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Abstract

HE reusability of spacecraft and launchers marks a revolution-
ary stride in space exploration and transportation, introducing
an era characterised by enhanced efficiency, sustainability, and

cost-effectiveness. In contrast to conventional expendable space vehi-
cles that dispose of components after a single use, reusability entails
the strategic design and engineering of spacecraft and launchers to
withstand multiple missions. This shift in approach is motivated by
the acknowledgment that promoting sustainability in space travel is
not only environmentally conscientious but also economically advan-
tageous. The drive towards spacecraft and launcher reusability has
sparked significant investments from both private companies and gov-
ernmental space agencies. Recognising the potential game-changing
impact of reusable technology, numerous entities are actively chan-
neling resources into the development and enhancement of reusable
spacecraft and launchers. In this context, the new ability of a reusable
system to undergo re-flight necessitates the implementation of a Mis-
sion Analysis (MA) and Guidance, Navigation, and Control (GNC)
missionisation process and tool for autonomous re-entry vehicles. This
reduces the customisation efforts needed for each mission.

The research work focuses on the definition and implementation
of a multidisciplinary, parametric and modular Mission Analysis and
GNC missionisation tool for re-entry vehicles. In this thesis a novel
approach to perform the design of re-entry mission and the setting
of the GNC parameters is proposed: the required analyses are inte-
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grated into a multidisciplinary and parameterised framework to effec-
tively handle design variables and the interconnections between differ-
ent analyses within a unified analytical environment. The tool exploits
Multidisciplinary Design Optimisation techniques to manage the Mul-
tidisciplinary Analysis framework to perform parametric optimisation
and to handle the coupling between the disciplines. This operation is
implemented within the Missionisation Layer, which embeds both a
Multi-Objective Particle Swarm Optimisation algorithm and a meta-
model technique based on Gaussian Radial Basis Functions. The aims
of the missionisation tool within this research is dual: the first objec-
tive aims at obtaining an optimised end-to-end mission solution and
GNC parameters tuning while satisfying specific mission and system
requirements. This relates the concept of missionisation to the lat-
est phases of the design process. The second goal uses the concept of
missionisation during the early phase of the design: the tool aims at
assessing the mission performance of a vehicle or a family of re-entry
vehicles with respect a set of mission and system parameters to identify
promising solutions within the search space.

The thesis reports the definition of the MA an GNC missionisation
tool, the engineering modeling of the disciplines, the validation of the
tool and the application in representative test case scenarios. The
outcome of the thesis is a complete framework that can be used to
perform preliminary and mid-fidelity analysis for a wide range of re-
entry scenarios. However, the modular nature of the tool allows to
increase the level of fidelity and accuracy quite easily.
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"Let's see if | remember how to do this!"
Micheal Jordan - Space Jam

CHAPTER 1

Introduction

SCenSlon (Advancing Space Access Capabilities - Reusabil-

ity and Multiple Satellite Injection) is born as an innovative

training network with fteen Early-Stage Researchers, ten ben-
e ciaries, and fourteen partner organisations across Europe, to study
the critical technologies for the development of the next generation
of reusable space system. The network aims at identifying and ad-
vance critical technologies to prove a feasibility of launcher systems
that are (partially) reusable and capable of injecting multiple payloads
into multiple orbits. Fields of research and training include propulsion
technologies and their reusability; Mission Engineering and Guidance,
Navigation and Control (GNC); aerothermo-dynamics of re-entry and
safe disposal. In this context, the objective of this research is the devel-
opment of a Mission Analysis and Guidance, Navigation and Control
Missionisation tool for re-entry vehicles.

Spacecraft and launcher reusability represent transformative ad-
vancements in space exploration and transportation, ushering in a
new era of e ciency, sustainability, and cost-e ectiveness. Unlike tra-
ditional expendable space vehicles, where components are discarded
after a single use, reusability involves designing and engineering space-

1



Chapter 1. Introduction

craft and launchers to endure multiple missions. This paradigm shift is
driven by the recognition that making space travel more sustainable is
not only environmentally responsible but also economically bene cial.
Reusable spacecraft and launchers are equipped to withstand the harsh
conditions of space and the intense heat of re-entry, allowing them to
return to Earth and be relaunched on subsequent missions.

The introduction of reusability in space technology has the poten-
tial to signi cantly reduce the overall cost of space exploration. By
refurbishing and reusing major components, such as rocket stages and
spacecraft, the expense of manufacturing new hardware for each mis-
sion is substantially diminished. This cost-e ective approach opens up
new opportunities for frequent and accessible space travel, fostering
innovation and collaboration in both government and private space
sectors. Furthermore, spacecraft and launcher reusability aligns with
global e orts to minimise the environmental impact of space activi-
ties. The reduction of space debris and the e cient use of resources
contribute to a more sustainable space environment, ensuring the long-
term viability of space exploration and satellite deployment. In this
context, the exploration of spacecraft and launcher reusability marks
a pivotal moment in the evolution of space technology, promising a
future where access to space is more routine, economical, and environ-
mentally conscious.

The re- ight capability of a reusable system prompts the necessity
of a Mission Analysis (MA) and GNC missionisation process and tool
for autonomous re-entry vehicles which reduces the tailoring e orts
required for each mission. Every scenario is, indeed, characterised
by di erent requirements and challenges that must addressed in an
e cient and reliable way, such that the mission and GNC solution is
optimally tuned to ful Il the speci ¢ needs.

1.1 Context & Motivation

The word "missionisation” addresses all the operations to be performed
to adapt a space system to any speci ¢ mission. It may can be consid-
ered as the customisation of a product for speci ¢ needs of a client [1].
A literature review using the keyword "missionisation" (or "mission-
ization") yielded limited ndings. This term is commonly employed

in the context of certain products, such as aircraft or helicopters, to
address challenges associated with adapting a vehicle to meet a cus-
tomer's speci c requirements. Typically, these modi cations tend to

2



1.1. Context & Motivation

have minimal impact on the overall design and are primarily focused
on avionics, which is a component that can be more readily adjusted.
Nevertheless, the word "missionisation”, along with the adjective "mis-
sionised", or the verb "to missionise”, is currently used worldwide in
several documents relative to expendable space launch vehicles by pri-
vate companies and agencies. Anyway, also in this eld very few infor-
mation has been found, as this problem is addressed with proprietary
software or internal know-how that is not accessible by the public [1].
An example is given by Reference [2], where a missionisation tool for
the VEGA family [3] is presented. The concept of missionisation is ap-
proached to the launch vehicles, because this kind of vehicle requires
an adaptation of the mission de nition and the con guration (in some
cases) depending on the customer needs. Moreover, nowadays it is tak-
ing greater signi cance since the cadence of launches is exponentially
increasing [4].

Within this work, missionisation refers to a subset of activities deal-
ing with the mission analysis and the tuning of the GNC parameters
of a re-entry vehicle. In this context, missionisation is even less con-
sidered, since the number of re-entry vehicles and missions is relatively
small. A concept of missionisation has been found in the mission anal-
ysis and GNC design of the Space Shuttle, in particular for the design
of the trajectory from the entry point (EIP) to the TAEM interface.

For each ight, the reference pro le, the drag pro le in this case, was
adapted by tailoring the parameters used to design the reference pro le
itself [5].

However, especially due to the increasing number of reusable space
vehicles for both the space access and in-orbit studies, the missioni-
sation of the re-entry vehicles may take a key role for reducing the
tailoring e ort and time between each re- ight. The most famous ex-
ample is the Falcon 9 by Space X, that has performed multiple landing
missions, each of them characterised by speci ¢ mission challenges [6],
but diverse space programs are investing on reusability and re-entry,
such as Sierra Space, Space Rider, Ariane Next and CALLISTO [7, 8,
9, 10]. Figure 1.1 shows the concepts of the Dream Chaser by Sierra
Space, Space Rider by ESA, and CALLISTO by CNES, DLR and
JAXA.

Summarising, the mission analysis and GNC missionisation for a re-
entry vehicle is the recurrent activity to tailor the mission analysis and
GNC solution for the vehicle for one particular mission. Commonly,
the mission design of a re-entry vehicle and the setting of the GNC are

3
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(a) Dream Chaser of Sierra Space (credit (b) Space Rider render (credit ESA).
Sierra Space).

(c) Callisto render (credit CNES).

Figure 1.1: Re-entry vehicles and reusable launcher demonstrator concepts.

performed with a set of analysis that are carried out separately. These
analyses are strictly interconnected among them, such that multiple

iterations are needed to obtain a valuable solution. In this research, a
novel approach is implemented in order to address this problem. The
analyses are embedded in a unique multidisciplinary and parameterised
framework in order to manage the design variables and the coupling
between the analyses in a single analytical environment.

In this research, missionisation has a dual function. The rst one
pursues the optimal tuning of a set of mission and system design pa-
rameters considering speci ¢ requirements of a mission scenario. This
is the direct translation of the de nition reported above, and it is re-
lated to the last phases of the design process. The second function
applies the concept of missionisation in the early phases of the design
process: it aims at evaluating the mission performance of a vehicle or
di erent concepts with respect to the design mission and system pa-
rameters to identify more robust and exible solutions from the mission
analysis view point. The missionisation of a re-entry vehicle is a com-
plex and highly multidisciplinary problem, it has been addressed with
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the development of a dedicated multidisciplinary tool.

1.2 The Research Problem

The research problem arises from the need of having an multidisci-
plinary, parameterised, standard and exible MA and GNC missioni-
sation tool for re-entry vehicles, that handles the mission design process
in an e cient way in order to reduce the tailoring e ort among each
re- ight.

1.2.1 Objectives

The objective of the PhD research is the de nition and implementa-
tion of a missionisation process and tool which reduces the tailoring
e ort for each mission. The missionisation tool aims at obtaining an
optimised end-to-end mission solution and to assess the mission perfor-
mance with respect to a set of mission and system parameters. These
parameters a ect the MA and GNC design, the solution and the per-
formance of the mission. So, the identi cation of these variables are
crucial for the de nition of robust re-entry mission solutions and tra-
jectories. In order to e ectively tune these variables, they must be
systematically categorised by de ning the set of optimum invariant
and variant MA and GNC parameters. The design of an end-to-end re-
entry mission involves multiple disciplines and several areas of analysis,
so the missionisation tool will concern a multidisciplinary framework
to handle all the interactions and the couplings. In this context, the
missionisation tool may be applied for di erent purposes depending on
the phase of the mission and vehicle life-cycle. On one hand the mis-
sionisation tool can be used in the last phases of the design, like phase
D and E, by providing an updated mission solution with respect to
the costumer's requirements, so it will adapt a quali ed MA and GNC
solution for one particular mission. On the other hand, the tool will be
used in early design phases, like phases 0 and A, to explore the feasible
search domain space. This calculation aims to assess the mission per-
formance with respect to the mission and system parameters and to
identify the most impacting ones. The nal goal, as stated previously,

is the minimisation of the tailoring e ort among each re- ight, since
the proposed missionisation tool will manage all the set of analyses in
a unique framework, and it applies a novel multidisciplinary approach
with respect to the classical methods, which tend to keep disciplines
and analyses separate.
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The development of the of the tool answers the deliverable D4.2
of Ascension Grant Agreement. The MA and GNC missionisation
tool must be validated in representative real-scenario test cases. This
second point is described in the deliverable D4.10 of Ascension Grant
Agreement.

1.2.2 Research Questions

To ful Il the research objectives, a set of research questions, which will
guide the development of the Thesis is presented:

1. What are the aspects and challenges that must be considered
when dealing with the design of robust re-entry trajectories and
missions?

2. How to tackle a generic re-entry problem in a standard and para-
metric way?

3. How to handle all the multidisciplinary aspect required to mis-
sionise an end-to-end re-entry mission?

4. Is it possible to consider the missionisation in both the early
phases and the latest phases of the design process?

1.3 Dissertation Overview

The thesis is organised in the following chapters:

Chapter 2: Background This chapters presents an introduc-
tion of the atmospheric re-entry problem and the related chal-
lenges and criticality, as well as the theoretical background of
the trajectory optimisation and multidisciplinary optimisation.

In particular, the rst section gives an overview of the main
aspects of a generic re-entry problem. The section also shows
the re-entry vehicles that can be studied within the developed
tool. The second section reports a snapshot of the recovery and
landing strategies. The third and fourth sections introduces the
problem of trajectory and multidisciplinary optimisation. The
former shows the generic formulation of a multiphase optimal
control problem, underlying the main elements and presenting
some solving strategies and algorithms. The latter focuses more
on the de nition of the architectures used to formulate an MDO
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problem. This last section also introduces some metamodeling
techniques used in the literature.

Chapter 3: MA and GNC Missionisation Tool This
chapter reports the main features of the proposed MA and
GNC missionisation tool. The rst section gives and overview
of the high-level architecture of the tool, showing the main
modules and focusing on the de nition and implementation of
the Missionisation Layer. The second section presents the De-
sign Structure Matrix of the tool, while the third one underlies
the exibility of the tool, showing how it can be adapted de-
pending on the scenario analysed.

Chapter 4: Engineering Modeling This chapter present
an overview of the engineering modelling of the tool. The rst
section reports the main equations of motion used within the
disciplines and the study cases, as well as the environmental
models included within the library of the tool. In the second
section, the implementation of the disciplines embedded in the
tool is described, focusing on the assumptions made and the
input/output parameters. For each discipline, an explanatory
example of analysis is reported.

Chapter 5: Validation  This chapter describes the valida-
tion process and results of each discipline. In particular, this
is reported in the st section. The second section shows a pre-
liminary sensitivity analysis in order to assess the error prop-
agation within the tool. In the third section, the trajectory
optimisation block is validated against the results of RETALT.

Chapter 6: Test Cases This chapter presents the test cases
analysed within this research. The rst section shows the MA
and GNC missionisation for a lifting body vehicle. The op-
timal tuning of the end-to-end mission analysis solution and
the GNC parameters is performed; then, the obtained solution
is validated and veri ed with DEIMOS high- delity simulator.

This study case answers the rst de nition of missionisation.
The second section shows how the missionisation can be con-
sidered in the early phase of the design process. This concept
is applied to assess the mission capabilities of a winged re-entry
vehicle with respect to a set of mission and system design vari-
ables. The third section focuses on the assessment of the per-
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formance envelopes for Return-to-Launch-Site and Downrange
Landing recovery strategy with respect to a broad range of
Main-Engine-Cut-O conditions.

Chapter 7: Conclusions and Future Work This chapter
reports the conclusions of this research work and gives a list of
recommendations for future work.
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"Well, this little maneuver's gonna cost us 51 years!"
Joseph Cooper - Interstellar

CHAPTER 2

Background

his chapter outlines the problem of missionisation for re-entry

vehicles. Firstly an overview of the phases of the space mission

design life-cycle is given in Section 2.1, underlying how and
where the missionisation takes part. Then, the discussion introduces
the di erent aspects of the re-entry problem and the methodologies
applied for the development of the dedicated tool.

Since the missionisation is applied to re-entry vehicle, Section 2.2 in-
troduces the atmospheric re-entry problem, underlying the main chal-
lenges and criticality. It also present the categories of re-entry vehicles
considered within this research. Moreover, Section 2.3 provides an
overview of the main recovery strategies concerning the entry, descent
and landing in Earth's atmosphere. This problem is highly complex
and involves multiple engineering disciplines, as it will be explained in
Chapter 3.1 and Chapter 4. For these reasons, the tool makes use of
trajectory optimisation to obtain reference mission pro les, and MDO
technigues to handle the coupling between the disciplines. Thus, Sec-
tion 2.4 and Section 2.5 report an overview of the theoretical back-
ground of such methodologies.
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2.1 Space Mission Life-Cycle

The space mission life-cycle consists of several distinct phases, each
crucial for the successful planning, development, and execution of a

space mission. Figure 2.1 reports the typical phases that are considered
with the design process [11]:

12

A~

Pre-Phase A: it is a preliminary phase that involves conceptualis-
ing and planning the mission before formal initiation. This stage
is crucial for setting the foundation and identifying the feasibility
of the mission. It includes several activities, such as mission con-
ceptualisation, feasibility studies, and preliminary mission plan-
ning. The results of the pre-phase A are subjected to the Mission
De nition Review (MDR).

Phase A: in this phase the detailed planning and initial concept

development occur. This phase is crucial for de ning the mission
architecture. Some foreseen activities are the de nition of the

mission requirements, the design of the system architecture, and
the preliminary design. This phase ends with the Preliminary

Requirements Review (PRR).

Phase B: it is a critical stage focused on further developing the
mission concept established in Phase A. During Phase B, the de-
sign is consolidated. The results of this phase culminate in the
Preliminary Design Review (PDR).

Phase C: it is a pivotal stage where the detailed design is nalised,
and the construction of the spacecraft begins. This phase involves
the transition from design and planning to actual implementation.
Some of the activities includes the nalisation of the detailed de-
sign. The phase ends with the Critical Design Review (CDR).

Phase D: this phase follows the detailed design, construction, and
testing of the spacecraft. Key activities during Phase D include:
the nal system integration, functional testing, validation and ver-

i cation. During this phase several reviews are foreseen, such as
the Quali cation Review (QR) and the Acceptance Review (AR).

Phase E: It considers all the operations and management for the
launch and the operational life of the spacecratft.

Phase F: It deals with the closeout of the mission. In the context
of re-entry mission it also includes post- ight analysis.



2.2. Atmospheric Re-Entry

Figure 2.1: Space mission life-cycle phases. The MA and GNC missionisation
tool can be exploited during the early design phases (Pre-A, A, and B), and
during the mission preparation and utilisation (D and E). [11].

Figure 2.1 also reports where the missionisation tool developed
within this research can be used. The tool, indeed, has been developed
in order to answer two objectives. The rst one pursues the optimal
adaptation of the MA and GNC solution for one particular mission by
considering precise mission and system requirements. In this case, the
missionisation takes part of the activities of the phases D and E. The
st test case, in Section 6.1, shows an example of this capability of the
tool.

The second objective aims at assessing the mission performance
with respect to the mission and system parameters in order to evalu-
ate di erent design solutions and and determine which are the more
promising ones in term of user-de ned performance indices. Within
this research, the mission variables refers to those parameters used to
delineate the mission scenario and the environment, while the system
variables are the parameters that characterise the vehicle (Section 3.1).
In this case, the missionisation takes part of the activities of the phase
A. The second study case, in Section 6.2, addresses this point.

The other two test cases, in Section 5.3 and 6.3, can be consid-
ered in the middle between the scenarios reported above, where the
missionisation is within the activities of the phase B.

2.2 Atmospheric Re-Entry

This research focuses on the analysis of re-entry trajectories into Earth's
atmosphere. The principles and theories derived from this study can
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also be applied to descent trajectories into the atmospheres of other
celestial bodies, such as Mars, albeit with adjustments to account for
diverse atmospheric conditions. When a spacecratft is in orbit around
Earth, it possesses a signi cant amount of potential and kinetic energy.
In a low Earth orbit, the total energy per kilogram is approximately
30 MJ [12]. This energy content becomes even higher for spacecraft
entering Earth's sphere of in uence at hyperbolic velocities, typically
associated with return missions from the Moon or interplanetary jour-
neys from Mars.

When a spacecraft needs to return to Earth, it must reduce this sub-
stantial energy to the level of potential energy that the vehicle has upon
landing on Earth's surface, with zero relative velocity. The primary
method to dissipate this energy is through aerodynamic friction with
the spacecraft's surface as it passes through the Earth's atmosphere.
However, novel applications exploit propulsive breaking manoeuvres,
such as in the case of vertical landing (even if in this case the velocity
is much lower). Traditionally, the Earth's atmosphere is considered to
begin at an altitude of 120 km, although the o cial de nition for the
beginning of space (or the boundary of Earth's atmosphere) is at 100
km. However, for high-velocity re-entries, the noticeable in uence of
the atmosphere can extend to altitudes ranging from 200 to 300 km.
As satellites and other spacecraft travel through these denser atmo-
spheric layers at high velocities (hypersonic regime), they experience
signi cant aerodynamic forces and encounter elevated temperatures
due to aerodynamic heating. Managing the dissipation of the initial
total energy involves adhering to speci ¢ system constraints, with dy-
namic pressure, thermal surface loads, and aerodynamic load factor
being among the most critical factors. The outcome of this process is
a typically narrow re-entry ight corridor [12, 13]. Figure 2.2 shows an
example for re-entry corridor for the SPACE SHUTTLE.

The fundamental problem is to nd a ight trajectory that allows
the vehicle to achieve its mission with minimum demands on the ve-
hicle system. However, unlike traditional aircraft design, the physical
properties and the functions of a hypersonic vehicle and its components
must be tuned to the ight trajectory and vice versa. To design and
to optimize a vehicle's ight trajectory essentially involves addressing
a guidance problem. Additionally, it is crucial to de ne the trajectory
control variables, which command the vehicle to y the trajectory.
Then, physical loads and vehicle properties are introduced as systems
and operational constraints in the trajectory design and optimisation
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Figure 2.2: SPACE SHUTTLE entry corridor [5].

process. The nal result are guidance laws, typically characterised by
a limited number of free parameters, that are tailored to meet the
mission objectives within the speci ed conditions.

Prerequisites for trajectory design and optimisation are yability
and controllability of the considered vehicle along the trajectory. Fly-
ability includes longitudinal trimmability, and static and dynamic sta-
bility. Controllability is the ability to steer the vehicle along all rel-
evant axes associated with the vehicle and its ight path throughout
control devices. Usually, only a trimmed trajectory is a viable tra-
jectory. Moreover, the shape and geometry of re-entry vehicles are of
paramount signi cance in their overall design and functionality. These
aspects directly impact the vehicle's aerodynamics, thermal protection,
and mission objectives. Two critical parameters play a pivotal role in
ensuring the success of a re-entry mission: the Ballistic Coe cient and
the Lift-to-Drag Ratio (L/D). The ballistic coe cient is a fundamen-
tal measure of an object's aerodynamic performance during re-entry.
It is de ned as the ratio of an object's mass to its drag coe cient.
Achieving an optimal ballistic coe cient is crucial for controlling the
trajectory and ensuring a controlled descent during re-entry. On the
other hand, the L/D represents the aerodynamic e ciency of a re-
entry vehicle. It quanti es the ability of the vehicle to generate lift
(perpendicular to the direction of motion) relative to the drag (oppos-
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ing the direction of motion). A high L/D ratio is desirable for re-entry
vehicles, as it enables them to glide and maneuver e ectively through
the atmosphere, increasing the crossrange capability. This capability
is especially important for precision landing, as it allows for controlled
adjustments in the trajectory to reach a speci c target or landing zone
[13, 14]. Section 2.2.1 gives an overview of di erent re-entry vehicles
considered within this research.

The re-entry problem is inherently multidisciplinary, encompassing
various scienti ¢ and engineering elds that must collaborate to solve
its complex challenges. This multidisciplinary nature re ects the in-
tricacies of re-entry, where every aspect, from the vehicle's shape to
its guidance and control systems, must harmoniously work together to
achieve a successful outcome.

2.2.1 Classi cation of the Re-entry Vehicles

Re-entry space vehicles are characterised by a broad variety of geome-
tries, external shapes and dimensions. The design choices depend on
the mission requirements and the aerothermal-mechanical loads that
must be withstood during the mission. However, among this wide
range of re-entry space vehicles, some similarities can be identi ed,
both for what concerns the geometry and the longitudinal aerody-
namic performance, at least for preliminary studies. In this research,
the re-entry vehicles are subdivided into four categories, as similarly
done in [13, 15]:

" Winged Re-entry Vehicles (WRV): this category includes the
re-entry vehicles characterized by a winged con guration, high
longitudinal aerodynamic e ciency (max L/D around 2 or higher
in hypersonic regime), large range capabilities and the capacity of
landing on a runway. This category also includes the concepts of
the rst stage of rockets that has the capability to land horizon-
tally. The most famous vehicle belonging to this category is the
SPACE SHUTTLE Orbiter.

" Winged Lifting Bodies (WLB): this group considers re-entry
vehicles characterized by a winged con guration featured by large
dihedral angle, medium longitudinal aerodynamic e ciency (max
L/D around 1.2 in hypersonic regime), and su cient range capa-
bilities. In some cases, this kind of vehicles may need additional
devices for the descent and landing due to low controllability in
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subsonic regime. This category includes the NASA X-38, the HL-
20 and the Dream Chaser [7, 16, 17].

" Lifting Bodies (LB): this category includes re-entry vehicle
without wings, and characterized by a low longitudinal aerody-
namic e ciency (max L/D around 0.7 in hypersonic regime).
These vehicles need additional devices for a safe landing (parafoil
or parachute). Examples of this kind of vehicles are Space Rider
and IXV [8, 18].

" Vertical Landing - Reusable Launch Vehicle (VL-RLV):
this class takes into account unconventional re-entry vehicles, es-
pecially the rst stage of space launchers, that exploit the thrust
for decelerating and performing a vertical landing. The iconic
example is the Falcon 9 [19]. It worth mentioning that this cate-
gory is further split into two sub-categories: the former considers
space vehicles equipped with planar ns for the aerodynamic con-
trol. The latter comprises VL-RLV provided with petals. An
example of such application is RRTB (Recovery and Return to
Base) concept by Pangea Aerospace [20]. This distinction has
been exploited for the de nition of the Aerodynamic Database
block (Section 4.2.2).

Figure 2.3 shows the categories explained above. Further classes
and a more accurate subdivision may be considered. This classi ca-
tion has been done because the research focuses on reusable system
and for the de nition of two engineering disciplines embedded within
the missionisation tool: the Geometry and Mass estimation (GEOM),
and the Aerodynamic Database (AEDB) blocks, that can handle only
these four disciplines. Said that, the missionisation tool without the
GEOM and AEDB disciplines can manage other kind of re-entry or en-
try vehicles, such as capsules or more in general Non-Winged Re-entry
Vehicles (NWRV) [15].

2.3 Recovery Strategies

In this section, an overview of the di erent re-entry mission pro les de-
pending on the vehicle is given. Two main recovery strategies intended
for the reusability of the system are considered: horizontal landing of
re-entry vehicles and vertical landing of the rst stage of launchers.
This section aims at introducing the challenges and the requirements
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Figure 2.3: Category subdivision of re-entry vehicles considered within this re-
search [21].

of the mission. For each solutions, the main characteristics and phases
are highlighted.

2.3.1 Horizontal Landing

Commonly, the re-entry systems that follows this strategy, adopt aero-
dynamic solution to dissipate the kinetic and the potential energy up
to the desired level and the re-entry is featured by shallow path. Typ-
ically, the re-entry starts at orbital velocity at the EIP, even if it can
also be used for sub-orbital applications, in the context of the recovery
of rst stage of reusable launch vehicles [22]. This recovery strategy
has the following phases:

Hypersonic atmospheric entry: This phase starts at 120 km
with an initial velocity of about Mach 24 (less for sub-orbital
cases). The vehicle ies at hypersonic velocity and dissipates the
energy by means of the aerodynamic forces at high altitude. In
this phase, the critical aspect are given by the handling of the
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aerothermal-mechanical loads, which de ne the re-entry corridor,
and the de nition of the trimmability and stability of the vehicle.

Terminal Area Energy Management (TAEM): this phase
typically starts at 25 km of altitude at about Mach 2.5 and of a
distance of approximately 50 km from the landing site. In this
phase the vehicle dissipates the energy in excess and makes the
alignment with the Approach and Landing Interface (ALI). The

nal conditions depend on the ALI strategy adopted. In this phase
important parameters are the maximum load factor, the angle of
attack corridor for a stable ight (FQA), and stall velocity ( ight
envelope) [12].

Approach and Landing phase:  This last phase includes the -
nal part of the runway approach and the actual landing. The char-
acteristics of this phase depends on the adopted strategy: parafoil,
or runway landing. Figure 2.4 reports two examples of approach
and landing for the SPACE SHUTTLE (Figure 2.4a), and for X38
(Figure 2.4b).

The guidance strategies for this kind of vehicles usually adopt a

modulation of the angle-of-attack and the bank angle in order to ma-
nipulate the drag and lift forces and control the downrange and cross
range during the ight. For the rst two phases, the guidance ap-
proaches can be divided into two categories [23, 24]:

Predicting guidance: the vehicle is able to compute on-board the
reference pro les of the commands by predicting the evolution
of the ight by means of analytical methods, simpli ed methods
or more complex methods. Some approaches are the predictor-
corrector, fast-time prediction and closed-form guidance.

Tracking guidance: the vehicle tracks reference pro les computed
oine. Some of these methods are the path control or terminal
control.

For the Approach and Landing phase the guidance method depends

a lot on the adopted strategy [12].

2.3.2 \Vertical Landing

The re-entry for this kind of mission starts at suborbital velocity, after
the Main-Engine-Cut-O (MECO) and the separation from the second
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(@& SPACE SHUTTLE runway A&L (b) X38 Parafoil A&L (Credits NASA)
(Credits NASA)

Figure 2.4: Approach and Landing strategies: SPACE SHUTTLE runway A&L
(left), X38 Parafoil A&L (right).

stage occurred. The vehicle performs several maneuvers in order to
achieve a pinpoint landing. In most of the case, a powered phase is
needed, so a ip-over maneuver is performed to orient the main engine
toward the ight direction. Due to the high-ballistic coe cient of the
vehicle, a pure aerodynamic solution, by using drag and lift, is not
enough to slow down the vehicle and dissipate the energy. Thus, a
retro-propulsive maneuver is carried out to reduce the velocity before
the aerodynamic phase to decrease the aerothermal-mechanical loads
during the ight. Then, in order to have a precise soft landing the
engine is switch on again to perform the so-called landing burn.

For the recovery of a rst stage of a reusable space launcher two
mission pro les are considered. The rst one is the Return-to-Launch-
Site (RTLS). In this case, the rst stage of the space launcher returns
towards the launch site or in its proximity, where it performs a precise
landing. It includes ve mission phases:

1. Boost-back : phase to achieve the inversion of the velocity and
the targeting landing site;

2. Ballistic : phase in high-atmosphere in which the vehicle performs
a ballistic ight. Here, the vehicle performs a ip-over manoeuvre
to orient the engine toward the ight direction;

3. Entry Burn : phase where the vehicle performs the entry burn
to reduce the velocity while entering the denser atmosphere. This
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(@ RTLS (b) DRL

Figure 2.5: First Stage vertical landing recovery scenarios: RTLS left and DRL
right.

phase might not be necessary;

4. Aerodynamic phase: phase where the vehicle is controlled with
aerodynamic control;

5. Landing Burn : phase in which the landing burn is performed
to reduce the velocity till the pinpoint touchdown;

The second option is called DownRange Landing (DRL), and it
foresees the landing of the rocket rst stage on a oating barge in the
sea. It consists of four mission phases equal to the RTLS ones except
for the boost-back [25, 26]. Figure 2.5 shows the mission pro les for
RTLS and DRL.

The atmospheric re-entry, descent and precision soft-landing on
Earth is very challenging mainly due to the atmosphere presence which
entails uncertainties and nonlinearities, and the fast dynamics involved.
This is made possible thank to advanced and adaptive guidance and
control methods which, part of a global GNC system, steer the vehi-
cle towards the desired landing site. In particular, these vehicles use
a real-time guidance strategy which solves the optimisation problem
during the ight taking information from the navigation system. This
solution has been demonstrated by Space X, and it is possible by ex-
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ploiting a convex representation of the landing problem both during
the atmospheric and the powered phases. These methods include for
instance the successive convexi cation and lossless convexi cation al-
gorithms [27] [28] [29].

2.4 Trajectory Optimisation

In the context of mission analysis and design, a trajectory optimisation
routine is a crucial analysis that must be performed. Trajectory opti-
misation is the technique of designing a trajectory that minimises or
maximises a prescribed performance quantity, while satisfying a set of
constraints [30, 31]. The generation of an entry trajectory is, in fact, a
constrained optimisation problem. These constraints include particu-
lar path constraints, some limitation on the control action that can be
applied, and boundary conditions. In general, the entry and landing
problem is a multiphase optimisation problem and each phase can be
characterised by di erent constraints and objectives. This discipline
have been included in the MA and GNC missionisation tool, for the
adaptation of the mission analysis and GNC to a particular mission.
Depending on the particular requirements and features of a specic
mission, the tool is capable to adapt the solution by computing the
optimum trajectory and mission pro le.

Theoretical background overview

Trajectory optimisation is a particular case of an optimal control prob-
lem. A multiphase optimal control problem can be formulated as a col-
lection of P phases as show in Figure 2.6. Commonly, the independent
variable t is de ned in the regiontgp) t tﬁp). For many application
cases the independent variablé is time and the phases are sequen-
tial, such that t,fp) = tgp”). Generally, neither of these assumptions is
required.

The objective of the optimal control problem is to nd the control
u(t)®® and a set of parameters, such as the nal time of each phase
tﬁp), while minimising (or maximising) a cost functionJ and satisfying
a set of constraints. Typically, the constraints of an optimal control
problem are:

Dynamics constraints: A system of ordinary di erential equa-
tions that describes the dynamics of the problem. Typically, this
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system constitutes a set of equality constraints:
x®P(t) = fPxP(t); u®(1); p; 1) (2.1)

where x (P)(t) is the vector of the state variables,u® (t) is the
vector of control variables, and; p is the vector of parameters.

Path Constraints: A set of algebraic equality and inequality
constraints:

g?  gPx®t);u®);p;t) gP (2.2)

Boundary Conditions: A set of constraints that speci es the
conditions at the initial and the nal points:

0= D) uR ) pite’)
P = (P)(X(P)(tgp));U(P)(tgp));p;tgp))

where P is the last phase.

(2.3)

Simple bounds: Upper and lower bounds that limits the state
and control variables.:

X (Lp) X (p) (t) X Elp)

(2.4)
U (Lp) u (p) (t) U EJD)

Figure 2.6: Representation of a multiphase problem [31].
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Linkage Conditions: A set of conditions that guarantee the
continuity of the solution among the phases.

(s) (X (s) (tgs)); u (s) (tgs)); p; t§5)) —
= CHEEV Y ) uE () pitg)

(2.5)

with s=1;:;P L

The general form of the cost function for a multi-phase optimal control
problem is:

Zt(i) )
J= (xP);uP(t);p;t)+ & WO ) u®(t); p; t)dt (2.6)
t

j=1 %

So a generic optimal control problem can be described as:

minimise J = (x®(t);uP(t);p:t)+
w2
+ wO(x P (), uP(t); p; t)dt
j=1 tg)
subject to
x®P(t) = fPxP(t); u®(t);p;1)
o  gPxP;uPipt) o
0= D) uN () pite’)
f = (P)(X(P)(tgp));U(P)(tgp));p;tgp))
OO ) u 1) pit?) =
= GV EEVAFY ) uCD 6 ) pite ™)
X (LP) X(p) (t) X EJP)
U (Lp) u (p) (t) U EJP)
with p=1;::;P
and s=1;:;P 1
2.7)

Solving methodologies

The methods to solve an optimisation problem can be categorised in
indirect and direct methods. The indirect methods attempt to nd
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a minimum by solving the necessary conditions of optimality. They
include Pontryagin's Maximum Principle based methods [32]. On one
hand, indirect methods can achieve very accurate solutions. On the
other hand, they present several drawbacks which make challenging
to nd an optimal solution for complex problem, for instance they re-
quire a priori knowledge of the structure of the optimal solution [30,
31]. Numerical methods that avoid the drawbacks of indirect methods
can be found in the direct optimisation methods, which have been stud-
ied extensively over the last 30 years, and have proved to be powerful
tools for solving practical optimal control problems. The basic idea of
direct optimisation methods is to discretise the control problem, and
then apply Nonlinear Programming (NLP) techniques to the resulting
nite-dimensional optimisation problem.The process of discretising an
optimal control problem is called transcription [32]. Several transcrip-
tion methods exist and the most used ones are [31]:

A

Shooting method: this technique is based on simulation. It
aws of accuracy when the problem is complex and an extremely
good guess solution is not provided. This method can be extended
with a multiple shooting technique, which breaks the problem in
pieces, which tends to be easier to solve than a single shooting
one.

Direct collocation: It works by approximating the state and
control variables using polynomial functions. Commonly used
collocation schemes are the trapezoidal collocation and Hermite-
Simpson collocation. The direct collocation technique is less sen-
sitive to the initial guess with respect to the shooting method,
but it has to managed a larger number of decision variables.

Orthogonal collocation: It is a subset of direct collocation,
that exploits orthogonal polynomials to approximate the state
and control variables.

Pseudospectral discretisation: In pseudospectral discretisa-
tion the entire trajectory is represented by a collection of basis
functions in the time domain. The basis functions need not be
polynomials. Pseudospectral discretisation is also known as spec-
tral collocation. When used to solve a trajectory optimisation
problem whose solution is smooth, a pseudospectral method will
achieve spectral (exponential) convergence. If the trajectory is

25



Chapter 2. Background

not smooth, the convergence is still very fast, faster than Runge-
Kutta methods.

After having applied the transcription to the starting optimal con-
trol problem, the resulting NLP has to be solved. The selection of
an algorithm is strictly related to nature of the problem, i.e. if it is
nonconvex or convex. In one hand, convex problem are relatively easy
to solve because a unique global minimum exists. On the other hand,
nonconvex ones are typically featured by multiple local minimum that
make the problem di cult to be solved. To be clear, a local minimum
Is de ned as a solutionx for which a function f is smaller than at
all other feasible nearby points. A global minimum is instead a point
with the lowest function value among all feasible points in the design
space. For convex problems, local solutions are also global solutions.
Unfortunately, most practical problems are noncovex with numerous
local minima, complicating the search for the global optimum. The
classical algorithms used to solve an optimal control problem, or more
in general an optimisation problem, can be divided in gradient-based
algorithms and global optimisation algorithms.

Local, or gradient-based, optimisation algorithms include a broad
class of techniques with the common feature of exploiting the informa-
tion from the gradient of constraints and objective to compute a search
direction towards feasibility and optimality. This group includes Se-
guential Quadratic Programming (SQP) [33] algorithms and Interior-
Point methods (IPMs) [34].

Global algorithms are based on heuristic and metaheuristic meth-
ods that emulate some natural processes to convergence to the global
optimum. Examples of these algorithms are Genetic Algorithm (GA)
[35] and Particle Swarm Optimisation (PSO) [36].

Both methodologies have advantages and drawbacks. For gradient-
based algorithms, the convergence is a ected by the selection of the
initial starting guess and the optimiser may convergence to a local op-
timum. However, if the gradient can be computed e ciently, the com-
putational cost of these methods may be far less with respect to the
global optimisation. For what concerns global optimisation algorithms,
the information of the gradient and the initial guess are not necessary,
in fact, they rank the solution depending on the constraints violation
and the objective function, and update the solution exploiting a ran-
dom search and by imitating nature-based heuristic methods, starting
from a randomly-de ned initial guess. On the other side, global algo-
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rithms requires larger number of function evaluations, resulting on a
slow convergence, and they are very sensitive to the setting parame-
ters. For these reasons, global and local algorithms are used in synergy
by exploring the domain rst and then re ning the solution.

2.5 Multidisciplinary Design Optimisation

Multidisciplinary Optimisation (MDO) is a vast and diverse research
domain that spans various facets, including strategies for problem de-
composition and formulation, MDO frameworks, and related areas such
as engineering modeling, global and local optimisation, sensitivity anal-
yses, and metamodeling techniques. Due to the extensive scope of this
eld, it is not feasible to provide a comprehensive overview within the
constraints of length limitations, nor is it the primary focus of this dis-
sertation. Nevertheless, this section aims at o ering an overview, with
a particular emphasis on topics closely connected to this research.

The general mathematical formulation of an MDO problem can be
written in this way [37, 38]:

minimise f (X))

with X =[X 1;X 255X n,]"
such that

Di(X ;X i;Yi)=0; i=1;:5Ng
g(X ;X 5:Yi) 0 i=1;:5Ng
X B X X uB

wheref (X ) are the objective functions (in general multiple objec-
tive can be considered)Ny is the number of the disciplines.X is the
vector of design variablesX ; are the design variables for the discipline
i, Y are the output of the ith discipline, while X ; are the coupling
variables. D;(X i; X ;Y ) and g (X i; X j ;Y ) are the state equations
representing the analysis model of the disciplines, and the respective
constraints. The design variables typically have a loweX( g ) and an
upper (X yg) bound.

One crucial aspect to address when implementing MDO is the or-
ganisation of discipline analysis models, and optimisation software in
harmony with the problem formulation, all with the goal of achiev-
ing an optimal design. This procedure is tackled with decomposition
techniques [39]. A multidisciplinary problem can be decomposed in
di erent ways, which imply di erent optimisation architecture. The

(2.8)
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di erent disciplines, in fact, can be either optimised simultaneously
within a unique system or individually [37, 40]. Two primary architec-
tures can be identi ed: single-level MDO and multi-level MDO.

In a single-level MDO architecture, all disciplines and subsystems

are considered simultaneously within a single optimisation framework.
This approach is suitable for problems where interactions between dis-
ciplines are relatively simple, and it allows for a holistic optimisation
of the entire system. It is often more computationally e cient than
multi-level MDO, as it avoids the complexities associated with nested
optimisation loops. Three single-level methods are:

28

Multi Discipline Feasible: The Multi Discipline Feasible (MDF)
method is the most used one. It is also named Nested Analysis
and Design (NAND), Single NAND-NAND" (SNN) and All-
in-One. The architecture of the MDF method is similar to the
one of conventional optimisation problem with a single system.
However, a fundamental distinction in MDF lies in the fact that
the discipline of the classical optimisation problem is replaced
by a complete multidisciplinary analysis. This MDA is executed
at each iteration. Thus, all the subsystems are coupled in an
analysis module that assesses the feasibility of the solution at each
iterative step. Once the MDA is evaluated, the analysis module
output vector is used by the system-level optimiser to compute
the cost function and the constraints. Within this method, the
the optimisation algorithm control only the design variablesX
[39, 37].

Individual Discipline Feasible: The Individual Discipline Feasible
(IDF) formulation allows to avoid to evaluate a complete MDA at
each iterative step of the optimisation process. The primary dis-
tinction between MDF and IDF lies in the role of the optimiser. In
IDF, the optimiser assumes the additional responsibility of coor-
dinating the various subsystems and employs extra variables, the
coupling variables K j ), to facilitate this coordination. In each it-
eration, the individual subsystems are independently feasible, but
the coupling consistency is not guaranteed. This method permits
to break up the original problem into several subsystems. Thus,
additional compatibility constraints are imposed that has to be
satis ed once convergence is met. Consequently, the IDF process
should not be stopped till convergence is reached. This decom-
position method increases the number of optimisation variables
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and constraints, however parallelisation among the disciplines is
possible.

" All-At-Once: in All-At-Once (AAO) neither individual discipline
feasibility nor multidisciplinary feasibility is guaranteed, instead
they have to be satis ed by the optimisation algorithm. This
approach uses the optimisation process to concurrently optimise
the design of the system and to solve the governing equations. It
maintains direct control over the values of all design, state (depen-
dent disciplinary variables), and coupling variables. In AAO, full
disciplinary analyses are bypassed, and the governing equations
serve the purpose of assessing the residuals exclusively. It is the
responsibility of the single-level optimiser to meet these equations
with the help of additional disciplinary compatibility constraints.
Consequently, the AAO method does not ensure any form of feasi-
bility until convergence is achieved, but it o ers the advantage of
skipping time-consuming analyses in favor of much faster residual
evaluations. The AAO is the easiest way to solve MDO problems,
however, for complex subsystems, the number of variables and
constraints to be managed by the optimiser may explode.

Within this research, the MDF method has been employed, espe-
cially due to use of metamodeling technique [38]. However, also the
AAO approach can be used by exploting the Trajectory Optimisation
block, since it can handle parametric optimisation.

On the other hand, multi-level MDO architecture involves a hierar-
chical approach. It divides the system into multiple levels, with each
level optimising a speci c aspect of the design. This approach is es-
pecially useful when dealing with highly complex systems where the
interactions between disciplines are intricate and may require sepa-
rate optimisation e orts. Multi-level MDO typically includes nested
optimisation loops, where higher-level optimisations in uence the pa-
rameters and constraints at lower levels. The simplest example of
multi-level MDO is given by the Collaborative Optmisation(CO) [37,
40].

The choice between single-level and multi-level MDO architectures
depends on the nature of the design problem and the trade-o s between
computational complexity and accuracy. Single-level MDO is more
straightforward and computationally e cient but may not capture all
nuances of the system. Multi-level MDO, while more intricate, provides
a more comprehensive understanding of the design space and can lead
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to improved solutions in highly complex and interconnected systems.

Both single-level and multi-level MDO architectures play a vital role
in the eld of engineering and design, o ering exible tools to tackle a
wide range of optimisation challenges in the quest for more e cient and
innovative solutions. Joaquim R.R.A. Martins [37] provides a survey
of all the architectures in the literature using an uni ed description.

The second crucial aspect of MDO is the optimisation method. The
discussion, in this case, is very similar to the one done for the trajectory
optimisation. The main point here is the selection among a gradient-
based (or local) optimisation algorithm, and global ones. One of the
biggest advantages on using global algorithms is given by the fact that
gradient-based techniques are not well suited to multi-objective opti-
misation. If the problem formulation is extended toNgg; contrasting
criteria, to be concurrently optimised, the typical optimality de nition
based on the objective function value is not applicable, and has to be
replaced by the concept of Pareto-optimality. A solution is said to
be non-dominated or Pareto-optimal, if a given objective cannot be
improved without degradation of any of the others. Commonly, for
multi-objective problems a set of non-dominated optimal solutions ex-
ists, and it is called Pareto front. The objective of optimisation is to
attain a set of solutions that not only closely approximate the actual
Pareto front of the problem but also exhibit a uniform distribution of
solutions across its entire range. Within this thesis, a Multi-Objective
Particle Swarm Optimisation (MOPSOQO) algorithm has been included
in the Missionisation Layer of the tool.

2.5.1 Metamodeling Techniques

As previously mentioned, the computational e ort involved in MDO

is contingent on the chosen MDO architecture and the evaluation of
disciplinary analyses. To mitigate the computational e orts associated
with demanding black-box optimisation problems, techniques known as
Metamodel-based Design Optimisation (MBDO) have been developed.
In this context, the MDO problem is treated as a constrained nonlinear
optimisation problem, with the MDA process being substituted by a
surrogate model.

Within the realm of literature, one can nd various Metamodel-
based MDO methods, categorized into static and dynamic approaches.
In the former, metamodels are generated based on a prede ned set
of samples, while in the latter, metamodels are adaptively re ned
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throughout the optimisation process. It is essential to emphasize that
the predictive accuracy of these metamodels must be veri ed to ensure
the accuracy of the results. Several techniques utilized for creating
these metamodels include:

A

Polynomial response surface method : this method exploits a
multivariate linear regression function to t the simulation model
or the MDA process;

" Radial Basis Functions (RBF) : this approach is an interpola-
tion method based on the function value at the sample points;

Kriging this method uses optimal estimation interpolation tech-
nique by combining a global approximation model and stochastic
process;

Arti cial Neural Networks . this method employs arti cial
neural networks to approximate the nonlinear functions. This
group includes Feed-Forward Neural Networks (FFNN) and Ra-
dial Basis Function Neural Networks (RBFNN);

Multivariate Adaptive Regression Splines (MARS) itis
a regression procedure that automatically models nonlinearities
and interactions through tting functions.

Support Vector Regression (SVR) : this technique is one of
the most popular supervised learning algorithms, which is used
for classi cation and regression problems

These techniques have unique features and the most suitable one
depends on the problem itself. Two criteria that may be taken into
account for the selection of the metamodel method are the accuracy
of the prediction [38], and the computational e ort needed to build
the surrogate model. Within this research, Gaussian Basis Functions
have been employed due to their exibility, and computational e -
ciency. Moreover, depending on the choice of RBF and its parameters,
it can provide global approximation or focus on local behavior, which
is valuable for di erent modeling scenarios.
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"With great power there must also come great responsibility."
Uncle Ben - Spider Man

CHAPTER3

MA and GNC Missionisation Tool

his chapter presents an overview of the MA and GNC mission-

isation tool architecture. The tool has been written inMATLAB

and it has been built by following a modular and structured
approach with the objective to obtain a software which is easy to set
up, maintain, improve over time, and that can be exploited for a broad
variety of cases. The idea behind the software is to have a multidisci-
plinary tool that can be used in di erent stages of the design process
with the level of accuracy and complexity de ned by the user. The de-
velopment of a unique multidisciplinary tool aims at solving complex
multidisciplinary analyses required by the missionisation in an e cient
way. This goal is pursued through a structured organisation of disci-
plines and the 1/0 parameters of each elements of the tool. Moreover,
the modular structure of the tool allows the integration of external
modules, as well as the testing and validation of the single parts.

The chapter describes the High-Level architecture of the tool in Sec-
tion 3.1, explaining the main modules. An overview of the so-called
Missionisation Layer is given in Section 3.1.3. Section 3.2 presents the
Design Structure Matrix (DMS) to synthesise the multidisciplinary
design analysis core of the tool, while Section 3.3 highlights the mod-
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ularity and the exibility of the tool.

3.1 High-Level Architecture of the Tool

Figure 3.1 shows the High-Level architecture of the missionisation tool.
The tool is constituted by three main modules and two submodules.
The three main modules are the User Interface, the MDA core and
the Missionisation Layer, while the submodules are the Post-Process
unit and the auxiliary functions. Each part of the tool has specic
tasks that allows the user to set up the problem, perform the analysis,
display and store the results. The information ow and the functional
breakdown of the tool is reported in Figure 3.2.

3.1.1 User Interface

The User Interface is constituted by the input le and has the objective
to build the problem that the user wants to study. It sets up all the
parameters related to the environment, the mission scenario and the
vehicle. From the User Interface, it is possible to specify all the con-
guration and setting parameters needed by each discipline to perform
the analysis, such as the domain of interest, the discretisation points
and customised function handles. Moreover, the user can de ne the
analyses to be run by setting which disciplines have to be called, and
the tasks of the Missionisation Layer.

The input le is based on a standard and structured organisation of

Figure 3.1: High-Level architecture of the MA and GNC missionisation tool.
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Figure 3.2: Information ow visualisation of the MA and GNC missionisation
tool.

the parameters used to de ne the problem. The objective is to have a
common approach to tackle a general re-entry problem. The user can
de ne either new mission scenario or di erent versions of the same mis-
sion. The organisation of the parameters has been developed in three
levels. The rst level indicates the main category of the parameters
and it can be of three types:

A

Mission: set of parameters used to describe the mission scenario
and the environment;

System: set of variables to characterise the vehicle and its sub-
systems;

Con guration:  set of parameters used to specify the settings of
the tool and each discipline;

Regarding the category of "Mission", the second level is de ned by:

A

Flight Scenario (FS) : it includes the variables to de ne the
mission scenario. This second level is further subdivided into a
third level, which is constituted by these elds:

ENV: parameters for the characterisation of the environment;

BC: variables for the de nition of the boundary conditions,
such as EIP and landing positions;
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ConOps : it de nes the phases of the mission. So far, it has only
one eld:

VMM: parameters to describe the features of the phases of
the mission.

For what concerns the "System" level, the second level is constituted
by:

~

MCI : this eld handles all the parameters for the characterisa-
tion of the mass and geometry of the vehicle. This level has the
following elds:

MASS: variables which specify the mass budget of the vehicle;

GEOM: parameters to de ne the geometry of the vehicle;

INER: speci cation of the inertia of the vehicle;
" ATD : it includes variable for the de nition of the AEDB and the
thermal model. The elds are:

AEDB: de nition of the aerodynamic database;

TDB: de nition of the thermal model;
GNC : it considers the variables of the GNC, such as reference
pro les for the guidance, parameters for the control and the con-
straints of the vehicle. This level has the following elds:

GUID: parameters related to the guidance;

NAV: parameters related to the navigation;

CON: control parameters;

CONS: constraints of the vehicle. It includes also the speci -
cation of the propulsive subsystem if present;

Each variable used for the description of the problem enters in one
of these structures. For instance, the parameter to de ne the Earth
angular speed is given bynission.fs.env.omE .

The parameters included in these two levels are characterized by an
attribute, that can be used by the user to keep track of the variant
parameters for di erent mission versions and specify if a parameter
must be optimised by the Missionisation Layer. The attributes are:

Invariant:  data that never change from mission to mission (for
a speci ed vehicle and environment);
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Variant: Data that can change from mission to mission (for a
speci ed vehicle and environment);

Optimization:  Variables that must be optimised;

For what concerns the "Con guration” level, the second level embeds
the following elds:

A

GEOM : Parameters to set-up the Geometry and Mass tool;
AEDB : Parameters to set-up the Aerodynamic Database tool,
FQA : Parameters to set-up the Flying Qualities Analysis tool;
EC: Parameters to set-up the Entry Corridor tool;

FE : Parameters to set-up the Footprint Evaluation tool;

TO : Parameters to set-up the Trajectory Optimisation tool;

" GNC : Parameters to set-up the GNC tool;

shared: Parameters which are shared by more disciplines;

This scheme has been used to de ne all the inputs of each discipline
embedded in the MDA core. For the disciplines that have customisable
functions (see Section 4.2), the user has to follow the same procedure to
de ne the input parameters. The same discussion is applied whenever
a new discipline is added to the MDA core, or a speci c discipline is
substituted by an user-de ned one.

3.1.2 MDA core

The main module of the software is the MDA core. It comprehends
a minimum set of disciplines to assess the performance required dur-
ing the design of a re-entry mission. Section 4.2 describes in detail
the engineering modelling of the disciplines included, however a brief
overview is given below. The missionisation tool includes:

Geometry and Mass estimation tool (GEOM), which estimates
the reference surface and dry mass of the vehicle from a minimum
set of geometric parameters.

Aerodynamic Database tool (AEDB), which provides a represen-
tative AEDB of the vehicle, if needed.
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Flying Qualities Analysis tool (FQA), which computes the domain
where the vehicle can y in a trimmed and stable con guration;

Entry Corridor Analysis tool (EC), which evaluates the domain
in which the vehicle can y without violating the aerothermal
-mechanical loads.

Footprint Evaluation tool (FE), which computes the feasible range
capability of the vehicle.

Trajectory Optimization tool (TO), which solves single or multi-
phase optimal control problem and computes an end-to-end mis-
sion pro le.

Guidance, Navigation and Control tool (GNC), that allows an
automatic translation of the output of the TO tool in a format
required by external GNC models.

As shown in Figure 3.1, these disciplines are strictly interconnected,
especially in term of input/output relation. The inputs parameters of
a discipline are the outputs of a previous one. The MDA core allows
for carrying out the complex multidisciplinary analyses required by the
MA and GNC missionisation by accounting for the coupling between
the variables and the disciplines within a unique tool.

3.1.3 Missionisation Layer

The Missionisation Layer is the external layer of the tool, that can
exploit the MDA core for several purposes. The analyses that can be
performed range from a single MDA cycle, parametric and preliminary
sensitivity analysis, to a parametric optimisation of both mission and
system parameters speci ed by the user as reported in Section 3.1.1.
The kind of analysis is speci ed in the input le, and the process is
ruled by the Missionisation Driver as shows in Figure 3.2.

Multidisciplinary Design Analysis

The rst kinds of analysis that can be performed with the Missionisa-
tion Layer are the single MDA cycle and the parametric MDA analysis.
The single MDA cycle is used to analyse and design a speci ¢ mission
scenario or di erent versions of the same mission. In this case the input
parameters are scalar and are considered xed by the Missionisation
Layer. The user collects the required data, sets the input le and runs
the simulation.
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The parametric MDA analysis, instead, runs multiple MDA cycles
in a set of prescribed values of the input parameters speci ed by the
user. In this case, it is possible also to apply user-de ned uncertainties
to the parameters. The variation of the values of the inputs can be
both prede ned by the user or randomly generated. The output of
routine are used to create performance maps of the gures of merit,
and perform preliminary sensitivity and correlation analysis, in order
to evaluate the mission capability and performance with respect the
inputs parameters. This application can support the mission design
lifcycle in di erent phases of the design process.

Multisciplinary Design Optimisation within Missionisation

The Missionisation Layer can also perform a parametric optimisation
of both mission and system parameters. This case is similar to the
parametric MDA analysis, but the values of the inputs parameters are
ruled by an optimiser to maximise or minimise a set of gures of merit.
The followed approach is the same of the Multidisciplinary Design Op-
timisation (MDO) [39, 41, 42], but within the missionisation the objec-
tive is to support the mission design process rather than the accurate
de nition of the optimal design of a re-entry vehicle. In particular, the
MDO capability of the Missionisation Layer can be exploited to pursue
the following goals:

Optimal tuning of a set of design mission and system parameters
concerning speci ¢ requirements of a mission scenario. This case
typically applies to the last phases of the design process in order
to adapt the MA and GNC solution to the particular scenario.

Evaluation of the mission performance of di erent concepts with
respect to the design mission and system parameters to help the
user to identify and explore promising regions of the search space
domain during the design process. This approach is followed dur-
ing the early phase of the design to perform trade-o s studies and
to provide robust solutions options in terms of mission analysis
already at this stage.

In both cases, the MDO allows the simultaneous variation of the
design variables by taking into account the connections and the de-
pendencies between the disciplines considered and optimising the de-
sired performance. The Missionisation Layer can manage both single
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objective and multiobjective problems. The capability of the Mission-
isation Layer can be increased in future development, by including
higher- delity disciplines within the MDA cycle.

The basic MDO framework implemented within the Missionisation
Layer follows two approaches. The rst one employs a Multi-Objective
Particle Swarm Optimisation algorithm, while the second method uses
a metamodelling technique to approximate the original problem and
compute the optima. In both cases, the optimisation problem has been
formulated with the Multidisciplinary Feasible (MDF) architecture,
in which the optimiser manages only the "real" design variables and
ensures the multidisciplinary feasibility at each evaluation along the
optimisation process [39, 41, 42, 37].

Multi-Objective Particle Swarm Optimisation

MOPSO, is an extension of the single objective Particle Swarm Opti-
misation (PSO). MOPSO is a population-based stochastic algorithm
that employs the coordinated movement of a swarm of particles [43].
MOPSO is very e cient and e ective in solving multiobjective prob-
lems, and it has been used extensively in the literature in the elds of
spacecraft and launcher design. The working principle of the MOPSO
is equal to the PSO, but employs Pareto-dominance principles to select
the set of non-dominated solutions and build the Pareto Front [43].
Figure 3.3 schematises the PSO algorithm. First, an initial random
set of solutions of the optimisation problem is generated, and the cost
function and the constraints are evaluated. In PSO, each solutioX
is called particle, while the set of solution is the swarm. After having
evaluated the model, the particle personal best positiompbest yi'j‘) and

Figure 3.3: Visualisation of the PSO algorithm.
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the global best position gbest 91-") are selected, and the solutions are
updated with the following equations:
= wvi eyl X + e (9 xif)

k+1 — k k+1
i = Xj TV

V,
(3.1)
X

In Eq.(3.1), vi‘j< is the velocity of the particlei in the dimension
j =1;::n, at the iteration K, xi‘j is the position of the particlei in
the dimensionj at the iteration k. w is the inertia constant, ¢c; and
C, are the cognitive and social acceleration constants, whitg and r,
are random values in the range of [0, 1], with a uniform distribution.
Moreover, the algorithm includes a function that corrects the positions
of the particles that exceed the de ned bounds.

The pbestis the best position that the particlei has visited since
the rst step. gbest instead, is the best position found by any of the
particle so far [39, 36]. This operation is done iteratively till the exit
conditions are met.

During the optimisation process, the MDA cycle has to be evalu-
ated multiple times, in particular N,  Ngen, WhereN; is the number
of the particles andNge, is the number of the generation (or the it-
eration). This may require a large computational time depending on
the evaluation time of a MDA cycle. For these reason, metamodelling
technigues have also been explored within this work.

Metamodelling Technique

The second approach employs a DEIMOS Space proprietary tool called
EDLS/GNC Sizing and Analysis (ESAT) [44], which exploits a meta-
modelling technique to approximate the original problem and to sup-
port trade-o process [38]. It has been successfully used by DEIMOS
for the MDO of EDL systems for Mars and Titan explorations [45,
46]. ESAT is a metamodelling tool that generates performance maps
by evaluating a user-de ned external module seen as a black box.
ESAT calls such external module in a prescribed set of sample points,
and it interpolates the obtained responses with Radial Basis Functions
(RBFs), in order to get predictions of the performances in any point
of the search space domain. Furthermore, ESAT can exploit the meta-
model to solve single or multiobjective problems.

As reported above, ESAT uses Gaussian RBFs to build the surrogate
model. A general RBF metamodel can be formulated as (Eq.(3.2)):
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X
frer (2)= 9= i (iz zijj) (3.2)
i=1
where N is the number of sample points; (jjz zijj) = (r) is
the radial function. In this case, the radial function is given by the
Gaussian shape (r) = e “. !, are the weight coe cients, and c
is the shape parameter, which a ects the conditioning of the problem
[38]. The coe cient vector ! is calculated in this way (Equation 3.3):

I = A ly
y = [y Y2 ]’ 5
(ize  zijj) 0 (iza zni) (3.3)

af
(izn  zai) o0 (ize  zZndi) o

However, in the literature several metamodeling methodologies exist
[38, 47, 48, 49]. Future development of the MA and GNC missionisa-
tion may include di erent metamodeling techniques.

The advantage of this approach is that the number of calls needed
to create the surrogate model is commonly smaller than the one used
by an heuristic methods to converge [38]. Moreover, the evaluation
time of the metamodel (the performance maps) is much lower than
the run time of the external module, in fact the surrogate can be
probed practically in real time on consumer hardware. Nevertheless,
the metamodel accuracy must be veri ed, especially when the problem
has a high number of design variables [38, 47]. It worth highlighting
that the evaluation of the MDA core for both MOPSO and ESAT can
be performed in parallel to save computational time.

3.2 Design Structure Matrix

An essential step in creating a versatile multidisciplinary tool involves
conducting a critical analysis to uncover the interconnections between
the various disciplines comprising the tool. This examination enables
to discern the speci ¢ input parameters required by each discipline to
execute its functions. Additionally, it reveals the interconnectedness
between these disciplines and identi es the existence of any feedback
loops. To facilitate this comprehensive process, various methodologies
can be employed, with one of the most prevalent being the Design
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3.2. Design Structure Matrix

Figure 3.4: Design Structure Matrix of the MDA core of the MA and GNC
missionisation tool with all the disciplines considered.

Structure Matrix (DSM) approach. DSM o ers a powerful means of
visualizing all the disciplines and their interactions in a single, uni ed
diagram, o ering a holistic overview of the multidisciplinary endeavor.
[50]. The DSM shows in a matrix form the following information:

A

Diagonal: disciplines which constitute the MDA cycle;

A

Columns: Input parameters requested by a discipline and Input
variables from other disciplines;

A

Rows: Output parameters of a discipline;

When two disciplines share both inputs and outputs, this creates an
internal loop, necessitating a convergence process to ensure that both
disciplines conduct their analyses in a coherent manner.[44].

Figure 3.4 shows an example of DSM for the MDA core of the mis-
sionisation tool when all the disciplines are considered. In the gure,
C; are the con guration parameters for discipling, P; are the system
and mission parameters (both variant and invariant) for discipling,

X are the optimisation variables for disciplinej, while X; are the
coupling variables, i.e. the outputs of the discipling that are inputs
for disciplinei. Lastly, Y; are the outputs of the disciplingj.

Since the tool can be used for dierent analysis, the considered
disciplines, and so the parameters, modify depending on the analysed
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scenario and the DSM can change. However, Figure 3.4 gives an idea
for a general case.

In this case, the MDA cycle is constituted by the sequential ex-
ecution of geometry and mass, aerodynamic, ying qualities, entry
corridor, landing footprint, trajectory and GNC tuning analyses. The
DSM easily shows the dependencies between the disciplines, for in-
stance the outputs of the GEOM a ect the EC, the FE and the TO,
since the estimated mass and reference surface are used in the models
of these disciplines. Furthermore, it can be noted that between FQA
and EC exists a loop, because the computation of the trim line af-
fects the existence of a feasible entry corridor (Section 4.2). Table 3.1
reports a qualitative de nition of the parameters which enters in the
DSM analysis reported in Figure 3.4X; must be speci ed only if the
optimisation routine is considered within the Missionisation Layer.

3.3 Modularisation of the Tool

As introduced in the previous sections, the MA and GNC missioni-
sation tool has been developed with a layered structure, emphasizing
the separation and modularity of disciplines as much as possible. This
feature simpli es future improvement, such as the embedment of more
complex models and higher- delity disciplines, and maintenance.

The developed multidisciplinary tool exhibits remarkable exibility,
adapting seamlessly to diverse applications and scenarios. Its inherent
versatility empowers users to tailor its functionality to speci c needs,
making it a dynamic solution capable of addressing a wide range of
interdisciplinary challenges. Figures from 3.5 to 3.7 show how the
High-Level architecture of tool modi es depending on the scenarios
analysed within this work (Section 6), reporting, in particular, the
active and inactive disciplines. The tool have been applied to di erent
vehicle classes, such as Lifting Bodies, Winged Re-entry Vehicles, and
Vertical Landing RLV, by considering di erent stages of the mission
design process.
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Table 3.1:

Qualitative de nition of the parameters for the DSM in Figure 3.4.

X are kept void, since they are speci ed only if an MDO routine is taken into

account.
ID Parameters ID Parameters
P, Vehicle class, Aero-mechanical loads, X 1 Slenderness ratio,
Payload mass, Vehicle dimensions Wing aspect ratio
P, | Vehicle class X 14 | Reference surface, Mass
Max and Min ap de ection,
Ps | MRC position, (F‘,)OG position w.r.t. MRC X 15 | Reference surface, Mass
Aerothermal-mechanical loads, Environment
P4 . X 16 | Reference surface, Mass
parameters, Boundary conditions
P Envirgnment parameters, Boundary X 55 | Untrimmed AEDB
conditions
P Environment parameters, Vehicle parameters X o Trimmed AEDB,
Boundary conditions, Number of phases AOA trim line
P, Environment parameters, Vehicle parameters X 3 Trimmed AEDB,
Boundary conditions AOA trim line
Trimmed AEDB,
Ci | Flags X35 | AoA trim line
C, | Flags X 37 | AOA trim line
Cs | AoA, Ma ranges, discretisation points, Flags X 43 | AOA trim line
C,4 | Discretisation points, Guesses, Scaling, Flags | X 45 | Entry corridor bounds
Cs | Discretisation points, Flags X 46 | Entry corridor bounds
Co Functions handles for cost and constraints X 67 | Reference trajectory
Bounds, Nodes number, Guess
c, Functions handles for GNC speci cations Y,
GNC parameters
Dry mass, Reference
X1 |- Y, Surface, Slenderness
and Wing aspect ratios
Trimmed AEDB,
X2 |- Y3 | AoA trim line
X3 |- Y4 Entry corridor bounds
Xa | - Ys Landing footprint
Reference trajectory
X 5 - Y 6 -
Optimised parameters
Xo | - Y, Tuned GNC
parameters
X7 |-
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Figure 3.5: High-Level architecture of the MA and GNC missionisation tool with-
out the GEOM and AEDB disciplines. It is relative to the rst test case (Section
6.1).

Figure 3.6: High-Level architecture of the MA and GNC missionisation tool with-
out the TO and GNC disciplines. It is relative to the second test case (Section
6.2).

Figure 3.7: High-Level architecture of the MA and GNC missionisation tool with-
out the GEOM, AEDB and FE disciplines. It is relative to the third test case
(Section 6.3).
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Do or do not. There is no try
Yoda - The Empire Strikes Back

CHAPTER4

Engineering Modelling

his chapter describes in detail the engineering modelling of the

system models and the disciplines included in the MDA. The

design of an end-to-end mission and the evaluation of the per-
formance, in the context of re-entry vehicles, fall into the atmospheric
ight area. In particular, the missionisation of an autonomous re-entry
vehicle is a multidisciplinary problem which requires the evaluation of
several performance through multiple analyses. For these reasons, a
minimum set of disciplines has been considered, dealing with aerody-
namics, ying qualities, and mission analysis, such as entry corridor
and range capabilities de nition, and trajectory optimisation. It worth
mentioning that the missionisation tool can handles a wide range of re-
entry vehicles, from conventional lifting bodies to more novel vertical
landing reusable launch vehicles.

4.1 System Models

This section reports a brief description of some dynamics and environ-
mental models included in the libraries of the MA and GNC missioni-
sation tool.
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4.1.1 Equations of Motion

The equations of motion used for the development of the disciplines and
the test cases considers the vehicle as a point mass on an Earth Cen-
tered Earth Fixed (ECEF) reference frame with 3 DoF. The dynamic
equations reported below are expressed both in spherical coordinates
and Cartesian coordinates. Moreover, the independent variable can be
either time or energy. The mathematical formulation is di erent, but
they are perfectly equivalent from a physical view point. The de nition
with respect to energy has been used for the development of the EC
and FE tools. For a deeper explanation the reader can see [51, 12, 52].
These equations can be adapted to di erent planets by changing the
corresponding parameters. Hereafter the following notation is used, if
not di erently speci ed: boldface italic letters denote vectors inR",
lightface italic letters indicate scalar parameters.

3DoF equations of motion in rotating spherical Earth with spherical
coordinates

The motion of an unpowered vehicle in a planetary atmosphere with
spherical coordinates is described by the following set of equations [12,
51]:

h=Vsin
_Vcos sin
- r cos
_Vcos cos
B r
VL= D gsin +!2Zrcos (sin cos +
Ccos sin cos )
L cos V g
= + — =
- \Y
I 2y : :
+ Tcos (cos cos +sin sin cos )

cos +2!gcos sin + (4.1)

_ Lsin
~ Vcos

2! g(tan cos cos sin )+

2
LEr

V cos

\Y .
+ ?cos sin tan +

+ sin cos sin
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4.1. System Models

In this case, the state isx = [h; ;;V;; ] 2 RS, constituted
by the altitude (while the radial distance isr = h + Rg), longitude,
latitude, co-rotating velocity modulus, FPA, and heading angle.
is 0 when the vehicle points the local north. is the bank angle,
and typically it is the control variable with the AoA, for unpowered
vehicles. In some problems, it could be useful to exploit the bank-
rate as control variables. In this particular case, the state vector is
augmented with the bank-angle, and_= u is added to the system
of di erential equations [52]. g is the gravity acceleration, while! ¢ is
the Earth angular rate, equal t07:292115 10 ° rad/s. L and D are
respectively the lift and drag accelerations, given by:

1 C
L - V ZSref 7L

21 g (4.2)
D = > V 28, HD

This representation of the equations of motion allows for an easy in-
terpretation of the results, due to the direct physical representation of
the variables. On the other hand, this formulation may lead to singu-
larities due to the presence of trigonometric terms at the denominator.
For this reason, some problems requires a formulation with Cartesian
coordinates.

3DoF equations of motion in rotating spherical Earth with spherical
coordinates w.r.t. specic energy

The previous model exploits the time as independent variables. A good
alternative is to use the specic energy [52]:

_ V2 E
" 2 h+Rg
By di erentiating this equation (Eqg.(4.3)) with respect to time, it is
possible to change the independent variable:

E (4.3)

E=VV+ o (4.4)
By noting that for spherical Earthr = h, g= e=r?, and neglecting
the term relative to the centripetal acceleration, if the equations oh
and \L are substituted in Eq.(4.4), the following result is obtained:

E= DV gVsin +r—§VSin = DV (4.5)
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Therefore, by combining Eq.(4.5) with Eq.(4.1), the following system of
di erential equations of motion expressed w.r.t. the energy is obtained
[53]:

sin
ho= ——
D
o_ COs sin
Dr cos
o_ COs cos
Dr
1 g 2y :
Vo= =+ =_sin —E_cos (sin cos +
vV DV DV (
cos sin cos )
L cos 1 g cos 2l e . (4.6)
0_
= — - = —— ——cos sin +
DV 2 r Ve D DV
I 2y : .
cos (cos cos +sin sin cos
0= L sin 1 cos sin tan +
~ DVZ2cos Dr
+ 2!—E(tan Cos cos  sin )+
DV
I 2y . .
——=——sin cos sin
DV 2cos

This set of equations have been used to develop the estimation of the
range capabilities within the Footprint Evaluation tool, by following
the method reported in [54, 55]. However, within this work, Eq.(4.6)
are augmented with correction terms for the presence of the Earth
rotation as proposed in [52]. No practical di erence has been observed
in the results and from the computational perspective between the two
formulations.

3DoF equations of motion in rotating spherical Earth with Cartesian
coordinates

In a similar fashion, Eq.(4.7) describes the motion of a powered vehicle
in planetary atmosphere with Cartesian coordinates [51, 56]:
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r=v
V k Tamb
VvV = D—+L—+ u+a
79 P T ik m ro! (4.7)
m - Tnom
=

In this case, the state vector is given byx =[r;v;m]" 2 R". Tam
is the thrust considering for the ambient pressure losselS, and L are
the aerodynamic drag and lift accelerationsu is the control variable,
and it de nes the thrust orientation during the powered phases and the
vehicle attitude during the unpowered phases. In a 3DoF model, the
attitude can be, indeed, linked to the AoA by = arccos( u jjzjj).
The vector k is dened by k = (= u) g and it gives the
direction of the lift. I, is the speci ¢ impulse.a,y is the term relative
to the acceleration due to the Earth rotation, and it is given bya,y =

2 g V e (g r),where ¢ =[0;0;!g]".

The system of equations (Eq.(4.7)) includes the thrust because,

within this work, this model has been used in the context of the pow-

ered landing of a reusable space launcher.

4.1.2 Environmental Models

This section characterises the environmental models included in the
MA and GNC missionisation tool. In particular, it focuses on the
gravity and atmospheric models.

Gravity Model

In rst approximation, the gravity model can be formulated as a pure
central eld generated by a point with the mass of the Earth, or more
in general the mass of the considered planet, located in its center. This
model yields to a gravitational acceleration expressed by:

o= = (4.8)

In Cartesian coordinates EQq.(4.8) modi es in this way:

ry= —>o=r 4.9

9= i (4.9)
By focusing on the Earth, a more accurate model of the Earth
gravity eld can be obtained by modelling the mass distribution of the
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Earth. For example, the oblateness of the Earth can be mathematically
considered with the introduction of the zonal harmonid, [51, 52, 57].

o )= S+ 2Rz 3sit ) (@10)

In the equations above, the value of the standard gravitation parameter
for Earth is g = 3:986004418 10" m3/s?2, Earth radius is Rg =
6378137 10° m, while J, = 1:0826271 10 3. However, for the
mission scenarios analysed in this work, no signi cant di erence have
been observed. It worth mentioning that due to the modular nature of
the proposed tool, any kind of gravity model can be added for future
applications, as well as the high- delity WGS84 [58].

Atmospheric Model

Within the MA and GNC two atmospheric model have been imple-
mented:

Exponential atmosphere:  This model estimates the density
and the pressure variation with the altitude through an exponen-
tial law:

(h)y= o7

h (4.11)

P(h) = Poer
where o and P, are the atmospheric density and pressure at sea
level, and respectively equal to 1.225 kg/fand 101325 PaH is
the scale height, which can assume di erent values (typically 7200
m [12]). This pro le is an approximation that is used from O to
86 km, while for higher altitude it may introduce non-negligible
errors [12, 58].

" US Standard 76: This model has been developed by the U.S.
Committee on Extension to the Standard Atmosphere [59]. The
model assumes of dry, perfect gas mixture, and all the quantities
depend only on the altitude. The density is modelled exploiting
the ideal gas law:

— PM mol

(4.12)
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where the pressur® and the temperatureT are de ned by several
functions depending on the considered altitude regimeM o Iis
the mean molecular weight of the gas mixture, whil&g,s is the
universal gas constant equal to 8.314462 JKmol 1. The model
estimates the properties of the atmosphere up to 1000 km from
the surface according to [59].

The user, however, can provide a custom atmospheric model de-
pending on the scenario to be analysed, as for instance the high- delity
NRLMSISE-00 [60] or a model of a di erent planet.

Other aspects

Further models considered within the implementation of the missioni-
sation tool and included in the analysed scenarios are:

Mechanical loads: they consider the dynamic pressure, the axial
and lateral accelerations load for the structural limitations of the
re-entry vehicle and the payload, if present. The approach for the
computation follows well-known equations [12, 52, 57].

Thermal load: it consists in the heat ux at the stagnation point
(typically the nose), which, for instance, it can be modelled with
the Chapman's Equation [12].

Propulsion:  The thrust is modelled using the general rocket
equations considering the expansion losses due to the change in
the atmospheric pressure with the altitude [61].

The methodology used to compute these factors can vary in com-
plexity from simple equations, as the ones cited here, to higher -
delity models. Depending on the analysis and simulation to be per-
formed, more complex representation of the phenomena can be inte-
grated, thank to the modular structure of the developed missionisation
tool.

4.2 Modelling of the Disciplines

This section describes the engineering models of the disciplines in-
cluded in the missionisation tool. This set of disciplines constitutes
the core of the MDA framework of the tool. Each discipline has been
modelled by a mathematical model to numerically assess a particular
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Table 4.1: Horus-2B parameters and boundary conditions.

Parameter Value Unit
Mass (landing con guration) 26029 kg
L/D @ hypersonic regime 1.8 -
Sref 110 m?
L ret 23 m
Rnose 0.8 m
Max dynamic pressure 10 kPa
Max heat ux 530 KW/m ?
Max axial load 25 -
Flap de ection range [-20, 30]

Initial altitude 100 km
Initial velocity 7.5 km/s

performance. This chapter reports a characterisation of the main as-
sumptions, by highlighting the key parameters of each discipline, and
qualitatively describing the inputs and the outputs. Moreover, an ex-
ample of analysis is shown for each discipline.

Depending on the analysis that the user wants to perform, the disci-
plines can be called either independently or in sequence. As described
in Section 3.3, the tool is highly modular, allowing the user to only se-
lect the required disciplines. The complete MDA cycle takes 10 seconds
on average on an Inte®Core™ i7-8750H processor.

The plots reported in this chapter have been computed by using
Horus-2B as a baseline [62]. Its parameters and shape are stated in 4.1
and 4.1.

4.2.1 Geometry and Mass estimation tool

The geometry and mass estimation tool (GEOM) aims at obtaining
a representative estimation of the reference surface and the entry dry

Figure 4.1: Horus-2B vehicle.
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mass of the re-entry vehicle with respect to a minimum set of geometric
parameters. The variables are the longitudinal length ¢ , the fuselage
diameter Diam, the mean aerodynamic chora, and the wing spanb,

if the vehicle is equipped with wings. At this stage, the GEOM tool
does not address neither the design of complex shape nor the internal
layout of the vehicle. The GEOM tool is, in fact, used when the
missionisation aims at evaluating the mission capabilities of a re-entry
vehicle with respect to the vehicle design and mission parameters. In
this case, a parametric analysis concerning the geometry of di erent re-
entry vehicles can be performed, in order to evaluate trade-o studies
during the early phases of the design process.

When the missionisation process is performed in the latest phases
of the mission design, the geometry and the mass of the vehicle are
known and they are considered input parameters. In this case, the
GEOM tool is not required.

The geometry and mass estimation (GEOM) tool is based on the
following assumptions:

The re-entry vehicles are subdivided into four main categories:
Winged Re-entry Vehicles, Winged Lifting Body, Lifting Body
and Vertical Landing Reusable Launcher Vehicle. The tool deals
with the rst three categories. A detailed explanation about the
categories is given in Section 2.2.1.

The reference surface is computed by considering a simpli ed ge-
ometry of the vehicle, and it refers to the planform area.

The position of the Center of Gravity and the Moment Reference
Center coincides.

The mass of the vehicle is estimated through a simpli ed version
of the Hypersonic Aerospace Sizing Analysis (HASA) tool docu-
mented by [63] and [64], which employs empirical equations.

The estimation of the dry mass of the vehicle is based on the four
geometrical parameters reported abové (s , Diam, c and b), and the
maximum aerodynamic and mechanical loads that the vehicle can with-
stands. The mass of the vehicle is computed by subdividing in parts
and subsystems the re-entry vehicle. The mass of each component is
estimated through empirical relations. Table 4.2 reports the equations
for each considered element. In the equationpoay, Stus;tot » @aNd Viys
are the length, the total surface and the volume of the fuselageuyn
is the dynamic pressure limit, whileSsys.pottom IS the bottom fuselage
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surface. ny is the load factor limit, b, ¢, , -, are the wing span,
the mean chord, the wing taper ratio, and the mid-chord sweep angle,
while S, is the wing surface. tps is the area density parameters, a
typical value is 3Ib/ft?. Ceq is a constant depending on the vehicle cat-
egory. The relations use imperial units and not Sl units [63]. The dry
mass is the sum of each components by also considering the payload
mass.

r‘ndry = mpay+ Miys + Mrps+ My + mgear+ mhyd+ Mgy + Mg+ mprop+ meq
(4.13)
As it can be noted, the equations in Table 4.2 are function of the
dry mass itself, thus the nal solution is to be solved iteratively. Table
4.3 summarises the input and output parameters for this discipline.

4.2.2 Aerodynamic Database tool

The Aerodynamic Database tool (AEDB) aims at estimating the longi-
tudinal aerodynamic coe cients and building a representative database

Table 4.2: Empirical relations for the mass estimation of the components.

Component Equation
mass 20 1 2

=Y == 0715 d
Fuselage (Mius ) 0:38194@%'4 Qleste, 5

0:35 Luzody
0:52 0:47 0:4 rou
i Mary Nx : : : + . :
Wings (mw) 0:3313 e Y = 0:3 + ﬁ
TPS (mTPS) TPS (SW + Sfus;bottom )
Landing gear 1:124
0:00916mg;
(Mgear ) ay
Hydraulic ) 11Swagn 03 .
(Miya ) 2:64 ——poan (Lpogy + b)%°
Avionics 0:361
66:37mg;

(mav) dry
Electrical
subsystem 1:167m3S Loy
(mer)
Propulsive
subsystem 0:2mgry
(Mprop )
Auxiliary
equipment Ceq +0:01(mgy  0:0000003)
(Meq)
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Table 4.3: Input and Output parameters for the Geometry and Mass estimation
tool.

Parameter Description
Input L; Diam;b;c geometric parameters

Cdyn » Nx Sizing constraints

Vehicle Category | Flag for the class of the re-entry vehicle
Output Sref Reference surface of the vehicle

m Estimated mass of the vehicle

Lief =Diam Fineness ratio

b/c Modi ed wing aspect ratio

for a wide range of re-entry vehicles. The tool can be used for the pre-
liminary phases of the design of a re-entry mission. As for the GEOM
tool, the AEDB tool is called when the missionisation objective is to
evaluate the mission capabilities of a re-entry vehicle with respect to
the vehicle design and mission parameters, during the early phases
of the design process. The tool, in fact, does not address an accu-
rate aerodynamic characterisation, but computes a low- delity aero-
dynamic database of the considered vehicle. When the MA and GNC
missionisation is carried out during the last phases of the mission de-
sign, in fact, a high- delity aerodynamic database of the vehicle must
be provided as an input of the missionisation tool, and the AEDB tool
is not considered.

The estimation of the aerodynamic coe cients of the vehicle with
the proposed AEDB tool is performed instantaneously, and it elimi-
nates the computational burden of the classical methods [65, 66]. This
feature makes this tool suitable for MDA-MDO application, when mul-
tiple evaluation has to be performed. The aerodynamic coe cients,
C.(M;; ), Co(M;; )andC,(M;; ), of aspecic vehicle is ob-
tained by evaluating the stored interpolating functions in the desired
geometrical parameters. The AEDB tool includes, in fact, an aerody-
namic database constituted by a set of interpolating functions obtained
from several datasets of aerodynamic coe cients. These functions de-
pends on a prede ned set of geometrical parameters, which are the
neness ratio (L. =Diam) and the modi ed wing-aspect ratio =9,
if the vehicle is equipped with wings or ns. The AEDB tool stores ve
interpolating functions, thus the same number of classes of re-entry ve-
hicles considered in this work (Section 2.2.1) [21]. Figure 4.2 illustrates
the creation of the interpolating function for one category [67].

The datasets used to obtain the interpolating functions have been
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computed by varying a prescribed number of geometrical parameters
with two tools provided by the German Aerospace Center (DLR). The
tools are CAC and HOTSOSE. The former is a DATCOM-like method
[66], and it has been used for a Mach regint [0.25, 4]. The latter
is based on shock expansion methods [68], and it has been employed
for the estimation of the coe cients at hypersonic regime (Mach > 5).
The Moment Reference Frame (MRC) has been assumed to coincide
with the CoG of the vehicle.

Figure 4.3 shows the block diagram of the AEDB tool, while Table
4.4 summarizes the input and outputs parameters.

Figure 4.2: High-Level concept for the creation of one interpolating function, P;
are the geometrical parameters.

Figure 4.3: Block Diagram of the AEDB Tool, p; and p, are the geometrical
parameters.

Table 4.4: Input and Output parameters for the Aerodynamic Database tool.

Parameter Description
Input L et =Diam Fineness ration

b=c Modi ed wing aspect ratio

Vehicle Category | Flag for the class of the re-entry vehicle
Output Co(M;; ) Untrimmed drag coe cient

CL(M;; ) Untrimmed lift coe cient

Cn(M;; ) Pitching moment coe cient
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4.2.3 Flying Quality Analysis tool

The Flying Quality Analysis (FQA) tool evaluates the trim and static
longitudinal stability of the vehicle [69, 13]. The FQA provides the sta-
bility domain, so-called Angle-of-Attack entry corridor, and assesses
the thickness of this corridor. Moreover, the tool automatically se-
lects the Angle-of-Attack trim line within the stability domain. The
implementation of the tool assumes the following:

" The tool is limited to the longitudinal trim and static stability
analysis;

" The aerodynamic of the control surfaces is described by an unique
equivalent aerodynamic surface;

" The aerodynamic surface de ection is limited by user's de ne
bounds;

A

The tool deals with unpowered phases of the mission. It can
handle WRV, WLB, LB, and VL-RLV;

The tool evaluates the required de ection of the aerodynamic sur-
face to trim the vehicle, if exists, and then computes the static longi-
tudinal stability of the found equilibrium point, in the specied -Ma
domain. The FQA tool takes in input the untrimmed AEDB of the
vehicle, which can be provided by the user or given by the AEDB tool.

Generally, the AEDB of a vehicle is given by a function of the Mach
number, Angle-of-Attack, and the control surface:

Co(M;; )= Cpgean(M; )+ Co(M;; )
CL(M;; )=CLgean(M; )+ CL(M;; ) (4.14)
Cn(M;; )= Chncgean(M; )+ Cu(M;; )

The trim condition is given when the torques acting on the vehicles
are zero, so when:

9 " forgiven [M; ] suchthat C,(M;; ") =0; (4.15)

As introduced above, only the longitudinal equilibrium is studied,
thus the analysis is done by considering the pitching moment coe -
cient. When Eq.(4.15) cannot be found in specic ight conditions,
the vehicle is said to be untrimmable. Equation (4.15) is valid when
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CoG and the MRC coincide. If this is not the case, Equation (4.15)
must be modi ed, by considering the transport terms:

Cn(M;; )= Chgean(M; )+ Cu(M;; )
+Cu(M; 5 ) X+Ca(M;; ) Z

where Cy and C, are the normal and axial force coe cients de ned
by:

(4.16)

Ca(M; ; )= Cpcos C. sin
Cnv(M;; )= Cpsin + C_cos
The additional torques generated by the transport terms are ruled

by the de nition of X and Z, so the di erence between the CoG
and the MRC position in x-axis and z-axis:

(4.17)

X = XLCoG Xo
ref;F QA
4.18
L Zoos 2o (4.18)
I—ref;FQA

Equation (4.16) and (4.18) refer to the reference frame and conven-
tions reported in Figure 4.4.L e.r0a IS the reference dimension of the
vehicle: typically is the longitudinal length or the diameter. It can be
noted, that the CoG position directly in uence the trimmability and
the stability of the vehicle.

Once a trim point has been found, the static longitudinal stability
Is evaluated by computing the static margin. If the static margin
Is positive, then the vehicle is ying in a longitudinal static stable
con guration. The static margin is given by Equation (4.19):

C..
SM = m (4.19)

IS Ol

where C(,. stands for the derivative of the considered aerodynamic
coe cient with respect to the AoA.

After having computed the static margin, it is possible to charac-
terise the AoA entry corridor, i. e. the domain in which the AoA trim
line can be de ned. This procedure is done automatically by the FQA
tool. The selection is ruled by a logic in order to set the AoA close
to the maximum C_ condition. This selection allows having a wider
entry corridor at a high Mach number, due to the minimisation of the

60



4.2. Modelling of the Disciplines

Figure 4.4. Conventions for angles, forces and torques considered within the FQA
tool. In this case, the CoG and the MRC coincide.

heat ux at the stagnation point [12]. Di erent logic may be consid-
ered for future development. The trim line is crucial for the design of
the entry corridor (Section 4.2.4), and thus the achievement of a safe
re-entry trajectory for the aerothermal-mechanical view point. Figure
4.5 reports an example of the FQA performed for Horus-2B. The anal-
ysis have been carried out by considering a Mach of [0, 25], and an
AoA between 0 and 45. The range of de ection of the body ap is
limited from -20 to 30 . In particular, Figure 4.5a shows the required
body ap de ection to trim the vehicle. Figure 4.5b displays the static
margin computed in the trim point. The void area is the region where
the trim in unfeasible. The stability domain is delimitated by the red
lines. Below, Figure 4.5¢c shows the resulting AoA entry corridor (in
green) and the selected trim line in blue. In this case, a feasible AoA
entry corridor can be de ned for the whole Mach-AoA domain.

Table 4.5 gives an overview of the inputs and outputs parameters
of the FQA tool.

4.2.4 Entry Corridor tool

The Entry Corridor (EC) tool computes the domain where the vehicle
can y without violating the aerothermal-mechanical loads bounds.
This analysis is crucial for designing safe re-entry trajectories. The
entry corridor is commonly obtained in the drag-energy space, by us-
ing the energy as the independent variable, or in the altitude-velocity
space, with the velocity as the independent variable.
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Table 4.5: Input and Output parameters for the Flying Qualities Analysis tool.

Parameter Description

Input AoA, Mach Flight conditions domain
min »  max Aerodynamic surface de ection limits
Xcog s Zcog CoG position displacement concerning the MRC
Cp,CL,Cn Untrimmed AEDB
L ref:F oA Reference length

Output trim Required trim de ection
SM Static Margin

AOA entry corridor
AOA line

CD;trim y cL;trim

Trimmability and stability domain
Selected AoA trim line
Trimmed AEDB

(a) Required trim de ection in the Mach-AoA

domain.

(b) Static margin in the Mach AoA domain.

(c) AoA Entry Corridor.

Figure 4.5: Example of FQA outputs obtained using Horus-2B as baseline.
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For the implementation of this discipline, the following assumptions
have been considered [12, 70, 71]:

The tool estimates the entry corridor for the aerodynamic phase
of the ight. In this phase, the vehicle is unpowered,;

The speci c energy is the independent variable (as said previously,
the co-rotating velocity can be used alternatively);

A

The aerothermal-mechanical constraints included within the anal-
ysis are:

Maximum dynamic pressure;

Maximum heat ux at stagnation point (Chapman's Equation
[12]);
Maximum acceleration load;

Equilibrium glide or terminal velocity for vehicle characterised
by low L/D;

When the energy is used as the independent variable, a set of sys-
tems of nonlinear equations can be solved to obtain the bounds of the
entry corridor. The energy and the aerothermal-mechanical constraints
equations, in fact, are both functions of the velocity and the altitude.
Therefore, it is possible to solve the system of nonlinear equations,
to get the altitude and velocity couple which generates the maximum
value of a speci c constraint, by xing a prescribed level of speci c en-
ergy. The system of nonlinear equations is constituted by the equation
of the speci c energy, expressed by Eq. (4.20), and the equation of the
considered aerothermal-mechanical constraint. The equations of the
loads are reported in Table 4.6, while the speci c energy is given by:

V2

2 h+Rg

where E is the prescribed energy value. It is possible to add other
aerothermal-mechanical loads, for instance the heat ux at the ap,
by including in the analysis a new system of nonlinear equations with
the correspondent constraints formulation.

One of the drawbacks of the equilibrium glide condition presented
Is given by the fact that it does not take into account the terms rela-
tive to the planet rotation, and the Flight-Path-Angle (FPA) and the
bank angle are considered equal to zero. An alternative approach for

= E (4.20)
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the formulation of the equilibrium glide drag pro le consists of the im-
plementation of a Flight-Path-Angle tracking control. The feedback
controller schedules the bank angle to track a reference FPA. The ref-
erence pro le can be considered relatively small to increase the range
capabilities. This approach accounts for planet rotation and reduces
phugoid motion. The feedback controller is given by the rst-order
dynamics [54]:

( ?ef (b-l' K ( ref ref) =0 (4-21)

Replacing Eq.(4.21) in the dynamic equation of motion of the FPA
written in function of the specic energy, the following equation is
obtained:

L V2 cos
BCOS = 49 e T"‘ VA(C K ( ref ) ) (422)
whereC = %,’—g)cos sin includes the Coriolis e ect due to planet

rotation, while K is a constant for the feedback control [54]. After
propagating the equations of motion with Eq. 4.22, it is possible to get
the equilibrium glide trajectory and the associated drag pro le.

Once the four systems of equations given by EQ.(4.20), and the
equations in Table 4.6 are solved, the altitude and velocity pro les
associated to the constraints are obtained. From these pro les, the
corresponding drag accelerations are recovered:

Sref

1
D gdyn;max = > (hqdyn)qudanCD(M (Ngdyn; Vadyn); ) (4.23)

1 S
theat;max = é (hqheat)quheat%CD(M (hqheat;vqheat); ) (4-24)

Table 4.6: Equations of the aerothermal-mechanical loads considered within the
tool.

Aerothermal-mechanical load Equation
Dynamic pressure [12, 71] 2 (MV?Z = aynmax
Heat ux at the stagnation point [12] pchﬁp (V31 = Gueatmax
Acceleration load [12, 71] LZO*DZ = Ngimax

- . . 2
Equilibrium glide [12, 71] (g(h) h‘j—rp) L=0
Terminal velocity [12] W =D
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1 S

Dgmax = 5 (hg)Vg~-Co (M (ng; V): ) (4.25)
1 S

Deg= 5 (heg)vegf?ech(M (heg; Veg); ) (4.26)

where hy and V, are the altitude and velocity pro les associated to
the di erent loads. The lower bound of the the entry corridor in drag-
energy space is de ned by the equilibrium glide drag pro le, while
the upper bound is given by the minimum value for each energy level
between the aerothermal-mechanical constraints:

Up:ec = MIN( D gdyn:max ; D gheat:max ; D g:max ) (4.27)

Figure 4.6a shows the entry corridor for Horus-2B with the param-
eters and entry conditions speci ed in Table 4.1 from EIP to TAEM.

Table 4.7 summarizes the input and output parameters associated
to this discipline.

The shape of the entry corridor is directly a ected by the AoA
line selected within the FQA. If the provided AoA trim line generates
an unfeasible entry corridor, the missionitation tool enters in a loop
constituted by the FQA tool and the Entry Corridor tool in order to
evaluate di erent AoA line de ned within the feasible AoA corridor.
In the case in which a feasible solution is not found, the simulation is
stopped. This result conveys that the vehicle is not able to perform
a safe re-entry and a feasible trajectory cannot be de ned with the
considered conditions (boundary conditions and loads limits).

Table 4.7: Input and Output parameters for the Entry Corridor tool.

Parameter Description
Input AoA pro le Angle-of-Attack trim line
Coarim » CLtiim Trimmed AEDB
Vehicle dimensions Reference dimensions of the vehicles $er )
m Mass of the vehicle
Loads limits Max values of the aerothermal-mechanical loads
Environment Environmental properties of the planet
EIP and TAEM point Boundary Conditions
Output Entry Corridor bounds Upper and lower feasible drag pro les
AOA trim line Updated trim line if the corridor is closed
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(@) Entry Corridor analysis for Horus-2B. (b) FPA entry corridor analysis for Horus-2B.

Figure 4.6: Example of Entry Corridor outputs obtained using Horus-2B as base-
line.

Initial Flight-Path-Angle computation

A secondary functionality of the Entry Corridor tool is the automatic
computation of the initial FPA, if the user does not set up it in the
input le. For speci c entry conditions (velocity and altitude), the tool
evaluates the minimum FPA to avoid skipping trajectories (grey-zone
in Figure 4.6b), and the maximum FPA to avoid trajectories that would
violate the aerothermal-mechanical constraints. The tool will use this
information for the computation of the equilibrium glide pro le, and
for the estimation of the range capabilities.

Figure 4.6b shows an example of this kind of analysis for Horus-2B.
The gure reports the feasible range of FPA for the prescribed velocity.
The analysis also yields the initial FPA and velocity sensitivity for the
entry corridor performance. The yellow band has the scope to highlight
the feasible region. This analysis can be also carried out by considering
di erent variables, for instance the ballistic coe cient.

4.2.5 Footprint Evaluation tool

The Footprint Evaluation (FE) tool predicts the feasible range capa-
bility of a re-entry vehicle, or landing footprint, from any initial entry
condition [12, 54, 72]. The tool estimates the reachable area without
violating the aerothermal-mechanical constraints de ned by the En-
try Corridor tool. The landing footprint conveys critical information
about the mission planning and the selection of possible landing sites.
The range capability area is de ned by the set of boundary points
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of the landing footprint. In the literature, the boundary points are
computed in two ways. The rst approach involves solving a family of
optimal trajectories to obtain the optimal bank pro le which maximise
the crossrange for a given downrange [72]. This way allows to include
several constraints in the prediction of the end points. On the other
hand, the e cient computation of a set of optimal control problem is

a burdensome task. The second approach entails the simulation of a
group of re-entry trajectories at di erent constant bank angles. This
method results to be more e cient with respect the rst one, however,
due to the fact that the aerothermal-mechanical constraints are not
imposed, some of the trajectory may not be feasible.

Within this work, the estimation of the landing footprint has been
done by implementing an algorithm based on the Evolved Acceleration
Guidance Logic (EAGLE) [54, 55]. The EAGLE planner designs fea-
sible trajectories, accounting the vehicle aerothermal-mechanical loads
and Coriolis e ects. This approach predicts the range capabilities of
the vehicle by involving the results obtained within the Entry Corri-
dor tool. Each trajectory is generated through a prescribed drag pro le
de ned within the entry corridor bounds and in the function of the spe-
cic energy E. From the drag pro le, a bank pro le is scheduled to
propagate the equations of motion and obtain the trajectory. From
di erent drag pro les, di erent trajectories are given.

A step forward with respect to the state-of-the-art was to generalise
the algorithm concerning the atmospheric model. In this work, any
kind of atmospheric model can be used, while in [54] an exponential
model was assumed.

The drag pro les are computed by interpolating the lower bound
drag prole (Dmin) and the upper bound drag prole Omax)- The
former yields the far-edge end point of the footprint, while the latter
provides the near-edge end point. The interpolation is de ned by Eq.
(4.28):

D(E)= Dmax(E) + ¢(Dmin (E) Dmax(E)) (4.28)

with ¢ 2 [0,1]. Figure 4.7a shows an examples of feasible drag pro les
used to get the footprint. The minimum and maximum drag pro le
have been modi ed in order to match the boundary conditions. More-
over, the maximum drag pro le has been smoothed in the proximity
of the point in which the active constraint changes.

The bank pro les have been scheduled with the following equations
(Egs. 4.29, 4.30), obtained by di erentiating two time the drag with
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respect to the speci c energy [52, 55]:

L _ 1 00
5cos = B(D a) (4.29)
where
Cy, CZ2 0,C, 2. 4D
= — =)+ — 4+ — —
a=D(g )t Pl *va) va
1w o9, V° 29 n 4.30
_ 1. n 2
b= Gz(— V2

C isthe term related to the rotation of the planet [54], while the terms
(:)° and (:)*°stands for a di erentiation with respect to the specic
energy. The complete derivation of these terms is available in [52, 71].
h is the derivative of the density with respect to the altitude. Thus,
the bank angle is:
. 1 D 00
] j=cos (E(D a)) (4.31)
Equation 4.31 computes only the magnitude of the bank angle, thus
the right and the left-edge of the footprint are estimated by banking
always positive and negative during the ight (Figure 4.7b). To de ne
the farthest and the nearest edges, reversal bank maneuvers may be
considered, however, for preliminary analysis, a possible simpli cation
Is to assume them as straight lines. Figure 4.8 shows an example where
bank reversal manoeuvres are either considered or not. It can be noted,
that in rst approximation the results are very similar, especially for
what it concerns the de nition of the far-edge. Moreover, the FE tool
can evaluate the minimum distance between the footprint bound and
the prescribed target point, if it has been speci ed in the input le.

4.2.6 Trajectory Optimisation tool

The Trajectory Optimisation (TO) tool is a modular framework devel-
oped for the mission analysis of any re-entry vehicle, even if it can also
manage optimal control problem of di erent nature. The TO tool can
handle both single phase and multiphase problem (Section 2.4), and
trajectory optimisation with parameters. Moreover, the TO tool can
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(a) Interpolated drag pro les. (b) Bank pro les associated to the drag pro-
les.

Figure 4.7: Example of drag pro les and scheduled bank angle pro les for Horus-
2B, with initial condition reported in Table 4.1, 0 latitude, O longitude and
60 heading angle.

be used whenever the missionisation process requires the de nition of
a new reference trajectory.

The tool has been developed IMATLARNA it is constituted by two
major components: the user interface, and the optimisation core. The
rst one is used to set up the user-inputs to describe the problem to
be analysed. This operation can be directly done within the input le
of the missionisation tool. It is based on a set of structure and user
customisableMATLARInctions in which the physical problem is de ned
with the required constraints and cost function. The optimisation core
performs two operation. Firstly it automatically translates the problem
de ned in the input le into the form required by the optimisation

Table 4.8: Input and Output parameters for the Footprint Evaluation tool.

Parameter Description
Input AOA pro le Angle-of-Attack trim line
Co:trim  » CLtrim Trimmed AEDB
Vehicle dimensions Reference dimensions of the vehicles $rer )
m Mass of the vehicle
Entry Corridor bounds Upper and lower feasible drag pro les
Environment Environmental properties of the planet
EIP and Final point Boundary Conditions
Target point Longitude and Latitude of the target
Output Range capabilities Feasible footprint domain
Bank pro les Scheduled bank pro les
Min distance Footprint-target min. distance
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(a) Estimated range capability without con- (b) Estimated range capability with bank re-
sidering bank reversals. D mjn in the min- versals. Dmin in the minimum distance
imum distance between the target point between the target point and the footprint
and the footprint edge. edge

(c) 3D representation of the range capability.

Figure 4.8: Example of range capability estimation for Horus-2B, with initial
condition reported in Table 4.1, 0 latitude, O longitude and 60 heading angle.

algorithm. Then, it passes the problem and the decision vector to the
optimisation algorithm which solves the problem. The output of the

TO tool is a structure array containing the optimised variables and

parameters.

The TO tool employs local algorithm to solve the trajectory op-
timisation problem [30, 31, 32]. The original continuous problem is
transformed into a nite problem with K nodes through a direct tran-
scription method. In particular, the Hermite-Simpson scheme has been
implemented, even if in future work, di erent collocation methods may
be included [73]. Then, the obtained NLP is solved by using a Sequen-
tial Quadratic Programming (SQP) algorithm [74] available inMATLAB
toolbox within fmincon [75].
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The decision vector of the trajectory optimisation problem typically
includes the following variables:

The state nodes:fx(lp); :::;x(Np)g, forp=1;::;P;
~ The control nodes:fu{”;::;;uPg, for p=1;::;P;

* The nal time of each phaset!” for p=1;::;P;

Additional parameters may be added to the optimisation vector if
required. The number of the nodesN can be di erent between the
phases.

4.2.7 GNC tool

The GNC tool is an user customisable framework to include a GNC
model within the missionisation process. The models of the GNC sys-
tem commonly includes hardware and software which are dependent
on the re-entry vehicle itself and the mission to be performed. The im-
plementation of a general fully functional GNC may result into a hard
task. For this reason, the GNC tool allows to interface external GNC
models depending on the analysed case. This operation is done by two
user-de ned functions. The rst one is used to de ne the parameters
needed by the external GNC model, while the second function trans-
lates the outputs of the other disciplines in a format readable by the
GNC. In the context of re-entry vehicles, typically, the outputs needed
by a classical GNC model are the pro les of the reference trajectory
computed by the TO tool, and the AoA trim line obtained by the FQA
tool. More novel GNC appraoches, such as the optimal on-board guid-
ance [26, 71, 76, 77], may require only the reference pro les for the
generation of the guess solution to initialise the process.

Figure 4.9 shows an example of translation process performed by the
GNC tool. In this example, the GNC module requires the drag-energy
pro le, obtained from the TO tool, and the AoA trim line, computed
in the FQA tool. The GNC tool ts the discrete pro les with a cubic
spline in a set of breakpoints. The selection of the breakpoints is
automatically performed by the tool in order to minimise the RMSE.
Figures 4.9a and 4.9b report the reference data points, the selected
breakpoints and the obtained splines. Moreover, the gures shows
the residuals between the interpolated splines and the reference data
points. Figures 4.9c and 4.9d display the convergence of the RMSE
during the selection of the breakpoints. For both cases the obtained
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splines are featured by a low RMSE and coe cient of determination

R? equal to 1, meaning that the reference pro les are well replicated
by the splines.

(a) Drag-energy reference pro le (blue circles) (b) AoA-Mach reference pro le (blue circles)

tted by the GNC tool. The selection of the tted by the GNC tool. The selection of
tting point (red dots) is performed auto- the tting points (red dots) is performed
matically to minimise the RMSE. automatically to minimise the RMSE

(c) RMSE convergence for the translation of (d) RMSE convergence for the translation of
the drag-energy pro le. the AoA-Mach pro le.

Figure 4.9: Example of tting of the reference pro les performed by the GNC tool.
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"Okay, Houston ... we've had a problem here"
Jack Swigert - Apollo 13

CHAPTER 5

Validation

he objective of this chapter is to report the validation process

followed during the development of the missionisation tool. The

validation has the goal to check that the code achieves its pur-
pose. Due to the extension of the work, the chapter shows the valida-
tion of the disciplines, while the tests performed for the environmental
models and equations of motion are not reported.

The chapter is organised as follow: Section 5.1 gives an overview
of the validation process for the GEOM, AEDB, FQA, EC, and FE
tool. In Section 5.2, a preliminary analysis regarding the error propa-
gation is performed, while Section 5.3 reports the validation of the TO
tool considering the results of the RETALT(Retro Propulsion Assisted
Landing Technologies) project [78].

5.1 \Validation of the Disciplines

The general logic followed during the validation process was to compare
the results obtained with the developed tool against the data available
in the literature and the outcomes achieved with validated models.

For what concerns the GNC tool, its validation is not reported here
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because it depends on the speci c analysed case. However, the example
reported in Section 4.2.7 exploits validatetMATLARBInctions, so further
validation actions are not needed. Moreover, the inspection of the
RMSE underscores the process was executed with success.

51.1 GEOM tool validation

The GEOM tool has been validated by computing the mass of several
re-entry vehicles and comparing the results with the data available
in the literature [13, 15]. Table 5.1 reports the comparison and the
associated errors. The overall model accuracy is10%, which is the
typical value for semi-empirical methods and the preliminary design
[63]. For this reason, the results have been deemed acceptable within
this research. Only X34 has a larger error, but it was designed for
sub-orbital applications to demonstrate key technologies for RLV, so a
bigger error was expected.

Regarding the reference surface, it was di cult to gather data. The
GEOM tool, in fact, estimates the planform area of the vehicle, how-
ever in the literature it is often not speci ed whether the reference
surface is the planform area or not. Moreover, the GEOM tool com-
putes a reference area following the guidelines used for the development
of the AEDB tool, so a di erence with respect to the literature value
is expected. For instance, the reference area computed for the Space
Shuttle is 309 n¥, while in the literature is 249 nt. For Hermes, the
values are 74.4 rhand 84.7 n%, while for Horus-2B, the estimation is
108.2 nt, while the real value is 110 ra [13, 15, 62]. For the purpose
of the research, these value have been considered acceptable, since the
proposed GEOM tool shall be used only during the early phase of the
design process for preliminary analysis.

Table 5.1: Mass estimation assessment.

Name Category Mass tool [kg] Mass Reference [kg] Error %
Space Shuttle WRV 75662 78000 -3.00
Horus-2B WRV 27397 26029 5.25
Hopper WRV 63680 60200 5.78
X34 WRV 10363 8200 26.38
Hermes WRV 15945 15000 6.30
X38 WLB 11430 10659 7.23
HL-20 WLB 11881 10884 9.16
IXV LB 2002 1900 5.37
Space Rider LB 2714 2900 -6.41
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5.1.2 AEDB tool validation

The AEDB tool has been validated by comparing the aerodynamic
coe cients estimated with the AEDB tool against the data available
in literature computed with CFD and wind tunnel tests [13, 15, 62].

Figure 5.1 shows the literature data (full line) and the ones obtained
with the proposed tool (dashed lines) for Horus-2B. Figure 5.2, instead,
reports the aerodynamic coe cients for X38. Generally speaking, the
discrepancies increase by reducing the Mach number and by increasing
the angle-of-attack. This behavior is due to the fact that when the
angle-of-attack is increased nonlinear phenomena arise. These phe-
nomena are di cult to predict with semi-empirical approach and sim-
pli ed methods, resulting in a loss of accuracy. Moreover, by decreasing
the Mach number, the aerodynamic performance is more sensitive to
every feature of the geometry of the vehicle [79]. The same discussion
can be done for the prediction of the pitching moment coe cient (here
not reported). The AEDB tool can only approximate the trends for
hypersonic regime, and the more complex the geometry is, the more
the discrepancies increase. However, the trends of the drag and lift co-
e cients are catch and the L/D is estimated with good performance.
This behavior is due to the fact that simpli ed methods exploits the
lift for the estimation of the drag (lift-induced drag), so given a specic
geometry, an overestimation (or underestimation) of the lift creates an
overestimation (or underestimation) of the drag, resulting to a miti-
gation of the L/D error. This also reduces the impact on the mission
performance.

It is reminded that the scope of the AEDB tool is to have a represen-
tative estimation of the aerodynamic coe cients in real-time (less than
1 second in a consumer hardware) to be used for preliminary analysis,
and not an accurate aerodynamics characterisation of the vehicle, thus
the achieved accuracy has been deemed acceptable for this research.
Future work will address an improvement of this discipline.

5.1.3 FQA tool validation

The FQA tool has been validated by performing the FQA of past
projects. Here, the FQA of RETALT have been reported and compared
against the results obtained by the DEIMOS validated tool [25, 80].
The analyses have been carried out with a high- delity aerodynamic
database of RETALT obtained from a dataset provided by DLR [81,
82, 83].
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(a) Lift coe cient. (b) Lift coe cient. (c) Lift to drag ratio.

Figure 5.1: Aerodynamic coe cients with =0 for the Horus-2B. The full lines
are the literature data, while the dashed lines are the pro les computed with the
AEDB tool.

(a) Lift coe cient. (b) Lift coe cient. (c) Lift to drag ratio.

Figure 5.2: Aerodynamic coe cients width =20 for the X38. The full lines
are the literature data, while the dashed lines are the pro les computed with the
AEDB tool.

Figure 5.3 shows the comparison of the outcomes. Due to a di erent
convention used within the FQA tool and the RETALT consortium,
the AoA is de ned with a di erence of 180. Moreover, the accessible
dataset is limited to +10 of AoA, so the results have been compared
till this value (red box in Figures 5.3c and 5.3d). The reference cases
are available in [25, 84].

The visual comparison of Figures 5.3a and 5.3c shows very similar
results for the analysed case. The n de ections required for the trim
are practically the same for each AoA-Ma couple. Moreover, both
gures detects an untrimmable area in the region around =4 and
A0A=10 . The same discussion can be done for the evaluation of
the AoA Entry Corridor, by looking Figures 5.3b and 5.3d. The only
di erence is given by an unstable area around AoA=10at M =0.9
obtained with the FQA tool. This discrepancy can be dictated by the
assumption done for the creation of the aerodynamic database from
the dataset.
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5.1. Validation of the Disciplines

(a) RETALT trim analysis with FQA tool. (b) RETALT AoA corridor with FQA tool.
(c) RETALT reference trim analysis [25]. (d) RETALT reference AoA corridor anal-
ysis [25].

Figure 5.3: Comparison of FQA results obtained with the FQA tool with respect
to the reference (red boxes).

5.1.4 EC tool validation

The EC tool has been validated by comparing the entry corridor in
the drag-energy domain of the spaceplane Horus-2B obtained with the
proposed tool and the outcomes reported in [71].

For the evaluation of the validation tests, it has been considered
the mission scenario reported in [71]. Table 4.1 reports Horus-2B the
geometric features and peak loads, while the boundary conditions have
been changed such that the initial conditions are given byg,p =122
km, Veip = 74355 m/s, and gp = 1:43. The terminal conditions,
instead, arehtpaem = 25 km and Mtaem = 2:5. Figures 5.4 shows
the comparison between the two entry corridor. The results (Figures
5.4a and 5.4b) are visually very similar and there are not signi cant
di erences.
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