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ABSTRACT 

This Master thesis deals with the development of a graphical simulator for Entry, 

Descent and Landing missions on a planet surface. The high costs of space 

missions prohibit large scale experimental tests. Thus, it is necessary to use a 

computer code to simulate different operative conditions. Graphical visualization 

helps mission designers to gain more physical insight to the problem. The tool 

developed in this work deals about the dynamics of atmospheric re-entry, 

subdividing the re-entry trajectory in three successive phases. First the vehicle, 

due to the presence of the heatshield, is modeled as a capsule and descents 

towards the planet braked by aerodynamic drag. Then the parachute is deployed 

to further brake the capsule. The last phase considers the landing of the vehicle 

by retro rockets and starts after the release of the parachute and the backshell. 

Dynamics implemented in the tool considers both inertial and angular motion of 

the vehicle; forces are computed by modeling environment and aerodynamics, 

using for the latter fitted data coming from previous missions. The model 

verification is based on data taken from literature and the trajectory is displayed 

on the screen using a graphic engine. The software has been developed by using 

a modular approach: each element can be modified singularly. This allows a 

future upgrade of the software, to better describe each element that characterizes 

the re-entry. Thanks to the modular approach, the tool developed is integrated in 

a bigger project, already started at Politecnico, which aims to realize a graphical 

simulator to space exploration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: atmospheric re-entry, graphic simulation, dynamics 



 

2 

 

SOMMARIO 

Questa Tesi di laurea Magistrale documenta lo sviluppo di un simulatore grafico 

per missioni di rientro, discesa e atterraggio di un veicolo spaziale sulla 

superficie di un pianeta. L’elevato costo delle missioni spaziali non permette di 

provare sul campo tutte le possibili situazioni cui può essere soggetto un veicolo 

di rientro. Di qui la necessità di utilizzare un altro approccio, basato sulla 

simulazione al calcolatore delle diverse condizioni operative. La visualizzazione 

grafica fornisce un valido aiuto ai progettisti di missione, che, oltre ad un 

riscontro dai dati numerici, hanno la possibilità di un approccio più fisico e 

realistico al problema. Il simulatore sviluppato in questo lavoro di tesi riguarda la 

dinamica del rientro atmosferico, suddividendo la traiettoria in tre fasi 

successive. All’inizio il veicolo, a causa della presenza dello scudo termico, si 

presenta come una capsula che scende verso il pianeta frenato solo dalla 

resistenza aerodinamica. Successivamente è dispiegato il paracadute che frena la 

capsula. L’ultima fase inizia dopo aver sganciato il paracadute e lo scudo termico 

e prevede l’atterraggio del veicolo tramite l’uso dei retrorazzi. La dinamica 

considerata nel simulatore riguarda sia il moto del centro di massa che l’assetto 

del veicolo; le forze agenti sono calcolate mediante una modellazione 

dell’ambiente e dell’aerodinamica, ottenuta quest’ultima sulla base di dati 

riguardanti precedenti missioni di rientro. La verifica del modello si basa su 

risultati noti reperibili in letteratura e la traiettoria è visualizzata a video tramite 

l’utilizzo di un motore grafico. Il software è stato realizzato seguendo un 

approccio modulare: ogni elemento che lo compone può essere modificato 

singolarmente. Questo permette un futuro ampliamento del software, in modo da 

poter descrivere nel dettaglio ciascun elemento che caratterizza la fase di rientro. 

Grazie a quest'approccio il modulo realizzato è integrato facilmente in un 

progetto più ampio, già avviato all’interno del Politecnico, che prevede la 

realizzazione di un simulatore grafico per l’esplorazione spaziale. 
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Chapter 1 

1Introduction 

Exploring planets of our solar system is a great challenge for space researchers. 

Since the first years of space activities, the wish of exploring new worlds guided 

the research in space technology and engineering. Civil and military objectives 

bring man to explore planets of our solar system with manned and unmanned 

mission. Moon, for example, represented the desire to conquer and explore; the 

past and coming years relate to exploration of Mars. 

If we want to explore new worlds outside our planet, we need to develop 

technology and engineering knowledge to reach them, explore, and come back. 

In this contest, it is necessary a development of an Entry, Descent and Landing 

(EDL) system to safely reach a planet, a satellite or an asteroid. As mission costs 

are very high, it is necessary to simulate all possible situations in order to 

develop a robust architecture for mission; in particular, a key feature is to 

develop a graphical simulator that allows mission designers to observe and 

analyze the real operative situations of the spacecraft, lander or rover.  

In this thesis a virtual simulator for entry, descent and landing is presented. In 

particular, the simulator is focused on the dynamics of atmospheric re-entry. This 

is a part of the entire EDL tool that in future will be developed and so in this 

chapter a general description of entry, descent and landing system is given. First 

it is necessary to distingue between non-atmospheric (e.g. Moon) and 

atmospheric (e.g. Venus or Mars) environment that can characterize a landing 

mission. Then, graphical simulators developed by industries are presented, 

underlining differences with the EDL tool developed in this work. The last 

section of this chapter describes the structure of this thesis. 

 

1.1 Entry, Descent and Landing  

Before landing, a spacecraft can be in a circular or in an elliptical orbit around 

the planet; another option is approaching the planet directly from an 

interplanetary trajectory. The module that lands on the planet is released by the 

main spacecraft that can be a simple propulsive and power module used only to 

reach the planet or a complex spacecraft, which also provides scientific analyses 

in orbit around the planet. Once the EDL sequence starts, the spacecraft begins 

its cruise till the surface of the planet. The re-entry problem consists in three 

major phases: 

- De-orbiting phase. 
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- Re-entry phase. 

- Descent and landing phase. 

The de-orbiting phase is the arc that allows the spacecraft to leave its orbit and to 

start the descent to the planet’s surface. The re-entry phase is mission dependent 

and it can be characterized by a non-atmospheric or an atmospheric environment. 

Also for the final descent and landing phase there are different options as: 

- Uncontrolled descent with hard landing. 

- Uncontrolled descent with soft or semi-hard landing (by using parachute 

and airbags). 

- Controlled descent with soft landing (with a landing propulsion system, 

such as in the Lunar Exploration Module). 

In the next subsections, typical re-entry problems are analyzed, with a general 

description of a non-atmospheric and of an atmospheric landing.  

1.1.1 Non-Atmospheric 

With this definition, we typically refer to a Moon environment and analyze all 

the problems connected with it. A typical mission profile during landing on the 

Moon is characterized by three phases (Figure 1.1). The first one is the braking 

phase, in which a powered descent is performed by using retrorockets to slow the 

landing module. The propulsive subsystem is the most important in this phase, 

also with the Attitude Determination and Control System (ADCS) subsystem. 

While the retrorockets are still firing, a pitch-up maneuver is performed to orient 

the spacecraft in a vertical position needed for landing. Then, the approach phase 

starts, characterized by hazards detection and a relative navigation respect to the 

terrain. Passive sensor such as camera and active sensor as LIDAR (Laser 

Imaging Detection and Ranging) are used to calculate the relative motion of the 

lander and to identify obstacles. On Board Data Handling (OBDH) subsystem is 

very important in this phase because a large amount of data is collected from 

sensors and a robust guidance algorithm has to assure a soft landing. Dust effect 

on landing surface cannot be ignored during a descent in the Moon environment; 

also, mechanical loads have to be considered when the Lander arrives on the 

surface.  
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Figure 1.1. Re-entry phases the Moon environment 

1.1.2 Atmospheric  

A more complex EDL mission is characterized by the atmospheric re-entry. In 

fact, the presence of the atmosphere requires the spacecraft to pass through 

different regimes of motion, as described by Gnoffo [1]. At the highest altitudes, 

the interaction of the vehicle with the atmosphere is characterized by free 

molecular flow approximation; hypersonic Mach numbers are encountered and 

the energy developed during the motion causes significant chemical reaction 

(dissociation, ionization). These conditions cause high thermal loads, and thus a 

heatshield is fundamental to protect the payload. As the vehicle descends a little 

deeper into the atmosphere, the mean free path between atmospheric molecules 

decreases and incoming molecules can no longer be ignored; this flow condition 

is called transitional regime. As the re-entry vehicle (RV) continues its descent, 

it finally encounters the continuum regime, which is governed by the Navier-

Stokes equation. In this regime, the motion is governed by aerodynamic loads, 

and so it is necessary to compute the correct aerodynamic coefficients.  

 

1.2 Graphical simulators for Entry Descent and Landing 

As reported at the beginning of this chapter, the main task of this work is to build 

a graphical simulator to support the design of entry, descent and landing 

vehicles. In the followings some of the simulators developed by industries are 

described.  
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DSENDS 

The Dynamic Simulator for Entry, Descent and Surface landing (DSENDS) is 

capable of modeling spacecraft dynamics, device and subsystem and it is in use 

by interplanetary and science missions such as Cassini, Galileo, Starlight ( [2] 

[3]). DSENDS is developed by the Jet Propulsion Laboratory (JPL) and it is 

composed by different tools. These ones involve a dynamic engine and models 

for aerodynamics, atmosphere, parachute, terrain and instruments. The simulator 

is constructed using a modular architecture, whose blocks are built using 

Matlab
®
, Simulink

®
 and C++. DSENDS run under Solaris, Iris and Linux 

operating system.  

Its main features are: 

- A real time simulation, with the capability to allow extensive check out 

of the flight software. 

- A high fidelity simulation, with the capability to realistically capture the 

relevant physics and device interactions. 

- A high fidelity aerodynamic library for a detailed determination of aero-

coefficients across various spacecraft attitude configurations. 

- Different terrain models represented as Digital Elevation Maps (DEM). 

- A rapid switching and fetching of terrain maps as the simulation evolves. 

- Instrument simulations. For example, a library of routines provides to 

perform a LIDAR simulation and its interaction with the DEM.   

 

 
Figure 1.2. A landing simulation from DSENDS 
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Dspace 

The Dspace simulator is an interactive 3D visualization system that performs 

different visualizations referred to a large variety of space missions, including 

the entry, descent and landing [4]. Dspace is developed by JPL, and it interfaces 

also with DSENDS. It is built with an object oriented architecture developed in 

C++ and Phyton and uses Coin3D library and OpenGL as video devices. 

Dspace main features include: 

- Synthetic camera modeling, with the possibility to modify camera 

viewpoint information by mouse interaction. 

- High performance terrain visualization. 

- Real time shadows.  

- Accurate representation of spacecraft vehicle kinematics, multiple scene 

viewpoints, image-based horizons detection and line of sight modeling. 

 

 
Figure 1.3. A camera view and shadows from Dspace 

 

 

EAGLE 

The Entry and Guided Landing Environment (EAGLE) is an environment for 

system engineers, which allows to simulate EDL missions [5]. It is developed by 

the Scisys under contract of the European Space Agency (ESA). The simulation 

kernel is implemented in Matlab
®
 and Simulink

®
, but the simulator can interface 

with other commercial and open source software. The EAGLE architecture is 

based on six sub libraries: dynamics, environment, mathematics, actuators, 
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control, and sensors. These libraries build the whole simulator. Its main features 

are: 

- A simulator that can be used equally in each of phase of the design of the 

system engineering lifecycle. 

- Different level of simulation fidelity, that increases as the mission design 

matures. 

- Available EDL simulations for Venus, Earth, Mars and Titan. 

- Both variable and fixed step propagation of the continuum time states. 

- An optimized multi-body dynamic.  

 

 
Figure 1.4. A lunar approach from EAGLE 

 

HyperPASS & HyperCMST  

Global Aerospace Company (GAC) has participated in mission design and 

analysis including high-mass Mars transit and entry systems [6]. Several 

software tools have been developed by the GAC to aid in these analyses. The 

Hypersonic Planetary Aeroassist Simulation System (HyperPASS) is a software 

package that use Matlab
®
 language. It enables users to perform simulations of 

EDL at various planets. Its major features include:  

- Mission studies of aerocapture systems at planets with atmosphere. 
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- Trade studies to investigate performance with alternate aeroshell types, 

varying flight path angle and entry velocity, different g-loads limits, 

angle of attack and bank variation. 

- Educational purpose because of its ease of use. 

The Hypersonic Control Modeling & Simulation Tool (HyperCMST) provides 

trajectory, control and optimization in an each single tool developed by GAC. 

  

1.3 Motivations  

The software previous described are used by industries and research centers. 

Graphical visualization helps engineer to design different kind of missions; in 

particular, software used to simulate EDL sequence are considered. The EDL 

tool developed in this work differs from those previously mentioned in some 

important aspects. 

First of all, the software previous described are not free of charge. They are 

property of industries that have developed them for commercial purposes; also, 

lots of software is built by using third-party programs, such as Matlab
®
. Thus, to 

use them, a license is required. The EDL tool developed in this work is open 

source. Its source code can be used and modified by everybody. Everyone can 

upgrade it, by adding tools or modifying the existent ones. This task is 

accomplished using the C++ language with an object oriented programming and 

adopting a modular architecture.  

Another reason to develop the EDL tool is that Politecnico di Milano is missing 

such a tool. This lack forces Politecnico to use third-party software to analyze 

the re-entry problems. These analyses can be requested by industries or by 

student’s project. Having its own software, Politecnico can save money and be 

independent of software industries.  

Furthermore, the EDL tool can be used for educational purposes. Students can 

have a vision of what they are studying and also use the software to apply what 

they have learned.     

Finally, the EDL tool is part of a bigger project, which involves the realization of 

a planetary simulator to support different kind of mission design, ranging from 

the orbital mechanics to rovers moving on the planetary surfaces. A peculiarity 

of the tool is that it can be easily integrated with the other parts of the simulator.  

 

1.4 Thesis structure 

This thesis presents the development of the EDL tool, from its general definition 

to its validation and graphical representation of an EDL sequence. It is organized 

in various chapters: 
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- Chapter 2. Presents the EDL problem referred to an atmospheric 

environment, focusing on previous missions on Mars and defines the 

EDL sequence considered in this work. 

- Chapter 3. Define the mathematical models used to simulate the 

dynamics together with the hypotheses and assumptions made. 

- Chapter 4. Presents the software architecture and explains the C++ 

implementation of its models. 

- Chapter 5. Validates the EDL tool by comparing its results with the ones 

coming from other sources. 

- Chapter 6. Describes how the EDL tool is integrated in the whole 

simulator and its graphical view. 

- Chapter 7. Contains final remarks and possibly future extension of this 

work.    
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Chapter 2 

2Atmospheric re-entry 

As previously reported, the task of this thesis is to develop a graphical simulator 

for an EDL system, considering an atmospheric environment. First of all, it is 

necessary to study past EDL missions and analyze how the landing problem was 

solved. In particular, past missions on Mars are considered. Mars is chosen as a 

reference planet: past and future manned and unmanned missions focused on this 

planet and thus lot of reference literature can be used to validate the tool. Once 

the tool has been validated, the modular structure created with the object oriented 

programming in C++ allows using the EDL tool to simulate a re-entry on other 

planets, simply by changing the mission scenario. 

In this chapter, first a description of the main missions that safely land on the 

surface of Mars is given focus on their mission architecture ( [7], [8]). Then, the 

mission architecture considered in developing the tool is presented. 

 

2.1 Previous mission on Mars 

In this section, a brief overview on the past missions that safely land on Mars is 

presented [9], focusing on those that represented milestones in discovering the 

red planet. 

 

Viking 1 & 2 

NASA's Viking Mission to Mars was composed of two spacecraft, Viking 1 and 

Viking 2, each one consisting of an orbiter and a lander. The two Viking safely 

landed on Mars in 1976 and transmitted images of the surface, took samples and 

analyzed them for composition and signs of life, studied atmospheric 

composition and meteorology, and deployed seismometers [10]. The technology 

adopted for entry, descent and landing became the backbone for all EDL 

missions. The Viking landers started their re-entry cruise with a capsule shape 

(Figure 2.1), defined by a 70 deg sphere cone aeroshell made on ablative 

material. The back of the capsule was protected by a backshell. This shape 

assures a high hypersonic drag coefficient to slow the vehicle. At 6 km of 

altitude at about 250 m/s, the 16 m diameter parachutes were deployed. Seven 

seconds later the aeroshell was jettisoned, and 8 seconds after that, the three 

lander legs were extended. At 1.5 km altitude, retro-rockets were fired until the 

vehicle landed on the surface.  
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Figure 2.1. Viking capsule shape  

 

Mars Pathfinder 

The primary objectives of Mars Pathfinder mission (MPF) was to demonstrate an 

innovative, low cost and reliable method for placing a science payload on the 

surface of Mars [11]. The Pathfinder spacecraft entered the Martian atmosphere 

in the 1997 directly from the Earth-to-Mars interplanetary entry trajectory. The 

lander shape was derived from the Viking one. The parachute needed to slow the 

vehicle was deployed at a velocity of 340 m/s. After 20 second, the aeroshell was 

jettisoned and a bridle with the lander was deployed under the backshell. The 

system composed by the parachute, the backshell, and the lander flight till an 

altitude of about 13 meters. Then, airbags were inflated and the bridle was cut 

[12]. The lander fell on the surface, while the rest of the system is carried away 

by using rockets mounted on the backshell to avoid a backshell/parachute 

recontact with the lander. This sequence of events is presented in Figure 2.2. 

 

 
 

Figure 2.2. MPF sequence of events 
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MER A & B 

The MPF mission was the outpost to the next ones, the Mars Exploration Rovers 

(MER) A and B, that safe landed Spirit and Opportunity rovers in 2004 [13]. The 

sequence of events to safely land on the Mars surface was the same of MPF. The 

MER missions have been very important milestones, in order to explore the 

planet by moving on its surface and collect scientific data. Figure 2.3 visualize 

the configuration of MER before and after airbag inflation. 

 

 
Figure 2.3. MER before and after airbag inflation 

 

Phoenix 

The Phoenix Mars Lander is designed to study the surface and near-surface 

environment of a landing site in the high northern area of Mars. It was launched 

on 4 August 2007 and arrived on the Mars surface on 25 May 2008. Before 

starting the atmospheric re-entry, the cruise stage that brought the lander was 

jettisoned. The spacecraft entered the atmosphere and the heatshield initially 

slowed the craft. After about 3 minutes the parachute was deployed, followed by 

the ejection of the heatshield 15 seconds later, the deployment of landing legs 

and the radar activation. At 1 km altitude the parachute was released and a 

powered descent with soft-landing was performed by using a pulsed propulsion 

system with 8 thrusters. Arrived on the surface, solar panels were deployed and 

the scientific activities started. Figure 2.4 visualize the Phoenix lander during 

powered descent. 
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Figure 2.4. Phoenix powered descent 

 

2.2 Entry, Descent and Landing sequence 

This section presents configuration and the sequence of events that are 

considered in developing the EDL tool.  

The EDL sequence of events starts with assigned conditions coming from the 

orbit. So the RV enters the atmosphere at velocity of several km/s. The vehicle 

has a conical fore-body and a truncated bi-conical aft body [14], following 

Viking’s heritage. This configuration allows to increase the drag coefficient and 

to contain the heat that reaches its peak during the hypersonic flight, due to the 

high kinetic energy to dissipate. The parameter that characterizes the hypersonic 

motion is the ballistic coefficient β: 

 

   
 

   
 (2.1) 

 

where: 

m: is the mass of the capsule 

Cd: is the drag coefficient 

A: is the reference surface 

 

A low ballistic coefficient will achieve lower peak heat rate and peak 

deceleration values by decelerating at higher altitude in the atmosphere. To 

reduce ballistic coefficient, the largest aeroshell diameters are required, limited 
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by the launcher capability. The only capsule is not enough to safely land, and so 

it is necessary a parachute to reduce velocity. Parachute is designed to operate in 

a supersonic condition and its shape is that of a disk-gap-band; the parachute is 

deployed at a fixed Mach number, which typical values are around Mach 2 

(depends on the mission) and slows the capsule till subsonic velocity. Then, at a 

fixed altitude from the surface, typical 1 Km, the heatshield, the backshell and 

the parachute are released. The vehicle uses a powered descent to safely land on 

the planet surface.  Figure 2.5 presents the different configurations in the EDL 

sequence considered in developing the tool. 

 

 
Figure 2.5. Different configuration in the EDL sequence 

From the top-left: pre-entry, entry capsule, parachute deployment, powered 

terminal descent 
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Chapter 3 

3Mathematical models 

A mathematical model is an abstract model that uses mathematical language to 

describe the behavior of a system. Mathematical models are used particularly in 

the natural sciences and engineering disciplines, but also in the social sciences. 

Using a model it is possible to have a representation of what happens in the real 

environment and analyze all variables and parameters that characterize a system. 

So, a thermal model of a spacecraft, for example, allows to identify the variation 

of temperature and its gradient in different parts and to verify the correct life 

temperature of the components and the need of a thermal control system. 

Focusing on this thesis, the main task is to identify variables and parameters that 

characterize the dynamic of an EDL system, not only the velocity and the 

altitude from the surface of a planet, but also the angles that defines the attitude 

of the vehicle. Describing the re-entry motion it is not a simple task: many 

variables characterize its dynamic and modeling all of them is very onerous and 

in most cases not necessary. So, simplification hypotheses were made in order to 

simplify the model, guided by the aim of the project.  

In this chapter the mathematical model of the EDL system is presented, 

describing all assumptions and hypotheses made in order to correctly describe 

the real behavior of the system. First, reference systems are presented; later, the 

motion of the vehicle is described through a system of Ordinary Differential 

Equation (ODE). Force and moments that act on the RV are defined by creating 

models that describe the environment and the aerodynamics of the vehicle.      

 

3.1 Reference frames 

The motion of a re-entry vehicle can be easily described if particular reference 

systems are chosen to represent variables. For example, it is easier to describe 

the aerodynamic forces relative to the velocity direction, whereas the gravity 

force is better described if referred to the planet radius direction. Once the 

reference systems are defined, a set of rotation matrices occurs to perform a 

coordinate transformation of a vector, to correctly define the set of ODE. The 

next subsections describe the reference systems used and define the directional 

cosine matrices for axes transformation. The reference systems have been 

defined by using a rectangular coordinates system which follows the right hand 

rule.  
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3.1.1 Inertial Reference Frame 

This reference system is fixed with the planet with the origin on the center of the 

planet and the X-Y plane on the equatorial plane. The Z-axis is directed towards 

the North Pole. The particular direction of the X-axis is different for each planet. 

For example, for the Earth, the X-axis points to the Greenwich meridian at time 

t=0. For Mars, the International Astronomical Union (IAU) fixes the reference 

direction along a vector defined by the intersection between the Mars Mean 

Equator and the Earth Mean Equator of Epoch J2000. 

This system is identified by the tag “I-frame” and a vector in this frame is 

denoted through its components as         . 

3.1.2 Local Reference Frame 

This frame refers to the local horizontal considering a plane tangent to the planet 

surface. The normal to the plane points toward the center of the planet and define 

the Z axis direction, while the X axis is directed toward the local north.  

This frame can be obtained from the I-frame by three rotations: 

 

- A first rotation of the longitude λ around the 3 axis. 

- A second rotation of  
 

 
     around the 2 axis. This rotation is defined 

by the latitude φ and by a constant that allows to define the third axis (Z) 

pointing down towards the centre of the planet. In this way it is defined a 

NED (North East Down) system, characterized by the X-axis with the 

local north direction, the Y-axis follows the local East direction and the 

Z-axis follows the right hand rule.  

- A third rotation is performed by rotating of  
 

 
    around the 3 axis. Ψ 

is defined as the angle between the East and the direction of the velocity 

vector. With this last rotation, it is possible to describe a motion on the 

velocity plane (X-Z plane). 

 

This system is represented in Figure 3.1. It is identified by the tag “l-frame” and 

a vector in this frame is denoted through its components as         . 

3.1.3 Aerodynamic (Wind) Reference Frame 

To better describe the aerodynamic forces acting on the vehicle, it is set an 

aerodynamic frame (Figure 3.2), fixed on the mass centre of the vehicle and with 

the X-axis collinear with the airspeed vector and the Y-axis parallel to that one of 

the l-frame.    

This frame is obtained by rotating the Local Frame of the FPA (Flight Path 

Angle) γ around the Y-Axis. The FPA is defined as the angle between the X-axis 

in the aerodynamic frame and the X-axis in the local frame. 
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This system is identified by the tag “v-frame” and a vector in this frame is 

denoted through its components as         . 
 

 
Figure 3.1. Local Reference Frame 

 

 

 
Figure 3.2. Aerodynamic Reference Frame 
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3.1.4 Body Reference Frame 

This reference frame is necessary in order to define the attitude of the re-entry 

vehicle. This system is fixed on the vehicle and its axes are directed as the inertia 

principal axes. This reference system can be obtained in three ways, depending 

on the available information. All the methods presented allow to construct the 

same rotation matrix to perform rotation from the I-frame to the body one.  

- Using attack and sideslip angle (if given). 

The attack angle α is defined in the velocity plane as the angle from the 

X-axis in the v-frame and the X-axis in the body frame. The sideslip 

angle β is defined in a similar way, considering the plane outside the 

velocity vector.  

Once defined the attack and sideslip angles, the Body Reference Frame is 

obtained from the v-frame by a first rotation of α around the 2
nd

 axis and 

a second rotation of β around the 3
rd

 axis. 

- Using quaternions: 

The orientation of the body axes respect to the Inertial ones can be 

described by using quaternions. This kind of parameterization allows to 

avoid angles singularity problems [15]. As will be described in the next 

section, quaternions are considered as state variables in the motion 

equation. Thus their values are known at each time and the attitude 

matrix which performs rotation from the I-frame to b-frame can be 

constructed.      

- Using an Euler’s angle parameterization: 

This kind of parameterization allows to pass from the I-frame to the body 

one by making 3 successive rotations, following the scheme 123 (Figure 

3.3): 

o 1
st
 rotation of an angle   around the 3 axis (Z

I
). 

o 2
nd

 rotation of an angle   around the 2 axis (y’). 

o 3
rd

 rotation of an angle   around the 1 axis (x’’).  

 

This system is identified by the tag “b-frame” and a vector in this frame is 

denoted through its components as         . 
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Figure 3.3. Euler angle 123 sequence of rotation 

 

All reference systems are represented in Figure 3.4. The directional cosine 

matrices (DCM) to pass from a reference frame to another are reported in 

Appendix A, considering the notation   
  to describe the matrix to pass from the 

“a-frame” to the “b-frame”. 

 

 
Figure 3.4. Reference systems 
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3.2 Dynamic models 

As a first step to build the simulation tool, a planar motion on the velocity plane 

is considered to describe the re-entry vehicle trajectory [16].  

Dynamics of re-entry is defined by the force equation, that defines the mass 

centre trajectory, and the moment equation, that deal with the attitude of the 

vehicle (3.1): 

 

 

 
 

  
   

  
   

   

  
   

  (3.1) 

 

where: 

m is the mass of the vehicle. 

V is the velocity vector. 

F is the vector of forces applied to the vehicle. 

H is the angular momentum. 

M is the vector of moment acting on the vehicle. 

The superscript refers to the reference system used to represent vector, as 

presented in section 3.1.  

 

Once analyzed a typical mission profile for an EDL system in an atmospheric 

environment, the landing trajectory has been divided into three phases. The first 

one analyzes the motion of a capsule from atmosphere entrance to the parachute 

opening. Then, the second phase starts and it is characterized by a multi-body 

dynamics of the capsule and parachute, linked by a riser. Once reached a defined 

altitude, the parachute, the backshell and the heatshield are released; the 

configuration changes, and the motion is described by the lander trajectory till 

the surface of the planet. Each of these phases is characterized by some 

peculiarity and hypotheses, described in the next subsections. Common to each 

phase are the following considerations:  

- A rigid body model has been considered both for the capsule and the 

parachute. 

- The rotation of the planet has been neglected in a first approximation to 

simplify the dynamics. This is a good hypothesis because of the times of 

flight during reentry are small (in the order of six minutes). 

- Equations of mass center are solved in the v-frame, whereas the moment 

equations consider a body frame.  
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3.2.1 Phase 1 

The motion refers to a capsule that enters the atmosphere. The capsule has an 

axial symmetric shape, and it is subjected by aerodynamic (FL, FD), gravitational 

(Fg) and control forces (TC), and moments as visible in Figure 3.5.  

 

 
Figure 3.5. Forces acting on the capsule 

 

Moments on the capsule are due to the aerodynamic and the control forces. 

Control forces and moments have been added in the equations of motion as 

parameters currently set to zero. This choice considers future developments of 

the tool, but in this thesis a control law for the vehicle attitude is not set. The 

EDL tool is built to easily be updated by adding new models. If in future a 

control law will be developed, equations are already written in the correct way. 

 

Using the system (3.1), the trajectory of the vehicle during re-entry, can be 

computed by solving this system of equations: 

 
          (3.2) 

   
    

     

      

    

    
 (3.3) 

   
    

     

      
     (3.4) 

 

    
   
 

       
   
 

 (3.5) 

   
    

     

      
 
   
  

 
     

 
 
   
  

 (3.6) 
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 (3.7) 

 
                       (3.8) 

                          (3.9) 

                          (3.10) 

                          (3.11) 

 

    
 

  
                    (3.12) 

   
    

 

  
                    (3.13) 

   
    

 

  
                    (3.14) 

    

Groups of equations describe: 

- Centre of mass kinematics. Eq. from (3.2) to (3.4). 

- Centre of mass dynamics. Eq. from (3.5) to (3.7). 

- Attitude kinematics. Eq. from (3.8) to (3.11). 

- Attitude dynamics. Eq. from (3.12) to (3.14). 

 

The state variables used in equations (3.2)-(3.14) to describe the motion have 

been reported in the previous section; for a clear description they are also listed 

below with their measure units used in the computation:  

- h [m]: is the altitude of the vehicle, computed from the mean equator 

radius of the planet. 

- V [m/s]: is the velocity of the vehicle. 

- γ [rad]: is the flight path angle, defined as the angle between the X
v
 and 

the X
l
 axis. 

- λ [rad]: is the longitude of the vehicle. 

- φ [rad]: is the latitude of the vehicle. 

- ψ [rad]: is the angle between east and the vector V. 

- p, q, r [rad/s]: are the components of angular rate vector in the b-frame. 

- q0, q1, q2, q3 [-]: are the quaternions, used to reconstruct the attitude 

matrix. 

 

Other parameters in the previous equations are: 

- Rp [m]: is the mean radius of the planet, fixed to 3.389·10
6
 m for Mars. 

- m [Kg]: is the mass of the vehicle. 

- g [m/s
2
]: is the gravity acceleration. 

- Ix, Iy, Iz [Kgm
2
]: are the moments of inertia. 
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Forces and moments applied on the vehicle are listed by their components 

(subscripts x, y, and z): 

- Fa [N]: are the aerodynamic forces. 

- Ma [N·m]: are the aerodynamic moments. 

- Tc [N]: are the control forces. 

- Mc [N·m]: are the control moment.  

 

3.2.2 Phase 2 

This phase is characterized by a multi body dynamics, deal with the presence of 

the capsule and the parachute. The equations of motion consider capsule and 

parachute as single objects, and a constraint force has been added to take into 

account the connection between the two bodies. So, the system of equations is 

the same of the phase 1, but characterized by a double number of states, 

considering both the state variables for the capsule and the parachute. In 

addition, components of the vector representing the relative distance between 

capsule and parachute have been added as state variables. Compared to the phase 

1, the equations of motion are also characterized by: 

- The absence of the control forces and moments both on the capsule and 

the parachute. 

- The presence of a constraint force acting on the capsule and the 

parachute.   

 

Parachute modeling 

Parachute has been modeled as a rigid body, and it is supposed to be already 

deployed when 2
nd

 phase starts. In [17] it is presented a mathematical model to 

describe the physical, aerodynamic, and mass properties of a generic parachute. 

The parachute model uses a body coordinate system, where the X
b
 axis is aligned 

with the bridle; the Y
b
 and Z

b
 axis of the parachute are in the symmetry plane of 

the canopy (Figure 3.6). 

 
Figure 3.6. Parachute body coordinate system 
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Considering aerodynamics, the drag coefficient (Cd) is modeled by a first degree 

approximation (3.15), whereas the lift coefficient is modeled as a perturbation, 

considering small values as a function of incidence. Moment pitch coefficient is 

described as a function of attack angle by using a linear model. 

 
            

  (3.15) 

 

Where α is the angle of attack. 

The mass properties of the parachute may either specified directly or estimated 

by using the radii of gyration method, that calculate them basing on the overall 

height, span and bridle.  

 

Constraint force 

To correctly describe the motion of the capsule and the parachute, a constraint 

force has to be added to the equations of motion to consider the interaction 

between the two bodies.  

The riser attachment points on the vehicle and the parachute are assumed to 

rotate freely and therefore no torques are transmitted.  

With this hypothesis, two models have been used to represent the constraint 

force; their equivalence has been successively verified (see Chapter 5). 

A first method considers the constraint force by modeling the riser as a mass-less 

spring damper (Figure 3.7). 

 
Figure 3.7. Riser line tension 

 

The force modulus T on the riser line is computed based on the spring constants 

and damping ratio [18]. 

 

            
   

   

  
 (3.16) 
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Where: 

- k1: is the linear spring constant 

- k2: is the second order spring constant 

- c : is the damping ratio 

-    : is the change in the riser length 

 

The second method used to calculate the modulus of the constraint force is by 

using directly the constraint equation. Let’s call d the vector that links the 

capsule and the parachute mass centers in the I-frame (Figure 3.8): 

 

Then, the constraint equation can be written as: 

 

        (3.17) 

 

Where lp is the length of the riser that connects the parachute to the capsule. 

Deriving the (3.17) twice respect to the time, the constraint equation becomes: 

 
              (3.18) 

 

Vector d and its derivates are expressed as:  

 
         (3.19) 

 
            (3.20) 

 

            (3.21) 

 

Vectors               are known at each time because they are state variables. 

The second derivatives with respect to the time are obtained by the motion force 

equations for the capsule and the parachute. 

 

              (3.22) 

 

   

   

   

   

d 

Figure 3.8. Distance vector between capsule (1) and parachute (2) 
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              (3.23) 

 

Where F1 and F2 are the resultant vectors of the forces acting on the capsule and 

the parachute respectively. T is the constraint force modulus and    is the versor 

representing the direction of the riser line in the I-frame. 

Using equations from (3.18) to (3.23), the modulus of the constraint force can be 

obtained as: 

 

   
 
  
  

 
  
  

         

 
 
  

 
 
  

   

 (3.24) 

 

Both using a spring damper method or a constraint equations, the constraint force 

vector is calculated in the I-frame as: 

 
        (3.25) 

 

To be used in the equations of motion, the constraint force vector has to be 

described in the v-frame of capsule and parachute respectively; thus, it has to be 

rotated by using the directional cosine matrices referred to the two different 

bodies.  

 
        

    (3.26) 

 
        

    (3.27) 

 

Where the notation FAB means the force acting on the A body due to the B body. 

 

3.2.3 Phase 3 

The phase 3 starts after the release of the parachute, the backshell and the 

heatshield, when the vehicle is at about 1 km from the surface (this depends on 

the mission). The motion in this phase is solved in the same way already 

described for Phase 1.  
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3.3 Environment model 

To develop a correct simulation of a re-entry vehicle motion, it is needed a 

description of aerodynamic and gravitational loads, which are defined by the 

vehicle’s configuration and by the environment characteristics. The last ones are 

presented and analyzed in this section. 

An environment model must be able to represent atmosphere, considering the 

vertical variation of pressure, density and temperature; in addition to these, there 

are many additional derived quantities such as speed of sound, molecular mean 

free path, dynamic viscosity. At first glance it is useful to consider the 

gravitational field constant, thus eliminating each variation in gravitational loads 

due to planet shape. This is a good hypothesis because of the little duration of a 

landing and the less magnitude of the gravitational loads respect to the 

aerodynamic ones. 

3.3.1 Gravitational force 

Gravitational force is directed as the Z-axis in the local frame; thus, it can be 

expressed by the vector: 

 

   
   

 
 
  

  (3.28) 

 

Where m is the re-entry vehicle mass and g the gravity acceleration, 3.72 m/s
2
 for 

Mars. 

3.3.2 Density   

There are several way to calculate density for an atmospheric environment, both 

numerical than experimental methods. The first ones differ by their complexity, 

from the simpler methods based on a single law, to the methods that, once 

divided the atmosphere in several layers, consider a particular law for each layer. 

Experimental methods, instead, base on the data surveys from previous missions; 

these data are collected in a database and density model are developed by fitting 

them [19]. A simulator must be capable to work with different level of 

approximation, based on particular requirements defined by the user. For these 

reasons, both a simple mathematical model and data fitting have been used in 

developing the EDL tool. 

Data loaded in the simulator comes from a general circulation model of Mars 

[20]; this kind of model uses data from previous missions and combines them 

with a physical representation of the atmosphere phenomena, for example 

radiative heating, cloud microphysics, interaction and coupling with solid 

surface. Atmospheric data considered in this work are obtained from the 

European Mars Climate Database [21].  
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The mathematical model, instead, calculates the density by using an exponential 

model, whose parameters are defined for each planet. So, the density is: 

 

      
 
 
  

 

(3.29) 

 

where: 

- ρ0: is the sea level density 

- h: is the altitude 

- H: is the scale height factor defined for each planets 

 

Parameter for Venus, Earth and Mars are listed in Table 3.1: 

 

Table 3.1. Planet parameters for density calculation 
 

Planet Sea level density    [Kg/m
3
] Scale height   [Km] 

Venus 6.48e-1 14.9 

Earth 1.225 8.5 

Mars 1.55e-2 10.6 

 

3.3.3 Temperature  

Temperature has been calculated by using a linear model (3.30), based on the 

surface temperature of the planet and by a thermal lapse rate, defined in Table 

3.2. For the Earth the “1976 Standard Atmosphere Model” [22] has been used.  

 
          (3.30) 

 

Table 3.2. Planet parameters for temperature calculation 
 

Planet Average surface temperature T0 [K] Thermal lapse rate Lh [K/Km] 

Venus 700 -2.85 

Earth 1976 Standard atmosphere Model 

Mars 210 -0.45 

 

3.3.4 Pressure 

Having density and temperature, the pressure P at each altitude has been 

obtained using Gas Perfect Law: 

 

    
  

  
   (3.31) 
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where: 

- R0: is the universal gas constant      
 

        
 . 

- M0: is the molecular weight (Venus: 43.45 [g/mol], Earth: 28.96 [g/mol], 

Mars: 43.34 [g/mol]). 

 

3.3.5 Derived quantities 

Once defined the state variables (ρ, P, T) for the atmosphere, it is useful to 

calculate some derived quantities that are important to identify some 

fundamentals parameters used in the definition of motion regime, such as the 

Knudsen number (3.32) and the Mach number (3.33): 

 

    
 

  
 (3.32) 

   

   
 

 
 (3.33) 

 

where: 

- λ: is the mean free path between atmospheric molecules. 

- LC: is the reference length of the re-entry body. 

- V: is the velocity of the re-entry body. 

- c: is the speed of sound.   

 

For a perfect gas, the speed of sound c is given by: 

 

        (3.34) 

 

Where: 

- γ: is the adiabatic polytrophic constant (Venus: 1.286, Earth: 1.44, Mars: 

1.33). 

- R: Ro/Mo is the gas constant. 

 

The mean free path length is the average distance traveled by a gas particle 

before collision with another particle and it is given by: 

 

   
  

        
 (3.35) 

 

where: 

- σ: is the effective collision particle diameter. 
- NA : is the Avogadro’s number. 
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3.4 Aerodynamic model 

The behavior of an EDL system in an atmospheric environment is strictly 

connected with the aerodynamic characteristics of the body; aerodynamic loads 

are bigger than other forces. For this reason, a correct estimation of the 

aerodynamic coefficients and their uncertainties is critical. There are several 

methods to estimate aerodynamic characteristics of a re-entry body: 

 

- Ground tests in wind tunnel, considering corrections due to the different 

composition for the atmosphere of a particular planet (e.g. for Mars the 

large amount of CO2). 

- A modern Computational Fluid Dynamics (CFD) analysis. Several tools 

show the computation of aerodynamic coefficients for different regimes 

of motion [23]. In the free molecular regime, collisions between 

individual molecules are so infrequent that they don’t need to be 

modeled; this regime is characterized by using a direct simulation Monte 

Carlo (DSMC) method. The same method is used in the transitional 

regime, but considering molecules interaction as done in DAC tool 

(DSMC Analysis Code). The continuum regime is governed by Navier-

Stokes equations, solved in the Langley Aerothermodynamics Upwind 

Relaxation Algorithm (LAURA). 

- Using available data from previous missions. 

 

These methods are used together to estimate aerodynamic characteristics of a re-

entry body, to study future entry vehicles configurations. 

This approach is the best solution, but it requires dedicate studies, an extensive 

numerical and experimental simulation campaign, a large amount of time and 

resources. For these reasons, this work uses available aerodynamic coefficient 

from previous missions. A complete aerodynamic database for a Mars entry 

capsule is not freely available, so information coming from different missions 

have been analyzed ( [23] [24] [25] [26] [27] [28] [29] [30]). The more complete 

aerodynamic database results that of Viking missions. Viking capsule has been 

selected as reference to validate the code, using the aerodynamic coefficients to 

compute loads acting on the re-entry vehicle. 

3.4.1 Aerodynamic forces 

Once the aerodynamic coefficients are available, it is possible to calculate lift (L) 

and drag (D) forces, with the classical formulas: 

 

   
 

 
       (3.36) 
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       (3.37) 

 

Where S is the reference length of the vehicle and CL and CD are respectively the 

aerodynamic lift and drag coefficients, coming from the database previous 

described. By their definitions, we identify drag as the force acting opposite to 

the velocity vector, while lift acts perpendicular to it. So, the aerodynamic force 

  
  vector can be easily represented in the v-frame as: 

 

   
   

  
 
  

  (3.38) 

 

The aerodynamic torque is represented referred to body axis, considering the 

relative aerodynamic coefficients (Cm) and reference length (dref). The motion 

analyzed is on the velocity plane; there are not forces acting out of the plane, and 

so the only component of the aerodynamic moment is that one along the y-axis. 

 

   
 

 
     

 
      

 

  (3.39) 

 

During the motion, the capsule oscillates around the trim condition, if there are 

only aerodynamic and gravitational loads. A damping moment has been 

introduced, to simulate the air damping effect. The damping moment has been 

represented with a vector in the b-frame and added in the motion equations, in 

the same way of the aerodynamic moment. 
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Chapter 4 

4Software architecture 

The software architecture of a system presents the elements that identify the 

system and the relationships among them. The main task of software architecture 

is to reduce problem complexity through abstraction and separation of concepts. 

Following this philosophy, it is possible to reduce a big problem into different 

smaller problems, to be solved more easily. The relationships among them are 

established by logical criteria of cause and effect. Once defined the connections, 

problems are solved step by step and linked, in order to solve the original one. 

This method is not only used in computer programming to develop software, but 

it is a good way to proceed in all kind of problems. In computer programming, 

developing software architecture helps the designer to construct a robust tool and 

the user to easier understand it. 

The software architecture developed for the EDL tool is presented in this 

chapter. EDL problem has been subdivided in many parts connected each other, 

that can be developed separately. In this way, a robust scheme is implemented, 

whose modules can be singularly updated. 

The first section of this chapter presents the requirements to create a robust 

architecture, also referring to the integration with other existing tools of the 

whole simulator. Then, the architecture developed is presented, giving a general 

description of the single parts. After that, each part is analyzed, with a 

description of its functionality and peculiarity.    

 

4.1 Requirements and constraints 

EDL tool is a part of a bigger simulator, implemented to support engineers in 

mission design. So, the tool developed in this work must satisfy both its own 

requirements and those coming from the integration with the other tools. The 

simulator must be able to: 

 

- Give a realistic description of what really happens. 

- Describe different scenarios. 

- Provide a virtual framework for the development of different levels of 

autonomy. 

- Allow integration of modules and externally developed tools. 

- Support design and configuration trade offs for different kind of 

missions. 
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- Validate the mission plans. 

 

In order to achieve these goals, the philosophy followed in developing the tool is 

to construct it in a flexible and modular way. Each modulus is independent of the 

other ones. In this way, it is possible to update or change it without modify the 

whole simulator. With a modular scheme, it is also possible to accomplish and 

follow the evolution of the mission needs and system design. This was 

performed in computer programming by using the C++ language, an open source 

programming language characterized by an object-oriented programming. In this 

way, the software can be updated and modified without license problem and also 

the object oriented structure allows to easily define each modulus. The 

architecture scheme is then translated in a series of C++ classes described in the 

following sections.  

 

4.2 Architecture for Entry Descent and Landing dynamic 

The mathematical models that define the EDL system have been already 

described in the previous chapter. The goal of this chapter is to convert them in a 

computer program. In order to accomplish this task, each part of the EDL system 

has been considered as a single C++ class connected with the other by logical 

criteria. The highest level of software architecture is presented in Figure 4.1: 

 

 
Figure 4.1. EDL tool architecture 

 

Each block refers to a C++ class. Parameters of motion, such as geometric ones, 

forces and moments, are defined by classes that identify the elements involved in 

the re-entry dynamics. In particular, the class Environment defines the 
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atmospheric properties at each altitude. The class Vehicle sets the geometric, 

aerodynamic and control characteristics of the re-entry vehicle. The Brake 

System is a class that sets the method used to reduce the RV velocity. The output 

of these classes enters the block “Equation of motion”, which defines the ODE 

system. The Integrator class performs the numerical integration of the dynamics, 

and it is initialized by the class Start, which sets the initial condition of the re-

entry trajectory. Class Rotation sets the DCM matrices needed to pass from 

different reference frames. Each class is updated every step with the new 

conditions coming from integration. 

 

4.3 Class definition 

This section presents each single class. The order in which the classes are 

presented is the same used to build them in the software. 

4.3.1 Start 

This class sets the initial conditions needed to start the simulations. The initial 

conditions are passed to the simulator by using a text file. The user has to 

prepare this file that contains the value of the state variables relatives to the 1
st
 

phase (3.2.1); angle values in the file are expressed in degrees, because of a 

better physics vision. Quaternions are not listed in the file, but they are computed 

from the input data. This task is accomplished by the class Rotation Start, 

defined as a subclass of Start class, and which also sets the initial DCM matrices.  

4.3.2 Environment 

This class performs the computation of atmospheric properties at each altitude. 

The user has to set a number to identify the planet; planets are counted starting 

from the Sun (1-Mercury, 2-Venus, 3-Mars, …). In addition, the user can select 

the method to calculate atmospheric properties. As reported in section 3.3, it is 

possible to choose whether to use a mathematical model or a data fitting. 

The Environment class is built by different functions, and it can be easily 

updated or modified. If in future a more accurate model for the atmosphere of a 

particular planet will be developed, it can be easily added to the class without 

changing the other functions. Changes in the atmospheric properties depend on 

the altitude of the RV. So, at the initial step, the class stores the parameters 

relative to the planet selected and in the successive steps it is simply updated by 

changing the altitude. This allows to reduce the amount of memory required, 

because data are overwritten on the previous ones. As output, the Environment 

class gives parameters for the system and the aerodynamic forces computation. 
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4.3.3 Vehicle 

This is the main class of the EDL tool because it sets the geometrical and the 

inertial properties of the re-entry vehicle and computes the aerodynamic and 

control loads. All these functions are accomplished by different subclasses, 

visible in Figure 4.2:  

 

 
Figure 4.2. Class vehicle and its subclasses 

 

Geometry class defines the configuration of the vehicle, whereas the 

aerodynamic class sets its properties relative to the interaction with the 

environment. 

In section 3.2.1 it is explained that a control law has not been set in this work. 

However, control classes have been created for future upgrading of the tool. 

These classes will contain a mathematical model to compute a control moment 

(class Control_moment) or a control thrust (class Control_thrust), depending on 

the actuators that are used in the re-entry vehicle (defined by the user). For 

example, if retro-rockets are used, the control thrust class may contain a law to 

adjust the duration of rocket firing. 

 

Geometry 
With this class (Figure 4.3), the user is able to insert the re-entry vehicle 

characteristics, needed to set parameters for the dynamics. Data are inserted by 

using a text file, in the same way of the environment properties. Data required 

are the matrix of inertia, the mass, the reference surface and the reference length 

of the RV. This class is the same during the complete simulation, and changes in 

configuration during the re-entry trajectory are considered by updating the class. 

Output of this class sets some system parameters and gives input to the 

aerodynamic class. 
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Figure 4.3. Geometry class 

 

Aerodynamic 

This class (Figure 4.4) is constructed by data coming from different sources and 

computes aerodynamic forces acting on the RV. In fact, the aerodynamic loads 

depend on the configuration, the environment, the motion characteristics and the 

orientation of the body axes with respect to the wind frame.  

The core of this class is to compute the aerodynamic coefficients, coming from 

previous missions’ data (section 3.4.1). These ones are available in scientific 

literature as function of motion characteristics defined by the dimensionless 

numbers of Knudsen, Mach and by aerodynamic angles (attack and sideslip). 

Aerodynamic coefficients are listed in a discrete way, thus it is necessary to 

interpolate them to have a complete aerodynamic description of the vehicle 

during the re-entry trajectory. The interpolation of aerodynamic coefficients is 

performed by using cubic splines. Once the aerodynamic coefficients are 

defined, the forces are computed by using formulas given in section 3.4.1. At 

each step the class is updated and aerodynamic forces and moments are given as 

output. 
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Figure 4.4. Aerodynamic class 

 

4.3.4 Brake System 

Several systems are used during EDL missions to accomplish this task ( [31] 

[32]): parachute, retro-rockets, supersonic inflatable structures. The Brake Class 

defines which system is used to reduce the vehicle velocity during the re-entry 

trajectory (Figure 4.5). Considering the parachute, the scheme is the same used 

for the re-entry vehicle, constructing the geometry and the aerodynamic 

subclasses. Functions are the same used for the vehicle, except for the 

aerodynamic coefficients computation, in which a mathematical model has been 

used (section 3.2.2) instead of getting data from a file. The Brake Thrust Class, 

instead, sets the numbers of retro-rockets, their characteristics, and their 

orientation respect to body axes. The value of thrust to use in the system is 

computed by using these information and the ones that come from the control 

thrust class.  
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For a better expenditure of the memory, the brake class objects are created before 

computing the integration, even they are not necessary (e.g. the parachute is used 

in the 2
nd

 phase). When they are used, classes are updated with correct values 

coming from the motion characteristic.  

 

 
Figure 4.5. Brake classes and their subclasses 

4.3.5 Rotation 

The Rotation class takes the data coming from the motion integration as input 

and gives the DCM matrices at each step, computed in the same way described 

in section 3.1 and in Appendix A. In this way, the position of the re-entry vehicle 

and its attitude are easily described at each time. 

4.3.6 Integrator 

This class sets and applies the integration method. The user has to set the system 

dimensions and the type of integration scheme. The integration algorithm used 

comes from an external C++ library, the Gnu Scientific Library (GSL), and can 

perform the integration both with fixed or variable step. The GSL algorithm with 

a variable step sets the integration step to satisfy a fixed tolerance; this causes an 

extreme reduction of the step size that increases the time of the entire simulation. 

The GSL algorithm with a fixed step doesn’t have this problem, but the step size 

have to be chosen correctly. In the EDL tool a fixed step of 0.1 sec with a Runge 

Kutta 4
th
 order method is used. This is the best choice to have very good results 

with acceptable integration times. 

4.3.7 Equation of motion 

This block contains the system ODE definitions, in the form developed in section 

3.2.1; a block has been created for each phase. Parameters in the system are set 

by using the output coming from the classes previously described. For each 

phase (Figure 4.6, Figure 4.7), an array containing the state variables has been 
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allocated and updated at each step of integration. State variables are the same for 

the 1
st
 and the 3

rd
 phase as previously reported (section 3.2). The 2

nd
 phase block 

contains a double number of state variables, because of the presence of both the 

capsule and the parachute; in addition, three state variables are added considering 

the components of the vector of relative distance between the two bodies. 2
nd

 

phase block also contains a function that computes the constraint force between 

capsule and parachute: the user can select among the two methods considered for 

this computation (section 3.2.2).  

 

 
Figure 4.6. Motion architecture for phase 1 and 3  
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Figure 4.7. Motion architecture for phase 2 

4.4 Main algorithm 

A scheme of the main program that computes the re-entry trajectory, from the 

initial conditions to the landing on the planet’s surface, is presented in Figure 

4.8. The computation of the re-entry trajectory is inserted in a loop till the 

surface of the planet is reached (H0). The selection of the mission phase is based 

on the Mach number (M) and the altitude (H) of the re-entry vehicle. In 

particular M2 corresponds to the Mach number required to start 2
nd

 phase; H3 

represents the altitude to release the parachute and to start the 3
rd

 phase. The 

reference Mach number and altitude are set by the user.  
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Figure 4.8. Main algorithm 
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Chapter 5 

5Software validation 

Validation is the process that checks if the software meets the specifications and 

the purposes for that it was built for. During validation, the correct behavior and 

the results of software are checked. Considering the EDL tool developed in this 

work, the validation of the software is extremely important. A wrong description 

of the re-entry trajectory could result in mission and vehicle configuration design 

very different from the real one needed. This can cause a large waste of time and 

resources. Another element relates the tool itself that must work even changing 

its initial conditions. In fact, a simulator represents a real situation defined by the 

start conditions, set by the user.  

Starting compiling a code, a test condition is chosen. Once the code has been 

developed, several tests are made by changing the initial conditions to verify the 

correct behavior of the program.  

During the development of the EDL tool, each block has been verified and 

tested. The single blocks implemented are linked to build the whole program that 

simulates the re-entry trajectory. In this chapter, the validation of the re-entry 

trajectory is presented. To validate the EDL tool, results from scientific paper 

and Matlab
®
 Simulink Aerospace Toolbox model are used. First, validation of 

each single phase is presented, and then results from a complete simulation are 

reported.    
 

5.1 Phase 1 

The first phase considers the motion of the vehicle up to the parachute 

deployment. The simulator is stopped at a Mach number lower to that of 

parachute deployment. In this way, phase 1 is validated in a wider range respect 

to its real application. Table from Table 5.1 to Table 5.3 report the input data 

used to validate the 1
st
 phase: 

 

Table 5.1. 1
st
 Phase - Entry conditions 

 

Parameter Value 

Altitude [m] 130000 

Velocity [m/s] 7.470e3 

Flight path angle [deg] -18 

Latitude [deg] 0 

Longitude [deg] 0 
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Table 5.2. 1
st
 Phase - Capsule geometric properties 

 

Parameter Value 

Ixx [Kgm
2
] 2714.2 

Iyy [Kgm
2
] 2714.2 

Izz  [Kgm
2
] 1475.2 

Mass [Kg] 500 

Reference surface [m
2
] 25 

Reference length [m] 2.82 

Ballistic coefficient [Kg/m
2
] 13.5 

 

Table 5.3. 1
st
 Phase – Control conditions 

 

Event Parameter Value 

End 1
st
 phase Mach [-] 0.4 

 

Results on the variation of the altitude and the modulus of velocity are reported 

in Figure 5.1: 

 

 
Figure 5.1. 1

st
 Phase - Altitude and velocity  

 

We can notice a rapid decrease of the altitude in the first phase of the re-entry. 

This is due to the low density of the atmosphere at high altitudes; this results in a 
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low drag. This situation is clearly visible in the velocity representation: the speed 

profile is flat at the beginning, because the aerodynamic forces are lower than the 

gravitational ones. When aerodynamic forces (especially drag) become bigger, 

we can observe a rapid decrease of the speed. These results can be confirmed by 

comparing them to other simulations. A Simulink model has been created for the 

first phase and its results have been compared with the EDL tool written in C++ 

(Figure 5.2). A good agreement between them is achieved.  

 

 
Figure 5.2. 1

st
 Phase - C++ vs. Simulink 
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Another comparison has been made based on the results of a master thesis 

developed in “Politecnico di Milano” for an EDL control system [33]. 

Comparing them with those obtained in this work, we can notice similar altitude 

and velocity profiles (Figure 5.3).           

 

 
Figure 5.3. 1

st
 Phase - Results from [33] 

 

 

As already said in Section 3.4, a correct aerodynamic description is important to 

better compute the aerodynamic forces that influence the motion. Figure 5.4 

gives a representation of the angle of attack and sideslip. It is known that a body 

subjected only to aerodynamic forces, tends to fly in a trim condition at a 

particular value of attack angle, called trim angle. This is verified in the figure, 

obtained considering the same capsule used by Ferraro [33], whose trim angle 

was about 11.5 degrees. The motion of the re-entry vehicle is considered planar 

(hypothesis made in section 3.2); so, as there are no forces acting outside the 

velocity plane, the sideslip angle keeps its initial value (that has been set to zero), 

as visible in Figure 5.4. 
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Figure 5.4. 1

st
 Phase – Attack and sideslip angles 

 

5.2 Phase 2 

The second phase is characterized by the simultaneous presence of the capsule 

and the parachute. The equations of motion consider the capsule and the 

parachute as independent objects linked by a riser that transmits a constraint 

force, to be added in the system of ODE. Without this force, the equations of 

motion are the same of the 1
st
 phase. For this reason a first approach to the phase 

2 considers the equations of motion for the capsule and the parachute with the 

constraint force set to zero. In this way, the correct variations of state variables 

for each body (the capsule and the parachute) are verified. Once this is done, the 

second step introduces the constraint force, analyzing the multi-body motion.  

Parameters used to validate the 2
nd

 phase are the same of the previous one, 

adding the parachute properties (Table 5.4) and a condition to release it (Table 

5.5).  
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Table 5.4. 2
nd

 Phase - Parachute geometric properties 
 

 

Parameter Value 

Ixx [Kgm
2
] 27142 

Iyy [Kgm
2
] 27142 

Izz  [Kgm
2
] 14752 

Mass [Kg] 46.283 

Reference surface [m
2
] 204 

Riser length [m] 21.7109 

 

Table 5.5. 2
nd

 Phase – Control conditions 
 

 

Event Parameter Value 

End 1
st
 phase Mach [-] 1.79 

End 2
nd

 phase Altitude [m] 1500 

 

The presence of the parachute adds a drag force to the re-entry vehicle, which 

brakes the system. This can be observed as a discontinuity and can be noticed a 

steeper decrease of the speed when the 1
st
 phase end and the 2

nd
 phase starts (red 

star in Figure 5.5).  

 

 
 

Figure 5.5. 1
st
 and 2

nd
 Phase – Velocity profile 
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The aerodynamic angles of the parachute are shown in Figure 5.6. We can notice 

that the parachute reaches a trim condition, with a zero angle of attack. This 

means that the parachute X body axis (along the riser) is aligned with the X wind 

axis, directed as velocity; the canopy maintains the riser on its symmetry plane.    

 
Figure 5.6. 2

nd
 Phase – Attack and sideslip angle for the parachute 

 

 

Considering a planar motion, the altitudes of the capsule and the parachute can 

be compared, as represented in Figure 5.7. We can observe that the two bodies 

maintain their distance, given by the riser length. This is also confirmed 

numerically by observing the modulus of the relative distance vector.  
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Figure 5.7. 2

nd
 Phase – Capsule and Parachute altitude 

 

Further consideration can be made on the constraint force. As explained in 

section 3.2.2, the riser force has been modeled in two different ways: using a 

constraint equation and a mass-less-spring-dumper model, which parameters are 

given in Table 5.6. The two models are compared in Figure 5.8 and we can 

observe that they give similar results. 

 

Table 5.6. Mass-less-spring-dumper model parameters 
 

Parameter Value 

Linear spring constant [N/m] 1000 

Second order spring constant  [N/m
2
] 500 

Damping ratio [Ns/m] 0.6 
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Figure 5.8. 2

nd
 Phase – Riser force modulus 

 

The mass-less-spring-dumper model presents some oscillations in the initial 

phases, missing in the constraint approach. Constraint force models are also 

verified by comparing force modulus with its typical values, reported in [18].  

 

5.3 Complete simulation 

Once the 1
st
 phase and the 2

nd
 phase models have been validated, the next step is 

to link them to obtain a complete simulation of the re-entry trajectory. To verify 

the correct behavior of the system, a research on past missions on Mars was 

done, identifying typical mission profiles. In Figure 5.9 is given a comparison 

between Mars entry trajectory for different missions [26].  
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Figure 5.9. Comparison of entry trajectories in past Mars mission 

 

Among the missions that landed safely on Mars surface, the Mars Pathfinder 

mission (MPF) is the one for which more data are available. The primary 

objective of this mission, landed on Mars in 1997, was to demonstrate an 

innovative low-cost and reliable method for placing a science payload on the 

surface of the planet. This has been the outpost for the next missions that placed 

rovers on the surface of the red planet. Results available from MPF ( [7], [8], 

[11]) are illustrated in order to be compared with results coming from the EDL 

tool developed in this work. The entry condition and the geometric properties for 

the MPF mission used in the EDL tool are listed in Table 5.7 and Table 5.8.  

 

Table 5.7. MPF entry conditions 
 

Parameter Value 

Altitude [m] 133200 

Velocity [m/s] 7264.2 

Flight path angle [deg] -14 

Latitude [deg] 22.6303 

Longitude [deg] 337.9976 
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Table 5.8. MPF entry vehicle geometric properties 
 

Parameter Value 

Ixx [Kgm
2
] 339 

Iyy [Kgm
2
] 248 

Izz  [Kgm
2
] 254 

Mass [Kg] 585.3 

Reference surface [m
2
] 5.51 

Reference length [m] 2.65 

Ballistic coefficient [Kg/m
2
] 63 

 

Figure 5.10 and Figure 5.11 presents the re-entry profile for the MPF mission, 

reconstructed by on board measurements. Parameters represented in the graphs 

refer to altitude, velocity and flight path angle. 

 

 
Figure 5.10. MPF altitude variation from [11] 
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Figure 5.11. MPF Velocity and Flight path angle from [11] 

 

Data of MPF mission have been used in the EDL and the results are presented. 

Figure 5.12 presents the altitude variation computed with the EDL tool. 

 

 
Figure 5.12. Altitude variation with MPF data  
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The variation of velocity and flight path angle is presented in Figure 5.13 and 

Figure 5.14. 

 
Figure 5.13. Velocity variation with MPF data 

 

 
Figure 5.14. Flight path angle variation with MPF data 
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The above results (from Figure 5.12 to Figure 5.14) are compared to whose 

presented in Figure 5.10 and Figure 5.11. Differences among the figure come 

from the lack of data in the EDL simulator. MPF results from [11] comes from 

real data based on the whole re-entry vehicle, whereas results from the simulator 

are obtained through some simplification hypotheses and on the only available 

data. In spite of this, it can be observed a similarity among the figures, that 

confirm the validity of the model developed. 

The altitude profile presents a change corresponding to the opening of the 

parachute. The flight path angle changes its value, arriving at -90 degrees at the 

end of the re-entry trajectory. This means that the velocity vector is 

perpendicular to the X local vector, and so that the re-entry vehicle land in a 

vertical position respect to the soil. 

Focus on the velocity profile, the discontinuities at the beginning of each phase 

can be observed in Figure 5.15: 

 
Figure 5.15. Velocity discontinuities among phases 

 

Aerodynamic angles of the re-entry vehicle are reported in Figure 5.16. It is 

possible to observe that the capsule reaches a trim condition and the motion 

remains in the velocity plane. 
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Figure 5.16. Attack and sideslip angle with MPF data 

 

The variation with time of the RV position over Mars is shown in Figure 5.17 

expressed in spherical coordinates. The longitude is defined in a range between 0 

and 360 degrees, whereas the latitude is comprised in a range between -90 and 

90 degrees. 
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Figure 5.17. Position of the RV in spherical coordinates 
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Chapter 6 

6Integration into the simulator 

In the previous chapters, the development of a tool for the analysis of Entry 

Descent and Landing trajectories has been presented and validated. However, the 

last and the most important step is still missing. The goal of this work is to 

develop a simulator to support planetary entry descent and landing vehicles 

design. This means that with the EDL tool we must be capable to visualize what 

really happens, in order to have both a physical and a visual representation of the 

problem. Once the environment and the re-entry vehicle characteristics are set, 

the trajectory is integrated and visualized by a graphics engine. 

The EDL tool is a part of a bigger project, whose objective is to create a 

simulator that supports mission design for different scenarios and vehicles. The 

whole simulator could be capable to deal with orbital motion, descent and 

landing maneuvers and robotic explorations on a planet surface. To create the 

scenario for the virtual simulation, the Irrlicht graphic engine is used [34]. This is 

a cross platform (Windows, Linux, MacOS), high performance real-time 3D 

engine written in C++, open source, compatible with most video drivers (e.g. 

Direct 3D, OpenGL). This engine is used in lots of 3D games such as space 

simulators and first person shooters, and in scientific programs like Eve, a 

simulator for a modular robot developed at the EPFL (École Politechnique 

Fédérale de Lausanne) [35].  

In this chapter, a brief description of the whole simulator is presented as well as 

the integration of the present tool in the simulator. Then, a description of graphic 

features needed to EDL is presented, identifying the terrain visualization and the 

algorithm to render it during motion. 
 

6.1 Simulator overview 

The current version of the simulator is capable to visualize Mars and Earth orbits 

and a planetary scenario with a rover moving on its surface. With the EDL tool 

development, a landing scenario is added to the simulator, visualizing the 

trajectory of the vehicle from the orbit to the planet’s surface; the object oriented 

programming allows to easily do this.  

The main program of the whole simulator is organized in different steps: 

- Setting parameters. This part allows the user to define the parameters of 

the simulation. First of all the scenario is chosen, selecting the reference 

planet; then, the user defines the elements to be considered in the 
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simulation. For example, an orbit visualization, a re-entry one, or a rover 

moving on the planet surface can be selected. These simulations can be 

performed together, considering the sequence of events. 

- Construction of classes. Base on the selected parameters, the simulator 

constructs C++ classes associated. For example, Astrodynamic class 

defines the time conversion and the orbit of the planet select. Considering 

the class vehicle, it is composed by the rover and the re-entry vehicle, 

which are constructed using parameters selected by the user. All the 

classes constructed allow to define the correct scenario, the elements to 

be displayed and the graphic properties to visualize them. 

- Simulation. This part computes the simulation. Each object previous 

defined is updated following the sequence of events defined by the 

mission profile. 

EDL tool is inserted in the simulator as an independent object and the re-entry 

vehicle is defined as a subclass of the Vehicle class, which contains also a rover 

and a spacecraft.  

 

6.2  Terrain visualization 

Terrain visualization is fundamental in the simulation of a re-entry trajectory. 

During re-entry, we must be able to observe the landing site, identifying 

mountains, plains, craters. So a map of the surface of the planet that contains the 

information needed to its correct description is necessary. This task is 

accomplished by using data from the Mars Global Surveyor spacecraft. This 

spacecraft carries an experiment called Mars Orbiter Laser Altimeter (MOLA), 

which produces a topographic map of the entire surface of Mars. The MOLA 

map is available on the internet through a binary file that contains the altitude of 

the surface point at each longitude and latitude. Different file are available, 

depending on the resolution. As first step the lower resolution (corresponding to 

4 pixel/degree) has been chosen, to be able to test the scenario with the limited 

amount of memory.   
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Figure 6.1. MOLA viewer  

 

6.3 Terrain rendering algorithm 

Once the terrain has been defined, the second step is to build its correct 

visualization during the motion. A terrain visualization depends on the observer: 

near objects appear more detailed than the farer ones; more difficulties are 

introduced with a moving viewer. This problem is solved in computer graphics 

by the “Level of detail” (LOD) algorithms. By definition, level of detail involves 

decreasing the complexity of a 3D object representation as it moves away from 

the viewer or according other metrics such as object importance, eye-space speed 

or position. There are several techniques that perform LOD algorithms, which 

main objectives are to reduce memory expenditure and have the best rendering of 

the terrain in real time. Several authors present these techniques ( [36] [37] [38] 

[39] [40] [41]), which differ for the task they want to get (memory optimization, 

high resolution in moving fast, …).  

In the EDL simulator, the main requirements for a terrain rendering are: 

- High resolution near the surface. 

- Low amount of memory. 

The first one gives a good realistic description; in addition, a high resolution map 

helps the designer to better understand hazards near the surface and how to avoid 

them. The low amount of memory, instead, it is necessary to a good graphic 
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simulation. The time required to load graphic elements cannot be larger than the 

one that characterizes the motion, to have fluid real time visualization.  

To accomplish tasks just presented, two guidelines characterize the terrain 

visualization and the rendering algorithm: 

- Graphic elements not in the observer Field of View (FOV) are ignored. 

- High resolution is avoided for farer elements.        

The graphic simulation in the EDL tool is obtained by setting the properties of 

the camera (in particular its FOV) and creating two different maps: a low 

resolution and an high resolution one. During the re-entry trajectory, only the 

graphic elements in the camera FOV are displayed on the screen; when the RV is 

still far from the planet, the low resolution map is used, whereas at lower 

distance from the surface, the high resolution map is visualized. 

Next subsections present the main elements needed for the terrain rendering 

algorithm and then a general description of it is given. 

6.3.1 Tile definition 

Once the MOLA map has been loaded, it is visualized on the screen by creating 

a mesh. The mesh is composed by independent elements called Tiles. These ones 

are generated by defining a grid on the planet surface (Figure 6.2); each element 

of the grid is a Tile (Figure 6.3) and it is defined by its vertices and its normal. 

The dimension of a Tile depends on the number of rows and columns set for the 

planet grid. Using the same resolution for the map, a Tile becomes more defined 

by increasing the number of elements in the grid.  

 

 
Figure 6.2. Tiles from a grid on the planet surface 
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Figure 6.3. A single Tile   

 

Once the tiles are defined, they are linked to the MOLA map, which gives the 

heights of the tiles’ vertices respect to the mean radius of the planet. Then an 

image of the Mars map is added for a better visualization. The Tiles in the 

observer’s FOV are displayed. An exemplificative image of Mars modeled with 

tiles is visible in Figure 6.4: 

 

 
Figure 6.4. A wireframe vision of Mars modeled using tiles 
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Once the map is added, the planet is visualized as in Figure 6.5: 

 
Figure 6.5. A Mars visual representation 

6.3.2 Field Of View 

For a better use of the memory, only the elements viewed by the observer are 

displayed on the screen. To select which of them have to be displayed, camera 

FOV is introduced as parameter. In the simulation, a FOV of 45° x 45° is 

considered. The FOV area on the planet surface identifies the region to display: 

tiles inside this region are visible on the screen (Figure 6.6). 

 

 
Figure 6.6. Camera FOV 
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If a tile is partially in the FOV, it is displayed on the screen, but there is an error. 

This error depends on the tile dimension, in particular the angle a tile covers on 

the planet (Figure 6.7). For large distances, this is not a big problem, because a 

precise definition of the FOV area boundaries is not requested. For smaller 

distance, tiles are very small (see subsection 6.3.3), and this automatically reduce 

the error.  

 

 
Figure 6.7. Tile partially in the FOV 

6.3.3 Main terrain rendering algorithm   

During the re-entry trajectory the camera image resolution of the landing site 

improves while the altitude of the RV decreases. This can be obtained by 

creating a more detailed map. Two ways are available to achieve this task: 

- Increase the number of tiles. This means reducing the dimension of a 

single tile and thus using more points of the MOLA map (tiles are linked 

with MOLA points). 

- Using maps with a better resolution. This means that two (or more) 

MOLA file have to be available and loaded. 

The first solution is used to develop the rendering algorithm. With a more 

detailed map, the amount of memory required increases. To reduce it, this map 

doesn’t cover the whole planet surface, but only the region the RV passes over. 

Because of the trajectory is still unknown during re-entry, two observations are 

made: 

- By observing simulation results, the maximum RV path in longitude and 

latitude is respectively of 10 and 85 degrees, obtained starting the re-

entry at the higher latitude. 

- Once the vehicle starts its re-entry trajectory, the velocity vector defines 

the direction it is moving towards. 

Base on these considerations, the high resolution map considers a region of 90 x 

15 degrees, respectively in longitude and latitude. This region is defined as a 

subset of the MOLA points (Figure 6.8), considering the RV initial position and 

the direction of the velocity vector. 
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Figure 6.8. Region of MOLA points (not in scale) 

 

At the beginning of the terrain rendering algorithm, the maps are loaded: a low 

resolution map, with a reduced number of tiles and a high resolution one. The 

low resolution map is used in a first time; then the high resolution map is used, 

displaying a larger number of tiles in the FOV as the altitude of the RV decrease. 
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6.4 Simulation of a re-entry trajectory 

This section presents some images taken from the simulator after the EDL tool 

developed in this thesis has been integrated.  

 

Figure 6.9 represents Mars as it appears when illuminated by the Sun.  

 

 
Figure 6.9. Mars illuminated by the Sun 
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Figure 6.10 presents the model of the RV (with a capsule shape in the 1
st
 and 2

nd
 

phase) and in Figure 6.11 we can observe it during its approach to the planet. 

  

 
Figure 6.10. The re-entry vehicle 

 

 

 
 

Figure 6.11. The re-entry vehicle approaches the planet 
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Next figures (Figure 6.12 and Figure 6.13) present the re-entry vehicle braked by 

the parachutes. Images are taken from the simulator by two different points of 

view. 

 

 
 

Figure 6.12. The re-entry vehicle is braked by parachutes (view 1)  
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Figure 6.13. The re-entry vehicle is braked by parachutes (view 2)
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Chapter 7 

7Conclusion 

This chapter summarizes the main aspects of this work, outlines the possible uses 

of the tool and describes the key points for its future developments. 

 

7.1 Final remarks 

The main task of this work was to create an Entry Descent and Landing module 

to be connected with a graphical simulator.  

Firstly, it has been presented an overview of the graphical simulators already 

available for re-entry trajectories; later the main differences and peculiarities of 

the tool developed have been underlined. A general description of an EDL 

system in an atmospheric environment has been given, with the description of 

the motion phases and typical vehicle configurations. After this general 

description, mathematical models are presented, considering the equations of 

motion (center of mass and attitude) of a rigid body subjected to aerodynamic 

and gravitational loads. A planar motion is considered, characterized by a single 

body in the first and third phase, whereas the second phase considers a multi-

body approach with the simultaneous presence of the capsule and the parachute. 

The interaction between the two bodies has been described in two different 

ways: using a constraint force and a mass-less-spring dumper model. 

Gravitational acceleration is considered constant, whereas the environment is 

described by using both a mathematical model and experimental data. 

Aerodynamic forces are computed by interpolating existent data on aerodynamic 

coefficients for the re-entry vehicle. It was noticed a lack of a complete 

aerodynamic database to correctly describe the re-entry vehicle. Therefore, 

different aerodynamic databases have been considered, choosing the one more 

complete to test the models. The aerodynamic description of the parachute is 

obtained through a mathematical model. Once the mathematical models are set, 

the architecture for the EDL tool is presented. A modular approach has been 

followed, considering future upgrades. C++ language with an object oriented 

programming has been used. The tool has been tested, comparing the results with 

previous works and scientific papers with real data from past missions on Mars. 

Then, the EDL tool has been integrated in the whole graphical simulator. The 

main difficulties in the graphical vision of an EDL system are underlined, and a 

graphic simulation is performed. 
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7.2 Software utilization 

Graphical view is the key feature of this work. This instrument is a valid support 

for mission design. The visualization can help designer to have both physical and 

a visual representation of what happens in reality.  

Different situations can be simulated thanks to the robustness of the software and 

the ability to simulate failures. In this way, a robust mission design can be 

performed, reducing costs and time. 

In addition, the simulator becomes a valid support to test flight software. The 

development of software to be mounted on a spacecraft is a critical phase. The 

possibility of testing the flight software by visualizing its effects is a valid aid to 

realize a robust design.  

 

7.3 Future developments 

In this work, the EDL tool for a graphical simulator is developed. To obtain a 

more detailed description of the motion and of the re-entry vehicle, several 

improvements could be introduced in future developments of the tool.  

Considering the graphics, the terrain rendering algorithm can be optimized to 

improve the quality of the graphical representation, which is the most important 

element in a graphical simulator.  

As described in subsection 3.2.1, a control law for the RV attitude is not 

modeled. This lack can be covered in two ways. Firstly by implementing a 

control law to achieve the correct attitude for the re-entry vehicle. Secondly, if a 

control law for an EDL system is already implemented, the simulator can be 

used to test it.  

Control can also cover situations of failure or identifying and avoid obstacles 

during re-entry; this kind of control can be added to the simulator and tested. 

As described in chapter 3, some hypotheses were made, to simplify the 

mathematical models adopted to describe the motion. For example, planetary 

rotation has been neglected and a planar motion has been assumed. These 

simplifications can be lifted in the future development of the tool. 

Furthermore, aerodynamic forces are computed using the exponential model for 

density and data fitting for the aerodynamic coefficients. A more detailed model 

can be adopted for density computation for the different regimes of motion (free 

molecular, transitional, continuum). A complete aerodynamic database based on 

numerical simulations and wind tunnel tests could offer a more realistic 

description of the re-entry dynamics. Similar considerations can be done 

considering mass and inertia properties of the RV. 

Actually, only the dynamics has been implemented in the EDL tool; further 

developments could include models for various subsystems. In particular, the 
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first subsystems to be added could be the thermal and the communications ones, 

to characterize loads acting on the vehicle and to link the RV to the orbiter 

spacecraft or directly to Earth. As a subsystem is developed, the configuration 

can be updated and detailed, considering the geometric parameters (e.g. Inertia) 

and the graphical view.   
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APPENDIX 

Appendix A 

In order to pass from a reference frames to another, in this section are presented 

the DCMs (Direction Cosine Matrices) between the different reference systems. 

Each matrix is identified as   
 , that means that it transform a vector in the “a-

frame” to a vector in the “b-frame”. 

 

I-frame to l-frame: 

  
  

 

 

                                                    
                                                   

                       
  

 

l-frame to v-frame 

 

  
   

          
   

         
  

 

b-frame to v-frame 

 

  
   

                    
                      

          

  

 

I-frame to b-frame 

The b-frame is obtained from the I-frame by 3 successive rotations, listed below: 

 

1. Rotation of an angle   around the 3 axis (Z
I
) 
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2. Rotation of an angle   around the 2 axis (y’) 

 

    
          
   

         
  

 

3. Rotation of an angle   around the 1 axis (x’’) 

 

    
   
         
          

  

 

The matrix to pass from the I-frame to the b-frame results: 
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ACRONYMS 

ADCS - Attitude Determination and Control System 

CFD - Computational Fluid Dynamics  

DAC - Direct Simulation Monte Carlo Analysis Code   

DCM - Direction Cosine Matrix 

DEM - Digital Elevation Map 

DSENDS - Dynamic Simulator for Entry, Descent and Surface Landing 

DSMC - Direct Simulation Monte Carlo 

EAGLE - Entry And Guided Landing Environment 

EDL - Entry Descent and Landing 

ESA - European Space Agency 

FOV - Field Of View 

FPA - Flight Path Angle 

GAC - Global Aerospace Company 

GSL - Gnu Scientific Library 

HyperCMST - Hypersonic Control Modeling & Simulation Tool 

HyperPASS - Hypersonic Planetary Aeroassist Simulation System 

IAU - International Astronomic Union 

JPL - Jet Propulsion Laboratory 

LAURA - Langley Aerothermodynamics Upwind Relaxation Algorithm 

LIDAR - Laser Imaging Detection And Ranging 

LOD - Level Of Detail 

MER - Mars Exploration Rover 

MOLA - Mars Orbiter Laser Altimeter 

MPF - Mars Pathfinder 

MSL - Mars Scientific Laboratory 

NASA - National Aeronautics and Space Administration 

NED - North East Down 

OBDH - On Board Data Handling 

ODE - Ordinary Differential Equation 

RV - Re-entry Vehicle 
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