balance to ensure there’s nomoment about the center of gravity. The totalFx andFz then follow from
Equation12.23andEquation12.24. Theaccelerationinxandz follow(ax= Fx

m )andvx(t),vz(t)andx(t)andh(t) fol­
low from integration. Thepower (P (t)) is similarly computed from the thrust, energy (E(t)) follows from integration.

Fx=Fxthrust
+Fxaero

=sin(η−α)·xTTforward−sin(α)·xTTV TOL−
1

2
v2totalρSCD (12.23)

Fz=Fzthrust
+Fzaero

−W =cos(η−α)·xTTforward+cos(η−α)·xTTV TOL+
1

2
v2totalρSCL−mgmars (12.24)

Themodel for forwardandVTOLrotor thrustandpowerusageatgivenconditions is furtherexplained inChapter13
and Chapter 13. The lift and drag coefficients (CL and CD) follow from the lift curves for the airfoil and parasitic
drag computations, as explained in Chapter 11. Furthermore, there is a contribution from the required elevator
trim (see the lift and drag curves in Figure 12.6) that follows from the required trim at that angle of attack. The total
velocity vtotal follows from vx and vz: vtotal=

√
v2x+v2z . Constant power usage from instruments andother devices

during thedifferentmissionphases iscovered inChapter14. Powerusagedue to thermal is covered inChapter15.
Constantpower input fromthesolarpanelscanalsobeincludedandissimilarlycoveredinmoredetail inChapter14.

VTOL Maneuver
TheVTOLmaneuver isrelativelysimple. AP­controllerdeterminesavelocity target intheupwarddirection(vztarget

)
andthethrust iscontrolled to this targetviaanotherP­controller. Thiskindofcascadedcontrol loopworkswellgiven
thesecond­orderrelationbetweenthrustandheight. Followinganalysis fromthepropulsionsubsystem,a1.5[m/s]
limit is included on upward vz to combat decreased thrust at high incoming velocity, see Chapter 13. A 0.5 [m/s]
limit is included on downward vz for landing safety.
TheVTOLascent and descent phases require almost full power fromall three rotors.

Parameter Optimization VTOL Phase
The maximum upward and downward acceleration (az) as well as the target VTOL height (hV TOL) are sensitive
parameters to theenergyusage in this phase. Asnoted inChapter 8, theminimumheightwith regard to safety and
obstacles is 3 [m]. From this analysis we can conclude that hV TOL should beminimized for optimal energy usage,
andazmaximized. Note though thatmaximizingaz furtherwouldmean increasedmasson the frontand rearVTOL
rotors. In terms of general design sizing, the optimum is found to be around 0.25 [m/s2] at an ascent and descent
height of 5 [m].

Acceleration and Deceleration Maneuvers
Theacceleration anddecelerationmaneuvers are themost complicatedmaneuvers in themission profile, as they
include the tilting of the rotors. The tilt rotors have fixed pitch and ­ also given non­linearities when spinning back­
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Figure 12.9: VTOL ascent and descent phases control outputs

wards ­ are thus incapable of producing reverse thrust, see also Chapter 13. The only effect taken into account is
the reduced incoming velocity in the propeller, this is further explained in Chapter 13.
During the acceleration phase, the angle of the tilt rotors is computed such that there is no upward resultant force:

η=cos−1(− Fzaero

TV TOL
) (12.25)

The angle of attack is set to the maximum angle of attack, to make the tilting phase as quick as possible, as that
means thatFzaero

will get larger faster. Once the tilting phase is completed, the drone switches to the normal flight
phase: the thrust is regulated to the optimal velocity (which follows from theCL at the optimal L

D ) and the angle of
attack is regulated toacertainvz target,which follows fromacontroller toaheight target. This isasimilar cascaded
control loopasused for theVTOLascent anddescent stages. Anoverviewof thecontrol outputsand thevelocities
and heights during this phase is given in Figure 12.10.
The deceleration phase is slightly different. There are two separate parts: (1) deceleration to the stall velocity and
(2) tilting the rotorsandapplyingvertical thrust as thedronedecelerates. This first phase is thesameas thenormal
flight phase described above, just with a lower velocity and height setpoint. The second part of the deceleration
phasestartswith the tilt rotors tiltingupagainquickly. As there is no reverse thrust available, it’smoreefficient to tilt
them immediately and start decelerating while applying enough VTOL thrust to have a net­zero upward resultant
force. The angle of attack stays at themaximumangle of attack to achievemaximumdrag andmaximum lift. Note
that due to the angle of attack there is somenegative thrust (see Figure 12.1), which helps slow down significantly.
Theaccelerationanddecelerationphase­withasmall cruisephase in themiddle ­areshown inFigure12.10below.

Figure 12.10: Acceleration and deceleration sequences

Note that for the acceleration sequence, the design can already start to climb as the tilt rotors angle down. This is
found to bemore efficient than first tilting the rotors downwhile flying horizontally (requiring a significant reduction
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in thrust just to stay horizontal) and only then starting to climb. The climb gradient is set to 5%here. On such small
height increases the climb gradient is negligible for energy usage.
The top­right graph with the aerodynamic and thrust forces in the x­ and z­direction explain the concept of the ac­
celeration and deceleration sequences a bit better. Note the balance between Fzthrust

and Fzaero
. Note also how

increased stall angle of attackwould be beneficial as that allows the tilt andVTOL rotors to producemore negative
thrustandslowdown faster. Slowingdownatanglesofattackbeyond thestall angleofattackhasbeenconsidered
butnot implementedat themomentdue tounknownnon­linearaerodynamiceffectsanduncertainstructural loads.
Even if higher rotationangles areallowedonly at lower vx, this could beamajor sourceof energy savingduring the
mission.
Compared with the small cruise phase in between, it is clear that the landing and take­off phase of the flight are
significantlymore power intensive.

Integration in Sizing Model
Thisperformanceprofilingcode is included in thesizingmodel. It is foundquickly that theVTOLascentanddescent
phasesare themost energy intensive, soSection5.3.2 is usedas theworst­casemissionprofile in termsof energy
usage. This total energy usage over amission is used to size the batteries, as explained in Chapter 14.

Mission Profiles
With the selected design, we can now evaluate to what extent the drone is able to perform the required mission
profiles. Aswellasexplore the limitsof itscapabilities. Thetwomissionprofilesasgiven inChapter5willbeusedas
abaseline. Noteagain that theUAV is sized tobeable toexactly perform thesoil collectionmission (Section5.3.2).

Soil Collection
A reference soil collectionmission profile is presented in Figure 12.11. The red line indicates the energy used at a
given point in the mission. It is clear that for soil collection missions the majority of the power is consumed by the
landing and take­off sequences. However, themajority of the time is taken up by the drilling operation.

Figure 12.11: Soil collection expedition profile

Long­Range Flight
The long range surveying flightmission profile is presented in Figure 12.12. In this case themajority of the energy
is consumed by the cruise phase of the design. And even though the flight time is significantly longer than the soil
collectionmission the overall mission length is reduced by a factor of two due to the lack of drilling time.
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Figure 12.12: Remote sensing expedition profile

12.3 Risk Analysis
• CL­1: Elevon actuator failure

– Effect: Loss of pitch control and partial loss of roll control (with failure on a single side). Unable to trim
the aircraft in pitch

– Probability: This risk is classified asRare.
– Severity: This risk is classifiedasCatastrophicas there is a large chanceof totalmission failure and the
need for an emergency landing.

– Mitigation: Twomitigationproceduresare inplace: (1) the tilt rotorshave freedomtomoveupanddown
slightly to trim the aircraft (as explained in Section 12.2.7) at the cost of efficiency and (2) there are
redundant actuators for both elevons.

– Effect of Mitigation: The probability of elevon actuator failure is not decreased, the severity is signifi­
cantly decreased to Marginal. The UAV would be able to fly on, but such a failure would warrant an
immediate return to base and thus have a negative effect onmission performance.

• CL­2: Elevon actuator stuck
– Effect: Unable to properly trim the aircraft and partial loss of roll control.
– Probability: This risk is classified asRare.
– Severity: This risk is classifiedasCatastrophicas there is a large chanceof totalmission failure and the
need for an emergency landing.

– Mitigation: Two mitigation procedures are in place: (1) the tilt rotors can provide the required trim mo­
ment coefficient by tilting up and down and (2) there are two actuators, with the two actuators together
possibly being able to provide enough torque to get the actuator unstuck. With regards to the first op­
tion, especially during landinganddeceleration, this is a relativelyunknown flight stateand thedesign’s
capability to properly deceleratewithout being able to trim the angle of attack is uncertain.

– Effect of Mitigation: The probability is not decreased, the severity is slightly decreased toCritical if the
secondmitigationproceduredoesnotwork. Theseverity isdecreasedtoMarginal if thesecondactuator
is able to get the actuator unstuck for the same reasons as riskCTRL­1.

• CL­3: Rudder actuator failure
– Effect: Unable to provide yaw control when one of the front rotors fails aswell (refer to Section 12.2.4).
– Probability: This risk is classified asRare.
– Severity: This risk is classified asCritical.
– Mitigation: The other rudder should be able to provide the required rudder deflection for all cases ex­
cept rotor failure. In any case, thedifferential thrust from the front rotors also provides yawcontrol. This
effect is mitigated by adding a redundant rudder actuator. This is deemed worth it given the only small
increase inmass (seeSection 12.2.4).

– Effect of Mitigation: The probability is not decreased, the severity is slightly decreased toMarginal, for
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the same reasons as risk 1L­1.
• CL­4: Rudder actuator stuck

– Effect: Possibly unable to provide yawcontrol whenoneof the front rotors fails (refer to Section 12.2.4).
– Probability: This risk is classified asRare.
– Severity: This risk is classified asCritical.
– Mitigation: Twomitigation procedures are in place: (1) the tilt rotors and remaining rudder can provide
the required compensation and yaw control and (2) there are two actuators, with the two actuators
together possibly being able to provide enough torque to get the rudder unstuck.

– Effect of Mitigation: The probability is not decreased, the severity is slightly decreased toMarginal, for
the same reasons as riskCTRL­1.

12.4 Verification and Validation
12.4.1 Unit Tests
The analysis wasmostly performed by deriving equations and using a Python program to plot the graphs in order
tomake a decision.

Needed Center of Gravity Position
The required center of gravity is determinedbasedon the take­off andhover simulation. This states that the result­
ing thrust vector of all 3 rotorsmust act through the center of gravity for the system to be stable. As the locations of
the front and back rotors are known this can simply be verified using a hand calculation.

Returned Center of Gravity
The needed center of gravity position is then used by the code to determine the location the batteries have to be
at in order to ensure that the center of gravity is at the required location. Since the center of gravity for all other
components, such as the payload, motors and structures, are known, determining the center of gravity location is
rather straightforward. Nevertheless, it is still important to check the resultwith a simplemanual calculation,which
was thus subsequently performed and verified the center of gravity location calculator.

Stability Margin
The stability margin can simply be verified using hand calculations based on the locations for the aerodynamic
center and the center of gravity. Additionally, thiswasused to verify that the codeoutputs adesignwith thedesired
stabilitymargin (for 5, 10 and 15%).

12.4.2 System Tests
Energy Module
Thecodemodule tocalculate requiredenergy toperformamissionprofile is integral forcomputing thebatterymass
and thus has a large influence on the final mass of the drone. Due to the importance and large extent of the code,
two system tests were performed as verification. Firstly, the samemission profile as used for initial sizing was put
into the program and the result was compared to the result of the initial sizing code. Secondly, if it is assumed
that there is no power generation from the solar panels and the efficiencies are ignored, the sumof kinetic energy,
potentialenergyandworkdoneagainstdragshouldequal theamountofenergyused fromthebattery. Using these
two tests the energymodulewas verified.

Lift Module
Phase2of the take­offand landingoperations require that thedesignproducessufficient lift tocounter theweightof
thedrone. All of theparameters (suchasvelocity, angleofattack, rotor tilt angle, thrustsettingetc.) which influence
the forces in the free body diagramare stored in listswith time steps of 0.1 seconds. This can beused to verify that
at anymoment on the sequence the sumof the vertical components of the lift generated by thewing, vertical rotor
and tilt rotor is equal to theweight of the drone.

12.4.3 Validation
The aerodynamic center position was validated using the XFLR­5 model. As XFLR is a validated software and
has been shown to provide accurate results for the aerodynamic center position it can be used to validate the ac
estimate given in Equation 12.4.
Theexactaerodynamiccharacteristicsandinteractionsbetweenpropulsionsystemandthewingmustbemodelled
usingCFD simulations or wind tunnel data to validate the stability conditions during take­off and landing.
Additionally, theassumption (basedon literature) that theelevonscanbedeflectedbyanangleof15degreesmust
be validated usingCFDorwind tunnel testing. This validationwasnot performed in this report and should bedone
at a later stage in order to validate the design
Theplannedmaneuversalsoneed tobevalidated. In thecurrent phase, gyroscopic effectson rotating the forward
rotors were not taken into account yet. Furthermore, spin­up or spin­down of the rotors was not given a limit. For
future validation of the sizing program, the currently used rotation rates of the forward rotors and the spin­up and
spin­down of the rotors should be further analyzed and tested in awind tunnel.
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13 Propulsion Analysis
The propulsion subsystem is tasked with providing enough thrust for VTOL as well as forward flight, which will be
achieved by rotating the forward rotors up and down for VTOL and forward flight respectively. This chapter will go
intomore depth about the performance analysis of both the tilt rotors and the fixed vertical rotors. Startingwith the
requirements in Section 13.1, continuing with a performance analysis in Section 13.2. After which the layout of
the systemwill be discussed in Section 13.4. Following will be a subsystem specific risk analysis in Section 13.5,
in which propulsion specific risks will be discussed andmitigation procedures presented. Finally verification and
validationwill be performed for the software used to analyse the rotor performance in Section 13.6.

13.1 Requirements
In this section aquick overviewof all the propulsion subsystem requirements and their compliance canbe found in
Table 13.1. The compliance of these requirements will be elaborated on in Section 13.2.

Table 13.1: Requirements related to propulsion and their expected compliance

Index:
DME­REQ­ Requirement Compliance

SYS­PROP­01 The propulsion system shall be able to provide 424.44 [N] of thrust during VTOL. Satisfied
SYS­PROP­02 One rotor inoperative shall not lead directly to mission failure. Satisfied
SYS­PROP­03 The forward propulsion system shall have VTOL capabilities. Satisfied
SYS­PROP­04 Propeller tip speed shall not exceed 0.8 Mach. Satisfied
SYS­PROP­05 The forward propulsion system shall be able to provide 200.59 [N] of vertical thrust

during VTOL.
Satisfied

SYS­PROP­06 The vertical rotors shall provide 115.73 [N] of vertical thrust with only one vertical
rotor functioning.

Satisfied

SYS­PROP­07 The forward propulsion system shall provide 36 [N] of horizontal thrust with only one
forward propeller inoperative.

Satisfied

13.2 Model and Analysis
In order to determine an efficient layout for the propulsion system the factors that influence rotor performance first
has to be analyzed. This is be done by means of a literature study from which the important design parameters
are identified. Afterwards different designs are generated and iterated in the blade element and momentum the­
ory software JBlade, which is an adaptation of the QBlade software designed to work for propellers. First some
background about blade element and momentum theory is given, after which the vertical propulsion is analysed
and the results presented. Finally the tilt rotors are analysed as these combine concepts from vertical rotors and
conventional propellers.

13.2.1 Blade Element Momentum Theory
Bladeelementmomentum theoryworksbydividing the rotor bladeup into small segmentswhichcanbeevaluated
2 dimensionally so that the problem can be divided up into four forces. These being lift, drag, thrust, and torque, a
sketch of such a blade segment can be seen in Figure 13.1. All the forces are calculated incrementally and their
components summed in order to obtain the entire radial distribution along the blade. Additional equations are
used in order to solve for certain variables which are obtained frommomentum theory which treats the blade in a
macroscopic sense instead of small segments.

Figure 13.1: Blade segment with relevant angles and force vectors [126]

In Figure 13.1 several angles can be seen, these are the inflowangleφ, the angle of attackα, and the twist angleβ
which simply is a combinationof theprevious two. The flight path angle canbecalculatedby taking thearc tangent
of the free stream velocity V∞ and the free stream plus the free stream velocity times the axial induction factor ai
divided by the radial velocity Ωr minus the radial velocity times the tangential induction factor a′i. Here Ω is the
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rotors radial velocity in rad/s and r the segment’s radial position in m. Thus in order to obtain the twist angle the
flight path angle has to be calculated. In order to do this the induction factors will have to be calculated first. An
expression for these induction factors canbeobtainedby combiningexpressions twodifferent expressions for the
torque and thrust. Yielding the following two expressions Equation 13.1 and Equation 13.2, more information on
how thesewereobtainedcanbe found in [67]. These induction factors togetherwith the inflowangle canbesolved
iteratively until convergence is reached for theblade segment being treated. From these the torqueand thrust can
be calculated and thus the performance can be analyzed.

ai
ai−1

=
σλ

4sinφ2
(CL(α)cosφ+CD(α)sinφ) (13.1) a′i

ai−1
=

σλ

4λsinφ2
(CL(α)sinφ+CD(α)cosφ) (13.2)

Here σλ is the local solidity of the blade, and λ the ratio between radial velocity and velocity far down streamof the
bladeU−∞. The lift and drag coefficients,CL(a) andCD(a) respectively, as a function of angle of attack also have
to be known. How these are obtainedwill be elaborated on in Section 13.2.2.

σλ=
Bcλ
2πr

(13.3) λ=
Ωr

U−∞
(13.4)

HereB is thenumberofblades,andcλ the localchord. It shouldbementionedthatEquation13.1andEquation13.2
do not account for the fact that circulation of the flow has to be zero at the tip [67]. In order to account for this the
Prandtl tip correction is applied to the induction factors. This correction however does not suffice when the axial
induction reaches a value higher than 0.4, in order to still obtain valid results a hub loss factor is also introduced.
The equation for the correction factors(F) and the equations for the induction factors with the corrections applied
can be found below.

F =
4

π2
arccos(e−

B(R−r)
2rsinφ )·arccos(e−

B(r−rhub)

2rsin(φ) ) (13.5)

ai
ai−1

=
σλ

4Fsinφ2
(CL(α)cosφ+CD(α)sinφ) (13.6) a′i

ai−1
=

σλ

4Fλsinφ2
(CL(α)sinφ+CD(α)cosφ) (13.7)

Thesemodificationsalreadygreatly increase theaccuracyof theobtainedvaluesusingBEManalysis, however to
obtainevenmoreaccuratevalues3Dcorrectionscanbeapplied inorder toaccount for change in lift due to the rota­
tionof the flowaround theblade, formore informationon thesecorrections the reader is referred toC.Lindenburg’s
paper [82]. An important assumption made by BEM theory is that the wake does not expand due to the vortices
being shed by the tips. Which can reduce the validity of the results for lightly loaded rotors [43].
From these equations and the aforementioned assumptions the shortcomings of BEM theory start to become
clearer, as BEM theory can’t by nature deal with 3D effects and can only apply 3D corrections. With all the afore­
mentioned corrections applied however BEM analysis can yield very accurate results and can be a great aid for
designing a rotor when applied correctly.

13.2.2 Post­Stall Lift and Drag Model
In order forBEM theory to yield accurate results thepost stall characteristics of the treatedairfoil have tobeknown,
preferably bymeans of wind­tunnel test obtained data. However for the lowReynolds number range experienced
by the rotors, on the order of 10,000 ­ 100,000, post stall data simply doesn’t exist. Meaning the post stallCL and
CD will have to be evaluated by means of empirical model. Such an empirical model has been developed by B.
Montgomerrie [95], whichworks by approximating the airfoil as a thin flat plate and applying corrections tomake it
better fit the existing pre­stall polar. An example of such a post stall polar can be seen in Figure 13.2. Polars such
as these are able to give quite good resultswhen they are fine tuned to fit with the existing lowangle of attack polar.

Figure 13.2: 360°CL polar [123]
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13.2.3 Ducted Vertical Rotor
Some research was done to evaluate the possibility of using a ducted propeller. Theoretical estimates conclude
that using a ducted propeller can improve the efficiency of the vertical propulsion system by up to 30% [93]. How­
ever, some realistic estimates (for what is achievable in real life) expect an increase in performance of up to 10%.
This makes it possible to use a smaller rotor for the VTOL systemwhich is beneficial for the layout and size of the
UAV. An initial analysis showed that an exposed duct would induce up to 90 [N] of additional parasite drag during
cruise, this is quite extreme as the expected drag induced by the wing is 25 [N] during cruise. Integrating the duct
with the body behind thewing could lead to some reduction in the drag. Initial estimates of the drag induced by the
wing­integrated duct configuration lead to a parasite drag of 60 [N]. While this is a large improvement compared
to the exposed configuration, it is clear that adding additional wetted area at these lowReynolds numbers quickly
causes a large increase in the drag at cruise.

13.2.4 Rotor Performance
Performance of tilt rotors can be difficult to optimize, since one has to consider the performance of the rotor during
hover as well as the performance during forward flight. During hover the power required for the rotor to lift the
vehicle of the ground is dictated byEquation 13.8. WherePi is the induced power, andPo is the profile power. The
parasite power(Pp) has been left out since during hover the vehicle’s velocity is zero.

P =Pi+Po (13.8)

Equation 13.8 is displayed in its non­dimensionalized form in Equation 13.9 for ease of use during calculations.
Which relates back to the required power according to Equation 13.10.

CP =CPi
+CPo

(13.9) P =CP ∗ρ∗A(RΩ)3 (13.10)
Induced Power
The inducedpowercoefficientcanberelated to the thrustcoefficient(CT )byuseofequationEquation13.12,where
k is an empirical factor which covers the effects of non­uniform flow and tip loss, which is typically set to be 1.15
[75], and λi is the induced velocity.

CT =
T

0.5ρ(RΩ)2A
(13.11) CPi =k∗λi∗CT (13.12)

Thus for given rotor thrust, the only parameter that has to be calculated to obtain the induced power coefficient is
the inducedvelocity. Which canbecalculated iteratively usingEquation13.13andEquation13.14. Whereµ is the
forward velocity, and λ the in­flow ratio.

λi=
CT

2
√
µ2+λ2

(13.13) λi=λ−µ∗tan(as) (13.14)

During hover, when forward velocity is zero, these equations simply reduce to Equation 13.15.

λi=

√
CT

2
(13.15)

Now it has become evident based on Equation 13.12 that the induced power can be directly related to the thrust
coefficient and the empirical factor k.

Profile Power
Profile power is the power required to spin the rotor, i.e. the drag of the rotor during rotation. Toestimate the profile
power some blade characteristics like the drag coefficient have to be known in advance. Since rotors operate at
high angles of attack, even post stall at some sections of the blade, it is required estimate the airfoils post stall
behaviour. This does not mean that the blade will be operating post stall, as this is not desired, but it is required to
perform the analysis. These estimationswill be performedwith the help of the Jblade software, which usesXFOIL
inorder toestimate theairfoil’sprestall characteristicsand thenuses theMontgommeriemethod toextrapolate the
airfoil characteristicspoststall, asdescribed inSection13.2.2. Fromthisdata theblademeandragcoefficient(Cd0)
can be estimated. The profile power coefficient itself can be calculated using Equation 13.17, where σ is the rotor
solidity which is calculated using Equation 13.16. Here B is the number of blades, c the mean blade chord in [m],
andR the blade radius in [m].

σ=
Bc

Rπ
(13.16) CPo =

Cd0σ

8
(1+4.6µ2) (13.17)

It should be noted that this method of calculating the induced power is very limited and will only be used for pre­
liminary sizing, as it does not take into account stall and compressibility effects. Amore accurate way to calculate
profile power can be obtainedwhenmore is known about the blade profile.
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13.2.5 Improving Rotor Efficiency
From Equation 13.10 it becomes evident that the required power can be reduced by reducing the tip speed and
thus the rotational velocity of the blade. By using Equation 13.11 and Equation 13.10 it also becomes clear that
power scales with rotational velocity cubed and thrust scales with the rotational velocity squared. Thus providing
further incentive to reduce the rotational velocity required asmuch as possible. This can be achieved by using an
airfoil with a high lift coefficient and preferably a lowmean drag coefficient. Operating a rotor at low tip speeds and
high lift coefficient relates to a high rotor solidity, which for a given diameter and number of blades yields themean
bladechord. Ahighsolidity togetherwith lowtipspeed leads to lowdisk loading,which in turn leads toabetterhover
efficiency. However due to the low Reynolds numbers found on Mars there exists a lower limit on the tip speed,
this is due to the fact that even for airfoils optimized for lowReynoldsnumbers the lift decreasesdramaticallywhen
theReynolds number falls below 50,000. Together with an increase in drag this leads to low L/D and thus tomore
torque produced for less thrust, which in turn leads to aworse efficiency.

Tip Effects
Rotors suffer from the sameadverse tip effects as normal fixedwings, namely tip vorticeswhich are causedby the
high pressure air flowing into the low pressure region of the blade. These tip effects should be taken into account
as they canseverely reduce lift generatedat the tip and thus reduceefficiency. Ways to reduce tip effectswould be
to reduce the lift produced near the tip, whichwould lead to aweaker vortex at the tip. This however is undesirable
as this section of the blade would no longer contribute optimally to producing thrust. Another way to reduce the
strength of the tip vortex is to include taper at the blade tip [6], whichwould reduce the lift at outboard sections, but
wouldstill allow themtooperateatoptimalanglesofattackand thusnotunnecessarily increasedrag. It shouldalso
be mentioned that reducing the number of blades is beneficial for reducing tip effects, this has the added benefit
of reducing wake interaction between the blades. Which is especially important at the low operating Reynolds
numbers foundonMars, as theboundary layer becomesmoresensitive todisturbancesat lowReynoldsnumbers.
Thus the optimal number of blades is 2, as this still leads to a balanced propeller while reducing wake interaction
andtipeffects. Thismaysoundcontradictorygiven thepreviouscommentabouthighsoliditybeingbetter,however
ahigher bladenumberwouldmeanmorewake interaction between theblades. Another consequence is a shorter
chord for the samesoliditywhich reducesReynolds number and thus an increase in drag and reduction in lift. Due
to the aforementioned tip effects, relying on the tip to generate most lift can lead to bad physical performance.
Therefor it was decided to include taper in order to reduce the strength of tip effects.

13.2.6 Coaxial Bi­Rotor Analysis
Due to size and center of gravity range constraints it was not possible to have two separate vertical rotors. It was
therefor necessary to use a coaxial bi­rotor for the vertical propulsion system. While the performance of coaxial
bi­rotors isharder toestimatewith themethods thatwill beused in this report thereexist someclearbenefits. While
coaxial bi­rotors have a22%higher inducedpower their actual power required is 10% lowerwhen compared to an
equal solidity single rotor due to swirl recovery [117].

13.2.7 Airfoil Selection
As previously mentioned a high lift coefficient is beneficial to hover efficiency, since the rotational velocity of the
rotor can be decreased. When performing the airfoil selection two parameters are key, namely a high lift to drag
ratio, and good performance at low Reynolds numbers, in the 10,000 ­ 100,000 range. Due to structural reasons
airfoils with a thickness to chord ratio lower than 8%were not considered, at least not for the root of the rotor. As
lower thickness to chord ratioswouldmake it difficult for the rotor to provide sufficient bending stiffness. The same
airfoils which were selected for the wing airfoil trade off were considered for the vertical rotor, since many of the
same parameters were important. These being a highCL and a highCL/CD, selecting for these parameters pre­
sented two clear winners, the E63 and the S1223. But due to the E63 having a thickness to chord ratio of 4.30% it
was also eliminated. Thus theS1223was chosen for the vertical rotor aswell as for the forward rotor as these also
require a good hover performance.

13.3 Performance Analysis and Sizing
Both the vertical rotor and the forward rotor performance were analysed with help of the Jblade software, so that
an optimal configuration could be reached. How this analysis was performed aswell as the results of this analysis
will be presented in this subsection.
InordertoevaluaterotorperformanceXFoilpolarsfirsthadtobegeneratedfortheS1223airfoil. Thiswasperformed
for a rangeofReynoldsnumbers from10,000 to120,000 in increments of 10,000andwith anNCrit valueof 5. This
NCrit value was chosen as it is believed that a smooth surface can not be ensured due to the abundance of dust
suspended inMars’ atmosphere. These polars were then extended to their 360 degree formwith Jblade’s built in
360polarextrapolation. The360polarswere fine tunedbyhand inorder toensureagradual transitionbetween the
existing polar and theextrapolatedparts, anexample of a generatedapolar canbe seen in Figure 13.3. This polar
hasmuchmoredifferencebetween thepositivesideand thenegativeside. This is likelydue to theheavycamberof
theairfoil, the360°extrapolation ismeant topredictairfoilbehavioratpositivestallangles. Meaning itmaynotbeas
accurate for negative stall angles, this however is not a problemas suchangles are not experiencedby the blades.
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Figure 13.3: 360° polar forCL evaluated at 70,000 Re for the S1223 airfoil

13.3.1 Tilt Rotor Performance Analysis and Sizing
With these polars blades could be generated. The analysis of the forward propulsion will be discussed first and
afterwards the vertical propulsion analysis. First several blades of varying radius were generated but with a con­
stant chord of 0.3 [m]. All analyzed blades used a root cut out of 10% radius. The blades themselveswere split up
intomultiple sections in order to account for the changingReynoldsnumber across theblade’s radius. A total of 17
segments were used as this was deemed to give a high enough resolution for the Reynolds number. Because of
thehigh thrust required fromthe forwardpropulsionsystema large radiuswas requiredasasmall radiuswas found
to unable to produce enough thrust in VTOL at reasonable efficiencies. This however has some impact on the
cruise efficiency, as to produce a low enough thrust the rotor needs to spin slowly and thus reducing theReynolds
number. The effect of radius on the thrust and efficiency can be seen in Figure 13.4. All simulations were run with
Martian conditions for the density and kinematic viscosity at 1500 [m], as this corresponds to the surface ceiling.
It should also bementioned that all calculations were performed without 3D corrections, unless stated otherwise.
This lack of 3D correctionswas cause by instabilities in the program for certain geometries. In order to account for
this lack of correction a10%marginwasused for the thrust the rotor is required to produce. Theplots ranging from
0 to30 [m/s]wereevaluatedat30°pitchangle, and theplots ranging from55 to80 [m/s]wereevaluatedat50°pitch
angle. These correspond to VTOL and cruise respectively.

Figure 13.4: Jblade plots showing the effects of radius on efficiency and thrust

As is visible in Figure 13.4 in order for a propeller with a 1.5meter radius to produce the same amount of thrust as
a 2meter propeller the RPMhas to be increased by 50%. FromFigure 13.4 it is also evident that a larger radius is
capable of producingmuchmore thrust when evaluated at the sameRPM. For this reason it was decided that the
upper bound of 2meters for the forward propulsion systemwould be used. The aforementioned upper boundwas
set asotherwise thepropellerswould have to beplaced too far spanwiseandstability duringVTOLwould become
problematic. It was decided to optimize the forward rotors for the cruise phase, since the cruise phasemakes up
the largest part of themission. This however does not mean that VTOL efficiency can be neglected, as the VTOL
phase isveryenergy intensivegoodefficiency isstill required. Inorder to reduce thestrengthof tipvorticesdifferent
taper ratio’s were evaluated. It was decided to taper the final 80% of the blade, as this is usually were a sudden
drop in lift can be found [82]. Several bladeswith linear taper ratioswere used to evaluate the effects of taper. The
plots for these blades can be found below in Figure 13.5, where the trailing number represents the chord at the tip.
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Figure 13.5: Jblade plots showing the effects of linear taper on efficiency and thrust

As can be seen in Figure 13.5 a linear taper with 0.1 [m] chord at the tip provided the most benefits to the cruise
thrust and efficiency, whilst only having a moderate impact on the VTOL thrust. While one may argue that not in­
cludingany taper is better forVTOL thrust and thusbetter overall, onemust consider that theprogramcould not be
runwith 3D corrections. It is therefor very likely that the performancewithout taper is overestimatedmore so than
the performance of the tapered blades. In order to improve efficiency, one would like to reduce the profile power.
This can be done by reducing the RPM, as it directly scales with RPM. Doing so however will lead to a decrease
in Reynolds number, which will lead to a large decrease in lift and a large increase in drag. To counteract this the
chord could be increased to increase theReynolds number. The effects of increasing chord and decreasingRPM
can be seen in Figure 13.6

Figure 13.6: Jblade plots showing the effects of chord and RPM on profile power and thrust

From Figure 13.6 it becomes clear that increasing chord and decreasing RPM has a positive effect on the power
required to spin the rotor. It should also bementioned that increasing chord is beneficial to lowRPMperformance
due to the increase in Reynolds number and thus CL/CD. In order to increase rotor efficiency even more it was
decided that theeffects of usingacoaxial bi­rotor for the forwardpropulsion should beanalyzedaswell. In order to
analyze these effects the coaxial rotor was analyzed as two single rotors with a ten percent margin on the thrust a
single rotor shouldproduce inorder toaccount for interactionbetween the rotors [117]. Thegeneratedplots for this
analysis can be found in Figure 13.7. In this plot the bottom line represents one of the rotors of the coaxial bi­rotor,
thusmultiplying the power and thrust by a factor 2will give the total performance.

Figure 13.7: Jblade plots showing the effects of single rotor versus coaxial bi­rotor on required power

As can be seen Figure 13.7 turning the forward rotor into a coaxial bi­rotor does not have a huge effect on the
required power, only reducing it by approximately 300 [W], since one has to take into account that the figure in the
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graph should be doubled. However since the twist distributionwill be optimized for cruise, whereRPMwill have to
be lowand incomingvelocityhigh the twistwillhave tobequiteaggressive inorder togivegoodperformance. Since
theRPMcan be lowered for a coaxial bi­rotor thismeans that the optimal cruise twist distribution will more closely
matchtheoptimalVTOLtwistdistribution for thecoaxialbi­rotorcase. Togetherwith thisandtheaddedredundancy
a coaxial bi­rotor can provide it was decided that the forward propulsion systemwould also have coaxial bi­rotors.
Now the planform had been finalized the twist distribution could be optimized, the twist was optimized by twisting
each section of the blade until it was at it’s angle of attack for maximumCL/CD, which for the S1223 is at around
2­5° angle of attack dependingonReynolds number. It was later found that increasing the chordbeyond0.375 [m]
lead to a performance decrease during cruise, due to the fact that the blade had to spin too slowly to produce the
required thrust. Thus themaximumchordwas reduced to 0.375 [m], keeping the linear taper ratio towards 0.1 [m]
tip chord. It was decided to also include a linear taper near the root of the blade, since due to the twist of the blade
required during cruisemade the inner 35%of the blade contributemore to torque than to thrust. The optimal twist
distribution canbeapproximatedbya linear twist starting from0◦at the root to ­32◦at 96%of theblade,witha linear
decrease to ­25◦at the tip. The chord distribution is characterized by a 0.2 [m] chord at the root, which increases
linearly to0.375 [m]. Thechordstaysconstantuntil 80%of thebladeand thendecreases linearly to0.1 [m]at the tip.
Theperformanceplot for the final blade canbe seen in Figure 13.8. Where the point indicates the induced velocity
during hover for the forward propulsion, which can be calculated by use of Equation 13.18

vi=

√
T

2R2πρ
(13.18)

The analysis yielded a final reported cruise efficiency of 74%, and a hover efficiency of 32%. It should also be
mentionedthatduringcruiseonlyonerotorhastospin,duetothefactthatsplittingthethrustoverthetworotorswould
mean thebladesspinat aneven lowerRPM,which leads toworseefficiencies. Inorder todo thisone rotor oneach
sidewill be put into vane position. The drag the blades produce in their vaned position is thought to be negligible.

Figure 13.8: Jblade plots showing thrust power required and efficiency of a single forward rotor evaluated at 49°,
and 91° root pitch for VTOL and cruise respectively

As can be seen in Figure 13.8 the thrust does not meet the required 20% imposed earlier due to rotor interaction
losses and the lack of 3Dcorrection. However this 10%margin is not required anymore for the tilt rotors as they do
not seemtohavea largeeffect on the thrust values inhoverand incruise, ascanbeseen inFigure13.9. Thereonly
seems to be a large effect at velocities lower than 10, which are velocities that are not present during any stage of
the flight. At higher velocities the effect of the 3D corrections is barely noticeable, meaning the tilt rotors and thus
the forward propulsion systemhas been correctly sized.
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Figure 13.9: Jblade plots showing the effects of 3D corrections on the reported thrust and power values

13.3.2 Vertical Rotor Performance Analysis and Sizing
The performance analysis of the vertical rotors follows many of the same principles as the performance analysis
of the VTOL phase for the tilt rotors. Thus many of the same optimization techniques can be applied. Due to the
vertical rotors also being coaxial bi­rotors the same 10%will also be taken for the required thrust. The only differ­
ence of the optimization scheme for the vertical rotors will be a different twist and larger chord, as the vertical rotor
does not suffer from the penalty to cruise efficiency. Since the vertical rotor is not as constrained as the tilt rotors
in its diameter the blade radius was increased to 2.9 [m]. As a larger diameter gives better efficiency, due to the
lower require RPM. The chord was increased beyond 0.375[m] in order to increase the Reynolds number while
still allowing the rotor to operate at low RPM. Firs the effects of increasing chord were analyzed. The same taper
ratios as those for the tilt rotors were initially used, as these yielded good results for larger chord and higher thrust
as well. A plot which shows the effect of increasing chord on the hover efficiency can be seen in Figure 13.10. All
rotors included no twist ande were evaluated at the same pitch angle of 49°. The numbers in the legend indicate
thechordat the root,whichcoupledwith the taper ratios yield thechordat all different positionsof theblade. These
simulationswere runwithout3Deffects, asdoingsowouldcrash thesoftwaredue todivergingvalues for the thrust.

Figure 13.10: Jblade plots showing the effects of increasing chord on thrust and efficiency

FromFigure 13.10, it becomes clear that increasing the chord and lowering theRPMwill indefinitely lead to better
hover performance. However doing sowill lead to terrible forward flight andclimbingperformance, as indicatedby
the light green line in Figure 13.10, which quickly bottoms out at comparatively low speeds. Therefor the optimal
root chordwasdecided tobe0.4[m]which yieldsamaximumchordof 0.75[m] anda tip chordof 0.2[m]. Increasing
or decreasing taper were found to have a negligible effect due to the low RPM the rotor is already operating at.
Thus theonly factor left to optimize is the twist distribution. Thiswasagainperformedbymeansof ahighly iterative
process toachieve thedesired thrust andhighest efficiency. Theobtained twist distribution togetherwith thechord
distribution can be found in Figure 13.11, the vertical rotor performance can be found in Figure 13.12
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Figure 13.11: Twist and chord distributions of the vertical rotor blades

Figure 13.12: Jblade plot displaying vertical rotor thrust and efficiency evaluated at 330 RPM, and 51° pitch with 3D corrections applied

Thisbladeplanformyieldeda thrust of 122[N],witha10%margin toaccount for coaxial bi­rotor losses, at 330RPM
with a hover efficiency of 36%, this value for efficiency seems to be very low when comparing it with typical rotor
efficiency. This can partly be attributed to the unfavorable conditions found onMars, as lowReynolds number and
lowdensity reduce rotor performancedrastically. Anexisting rotor design for aMars helicopter forwhich thehover
efficiency can be calculated was analyzed in Jblade [36]. This analysis was performed at 37° pitch angle, at 644
RPM, andwith the described blade properties laid out in theMARV paper [36]. The results of this analysis can be
seen in Figure 13.13, the power output of theMARV rotor was obtained by simplymultiplying the induced velocity
of theMARV rotor with the thrust require for hover. Dividing the output power by the required hover power for one
rotor an efficiency of 53.8% is obtained.

Figure 13.13: Jblade simulation of the designed vertical rotor and MARV rotor.

From Figure 13.13 it can be observed that the efficiency obtained by Jblade is 33% lower than the calculated
efficiency. Meaning that a factor has to be applied to the efficiency to arrive at the correct result. A factor of 1.49 is
applied tobothefficiencies, yieldinganefficiencyof53.8%forboth theMARVand thevertical rotor. This correction
is also applied to the hover efficiency of the tilt rotors, as Jblade reported similar values for these as well. The
final values for the rotor thrust, efficiency and required power can be found in Table 13.2. Due to some changes
in the design the required VTOL thrust required by the forward rotors went up by approximately 15 [N]. In order to
accommodatefor this thebladepitchwasincreasedto30°, thisreducedthehoverefficiencybyapproximately0.2%.
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Table 13.2: Rotor properties

Rotor Thrust [N] Efficiency [%] Required power [W]
Tilt rotor cruise 17.5 74.0 1880
Tilt rotor hover 55.2 50.6 1406
Vertical rotor hover 122 53.8 2926
Total hover power ­ ­ 11474
Total cruise power ­ ­ 3760

FromthevaluesinTable13.2 itcanbeconcludedthatall therequirementsfor therotorsregardingthrustoutputhave
beenmet. With regards to requirementSYS­PROP­04, themaximumoperating tip speedsof the tilt rotors and the
vertical rotors are 126 and 100 [m/s] respectively. These tip speeds are well below 192 [m/s], which corresponds
to0.8Mach. It hasalsobeenensured that one rotor inoperativedoesnot lead todirectmission failure, as thedrone
can still cruisewith one tilt rotor inoperative.

13.4 Layout
Havingsized thepropellers,motorsandgearboxescanbeselected for the front and rearpropulsionsystems. This
sectionwill describe the selection process of the type andmodel ofmotor, aswell as the transmission system.

13.4.1 Motor Selection
Due to the electrical architecture of theUAV (the electrical power being supplied by abattery)DCelectricalmotors
will be used for propulsion. There are two types of DCmotor: brushed and brushless. Brushless DCmotors have
numerous advantages over brushed motors, including more precise speed control, better efficiency, longer life­
time and lower temperatures [107]. Hence it has been decided to use brushlessDCmotors for propulsion. During
VTOL, each forwardpropeller requires1406 [W]of powerandeach rear propeller requires2926 [W]of power. Dur­
ing cruise, one forwardpropeller oneach side requires 1880 [W].Hence, VTOL is themost power­intensive phase
for both the front and rear motors. From this it follows that the front motors need to be able to supply 2812 [W] to
the two front propellers on each side, plus amargin to take into account transmission efficiency. Assuming a trans­
mission efficiency of 95%, the front motors need to be able to supply 2960 [W]. Assuming the same transmission
efficiency for the rear rotor gives a power requirement of 6160 [W] for the rear motor. A lightweight brushless DC
motor has been selected to fulfil this requirement, namely the AveoxUT­8023­32P/11. This electricmotor weighs
2.09 [kg], has an outer diameter of 12 [cm] and is able to supply 7068 [kW] at 95%efficiency [18].

13.4.2 Transmission Selection
TheUT­8023­32P/11 operates at optimumefficiency at a torque of 34.27 [Nm], and anRPManywhere from 1500
to 3000 at this torque [18]. Since the torque required for the rear rotor in VTOL is 169.34 [Nm], a gear ratio of 5 is
needed. Themotor can then run at 1650RPM to transfer the required 330RPM to the rear rotors. The front rotors
require a torque of 44.75 [Nm] at 600 RPM for VTOL, meaning a gear ratio of 2 can be used to convert a torque
andRPMof 22.38 [Nm] and 1200 from themotor to the required values for the rotor. Although this operation point
is removed a bit from the optimal condition for themotor, the loss in efficiency is negligible [18]. These reductions
will be performed by planetary gearboxes. For all motors, after this gearbox, another gearbox will be needed to
accommodate the use of two coaxial birotors. The three transmission systems (one for the rear, two for the front)
will weigh approximately 1 [kg] each from comparisonwith similar systems [107] and it is conservatively assumed
that the gearbox efficiency is 95%.

13.5 Risk Analysis
The functioning of the propulsion systems is of paramount importance to the functioning of the drone and thus
the successful completion of the mission. During the design of the propulsion system a few risks were identified
with regards to the propulsion system. These risks, including their probability, severity andmitigationmethod are
presented below.

• PR­1/Propulsion risk ­ One of the tilt rotors fails
– Effect:Wouldseverely reduce the range ifoccurringduring flight,wouldmakeVTOLtakeoff impossible.
– Probability: Due to the electrical nature of the propulsion system it does not containmanymoving parts
that are exposed to themartian elementsOccasional.

– Severity: Catastrophic, Could render the drone stuck at a remote location.
– Mitigation: The tilt rotors were designed as a coaxial bi­rotor, making the design fully redundant during
cruise. Thepartsof thepropulsionsystem thatareexposed to theelementsshouldbe inspectedbefore
every flight.

– Effect of Mitigation: Due to changes in the design the severity this event decreased toCritical. Due to
the pre­flight checks the probability was lowered toRare.

• PR­2/Propulsion risk ­ One of the vertical rotors fails during flight
– Effect: This would in the case of VTOL lead to a crash, or render the drone unable to take off if landed.
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– Probability: Due to the electrical nature of the propulsion system it does not containmanymoving parts
that are exposed to themartian elementsOccasional.

– Severity: CatastrophicCould lead to loss of the drone.
– Mitigation: Aswith risk PR­1, the vertical rotors will be inspected before every flight. In order to ensure
that the drone can safelymake an emergency landing requirementSYS­PROP­06was formulated.

– Effect of Mitigation: Due to the pre­flight checks the probability is lowered toRare, due to requirement
SYS­PROP­06 the severity is reduced toCritical.

• PR­3/Propulsion risk ­ One of the electrical components fails
– Effect: Can lead to total loss of thrust.
– Probability: Sincemanyof thecomponentswill beassembledonearthwith thewiring inplace thisevent
is classified asRare.

– Severity: Catastrophic, sincesuchaneventcould lead topartialor total lossof thrust. Leading toacrash
when occurring during flight.

– Mitigation: Extra wiring should be included for the electric motors in order to make the wiring fully re­
dundant. Backup electric motors should be transported with the drone so these can be replacedwhen
necessary.

– Effect of Mitigation: Themitigation procedure only has an effect on the probability lowering it to Improb­
able.

• PR­4/Propulsion risk ­ Tilting mechanism or gearbox fails
– Effect: Could render VTOL or general operation of the rotors impossible.
– Probability: Since the systems do not containmanymoving parts and are well protected from the envi­
ronment in the case of the gearbox this event is characterized asRare.

– Severity: Catastrophic, since such this event could render the drone unable to land or take off. When
occurring during flight it could even lead to a crash.

– Mitigation: The tiltingmechanismshouldbe inspectedbeforeeach flight and testsshouldbeperformed
to check if the tiltingmechanismworks. Thegearbox should be lubricatedoften andanydust should be
remove every so often. Spare parts should also be transportedwith the drone.

– Effect of Mitigation: Themitigation procedure only has an effect on the probability lowering it to Improb­
able.

13.6 Verification and Validation
In order to verify if the obtained thrust and power values were sufficient, the sizing code was run with the newly
obtainedvalues fromJblade. From this sizingnew thrust andpower requirements followed,whichwere thensized
for. This process continued until the two converged in order to ensure that the rotor sizing was still sufficient. Any
changesthatweremadetothedesignasawholewerealsocommunicatedsothat thesecouldbetakenintoaccount
for the propulsion system sizing.

13.6.1 Validation
To validate the aerodynamic performancewhichwere simulated by themodels (and used for the sizing and power
estimates of the propulsion subsystem) experimental or CFDdata should be used. This is done to ensure that the
required thrust will be able to be achieved during operations.
Vacuumchamber tests canbeperformed to validate the vertical propeller performanceas that propeller should be
tested without incoming flow. This test can also be used to validate the thermal performance of the electric motor
to ensure it will not overheat during take off.
To validate theperformanceof the forward rotors in flight awind tunnel testmust beperformedasan incoming flow
must be used to simulate the drone velocity in flight. It should be noted that simulating themartian atmosphere in
a wind tunnel on Earth is not a simple matter. A wind tunnel is not able to perfectly simulate the low density which
will beexperiencedonMars. Thesolution is to perform tests at a rangeof velocities andwithmultiple smaller scale
models of the propeller blades in order to get data for the expected Reynolds number range. This data can be
accompaniedwith CFD simulations in order to validate the final propulsive performance.
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14 Power Analysis
The power subsystem provides the necessary electrical power for propulsion, command and data handling, com­
munication and thermal subsystems, scientific instruments, soil collection mechanisms, and landing gear. It en­
sures the correct voltagesenter themodulesasneeded. The requirements and constraints influencing thedesign
are presented in Section 14.1. Themodels used and the resulting analyses are detailed in Section 14.2. The final
layout showing the electrical block diagram is presented in Section 14.4. The risk analysis of the subsystem is
discussed in Section 14.3 at he verification and validation of strategies are presented in Section 14.5. The values
in this chapter are highly dependent on the final sizing iteration which could not be accessed in due time and will
therefore change for the final version of this draft.

14.1 Requirements and Constraints
Thegoal is tosizethebatterymodulefor theUAVtoabletosupportacompletemissionprofilewithanadditional15%
margin on the energy required for battery reserve capacity in emergency situations. The batteries can be charged
in twomanners. The first is bymaking use of energy from the base. The second is throughmeans of solar panels
place on thewings. This procedure takes place prior to the beginning of themission. The solar panels can also be
usedduring themission itself to charge thebattery during flight to performanextendedmission profile. Theoption
ofrechargingat thebaseisselectedsuchthat it reducestheoperationaldowntimeof theUAVbyallowingit tocharge
overnightasopposedtochargingthroughthesolarpanels thatcanonlybedoneduringtheday. Theenergyrequire­
mentsnecessary tosupport themost criticalmissionprofilehavebeenderived fromthepowerusedby thedroneat
all times throughout themission. Therefore, satisfying the power requirementsSYS­POW­01 andSYS­POW­02.
Several safety factors areadded to this energy requirement, as further detailed inSection14.2.1. Thesizingof the
solar panels is thusperformed to reduce thestrainon thepower requirements that need tobeprovidedby thebase.

Table 14.1: Requirements related to the power subsystem and their expected compliance

Index:
DME­REQ­ Requirement Compliance

SYS­POW­01 (Driving) The power subsystem shall provide 3.760 [kW] nominally over the mission
duration.

Satisfied

SYS­POW­02 The power subsystem shall be able to provide 11.474 [kW] peak power. Satisfied
SYS­POW­03 The power subsystem shall provide energy storage with a capacity of 5687 [Wh]. Satisfied
SYS­POW­05 (Key) The power subsystem shall be single point failure free. Satisfied
SYS­GEN­03 The design shall provide the capability of being recharged. Satisfied

Analyzing thetwodifferentmissionprofiles results in thesoilcollectionexpeditionprofilebeingmorecritical in terms
of peak power usage with 300 [s] necessary in contrast to 150 [s] for the remote sensing expedition profile. Thus
the critical peak power energy requirement is 0.956 [kWh]. Analyzing the two different mission profiles results in
the remote sensing expedition profile beingmore critical in terms of nominal power usagewith 4350 [s] necessary
in contrast to only 1250[s] for the soil collection expedition. Thus the critical nominal power energy requirement is
4.543 [kWh].

14.2 Model and Analysis
The section is comprised of five parts. First, the power generation means are discussed in Section 14.2.1. Sec­
ondly, the approach for storing energy is presented in Section 14.2.2. Thirdly, the placement of the battery and
solar panels is shown in Section 14.2.3. Lastly, the power management and distribution methods are detailed in
Section 14.2.4 and an overview of the subsystem is offered in Section 14.2.5.

14.2.1 Power Generation
Solar Cell Selection
Solar cell efficiency has seen significant improvements in the last 20 years and is envisioned to increase even
more in the years leading up to 2035. Solar cells are less effective on Mars’ surface than they are on Earth, due
to the greater distance from the Sun: the solar intensity is 590 [W/m2] [17], less than half of the value on Earth.
Atmospheric dust, storms, and clouds further reduce this intensity and thus theperformanceof the solar panels on
thesurfaceofMars. Lowtemperatures in therangeof ­100 [°C] to0 [°C],wind,andelectrostaticchargingalsoaffect
material properties and solar cell performance of photovoltaic arrays [73]. For all these reasons, it is important to
select cells that are space certified. The current practice for space application is to use multijunction solar cells,
which are composed of layers that produce an electrical response at different wavelengths. This practice allows
for the absorbance of a broader range of wavelengths and improving the efficiency of converting solar irradiance
into electrical power.
Two manufacturers offer state­of­practice solar cells for space applications with an efficiency of around 32% re­
spectively: AzurSpaceandSpectrolab. Thecells frombothmanufacturershave thehighest technology readiness
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level possible of 9 according toNASA standards [105]meaning that the product has been flight tested. Therefore,
two other criteria are important for selecting the best design, respectively: low mass as the design has to fly and
high power density. The technical requirements used for comparison are summarized in Table 14.2. Although a
higher voltage is desirable, the increase in mass will be considerable by 30% for the same design configuration.
Therefore, XTE­LILT cells are selected for this power system.

Table 14.2:
Technical specifications of the most efficient solar cells for space photovoltaic applications currently available on the market [21] [134]

Manufacturer Spectrolab Azur Space
Type XTE­LILT [135] QJ 4G32C [20]
Composition GaInP/GaAs/Ge AlInGaP/AlInGaAs/InGaAs/Ge
Efficiency BOL 31.6% 31.8%
Minimum Cell thickness [µm] 80 110
Minimum Cell mass [mg/cm2] 50 58
Voltage at max power [V] 2.459 3.025
Current at max power [A] 0.4887 0.4335

Availability of Solar Power on Mars
For sizing the amount of power generated through solar panels at a certain Mars location, it will be assumed that
the solar irradiance that reaches the surfaceofMars is available to theUAVboth during flight andwhen the vehicle
is stationary on the ground. This assumption does not influence the design greatly as the vehicle flies at relatively
low altitude of 200[m].
Nasahasdevisedaprocedure toapproximate thesolarvariationsof thesolar flux [51] . The firstaspectof interest is
the solar radiation variationwith respect to a standard location. Therefore it is interesting to analyse how the solar
radiation varies for a certain latitude based on the aerocentric longitude. The aerocentric longitude represents
the angle associated with the position of Mars in orbit around Mars, and it has been graphically represented in
Figure 14.1. Every 30° of aerocentric longitude correspond to a newmonth onMars. Another parameter that can
influence the solar radiation variation is the optical depth which has values between 0 and 1. 0, meaning that the
atmospheric haze is low andmore solar radiation reaches the surface and one, meaning the atmospheric haze is
maximum and barely any solar radiation reaches the surface through the atmosphere. For reference, the optical
depth during a global dust storm is τ =0.5. Therefore in the figures plotted and the subsequent analysis a conser­
vative valueof τ=0.35wasselected. Anexampleof howsuchavariation canbeplotted for interpretation is shown
in Figure 14.2. The second aspect of interest is to look into the hourly solar variation. In this manner, it can be
determined what themost suitable operation or charging timeframe is based on the time of the year. An example
of such a plot is shown in Figure 14.3.

Figure 14.1: Visual representation of Mars proximity to the Sun at different aerocentric longitudes

The direct beam irradiance, Gb, on the Martian surface normal to the solar arrays is related to the global direct
beam irradiance at the top of Mars atmosphere Gob = 590[W/mK], the optical depth τ and the zenith angle z
throughEquation14.1. Thecosineof thezenithanglecanbecomputedwithequationEquation14.2whereϕ is the
latitude, ω is the hour angle measured form the true noon westward and δ is the declination angle computed with
Equation 14.3. The declination angle varies with the aerocentric longitudeLs and is dependent on the obliquity of
Mars rotation axis δ0=24.936◦ [51].

Gb=Gobexp
(

−τ

cos(z)

)
(14.1)
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cosz=sinϕsinδ+cosϕcosδcosω (14.2)

sinδ=sinδ0sinLs (14.3)

Figure 14.2: Variation of solar
irradiance on horizontal surface of Mars (optical depth = 0.35)

Figure 14.3:
Hourly solar irradiance variance on the surface of Mars at 45°
latitude for various aerocentric longitude (optical depth = 0.35)

Solar Array Configuration
Oncetheavailableresourcesforsolarpowergenerationhavebeenanalyzed, thedesignof thephotovoltaicsystem
canmove on. The next step is to define themodule configuration. Modules are a series configuration of cells that
group toachieve the requiredvoltageandpowerscompatiblewith thebatteries [167]. Thebatteryvoltageneeds to
bearound24­25V to support the required voltagesencountered in the system. Therefore, a slightly higher voltage
hastobeprovidedbythesolarpanels. Thusthesolarcellmodulesarecomprisedof12XTE­LILTcellsconnected in
series. Themaximumpowercurrentof themodule isequal to themaximumpowercurrentofonecell, asmentioned
in Table 14.2. The maximum power voltage of the module is equal to the voltage is the product of the maximum
power voltageof onecell times the total numberof cells in series, 29.5V.Thecorrect voltage that needs toenter the
battery isachievedthrougharegulator,as furtherdetailed inSection14.2.4onpowermanagementanddistribution.
The second step is to determine the total load current and operational time. The total load current is derived by
dividing the total energy requirement by the operational time of the solar panels. Thus the number of equivalent
suns hours further detailed under step 4. The energy requirements are derived from themission profile in [Wh] by
accounting for the operation of all components required to sustain flight and perform the scientific mission. Now,
an analysis has to be performed to investigate the current required by the system. All the components can be
poweredwith direct current, DC.Therefore thepower rating contributionsare summedanddividedby thenominal
operational voltage to get the average operational time [Ah].
The third step is to account for system losses. Charge regulators and batteries use up energy to perform their
functions. The energy required for the functioning of the PV system can be considered energy loss. Generally, a
20%margin can compensate for the losses [167] and is added to the energy requirement from step 2 to further be
used for sizing.
The fourth step is to determine the solar irradiation in daily equivalent sun hours EHS. Local weather patterns and
seasonal changes influence the power delivered by thePVmodule. These have been analyzed in Section 14.2.1.
Byanalyzingtheplots forhourlysolarvariation,suchastheonedisplayed inFigure14.3, ithasbeendeterminedthe
solar radiation stayswithin a 20%margin of the peak value for roughly 12 hours a day in the timeframe6:00­18:00.
To add a safety margin, the EHSwas found to be 8 hours. Thus, the ideal operation timeframe of the solar panels
becomes 8:00­16:00.
The fifth step is to determine the entire solar array current requirements, including the additional safety margins
added in the previous two steps. The solar array current is determined by dividing the total energy requirements,
including losses, from step 3, by the equivalent sun hours onMars selected in step 4.
The sixth and last step is to determine the optimummodule arrangement. This stage aims to select theminimum
number of modules to provide the previously computed solar array current. To determine the number of modules
in parallel, the current required by the solar array is divided by the current generated by themodule at peak power.
Thenumberofmodules inseries isdeterminedbydividing thenominalPVsystemvoltagewith thenominalmodule
voltage as computed in step 1. The total number of modules is the product of the number of modules required in
parallel and the number needed in series.



14.2. Model andAnalysis 92

Applying the sizing considerations for the PV system described in this section results in the following solar array
configuration summarized in Table 14.3. The same approach has been used for sizing the beacons used for com­
munication in Chapter 9 with the mention that given the low power requirement of only 2[W] per beacon and the
lowoperational voltageof 3.3 [V], anadditionalmodule configuration is not necessary. Thus, thesolar array for the
beacon can be arrangedwith a 2 cells connected in series.

Table 14.3: Overview of the solar array configuration and sizing

Energy [Wh] Capacity [Ah] Area [m2] Number modules Number cells Mass [kg]
UAV 4324.11 146.58 1.26 39 468 0.63
Beacon 4.785 1.45 0.0054 N/A 2 0.0027

14.2.2 Power Storage
Battery Requirements Sizing
To determine the battery size, the necessary reserve of 15% is added. The capacity of the batteries is computed
bymultiplying the total DCenergy requirement for themission profile used for sizing by the recommended reserve
time in days. For extended battery life, it is recommended to only use 80% capacity of the battery; therefore, the
minimum capacity of the battery is obtained by dividing the direct energy requirements by the operational battery
capacity of 0.8.

Battery Cell Selection
Li­ionbatteriesmakeuseof apolymer basedelectrolyte andhave theadvantageof being rechargeable. Thecom­
panySaft produces batterieswhich are specially designed for the spacemarket. As of 2021, an attractive product
is available from Saft with an energy density up to 180 [Wh/kg] and a power range up to 1 [kW/kg]. Moreover,
it is believed the current interest in lithium ion batteries for the automotive industry will drive further increases in
performanceover thecomingyears. Electricallypoweredvehiclesarecurrentlymakinguseof lithium ionbatteries
with a specific energy density of 260 [Wh/kg]. Forecasts for this technology show that by 2025, a specific energy
of around 580 [Wh/kg] can be achieved [39].
Due to all these recent advancements, the current space certified specific power density is deemed to be on the
rather low side and will be outdated technology by the time the mission is performed. Saft batteries have been
involved in powering previous spacemissions, and a timeline of themission and the specific powers they used at
this timewas contoured. In 2003batterieswith a specific power higher than100W/kgand250W/l havebeenused
on theMars ExplorationRovers, Spirit andOpportunity [11]. On the Phile Lander in 2014, batteries with a specific
energyof242Wh/kghavebeenused [128]. Therefore, itwasconsideredacceptable touse technologywithslightly
higher performance thanwhat is already available on themarket with a battery energy density of 280Wh/kg. This
decision wasmade as the overall design is highly sensitive to themass of the batteries, and although higher­end
technology is not currently available, the rate of development of the past show that this conservatory value which
is slightly below the trend line, can be achieved in due time for performing thismission.
The battery cell used as a reference and deemed to bemodified for the purpose of thismission is a VL51ESLi­Ion
battery fromSaft due to its high capacity storage per cell of 51[Ah]. An overview of its technical specification used
for sizing is given in Table 14.4

Table 14.4: Technical specifications of the battery cell Saft VL51ES

Parameter Unit Value
Energy density [Wh/kg] 280
Energy density [Wh/L] 385
Cell Capacity [Ah] 51
Cell Nominal Voltage [V] 3.6

Battery Configuration
The battery configuration will be composed of cells coupled in series and parallel. Series configurations are nec­
essary to achieve the operating voltage of the battery which is higher than that of the individual cell and parallel
configurations add up to reach the total battery capacity [Ah]. Including all the safety margins due to losses, the
battery is capable of storing 5.191[kWh] energy thus complying with SYS­POW­03. An overview of the sizing
considerations of the battery is shown in Table 14.5

Table 14.5: Overview of the configuration and sizing of the battery

Stored Energy [Wh] Capacity [Ah] Cells [­] Parallel [­] Series [­] Mass [kg] Volume [L]
UAV 5687 237 35 5 7 20.31 14.77
Beacon 6.49 1.96 1 1 1 0.023 0.0168
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14.2.3 Battery and Solar Panel Placement
Due to their large combinedmass, the placement of the batteries and the solar panels played a significant role in
ensuring the longitudinal stability of theoverall design. Therefore, theyhavebeenkept asa variable duringdesign
iteration. For the final design, the solar panels are divided into two arrays placed on either side of the wing, as
shown in Figure 14.5. Due to the symmetry of the design, only one side is displayed. Similarly, the battery is split
into two arrays at the extremities of the wing situated below the sollar panels. The split is made such that on each
sideof thewing, thereare2seriesmodulesand4other cells aspart of the last seriesmodule. Given that the series
module is composed of 7 series in parallel, an additional cell is placed on one side of thewing to provide symmetry
along the longitudinalaxis. Thebattery ispositioned inside thewingboxbetween the front, and rearspar, asshown
in Figure 14.4, and the exact dimensions of the battery pack on each side are 222x972x54 [mm] (chord direction,
span direction, wingbox height) such that the battery cell configuration fit at that specific cross­section in the wing.
Thus, the spanwise length of the battery array on each side of thewing is 0.972 [m].

Figure 14.4: Cross sectional view of the
battery placement, green rectangular box, inside the wingbox

Figure 14.5: Placement
of the solar panels on the surface of the wing. Inside

the wing at the same location there is the placement of the
battery with a similar rectangular shape of 0.222×0.972 [m]

14.2.4 Power Management and Distribution
The power management strategy comprises three main components, according to Brown et al. [30] First, the
source control, regulating the power that comes from the solar arrays. Secondly, the storage control for which
a battery charger regulator is necessary. And lastly, the output control that consists in the case of this design of
DC­DC converters ensure the correct loads reach the different components.

Source Control
The mission is mainly designed that the solar panels charge the batteries and do not necessarily provide direct
energy to the components. The latter only being true in the case of mission extensions. For the cases when the
energy isdirectlybeing transferred to thecomponents, noadditional control is required. However, thisdesigndoes
nothavedirectenergytransfer. Therefore,apeakpower trackerPPTisnecessary tooperate inserieswith thesolar
array. ThePPTextracts the load required for charging thebatteriesup to thepeakpowerof thearraysandconverts
the output voltage to the operational battery voltage. The PPT is a small DC­DC converter that can be purchased
fromTexasInstruments forexamplemodelLM76005­Q1[141]. Theconverterhassmalldimensions4x6x1.8 [mm].
Assuming the converter ismade out of aluminiumwith a density of 2.7[g/cm3]. Themass of the PPT is 0.129[g].

Storage Control
The battery charger regulator is a small component that the batterymanufacturer can provide and has amarginal
contribution to bothmass and costs.

Output Control
The electrical profile load is of importancewhen it comes to selecting the output controlmethod. The components
have different operational voltages, and the power management approach needs to ensure that powerlines with
the correct voltages and currents reach the individual components. An overview of all the different voltages and
the corresponding regulators is shown in Table 14.6. The regulators will be organized in a centralized manner
placing all the regulators together in the form of a power control unit. Three different regulators models are used
all providedbyTexas Instruments: Regulator 1manufacturermodelTPSM63603 [145],Regulator 2manufacturer
model TLVM13630 [143] and Regulator 3 manufacturer model TPS57140­Q1 [144]. The regulator blocks have
relatively small dimensions of 4x6x1.8 [mm], resulting in a 43.2 [mm3] volume. Assuming the blocks aremadeout
of aluminiumwith a density of 2.7[g/cm3]. Themass of one regulator is 0.116[g]. For 27 regulators composing the
power control unit, the totalmass is 3.15[g]. Relatively insignificant value compared to the rest of the components.
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Table 14.6: Overview of the main power consumers and their associated voltage regulators

Component No. Voltage [V] Reference Type Voltage [V]
Motor 3 40 Chapter 13 N/A N/A
Electronic Speed Controller 3 12 Chapter 13 R1 1­16
On­board computer 2 15 Chapter 8 R1 1­16
Navigation Camera 9 5 Chapter 8 R2 1­6
IMU 1 3.3 Chapter 8 R2 1­6
Laser Altimeter 1 3.3 Chapter 8 R2 1­6
Li­ion Batteries 2 25 Chapter 14 R3 0.8­39
Communication Board 1 12 Chapter 9 R1 1­16
Robotic drill arm 1 12 Chapter 7 R1 1­16
Observation Camera 1 5 Chapter 7 R2 1­6
Gas Analyser 1 12 Chapter 7 R1 1­16
Ground Penetrating Radar 1 12 Chapter 7 R1 1­16
Magnetic Disks 1 5 Chapter 7 R2 1­6

Primary Power Distribution
The power distribution consists of cabling, fault protection and switching gear. This power system component is
challenging to estimate in the incipient design stages, and its accurate mass estimation is generally determined
when the prototype is being produced. Cabling can account for 10% to 25% of the electrical power systemmass
[161] and therefore a 15%margin has been selected for this purpose.

14.2.5 Power Subsystem Overview
Asummary of all themasses comprising the power subsystem is shown in Table 14.7. The operational time of the
drone without solar panels is obtained by dividing the stored energy in the battery at 80% battery capacity usage
by the nominal power usage of 3.76 [kW], thus leading to an operational time of 1 hour 30minutes. With amission
length of 1 hour 15minutes, the battery provides 15minutes of additional operational time.
Undernormal circumstances, thedronewill use thesolarpanels tocharge for8hourspersol, receivinganaverage
of 300 [W/m2] of solar flux. With the solar panel area of 1.26 [m2] at the given efficiency of 31.6%, the solar panels
will be able to gather a total of 3.44 [MJ] in one sol. This is 16.8% of the full battery capacity. In the worst case
scenario, thedronewill need tocharge the restof thewayup to80%usingbasepower. Withacharging timeof16.6
hours (the remaining time in one sol), this would require a power draw of 216 [W] from the base. The two options
for recharging the drone ensure compliancewith requirementSYS­GEN­03.

Table 14.7: Overview of the total mass of the power subsystem

Mass [kg]
Power subsystem component UAV Beacon
Solar Array 0.63 0.0162
Battery 20.31 0.023
Power Conditioning 0.003 0.0001
Cabling 3.14 0.004
Total 24.08 0.043

14.3 Risk Analysis
• PWR­1/Power Subsystem Risk ­ Li­ion Battery Explosion

– Effect: Li­ionbatteries are inherently hazardousas theyaremadeout of highly flammable solvents that
pose a fire hazard.

– Probability: Li­ion batteries have very low failure rates and therefore the probability is set toRare
– Severity: ExplosionofasinglecellmaybeleadtoaMarginaleffect,however, if theexplosionpropagates
to the rest of themodule or thewhole battery, the effect can becomeCatastrophic.

– Mitigation: Thermal barriersmust be set between thedifferent batterymodules to reduce the chanceof
propagation to the rest of the system

– Effect of Mitigation: Themitigation strategy sets the probability toRare
• PWR­2/Power Subsystem Risk ­ Connector failure

– Effect: Inoperable subsystem or component, based on the nature of the component, the effect can be
minimal assuming for example on scientific instrument fails, or lead to the mission failure in case the
navigation systemdoes not receive power.

– Probability: This event is classified asRare as spacemissions have very strict protocols with regard to
the assembly of the final product.

– Severity: The outcome of such a risk can beCatastrophic.
– Mitigation: Fitting tests of thewiring have to beperformedbefore themission. The connections have to
becheckedusingamultimeter to identifywhether thecorrectvoltageandcurrentpass throughthewires.
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– Effect of Mitigation: With thismitigation the event is Improbable
• PWR­3/Power Subsystem Risk ­ Diode failure

– Effect: Reverse current enters the solar panels that can damage their performance or render them
unfunctional.

– Probability: The probability of occurrence is set to Occasional. Diodes fail due to excessive forward
currents or high reverse voltages.

– Severity: The failure of the diode from the solar arrays to the batteries may be Critical and lead to the
failure of the PV system.

– Mitigation: Use of voltage regulators for the different components to prevent undesirable currents and
voltages. Adding a bypass diode for the PVmodules to prevent high reverse voltages.

– Effect of Mitigation: Themitigation reduces the probability toRare.
• PWR­4/Power Subsystem Risk ­ No power flowing from the batteries

– Effect: Unable to perform themission.
– Probability: The probability of occurrence isOccasional
– Severity: The severity of such an event isCatastrophic as the system relies fully on electrical power for
operation.

– Mitigation: The mitigation strategy is to add a backup power distribution network that ensures power
can flow from the batteries to the safety­critical components. Another approach is to ensure direct en­
ergy transfer from the solar panels to the system however this method is reliant on the environmental
conditions.

– Effect of Mitigation:The probability of occurrence becomesRare

14.4 Layout
The electrical subsystem’s layout configuration is shown through the means of an Electrical Block Diagram il­
lustrated in Figure 14.6. Important to note that back­up power connection power lines have been added to the
components required to maintain the aircraft in flight during operation in case of failure of the primary distribution
network thus complyingwith requirementSYS­POW­05.

Figure 14.6: Electrical Block Diagram



14.5. Verification andValidation 96

14.5 Verification and Validation
The code implemented for sizing the power system is relatively simple. One class implemented the sizing and
configuration for the solar panels and the battery based on the energy requirements coming from the latest sizing
iteration.

14.5.1 Unit Tests
Total Energy Produced Test
By doubling the total energy requirement coming into the sizing function, the total energy produced by the solar
panels has to double compared to the initial energy produced. Test was passed successfully.

Solar Modules in Series Test
The number of solarModules in series is determined by dividing the nominal voltage of the systemby the nominal
voltage of the module of solar cells. If the nominal voltage of the system is doubled, it is expected that so will the
number ofmodules grouped in series. Test was passed successfully.

Total Battery Capacity Test
By doubling the total energy requirement coming into the battery sizing function, the total battery capacity has to
double aswell. Test was passed successfully.

14.5.2 Validation
The first validationapproach refers to thevalidationof themodel. This canbedonebyusinganactualmission, reg­
istering the energy requirements of thatmission and running the code to investigate whether similar sizing values
isused. It is essential to selectmissionswheresolar andbattery cellswith similar technical specificationsareused.
Thisvalidationmethod isnot veryaccurate, but it shouldgiveasenseof theorderofmagnitude. Thesecondvalida­
tion step is for the results. For this, a prototype of the product would have to be built to obtain the subsystem’s final
mass, including thecabling. Thesystemhas tobe tested ideallyunderMarsenvironmental conditionsasdesigned
for, and the requirementsmentioned in the compliancematrix at the beginning of the chapter can be validated
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15 Thermal Control Analysis
Keeping the aircraft and its subsystemswithin their operational or survival temperature range is an important part
of the design that ensures the mission can be performed in the harsh Mars environment. The requirements the
thermalcontrol systemhas tocomplywitharepresented inSection15.1,and theMartianenvironmentalconditions
that drive the design are summarized in Section 15.2.1. Themodel used to analyze the thermal control needs and
to size the required system is presented in Section 15.2. Lastly, the risks for this subsystem and themethod used
for verification and validation are presented in Section 15.3 andSection 15.4, respectively.

15.1 Requirements
The requirement for the thermal control subsystem is straightforward: to keep the temperature of each subsystem
in its operational range. This is a requirement that canbe verified through construction of thedroneandsimulation
of the thermalMartianenvironment,aswillbedescribed inSection15.4. Therequirement is tobeachievedthrough
the use of thermal sensors and control, aswill be described in this chapter.

Table 15.1: Requirements related to thermal control and their expected compliance

SYS­THE­01 (Driving) The thermal subsystem shall keep the temperature of the temperature­
sensitive subsystems within their respective operational ranges during expeditions.

Satisfied

15.2 Model and Analysis
This section outlines the method that was used to size the components of the thermal subsystems. Starting with
exploring the Martian environment and components that need thermal control, the methodology is lined out and
subsequently each thermal control element is described.

15.2.1 Martian Environment
The Martian environment is characterised by significant temperature variations based on the corresponding lati­
tudeand longitudepositioning. Thiscaneasilybeexplainedby theamountofavailablesolar radiation that reaches
the surfaceof the planet, with higher amounts near theequator, decreasingaswemove tomoreextreme latitudes.
The variation between a summer day at the equator and 45° latitude is approximately 100K.
Such a large temperature variation greatly impacts the design of the thermal control system. As expected, de­
signing for the absolute worst­case scenario would lead to an oversized design. Thus, it was decided to size the
thermal control unit for the most likely base locations and its surroundings: the Hellas Planitia. In this area, the
minimumtemperatureonacoldwinternight is ­96°C,and themaximumonasummerdayatnoon is0°C [158]. The
sizingof the thermal control system for theseconditionscanbe laterevaluated fordifferentbase locationsand thus
temperatures to evaluate its efficiency and limitations.
Moreover, theamount of direct solar irradiance that reaches thegroundsurface is of importanceaswell. Using the
method presented in Section 14.2.1, it has been determined that at 42° latitude (corresponding to the position of
Hellas Basin), the lowest amount of incoming solar radiation is 25 [W/m2], corresponding to a coldwinter evening
onadaywith highoptical depthof 0.35. Anon­zero value is selected for the sizingbecause theUAVdoesnot oper­
ate at night; therefore, there is a small contribution from the sun at all times. The highest amount of solar radiation
is 480 [W/m2], corresponding to a hot summer day at noon for a low optical depth of 0.1.
The type of environment also affects the types of heat contributions acting on the product and dictates the type of
heat transferbetween thecomponents. For theMartianatmosphere, the followingcontributionsareof importance:
1. Radiation

(a) Direct solar radiation
(b) Albedo radiation (the solar radiation reflected by the planet back to space)
(c) The infrared radiation ofMars

2. Conduction between components
3. Convection between the gases in the atmosphere and the components

15.2.2 Components Operating Range
Thegoalof thermalcontrol istoensureallcomponentscanoperatewithintheiroperatingtemperaturerangedespite
the impactof theenvironment. Anoverviewof theoperational temperature rangesof thecomponents ispresented
in Table 15.2. Noted that for sizing, these temperature rangeswill be decreased by 5°C as a safety factor [161].
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Table 15.2: Operational and critical temperature range overview of the UAV components and scientific instruments

Mission Component Operation Range [°C] Survival Range [°C] [131] Referencemin max min max
2 Robotic drill arm ­135 70 ­135 70 Chapter 7
1 Observation Camera ­25 20 ­110 50 Chapter 7
1 Gas Analyser ­25 50 ­25 50 Chapter 7
1 Ground Penetrating Radar ­25 50 ­25 50 Chapter 7
1 Magnetic Disks ­20 85 ­20 85 Chapter 7
All Onboard computer ­25 45 ­40 50 Chapter 8
All Navigation Camera ­25 20 ­110 50 Chapter 8
All IMU ­40 85 ­110 50 Chapter 8
All Laser Altimeter ­10 50 ­110 50 Chapter 8
All Motor ­20 40 ­77 44 Chapter 13
All Solar Panels ­165 70 ­165 70 Chapter 14
All Li­ion Batteries ­20 60 ­20 60 Chapter 14
All Antenna ­55 125 ­55 125 Chapter 9
All Communication Board ­50 120 ­50 120 Chapter 9

Before the thermal control system can be designed, the most extreme scenarios have to be defined. The envi­
ronmental conditions dictate the harshest conditions the product may encounter, i.e. a cold winter evening or a
hot summer day. The type of mission to be executed also has a large impact, as different instruments are active
for different expedition profiles, generating different amounts of heat in different places. For example, during ex­
pedition profile 2 for collect and return, the drill will produce heat during operation. However, this is not the case
during expedition profile 1 for remote sensing, when the drill is inactive. Given that the product is of rather large
dimensions, the components that require thermal control can be divided into four different categories that do not
influence each other: themain body section (consisting of all instruments required for navigation, communication,
and scientific purposes), the motors, the batteries, and the additional navigation cameras present at the winglet
tips. For each group, the coldest and hottest scenario will be further discussed.

15.2.3 Methodology
Theapproach used stemmed from the heat balance shown in Equation 15.1 and it was adjusted to account for the
conditions present on the Martian environment. It is important to note that a steady­state equilibrium has been
considered. Qabsorbed is composed of the solar radiation, albedo flux, and infrared radiation onMars as shown in
Equation15.2. Thus, rewriting theheatbalanceequationyieldsEquation15.3which represents theequationused
in the Pythonmodel. In this equation,Cij ,Rij stands for a conductive or radiative link between node i and node j,
respectively.

Qin =Qout =Qabsorbed +
∑

Pdissipated =Qemitted +Qconvected (15.1)

Qabsorbed =Qs+Qa+QIR (15.2)

Qs+Qa+QIR+
∑

Pdissipated +

no.nodes∑
0

Rij(T
4
i −T 4

j )+

no.nodes∑
0

Cij(Ti−Tj)+hA(Ti−Tj)=0 (15.3)

Rij=σεAij (15.4)

C=
kA

L
(15.5)

In Equation 15.4, σ = 5.68×10−8 [W/m2K] as Stefan Boltzmann constant, ε is the emissivity of the radiativemate­
rial, andAij is the radiation area. In Equation 15.5, k stands for conductivity constant in [W/(mK)], A is the area
that is conducting, andL is the distance from the center of mass to the conducting surface. ConductanceC is the
oppositeof resistance

(
C= 1

R

)
andcanbe interpretedasameasureof howeasy it is for current or heat to flow from

one surface to another. If the surfaces are connected in series, the resulting resistance isRij=Ri+Rj Therefore,
the conductance can be computed as 1

Cij
= 1

Ci
+ 1

Cj
. The termRwas used exclusively in this paragraph to explain

theconductancenotionbetter. All other references to thesymbolR in the remainderof thischapterdefine radiation
connections.
The components can be approximated to have a cuboid shape. Therefore, different surfaces have been taken
into account for conduction and radiation links. For the latter, the surface area facing the ground from each in­
strument has been computed by investigating which surface of the cuboid is in contact with the environment. An
example is shown in Figure 15.1b. For the former, only the contact area between two cuboids has been taken into
account. Given that onecubehasasmaller surfacearea, that is used to compute theconductivity between the two
components. An example is illustrated in Figure 15.1a.
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(a) Surface area for conductive link
(b) Surface area for radiative link

Figure 15.1: Surface areas used for computing the radiative and conductive links

The approach used is towrite a heat balance equation for each node individually and combine all of the equations
into a set. The nonlinear nature of the radiation formula raises a problem in the attempt to solving larger equa­
tions sets. Linearization is, therefore, necessary for the radiation term to reduce the computational time. The
linearization method is shown in Equation 15.6. In this model, only radiative links with the Mars environment are
considered. The radiation links between instruments are considered to be reduced to negligible impact through
thermal finishes. An example of how linearization is applied for a radiation term with the environment is shown in
Equation 15.7. This equation can be implemented in aPython code in a linearmanner, withTx being the only term
that varies. T1, representing the temperature of the environment, is known and constant. The initial temperature
Tx0

can be given an initial estimate and then iterated until the difference between the approximated heat resulting
from the linearization and the real heat resulting from computing the 4th­degree polynomial with the temperature
resulting from the equation sets is smaller than 1 [J].

L(x)≈f(x)≈f(x0)+f(x0)
′
(x−x0) (15.6)

R1x(T
4
x−T 4

1 )≈R1x(−3T 4
x0
−T 4

1 +4T 3
x0
Tx) (15.7)

15.2.4 Thermal Analysis Body Structure
Thebodystructurehas the largestnumberof componentsandconsistsof the instruments required forcommunica­
tionandnavigationandall thescientificpayload. Thethermal interactionbetweenthecomponents, thesurrounding
structure, and the environment have been analyzed by idealizing the components as nodes and defining the inter­
action type between them. To simplify the calculations, small components placed in close proximity to each other
withsimilaroperating temperature rangesweregrouped togetherandwereapproximatedasacuboidshapeof the
resultingvolume. Thiswas thecase for the twocentral cameras,whichweregrouped intoasingular parallelogram
and the elements required for navigation and communication. Thus, the communication, navigation boards, the
laser altimeter, and the IMUhave been grouped into a singular block and themost restrictive operational tempera­
turerangehasbeenusedfor thegroup. Notethatevenin thissituation, theresultingblockshadasmallerdimension
than the surrounding components. The resulting nodal network is illustrated in Figure 15.2a and the name of the
instruments composing each node can be found in Table 15.3.
The different types of interactions between the components are illustrated in Figure 15.2b as either conduction or
radiation links. For example, Node 9 with temperature T9 has conduction links with all other instruments that are
in contact with it and a radiation link with theMars environment, T1.
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(a) Thermal nodal network of components within the body structure

(b) Thermal nodal network
of components surrounding the battery

Figure 15.2: Thermal nodal networks

Table 15.3 shows the material properties of the different components. All components other than node T9 can
be considered to be made out of aluminium, thus having emissivity ϵ=0.1, absorptivity α=0.4, and conductivity
constant k=236 [W/(mK)]. The top wall structure of the body is made out of carbon fibre, thus having emissivity
ϵ=0.77, absorptivityα=0.85, and conductivity constant k=21 [W/(mK)] [155, 153, 154]. For better performance,
thermal finishes are applied to the components. The top surface plate made out of carbon composite material is
a flat absorber with both high absorptivity and emissivity. During a preliminary analysis, it has been noticed that a
lowerabsorptivity ismoredesirableduringhot scenarios. Awhitepaint layer ofPCBZ that reduces theabsorptivity
is applied on the top wall for these considerations. The navigation and communicationmodule node T7 has been
coatedwithvaporizeddepositedgold tobringtheradiationof theelectricalboardswith thesurrounding instruments.
For the rest of the components, anodized aluminium was the coating of preference due to the extensive range of
variation in terms of emissivity and absorptivity combinations [120, 161].

Table 15.3: Material properties of the components within the body structure

Node Component Thermal Finish α ϵ k [ W
mK

]
1 Mars Environment N/A N/A N/A N/A
2 Ground Penetrating Radar Aluminium with anodized aluminium coating 0.86 0.04 236
3 Robotic drill arm Aluminium 0.4 0.1 236
4 Soil containers Aluminium 0.4 0.1 236
5 Gas Analyser Aluminium with anodized aluminium coating 0.86 0.04 236
6 Magnetic Disks Aluminium with anodized aluminium coating 0.86 0.04 236

7

Onboard computer

Aluminium vaporized deposited gold coating 0.3 0.03 236IMU
Laser Altimeter
Communication Board

8 Navigation Camera Aluminium with anodized aluminium coating 0.03 0.8 236Observation Camera
9 Top wall structure Carbon Composite with white paint PCBZ 0.16 0.87 21

Thenodalnetworkof thebodystructurehasbeenconsideredunderbothcoldandoperational conditionswithadis­
tinctionbetween the twodifferent expedition types. Theproductwould have to performgroundobservation during
expedition profiles 1, and collect and return during expedition profile 2. Computing the steady­state temperatures
from the nodal network revealed that the top wall plate acts as a very effective conductor that effectively brings all
instruments to similar temperaturewith variations nomore than 1­2 [K].
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Coldest Case: Winter Night
During the cold operational scenarios, no additional active means of thermal control are necessary. The thermal
finishesareapplied tosuffice formaintaining the instrumentswithinoperational range if theywereactiveorsurvival
range if theywere not.

Hottest Case: Summer Day
Computing the steady­state temperatures from the nodal network revealed that additional heat dissipation is nec­
essary under hot operational conditions with themost constraining conditions during expedition profile 1. Node 8
corresponds to thenavigationandobservation cameras representing themost constraining factor as their temper­
atureneeds tobe reducedbyat least30.3 [K] tobring the instrumentswithinoperational range. Thenavigationand
communicationmodule,node7,alsorequiredadditionalheatdissipation fora5.8 [K]difference. Theseconstraints
translated into the necessity of adding a 150 [W] radiator during ground observationmissions. High Performance
Radiator technology from Airbus HiPeR [7] is used to dissipate excess heat. This is an ultralight, flexible radiator
that can reject 370 [ Wm2 ] of heat and has a mass performance of approximately 3.5 [ kgm2 ]. Thus for 150W heat dis­
sipation, the radiator area is 0.4 [m2] and the associated mass roughly 1.4kg. The radiator can be connected to
the instruments through thermal links that can be disconnected during hot case scenarios to prevent overheating.
An overview of the heat flows in and out of the system used to determine the required heat dissipation is shown
in Table 15.4. A similar approach was used to analyse the system for expedition profile 2. The temperature differ­
ences in this case were not as significant as in the previous case and only 20 [W ] of dissipated heat is necessary
during drilling operations. Althoughessential for performanceanalysis andbattery sizing, this consideration does
not drive the design of the thermal control systemandwill not be detailed further.

Table 15.4: Overview of heat intake of the body structure

Node Qs [W] Qa [W] QIR [W] P [W] Q [W] Qin [W]
1 N/A N/A N/A N/A N/A N/A
2 0 0.66 0.04 2.48 0 3.18
3 0 9.68 3.41 0 0 13.09
4 0 0 0.25 0 0 0.25
5 0 6.14 0.4 2.6 0 9.14
6 0 0.2 0.01 4.8 0 5.01
7 0 0 0.02 25.85 0 25.87
8 0 0.2 0.01 2.79 ­150 ­147
9 53.76 0 65.88 0 0 119.65

15.2.5 Thermal Analysis Motors
Themotorsoperateatanefficiencyof95%. Atamaximumpowerconsumptionof4865[W] for therearmotorduring
VTOL, this means that the back motor dissipates 243.3 [W]. During cruise, the front motors use 2400 [W] which
means that they dissipate 120 [W] continuously. The operational temperature range of the motors is given to be
­80 to 315°C, however high temperatures will degrade the efficiency of themotors [18]. It should thus be ensured
that the temperature of the motors is limited. This section describes the design of radiators for the front and back
motors tomake sure that their temperature remainswithin a desirable range.
Startingwith thebackmotor,a finnedcylindrical radiatorhasbeensized tobeputaroundthemotorand thegearbox.
This 20 [cm] high radiator is made out of aluminium and has a thickness of 1 [mm], a radius of 10 [cm] and 12 fins
sticking out 7 [cm], spread around the perimeter of the cylinder. This results in a surface area of 0.4617 [m2], from
which the radiator can radiate away heat from themotor.
For the frontmotors, a cylindrical radiatorwithout fins hasbeendesigned tobeput around the frontmotors inboard
of thehingecontrolling the front propeller orientation. This50 [cm] longaluminiumcylinderhasadiameter of 15.56
[cm] and a thickness of 1 [mm]. The resulting surface area for radiation is 0.4889 [m2].

Coldest Case: Winter Night
The coldest situation that is considered in Hellas Planitia is ­96°C. Examining the heat balance of the backmotor:

Pdissipated=Pradiated (15.8)

243.3=ϵσA(T 4
motor−T 4

environment) (15.9)

It is assumed here that the radiator always adopts the temperature of the motor, as it surrounds the motor com­
pletely. In this calculation, convection is neglected as it is very difficult tomodel for the geometry of the backmotor.
Filling in the radiator area and an emissivity of 0.96 for a painted surface, and solving for the motor temperature
givesanequilibrium temperatureof 48.2°Cwhen thebackmotor is continuously running. Thus, it is not required to
heat the backmotor. Performing the same calculation for the front motors, with a dissipated heat of 120 [W] and a
radiator area of 0.4889 [m2] results in an equilibrium temperature of ­0.9°C.Hence, the frontmotors do not require
any heating either, and the thermal requirement ismet for the front and backmotors.
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Hottest Case: Summer Day
Thewarmest situation that is considered is 0°C on a summer day in Hellas Planitia. For the backmotors, an equi­
librium state is not considered here as the motors are only functioning during take­off and landing, in the order of
tens of seconds. Rather, to simulate the thermal behavior of the backmotor in these conditions, aPythonprogram
was written to calculate the change in temperature of the motor and radiator under influence of dissipated heat,
absorbed albedo, and infrared radiation fromMars, and heat that the radiator radiates out. Using required motor
power over time as an input, the following formula is used to calculate change in temperature every time step:

∆T =
Pnet∆T

(mmotor+mradiator)cp
(15.10)

Where the heat capacity of aluminium is used, andPnet is the sumof all incoming and outgoing heat:

Pnet=Pdissipated+Palbedo+PMars IR−Pradiated out (15.11)

Again, convection is conservatively ignoredas thegeometry doesnot lend itself to anapproximationof convection
effects. Simulating a take­off procedure, themission segment that causes the largest rise in temperature, results
in the figure below.

Figure 15.3: Power output and temperature response of a take­off procedure

Ascanbe seen, using the radiator designed for the backmotor, the temperature of themotor and radiator doesnot
exceed 323 [K] or 50°C during take­off. Hence, the thermal requirement ismet.
For the front motors, it is possible to find an expression for the effect of convection. First, the Reynolds number of
the flow over the 0.5 [m] long cylinder is calculated:

Re=
ρV l

µ
(15.12)

Where in theseconditions, thedynamic viscosityµ is 1.464×10−5 [kgm­1 s­1] and thedensity is 1.4×10−2 [kgm­3]
[23, 88]. Filling in a length of 0.5 [m] and a cruise velocity of 80 [m/s] gives a Reynolds number of 220729. The
Prandtl number can be calculatedwith the following formula:

Pr=
µcp
k

(15.13)

Where the heat capacity cp of CO2 is taken to be 846 [J/K], and the thermal conductivity k of CO2 is taken to be
0.015 [W/(mK)] at these conditions [152, 151]. This results in a Prandtl number of 0.748. With the Prandtl and
Reynoldsnumber, the followingempirical relationscanbeused toapproximate theNusseltnumberof the flowover
the cylinder, approximating it with flow over a flat plate [140]:

Nutur=
0.037·Re0.8 ·Pr

1+2.443·Re−0.1
(
Pr

2
3 −1

) (15.14)

Nulam=0.664·
√
Re· 3

√
Pr (15.15)

Nu=

√
Nu

2

lam+Nu
2

tur (15.16)

WhereNutur is the averageNusselt number of a fully turbulent flow,Nulam is the averageNusselt number of a fully
laminar flow, andNu is theestimate for theactualNusselt number. This last formula is valid forReynolds numbers
between10and107 [140]. Filling in theReynoldsandPrandtlnumbersgivesanaverageNusseltnumberof660.16
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for the flow over the cylinder. With the Nusselt number, the average convection heat transfer coefficient over the
cylinder can be calculated as follows:

h=
Nuk

L
(15.17)

Filling in the length of the cylinder and the thermal conductivity of CO2 gives an average convection heat transfer
coefficienthof 6.602 [W/m2K]. For reference, a 2 [m/s]windofEarth atmosphere corresponds to aheat coefficient
of 26.2 [W/m2K]. Finally the heat balance of one of the frontmotors can be examined:

Pdissipated=Pradiated+Pconvected (15.18)

120=ϵσA(T 4
motor−T 4

environment)+0.8hA(Tmotor−Tenvironment) (15.19)

A factor 0.8 is applied to the convection effect to make sure that the estimate is conservative. Filling in the front
motor radiator areaof0.4889 [m2] andoutside temperatureof 0°Cgivesanequilibrium temperatureof 50°C for the
frontmotors during cruise. Hence, the requirement ismet.

15.2.6 Thermal Analysis Batteries
A visual representation of the nodal network used for analysing the temperatures of the batteries is present in Fig­
ure15.2b. Thebatteriesareplacedintwodifferentarrays,oneontheleftwingandoneontherightwing. Thethermal
analysis is thesame forbothsides, and thereforeonlyoneside is shown in theschematic. Theassociatedmaterial
properties are present in Table 15.5. The nodes considered for this analysis are the top and bottomwall structure,
the top and bottom wing box structure, and the batteries. The battery is mounted within the wing box. Therefore
only the vertical heat flow through the top andbottomplate, the top andbottomparts of thewing box structure, and
the battery pack itself are of interest. Therefore, it is assumed that all components have the same conductive area
of 0.05 [m2], and the samevalueof thearea is used for radiationwith theenvironment by the topandbottomplates.

Table 15.5: Material properties of the components surrounding the battery

Node Component Thermal Finish α ϵ k [ W
mK

]
1 Mars Environment N/A N/A N/A N/A

2&6 Top& bottom wall structure Carbon Composite with white paint PCBZ 0.16 0.87 21
3&5 Wing box wall Aluminium 0.4 0.1 236
4 Li­ion battery Li­ion 0.4 0.1 236

Coldest Case: Winter Night
Computing the steady­state temperature for the nodal network of the batteries revealed that the batteries would
require additional heating during cold operational conditions as otherwise their temperature stabilizes at 247 [K],
8.6 [K] below their operating range. The temperature difference to bring the batterieswithin operational range can
beachieved throughmeansof grapheneaerogel insulation of 1 [mm] betweeneachnode. Thismethodbrings the
battery temperature to262[K].With four interlayersofgraphaneaerogelof1 [mm] thickness inbetweenthe topwall
structure, thewingboxand thebattery, eachwitha surfaceareaof 0.05 [m2], thenecessarymaterial volume is50[]
[56]. Withamaterial densityof12.5 [ mg

cm3 ], the totalmassof insulation is0.625[g], an insignificantmasscontribution
compared to the rest of the design.

Table 15.6: Overview of heat intake of the structure surrounding the batteries

Node Qs [W] Qa [W] QIR [W] P [W] Q [W] Qin [W]
1 N/A N/A N/A N/A N/A N/A
2 0 0.03 0 3.76 0 0
3 0 0 0 0.43 0 0
4 0 0 0.05 0.43 0 0
5 0 0 0 0.17 0 0
6 0.16 0 0 3.76 0 0

Hottest Case: Summer Day
Computing the steady­state temperature for the nodal network of the batteries revealed that the batteries reach a
temperature equilibriumof 309Kduring hot operational conditions and require no other formof passive or thermal
control. Moreover, the introduction of the insulation layer for cold operational conditions does not increase the
temperature of the batteries, whichmaintain a steady 309 [K] operational temperature.

15.2.7 Thermal Analysis Wing Mounted Navigation Cameras
The navigational cameras are located at the bottom of the winglets. In each winglet, there is a set of 4 cameras
measuring 3.8×3.8×3.6 [cm], spaced along thewinglet chordwith length [cm]. To approximate the heat behavior
of this set of cameras, it is assumed that the cameras together form one node measuring 3.8×3.8×30 [cm] that
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loses heat through the skin of thewinglet, and that has an area twice that of the side of this cuboid on both sides of
thewinglet, totalling 0.0456 [m2], and gains heat through the power dissipated by the cameras, aswell as a heater
introducing 4 [W] of power into the system when functional. In each winglet, two of these heaters are included to
ensure redundancy of the system. These heaters are controlled by temperature control units, of which there are
also two corresponding to each winglet to ensure redundancy. The areas of the winglet that radiate out heat are
covered in aluminiumpaint to lower the emissivity.
For the cold case, to see what the equilibrium temperature is of the cameras when functioning, the following heat
balance is investigated:

Pdissipated+Pheater=ϵσA(T 4
cameras−T 4

environment) (15.20)

Assuming the cameras have a 5% efficiency and all use 3.1 [W] of power, the dissipated heat is 0.62 [W]. Assum­
ing the aluminium paint has an emissivity of 0.27 [153], solving for Tcameras with Tenvironment being ­96°C gives an
equilibrium temperature of 22°C.
For thewarmcase, assuming theheaters tobeoff andanenvironment temperatureof 0°C results inanequilibrium
temperature of 10.3°C. Therefore, the thermal requirement ismet.

15.2.8 Temperature Sensors
In order to control the heaters and generally keep track of the temperature of every subsystem, temperature sen­
sors are included at several places in the drone. In each place, two sensors are included to ensure redundancy.
The placement is as follows: two at the cameras in the left winglet, two at the cameras in the right winglet, two at
the left battery array, two at the right battery array, two at the navigation­communication PCBmodule, two at each
scientific instrument (totalling 10), two at the solar array on the left wing, two at the solar array on the right wing,
and finally two at each motor (totalling 6), meaning in total there are 30 temperature sensors included onboard
the drone. With the use of the thermal solutions previously described and the temperature sensors to ensure the
temperatures arewithin recommended ranges, requirementSYS­THE­01 is satisfied.

15.3 Risk Analysis
Based on the discussion of the thermal subsystem, a number of risks can be identified. These risks are based
on aspects of the thermal subsystem that could fail or lead to performance issues. As a result of the thermal sys­
tem being designed as a tool to mitigate the risk of temperature changes, the risks are focused on the subsystem
components itself rather than the risks associatedwith temperature swings.

• THER­1: Radiator tube ruptures
– Effect: Radiator systemno long functions and componentsmay overheat.
– Probability: Rare and likely a result of faulty production
– Severity: Critical asmany subsystems only functionwithin specific temperature ranges.
– Mitigation: As the radiator is made up of many panels, the tubes can be separated meaning a single
rupture does not lead to subsystem failure.

– Effect of Mitigation: Theseverity is reduced toMarginalas thesolutiononlyprovides theUAVwithextra
time to return to the base.

• THER­2: Broken thermal link to the body radiator
– Effect: The instruments overheat
– Probability: Improbable as thermal links are space certified and flight tested.
– Severity: Critical as the scientific objective of themission cannot bemet.
– Mitigation: Check thermal sensors data to ensure the thermal link is used within the operational stan­
dards set bymanufacturer.

– Effect of Mitigation: The severity of the risk is reduced from critical toMarginal, as if a failure occurs it
would be a random failure of a single pipe instead of amore serious systemic issue.

• THER­3: Launch/flight load damages the radiators rendering them unusable
– Effect: The thermal control systemdoes not function andwould need significant repairs
– Probability: Rare
– Severity: Catastrophic
– Mitigation: The radiators are being tested for 18 years inGEOorbit and their design is being updated to
account for these loads. This research is however ongoing

– Effect of Mitigation: The results that arise from this research should reduce the probability of this occur­
rence down to Improbable

15.4 Verification and Validation
This section describes how themodels and calculations used to size the thermal control systemwere verified and
validated, and how the results from these calculations can be validated.

15.4.1 Unit Tests
Several unit tests can be performed to verify calculation steps in themodels that are used.
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Conduction Matrix Test
Thecode for the thermal control analysis is built in a linearmanner. Amatrix is builtwithall thenodeson thevertical
and all the nodes on a horizontal axis. If there is a conduction link between the two nodes, the matrix entry is 1;
else, it is a 0. The conduction connection matrix is given as input to the code. It is later populated with the correct
conductive values. For a four­node network, T1 being the environment andT2 toT4 regular nodes and conduction
pointsbetweennode twoand threeC23(T2−T3)andnode2and4C24(T2−T4) thecorrespondingpopulatedmatrix
will have the formshown inEquation 15.21. To check that the correct values enter thematrix at the correct location
with the correct signs, a small 3×3 matrix has been verified both visually (by printing the entries as strings) and
quantitatively (by computing thematrix entries by hand and verifying the outputmatrix with a 0.1 accuracy).C23+C24 0 0

0 −C23 0
0 0 −C24

·
T2T3
T4

 (15.21)

Radiation Matrix Test
A similar approach used for the conductive connection test was also used for the radiation connection, with the
implementationdifferingslightlydue to thenonlinearnatureof the radiation formula. For thiscase, the linearization
of the radiation formula has been implemented. The term that varied with the temperature has been added in the
matrix, and the additional constant items have been stored in a separate vector, as shown in Equation 15.22. The
separate vector of constants has been added in the end to theQin vector and used to compute the temperatures.
Both thematrix and the additional vector have been verified through handwritten calculations that did not vary by
more than 0.1 accuracyC23+C24 O 0

0 −C23 0
0 0 −C24+4R14T 0

3

·
T2T3
T4

+
 0

0
−3R14T 0

4−R14T 1
4

 (15.22)

Heat Input Test
The five different heat inputs types (respectively: solar, albedo, IR, dissipated power and heater/radiation power),
are specific for eachnode. And it is uniquely basedon the typeof nodesand interactionwith theenvironment. This
type of unit test needs to be performed every time the nodal network or the node type is modified and is a manual
process of populating the vectors. This can be explained by the fact that not all components/nodes are exposed
to solar radiation or albedo. Similarly, the correct power dissipation has to be verified as each instrument has a
different power usage.

15.4.2 System tests
Considering the calculation of all the different contributions of heat input and output as units, away to perform sys­
tem tests for the thermal calculations in this chapter is to examine whether each heat balance does, in fact, equal
zero. This is a way of ensuring that given that all the units are correct, there is no error in the system, and thus no
error in the heat balance calculations. This can be done by calculating and summing each contribution by hand to
check that the results correspondwith the results generated by thePython programs.

15.4.3 Validation
Two different validations approaches are needed. The first is to validate the software. For example, the software
created for determining the temperatures based on the conductive and radiative links can be validated by giving
the same inputs to well verified and validated thermal analysis programs such as ThermXL or ESATAN.
The second validation method is that of the results. This can be done by creating a prototype of the product and
testing it under environmental conditions and usage cases as described in themodel. Throughmeans of thermal
sensors, the temperatures of each component are measured and can be used to validate the outcomes of the
software. It is expected that in reality, the results will be different, as the model for the payload instruments does
not take convectionwith air into account, and the conductivity between instruments is overestimated by assuming
that all components are touching each other, although, in reality, there is a small slit between them for mounting
ease. Next to theoverestimationof heat transfer between instruments, neglecting convectionmeans that theheat
loss of instruments that directly touch the outside atmosphere is underestimated.
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16 GroundOperationsandLogisticsDescrip­
tion

This chapter describes the procedureswhich occur on the ground to support the operation of theUAV, frombefore
the launch to Mars until after the end of the mission. This includes the actions required of the base crew onMars
as well as the ground support team on Earth. The requirements to which the ground operations proceduresmust
comply are given in Section 16.1. A number of assumptions have beenmade about the state of theMars base at
the time of arrival of the UAV on Mars, many of which directly relate to the various aspects of ground operations.
These are listed and explained in Section 5.5. Sections 16.2 to 16.10 then describe all ground operations from the
beginning to theendof themission. Note that thestructureof thischapterdiffers fromthestructureof thepreceding
subsystem chapters because it is a description of the ground operations, as opposed to a design analysis of one
of theUAV’s subsystems.

16.1 Requirements
The requirements of thismissionwhich are directly related to the ground operations are listed in Table 16.1. Their
complianceisgivenintherightmostcolumn; it isexplainedhoweachrequirementachievesits indicatedcompliance
in the following sections of this chapter.

Table 16.1: Requirements related to ground operations and their expected compliance

Index:
DME­REQ­ Requirement Compliance

TL­OPE­03 The design shall allow unloading and assembly by 3 astronauts within 24 hours. Satisfied
SYS­GEN­02 The mission shall provide all tools necessary for assembly that are not already

present at the base.
Satisfied

SYS­GEN­05 The launcher shall have a reliability of at least 95%. Satisfied
SYS­GEN­20 The mission shall provide all tools necessary for inspection and maintenance that

are not already present at the base.
Satisfied

SYS­GEN­22 The mission shall provide all necessary equipment for the communications system. Satisfied
SYS­GEN­23 The base shall provide all necessary equipment for recharging the batteries. Satisfied
SYS­THE­02 The thermal subsystem shall keep the temperature of the temperature­sensitive

subsystems within their respective operational ranges during storage.
Satisfied

GO­01 It shall be possible to repair the UAV in case of minor damage/expected wear­and­
tear.

Satisfied

GO­02 It shall be possible to perform routine maintenance operations on the UAV without
extensive disassembly of the UAV.

Satisfied

GO­03 It shall be possible to update all onboard software. Satisfied
GO­04 It shall be possible for the astronauts to calibrate the actuators before flight. Satisfied
GO­07 The mission shall include a storage system at the base which can protect the UAV

from dust when not in use.
Satisfied

GO­08 Themission shall include a storage system at the base which can assist with thermal
control of the UAV when not in use.

Satisfied

GO­09 It shall be possible to transport the UAV on the ground with the assistance of a
surface rover vehicle without disassembly of the UAV.

Satisfied

STN­05 The scientific data resulting from the mission shall be made available to scientists
and scientific institutions for which this data is relevant to research.

Satisfied

STN­06 During the operational phase, components of the UAV relating to soil collection shall
be sterilized at the base such that these components are restricted to a surface bio­
logical burden level of≤30 spores before they are used for soil collection purposes.

Satisfied

STN­08 It shall be possible for the operators on Mars to disassemble the UAV to access
reusable components after end­of­life.

Satisfied

Note that twoof these requirementsaresatisfiedasa result of theassumptionsmadeabout thebase inSection5.5.
Following from theassumption that sterilizationequipmentwill be present at thebase, requirementSTN­06will be
satisfied. Following from the assumption that the basewill generate its ownpower, someofwhichwill be available
for charging the drone, requirementSYS­GEN­23will be satisfied.

16.2 Earth Operations (Prior to Operational Life)
Context
The Mars base will be operated and controlled by a collaboration of governmental space agencies (likely led by
NASA), referred to fromhere on collectively as the ’main party’. The authors of this report and the designers of the
UAV are employed by a private company that has been subcontracted to provide a design for the given mission.
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If approved by the main party, this private company will be responsible for producing and testing the design (in
collaborationwith themain party).

Astronaut Training
Oneadvantage of theUAVbeing semi­autonomous is that it limits theworkload of the astronauts. The astronauts
livingandworkingonMarswillhavehighpressureandrisky jobsandwillhave tobewell trainedandknowledgeable
inmanyareas. Therefore, it is not expected that they should be experts on the functioning of this design. Theywill,
however, require training to understand how to perform basic procedures. Knowing these basics will ensure that
the normal use of the drone is not dependent on constant communicationwith the design teamonEarth.
The training coursewill be developed and carried out in the ’Train Personnel’ block, as can be seen in Figure 20.1.
Trainingwill cover the purpose of thismission, an overviewof the scientific instruments on board, the design of the
aircraft, and safety precautions. The astronautswill also learn about all of the operations described in this chapter,
including unloading and transport after arrival, assembly and setup, storage operations, transporting the aircraft
on theground, inspection, testing, routinemaintenance, repair, andregularexpeditionprocedures (suchassetting
up and monitoring expeditions). Finally, the astronauts would learn how to remotely operate the drone from the
base using a simulator (see Section 8.3). The training would be most effective if it occurred in person before the
astronauts left Earth using amock­up drone for reference. Instruction bookswill be developed alongside the train­
ing programme which will provide all necessary information about the mission. These books will be sent digitally
to the Mars base and physical copies will be sent along with the drone itself so that information can be accessed
even in the event of computer failure or a power outage.

Pre­Launch, Launch, and Cruise
Part of the mission will be to choose how all of the components will be sent to Mars. Launch operations will be
carried out by a private launcher company or by themain party (to be decided after the design process). Sizing of
the design options was carried out using the Atlas V launch vehicle for reference, but a more suitable option may
become available in the future. These operations will include constructing or refurbishing the launcher, loading
the parts and components into the payload fairing, setting up the launch pad and all related systems, fuelling the
launcher, carryingout the initial launch, performingorbit transfer burns, performingarrival and landingprocedures,
andmonitoring systems throughout [49]. All of this must take place in accordance with regulations. Communica­
tionwith this partywill be important for ensuring that theUAV is launch­readyby the launchdate. In any case, it will
beensuredbefore this stagebegins that the launchvehicle to beusedwill havea reliability of at least 95%, thereby
satisfying requirementSYS­GEN­05.

16.3 Mars Operations (Prior to Operational Life)
Arrival
TheUAVwill arrive onMars via an entry­and­landing systemwhichwill contain all the necessary components and
peripheral equipment for the crew on Mars to operate the mission successfully. The entry­and­landing system
will touch down within range of the SRV(s) such that the base crew can drive out to the landing point, unload the
contents of the entry­and­landing system, and transport them back to the base. Once all components are at the
base, theymaybeunpacked,organised, and inspected foranydamage thatmayhaveoccurredduring the journey.
In the event that no damage is detected, assembly can be then carried out.

Assembly
Assembly will take place as soon as weather conditions and the crew’s work schedules allow. The astronauts
will be outside the base modules for the duration of assembly, so they will be wearing protective suits. This limits
dexterity in their hands and fingers, so small precise taskswill not be required during assembly.
The wings will be delivered as broken up into 6 separate components (as can be seen in Figure 10.1). Each will
part will be pre­assembled on Earth, with the correct airfoil shape and part of the internal wing structure housed
inside. Theywill also contain any partswhich are designed to behousedwithin thewing, suchas the batteries and
the laser airspeed sensors. Each will have appropriate connection points at both ends for connecting to the next
wingcomponent, the fuselage, or thewinglets, includingphysical joints, powerconnections, anddataconnections.
Themain fuselage will be delivered as a single pre­assembled piece. The propellers will each be divided into two
pieces at their centre. Other components will include thewinglets, landing gear, and the supporting beams for the
rotors (three of which havemotors attached).
The general assembly process will be as follows. The landing gear structures will be attached to the underside
of the main fuselage. This component is then oriented upright on the ground. The left and right inner wing parts
are attached to the fuselage, followed by the middle wing parts, and the outer wing parts. The winglets are then
attached to the underside of the outer wings. The matching propellers parts are attached together and installed
together onto the appropriatemotors. The support beams are then installed onto the body structure. Most attach­
mentof componentswill requireelectrical anddataconnections,whichwill besimplified for theastronauts through
the pre­assembly process onEarth.
This entire processwill be testedonEarth several timesunder conditionswhichareasclose to theMartian surface
as possible to ensure that everything is possible for 3 astronauts to complete within 24 hours. The assembly will
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therefore satisfy requirementTL­OPE­03. That said, if the crewdoencounter anyproblemsduringassembly, they
will be able to contact the design and production teamonEarth to ask for advice.
The astronautswill also need to set up and place the communications beacons at their appropriate locations. The
inclusion of these components satisfies requirement SYS­GEN­22. The truss structures which support the bea­
conswill be partially pre­assembled onEarth. This will be donewith the help of an SRV. The pre­assembled truss
pieces, the solar panels which will power the beacons, the batteries, and the beacons themselves will be loaded
onto the SRV, along with any tools needed to complete the construction and set up the beacons. The astronauts
will thendrive to the specifiedbeacon locationsoneat a time, andwill unloadandset upabeaconat eachspot. For
each beacon, this will involve stacking and connecting the truss pieces, fixing the beacon in place, and setting up
the solar panel and battery.
The precise details of how the subassemblies will be joined together and which tools will be required for this task
are not yet known, and neither are the precise tools that will already be available at the base. For this reason, a
package of mass 10 [kg] is included in the total mission mass budget to account for the potential need to include
additional specific tools. This include the tools needed for (dis)assembly, inspection, maintenance, and repair.
This therefore satisfies requirementsSYS­GEN­02 andSYS­GEN­20.

16.4 Ground Equipment
The drone will require a certain amount of equipment to be present at the base to support the fulfilment of themis­
sion. This will include the communication network beacons and tools for assembly andmaintenance, as already
mentioned, but a number of other components are necessary.
First is a number of physical manuals about the design. These will cover the design itself, the scientific mission,
the assembly procedure, inspection and maintenance procedures, expedition procedures, and troubleshooting
guides, as well as everything else covered by the training course and more. These manuals (which will also be
available digitally) canbeused for referenceby the crew if ever they needaquick answer about the designwithout
having to wait to communicate an issue with the team on Earth. The physical manuals may be useful in the event
of computer failure or a power outage at the base. Themass estimate for these is 2 [kg].
Second, it isassumed thatanumberof computersarealreadypresentat thebasewhicharecapableof connecting
to the beacon network and running the required software for setting up expeditions, monitoring expeditions, and
operating thedroneremotely. Whatwillnotbepresentat thebasealready isa flightcontrolstick forplugging into the
computer to operate the drone remotely. This equipmentwill therefore be includedwith the drone, at an estimated
mass of 2 [kg].
Last is the storage and charging equipment. The storage system is combined with a landing pad for the drone,
and will have dimensions at least as wide as the drone’s wingspan and at least as long as the drone’s length. The
storage systemalso includes the upper tarpaulin andheating elements, aswell as a cable to connect it to the base
powernetwork (seeSection16.5). Thechargingequipmentwill simplybea longdurablecablewith theappropriate
connectors at each end to connect to the drone’s charging port and the base power network.

16.5 Storage
In order to increase the lifespanof thedrone, it is desirable tohavesomestorage infrastructure inplaceat thebase.
This storageshouldassist inprotecting thedrone fromdust (thereby reducingwearandmaintenance)andprovide
some thermal insulation and heating to protect the battery during the colds nights onMars. At the base, the drone
lands on a rectangular landing pad which reduces the dust kicked up due to the landing and take­off sequences.
This landingpadmayhave linesorpatternson itwhichcanhelpcalibrate thenavigationcamerasasthedronetakes
off and lands. Following this, the soil samples canbecollected from thedroneby theastronauts andanypost flight
checkscanbeperformed. Theastronautsconnect thedroneto thebasepowersystemtocharge thebatteries. The
maximum expected power draw for the purpose of charging the drone is 216 [W] (see Section 14.2.5), or around
the same as a desktop computer. The upper part of the storage system is a thin thermally insulated tarpaulin with
heating lines. This is pulled over the drone and sealed, protecting it from dust. The storage system will also be
connected to the base power system to provide energy to heat the inside of the storage envelope.
Tosizethestoragesystemtoabasicextent, theshapeoftheuppercovercanbeassumedtobeasphericalcap,while
the landingpad is thecircularbaseof thiscap. Thediameterof thecapbase is takentobethedrone’swingspanplus
15%, or 18.4 [m], and the height is taken to be 2 [m]. The total surface area of the upper cover and the landing pad
are thus550 [m2]. Assuminga tarpaulin­likematerialwithamassdensityof0.1 [kg/m2], thisgivesamassof55 [kg].
For the thermalsizing, it isassumed that the innersurfaceof the landingpadanduppercoverarecoatedwithaheat
reflectivemetallic material which has an assumed reflectivity of 0.97. The average emissivity ϵ and absorptivityα
of the drone are taken to be 0.82 and 0.16 respectively. The radiating surface area A of the drone is taken to be
20 [m2], based on a 3D computer model. Assuming the drone is stored at temperature T=­20°C, and it is sealed
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inside the storage systemwhich provides heating power flux ofS, the thermal power balance can bewritten as:

Qout=QinϵAσT 4=0.97ϵAσT 4+SαAS=
0.03ϵσT 4

α
(16.1)

SoS=35.72 [W/m2]. With a total areaof 20 [m2], this leads to a thermal power requirements during storageof 714
[W]. This storage system complieswith requirementsGO­07 andGO­08.

16.6 Ground Transportability
Ground transportability, ormoving the drone to a location other than the basewhile on the ground, will be possible
with the help of an SRV. This may be desired if the astronauts wish to conduct an expedition just past the drone’s
usualmaximum range from the base.
As stated in the assumptions (Section 5.5), theSRV(s) at theMars base is capable of transporting cargo. To trans­
port the drone, the crew will need to lift the drone at the root of the wing and hoist it onto the cargo bed of the SRV.
With a mass of approximately 100 [kg] and Mars’ low gravitational acceleration, the drone should be easily lifted
by twoastronauts. Theastronautswould then secure the dronedown to theSRVusing straps or other connectors.
Then the SRVwill be ready to transport the drone. The wings would of course stick out over the sides of the SRV
cargobay, so thecrewwouldneed tobecareful during transportation inorder toavoidcollisionsbetween thewings
and stray rocks, and to avoid driving over very rough or uneven terrain, which may cause damage to the drone.
This process satisfies requirementGO­09.

16.7 Expedition Procedures
Setting up a standard expedition will involve a number of steps for the crew. First, they will check the weather
forecasts for the region surrounding the base. If there are any small local dust storms, theywill make a note not to
conduct any expeditions around that locality. Any larger dust stormsmaymean that no expedition can take place,
depending on the exact size and progression of the dust storm. If the expedition is going ahead, theywill open the
appropriate software on a base computer and select the expedition type, the target location(s), and whether the
expeditionwill beconductedsemi­autonomouslyorwith remotehumancontrol. Thecrewwill check ifanysoftware
updates for the drone have been received from Earth. If so, they will upload them to the drone’s OBC and reboot
it. This satisfies requirementGO­03. The drone’s battery level will also be checked to ensure that it has enough
energy to conduct the planned expedition. The drone will be removed from its storage system, and the charging
cable will be unplugged. A standard program will be run for resetting and calibrating the sensors and actuators,
thereby satisfying requirementGO­04. Before beginning the expedition, the dronewill run its flight path algorithm
andwill make the planned route available to the astronauts to review.
Take­offand landingwill alwayshappenautonomously. SeeSection8.6 formore technicaldetailsabout this. More
details about human remote controlled expeditions are given in Section 8.3. During take­off, landing, and indeed
throughout themission, thecrewcanmonitor theexpedition fromthebasecomputerwhich isconnected to thebea­
connetwork. Theywill beable to seea (slightly delayed) live feed fromoneof the10onboardcameras, thedrone’s
location, flightstatus(velocity,heading,etc.), subsystemstatus(whethereverything isoperational),batterycharge
level, and theautonomoussystem’sdecision logs. If they feel theneed, thecrewmemberscan takeoverandbegin
to control the drone remotely. They can also send updated commands to the drone change the target location or
expeditiongoal. Throughout the flight, thedronewill beautomatically providedwith regular updates from theMars
weather system. The crewwill be notified when: the drone arrives at its target location, it completes its expedition
objective, asubsystemmalfunctions, amilddanger isdetected (so thedrone is requestingadecision), or aserious
danger is detected (so the drone hasmade the decision to abort).

16.8 Inspection, Maintenance, and Repair
After assembly, the drone will need to undergo a number of tests before it can become operational. Every attach­
ment point will need to be inspected and tested, and all subsystems will need to be booted up and assessed. All
sensors will need to be calibrated and tested, and the rotors will be spun up. It is also very important that the com­
munication network is set up properly with the base network and that this is tested to ensure that the drone can
communicatewith the base.
Regular inspection and maintenance will be required throughout the operational life of the drone in order to find
and fix any small problems. A certain amount of inspection will be carried out on Earth (see Section 16.9), mostly
from analyzing subsystem data and checking for anything unexpected. Of course, it is important for the crew to
inspect the drone physically as well. The estimated inspection schedule can be seen in Section 18.2, sorted by
inspections that occur every flight, every 10 flights, and every 100 flights. If any (small) problems are identified as
part of these inspections, maintenance will be carried out as needed. Of course, if a problem is identified sooner
(for example, the power connection to an instrument is lost and it is no longer responding), maintenance will be
carriedoutbeforeanyother flights takeplace. Becauseof theway inwhich theUAVisassembled, itwillberelatively
straightforward to remove thesub­assemblieswhich requiremaintenance. Therefore, themaintenanceprotocols
satisfy requirementsGO­01 andGO­02.



16.9. EarthOperations (DuringOperational Life) 110

Any required repairs which surpass what is expected for regular wear and tear should begin with contacting the
ground support team on Earth and discussing the damage with them. This should result in a repair strategy that
can be carried out using the available tools andmaterials at the base.

16.9 Earth Operations (During Operational Life)
As mentioned, a ground support team will be present on Earth throughout the mission to support the crew at the
basewith theoperationof thedrone. This teamwill beknowledgeableabout thedesignof thedrone, and inparticu­
larabout thestructuresandsoftware. Theywillbe the firstpointofcontact for thecrewifany issuesarise thatcannot
be answered by the instructionmanuals. If problems do arise, they will communicate with the crew to understand
theproblemand tohelparriveatasolution. Theywill haveaccess toamock­up/doubleof thedronewhich theycan
test and analyze to better understand the crew’s issues. Theywill also be have access to the software installed on
theOBCandwill beable towriteandsendupdatedcode if anybugsareeverdiscoveredor if thesoftware isever im­
proved. Theywill regularlycheckthedrone’s logs,diagnosticsdata,andinstrumentdataforanypotentialproblems.
Since the purpose of this mission is scientific in nature, an important stakeholder in this mission is the scientific
community. The scientific data collected during expeditions will regularly be sent back to Earth. This data will be
organized and thenmade available to researchers upon request to themain party, via themission website. It will
be provided in a raw format with additional information on how, when, and where the data was collected onMars.
The data will include visual images, height map data, atmospheric gas measurements, underground ice deposit
measurements, and the results fromdust compositionmeasurements and soil samplemeasurements. Planetary
scientists working with the main party will also likely publish regular reports in which they analyze the data and
summarize themost important scientific findings. This process satisfies requirementSTN­05.

16.10 End of Life Operations
After it has been determined that the cost of continuing themission outweighs the possible benefits of keeping the
missiongoing, themissionwill have reached its end. Formoredetails on thepost­missionoperations, please refer
to Chapter 20.

OnMars
It is likely that the end of the mission will be caused by the failure of one or more components of the drone; in this
case the penalty of continuing the mission may be extensive repairs or a set of entirely new parts, which may be
considered too high of a cost to continue themission. However, it is also likely that several instruments or sensors
may still be operational at end of life. SinceMars has very limited resources and because sending parts toMars is
costlyandenergy­intensive, thedrone isdesignedtobedismantledafter it retires. Thiswillallowthecrewtoaccess
instruments and other parts whichmay be useful for other applications. For example, the laser airspeed sensors
maybe installedat thebase tohelpwithmonitoringand recording localweather conditions, or thepropellermotors
may be repurposed in any number of ways. Designing themission in this way ensures that resources are used in
themost sustainableway possible, thereby satisfying requirementSTN­08.

On Earth
SomefinalstepswillbetakenbypersonnelonEarth tocloseout themission. Allof thedata,scientificandotherwise,
collected during the mission will be stored and archived. The entire mission will be reviewed, and the successes
and shortcomings will be assessed. These will be published in one or more reports authored by personnel from
themain party and from the design team.
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17 System Description
This chapter presents a description of the final drone design. The outcome is based on the combination of the
subsystemsdescribedpreviously. First the final configuration is presented followedby thehardwareandsoftware
block diagrams and finally the technical drawings of the design.

17.1 Final Configuration
17.1.1 Internal
The internal layout of the final drone design is presented in Figure 17.1. It serves as an overview of which internal
components are locatedwhere on the design.

Figure 17.1: Internal layout overview

17.1.2 External
The external geometry and dimensions geometry of the final design are presented in Table 17.1. Themass of the
final designcontainsa5%margin in order toaccount for additionalmassdue towiringaswell aspotential increase
inmass of subsystems later in the design process.

Table 17.1: Overview of final system

Parameter Value
Wing Airfoil GOE 430
Wingspan (tip to tip) 16.08 [m]
Dihedral 3 (degrees)
Wing Chord 0.613 [m]
Sweep Angle 19.15°
VTOL Prop Radius 2.9 [m]
Forward Prop Radius 2.0 [m]
Fuselage Length 1.35 [m]
Total Drone Mass 106.2 [kg]
Launch Frame Mass 56.6 [kg]
Ground equipment 69 [kg]
Maintenance 43.3 [kg]
Beacons 60 [kg]

The table presents the outcome of the sizing code which contained the calculations done for subsystems as de­
scribed in previous chapters.

17.1.3 Resource Budgets
In Table 17.2 the values from the mass and peak power budgets are compared to the values obtained in the sub­
systemanalyses to check their compliance to the budgets set up in Chapter 4.
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Table 17.2: Comparison of the mass and peak power budgets excluding margins with the values obtained from the analyses

Mass [kg] Peak Power [W]
Subsystem Budget Analysis Budget Analysis
Structures 17.6 21.9 323 16.6
Propulsion 20.0 21.4 14368 11474
Power 17.7 24.08 323 229
Communications 1.7 1.0 17 20
Thermal Control 3.3 3.5 323 16
Payload 34.0 33.8 150 138.9
Onboard Data Handling 3.7 0.5 646 85
Total 98.0 106.18 16150 11979.5

It canbeseen that there is non­compliance in themasses for the structures, propulsion, powerand thermal control
subsystems. However, of these, themasses for thepropulsionand thermal control subsystemsarestillwithin their
20%margins. With regards to power, only the communications subsystem exceeds its budget, however, it is still
within the 20%margin.
The structures subsystemhas amass of 21.9 [kg], whereas the budget allows it to use amaximumof 21.1 [kg], an
increase of 4%. This exceedance is largely due to underestimation of the control surfacemass during preliminary
sizing. However, since the mass cannot be reduced further at this stage without further analysis, it is deemed
acceptable since the design is still feasible.
The power subsystem is 36%heavier than themaximum value of the budget, which ismore than the 20%margin.
This is largely due toneedingmoreenergy for performing themission thanwasexpectedduringpreliminary sizing.
This isbecause forpreliminarysizingonly themotorpowerwassized for, sinceanalysisonother requiredpower for
the payload and on­board computers was still ongoing. Exceeding the budget, however, did not cause the design
to become infeasible and since therewas no other option to reduce themass it is deemed acceptable.

17.2 Hardware Block Diagram
Thehardwarediagramdisplayedbelowgivesanoverviewof themaincomponentsof theUAVand the interrelation
and interactions they havewith other components. In combinationwith the 3­Dmodel in the previous section a full
picture of the design is obtained.

Figure 17.2: Hardware diagram
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17.3 Software Block Diagram
Thesoftwareblockdiagramvisualizesinteractionofall thesoftwarecomponentsthat is installedwithinthedrone.As
it can be seen from Figure 17.3, on top of each arrow the type of data that is flowing from one software to another
is identified. Command data is an input by the user and forwarded to the system via the communication software.
Meanwhilenavigationsoftware inputs thecommandand imagesprovidedby thecamera to identify a flight path for
the drone. This information is fed to the control software, which determines the stability and control of the drone.
Finally, all this information issent tocommandanddatahandlingso that feedbackcanbe forwarded tosubsystems,
if needed, and communication software to be sent back to the user.
Note that this diagramcould have been extended by adding blocks that represent data processing software, such
as imagemapping software. However, it waspreviously identified that all thedataprocessingwill beperformedon
the base, in order to reduce the power that is used.

Figure 17.3: Software diagram

17.4 Technical Drawings
Tobest reflect theexternal layoutof thedesignanumberof technicaldrawingsaremadeof thedesign. Theseshow
the design in its VTOL and cruisemode.

Figure 17.4: Multi­view technical drawings of external layout of design in VTOL and cruise mode (dimensions in millimeters)
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17.5 Data Handling Block Diagram
Data handling block diagram is presented in Figure 17.5. This diagramvisualizes the components of the data han­
dlingsystemandthe interactionbetweenthesecomponents. Thecontentof the informationthat is flowingfromone
system toanother system is identified over the arrows that are connecting theblocks. Furthermore, specifications
of the hardware components are also presentedwithin the diagram. The blocks of the diagram is color coded and
refers to a specific subsystem, as it can be seen from the legend.

Figure 17.5: Data handling block diagram
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18 Analysis of the Final Design
The final design obtained from the detailed design phase has to be evaluated to address some important aspects.
Firstly, asensitivityanalysis isperformed inSection18.1 tocheck thedesignssensitivity to themost important input
parameters. Secondly, a RAMS analysis is done in Section 18.2 to evaluate the design on Reliability, Availability,
Maintainability and Safety. Thirdly, a the risk analysis regarding system wide risks is explained in Section 18.3.
Finally, the sustainability of the design is evaluated in Section 18.4.

18.1 Sensitivity Analysis
The current version of the design ismuchmore in depth compared to the preliminary sizing available at the start of
this phase. However, due to the uncertainty regarding input parameters, a sensitivity analysiswill be performed to
identify the impact of changing those parameters.
The sensitivity analysis is performed by separately changing the input parameters to a range of inputs, for which
the iterator is run for every entry. Since the drone mass has always been the primary output to compare different
designs with, since thismass has to be transported toMars, themass is plotted versus the increase. The slope of
these plots then is themeasure of the sensitivity of the design to the changed parameter.
Thefollowingparameterswereanalysed. Firstlythepayloadmassasthisisthemainmassthatisputintothesystem,
hence, sensitivity to it is important to look at. Secondly the structural mass, due to small mistakes or oversights
in subsystem sizing, the subsystem masses can still be a bit off at this phase. Hence, it is important to look at a
subsystem and change its computedmass by a percentage. The system chosen for this analysis is the structural
subsystem. Finally, theflightaltitudeshouldbelookedat. ThebaseisnotyetbuiltonMars,hence, itcouldbethatthe
baseisatanotherlocationthancurrentlyassumed. Sincethischangesdensity,masscouldbeaffectedduetohigher
drag at lower altitudes and higher VTOL power requirements for higher altitudes and thus it should be considered.

Figure 18.1: Sensitivity analysis of drone mass to the payload mass, structural mass, and flight altitude.

Payload Mass
The payloadmass was analysed for a range of ­10% to +10% since the payload still has amargin of 10% applied
becausemost payload components were not analysedmore in depth in this phase. It can be seen that the design
becomes approximately 7%heavier or lighter for an increase or decrease of 10%payloadmass. Themass of the
design would thus definitely change based on a different payload mass, however, it is insensitive enough that it
would not compromise the feasibility of the design.

Structural Mass
The structural mass was also given a range of ­10% to +10%, at the start of this phase amargin of 20%was used,
however, theanalysis performedmeans themargin canbe reduced to10% [47]. Themass sensitivity to apercent­
agechange in thestructuressubsystem is less than for thepayloadmass, approximatelya4%difference fora10%
difference in structural mass. Hence, it can be concluded that mistakes and oversights in the structural program
would not cause the dronemass to change to unfeasible values. Since the other subsystemswere analysed with
the same amount of depth and have similar or lower masses compared to the structures subsystem, these yield
approximately the same result.

Altitude
The altitude sensitivity analysis was performed to investigate the limitations for this type of drone design onMars
and evaluate at which base altitudes the design would be feasible. The analysis showed that the design quickly
becomes unfeasible beyond an altitude of 4 [km] above the vertical datum. In fact, at these high altitudes the code
stoppedconvergingdueto thefact that thevertical rotorswereno longerable toproducesufficient thrust for take­off.
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It is important to note that the shown masses for the lower altitudes are lower in reality as some of the Reynolds
number improvements at low altitudeswere not included in the sensitivity analysis.

18.2 RAMS Analysis
RAMS isananalysis that is performed inorder toassess the reliability, availability,maintainability, andsafetyof the
product. The main purpose of the analysis is to reflect whether or not the product requires improvement in terms
of these points.

18.2.1 Reliability
Reliability of UAVdepends on each subsystemand conditions they are operating in. In spacemissions, it is possi­
ble to expect a failure due to environmental conditions, design issues, quality of the components and operational
problems. In Figure 18.2 reliability analysis of a satellitemission from 1985 is presented [62]. Looking at the char­
acteristicsof thismissionand thedevelopmentof space technology,aqualitativecomparisonbetween thesatellite
mission and theUAVcanbeperformed. Since there is limited data, reliability due to environmental conditions and
design ismainly considered for the comparison.

• Navigation: For the satellite mission navigation is performed using navigation satellites and the payload on
board [62]. Meanwhile navigation of the UAV is dependent on various components, such as IMU, cameras,
antenna and laser altimeter. Therefore, navigation is in series configuration with other subsystems. This
indicates that failure of one subsystem results in failure of another [161]. For instance, if the antenna is lost
due to dust storms, navigation cannot be performed as antenna has been in use for positioning. As a result
the navigation subsystem becomes more sensitive. This would decrease the reliability even more than it
is presented in Figure 18.2. In order to avoid significantly low reliability rate, redundancy philosophy is ap­
plied to these components. In Section 18.2.4 the actions that are taken tomake these systems redundant is
explained inmore detail.

• Power: It is assumed that long lasting rechargeable lithium ion batteries were used in the reliability calcula­
tion of the satellite mission, since it is a commonly chosen battery for satellites [48]. However, since 1980’s
lithium ion batteries have been under development. With the enhancing technology everyday newmethods
to increase thehealthorefficiencyof thebatteriesarebeing researched [33] [136]. Furthermore, considering
that theUAVwill operate in the future andmore advancementswill be achieved by then, it is feasible to state
that reliability of the power subsystemof theUAVwill be higher.

• Thermal: Thermal subsystem is a very complex subsystem that is related to every component within the
system. Therefore, it is expected to have a lower reliability compared to other subsystems, as it can be seen
in Figure 18.2. Looking at the components used for the thermal subsystem it is feasible to state that same
trend follows for theUAVmission aswell. However, due to the complex nature of the subsystem, it would not
be accurate tomake an educative guess or comparison.

• Communication: The communication subsystem on board of the satellite consisted of a parabolic antenna
[62]. Therefore, it requires accuracy for pointing. This reduces the reliability of the subsystem as if the ac­
curacy is not provided the communication can malfunction. Since an omnidirectional antenna is in use the
pointing is not a problem. However, it is expected for the antenna of theUAV to encounter harsh dust storms
on the surface of theMars.

• Structures: TheUAVusedasafety factorof2whilesizing thestructuralcomponents. This isanadvisedvalue
for space missions; therefore, it is assumed that the satellite used the same value. However, while calcu­
lating the structural reliability of the satellite, separationmechanisms and deployment devices are regarded
additional to primary structure [62]. When there are multiple stages present, the reliability tends to drop as
the overall reliability is obtained by taking the product of the reliability of the individual stages [166]. Due to
this structural complexity, it is expected to have a higher reliability than the satellitemission.

Note that it is possible to obtainmore accurate results. In order to do so the failure rate of each subsystemmust be
known,alongwith thedurationofoperation. So thatWeibull functioncanbeused toobtain the reliability. Therefore,
the failure rate can be obtained from the manufacturer or from a statistical data set, if that exact subsystem was
used in previousmission.

18.2.2 Availability
Availabilityof theUAVindicatestowhatextent theUAVisoperational throughout themissionduration. It isexpected
to have a reduced availability during various actions. For instance, while the maintenance checks or repairs are
being performed. During maintenance checks of small components are taking place, such as the antenna, avail­
ability isnotaffectedsignificantly. This isdue to twomain reasons. First, checking thesecomponentsdoesnot take
asmuch timeas inspection of bigger components. Secondly, since these components do not occupymuch space
during launchmore than one can be launched. Therefore, in case of a seriousmaintenance issue the component
can be replaced with a spare one and repaired separately. By doing so it will be aimed to increase the availability
of the drone.
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Figure 18.2: Reliability of a satellite mission [62]

18.2.3 Maintainability
Components within the UAV will require maintenance during its operational lifetime. These include both sched­
uled and non­scheduled maintenance. First the scheduled ones are performed as inspection. If the result of the
inspection indicates that a component is malfunctioning, then non­scheduled maintenance is performed. While
determining the frequency of scheduled maintenance, various considerations were made. First, it was identified
how critical the component is for the functioning of the drone. For instance, if the batteries fails themission cannot
be carried out as the power distribution of the whole UAV is dependent on them. However, if the robotic arm fails
only the collect and return mission profile fails, meanwhile the UAV is still operational for imaging. Secondly, the
durability of the component was considered. Some components were built with a redundancy philosophy. For
instance, a safety factor of 2 is applied to structural components. Therefore the structural components are built
two times stronger than needed for carrying the applied forces. By doing so, unexpected loads are accounted for.
Therefore, the main body and other structural components are durable and require less frequent maintenance.
Below is a list of components sorted by howoften theywill be inspected; these numbers are approximate (order of
magnitude) andmay need to change depending on the results of testing the design.

• Every flight: Camera (height mapping and visual imaging), Antenna, Battery level, Dust composition mag­
nets, Solar panels, Laser altimeter, Rotor blades, Electronic speed controller, Electricmotors

• Every 10 flights: Coolant levels, Landing gear inspection,Wing surface inspection, Battery health, Thermal
control sensors, On board navigation system , Power control unit,Weather sensors

• Every 100 flights: Robotic arm inspection, Wiring harness inspection, Wing structure inspection, Update
drone firmware, Update control station software,Main body inspection

18.2.4 Safety
It shouldbeensuredthatwhenasystemor functionwithin thedronefails, theenvironmentandpeopleoperating the
drone do not get harmed. In order to guarantee safety, it is significant to identify the safety critical functions of the
drone. Thesefunctionsneedtobetreatedwitharedundancyphilosophysothat thewhenfailureoccursduringoper­
ations, theoutcomeisnotcritical forthesafety. Asaresult, for instancetwoonboardcomputersareused. Onebeing
themastercomputerandtheotheronebeingthebackupthatismonitoredbythewatchdogtimertodetectcertainfail­
ures. In the list found below, safety critical functions are presented, alongwith the applied redundancy philosophy.

• Vertical rotor: (­)
• Wing box: During the design phase safety factor of 2 is used.
• Main body: During the design phase safety factor of 2 is used.
• Landing gear: During the design phaseEuler buckling stresswith a safety factor is taken into account.
• Propeller carrying beams: During the design phase safety factor of 2 is used.
• On board computer: 2­computer set up is designed, Therefore, if one fails during flight, all non­critical pro­
cesses stop, theworking computer takes over critical functions andaborts the expedition immediately. Both
computers have access to software for critical functions.

• On board antenna: Two antenna are used, one on eachwing.
• Navigation camera: Totalof10camerasare included, counting thepayloadcamera. Theyhavebitofoverlap
in their fieldsof view. This indicates that losing1cameradoesnotopposeasignificantproblem forautonomy,
as remaining components can still be enough to operate.

• Drill: It is expected to observeAs this tool will wear downmuch quicker than on a rovermissionsmany spare
drill bits are sent toMars.

• Thermal sensor:
• Power control unit: Backup electrical distribution network for specific components.



18.3. Risk Analysis 118

• Battery: Reserve time of 2h is taken into account while designing with an 80% battery capacity in order to
obtain and extended li­ion battery lifespan during operations.

• Solar panel: Conversion 20% losses are taken into account.
Note that the redundancy philosophy is not applied to vertical rotors. Making the vertical rotors redundant in com­
mon sense and adding extra vertical rotors would require a redesign of the whole structure since currently there
is no place to put spare components. Furthermore, it would make the drone heavier and introduce more drag.
However, the propulsion system is designed to be single point failure free. Such that, failure of one component
does not result in loss of theUAV.More on this can be found in Chapter 13.

18.3 Risk Analysis
The technical risks applicable to the different subsystems have already been described in the relevant chapters.
The risk analysis presented in this section will thus not repeat the subsystem risks and will include only the risks
applicable on a systemwide level. However, the riskmapdoes include both the systemwide risks and the subsys­
tem risks, in order to ensure that all risks have sufficientmitigation strategies. Note that the definitions of the levels
used is given in Chapter 10, where the first subsystem risks are already presented.

18.3.1 General Risks
• GR­1 Materials not able to withstand Martian environment

– Effect: Can lead to structural damagewhich could cause systems tomalfunction.
– Probability: Mars has highly abrasive and fine dust suspended in its atmosphere [89], so this is charac­
terized asProbable.

– Severity: Critical, effects could lead tomission failure.
– Mitigation: Choose suitable materials that have been tested to withstand the harsh environment on
Mars. Assess the suitability of weather conditions before performing flight too.

– Effect ofMitigation: Themitigationprocedureisthoughttoonlyhaveaneffectontheprobability, lowering
it fromProbable toOccasional. The severity is not affected since structural damage is still as severe.

• GR­2 Sudden increase in solar activity
– Effect: Can lead to a power surge damaging electrical components or lead to direct radiation damage.
– Probability: Spikes in solar activity occur on a time frame of 154 days [121], which is closelymonitored
by satellites,meaning this risk item is characterized asOccasional.

– Severity: Critical, effects could lead to mission failure, due to electrical components being broken or
damaged.

– Mitigation: Carryonboardpowersurgeprotectors,andcarefullymonitorsolaractivitybeforeandduring
themission to decidewhether flight abort is necessary.

– Effect of Mitigation: The mitigation procedure only has an effect on the severity, decreasing it from
critical toMarginal. Solar activity itself is not affected by themitigation procedure.

• GR­3 Dust storm occurring during flight
– Effect: Can reduce visibility greatlymaking navigation difficult or impossible, aswell as potentially blow
theUAVof course due to highwind speeds. Both of which could lead to a crash.

– Probability: Large dust storms on Mars occur on an annual basis, especially in Mars’ southern hemi­
sphere [91]. Thismeans that this risk itemhas anOccasional probability.

– Severity: Catastrophic, as outlined in effects the event could lead to a crash.
– Mitigation: UAV needs to be able to perform an emergency landing procedure or return to the base de­
pending,where it canbestored for protection. TheUAValsohas tobeable toassesweather conditions
during flight, in order to perform the abort sequence in a timelymanner.

– Effect of Mitigation: The mitigation will have an effect on the probability as well as the severity, this is
due to the UAV being grounded when a dust storm is detected. Thus reducing the probability of a dust
storm occurring during flight toRare. Due to the emergency landing or abort procedure the severity is
reduced toMarginal.

• GR­4 UAV contamination
– Effect: Can invalidate the obtained soil samples.
– Probability: Spacecraft are thoroughly cleaned before they are launched, making contamination im­
probable, however astronauts could contaminate the UAV while performing maintenance. Thus this
item is given aRare probability.

– Severity: Marginal, since themission is not looking for signs of life the effects would only invalidate the
soil samples partly.

– Mitigation: Thoroughly clean the spacecraft before launch. Astronauts need to decontaminate when
performingmaintenance and extracting the ground samples.

– Effect ofMitigation: Due to thedecontaminationperformedbeforehandling theUAV,or thesoil samples
the probability of contamination is reduced to Improbable.

• GR­5 Incorrect Assembly
– Effect: Depending on what was assembled incorrectly effects can range from a minor inconvenience
for example due to being unable to use a certain scientific instrument until it is fixed, to loss of the drone
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due for example the autonomy systembeing given incorrect information by awrongly installed sensor.
– Probability: Incorrect assembly stemsprimarily fromhumanerror. Sincehumanerrorwas the causeof
multiple failures in the past [86], the probability of this risk isProbable.

– Severity: Critical, since the effects could lead tomission failure, but not necessarily.
– Mitigation: Create and execute an in depth product validation and verification procedure. In phase 2 a
start was alreadymade on creating this plan and in this report the plan is expanded upon in Chapter 19.

– Effect of Mitigation: The probability of a human error itself occurring is not changed by this mitigation
strategy. However, by performing the product validation and verification mistakes can be corrected
before launch, reducing the chance that amistake possible of causingmission failure is still present at
launch. Hence, probability is reduced toRare.

• GR­6 Drone Software Errors
– Effect: Software errors or bugs in any of the on board software could cause the drone to not function
properly. If the errors are in critical flight systems it could even lead to loss of the drone.

– Probability: Softwareerrors stemprimarily fromhumanerror and too little testingof the software. Since
humanerrorwas thecauseofmultiple failures in thepast [86] andsince theproject hasa tight schedule,
the probability of this risk isProbable.

– Severity: Critical, since the effects could lead tomission failure, but not necessarily.
– Mitigation: Createandexecutean indepthproduct validationandverificationprocedurewith respect to
testing of software. A start on procedures to test software has beenmade in this report in Chapter 19.

– Effect of Mitigation: The severity is not changed. The probability is reduced to Rare due to the same
reasoning as for GR­5.

18.3.2 Transportation Risks
• TR­1 No sufficient launchers available

– Effect: Would lead to the team having to design their own launch vehicle capable of transporting the
UAV or wait for an applicable launcher to become available, which would lead to scheduling problems
and cost overruns.

– Probability: The spacecraft is expected to be far below the maximum payload mass of all available
launchers and is expected to fit in an existing Mars atmospheric entry module, so this item is given a
Improbable probability.

– Severity: Critical, as lined out in effects this event would lead to major cost overruns and scheduling
issues.

– Mitigation: Discuss with the customer about including time and cost contingency in the development
plan for the case that no applicable launcher is available for the planned launch period.

– Effect of Mitigation: Themitigation procedure only serves to lessen the severity toMarginal due to the
cost and time contingencies, it has no effect on the probability.

• TR­2 UAV is damaged during transportation
– Effect: Can lead to the UAV being unable to perform its mission due to broken components or inability
to perform the final assembly onMars.

– Probability: This item is given aOccasional probability based on the need of transporting and landing
the drone in a disassembled state attached to a frame.

– Severity: Catastrophic, the event could damage vital components thus leading to possible mission
failure.

– Mitigation: Makeuseofhighlyexperiencedpersonnel thatensures theUAV issecuredwhen integrated
with the launcher. Furthermore, create and perform product validation and verification procedures
aimedat testing the frameandattachedsub­assembliesunder launchandMarsatmosphericentryand
landing conditions.

– Effect of Mitigation: The mitigation procedure only affects the probability of the event, since securing
the UAV does not decrease the damage done if it were to break loose. The probability is reduced to
Improbable

• TR­3 Explosion of the launcher
– Effect: Directmission failure.
– Probability: LauncherexplosionsareRareoccurrences,duetothehighreliabilityof launchvehicles[59].
– Severity: Catastrophic, would lead to directmission failure.
– Mitigation: Pick a launcher with a success rate of at least 90%. Furthermore the UAV could also be
insured by an entrusted insurance company.

– Effect ofMitigation: Areliable launchvehiclewill reducetheprobability to Improbable,andtheinsurance
will lessen the financial blow of a failed launch reducing the severity toCritical.

18.3.3 Risk Map
The systemwide risks and subsystem risks are presented in a riskmap in Figure 20.2, where the risks under initial
probability and severity are shown in Figure 18.3a and the risks undermitigated circumstances in Figure 18.3b. It
can indeed be seen that there are no dangerous risks left aftermitigation.
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(a) (b)

Figure 18.3: Initial risk map displaying all technical risk items (a),
and risk map displaying all technical risk items after mitigation procedures have been implemented (b)

18.4 Sustainability Analysis
The sustainability requirements were included in this design process to ensure that any negative impacts on the
Earth andMars environments areminimal. The requirements arose from a sustainability analysis in the Baseline
Report [1], which identified relevant sustainability issues for each stage of themission, whether they are related to
environmental, social, or economic issues (the three pillars of sustainability). After listing these requirements, a
short discussion about their compliance is presented below.

18.4.1 Requirements and Constraints
The top­level and lower­level sustainability requirements for this mission are listed in Table 18.1. Each require­
ment’s indicated compliance (given in the table’s rightmost column) is explained in the next subsection.

Table 18.1: Requirements related to ground operations and their expected compliance

Index:
DME­REQ­ Requirement Compliance

TL­SUST­01 The design shall not use any hazardous/toxic materials. Satisfied
TL­SUST­02 The design shall minimize the environmental impact of an UAV on Mars. Satisfied
TL­SUST­03 The design shall have maximummaterial re­usability after the end­of­life. Satisfied
STN­01 At least 15% of the materials used in the design (by mass) shall be from recycled

sources.
Satisfied

STN­02 The process of manufacturing the design shall not involve any toxic/hazardous
processes which would endanger the production workers past the threshold set by
local guidelines.

Satisfied

STN­03 All parts, components, and peripheral equipment which are part of the design and
which are to be delivered to Mars shall be sterilized on Earth before launch such that
the entire UAV is restricted to a surface biological burden level of≤ 30 spores.

Satisfied

STN­04 Information about the sustainability risks and impacts of the mission shall be made
publicly available via the mission website, media coverage, and social media posts.

Satisfied

STN­05 The scientific data resulting from the mission shall be made available to scientists
and scientific institutions for which this data is relevant to research.

Satisfied

STN­06 During the operational phase, components of the UAV relating to soil collection shall
be sterilized at the base such that these components are restricted to a surface bio­
logical burden level of≤ 30 spores before they are used for soil collection purposes.

Satisfied

STN­07 The design shall not leave behind any stray material on the Martian surface during
mission operations.

Satisfied

STN­08 It shall be possible for the operators on Mars to disassemble the UAV to access
reusable components after end­of­life.

Satisfied

STN­09 The instruments and sensors used on the UAV shall have expected minimum
lifetimes of 2 years.

Satisfied

STN­10 All parts, components, and spares needed to sustain the mission for 10 years shall
be included in a single launch vehicle.

Satisfied

18.4.2 Discussion
As can be seen from the indicated compliance column, this design is expected to meet all of the sustainability
requirements which have been set out. This is an important achievement, since it ensures that carrying out this
missionwill result in an acceptable level of impact on the environment.
RequirementsTL­SUST­01 andSTN­02 aremet through the choices inmaterials. The primarymaterials used for
the body, structures, and propeller blades of the UAV (and its supporting ground equipment) are aluminium and
carbon fibre reinforcedpolymer (CFRP).Theproductionandprocessingof thesematerials iswell understood,well
established, and is not particularly dangerous. Much of the rest of the mass of the UAV comes from the batteries,
the power system, and the payload instruments, which will not require any unusual or dangerousmaterials (there
are no radioactive elements, for example).
This requirement is not very strict, but it is still relatively difficult to meet. This is because the best performing ma­
terials used for themuch of the structure (primarily CFRP) are not possible to recycle, and thus cannot come from
recycled sources. It is argued, however, that the improved performance from using thesematerials (compared to
using lower­performing recycledmaterials) actually outweighs the negative effects of using newmaterials. This is
becausehigh­performingmaterialsallowtheentiredesigntobelower inmass, reducingthetotalamountofmaterial
that needs to be sent to Mars. Furthermore, more durable materials will last longer in the harsh Martian environ­
ment and thus thismissionwill providemore scientific data andmore value than a similarmissionwhich uses less
durablematerials. That said, recycledmaterialswill be usedwhere it ismore feasible: for example, the aluminium
landing gear structures can be made from recycled aluminium, as can the landing pad and the communication
beacon truss structures. Thus, it is expected that thismissionwill satisfy requirementSTN­01.
RequirementsSTN­04 andSTN­05 refer to processes about sharing information. Thesewill be possible as a part
of theEarth operations, and theyarequite simple to carry out. Theyonly require that informationabout the sustain­
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ability risks (since there are still some risks, despite the precautions taken) and potential impacts are included in
media andon themissionwebsite. Themissionwebsite canalso beusedasahub for scientists to request access
to the scientific data collected during themissionwhich they can use for their research.
It is assumed that the production facility in which the drone components are built and prepared for launch will be
equipped with sterilization equipment, since sterilization prior to launch is a standard process for space vehicles.
Therefore, thedesignwill beable to complywith requirementSTN­03. InChapter 16 it is assumed that sterilization
equipment will already be present at the base. This is a safe assumption as contaminated samples have little to
no scientific value; thus, ensuring all sample collection equipment is clean is an important step. As a result of this
assumption, completing requirementSTN­06will not be an issue.
During flight operations, theaircraft is designed tonot leavebehindanystraymaterials or shedanyparts. Theonly
cases in which this would happen is if the design were to crash on Mars or if a component suddenly came loose.
However, the drone has been designed to try to make such occurrences extremely rare, so it can be said that the
design complieswith requirementSTN­07.
An important aspect of themission is that the aircraft can be assembledwhen it arrives onMars. As a result of this,
completing requirementsSTN­08 and TL­SUST­03 at the end of the aircraft’s life will not be an issue. The design
is inherently easy to disassemble,making accessing components quite simple at the end of themission life.
When addressing requirement STN­09, care was taken to select components and instruments that have high re­
liability, and thus minimum expected lifetimes of 2 years. Requirement STN­10 is also satisfied by the design
presented in previous chapters. This is because, when selecting components and instruments, not only themass
of the instrument but also the mass of all the instrument spares were taken in to account. This means, if a gas
analyzer is twice as heavy as another gas analyzer but also four timesmore reliable, the heavier instrumentwould
be chosen. This is because in the grand scheme of themission, this is amore efficient allocation of resources.
Satisfying requirementTL­SUST­02 follows from thecompliancewithall of theotherMars­relatedsustainability re­
quirements. Thisdesigndoesnot leaveanystraymaterialontheMartiansurface, itmakesuseofnonon­renewable
resources for itsoperation, andpropermeasuresare taken toprevent forwardcontaminationof thesurfaceaswell.
Together, these aspects of the designmean that requirementTL­SUST­02 is satisfied.
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19 System Verification and Validation
In this section theverificationandvalidation is doneonasystem level, in contrast to thecompliancematricesgiven
in the different subsystem chapters, which only give requirements and the compliance to themon subsystem spe­
cific level. The integration of all subsystemcodemodules is also verified. Hence, inSection 19.1 the verification of
the fully integratedmodel is described. Furthermore, the system requirements are given in the compliancematrix
inSection19.2. This sectionalsogivesa feasibility studyon requirements that arenot yet expected tobecomplied
with. Furthermore, Section 19.3 describes the methods to validate the integration of the final product before it is
actually sent toMars.

19.1 Verification of Subsystem Code Modules Integration
As described in Chapter 6, all programs written for the subsystems were combined into one iterative loop. The
codemodules for all subsystemswere alreadywritten in functions and classes and at this point they have already
been verified on their own. Hence, all the functions take inputs and provide verified outputs. The verification of the
full model thus follows straightforwardly that only the iterative loop has to be verified.

Convergence Test
As the loop iterates over themass of the design it must be verified that the final outcome of the code converges to
themass of the final design. The sizing code is given an initial total mass and the total mass is updated with each
iteration. In order to avoid an infinite loop the code is terminated once difference between the previousmass and
current mass is less than 0.005. In order to test the convergence the initial input mass was varied. With an initial
inputmassof 80 [kg] the codeconverged to a finalmassof 106.88 [kg], wherean inputmassof 120 [kg] converged
to 106.89 [kg], confirming that the code converges to the final systemmass.

Inputs Verification
Theinputswerealsoverified. Bycheckingeverymodule thatnoglobalvariablesweredefinedthatwereusedbythe
function insteadof an input, it couldbeverified that the inputsof the iteration loopwereactually used. Furthermore,
before the final run of the code to obtain the final values described in this report, it was double­checked that the
defined inputs actually were the most up­to­date numbers. Finally, the input masses were set to the values from
initial sizing, tomake sure that convergingwould not take to long. Using these tests it was verified that the iteration
loop uses the correct input values.

19.2 Compliance Matrix and Feasibility Analysis
Beside the compliance matrices already given and evaluated in the chapters on the different subsystems about
the subsystem requirements, there are system­wide, top­level, requirements that need will need amore in depth
verification in the following phases. Methods to verify these requirements are given in Table 19.1.

Table 19.1: Compliance matrix of top­level requirements and compliance according to the current state
of the analysis. A method to verify the requirements in future phases is also provided

Index:
DME­REQ­ Requirement Verification Method Compliance

TL­PR01 The design shall assess access to remote
area with 100 [m] swath width.

Demonstration that the imaging camera
can achieve the required swath width at
the surveying altitude

Satisfied

TL­PR02 The design shall provide visual imaging over
an area of 50 [km2].

Analysis using a combination of range
and swath width (while choosing a route
which complies with the available turn
radius)

Satisfied

TL­PR03 The design shall provide visual imaging with
10 [cm] resolution.

Test that the imaging camera can
achieve the required resolution by flying
it to surveying altitude and setting up
marks to check the images

Satisfied

TL­PR04 The design shall provide height mapping
with 10 [cm] ground resolution.

Testing that theheightmappingachieves
the required resolution by flying it to sur­
veying altitude and imaging a test setup

Satisfied

TL­PR05 The design shall provide height mapping
over an area of 50 [km2].

Analysis using a combination of range
and swath width (while choosing a route
which complies with the available turn
radius)

Satisfied

TL­PR06 The design shall be able to measure dust
composition up to 4 [km] in the atmosphere
measured from Martian ground level at the
base.

Analysis by determining the service
ceiling of the design

Satisfied
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TL­PR07 The design shall be able to measure particle
size distribution up to 4 [km] in the atmo­
sphere measured from Martian ground level
at the base.

Analysis by determining the service
ceiling of the design

Satisfied

TL­PR08 The design shall be able tomonitor trace gas
emissions at a 500 [m] resolution.

Analysis based on the flight velocity and
achievable frequency of gas samples

Satisfied

TL­PR09 The design shall assess remote areas for
shallow ground ice deposits up to 10 [m]
depth.

Analysis based on the specifications of
the GPR and the satisfied soil ground
composition on Mars

Satisfied

TL­PR10 The design shall assess remote areas for
shallow ground ice deposits with 10 [cm]
resolution.

Analysis based on the specifications of
the GPR and the expected soil ground
composition on Mars

Satisfied

TL­PR11 The design shall semi­autonomously collect
and return single soil samples up to 100 [g].

Analysis of autonomy systems and soil
collection systems and their integration

Satisfied

TL­PR12 The design shall semi­autonomously collect
and return single soil samples up to 50 [km]
from the base.

Analysis of the semi­autonomous
navigation and control system

Satisfied

TL­PR13 The design shall semi­autonomously collect
and return single soil samples in a height
range of ­1 to 2 [km] measured from Martian
ground level at the base.

Analysis of service ceiling and flight
operations systems

Satisfied

TL­PR14 The design shall collect and return soil sam­
ples up to 500 [g] when human controlled.

Analysis of the drill and soil containers Satisfied

TL­PR15 The design shall collect and return soil
samples up to 10 [km] from the take­off
location when human controlled.

Analysis of the range in human con­
trolled scenario

Satisfied

TL­PR16 The design shall collect and return soil
samples in a height range of ­2 to 4 [km]
measured from Martian ground level at the
base when human controlled.

Analysis of the service ceiling and power
requirements

Satisfied

TL­PR17 The design shall collect and return subsur­
face samples up to a depth of 10 [cm].

Test the soil collection system on com­
parable soil on Earth keeping in mind
the worse heat radiation on Mars

Satisfied

TL­PR18 The design shall be able to detect dust
particles of 1 [µm] in radius.

Test the scientific instruments in a wind
tunnel or vacuum chamber on Earth

Satisfied

TL­SFTY­01 The design shall be single point failure free. Analysis of the subsystems and compo­
nents required to avoid mission failure

In doubt

TL­SUST­01 Thedesign shall not useanyhazardous/toxic
materials.

Inspection of materials used in the
design

Satisfied

TL­SUST­02 The design shall minimize the environmental
impact of an UAV on Mars.

Analysis of the expected environmental
impact

Satisfied

TL­SUST­03 The design shall have maximum material
re­usability after the end­of­life.

Inspection of which materials could be
reused after disassembly

Satisfied

TL­BDG­01 The choice of launcher shall be based on
existing/foreseeable launchers.

Inspection of the launcher used Satisfied

TL­BDG­02 The design shall comply with the launcher
payload restrictions as stated in the launch
vehicle catalog.

Inspection of the dimensions and mass
of the launcher payload

Satisfied

TL­BDG­03 The design shall withstand launch loads. Test the design by subjecting it to the
expected loads and vibrations

Satisfied

TL­BDG­04 The design shall withstand entry/landing
loads.

Test the design by subjecting it to the
expected loads

Satisfied

TL­OPE­01 The design shall be able to be disassembled
into sub­components.

Demonstrate by performing the disas­
sembly

Satisfied

TL­OPE­02 The design shall be able to be transported in
its disassembled state.

Demonstrate by transporting the design
in a mock­up fairing

Satisfied

TL­OPE­03 The design shall allow unloading and
assembly by 3 astronauts within 24 hours.

Demonstrate by allowing 3 astronauts
in suits to assemble the design on Earth
with the same tools as available onMars

Satisfied

DME­REQ­TL­SFTY­01
As can be seen in Table 19.1, the only top­level requirement currently in doubt is DME­REQ­TL­SFTY­01, the de­
sign shall be single point failure free. As a result the requirement and interpretation of it was discussed with the
customer. The interpretation was first that every system should have a sort of backup such that the mission can
be finished even if a single point had failed. However, since some systems would have a significant increase in
mass, it could make the design infeasible due to the snowball effect. The outcome of the discussion was that this
interpretation could benuancedabit. Insteadof requiring that themission canbe finished, the requirement should
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be interpretedasno failuremaycause theendof themission in termsof losing theaircraft or sustaining irreparable
damage. This is reasonablebecause if thedronecannot take­off anymore froma remote locationdue toa failure, it
canstill be repairedon­siteorafter retrieval. With thenew interpretation it is feasibleagain tomeet the requirement
in the future. Modificationswill need tobedone to the software tomakesure it can recognizemore typesof failures
of different subsystems both while standing on the ground or in flight. Furthermore a more in depth analysis into
the propulsion and control will need to be done tomake sure the drone can still land if amotor has failed.

19.3 Product Validation
After the top­level requirements are verified, the product should also be validated before launch to show that it can
be used in the intended situations. The focus is less on proving the design can meet a requirement, but more on
proving that the integration of all subsystems can actually perform the requiredmission.

Software
Thesoftware tobeusedby thedroneshouldalsobeverifiedandvalidated. For this differentmission scenarioswill
besimulatedtotestwhether thesoftwareandhardware isabletoperformthemsuccessfully. Furthermore, itshould
alsobegiven inputs that arenot deemedvery likelyoreven impossible inorder to test the robustnessof thesystem.
Integration of the software and hardware should also be validated. First off, it will be validated on a mock­up that
the onboard computer and other electrical components are able to run the software fast enough such that it is able
to perform all mission scenarios. Secondly, the setup can be placed on a different drone on Earth to validate that
it can actually successfully pilot the drone. This testing has to be performed on a different drone, since the design
is only properly designed forMars conditions.
Therearea fewparts to validate regarding the softwareandhardware integrationon the version to be sent toMars.
Firstly, the integration of internal hardware and the actuators and motors will be validated in order to check that
parameters suchasmotor rpmor control surfacedeflectionarewhat theyareexpected tobe. Secondly, the inputs
from sensors will be put into the software to validate that the software indeed returns the correct outputs and that
there are nomistakes in orientations or units.

Structural
Structural tests will have to be performed to validate that the design can actually handle the loads and that it can
survive enough loading cycles for the entiremission duration. The scopeof these testswill dependon thematurity
of thedesign. Tests onmaterial specimenwill have tobedone first to validate that thematerial thatwill beusedhas
propertiescloseenoughtothevaluesusedforthecode. If this isthecaseorafter thedesignhasbeenmodified, tests
on sub­assemblieswill be done. These tests function to validate that all failure conditions havebeen taken into ac­
count for thesub­assembly. Thefinal testsaimedatvalidating thestructuraldesign, is tobuilda full­scaleprototype,
and test at which loads it fails. A secondmodel will bemade to test on fatigue, in order to validate the lifespan.
The version to be sent toMars is obviously not tested too thoroughly, as to prevent damaging the structurewith the
tests. It will be carefully examined formicro­cracks in the aluminumand ply rupture or voids in theCFRP.
The design for the frame for landing the components on Mars also has to be validated. The timeline will look
approximatelythesameasforthemaindesign. Specimentestswillhavetobeperformed,butsinceit is likelythatthe
samealuminumwillbeusedasfor thebodyof thedrone, itcouldbethatnoadditional testswillhavetobeperformed.
Furthermore, since the frame is practically oneassembly, no sub­assembly testswill have to beperformedaswell.
A full­scale testwillneedtobeperformedtestedonthe loadsandwithmock­uppartssuspended in it forashaketest.
Again, the version to be sent to Mars does not require full­scale tests, but will need careful examination for manu­
facturing damage.

Communication
Since theground communication system is created aspart of the design, the ability of performingend­to­end com­
municationbetweenthedroneandthegroundcommunicationsystemisalreadyverified. However, thesystemcan
still be stress tested to test its robustness to unlikely or impossible mission scenarios. Furthermore, the interface
between thegroundcommunicationsystemand thebase infrastructuredoeshave tobe tested,whichcanbedone
by testingwith a simulation.
The beacons and design to be sent to Mars should also be tested. It will be validated that the communication be­
tween the beacon network and the droneworks properly. Furthermore the positioning system of the drone based
on the beacon network can already be tested and validated onEarth.

Aerodynamic Interactions
The current aerodynamics are simulated in XFLR for the wing, body and winglets. The other components are
seen as separate sources of parasite drag. In order to validate the aerodynamic performance of the design awind
tunnel test or an in depth CFD analysis must be performed. To ensure the data gives comparable results with the
expected performance in themartian atmosphere the tests should be performed at the sameReynolds numbers.
This can be achieved by using a scaled down model of the drone or decreasing the airspeed during the test (or
both). This method for validation will also assist in quantifying the exact stall characteristics of the final design
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which is beneficial for flight performance. Furthermore, it will need to be validated that aerodynamic interactions
fromattachments not currentlymodeled, do not have a detrimental effect on the aerodynamics.
Since the wing box and beams on which the propulsion systems are attached are from CFRP, care should be
taken that the required smoothness of the surface is achieved. Hence the version to be sent toMars will have the
aerodynamic parts checked for smoothness.

Propulsion
The performance of the propulsion rotorsmust be validated to ensure that the expected thrust can be achieved in
the martian environment. These tests must be performed at comparable conditions. For the VTOL operations a
vacuum chamber can be used to test the rotor thrust. For the forward thrust during cruise a wind tunnel must be
used in order to simulate the incoming flow.
Additionally, the propeller bladesmust be validated in amethod similar to that for the structural subsystem. Exact
modelswill bemade in order to test the propeller blades for fatigue and ultimate loads. The final blades (to be sent
toMars) will be inspected.

Payload
The scientific instruments on the payloadmust also be validated towork over the course of the entiremission. For
off theshelf systems instrumentssuchas thecameraoperating temperaturesandexpected lifetimeshavealready
been evaluated. However, for systems such as the soil collection arm and the particle collection magnet system
validation proceduresmust be performed.
The dust particle collection system must be tested to last a given number of cycles (depending on how often the
customerwould like to perform dust collectionmissions).
The electronics and drill of the soil collection armhavealready been somewhat validated as the samemechanism
as the arm of the Perseverance mission is used. However, the dimensions of the arm have been adjusted to fit
the needs of the drone which requires some additional analysis to ensure reliability of the arm with the updated
dimensions.

Thermal Control
Validation of the thermal control integration in the assembled body will need to be performed to make sure there
are no heat sources that have been overlooked. Since it will be difficult to test realistic mission scenario’s, due
to the different conditions on Mars, the product validation tests are primarily aimed at measuring heat produced
by the components on the version that will be sent to Mars. Heat dissipation of the cooling solutions can also be
performed in a vacuumchamber to test with the correct atmospheric conditions.

Power
Thereare threemaincomponentsof thepowersubsystemwhichwillbe testedonEarth. Firstly, thesolarpanelswill
be tested at the expected light intensity to validate that they produce the expected power. Additionally, by testing
thesolarpanelsovera longerperiodof time thedegradationcanbemodeled. Secondly, thebatterieswill be tested
at the expected operating temperatures to validate their efficiencies and capabilities in the martian environment.
Finally, the power processing unit will be connected to the battery, solar panels and a number of instruments that
require power in order to validate its ability to distribute power over the systems in the drone.

Off­the­Shelf Components
Detailedvalidationof off­the­shelf components isnot necessary since themanufacturerwill providespecifications.
However, to limit the chance of there being faulty parts in the final design, the off­the­shelf components should be
powered on before the on Earth assembly. The goal being to validate that the components can actually perform
the specifications that were provided by themanufacturer. Additionally, small tests should be performed onEarth
to ensure that for example; the cameras in thewinglets are installed at the correct angles.
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20 Project Design and Development
TheProjectDesign andDevelopment focuses on the future outlook of this project. The first section focuses on the
theprogressof thewholeprojectstartingwith the finalizationof thedesignandendingwith theconclusionof themis­
sion. In thesecondsection, theprojectGanttchart ispresented inwhich the information fromtheprojectdesignand
development logic is placed on a timeline. Next, a production plan is presented for the design, encompassing the
work that needs to bedoneonEarth andonMars. The focus of this section is how the final design canbemanufac­
tured, assembled, and integrated for delivery to the customer. The last section in this chapter is a cost breakdown
of themission. This includesanoverviewof thecostsof thedifferentcomponentsof themission, includingmargins.

20.1 Project Design and Development Logic
The project design and development logic shows the logical order of activities to be executed in the post­DSE
phases of the project. Using the finalized design as a starting point, a work flow diagram fromdesign choice to the
finalmission review is presented in Figure 20.1. The flow is split into 4 phases. These are: (A) the final design and
manufacturing phase; (B) the systemassembly, integration and testing, and launchphase; (C) the operations and
sustainment phase; and (D) the closeout phase [29]. In Figure 20.1 the associated years with these phases are
displayed in linewith those displayed in Section 20.2.

Figure 20.1: Project design and development logic flowchart

In phaseA, the design is finalized andmanufactured. This phase encompasses the final steps in theDSEand the
initial steps after theDSE. It startswith finalizing the design of the drone. After this, the research and development
of the specific hardware and software systems associated with the design are carried out. The largest part of the
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software will likely be focused on implementing the autonomous aspect of the vehicle required by the top­level
requirements. After this, testing will be done at a component and subsystem level. It is typical for spacecraft mis­
sions to not build many prototypes, as this would be too costly. Instead, testing is done at each breakdown level
of the product throughout the post design phase. Next, a procedure is defined for the UAV systems’ integration,
manufacturing, and assembly. Integration is checking if all the individually tested systems work together. Based
on this plan, themission readiness and systems integration can be reviewed in parallel to ensure allmission goals
are being completed. Lastly, the safety plans are updated based on knowledge gained throughout the phase and
the launch site is prepared.
PhaseBcovers thesteps fromsystemintegration to launch. Afteranother riskupdate, theUAVsystemsareassem­
bledand integratedaccording to theproceduresstipulated inphaseA.Thenthesystemsqualificationverification is
performed, includingtests insimulatedMartianconditions. Systemacceptanceverificationandvalidation includes
end­to­end testing of Earth and Mars ground segments and onboard systems. Once the final design is certified,
activitiesshift towardspreparingmanualsandhandbooksand trainingpersonnel tooperate thesystems. The final
activities of phaseBare to support system launchandcheckout (showing the launchsystemdidwhat itwasmeant
to do), leading into phaseC.
PhaseCencompasses the lifecycle from launch toendof themission. Themainpartof thisphase is theoperations
onMars and themaintenance. The operations block is related to themain need of themissionwhich is to fulfil the
top­level scientific requirements. Theseare performingexpedition flights onMars andusing the scientific payload
to collect the data required to explore new areas that were previously inaccessible. To do this successfully, all the
collected data for critical flight eventsmust also be reviewed and post­flight assessments are performed. Regular
maintenancemust be carried out on the craft to ensure it functions effectively for its full expected lifetime.
Themission is closed out in phase D. It starts with checking if themission has achieved the goals set at the begin­
ning of the mission, taking into account changes or updates along the way. Once this is established, the UAV’s
mission is ended. However, the mission as a whole is not finished. First, all the digital data collected in the form
of visual imaging, height mapping, gas tracing, and underground visual imaging is archived. At the same time, all
the physical samples collected are stored in an appropriate manner. After this, the UAV itself is dismantled and
the resources that result from this are recycled for use by the base crew. This ensures sustainability is accounted
for while closing out the mission. The final steps before the mission as a whole is ended are to review the safety,
successes, and shortcomings of themission and document all the lessons learned.

20.2 Project Gantt Chart
In this section, the Project Gantt chart is given. The program used for this is Wrike, since this is one of the few
planning programs that is able to cover a timeline ofmore than 30 years, which is necessary for thismission. This
Gantt chart shows a schedule for the activities that have to be carried out in order to perform the mission. This
covers the same timeline as in the previous section, as can be seen in Figures A.1 and A.2. Please note that the
sub­tasks ofC.2 aswell as sub­tasksC.3.1 toC.3.4 should span the full length of theC.2 andC.3 blocks. This isn’t
shown in the diagramdue to the inability tomake tasks ofmore than 4 years in theWrike software.

20.3 Production Plan
In relation to Section 20.1, the production plan fits into phases A and B. The focus of the production plan is the
manufacturing, assembling, and integratingof theUAV. Integration isnotexplicitlymentioned in the top layerof the
productionplan,however it is includedwithin thephases. Integration takesplaceat twostagesbetweenthecompo­
nentsandsubsystemsandalsobetween thesubsystemsandsystem level. Anexampleof this integrationprocess
could be for the propulsion system. On a component level, the rotor blades and the motor are manufactured by
contractors. Then, the components are transported to a shared locationand integrated to form thepropulsion sub­
system. Theplan is heavily basedonNASAandESAmanufacturing plans [46, 29]. One important block to note in
themanufacturing phase is the ”send and assign contracts for components.” In this phase specialized companies
are given contracts to build the scientific equipment required. For example, NASAhasa longstanding partnership
with Honeybee robotics for building robotic arms for space.
As a result of the fully assembled UAV not fitting in the launch vehicle, it is transported to Mars in a disassembled
state. This can be seen in the last step in assembling and testing. As a result of this, a second smaller production
plan ismade for when theUAVarrives onMars. This is displayed below in Figure 20.2b.

20.4 Cost Breakdown Structure
In this section, an estimation of the cost budget for the mission is given. In order to get a clear understanding of
the different cost components, a cost breakdown structure ismade. This cost breakdown structure is given below
in Figure 20.3. Please note that this cost breakdown structure does not include each separate sub­component.
However, these separate sub­components will be discussed below for each phase of the mission. First, some
elaborate descriptions on the cost breakdown of the different phases is given. This is followed by an estimation of
thecosts inthefiscalyearof thelaunch. Thenthecontingencymarginsareaddedtothesecosts, resultinginthefinal
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(a) Production plan for UAV on Earth

(b) Production plan for UAV on Mars

Figure 20.2: Production plans for Earth and Mars

costestimation. Aclearoverviewof thecompletecostbreakdownstructure includingmargins isgiven inTable20.1.

Figure 20.3: Cost breakdown block diagram of the mission
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Table 20.1: Cost breakdown table of the mission

Cost Breakdown
Cost Component Cost [$] Fiscal Year FY Multiplier Total Costs [$] Margin[%] Cost with Margin [$]
System Engineers Labor Cost 11.081.040,00 2021 1 11.081.040,00 10,00% 12.189.144,00
Research Cost 11.081.040,00 11.081.040,00 12.189.144,00
Materials & Structures 1.241,50 2021 1 1.241,50 5,00% 1.303,58
Payload Scientific Instruments 1.253.837,20 2021 1 1.253.837,20 0,00% 1.253.837,20
Communication 266.500.000,00 2021 1 266.500.000,00 5,00% 279.825.000,00
Power 566.869,09 2021 1 566.869,09 5,00% 595.212,55
Propulsion 4.500,00 2021 1 4.500,00 5,00% 4.725,00
Thermal Control 439.165,80 2021 1 439.165,80 5,00% 461.124,09
Testing 865.679.784,31 2009 1,18944449 1.029.678.049,91 10,00% 1.132.645.854,90
Production Cost 1.134.445.397,90 1.298.443.663,50 1.414.787.057,31
Launch 218.000.000,00 2020 1,02 222.360.000,00 5,00% 233.478.000,00
Mission Operations 500.000.000,00 2021 1 500.000.000,00 5,00% 525.000.000,00
Operational Cost 718.000.000,00 722.360.000,00 758.478.000,00
Decommissioning 92.345,00 2021 1 92.345,00 10,00% 101.579,50
Disposal Cost 92.345,00 92.345,00 101.579,50
Total Costs 1.863.618.782,90 2.031.977.048,50 2.185.555.780,81

20.5 Cost Analysis of Different Components
The components must be individually analyzed to obtain a cost estimation for each one. However, due to a lack
of information, the costs of some components cannot be found directly. Therefore, an estimation has to bemade
based on similar components. This leads to an uncertainty in the cost budget estimation. In order to account for
this uncertainty, amargin is added to the budget in the next subsection.

20.5.1 Research Cost
The research costs are those incurred during the design phase of the UAV. For this, system engineers are em­
ployed to design theUAVsubsystems. This includes feasibility studies,mission planning, preliminary design, and
detailed design. An average system engineer at NASA has a yearly salary of approximately $111,000 USD [54].
As an estimate, 10 engineers are expected to beworking for 10 years on this research, constantly developing and
researching the design. Therefore, the approximate cost for researchwill be $11.1millionUSD.

20.5.2 Production Cost
The production costs can be divided into two parts: the subsystem costs and the testing costs. The subsystem
costs come from the constituent parts of each subsystem. The testing costs consist of the costs that are spent for
testing personnel and facilities. The cost estimations for these sub­components are discussed below.

Materials and Structures
For the structural components of the UAV, two materials are used: aluminum 6061 and CFRP (carbon fibre rein­
forced polymers). These components have to manufactured, which introduces the manufacturing costs. These
manufacturing costs consist of raw material, labor, tooling, equipment, and overhead costs. The manufacturing
costs for the UAV are based on mass, namely on cost in [$USD/kg]. For aerospace­grade aluminum and CFRP,
themanufacturingcostspermassareapproximately12 [$USD/kg] and85 [$USD/kg] respectively [98]. Given that
the structural masses of these materials used in the design are 5 [kg] and 13.9 [kg] respectively, this results in a
total manufacturing cost of $1,241.50USD.

Payload Scientific Instruments
In order to execute the mission, the UAV is equipped with a lot of scientific instruments. Some of these scientific
instrumentsarealreadyexisting instruments. However, some instrumentsarespecifically for thismission,making
it hard to predict their costs. Therefore, the cost of these instruments is estimated based on similar past missions.
Inorder togiveaclear overviewof the instruments, a table is includedbelow, indicating thecosts. The inflationdue
to the fiscal year and themarginswill be discussed in the next sections.
In order to give a better understanding of these cost estimations, the instruments will be discussed individually.
The already existing instruments will not be discussed, since these costs are already known. Please note that the
sources of these costs are included in the instrument name in the table. However, the instruments that have to be
estimated in terms of cost will be discussed below.
Thecostof thedrill andarmisbasedonsimilarcomponents. This isalso thecase for thesoil containers. Due to lack
of informationonsimilarcomponentsusedinpastspacemissions,anestimationwillbemadefromindustrial robotic
arms. TheUAVneedsa flight­suitable robotic arm, however, and thus itmust beas lightweight as possible. There­
fore it is expected that the drill and armwill be approximately 2 timesas costly as aforementioned industrial robotic
arms. Theseindustrial roboticarmshaveacostof$400,000USD[72]. Therefore, thecostof thedrillandarmfor the
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Table 20.2: Cost Breakdown of the Payload Scientific Instruments

Payload Scientific Instruments Costs
Instrument Amount Cost [$] Fiscal Year FY Multiplier Total Costs [$] Margin [%] Cost with Margin [$]
Drill and Arm 1 800,000 2021 1 800,000 25% 1,000,000
Soil Containers 25 1,000 2021 1 25,000 300% 100,000
Cameras (RunCam5Orange) [125] 10 150 2021 1 1,500 5% 1,575
IMU (BoschBMI088) [132] 2 3.34 2021 1 6.68 10% 7.35
Laser altimeter (LightWareSF30/D) [80] 1 399 2021 1 399 5% 418,95
Onboard computer 1 (DJIManifold 2­C) [41] 1 1,580 2021 1 1,580 5% 1,659
Onboard computer 2 (DJIManifold 2­G) [41] 1 1,580 2021 1 1,580 5% 1,659
Computer rack (DJIManifold bracket) [42] 2 129 2021 1 258 5% 270,90
ServoMotor (D­951TW) [71] 2 470 2021 1 940 5% 987
Thermometer 1 250 2021 1 250 100% 500
Laser airspeed sensor 1 14,580 2021 1 14,580 100% 29,160
GroundPenetratingRadar [157] 1 14,000 2021 1 14,000 100% 28,000
GasAnalyzer [37] 1 12,000 2021 1 12,000 100% 24,000
Magnetic Disks 20 50 2021 1 1,000 300% 4,000
Drill bits [61] 140 400 2021 1 56,000 10% 61,600
Total Costs 846,591.34 929,093.68 1,253,837.20

UAVareestimatedtobe$800,000USD.ThereisalsolimitedinformationonthecostsofMartiansoilsamplecontain­
ers,meaninga largemarginwill be taken. However, it is known that thesecontainershave tobedevelopedwithex­
tremeaccuracy. Themaximumallowablecontaminationonthetubesis15[ng] [103]. Fromthis, itcanbeconcluded
that it is rather expensive to develop these tubes. The sample containers are estimated to cost $1000USDeach.
Although the technology has been proven, laser airspeed sensors are not currently available as off­the­shelf com­
ponents. Thusanapproximatecostestimate for thissensorcanbemadeby lookingat currentlyavailableproducts
which use comparable technologies. The laser airspeed sensor consists of multiple components. An important
one is theUV laser. The continuous laser that is chosen for reference is the 355nmSolid State Laser, which costs
$11,000USD.The lasersensorchosen for reference is theDME5000­115sensor,which iscapableof receivingUV
lasers. The price of such a sensor is $3,580 USD [164], which leads to a total price for the laser airspeed sensors
of $14,580USD.Sincenot a lot unknownabout thedevelopment of thesesensors, amarginof 100% is taken. The
thermometer that is chosen for the UAV is a the same thermometer that is used on the Perseverance Rover and
Curiosity Rover. Due to a lack of direct sources on this, a similar thermometer is used for a cost reference: the
RGTF­2 thermometer, costing approximately $250USD [147]. Amargin of 100% is taken for safety.
For the other scientific payload instruments cost estimations are done based on high­end versions of the compo­
nentsonEarth. Forexample, $14,000USD is found tobea realisticpriceestimate for thegroundpenetrating radar
[157]. A largemargin is takenas certifying suchapieceof equipment forMars is likely a challenge. Thesame logic
isapplied to thegasanalyzerwhich isalso found tobenear$14,000USDonEarth [37]. Themagneticdisksarenot
veryexpensiveas theyaremade fromsamarium­cobalt andareeasily foundoff­the­shelf. The reasona largemar­
gin is taken is because themagnets on theUAV require post­processing to carve valleys in the order ofmagnitude
of millimeters into them for effective dust collection. The last components that add significant cost to the payload
are thedrill bits. It is decided that 140drill bitswill be takenon themission. This is because thePerseverance rover
has a coring tool for 43 samples. If it is assumed that on average 10 samples will be collected per expedition, and
therewill be 300 flights a year for the entiremission life of 10 years, and that the drill bits will survive 5 times longer
than that of thePerseverance rover (as they canbemaintainedand inspected), then140drill bits are needed. The
price per bit is based on the price of diamond­embedded bronze drill bits whichwill be used on themission [61].

Communication
The communication subsystem requires a space communication network, but also deep space optical communi­
cation as an emergency link. This communication network is rather expensive. According toNASA, such a space
communication costs approximately $400 million USD. However, this includes a Deep Space Network, which is
not required for this mission. Since DSN costs about $10,000 ­ $15,000 USD per contact, it is estimated that the
costs for the communication network will be around $256 million USD. For the emergency link, deep space opti­
cal communication is necessary, which costs approximately $10.5 million USD, leading to a total communication
subsystem cost of $266.5millionUSD.

Power
Threecomponentsareneeded for thepowersubsystem: thesolarpanels, thebatteries, and thepowerdistribution
system. The first two components are chosen based on currently existing technology. The solar cells are the
SpectrolabXTE­LILTSolarCells [135]. However, no price can be found for these solar cells. That iswhy the costs
for the solar panels are based on a NASA cost estimation for LILT (Low Intensity, Low Temperature) solar panels.
It is found that theseareapproximately156,522 [$USD/m2] [137]. Withasolarpanelareaof1.685 [m2], this results
ina total solarpanel costof$263,707.83USD.ThebatteriesareSaftVL51ESLi­ioncell batteries [127]. 21of these
Li­ion cells are needed. However, there is no price to be foundon these Li­ion space batteries. Therefore, the cost
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of these batteries is estimated based on existing Li­ion batteries, which cost approximately 140 [$USD/kWh] [25].
With a total energy storage of 5,822 [kWh] for theUAVand beacons, this results in a total battery cost of $815,080
USD.Finally, the power distribution system is basedon regulators and cabling. Using 35LM76005­Q1 regulators,
costing $2,354 USD each, with a total cabling length of 54 [m], this results in a power distribution system cost of
$82,498USD [142]. The total cost of the power subsystem is therefore $347,020.91USD.

Propulsion
For the propulsion subsystem, the motors for the propellers are the components that size the cost budget. The
motors selected for these propellers are the Aveox UT 5025 24P/4 motors [19]. Comparing this motor to other
motors, it is estimated that thesemotorswill cost approximately $1500USDeach [44]. With threemotors, the total
propulsion subsystem costs will equal $4500USD.

Thermal
Thethermalcostsarebasedonheaters, thermalsensors, radiators,andinsulation. Therearetwotypesofradiators,
one for the scientific payload in the body structure and one for the motors of the propellers. The radiators used
for both the body structure and themotors are theHiPeR radiators produced by Airbus, which cost approximately
500,000[$USD/m2] [7]. With0.87[m2] total radiatorsurfacearea, theradiatorsareexpectedtocost$435,000USD.
For the navigation cameras, 4 heaters are used. These are the SmartHeat SLT Heaters, which cost $71.95 USD
each [92]. This results in a total heater cost of $287.80USD.For the insulation, approximately 0.5 [kg] of graphene
aerogel is required, resulting in a total insulation cost of $1378 USD [57]. The thermal sensors that are used are
mass airflow sensors, costing approximately $30 USD each [65]. Using 30 thermal sensors, this results in a cost
of $900 USD. Finally, there are 4 temperature control units. These cost approximately $400 USD each, resulting
in a temperature control cost of $1600USD [129]. The total cost of the thermal subsystem cost is $TBDUSD.

Testing
In order tomake sure that all the components of the UAV function properly during themission, these components
have to be testedand certified for space. This happens in testing facilities. In order to give agoodestimation of the
testingcosts, previousmissionsareanalyzed. However, there is nocost percentage tobe found in termsof testing
facility costs. Therefore, it is assumed that the testing costs are part of the total development costs. Looking at
theCuriosityRover,whichhasapproximately the sameoperational lifetime, thesecosts areapproximately 60%of
the total costs. Therefore, it will be assumed that theResearch andProduction costsmake up approximately 60%
of the total mission costs. Adding all the components, the Testing costs are then estimated to be approximately
$865.7millionUSD.

20.5.3 Operational Cost
Theoperational cost of themissiondependson thecostsof themission itself. This includes launchaswell ascosts
for themission operations.

Launch
For the launch of the mission, the Atlas V launcher is selected. Comparing it to the Perseverance Rover mission,
the launch is estimated to cost $243 million USD. However, as already mentioned in Chapter 3, the launch costs
are expected to reduce with approximately 25 million USD due to re­usable rocket boosters [130]. Therefore the
launch costs are approximated to be $218millionUSD.

Mission Operations
For mission operations, the operational procedures as well as maintenance are taken into account. However,
this element of the cost budget is difficult to predict. Therefore, it is chosen to estimate the operational cost of the
mission based on similar previous missions. Comparing the operational costs of previous missions with the ap­
proximate samegoals, it is found that the operational costs are approximately 50million [$USD/year] [146]. Since
the operational lifetime of thismission is expected to be 10 years, the total operational costs will be approximately
$500millionUSD.

20.5.4 Disposal Cost
The disposal costs are the costs that occur at the end­of­life of the mission. This includes the decommissioning.
Since theUAVwill bemostly recycled and stored for further use, it is expected that the decommissioning costs for
the UAV negligible compared to the costs of the mission. The base and the communication network can still be
used for furthermissions, so therefore it is assumed that the decommissioning costs for these componentswill be
zero. For further end­of­life costs, reportshave tobewrittenanddatahas tobepublished. It is assumed that the10
systemengineerswill work on this for about amonth. Given their salary, the total costs for disposal and end­of­life
are expected to be $92,345USD.

20.6 Fiscal Year
In order to account for the variation in the value of money over the years, the fiscal year is taken into account. All
of the cost components have been estimated for a certain fiscal year. In order to account for the components that
have a fiscal year before 2021, the inflation of the past years must be considered. Since the oldest fiscal year of
a component cost estimate (for solar power) is 1994, the inflation over the decades 1990­1999, 2000­2009 and
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2010­2019 is taken. The inflationrates for thesedecadesare3.08%,2.54%and1.75%respectively [149]. Looking
atTable20.2, theFYmultiplier takes intoaccount these inflationrates, resulting in the totalcostspercomponent. To
thesetotalcosts,amargin isadded,whichwillbediscussed in thenextsection. Pleasenote thatsomecomponents
have a Fiscal Year rate of 1, such asPower, since its sub­components have variable fiscal years. The inflation for
these sub­components is already taken into account in the total costs.

20.7 Margins
Due to the fact that themissionwill takeplace in the future, amargin isadded to thecostbudget. This isnotonlydue
to the fact that costs will vary over the years, but also that information is lacking on some components. Therefore,
some component costs have to be estimated, leading to an uncertainty in the cost budget. Looking at Table 20.1,
themargins of the different cost components can be seen. Thesewill be discussed below.
The System Engineers Labor Cost component has a margin of 10%. This is because there is not a certainty that
thesystemengineerswillwork forexactly10yearswith10engineers, nor that thesalarypaidwill be thesameas for
a systemengineer atNASA.TheMaterials&Structures component hasamarginof 5%. AsCFRPsbegin toplaya
biggerroleinstructuralengineeringovertheyears, thepricemayincrease. ThePayloadScientificInstrumentscom­
ponent has amargin of 0%. This is due to the fact that these instruments each have their ownmargin in Table 20.2.
The margin of theCommunication component is estimated to be 5%. This is due to the fact that a pretty detailed
estimation is made based on earlier missions to Mars. The Power component has amargin of 5%. This is due to
the fact that the power distribution system cost had to be estimated, while the solar cells and batteries are already
existing components and thus their prices are known. For the Propulsion component, a margin of 5% is chosen.
This is basedon the fact that there is not a certain price known for themotors thatwill beused. However, the cost of
thesemotors isbaseduponsimilarexistingcomponents, resultinginareasonablypreciseestimation. TheThermal
componenthasamarginof5%. Since thecomponentsof the thermal subsystemhaveknownprices. However, for
someof thecomponents, anestimationhad tobemade. For theTestingcomponent, themargin is taken tobe10%.
This is because the testing costs are based on the total development costs. This adds another uncertainty in this
estimation. Next to that, the testing costs are different for each spacemission. The Launch costs have amargin of
5%. This is due to the fact that the same launcher is used as for the Perseverance Rover mission. These launch
costs are exactly known. However, it can be that the renewable rocket booster might not yet be available, adding
uncertainty to this cost estimation. TheMission Operations component of the cost breakdown also has a margin
of 5%. This is because themission costs are based on similar (but not identical) previously performed exploration
missionsonMars, suchas theCuriosity andPerseveranceRovers. Finally, theDecommissioning component has
amargin of 10%. The reasonwhy thismargin is a bit larger is that it is a rough estimation of the costs at end­of­life.
It is expected that the components can be re­used, but it is not certain if componentswill fail during themission.

20.8 Total Costs
Ascanbeseen in20.1, the total costs for thismissionareestimated tobe$2.032billionUSD. Including themargins,
this increases to$2.186billionUSD.Thesecostsarecomparable to thoseof thePerseveranceRover. TheReturn
on Investmentwill not be discussed, because thismission is seen as scientific research, resulting only in scientific
value rather thanmonetary value or profit.
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21 Conclusion
The purpose of this report was to design and iterate all the subsystems of a drone for Mars exploration. Based
on a design option analysis and trade­off, the vehicle was designed to be a VTOL tilt rotor. Each subsystem was
designed based on two expedition profiles: a collect and return expedition and a remote sensing expedition. Four
conclusions aremade based on this report with respect to the fourmost important subsystems.
Thepayload suite is capable of performing all the top­level requirements thatwere set for the design thus surpass­
ing what any satellite or rover has been capable of before. Using a camerawith a resolution of 4000×3000 pixels,
a frame rate of 60 fps, and a field of view of 72° detailed visual imaging and height mapping can be conducted.
A gas analyzer is employed to perform detailed sensing of methane, carbon dioxide, atomic oxygen, ozone, and
argon in the Martian atmosphere. Furthermore, a mechanism that uses 20 filter­and­capture magnets allows for
extensive dust collection, the analysis of which can be carried out at the base. In addition, a ground penetrating
radar ispresent in thepayloadsuitecapableofscanningup to10 [m]deepat resolutionsof17 [cm]. Lastly, a robotic
armwith an ultrasonic drill coring tool is used to collect subsurface samples which are then placed in hermetically
sealedcontainersandalsoanalysedat thebase. These instrumentshavea totalmassof33.8 [kg]prove theUAV’s
advantages over rovers and satellites.
The dronemust be able to perform expeditions either semi­autonomously or under remote human control. There­
fore, an autonomysystem is requiredwhich canplan flight routes, navigate, andmakedecisions during flight. The
primary navigation system to be used is Visual­Inertial Odometry, which is amethod of fusing visual camera data
withaccelerationsdata todeterminepositionandorientation. Weathermonitoringsensorsandprocessesarealso
included to allow the autonomy system to make real­time updates to its flight path if it detects dust storms on the
horizon, for example.
After a thorough analysis of the propulsion subsystem, it was found that extended flight on Mars is possible by
overcoming the challenges related to low Reynolds number design. The results of this analysis were that the tilt
rotor cruise thrust is 17.5 [N] with an efficiency of 74%, the tilt rotor hover thrust is 55.2 [N] with an efficiency of
50.6%and thevertical rotorhover thrust is122 [N]withanefficiencyof53.8%. DuringVTOLeach forwardpropeller
requires 2200 [W] and each rear propeller requires 2311 [W]. During cruise, one forward propeller requires 2400
[W]. Based on these values, a brushless DCmotor was selected for propulsion with an optimumefficiency torque
of 34.27 [Nm] and an RPMbetween 1500 and 3000. Based on these analyses, the UAV has sufficient propulsion
to complete the expeditions laid out in the first paragraph.
Due to its thin atmosphere, the Martian environment presented a myriad of aerodynamics and flight control chal­
lenges. Theaerodynamicand flight control sizing resulted inadronewitha tip to tipspanof16.1 [m], asweepof19°
and a dihedral of 3°. Thewing has a chord of 0.613 [m] which provides aReynolds number of 50,000 in the cruise
condition. The design decisions made with respect to the aerodynamic shell resulted in the drone being able to
carry the payload and perform the expectedmission capabilities onMars.
A number ofmain recommendations for future research have been identified as vital to the design. To improve the
aerodynamics, controllability and propulsion analysis, Computational Fluid Dynamics simulations or wind tunnel
tests should be performed for a better understanding of the stall characteristics. For structures, a Finite Element
Analysis should be done on the entire structure. Furthermore, more failure cases can be identified and analyzed,
for example if one propeller breaks off. For communication, a detailed analysis of the beacon network could be
performedbycreatinganumericalmodel that considers the limitationsdue tosurfacecharacteristics. The thermal
analysis consists of separate analyses and only takes convection into account once. Integrating these analyses
and analysing convection would lead to improved results. For improved power analysis, the degradation of the
solar and battery cells has to be accounted for. The orientation of the drone during charging can be analysed for
optimumsolar incidence angle.

Figure 21.1: Isometric technical drawing of final design in cruise mode (tilt rotors in the horizontal position)
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Figure A.1: Post­DSE Gantt chart (part 1)
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Figure A.3: Functional flow diagram
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Figure A.4: Functional breakdown structure
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Figure A.5: Flight procedure / software flow diagram
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