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Abstract

Mars has been a main target for exploration over the last decades, due to its closeness and similarity to
Earth. Exploration landers and rovers have laid the foundation for the understanding of the planet, however,

they exhibit some limitations that Unmanned Aerial Vehicles (UAVs) would overcome.

Thus, this report consists of the design of a swarm of UAVs for the exploration of the red planet, which

coordinates with a swarm of rovers and a constellation of orbiters that are briefly described.

Firstly, the mission is preliminarily designed to define its location, architecture, objectives, and requirements.
Secondly, the single UAV overview is presented, illustrating a preliminary design of all the subsystems
involved in order to perform successfully. Thirdly, the swarm of UAVs is defined, introducing pre-flight check
procedures. Then, two flight formation algorithms for the swarm of UAVs are suggested, although only one
of them is implemented. Fourthly, there is a brief introduction to the multiplatform architecture, focused
on communication and connectivity. Finally, conclusions are drawn and and the foundation for future work

related to the different chapters of this thesis is included.
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Resum

En les dltimes decades, Mart ha estat un dels principals objectius de ’exploracié espacial per la seva
proximitat i similitud amb la Terra. Diferents moduls d’exploracié espacial i rovers han establert les bases
per la comprensié del planeta. Tanmateix, presenten diverses limitacions que els vehicles aeris no tripulats

(UAVs) poden solucionar.

Aixi doncs, aquest informe consisteix en el disseny d’una constel-lacié de UAVs per I'exploracié del planeta

vermell, la qual es pretén coordinar amb dues constel-lacions de rovers i orbitadors.

En primer lloc, es fa un disseny preliminar de la missid, definint la seva localitzacid, arquitectura, objectius i
requeriments. En segon lloc, es presenta una descripcié general i individual del UAV, la qual consisteix en el
disseny preliminar de tots els subsistemes implicats per assegurar el correcte vol i funcionament del dron.
En tercer lloc, es defineix la constel-lacié de UAVs, introduint alguns procediments de control previs al vol.
A continuacid, se suggereixen dos algoritmes de formaci6 de vol per a la constel-lacié de UAVs, encara que
només s'implementa un d’ells. En quart lloc, s’introdueix breument ’arquitectura general de la missid, la qual
se centra en els ambits de comunicacio i connectivitat. I, finalment, s’extreuen les conclusions pertinents i es

proposen recomanacions per als diferents capitols d’aquest Treball Final de Grau per seguir-lo en un futur.

II
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Chapter 1

Introduction

1.1 Object

The objective of this project is to design a swarm of Unmanned Aerial Vehicles (UAVs) for the exploration

and mapping of Mars, which coordinates with swarms of orbiters and rovers.

1.2 Scope

According to the object of the project, the scope will include the following tasks:
e A preliminary study of a single UAV and its different subsystems.
e An overview of the mission.

The selection of the Mars location of study based on literature.

A detailed study of the swarm formation.

e An overview of the multiplatform architecture.

The delivery of:
— The project charter.
— The report.
— The budget.
— The quality checklist.

— The appendices with any additional information considered necessary.
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Nevertheless, it will not include the upcoming tasks:
e A specific study of the orbiters and rovers swarms.
e A specific study of any UAV subsystem.
e A specific study to choose the swarm’s location of interest.

e The design of the lander of the swarm of UAVs.

1.3 Requeriments

This project must fulfill two different types of requirements to be considered successful: technical and
management related. The first group encompasses the engineering requisites to satisfactorily achieve the
primary objective of the thesis; while the second group comprises the formatting specification for a correctly

deliver of the report.

Technical requirements
e UAV requirements:

— The UAV shall incorporate the appropriate instruments (sensors and cameras) for the optimal

mapping of the Mars surface.

— For the preliminary study of the propulsion subsystem, two aspects of the Mars environment shall

be considered:
*x The planet’s atmosphere density is low: approximately 1-2% of Earth’s.
* Martian gravity is approximately 38% of Earth’s gravity.

— For the preliminary study of the thermal subsystem, the average temperatures of the red planet,

ranging between —5°C and —80°C), shall be considered.
e Swarm requirements:
— The chosen location where the swarm will perform shall be investigated previously.
— A base station communication for the UAVs, rovers and satellites swarms shall be established.

— The convenient algorithm for the UAV swarm flight control and navigation shall be suggested and

implemented.
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Management requirements

e To write the deliverables mentioned in the scope (1.2) according to the ESEIAAT regulations: the
Regulations for the Bachelor Final Thesis [1] and the Final Thesis Procedure [2].

e Prepare slides that complement the bachelor thesis presentation and defense.

e To use the English language to write the deliverables mentioned in the scope (1.2) and during the

bachelor thesis presentation and defense.

1.4 Justification

This project is motivated by the increasing interest and technological progress to consider UAVs valuable

platforms for planetary exploration [3].

Mars has been a target of human curiosity for hundreds of years. Galileo Galilei was the first person to
examine Mars with the aid of a telescope |4] and in the late 1600s skywatchers began to perceive similarities

between Earth and the red planet.

From then until now, it has become a planet of great interest for its similarities with Earth, so space agencies

and private companies are focusing some of their programs on it.

One of the plans that this bachelor thesis takes into deep consideration is the Human Exploration of Mars.
Design Reference Architecture 5.0 Nasa’s book [5], which establishes a long-term plan to explore Mars that

breaks down into the following goals:

e Goals I-III: specifies the traditional planetary science goals for understanding Mars’ life, climate and

geology /geophysics.

e Goal IV: describes the preparation for the first human explorers, which needs a reliable and robust

development of exploration systems.

e Goal V: includes the scientific objectives that are unrelated to Mars, such as the ones related to

astrophysics, Sun/Moon/Earth observations and the interplanetary environment.

In conclusion, over the last decades, Mars has been explored by orbiting satellites, landed spacecraft and
rovers; whiches have limited mobility and provide low-resolution images. Consequently, there is sparse
information about the red planet. However, UAVs can overcome this planetary measurement gap because of
their numerous benefits: they can map large areas and collect data from different environments, they can
obtain better resolution images [3] and they can also rapidly traverse difficult terrain [6]. These benefits

applied in a UAV swarm would provide several advantages: rapidity, reliability, diversity and flexibility [7].
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Notwithstanding, this project suggests the combination of a constellation of orbiters, a swarm of rovers and a
swarm of UAVs to leverage and combine their benefits, mainly focusing on the technical study of the swarm

of UAVs.
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Chapter 2

State of the art

Mars has been a main target for exploration over the last decades, due to its closeness and similarity to

Earth. Since 1975, there have been different programs carried out to explore the surface.

The first program to consider is the Mars Exploration Program [8], which goal consists of the exploration of
the red planet and the provision of continuous scientific data through different robotic orbiters, landers and
mobile laboratories, such as the Viking 1 and 2, the two Mars Exploration Rovers (Spirit and Opportunity
twin rovers), the Mars Science Laboratory (the Curiosity rover), the Mars 2020 (Perseverance Rover and the

Ingenuity helicopter), among others.

(a) Viking Lander Model. Source:@]

T

(d) Perseverance rover Source: (e) Ingenuity helicopter Source:

Figure 2.1: Mars Expploration Program robotic orbiters, landers and mobile laboratories
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Secondly, there is the Discovery Program 7 focused on plan-
etary science missions to enhance a better understanding of the

solar system, like the InSight mission on Mars.

Finally, there are other programs to take into consideration, like

the Mars Scout (an initiative to send small, low-cost robotic

missions to the red planet that was later incorporated into the
Discovery Program), the ExoMars (a pair of missions to Figure 2.2: Insight lander. Source:
understand if there was ever life on Mars) or the New

Frontiers (which aims to explore the solar system with medium-class spacecraft missions that conduct

high-science-return investigations to better understand the Solar System).

2.1 The Ingenuity helicopter

The Ingenuity helicopter, which is part of the Mars
2020 mission , is the first aircraft that humanity
has sent to another planet to attempt powered and

autonomous controlled flight. [PERSEVERANCE

PATHFINDER

During the landing on the red planet on February
18, 2021, specifically on the Jezero Crater area (see
figure , it was located under the belly of the

Perseverance rover to have a safe passage to Mars.

Figure 2.3: Perseverance landing site (Jezero Crater).
Although it was an experimental flight test for tech- SOW’CB-‘

nology demonstration, the incorporation of an aerial
dimension provides additional mission capabilities

that will begin a new era of space exploration .
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2.1.1 Specifications of the helicopter

The helicopter itself consists of different subsystems (shown in figure and it has the specifications shown
in table 2.1

~1.2-mater Diameter Rator System

Talecommunication
Carbon Fiber

Blades

Solar Panel

Landing System
Fuselage

G0, gas-gap insulation
Survival heaters

Sensors & Cameras

Avionics Processing
Batteries

Autonomous flight
contral algorithms

Figure 2.4: Anatomy of the Ingenuity helicopter

Ingenuity specifications

Weight 1.8 kg on Earth and 0.68 kg on Mars
Height 0.49 meters
Rotor system 4 carbon fiber blades arranged into two 1.2-meter-long

counter-rotating rotors that spin at 2,400 rpm

Fuselage (body) dimensions 13.6 cm by 19.5 cm by 16.3 cm

Power Solar array on top of the rotor system charges 6 lithium-
ion batteries

Table 2.1: Ingenuity specifications. Source:

2.1.2 Objectives of the helicopter

The primary and most important objective of Ingenuity was to demonstrate rotorcraft flight in the extremely

thin atmosphere of Mars. Moreover, the team established several sub-objectives that are listed below :

e Surviving the cruise to Mars and landing on the Red Planet.

Safely deployment of the helicopter to the surface of Mars from the belly of the Perseverance rover.

Keeping itself warm through the intensely cold Martian nights.

Autonomously charging itself with its solar panel.
e Successfully communicating with the Base Station on the Perseverance rover.
e To autonomous operate aerial systems on another planet.

7
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2.2 Dragonfly

The Dragonfly Rotorcraft Lander, which is part of the New Frontiers program, is a multirotor lander to

explore numerous high-interest sites on the surface of Titan (Saturn’s moon).

The concept of a rotorcraft lander on Titan was proposed 22 years ago, firstly as a helicopter but later as a

multirotor drone because of its mechanical simplicity .

2.2.1 Spacecraft overview

The Dragonfly has an octocopter (dual quadcopter)
design (see figure because of the following ben-
efits:

e The rigid, fixed-pich rotors simplify the hub

design.

e It reduces the power and torque requirements

for a single motor.

e It increases control redundancy.

o The motor/rotor combinations have lowe iner-

i hich i h 1 .
tia, which improves the control response Figure 2.5: Dragonfly configuration. Source:

Furthermore, a constraint in this coaxial X8 configu-
ration that has to be considered is that the rotorcraft
must be packaged in a hypersonic aeroshell [24], as

shown in figure [2.6]

Spacecraft = Entry Vehicle =

Cruise Stage + Entry Vehicle  EDL Assembly + Lander RoteroraftLander

EDL assembly Lander in flight configuration,
includes aeroshell using mobility subsystem
(heatshield and

ﬂﬂT\\- backshell)
! parachutes, ESI, and
support equipment.

N

L
@ — Lander in surface
- configuration, HGA deployed

Figure 2.6: Dragonfly spacecraft (left), atmospheric entry vehicle (center), and lander configurations (right).

Source: [|24]
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2.2.2 Dragonfly science payload
The Dragonfly science payload incorporates the following instruments:

e DraMS (Drafongly Mass Spectrometer): it has a front-end sample processing able to handle
high-molecular-weight materials and samples of interest. This system is developed at the Goddard
Space Flight Center and includes elements from the successful Sample Analysis on Mars instrument on

Curiosity.

e DraGNS (Dragonfly Gamma-Ray and Neutron Spectrometer): it allows the determination
of the elemental composition of the ground under the lander without requiring sample operations. It
is designed at the Goddard Space Flight Center and the Johns Hopkins University Applied Physics
Laboratory (APL).

e DraGMet (Dragonfly Geophysics and Meteorology Package): it is a combination of simple

sensors with low-power data handling electronics designed at the APL.

e DragonCam (Dragonfly Camera Suite): it is a combination of cameras that provide forward and

downward imaging, developed in the Malin Space Science Systems.

2.2.3 Dragonfly science mission profile

The Dragonfly optical terrain-relative navigation employs two simple operation modes, shown in figure

and follows the strategy illustrated in to choose the new landing sites.

\felou:ltyllnde
a i
V1. Image at V2. Image V3. Extract hagh contrast image V4. Comelate patches bhwn.
fime, f-At at time, pau:rmmdwnrphmm images fo detamine vel
Position/ Hap Mode remove know atfitude motion  w/ independent alt. meas.
- . .. |
P0. Ground uploads image P1. Image at time, t P2. Render estimaled P3. Comelate patches
maps with ref. features and image paiches from map  to real image to
target LS from previous flights find LS relatwve position

Figure 2.7: Optical navigation modes: optical velocimetry (top), and optical landing site recognition (bottom).
Source: [|24]
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Overfly the previously-scouted landing site Descend to hover and
Cruise Altitude to establish an optical navigation waypoint yaw 360° to image
Ll . 3 the candidate

LTSS -

landing site

Cruise
Climb

Cruise

Climb Descend to the surface

and land at the pre-
selected location

Lidar pass
on departure

Landing Site, LSX Previously Scouted Site, PSX Candidate Landing
* =100 m radius images + =100 m radius images Site, CSX
+ lidar data, scouting & landing +  lidar scouting pass data -

surface observations - ground analysis of data ~ @ Ete,

ground analysis of data Sequence can be repeated to scout and advance position.

Figure 2.8: Dragonfly illustrative traverse and landing site scouting flight approach. Source:

N

2.3 Swarm configuration

Exploration rovers and orbiters have laid the foundation for the understanding of the red planet. However,
they present some limitations in terms of speed and exploration capabilities that the UAVs would overcome

because of their additional potential.

As previous and current studies consider |§|, , UAVs give a new perspective of a region’s geology and
permit access to rugged terrain, provide high-definition images and could rapidly traverse large distances.
Moreover, in future missions, they could collect samples, carry instrument payload for in-situ scientific

investigation or act as a supporting platform for rovers.

Therefore, the present bachelor’s final thesis not only will combine rovers, orbiters and UAVs for a Mars
mapping mission to leverage its benefits, but will also study and suggest that each of them behaves in a
swarm configuration, mainly focusing on the UAVs swarm. This type of configuration increases reliability,

availability, speed and range, and it is cost-effective compared to a single robotic mission .
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Chapter 3

Theoretical background

3.1 UAYV definition

A UAV is a fixed-wing, rotor-wing, or lighter-than-air vehicle designed to be operated through electronic

inputs initiated by the flight controller or by an on-board autonomous flight management control system.

3.2 Configuration of the UAV

3.2.1 UAV configuration types

There are different types of UAV classifications, either according to their range of action, size and payload,
levels of autonomy, or their aerodynamic configuration (see figure [3.2]). Considering the aerodynamic

configuration classification and focusing on the rotary-wing subclass, further classification is found (see
figure [3.1)):
e Single-rotor

Coaxial

Quadrotor

Multi-rotor

(a) Single-rotor. Source: (b) Coaxial. Source: (¢) Quadrotor Source: (d) Multi-rotor Source:

Figure 3.1: UAV configuration types.
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CHAPTER 3. THEORETICAL BACKGROUND

UAV CLASSIFICATION

depending on

. . Levels of Aerodynamic
Range of action Size and payload - f
autonomy configuration
High-Altitude Eixedowi
—Long-Endurance —Full- Scale UAVs —Level 1 —--U':Er -wing
(HALE) S
Medium-Altitude ) Rotary-wing
I —Long-Endurance —Medium-Scale UAVs —Level 2 UAV
(MALE) ¢ Single-rotor
Medium-Range or < * Coaxial
——Small-Scale UAVs —Level 3
—Tactical UAV * Quadrotor
(TUAV) s Multi-rotor
| Close Range ——Mini-UAVs —Level 4 ——Blimps UAVs
UAV
| Mini UAV L | Flapping-wing
(MUAV) Micro UAVs L—Level 5 UAVS
| Micro UAV
(MAV)
|__Nano Air Vehicles
(NAV)

Table compares different aircraft configurations based on distincs concepts.

Figure 3.2: UAV configuration types. Source: \\

coaxial rotor and the quadrotor offer the best performance.
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Table 3.1: Aircraft comparison (1=Bad, 4=Very good; A=Single rotor, B=Axial rotor, C=Coaxial rotors,
D=Tandem rotors, E=Quadrotor, F=Blimp, G=Bird-like, H=Insect-like). Source:
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3.2.2 Selection of the configuration

According to the results given in table [3:I] and the following arguments, the selected configuration of the

UAV is the coaxial quadrotor.

e It is more appropriate for a Martian mission. It can be customized to produce the necessary Mach
and chord Reynolds numbers to have an efficient airfoil opperation in restrivtive Martian conditions.

Moreover, it is suitable for compact stowage .
e Its technology is more mature .
e It is efficient in terms of the thrust produced and the occupied space [33].

e It generates more thrust, which allows to carry more payload (such as cameras or navigation devices

that are required for the mission) [34].

e It is more resilient, so it could tolerate the loss of at least one rotor or motor . Thus, a relevant space
agency as the National Aeronautics and Space Administration (NASA) has chosen this configuration

for its Dragonfly project (section [2.2]).

3.2.3 UAV modelling
The concept

The coaxial quadrotor concept is the same as the quadrotor. Its control is achieved by the speeds of eight

rotors (21, Qa, O3, W4, 5, Qg, U7, Qg) and the direction of rotation of each rotor is illustrated in figure

Figure 3.3: Dynamics and concept of coaxial quadrotor. Source: \\

The overall speeds (2, rad/s) generation is represented by equation

Q= -0 + D — Q3+ U — Q5 + Qs — Q7 + Qg (3.1)

13
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Furthermore, each thrust value is assumed to be equal and the yawing motion is assumed to be stable even
though the dynamics of the quadrotor produce an unstable system [34]. Thereby, the vector of movement is

represented in equation [3:2}

Vector of movement

U1=b2f:19?

Uy =1b(02 + Q2 - Q2 — 02

2 (7 8 3 4) (32)
Us = 1b (02 + Q2 — Q2 — 03

Uy =d(Q3 + 07 + Q2 +02 -0 -0 — Q2 — Q2

where Uy is throttle, Us is roll, Us is pitch, Uy is yaw, 1 (m) is the distance between the center of the coaxial

rotor and the center of a propeller, b (Ns?) is the thrust coefficient and d (Nms?) is the drag coefficient.

Equations of motion

The following premises have been assumed [34] to describe the 6-DOF (Degrees of freedom) equation (using

the Newton-Euler concept):
e The coaxial quadrotor is a rigid-body.
e The center of mass coincides with the origin of the body-fixed frame.
e The coaxial quadrotor has symmetric dimension.
e The axes of the body frame coincide with the inertial coordinate system.

Egs. (3.3) to (3.5) illustrate the translational dynamics in the coaxial quadrotor, where g (m/s?) is the gravity

force and m (kg) is the overall coaxial quadrotor mass.

@ = (siny sing + siny sinf cose) % (3.3)

J = (— cosy sing + siny sinb coso) % (3.4)
. , Uy

Z = —g+ (sinf cosd) P (3.5)

Eqs. (3.6) to (3.8) show the rotational dynamics of the coaxial quadrotor, where Ixx, Iyy, Izz are the
moments of inertia of each axis, Jrp (Nms?) is the total rotational moment of inertia, p, ¢ and r are the

components of 2 and @, 6 and w are the roll, pitch and yaw accelerations.

. 1
¢ = (pqUxx — Iyy) +Ua) y- (3.6)
77
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.. 1
0 = (pr(zz — Ixx) — JrppQ +Us) Ty (3.7)

V= (pr(lzz — Ixx) — JrppQ + Us) 7
Yy

3.3 Mission needs

This section presents relevant datum for the understanding of Mars and the challenges that the UAV would

overcome to do a satisfactory performance.

3.3.1 Mars parameters

Mass (kg) 6.42 - 1024
Diameter (km) 6792
Density (kg/m?) 3.93
Gravity (m/s?) 3.71
Rotation period (h) 24.6
Length of Day (h) 24.7
Orbital period (days) 687.0
Orbital velocity (km/s) 24.1
Surface Pressure (bars) 0.01

Table 3.2: Mars parameters. Source:|[35|
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3.3.2 Martian atmosphere parameters

Surface pressure (Pa) 636

Surface density (kg/m?) 0.020

Scale height (km) 11.1

Total mass of the atmosphere (kg) 2.5 1016

Average temperature (K) 210

Diurnal temperature range (K) 184 to 242

summer: -7
Wind speeds (m/s) fall: 5-10
dust storm: 17-30

Table 3.3: Martian atmosphere parameters. Source:|35]

3.3.3 Martian temperatures

The estimation of Mars temperatures in terms of altitude follows the mathemathical model provided by
NASA Jet Propulsion Laboratory (JPL), which is based on the Mars Global Reference Atmospheric Model
(Mars-GRAM) [36]. The temperature equation shown in [3.9| was generated for a latitude of —20 and provides

data from the surface to an altitude of 10 km.

Thus, figure [3.4] illustrates Martian temperatures for different altitudes, and table summarizes temperature

values in 4 different areas of the red planet.

T(h) = 238.74 — 34.488h + 35.133h% — 15.96h> + 3.7315h* — 0.47352h° + 0.030962h° — 0.000817h" (3.9)

T-h on Mars
10 T

Altitude (km)
o
I

1 1 1 1 1 1
205 210 215 220 225 230 235
Temperature (K)

Figure 3.4: h-T on Mars. Source: own elaboration based on [306]
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Zone Altitude (km) Temperature (K)
North polar cap 2.5-3.0 228.5-229.3
South polar cap 1.0-3.5 226.7-227.0
Equator 0 238.7
Cydonia Mensae 0.1-0.65 227.4-235.6

Table 3.4: Martian temperatures. Source:|37, [3§]
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Chapter 4

Mission definition

4.1 The mission

According to the design cycle of the European Space Agency (ESA), this project encompasses until the

Preliminary Design Review of the mission (PDR).

0 A B C D E (| F
Mission | Feasibility Preliminary Detailed Definition Production/ Utilisatio! Dis-
< | Analysis, Definition Ground Qualifica- posal
D | Needs tion Testing
w
|dentif.
Y v Y

; |MDR| PRR [SRR |PDR| CDR QR ARORR FRR ; "

Mission Design Review

Preliminary Requirements Review

Preliminary Design Review

Critical Design Review

Figure 4.1: Levels of design of a mission according to ESA. Source:

4.1.1 Mission statement

Mars has been a primary target for exploration over the last decades due to its closeness and similarity to
Earth. Exploration landers and rovers have laid the foundation for the understanding of the red planet,
however, they present some limitations that UAVs would overcome. In consequence, this project aims to
design a swarm of UAVs to provide a new perspective for planetary exploration and search for suitable caves

for a future permanent settlement.
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4.1.2 Mission approach

For this mission, the swarm of UAVs will cooperate with an existing constellation of satellites and a swarm of

rovers to explore a specific area of Mars.

4.1.3 Primary objectives
e To demonstrate the capability of UAVs formation flight.

e To demonstrate the cooperation feasibility of a swarm of UAVs and the existing swarm of rovers and

satellites constellation.

e To detect caves that are likely to be viable sites for future Mars missions and future Martian bases.

4.1.4 Secondary Objectives
e To complement the satellite’s research on regions that are thought to have hosted water in the past.

e To obtain images for general distribution to gain public support for space exploration.

4.1.5 Mission requirements

The mission requirements, whiches determine the expectations of the suggested mission in a quantifiable,

consistent, unambiguous and traceable way, are listed on the next page, in table
The proposed requirements are divided into the following categories:
e TLR (Top Level Requirements): they define the goal of the mission.

e FR (Functional Requirements): they are necessary elements and characteristics to accomplish the

TLRs.

e CR (Critical Requirements): they define the development of the overall mission, determining its

success or failure. They have been marked in bold.
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Furthermore, the second part of the ID corresponds to the Mission Design (in the case of the initialism MD)
or the different subsystems of the UAV:

e PAS: Payload Subsystem.

e PRS: Propulsion Subsystem.

e ADCS: Attitude Control and Determination System.
e NS: Navigation Subsystem.

e PES: Power and Energy Subsystem.

e T'S: Thermal Subsystem.

e LS: Landing Subsystem.

e CS: Communications Subsystem.

e SS: Structural Subsystem.

e OBCS: Onboard Computer Subsystem.

20
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4.2 Location

The selection of the location of study for this mission is based on literature and the interest of
the area considered, Cydonia Mensae (see figure 4.2)), over the years.

Acidalia Uiopia
Planitia lanitia

Syriis
Major Isidis

. : Terra Planitia Planitia

Mitrgaritifer Meridian
Terra

Noachis
Terra
Terra
Sirenom

Figure 4.2: Cydonia Mensae location. Source:

As it is widely known, numerous unexplored Martian regions are of high potential interest. In the case of the
Cydonia Mensae area, it has only been observed by the Viking 1 and the Mars Express. However, this region
has considerable interest because it is thought to have hosted seas or lakes in the past, whiches later were

covered by lava and sediment deposits.
The dominant morphologic features are the followings:

e Clusters of large massifs and plateau outliers: they are remains of cratered material which
probably consist of flat-lying beds of eolian sediment and lava. The majority are less than 5 km wide,

although they may be as wide as 10 km.

e Knobs: they are considered to be remnants of the underlying cratered terrain or igneous intrusions.

Most are about 2 km across.

e Smooth lowland plains: they are arcuate to linear ridges, surround the clusters and link different

isolated knobs. Their widths vary from 100 m to 2 km and their length is typically from 5 to 10 km [43]
41].

Overall, it may be declared that rovers might not provide enough details due to the nature of Cydonia
Mensae (valleys, debris and craters are hard to explore). However, they could play a significant role in surface

exploration.
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4.3 The swarm

The mission is based on the assumption that swarms are suitable to solve complex problems combining simple
tasks and behaviours. That is, a group of single components cooperate and produce significant results by
combinig elementary performances to achieve ambitious goals. Moreover, the common goal would be divided

into scondary goals that each swarm would accomplish.

Overall, swarms have the potential to change future space exploration missions because of their resiliency,
adaptability and low-cost multi-agent systems; and the principal enabling technologies are cooperation (based

on manipulation, motion planning and task recognition/allocation) and formation keeping [40), 45| |46].

4.3.1 Orbiters constellation

The orbiters constellation would provide widespread and continuous coverage of the location of study due to
the multiple angles and multipoint observations, both of which are crucial for the scientific understanding of

the Cydonia Mensae area.

The first mapping would enable a general vision of the surface and the detection of the subareas of interest

that the UAVs swarm would explore. For example, difficult access areas or specific sediments.

Therefore, the Mars Express orbiter |[47] is one of the orbiters that form the selected constellation, the Mars
Relay Network, because it has provided the most complete and accurate coverage of the surface, subsurface
and atmosphere of the red planet. It consists of a 3-axis stabilized orbiter with a fixed high-gain antenna
and body-mounted instruments, and it is placed in an elliptical orbit (250 x 10142 km) of 86.35°quasi-polar

inclination with a 6.75 h period.

The orbiter, which is part of the first European mission to any planet,
launched in June 2003 from the Baikonur Cosmodrome in Kazakhstan
aboard a Russian Soyuz rocket, entered Mars orbit on 25th December

2003 and nowadays is still active.
Moreover, it has the following scientific instruments:

e Super/High-Resolution Stereo Colour Imager.

Visible and Infrared Mineralogical Mapping Spectrometer.

Atmospheric Fourier Spectrometer.

Subsurface-Sounding Radar/Altimeter. Figure 4.3: Mars Express spacecraft.
Source: 48]

Energetic Neutral Atoms Analyzer.

Ultraviolet and Infrared Atmospheric Spectrometer.

Radio Science Experiment.
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Thus, the chosen constellation includes four more satellites that would also take part in this mission for
communication purposes (see section for more information). So, the overall swarm is comprised of 5
orbiters: the Mars Express orbiter, the Mars Reconnaissance Orbiter, the Mars Atmospheric and Volatile

EvolutioN, the Mars Odyssey and the ExoMars Trace Gas Orbiter.

4.3.2 UAVs swarm

The UAVs swarm would conduct a more specific investigation of the areas of interest, considering the
information of the orbiters constellation to better search caves for future Mars missions. However, drone

autonomy is a crucial restraint to take into account while researching the red planet’s surface.

Furthermore, the swarm would provide higher-resolution images that would give a better knowledge of the
studied areas and they would be also distributed to the general public to increase the general interest in

space exploration. Section [6] deeply describes the swarm of UAVs.

The lander

The lander is a spacecraft that carries the UAVs to Mars in order to protect them during the entry, descent
and landing on the red planet, so it has to be both strong and lightweight. Based on these requeriments,
its preceding performance and its architecture, and considering 3 UAVs for the swarm (for algorithm
simplifications and for being an appropiate number of vehicles to study the Mars surface), the selected lander
for this mission is the Mars Science Laboratory (MSL) , which successfully landed the Curiosity
rover on the surface of the red planet in 2012.

The MSL incorporated the MSL Entry, Descent, & Landing Instrument suite (MEDLI), a combination of
sensors that measured the atmospheric conditions of the entry heatshield of the MSL during the atmospheric
entry and descent and provided relevant engineering data for the design of entry systems of the following

planetary missions.

0.125m
,,,,,,, N

45m

1.126m —|

= : (b) Mars Science Laboratory (MSL) geometry.
(a) Mars Science Laboratory (MSL). Source: \\ Source: [50]

Figure 4.4: The lander
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As figure [£.4] illustrates, its size is enough to carry the 3 swarms, which would reduce the cost of the mission.
However, although sending the overall swarm in one lander is risky, taking into consideration that only
about 60% of the missions sent to Mars are successful, it is considered that the appropiriate and successful

performance of the MSL during the Curiosity and Perseverance rovers guarantees the selection of this lander.

Finally, figure [4.5| shows the Entry, Descent, and Landing (EDL) maneuver completed by the lander
that carried the Perseverance rover (the MSL) to the surface of Mars, which is the same that the mission

suggested in this bachelor final thesis would make.

The EDL is a short but also intense and hard phase of a Mars mission. In particular, only about 40%|54] of
the overall missions ever sent to Mars by any space agency have landed successfully. Furthermore, another
restraint to take into consideration is that the radio signal during the landing on the surface of Mars is
received with a 11 minutes delay. So, the lander is designed to complete the entire EDL process, also known

as the “Seven Minutes of Terror”, autonomously.

Heat Shield Separation
Time: ~E-+ 2605 . ~
it Radar Lock -4

= Terrain Relative
Vek:~160m/s Time: L2008

Alt~7-8km val:g.m?n Solution I L\“:;’/\ l
> \

Vel:~105 m/s

&
Sky Crane

Jezero Crater

Figure 4.5: Perseverance Rover’s Entry, Descent and Landing Profile in the final minutes. Source:

Thus, the EDL process can be schematized as:

e Final Preparations: 10 minutes before entering the atmosphere, the spacecraft removes its cruise
stage, so that only the protective aeroshell (with the UAVs and descent stage inside) lands on the

surface of Mars. Moreover, the vehicle reorients itself before entering the atmosphere of the red planet.

e Atmospheric Entry: the drag forces slow down the spacecraft when entering the atmosphere, but
they also raise dramatically its temperature. Furthermore, the spacecraft fires small thrusters to adjust

the angle and direction of lift as it descends through the atmosphere.

e Parachute Deployment: using the Range Trigger technology, the spacecraft calculates the ideal time

to open the parachute.
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e Focusing on Landing: 20 seconds after the parachute deployment, the heat shield separates from
the spacecraft and the coverage of the UAVs is exposed to the atmosphere of Mars. Meanwhile, the

Terrain-Relative Navigation technology is used to choose the safest spot to land.

e Powered Descent: the parachute is removed and the powered descent stage fires up its engines to

avoid the impact by the parachute and ensure a safe landing on the surface of Mars.

e Skycrane Maneuver: finally, 12 seconds before the landing, a set of cables lowers the coverage of the
UAVs. When it touches down the ground, the cables are cut and the descent stage lands uncontrolled

on the surface in a safe distance.

4.3.3 Rovers swarm

The swarm of rovers would be the last element of the overall swarm,
so its performance depends on the previous work done by the orbiter
constellation and the swarm of UAVs. Hence, the studied areas by the
swarm of UAVs would prepare the selection of distinguished points of
interest for a profound study done by the swarm of rovers and, also,
the research on regions that are thought to have hosted water in the
past. Besides, the rover leader of the swarm acts as the base station

communication between the UAV leader and Earth. Thus, the selected

rovers for this swarm are the same designs as the Perseverance rover (see

a - deri b £ 1 detailed Figure 4.6: Perseverance rover
gure, considering that one of its spectrometers allows a more detaile on Mars. Source: @V

chemical analysis of elements than ever before. Furthermore, the other

instruments are a mixture of upgraded versions of Curiosity rover instruments and new ones :
e Mastercam-Z: it’s an advanced camera system to understand the geologic structures of the red planet.

e MEDA (Mars Environmental Dynamics Analyzer): it consists of a set of sensors to measure temperature,

wind speed and direction, pressure, relative humidity and dust size and shape.

e MOXIE (Mars Oxygen ISRU Experiment): it’s an oxygen processing plant intended to support a human
expedition in the 2030s.

e PIXL (Planetary Instrument for X-ray Lithochemistry): its role consists of determining the elemental

composition of Martian surface materials.

e RIMFAX (Radar Imager for Mars’ Subsurface Experiment): it provides a centimeter-scale resolution of

the geologic structure of the Mars subsurface.

e SHERLOC (Scanning Habitable Environments with Raman & Luminescence for Organics and Chemi-

cals): it is a spectrometer that determines fine-scale mineralogy and detects organic compounds.

e SuperCam: its role consists of taking images, analyzing chemical composition, studying minerals and

recording audio.
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Chapter 5

Single UAV overview

5.1 UAYV subsystems

5.1.1 Payload

This section comprises the necessary instruments that the UAV requires for scientific research on the Mars

surface.

e Camera: a one color 13 megapixel horizon-facing terrain camera, with a global shutter, on the bottom
of the fuselage to acquire color images during flight that later can be distributed to the general public

22).

e Image processing chip: it is a processor designed to support sharper image capture, provide faster

processing and more advanced connectivity.

e LiDAR (Light Detection and Ranging o Laser Imaging Detection and Ranging) sensor:
it is a measurement and objects detection system based on laser technology to represent surfaces
and map 3 dimensions areas. Particularly, its scanner emits infrared laser beams that impact certain
objects and bounces (see figure . Then, the receiver registers the bounced beams and measures
the distance. This type of sensor builds terrain models with 1-2 ¢m accuracy and does not require

additional processing [60].

Light source

————

Laser beam

Photodetector
<

Reflected beam

Object

Distance

Figure 5.1: LiDAR sensor functioning scheme. Source:[61]
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5.1.2 Propulsion Subsystem

Propeller efficiency and motor reliability are two constraints to take into account when designing a Mars

multirotor.

So, this subsection is based on the high-speed brushless motors for the Martian applications study [62], which
presents a summary of work performed to qualify two COTS (Commercial Off The Shelf) industrial standard
motor types,(a #13 mm brushed motor and a ()22 mm brushless one), in order to lower development costs.
From its results, the brushed motor is dismissed because its expected lifetime is lower than the brushless
motors and the common brush materials require the presence of water vapor and oxygen. Moreover, results
illustrate that the 22 mm brushless motors can work at temperatures between 218.15 K and 313.15 K and
at rotation speeds of up to 12,000 rpm. Consequently, this bachelor’s final thesis considers a minimum value

of 11,000 rpm to guarantee the viability of the selected design.

Furthermore, the following assumptions are made in order to estimate the value of particular parameters,
whiches are based on [40] because it proposes a design of a UAV that has similar order of magnitude and

requirements:
e Flight endurance: 30 min
e Total mass of the UAV: 8 kg

Thus, the preliminar weight, thurst and drag are estimated below:
o Weigh (W):

W= Tkg - 3,71 STQ — [W = 2597 N (5.1)

e Thrust (T): in hover T=W so,

Tr=W — [Tr = 2597 N| (5.2)

e Diameter (d): in hover, the diameter can be calculated from the induced velocity (v;) at rotor disk in

hover flight,
(5.3)

Vin =

The value of the induced velocity is estimated to be in the same magnitude order as the one in [40], so

W 19.6
Y S — 83.26 5.4
VhE A\ 2T \/2-0.020-;{-0.302 m/s (5.4)

Consequently, the estimated diameter is calculated as follows:

it is calculated as

W 25.97
=l E = s o0 E B = 52 -
vin \/2p~1;~d2 \/2'0.020&%2 83.26 — 0.31 m (5.5)
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Finally, table summarizes the reference configurations of the Propulsion Subsystem. As they are in the

same magnitude order as the ones in |40|, they are accepted as preliminary reference configuration values.

Diameter (m) 0.31
Total mass (kg) 8.0
Flight endurance (min) 30
Rotating speed (rpm) 11,000
Weight on Mars (N) 2.,97
Thrustpover (IN) 25.97

Table 5.1: Propulsion Subsystem reference configurations. Source: Own elaboration

5.1.3 ADCS

The Attitude Control and Dettermination System (ADCS) is responsible for controlling and determining the

orientation of the UAV and the essential sensors required to achieve it are the followings:

e IMU (Inertial Measurement Unit): for measuring accelerations and angular rates in three directions.
It is a combination of an accelerometer (to measure speed and linear acceleration/force) and a gyroscope

(to provide a measure of the angular rate). Figure shows the 6 DOF.

e Inclinometer: it consists of 2 accelerometers that only measure gravity before the spin-up and the

take-off to calibrate the IMU accelerometer biases.

e Laser rangefinder (included in the LiDAR sensor): to measure the distance to the ground (see figure
. The Ingenuity helicopter and the Dragonfly UAV also use it because of its lightness, high intensity,
acuteness to calculate very small but also large distances, very high precision and sharp focus on small

surfaces.

y axis yaw

X axis pitch

z axis
roll

Figure 5.2: The six degrees of freedom Source: own elaboration
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Figure 5.3: Laser rangefinder functioning scheme Source: [63]

5.1.4 Navigation Subsystem

The Navigation Subsystem assists navigation in the UAV and it basically consists of the following instruments

[20, 22, [64):

e Navigation camera: one black-and-white 0.5-megapixel downward-facing navigation camera located

on the bottom of the fuselage for navigation purposes (to determine position, attitude, velocity and

other variables).

e System on a chip: it is an integrated circuit that stores the components of the electronic navigation

system. This processor controls the visual navigation algorithm via a velocity estimation taking into

account the terrain features tracked with the navigation camera.

e 2 flight-control microcontroller units (MCUs): they are small integrated circuits, in witches the

system on a chip is connected, that are required to perform certain flight-control functions.
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Forward

. direction

/ RTE
NAV

—.—__‘_ﬁhg_‘—__" " .
upward direction
in both images

Both cameras mounted in portrait orientation

Figure 5.4: Navigation (NAV) and payload (RTE) cameras functioning scheme.Source:

5.1.5 Power and Energy Subsystem

The Power and Energy Subsystem is essential for the performance of the UAV because it not only generates
the electrical power it needs during its flights (supporting both the platform and the payload) but also
provides the required energy for its survival on Mars. Therefore, this subsystem is critical in the design and

operation of the UAV.

Power consumption

The preliminar power consumption is estimated from the preliminar thrust result calculated in section [5.1.2

P =2p-—-d* vy = 2-0.020~%~0.312-83.263 — |P = 17425 W | (5.6)

The batteries
When choosing the most suitable batteries for the UAV, the following constraints shall be taken into account:
e dimension.
e mass.
e survival and performance on Mars.
e specific energy.

o self-discharge.
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Consequently, the SAFT VES180 cells [66] have been considered. These Lithium-Ion cells are a type of
rechargeable batteries that use the reduction of lithium ions to store energy. Compared to other materials,
they offer high energy densities, low self-discharge and no memory effect E| Moreover, they have been used
in previous exploration rovers (such as the Pathfinder), which demonstrates their survivability under Mars

conditions.

Compared to NiH; batteries (see figure for competitors comparison), the Li-ion ones offer a higher
specific energy (more of 40 % weight reduction), higher Faradaic efficiency E| and lower self-discharge (0.03 %
compared to 10 %).

NiCd NiH2 Li-Ion System Impact
Energy Density (Wh/kg) 30 60 125 Weight Saving
Energy Efficiency % 72 70 96 Reduction of charge power: solar panel
Thermal Power (Scale: 1-10) 8 10 3 Reduction of radiator, heat pipes sizes
Self Discharge %/month 10 80 1 No trickkle and simple management at Launch pad
Temperature range C' 0 to 40 -20 to 30 10 to 30 Management at ambient
Memory Effect Yes Yes No No reconditioning
Energy Gauge/Monitor No Pressure Voltage Better observability of State of Charge
Charge Management CcC CcC CC CV+ Balancing More Complex charge management
Modularity No No Yes One Cell Design, Ability to put cells in parallel

Table 5.2: Li-Ton compared to its competitors. Source: [66]

Table [5.3] illustrates the main characteristics of the SAFT VES180 battery:

Dimensions 53 mm x 250 mm

Specific energy 165 Wh/kg

Cell mass 1.11 kg

Energy storage 180 Wh

Mean discharge voltage 3.6 V (4.1 V at the end of charge)

Table 5.3: AFT VES180 battery specifications. Source: [66)

Considering a typical motor voltage of 11 V, three VES180 cells in series are needed, resulting in an assembly

battery pack mass of 3.33 kg.

Finally, figure shows the energy and capacity vs discharge current of the VES180 cell.

1The memory effect, also known as the lazy battery effect, describes the situation in which batteries gradually lose their
maximum energy capacity if they are frequently charged after being partially discharged. The lack of this effect in Lithium-Ion
simplifies the management of the state of charge.

2The Faradaic efficiency describes the electrons efficiency to be transdferred in a system facilitating an electrochemical
reaction.
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Figure 5.5: Energy and capacity vs discharge current of the VES180 cell. Source: \@\

Solar radiation on Mars

Solar radiation characteristics on Mars are essential to effectively design solar energy systems operating on

the surface of Mars. So this subsection presents a preliminary study of solar radiation on the red planet

based on .

The solar radiation on the surface of Mars is made from:

e The direct beam: it is the solar radiation that travels in a straight line from the Sun down to the
martian surface. Its path from the top of the martian atmosphere to the surface is affected by spread

and absorption.

e Diffuse component: it is the part of the total radiation that reaches the surface of Mars after a change

of its directions caused by the scattering of the atmosphere.
Furthermore, it is determined by:

— The distance between the Sun and Mars.

— The solar zenith angle (z).

— The opacity of the Martian atmosphere
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Thus, the direct beam irradiance (G}) on the surface of Mars, normal to the solar rays can be calculated as:
Gy =Gy - e~ ™M) (5.7)

where 7 is the optical depth, z is the zenith angle and m(z) is the air mass, which can be approximated by:

1
cos(z)

m(z) ~ (5.8)

Finally, the solar irradiance components on a horizontal surface of Mars are the followings (see graphics in

figure :
Gn = Gu, + Gan (5.9)

where:

e (5}, is the global irradiance on a horizontal surface, which is given by:

Gn = Gop - cos(z) - 1. 7) (5.10)
0.9
e (G, is the direct beam irradiance on a horizontal surface, which is given by:
Gon = Gop - cos(z) em® (5.11)

o (74, is the diffuse irradiance on a horizontal surface.

34



5.1. UAV SUBSYSTEMS CHAPTER 5. SINGLE UAV OVERVIEW
Rt ED ] I f
N ZENITH T ! 60
iEEs Y i g T
s [ L ZENITH | :
Ea 0 :1 i 500 ANgI:E HH o
S 400 7 l =10 H
300 140 TN I \ H
[N } Sl
50 Y
50 H
200 : : § Téo aaan
[HA N8 Sug 200 3 70
,I. o T TN B PR T 0 A
£ w00 = s H
= 801 RasascssaNNRNRRERENY o 100 b SN
& I T 5 \ i
G bEssiH 5 sue: = . 3 !
o0 1 2 3 [ 3 o TS EEeEE
E OPTICAL DEPTH. T g 0 1 2 3 y 5 5
g (h) EFFECT OF OPTICAL DEPTH WITH SUN ZENTH ANGLE AS A £ OPTICAL DEPTH, T
2 PARAMETER.. 2 (A) EFFECT OF OPTICAL DEPTH WITH SUN ZENITH ANGLE AS A
g = PARAMETER.
© 790 FEORTICAL [ THFI i §
: T DEPTH, C T i FEE e | A
600 HHH T I b H = : ‘;_ HH R s ;
R0 i 600 Al ST DEPTH, i
T ¥ i HitH HE 1
500 = T b = i :
i : i i i
400 : 5 i i
FrH i : & w0 Fri |
g . i : H :
300 7 s H H £2 EiiaEed
5es S g5z 300 T
G : i HE
i Bing S as 200 m ,
£ il 1 e SSEsiiiis
100 7 i - TR RN
i iR Sl SN 100 %m i
s - g it
0 0 W s e 70 8 o W 20 30 4w 50 6 70 80

SUN ZENITH ANGLE. . DEG

(B) EFFECT OF SUN ZENITH ANGLE WITH OPTICAL DEPTH AS A
PARAMETER .

(a) Global irradiance. Source:

SUN ZENITH ANGLE. . DEG
(B) EFFECT OF SUN ZENITH ANGLE WITH OPTICAL DEPTH AS A
PARAMETER.

(b) Direct beam irradiance. Source:@]

300

=
=]
S

I I ! FTTTT sow
1 ZENTTH
BT ANGLE

=30 z

20HHHH DEG

5 ] n:

I 0

2 3 [

=]

OPTICAL DEPTH, T

(A) EFFECT OF OPTICAL DEPTH WITH SUN ZENITH ANGLE AS A

PARAMETER.

400

OPTICAL

DIFFUSE IRRADIANCE. Gpp, W/n2

i

20 30 40 50
SUN ZENITH ANGLE. 7, DEG

(B) EFFECT OF SUN ZENITH ANGLE WITH OPTICAL DEPTH AS A

PARAMETER.

(c) Diffuse irradiance. Source:

Figure 5.6: Solar irradiance components on a horizontal surface of Mars.
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Solar panels

Space solar panels are the principal power supply in
the UAV, so higher conversion efficiency, low mass
power ratio and high radiation resistance are some

critical challenges to consider.

Furthermore, the degradation of its electrical perfor-
mance directly affects the lifetime of the mission, so
researchers suggest the addition of a certain thick-
ness of protective cover to the solar cells (such as
back-surface or distributed Bragg reflector) and thin-
ning the base layer thickness of the current-limiting
subcell, or using the p-i-n structure and different

doping methods for multi-junction solar cells E| .

Nowadays, multijunction solar cells are one of the
primary focuses for space applications due to their
high efficiency and remarkable radiation resistance.
Despite their high fabrication cost, they offer mag-
nificent performance and reliable stability .

Thereby, the Ingenuity helicopter generates electric-

ity through this type of solar panel, which concretely

Figure 5.7: Ingenuity helicopter solar panel. Source:

consists of high-efficiency Inverted Metamorphic Quadruple Junction cells .

The solar panels, which were manufactured by the SolAero company, offer high efficiency for low-irradiance

low-temperature (LILT) environments. They operate at 33% efficiency (which is a remarkable result compared

to the ~ 20 efficiency of regular space-grade solar panels) and they are 40% lighter than the frequently used

ones [70].

Therefore, because of the arguments given below, the UAV used in the suggested mission will also generate

electricity through 5 (because of the power consumption) high-efficiency Inverted Metamorphic Quadruple

Junction cells (having an active area of 27.56 cm? each unit ) manufactured by SolAero Technologies:

e Lower-cost compared to radioisotope thermoelectric generators.

e High reliability.

e Higher efficiency compared to the regular space-grade solar panels.

e More power per unit area than the current SoP at LILT.

3Multi-junction solar cells are multiple p-n junctions made of different semiconductor materials, whiches improve the energy
conversion efficiency by allowing the absorbance of a wider range of wavelengths (see figure[5.8).
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p-type n-type
Anode silicon silicon Cathode
—0
Anode Cathode

Figure 5.8: A p—n junction. Source:[71]

5.1.6 Thermal Subsystem

The Thermal Subsystem plays a crucial role in the optimal performance and maintenance of the UAV. Its
design not only shall minimize survival heater energy but also maintain acceptable flight temperatures by
absorbing enough solar energy on the exterior of the fuselage during the daytime and minimizing heat loss at
night. Therefore, the design selected is based on the one used for the Ingenuity helicopter |72], as it has been

carefully studied and successfully tested.

Considering the cold environment of Mars, the fuselage shall protect the elements that it hosts: the avionics
processing, instruments, sensors and batteries. Hence, it is proposed a Kapton dark film material as a fuselage

outer layer because of its properties:
e High thermal absorptivity in the daytime.
e Low emissivity at night, when the battery survival heater is required.

The sporadically Martian dust storms also have to be taken into consideration due to the tendency to bias
the solar absorptivity of the surface material while relatively unaffect the infrared emissivity. Nevertheless,
the dust is predicted to have a minimal impact on the absorptivity of the fuselage and be removed when the

UAV flies.

Finally, some heaters shall keep the batteries warm at night. Moreover, these batteries are insulated to

conserve energy by using low thermal conductivity materials and COs gas gaps [ﬂ

4The CO2 gas gaps are large enough gaps between components that are open to the Mars atmosphere in order to take
advantage of conductive isolation without being too large to introduce convection.
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5.1.7 Landing Subsystem

This subsection is divided into 2 different parts: the selection of the landing gear configuration and the
emergency parachute of the UAV.

Landing gear

The election of the landing gear is based on the comparison of the 3 configurations shown in figure [5.9¢

Landing Gear Interface Plate
Deployment Hinge

and Flexure/Damper
Mechanism

Landing Gear Leg =

Landing Gear Foot ——____ §

(a) Ingenuity helicopter landing gear. Source:

73]

Deployment
Hinge
and lock

. Londing leg
25 deg Detail: retroction primary strut
hinge/lock

850 mm

Secondary
Struts

(¢) The Martian Autonomous Rotary-wing Vehicle (MARV).

Source:

Figure 5.9: 3 possible landing gear configurations for the Martian UAV

e Ingenuity helicopter landing gear: it is designed to accommodate extensive dynamic landing
conditions and surface features. The large footprint provides a stable base and reduces the risk of
tip-over, and the material used to build the legs, TeXtreme ®)(see section for further information),
contributes to making a more rigid and lightweight landing gear structure. As figure illustrates,
the four landing gear legs are attached to a composite plate bonded to the mast of the helicopter and
the latching deployment hinges at the top of the landing gear allow its folding to accommodate the
helicopter into the rover’s belly. Furthermore, a titanium flexure with a yielding 1100-series aluminum

damper conducts suspension tasks to buffer the landing [73].
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Dragonfly landing gear: unlike Ingenuity, the Dragonfly is still under design. Specifically, its
subsystems and instruments were subjected to review in July and August 2022 and the APL has also
begun testing flights with a half-scale octocopter at California’s Imperial Dunes, Arizona. However, the
proposed landing gear configuration is still taken into consideration because of its simplicity and the
difference between the two other configurations. As figure [5.9b|illustrates, the landing gear consists of
two landing skids equipped with 2 wheels at the front. The landing legs, as structural attachments, are
designed to minimize the heat leak from the lander interior to the external environment and its landing

struts contain the shock-absorbing mechanism |74} 23].

The Martian Autonomous Rotary-wing Vehicle (MARYV) landing gear: it consists of four
simple and lightweight legs that end with an articulated food pad made of crushable aluminum
honeycomb (which avoids the tendency to bounce) and allows the vehicle to adapt to slopes and rocks.
The saucerlike shape design decreases stress on impact and avoids instability on touchdown and the

overall landing gear can absorb different impact loads |75].

Concisely, the arguments listed below justify the landing gear choice for this bachelor’s final thesis, the one

used in the Ingenuity helicopter:

e The UAV is not expected to require movement when not flying, so the wheels of the Dragonfly concept

are not required. Moreover, they would increase the weight of the vehicle and the rough Martian terrain
conditions wouldn’t ease the wheeled movement. Consequently, the Dragonfly landing gear concept is

rejected.

e The Ingenuity helicopter design has been widely tested, even on the Mars surface during the successful

> 30 flights of the vehicle. Moreover, its large footprint provides major stability, it has a simple design

and it is made of a material that has demonstrated a reliable and satisfactory performance.

Emergency parachute

Although the coaxial design of the UAV prevents the vehicle

from various issues that can occur, it has been considered the
insertion of an emergency parachute in the multirotor prelimi-
nary design to protect the different instrumentation and recover

data in case of failure.

The choice would consist of a COTS model, the 6,0 m? (8kg
Multirotor) - Opale drone rescue parachute (see figure ,
if the UAV was designed to fly on Earth because of its com-
patibility within different UAVs, compaction, lightness ( 350 g

without the mass of the required servo), robustness and rapidity

Figure 5.10: Opale drone rescue parachute.

to unfold on the order of a split second to ensure a soft landing Source: 76|

and is equipped with reinforcements [76].
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However, Earth parachutes don’t work on Mars because the atmospheric density of the red planet is much
lower than on Earth, resulting in the inability of the parachute chosen to slow down the UAV in case of an

emergency.

Thus, the selection of the appropriate parachute for the UAV is based on .

The type configuration of the parachute will be chosen within the slotted textile parachutes group for their

characteristics:
e They are the most common parachute type used in planetary exploration missions.

e They have extensive openings through the canopy in addition to the vent (see figure for parachute

terminology).
e They are fabricated from cloth materials or ribbons.
e They provide better drag-stability trade space.

Nevertheless, they can be expensive to manufacture.

Crown

Suspension
Lines

Suspension Lines
Confluence Point

Riser
Bridle

Figure 5.11: Parachute terminology. Source: \\
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From the shape configurations shown in figure 4 types of canopies are widely used for planetary
exploration missions (see the list below), so one of them will be the chosen configuration shape for the

emergency parachute of the UAV.
o Guide Surface.
e Conical Ribbon.
e Disk-Gap-Band (solid textile parachute).
e Ringsail.

The Disk-Gap-Band and the Conical Ribbon parachutes are dismissed because they have a relatively high
weight per unit area. So the Ringsail parachute (see figure for its parameters and general application) is

chosen because:

e It produces high drag (Cpo ~ 0.8) with good-to-moderate stability (£5°to £10° average angle

oscilation).
o It is relatively light weight per unit area.

e Its design is tailored for optimum performance by varying the canopy shape and the distribution of the

geometric porosity throughout the canopy.

Constructed Shape Inflated Drag  Opening
Shape Coef. Load Average General
Type Factor Angle of Application
D D c
Plan  Profile == _P Da CX Oscillation
D, Dy Range  (Inf. Mass)
Flat 45 0° Drogue,
Ribbon KNS T 1.00 .67 to ~1.06 to Descent,
J .50 +3° Deceleration
nf
.95 .50 0°
Conical o
‘ o to .70 to ~1.06 to Descent,
Ribbon s, > 97 55 +3° Deceleration
Conical . .55 1.05 0° Drogue,
Ribbon @ \| 97 .70 to to to Descent,
(Varied Porosity) b0 85 1.30 +3° Deceleration
i s ¥ .30" 1.00
Ribbon @ 9 62 82 mU to £9° Supersonic
{Hemisflo) - 46 1.30 Drogue
67 .56 0° )
Ringslot @ o e 1.00 to to  ~1.06 to EEEEEHON,
b, 70 65 +5° Deceleration
e .75 +5°
Ringsail ﬁ 1.16 .69 to =110 to Descent
< .90 +10°
52 +10°
Disc-Gap-Band @ L:E 73 .65 to ~1.30 to Descent
o~ 58 +15°

Figure 5.12: Types and functions of slotted textile parachutes. Source: ||
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5.1.8 Communications Subsystem

The Communications Subsystem allows the exchange of information (data transmission and reception)
between the swarm of UAVs and the swarm of rovers, which consists of an antenna and a chipset. Specifically,
an omnidirectional antenna, assembled on top of the solar panel, allows communication between the UAVs
and the rovers and the radio link to ensure the communication is implemented by a chipset mounted in the

vehicles of both swarms that uses the low-power Zighee communication protocols E| [22, |40} |81}, 182].

5.1.9 Structural Subsystem

This subsection is divided into 2 different parts: the selection of the fuselage materials of the UAV and the

deployment mechanism of tit on the Martian surface.

Materials selection

The selection of the fuselage materials of the UAV is based on the materials used to build the Ingenuity
helicopter, as they have been tested to resist the harsh environment of Mars |20} |22, 64].

Accordingly, the materials that define the structure of the UAV shall be solid enough to withstand the
Martian rough conditions. From one hand, the cooler temperatures of the planet and its variation is one of
the obstacles that has to be deeply taken into account when designing the UAV. From the other hand, the
dry and practically oxygen-free atmosphere of Mars ﬂ results in one advantage: materials are not corroded.
Furthermore, for designing aerospace vehicles, weight and high strength/weight and stifness/weight ratios
are relevant, which include metallic alloys, such as aluminium and titanium alloys, and different composite

materials |75].

Therefore, the material used for the blades, the landing legs, the solar panel substrate and the fuselage is
TeXtreme ®), a new intertwined carbon fiber called Spread Tow, which consists of using some kind of
strips instead of the commonly used threads. This fiber architecture not only provides better conditions
for reducing weight and optimizing the laminate thickness but also suppresses microcracking and avoids or

counteracts the subsequent effects of composite failure, which leads to longer-lasting parts |83} |84].

Deployment mechanism

As section indicates, it is not necessary to fold the UAVs to introduce theminside the lander. Consequently,
any additional deployment mechanism is required, which simplifies the design of the UAV.

5Zigbee is an open, standard, secure and reliable wireless communication technology standard between wireless devices used
with small, low-power, low-data rate digital radios, such as lightweight UAVs |79] [80].

6The atmosphere of Mars consists of 95.32% of carbon dioxide, 0.13% oxygen, 0.03% water and small concentrations of other
elements.
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5.1.10 OBC Subsystem

The Onboard Computer (OBC) Subsystem provides processing capability to the UAV. Thus, it is the software

that implements the vital functions of the drone, which are listed below with others:
e Attitude and control.

Execution or transmission telecommands.

Failure detection.

Isolation and recovery.

On Board time management.

Autonomous Reconfiguration.

Local Mass Memory function.

Cleaning telemetry to monitor the health and functioning of the UAV.
e Interfacing with other subsystems.

Because of its need to interface with other subsystems in order to acquire data to perform its duties, this
processor requires a piece of hardware that consists of a microprocessor, memory banks and an interfacing

chip to connect the computer to different abroad sensors and actuators [85).

There are a wide variety of OBC softwares in the market. However, this bachelor’s final thesis considers the
F’ Flight Software & Embedded Systems Framework [86], an open-source multi-mission |Z| flight software
created at NASA’s JPL, because of its reliability and reusability [87].

It was created to streamline and decrease the software development cost to allow the easy reusing of
written components from one application to another while having the ability to be run on a wide range
of processors. Furthermore, it has been successfully tested abroad the International Space Station (ISS)-

RapidScat scatterometer instrument [¥] [88], the JPL’s ASTERIA CubeSat ] [89] and the Ingenuity helicopter.

"The F’ Flight Software & Embedded Systems Framework was designed for CubeSats, small spacecraft and instruments.

8The International Space Station (ISS)-RapidScat scatterometer instrument monitored ocean winds to provide essential
measurements for weather predictions, including hurricane monitoring.

9The ASTERIA CubeSat was designed to study planets outside the Solar System.
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5.1.11 Mass distribution diagram

As the overall mass of the UAV is estimated to be around ~8 kg, it is considered to present the mass

distribution diagram shown in figure which proportion is based on :

Actuators: 0.926 kg
11.6%

Controller: 0.367 kg
4.6%

Battery: 3.33 kg
41.6%

Airframe: 1.877 kg
23.5%

Payload: 1.5 kg
18.8%

Figure 5.13: Mass distribution diagram Source: own elaboration
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Chapter 6

The swarm of UAVs

6.1 Swarm overview

Over the last years, there has been a development of the control theory and artificial intelligence, which has
led to deep research in the multi-agent formation control field. Studies that emphasize the potential problem
of formation controlling (like the work of Baillieul and Suri [90]), which goal consists of driving a group of
mobile autonomous agents in a desired shape, have increased the focus on the field and delved into deeper

investigations.

It has been demonstrated in many applications (such as exploration or research) [91} [92] that coordinating
robotic agents to cooperatively execute a task is more advantageous and successful when maneuvering them

in a group formation.

Hence, formation control problems are divided into two categories according to variables: position-based and
distance-based. In distance-based formation control, control law is always nonlinear, independently of agent
models, which increases the complexity of the analysis of the stability of the multi-agent system. In contrast,
the position-based formation, with a common leader, turns out to be simpler and converges exponentially

fast to a desired shape formation from any initially non-collinear position [92].

This bachelor’s final thesis considers a triangular formation formation (which is developed in depth in section
6.3) because it is the simplest formation that considers asymmetric co-leader relation and it is rigid. [93, 92].
Thus, three UAVs are considered for the suggested mission, each of them locally controlling its own position

so that the distance to the next agent (its co-leader) remains constant.
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© ESA/DLR/FU Berlin (G. Neukum)

Figure 6.1: Concept illustration of the swarm of UAVs on Cydonia Mensae. Source: own elaboration based

O’I’L

6.2 Pre-flight check procedures

Before the formation flight of the swarm, it is fundamental to ensure the appropriate performance of the
sensors of the ACDS. Hence, although the OBC Subsystem is responsible for providing the processing
capabilities of the UAVs, it has been considered the approach of simplified algorithms (whiches can be
consulted in the appendices) formulated in the Arduino programming language, which has been introduced

in an optional subject of the concentration itinerary in UAVs.
An Arduino sketch is divided into 3 main parts:
1. Variable declaration section.

2. Setup section: it collects the configuration information, which consists of the initialization data of the

elements, and it is only executed once.

3. Loop section: it contains the cyclically executed program.
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6.2.1 IMU
Orientation of the accelerometer

This program reads the accelerometer data and translates it to orientation. In order to achieve that, a COTS

miniature sensor is selected to do the test [96].

Algorithm 1: Orientation of the accelerometer.

Inclusion of external libraries: CurieIMU.h

Variable declaration section :introduction of the previous orientation (for comparison);

Setup : definition of the default speed for the serial monitor and data print to
the serial port, wait for the serial port to open, initializing the IMU
device and set the accelerometer range;

Loop : defining the orientation of the board and the printing description of
the orientation, reading the accelerometer data, calculating the

absolute values of each axis and printing the changes in orientation;

Reading data of the accelerometer

This program reads the accelerometer. In order to achieve that, a COTS miniature sensor is selected to do

the test.

Algorithm 2: Orientation of the accelerometer.

Inclusion of external libraries: CurieIMU.h

Variable declaration section; : -

Setup : definition of the default speed for the serial monitor, wait for the
serial port to open, initializing the IMU device and set the
accelerometer range;

Loop : defining the scaled accelerometer values, reading and displaying the

accelerometer measurements;
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6.2.2 Inclinometer

This section suggests two algorithms [97]: a self-test and the assurance of reading the roll and pitch angles.

Self-test algorithm

This program puts the device in self-test mode and reads the test results. In order to achieve that, a COTS

miniature sensor is selected to do the test.

Algorithm 3: Self test of the inclinometer.
Inclusion of external libraries: SCA100T.h

Variable declaration section :pin selection, selection of the maximum data transfer speed and
selection of the type of sensor;

Setup : definition of the default speed for the serial monitor and data print to
the serial port (" the introduction of F() allows moving constant
strings to the program memory instead of the RAM);

Loop : self-test on the X-axis, self-test on the Y-axis and impression of the

read values;

Reading of the roll and pitch angles algorithm

This program reads the X and Y angles (roll and pitch) from the sensor and prints them to a serial port. In

order to achieve that, a COTS miniature sensor is selected to do the test.

Algorithm 4: Reading and impression of the roll and pitch angles of the inclinometer.
Inclusion of external libraries: SCA100T.h

Variable declaration section :pin selection, selection of the maximum data transfer speed and
selection of the type of sensor;

Setup : definition of the default speed for the serial monitor and data print to
the serial port (the introduction of F() allows moving constant strings
to the program memory instead of the RAM);

Loop : getting and printing the X and Y angles;
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6.2.3 LiDAR

This section suggests an algorithm that consists of the initialization, configuration and reading of the distance

from a selcted COTS LiDAR sensor [9§]

Algorithm 5: Reading and impression of the roll and pitch angles of the inclinometer.
Inclusion of external libraries: Wire.h and LIDARLite.h

Variable declaration section :declaration of the LiDAR sensor;
Setup : definition of the default speed for the serial monitor and data print to
the serial port and set the configuration to default;

Loop : measure with receiver bias correction and print to the serial terminal;

6.3 Triangular Formation Algorithm
The Triangular Formation Algorithm (TFA) |92} 93] 99, [100, [101] is a scalable and practical mechanism
resulting in swarm behaviors as the basic requirements for implementing it on a UAV are minimal.

As it is based on local interaction between UAVs, its primary objective is to make three neighboring UAVs
form a dynamic triangular mesh-based formation, regardless of their initial positions. Concretely, the formed

triangle is isosceles.

Furthermore, there is no need for synchronization or communication between the UAVs except for sharing

their current state, and the constant distance (d) between the vehicles is a predefined parameter (equal to
the side length of the triangle) chosen according to the prescribed minimum safety distance between UAVs

(d > dsaety)- Hence, each agent of the swarm locally controls its own position.

The basic structure of the algorithm requires the UAVs to perform only three local behaviors and execute

them periodically. These local behaviors are:
1. Detecting the position of the other UAVs.

2. At each discrete time-step, the i-th UAV calculates the desired position P; = [#(t), 5:(¢)]”, which forms

an isosceles triangle with the other two neighbors.
3. Moving towards the goal position.

Thus, considering the position of the i-th UAV P;(t) and its two neighbors in the swarm, whose positions are

P;(t) and Py(t) respectively, the position Pj(t) of the k-th UAV has to be placed symmetrically to P;(¢):

Pi(t) = [zi(t) = | Pi(t) = Pi(t) | sindi(t), wi(t) + | Fi(t) — P;(t) | cosipi(t) ] (6.1)

where | P;(t) — P;(t) | is the distance between the i-th and j-th UAVs and 1); is the heading of the i-th
UAV.
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Then, assuming that | P;(t) — Pj(t) | <| Pi(t) — Py(t) |and | P;(t) — Pi(t) | < 2d the desired position

P, = [#(t), 5:(t)] can be calculated as:

2i(t) = wa(t) — h-sinb(t) 0 < AO(E) <7 (6.2)
Gi(t) = xa(t) + h-cosf(t)

xp(t) — h-cosbjx(t)

<,
=
—
~
=
Il

where:

o Py(t) is the mean point between P;(t) and Py(t):

e h is the height of the triangle:

ho= & | Pu(t) - Py(t) 2

e A6 is the angle increase:
27

A0 = | Ojr(t) — Oina(t) |

whith:

2

Oju(t) = [atan2(y;(t) — yi(t), w;(t) — x(t)) Jo

0ins(t) = | atan2(yar(t) — wi(t), zar(t) — m(t) ) |57

where atan2 («) represents the 2-argument of the arctangent function, and the operator |«|3™ wraps

the angles in the range [0, 27].
According to equations and the resulting isosceles triangle formed by P; P, P, is illustrated in figure

0.2
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I T < AP <21 P} I

I T < A < 2 I Pk

0<Af<m |

v P:J“ | 0<Af<T |
1
1

Figure 6.2: TFA isosceles triangle construction cases. Time information has been omitted. Source: [99]

Figure shows the 4 TFA construction cases in accordance with the initially non-collinear positive or

negative orientation of the UAVs.

Moreover, another consideration has to be taken into account: if the length of one of the edges of the resulting
triangle is greater than twice the desired distance between the UAVs, the UAVs have to be approached, so
the desired position P;(t) has to be computed as:

Bit) = = (6.4)

Finally, following the calculations and information given above, and omitting the time information, the TFA

procedure algorithm is summarized in algorithm [6]
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Algorithm 6: Triangular Formation Algorithm.

Data: Pi,Pj,Pk,

Parameter:d

Result: }51

if&<%vd<@v&<@then

5 Pi+Pj+Py
Pi == 5] )

else

P'-‘rP}c.
Py = =5

T

01 = latan2(y; — yx, x; — xx) |37;

O = |Latan2(ynr — vi, oM — x;) |37

A0 = | 05— 0; vn )2

b= \Jd=| Py Py I

if 0 < Af < 7 then

P, = (xpm — h-sinbjk, yu + h-cosbjr);

:U>
Il

(xpr 4 h-sinbjg, ymr — h-cosbjr);

end

Firstly, figure validates that the initial positions of the j-th and k-th UAVs are symmetric, which is an

essential step to construct the isosceles triangle.

0 Demonstration that Pj and Pk are symmetric

Distance from P to PJ

60 | Distance from P, to P _

50 -

40+

E
>

30t ~

.
20 ‘\\
“
10 -
.
0 : -
0 1 2 3 4 5 6 7 8 9 10

x (m)

Figure 6.3: Verifying that Pk and Pj are symmetric. Source: own elaboration

Secondly, figure [6.4] presents 4 different initial cases to demonstrate that the isosceles triangle can be

constructed regardless of the initial positions of the i-th and j-th UAVs.
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(c) Implementation of the TFA for the initial case 3.

(d) Implementation of the TFA for the initial case 4.
Source: own elaboration

Source: own elaboration

Figure 6.4: Implementation of the TFA for 4 initial cases. Source: own elaboration
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(a) Demonstration of the time independence of d.

(b) Implementation of the TFA depending on time.
Source: own elaboration

Source: own elaboration

Figure 6.5: Demonstration of the time independence of d and implementation of the TFA depending on time
Source: own elaboration

Afterwards, the TFA is applied without omitting the time information. Figure verifies that d is a
predefined constant parameter related to the distance between the UAVs which satisfies the condition:

d> dgsg, fety- Besides, figure illustrates and validates the implementation of the TFA in a period of time.
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So, the next step suggested for the swarm of UAVs is shown in section

6.4 Leader - follower formation keep

The formation flight control strategy of a swarm of UAVs usually includes formation flight control based
on behavior, a leader-follower pattern formation flight control and formation flight control based on virtual
structure. Considering that the first one was already applied in the TFA section and that the leader-follower
pattern formation flight control can be affected by a large amount of interference because the formation
strategy is based on preset formation structure, this section is focused on the formation flight control based
on virtual structure suggested in [102]. This method adopts a virtual structure, which allows the avoidance

of interference.

The formation geometry of the leader and one of the followers is shown in figure [6.6]

Figure 6.6: Formation geometry of the leafer and one follower. Source: [102]

Where:
e The X-axis represents the est.
e The Y-axis represents the north.
e ML is the UAV leader of the formation.

MF is one of the UAV followers.

MYV is the follower set by virtual structure.
e MFH represents the position of MF in the interval of §¢ (which is the communication network delay).

e MVH represents the position of MV in the interval of §¢
54



6.4. LEADER - FOLLOWER FORMATION KEEP CHAPTER 6. THE SWARM OF UAVS

e VF represents the horizontal distance between MFH and MF.
e VL represents the horizontal distance between MVH and MV.
e 1)y is the trajectory yaw angle of ML.
e ) is the trajectory yaw angle of MF.

e | is the displacement in the communication cycle of ML and MF.

Establishing the UAVs of the swarm in a state of constant altitude flight control, the relationship between

ML and MVH can be expressed as:

eymva = Tpmrp — L-cos(yp — a) + - cosypr

ymve = yur — L-sin(yp — a) + 1-sinyy,

(6.5)

where xpvE, Ymve, i and Yy represent the east and north position of MVH and ML, L represents the

excepted distance from MVH to ML and and a represents the observation angle from MVH to ML.

On the other side, the relationship between MF and MFH:

TMFH = TyMF + - cosyp

ymMrH = Yumr + L sinyp

where Typp, Ymwra, Tyr and yyp represent the east and north position of MFH and MF.

From equations [6.5] and the tracking error between MVH and MFH is:

€x = TpMFH — TMvH = TuMF + L-cosvp — xpyp — L-cos(vp — a) + 1-cosiy,

ey = YMFH — YMVH = Ymr + L-sinyp — yyr — L-sin(yp — a) + [-sing

Differentiating equation [6.7}

€x = Vp-costpp — lwp - sinyp — Vi -cospr, — Lwy - sin(vr, — a) + lwg, - sinyr

€y = Vp-sinyp — lwp-cospp — Vi -sinpr, — Lwr - sin(¢p — a) + lwp - cosyr,

(6.6)

(6.8)

Vi, and Vi represent the velocity of ML and MF, while wy, and wp represent the yaw rate of ML and MF.

Applying a coordinate transformation, the errors e, and e, are transfered to the coordinate of velocity of MF:

€x = €y - COSYR + ey - SinYp

€y = —ey - SinYp + ey - cosPr

%)

(6.9)
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Differentiating equation [6.9] and combining it with equations [6.7] and

€ = VF — VL'COS(i/JL — ’l/JF) — Lstin(wL — ’l/JF — a) + leSin(’l/JL — wF) + er_y (6 10)
€y = lwp — Vi sin(yp — Yr) + Lwpeos(Yr, — Yrp — a) — lwpeos(Yr, — Yr) — wréy
Considering the Lyapunov function, which is used to prove the stability of an equilibrium of an ODE:
= &2 + 2
(6.11)

V = 2e,€e, + 2€4¢y

and according to the Lyapunov law, for a given error (€, €,) # the error of €, and €, can converge to zero

by the velocity Vr and yaw rate command that can be extracted from [6.10]

Hence, to apply the leader-follower formation keep based on virtual structure method suggested in [102] I

propose the application of the control algorithm of a PID. The block diagram of the control scheme is shown

in figure

Reference Error UAV input Leader UAV
(SR.,SR) * N (eq.ey) PID-A (Vi V) UAV-A position(x,y )
N Controller Dynamics
Leader UAV Positioning
position(x,y; ) System
Error UAV input Follower UAV 2

+ (eq85) PID-B (Mg V1) UAV-B position(%,y+)
C) Controller Dynamics

Follower UAV 1 Positioning
position(x:y ) System
Error UAV input Follower UAV 2

+ (epep PID-C (MY UAV-C position(xe, . )
() Controller Dynamics

Follower UAV 2 Positioning
position(xe, ) System

Figure 6.7: Block diagram of the leader—follower formation control loop proposed. Source: own elaboration

Nevertheless, due to some issues implementing the method that couldn’t be redirected within the time given

for the presentation of this bachelor’s final thesis, it hasn’t been possible to obtain graphical results.

The idea after the obtention of the corresponding results would have been the suggestion of a guidance system,
implementing both the TFA and the leader-follower formation algorithms, to establish a method to optimize

the area coverage of the swarm of UAVs.
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Chapter 7

Multiplatform architecture

7.1 Communication

The UAVs can’t directly transfer the flight data they collect to the Earth due to battery duration and the

power required. Thus, the communication scheme suggested for this mission is shown in figure

UHF

X-band

Figure 7.1: Communication scheme of the mission. Source: own elaboration

After the flight of the swarm, the UAV leader transfers the data collected to the rover leader through
Ultra-High Frequency (UHF). Then, the rover sends the data to orbiter antennas through UHF (they are

within close range of each other), whiches next transfer it to Earth operating in X-band. Finally, the data

transference between Earth and the rover is done directly through X-band 103, [104].

7.1.1 The antennas
Deep Space Network (DSN)[105]:

The DSN is a worldwide telecommunications system operated by NASA’s JPL that supports interplanetary
spacecraft missions. It consists of three deep-space communication facilities spaced equidistant from each

other at approximately 120° apart in longitude (see figure [7.2)):
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e The Goldstone Deep Space Communications Complex (in California, USA).
e The Madrid Deep Space Communications Complex (in Madrid, Spain).

e The Canberra Deep Space Communication Complex (in the southwest o Canberra, Australia).

Complex, Spain

DSN  DEEP SPACE NETWORK

Figure 7.2: DSN Locations. Source: [106]

Its functions consist of:

e Acquiring, processing, decoding and distributing the scientifical data received.

Sending commands to control the activities of spacecraft.

Tracking communication between Earth and a spacecraft to allow flight controllers the determination of

position and velocity with great precision.

Performing science experiments using radio signals sent between Earth and a spacecraft.

Performing its vital role as the communications hub for deep space exploration (it is used as an advanced

instrument for radio astronomy and radar mapping of passing asteroids).

Mars Relay Network:

The Mars Relay Network [107], 108} [109] is a constellation of orbiters (see figure involved in Mars Missions
to ensure their continous and optimal development. Sending directly volominous data from the rover to
Earth takes a considerable amount of time, so most of it is sent through Mars orbiters, whiches provide highly

efficient communications and reduce the duration taken.
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The constelation is composed of the following spacecrafts:

e Mars Reconnaissance Orbiter (MRO): it is a NASA multi-mission spacecraft designed to study
the climate and the geology of Mars, as well as investigating the potential hability of the planet for
harbouring life. |110} [111]

e Mars Atmospheric and Volatile EvolutioN (MAVEN): it is also a NASA spacecraft that studies
the atmosphere and ionosphere of the red planet and how they interact with the Sun and solar wind

(112, [113).

e Mars Odyssey: it is NASA’s longest-lasting spacecraft at Mars. Its mission consists of investigating
the Martian environment and providing significant information on crucial situations that future explorers

shall face [114].

e Mars Express: it is ESA’s first spacecraft to explore the red planet. Concretely, its primarly goals
include the study of the atmosphere, climate, structure and geology of Mars, as well as searching for

signs that indicate that the planet would have had water in the past [115].

e ExoMars Trace Gas Orbiter (TGO): it is a spacecraft of ESA, which primarly objective comprises
the investigation of methane and other trace gases in the Martian atmosphere that might reveal signs

of possible biological activity [116].

- }

Figure 7.3: The Mars Relay Network. Clockwise from top left: NASA’s Mars Reconnaissance Orbiter (MRO),
Mars Atmospheric and Volatile EvolutioN (MAVEN), Mars Odyssey, and the European Space Agency’s
(ESA’s) Mars Express and ExoMars Trace Gas Orbiter (TGO). Source: [117]

Table [7.1] illustrates the telecommunications characteristics of the orbiters that comprise the Mars Relay

Network:
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Mars Reconnaissance

Orbiter (MRO)

Mars Atmosphere and
Volatile EvolutioN

Mars Odyssey

Mars Express

ExoMars Trace
Gas Orbiter (TGO)

(MAVEN)
Agency NASA NASA NASA ESA ESA and Roscosmos
Launch August 2005 November 2013 April 2001 June 2003 March 2016
Mars orbit
March 2006 September 2014 October 2001 December 2003 October 2016
insertion
Orbit 225 x 320 km, 150 x 125 km 400 x 400 250 x 10,142 km
200 x 98 km
carachteristics sun-synch sun-synch sun-synch elliptical
UHF radio Electra Electra CE-505 Melacom Electra

Link protocol

CCSDS Proximity-1

CCSDS Proximity-1

CCSDS Proximity-1

CCSDS Proximity-1

CCSDS Proximity-1

Forward Link

Frequency 435 - 450 MHz 435 - 450 MHz 437.1 MHz 437.1 MHz 390 - 450 MHz
Data rates 1,274.11‘, 1024 kbps 1,2,4,8, 2048 kbps 8 kbps 2,8 kbps 1, 2048 kbps
Coding Uncoded or 7,1/2 7,1/2 Uncoded Uncoded Uncoded or 7,1/2
Return Link

Frequency 390 - 405 MHz 390 - 405 MHz 401.6 MHz 401.6 MHz 390 - 450 MHz

Data rates

1,2,4.E, 1024 kbps

1,2,4,8, 2048 kbps

8,32,128,256 kbps

24,5, 128 kbps

1, 2048 kbps

Coding

(7,1/2) Convolutional

1024, 1/2

(7,1/2) Convolutional

(7,1/2) Convolutional

(7,1/2) Convolutional

Table 7.1: Comparison of telecommunications characteristics of the orbiters of the Mars Relay Network.
Source: own elaboration based on [111} 118} [119]

7.1.2 Frequency bands
The frequency bands used in the suggested mission are the followings:

e Ultra-High Frequency (UHF): it is the International Telecommunications Union (ITU) designation
for radio frequencies between 300 Mhz and 3 GHz. Their wavelenghts range from one meter to ten
centimeters and they mainly propagate by line of sight (their waves travel in a direct path from the

source to the receiver) [120, 121].

e X-band: this frequency is designated by the ITU as a satellite communications spectrum in the
frequency range of 8 GHz to 12 GHz (Super High Frequency) for information exchange between space
and Earth. Its characteristics are the followings [122| (123, [124]:

Minimal rain fade.

— Resilience to interference.

— High Power Spectral Density.

Flexible connectivity.
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7.2 Connectivity

This section presents 2 End to End Information System (EEIS) architectures: the one used in 2016 and
another one that only has been suggested in , but is expected to be applied in the future (between 2030
and 2040 approximately). Considering that the EEIS architecture used in 2016 is currently operating, the
suggested mission would implement it. Nevertheless, this implementation does not exclude the proposed

EEIS architecture for 2030-2040, which would offer better conditions.

7.2.1 2016 EEIS architecture (active)

The current EEIS architecture (see ﬁgure is characterized by remote sensing, having a simple and reliable,
but also constrained in many dimensions, connectivity on Mars. There are no cross-links between the orbiters

and no data is exchanged between landed assets without returning the data to Earth.

Science/Relay
Orbiter

Low orbit
Relay Orbiter

Proximity
Link

# 4 Proximity

!0 Links o

Acknomedgment NASA HQ

(a) Connectivity scheme of the Mars Relay Network. Source: [125]

Trace Gas

Orbiter
e

vehile/orbital

(b) Connectivity scheme of the ESA orbiters of the Mars Relay Network. Source: [126]

Figure 7.4: Connectivity schemes of the Mars Relay Network.
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The current protocol view of the MRN for the E2E downlink path of the lander transfer frame is illustrated

in figure [7.5}

” prox link i deep space link ﬁ network E| network E
> > > | —

lander orbiter

ground station orbiter MOC landerMOC
Lander data Lander data
Lander TM frame Lander TM frame Lander TM frame Lander TM frame
Orbiter Orbiter /
encap encap
" products products
Prox-1 Orbiter Orbiter
Prox-1 UDD bitstream uboD frame D'b.r‘:r:;sm frame
bitstream | TM, AOS ! ™, ADS
J' T ¢ T Teefp TCR/IP TePAP
FODI, -
I UHF I—)l UHF Ka, X, I—)I Ka, X, § > FDDI, etc. > FODI, etc.

Space Link Extension (SLE) stack

Figure 7.5: Protocol view scheme of the Mars Relay Network. Source: [125]

The diagram shows the different protocols that are used depending on the data system in the E2E data flow
and where their begginnings and end points are.
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7.2.2 Future EEIS architecture (suggestion)

In the near future, the surface of Mars will host more activities, so the suggested EEIS (see figure not
only will continue to include robotic remote sensing, but also other exploration assets. The concept of link
directionality that is currently being used will disappear and communication pathways will be functionally
symmetrical. This is due to the fact that the volume of required communication will need higher service

levels, which will only be provided by satellites in aerostationary orbits.

Areosynchronous
Mars Relay Satellite

'

. Science/Relay

Orbiter

| and RF
Tr.mmmt’i‘“"“ca"‘m' ‘

X Low orbit
Relay Orbiter
-‘. Cross Link

Proximity

Areosynchronous
Mars Relay Satellite

Polar Platform

(a) Connectivity scheme suggested of the Mars Relay Network. Source: [125

Trace Gas
Orbiter
o
,,‘\m“""‘“ g
oot T romE
PN
Exnnum* =
Rosalind o, Sy A
Franklin
4 = ESTRACH
.

.

Sample " v..,
Fetch Rover

ERO

(b) Connectivity scheme suggested of the ESA orbiters of the Mars Relay Network. Source:
[126

Figure 7.6: Connectivity schemes suggested for the Mars Relay Network in future.
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The suggested protocol view of the MRN is illustrated in figure [7.7}

H prox link deep space link ‘I;? network 2
B — — > > ' Sl
| s e il

lander orbiter ground station (orbiter MOC) Lander MOC
Lander data | | Lander data
DTRC, CFOP, l’ T DYRC, CFDP,
AMS, BSS AMS, BSS
DTN Bundle | | DTN Bundle DTN Bundle | | DTN Bundle

UstP
USLP Reliable Packet Reliable | Orbiter Orbiter
Stream frame frame
usLp usLe

v

T TCo/IP TeP/IP
I RF o Optical l—)l RF or Optical L - F:’!':" > FODI, etc.

Figure 7.7: Protocol view scheme suggested of the Mars Relay Network. Source: [125]

The CCSDS Unified Space Data Link layer protocol (USLP) [127], which is compatible with a wide variety of

coding and modulation schemes, is expected to be used.

Thus, the Mars Relay Network would provide a richer connectivity that would lead to alternative E2E paths
that would be determined in terms of priority or destination by the Contact Graph Routing (CGR). In this
way, when a mission operation team cancels or interrupts a planned communication, the Delay Tolerant

Networking would automatically re-route it to the next most appropriate opportunity path.
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Chapter 8

Budget summary

This section presents the budget summary (see table [8.1)) of this bachelor’s degree thesis, which has been
estimated by calculating the technical cost redaction of the project. The itemized budget is illustrated in the

budget document.

Area ‘ Time (h) ‘ Cost (€)
Research 250 3125
Report 205 2462.50
Computation 50 625
Power consumed considering the total time of 505 h 9.31
Software licenses and material - 1300
TOTAL 505 7521.81

Table 8.1: Budget summary. Source: own elaboration.

65



UNIVERSITAT POLITECNICA DE CATALUNYA
BARCELONATECH

Escola Superior d’Enginyeries Industrial,
Aeroespacial i Audiovisual de Terrassa

Design of a swarm of Unmanned Aerial Vehicles for the exploration of Mars

Chapter 9

Conclusions and future work

This final chapter is divided into 2 sections: conclusions and future work suggested.

9.1 Conclusions

The current bachelor’s degree thesis presented three main goals:
1. Suggesting a mission located on Mars.
2. Making a preliminary study of a single UAV and its different subsystems.
3. Making a detailed study of the swarm formation.

In summary, at the end of this work, only two out of the three objectives have been achieved. Nevertheless,

the technical viability of the proposed mission has been demonstrated.

Firstly, the available literature, research and technology make the proposal of a Martian mission, consisting
on the cooperation of 2 swarms of UAVs and rovers and a constellation of orbiters possible. Furthermore, the
mission architecture is also feasible and there are also different studies that propound improvements and

upgrades in the field in the following years.

Secondly, it was presented a preliminary study of the overview of a single UAV and its different subsystems.
The obtained satisfactory results were coherent with the available results of the Ingenuity helicopter and

other studies.

Nevertheless, the third objective, which would have been a consistent part of this bachelor’s degree thesis
wasn’t totally achieved. Although the Triangular Formation Algorithm was satisfactory implemented, the
leader-follower formation keep algorithm wasn’t appropriately applied due to different issues that couldn’t
be redirected within the time given for the presentation of this thesis. Because of this, the suggestion of
a guidance system that implemented both the TFA and the leader-follower formation algorithms was not

possible.
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Moreover, it has to be noted that the most optimal method for the swarm formation of the UAVs would
have been the implementation of a methaheuristic algorithm, based on artificial intelligence. However, it
would have been necessary to extent the duration of this thesis to learn the essential concepts of this field
and submit and implement the method. For this reason, it has been recommended as future work in the next

section.

9.2 Future work

This bachelor’s degree thesis is likely to be expanded at the following stages of the mission, introducing
improvements in almost every aspect addressed. By topic, the improvement options in each chapter of the

study are listed as follows:

e Studying in more detail the single UAV, going deeper into the different subsystems and moving up to

the next levels of design.

— Reviewing in detail the payload subsystem, studying the diverse instruments of the market to

select or redesign the most appropriate option.

— Studying in detail the Propulsion Subsystem, applying the Ducted Fan Design Code (DFDC) [128]

and examining and choosing the most convenient aerodynamic profiles for the propellers.
— Deeply studying the ADCS, selecting the most appropriate sensors in the market.

— Regarding the Navigation Subsystem, analyzing the available instruments in the market and

choosing and describing in detail the proper selection.

— Making further research on the Power and Energy Subsystem, designing the electric diagram of

the overall UAV.

— Making a thermal investigation of the UAV to study the variation in the properties of the selected

materials throughout the temperature.
— Detailing the configuration of the landing gear and making a structural study of it.
— Selecting the most appropriate model of antennas from the available in the market.

— Regarding the Structural Subsystem, making a structural study of the overall UAV and designing

a deployment mechanism to reduce the available area in the lander of the UAVs.

— Designing the OBC Subsystem, suggesting machine learning algorithms.

Drawing the CAD (Computer-Aided Design) of the overall UAV.

Designing the flight control system of the UAV.

Suggesting the approach of the overall mission from the beginning to the end.

Redesign the lander of the UAVs to improve its capacity and performance.
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e Suggesting an algorithm to process the images taken by the UAVS to chose the necessary ones and

delete the rest to free up memory space.
e Designing in detail the parachutes of the UAVs and the landers of the swarms of UAVs and rovers.
e Studying in depth the swarm of rovers and the constellation of orbiters.

e Deeper researching the selected location for the mission by using the data from the Viking 1 and Mars

Express orbiters.
e Implementing the leader-follower formation keep algorithm correctly.

e Suggesting a guidance system for the swarm of UAVs, implementing both the Triangular Formation

and the leader-follower formation keep algorithms.

e Suggesting and implementing a metaheuristic algorithm based on path-based trajectories and swarm

intelligence.

e Submiting and implementing an algorithm to detect caves that are likely to be viable sites for future

Mars missions and future Martian bases.
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