TECNICO
LISBOA

Concurrent Trajectory Optimization and Aircraft Design for
the Air Cargo Challenge 2022 Competition

Nuno Miguel Bento de Matos

Thesis to obtain the Master of Science Degree in

Aerospace Engineering

Supervisor: Prof. André Calado Marta

Examination Committee

Chairperson: Prof. Filipe Szolnoky Ramos Pinto Cunha
Supervisor: Prof. André Calado Marta
Member of the Committee: Prof. Alexandra Bento Moutinho

December 2021






To my family and friends.






Acknowledgments

Firstly, | want to thank Instituto Superior Técnico for all the good memories and teachings that shaped
my vision of the world and made me always sought for higher levels of knowledge.

A special thanks to Prof. André Marta who was always present in aiding and guiding my journey of
producing this thesis.

Also, | want to express my gratitude for all of the Olissipo Air Team members whom will forever have
a special place in my heart. They showed me that only together a world can go strong.

Finally, | want to thank my parents and brother for the continuous support and dedication that always
motivated me to push through my own limitations. An additionally thank you to my girlfriend who helped
and supported me overgrow my barriers and continue to pursue my objectives.

To all my friends who helped me succeed in this journey, thank you for your support and may we

keep developing this journey forward.



vi



Resumo

Nesta tese, foi desenvolvida uma ferramenta de otimizagao de projeto de aeronave aeroestrutural
acoplado com trajetéria para a competicao Air Cargo Challenge 2022 para a obtengao de um pro-
jeto conceptual 6timo. A ferramenta desenvolvida usa o OpenAeroStruct, um otimizador aeroestrutural
de baixa fidelidade que integra o método "vortex-lattice method” como modelo aerodinamico e um ele-
mento treliga, viga e torcao de 1D para o modelo estrutural. Foi adicionado um médulo de otimizagao de
trajetéria com a opgao de métodos de interpolacao b-spline para aumento da eficiéncia do otimizador.
Foram também adicionados dois modelos de propulsdo para determinar a resposta propulsiva da aeron-
ave a uma entrada de controlo. A ferramenta tem a possibilidade de controlar a geometria da aeronave
(asa e dimensionamento da cauda) e variaveis de estado e controlo (acelerador e incidéncia do estabi-
lizador), juntamente com prevencao de falhas estruturais.

Usando algoritmos de gradiente, a competicdo Air Cargo Challenge foi estudada usando dois métodos:
otimizagao de pontuacao individual e otimizagao de pontuagao global. Mostra-se que a carga carregada
€ de extrema importancia, juntamente com a escolha da trajetéria e as condicoes de equilibrio da aeron-
ave durante o voo. Adicionalmente, a geometria 6tima da aeronave € deduzida.

O método de interpolagao b-spline para a otimizagcao de trajetéria revelou-se promissora com uma
diminuigdo no tempo computacional de 43%, obtendo, também, uma melhor resposta por parte do
otimizador. Os modelos propulsivos mostraram a importancia de representar com precisao o compor-

tamento de um sistema.

Palavras-chave: Otimizacéao de trajetoria, Projeto aeroestrutural, Otimizagao multidisciplinar,

Eficiéncia de otimizagao, Air Cargo Challenge
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Abstract

In this work, a coupled aerostructural aircraft design and trajectory optimization framework is devel-
oped for the Air Cargo Challenge 2022 competition to ultimately achieve the optimal conceptual design
decisions. It is based on the OpenAeroStruct framework, a low-fidelity aero-structural optimizer that
uses the vortex-lattice method for the aerodynamic solver and a 1D truss, beam and torsional finite el-
ement for the structural solver. Additional capabilities were developed, namely a trajectory optimization
module using a collocation method, with the option of using b-spline interpolation methods to increase
optimizer efficiency. Two different propulsive models were also added to accurately determine the air-
craft propulsive response to control input. The framework controls both aircraft geometry (wing planform
and tail sizing) as well as the trajectory control (throttle and stabilizer incidence) and state variables,
while successfully preventing structural failure.

Using gradient-based algorithms, the Air Cargo Challenge competition was studied using two meth-
ods: single score optimization and global score optimization. Optimal conceptual tendencies were ob-
served and analysed. Single optimization revealed individual parts (climb, distance and payload) optimal
results. Global optimization showed that cargo carried is of the utmost importance along with the trajec-
tory choice and the trimmed conditions of the aircraft in each flight segment. Furthermore, wing and tail
surface area relation was deduced along with optimal wing planform surface area.

Trajectory optimization b-spline interpolation efficiency method revealed promising with a decrease
in computational time of 43% and a better optimizer response overall. The propulsive models showed

the importance of accurately representing a system’s behaviour.

Keywords: Trajectory optimization, Aerostructural design, Multidisciplinary design optimization,

Optimization efficiency, Air Cargo Challenge
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Chapter 1

Introduction

1.1 Motivation

Nature is the ultimate path for the optimal life and through its existence it always tried to improve and
adapt to every scenario, being alive for millions of years. Humans, being part of Nature, are no different.
We always thrived to achieve the best solution for every problem, being it agriculture, travelling, hunting
or every other field as a way to simplify and adapt our lives to build a better and stronger society.

Engineering is the source of most problem solutions nowadays, specially on aircraft design, where
rigorous and complex systems are involved. Aircraft design is the search for the best solution for any air
vehicle problem, which, in its foundation, is an optimization problem with hundreds of design variables
and highly complex systems. It makes a lot of sense to study and optimize some areas of this vast
engineering subject that ultimately provides better assets for future designs.

Three major subjects of optimization study are aerodynamics, structures and trajectory, which have
many ramifications of their own. The aerodynamics field allows for the study of the best geometry
in every component that is subjected to the air flow and in contact with it. This field allows for the
optimization of primarily drag and lift while guaranteeing stability of the whole aircraft. Structures subject
is the search for the lightest reliable structure possible, being its optimization highly focused on mass
reduction and highly constrained by manufacture processes. Finally, trajectory optimization searches for
the best trajectory possible for the mission at hand which usually (not done in this work) tends to fuel
burn minimization.

It is apparent that any of these three subjects is a vast field of research and alone can bring ex-
traordinary improvements in aircraft design. However, more interesting than using these fields alone is
coupling them into one global aircraft design optimization in which the final solution is better than any of
the three alone. This introduces MDAO (Multi-disciplinary Design Analysis and Optimization) which is a
growing topic in engineering in recent years.

Being able to use all three fields and apply them together into the search of the optimal solution is
the Nature’s way of finding and selecting the best species in every aspect of survival. MDAO in aircraft

design has the possibility to revolutionize the aircraft design methodology.



1.2 Topic Overview

In this work, three major fields in aircraft design are studied and applied into one final solution through
optimization: Design (Aerodynamics and Structures), Trajectory and MDAO. This section presents a brief

overview of these fields and the recent paths each has taken towards the future.

1.2.1 Aircraft Design

Aircraft design, as a discipline of finding air vehicle solutions, started long ago with several failure
designs (da Vinci's omithoper for example) but it only successfully found its attention boost with the
Wright bothers after their first successful flight in 1903 where the first "strut-and-wire biplanes” created
an “era that covers the general period from 1903 to 1930” [1]. Since that very first proof that heavier-
than-air vehicles were possible, aircraft’s designs have been growing exponentially with time, being more
and more designs being tested and experimented every year.

This subject consists of finding a reliable solution to an air vehicle problem, where all areas of design
must be accounted for (structures, control, aerodynamics, etc.). Historically, the design is done by
multiple teams, where each team has the responsibility to study and create a solution in a specific field
that respects the constrains given by the problem itself and the other team’s needs. The final result is a
hierarchy design solution constructed by every team’s solution individually, which is not the best solution
in a multi-disciplinary field as the one studied in this work.

In this work the fields of aerodynamics and structures are used and analysed in a coupled manner.
Aero-Structural design optimizations tend to find the most efficient wing but also the most structurally
reliable as well. Many articles [2-5] have studied this path of aircraft design and concluded that the
strong coupling from both disciplines prove useful the usage of aerostructural design analysis tools. The
reason these coupled optimizations are very useful is because they simultaneously optimize both fields
for specific objectives that would be very difficult to achieve using sequential optimizations. Optimizing
the aerodynamics of a wing and then its structure is not the same as optimizing both simultaneously.

Figure 1.1 shows the difference in both designs in a Lift distribution optimization.

12 T ——
I :EH;H_
L / T
E sl \
4 .y
. Aerodynamic optimum -
(elliptical distribution) ,__,,/
o4l -~

Aero—structural optimum
{maximum range)

o 1 1 1 1 1 1 1
o o1 oz 0z os (2] =13 T o= 03

Spanwise coordinate, yb

Figure 1.1: Difference between aerodynamic and aerostructural optimum lift distribution [4].

Methodologies on design take many forms but typically an aircraft design follows three usual phases



[6]: Conceptual Design, Preliminary Design and Detail Design. The first gives an overview of the aircraft
to be designed based on the overall specifications and constrains needed, giving "the overall shape,
size, weight and performance” [6]. So, the conceptual design lays the draft of what the aircraft should
look like, being generally supported by low fidelity analysis and studies. Then, preliminary design entails
the further investigation of the design and a higher fidelity study approach where the geometry, structure
and control aspects of the aircraft begin to be more formally defined. ”At the end of the preliminary
design phase the airplane configuration is frozen and precisely defined” [6]. Finally the Detail Design
phase concludes the aircraft by defining the connection elements between structures and every other
small detail left for the construction of the vehicle. Also, notice that, following Raymer [6] statements,
”if major changes were demanded during the preliminary phase, the conceptual design process would
have been seriously flawed to begin with”. Thus, this work’s purpose is to search for the optimal overall
characteristics for the ACC 2022 best aircraft - conceptual design - and ultimately find the optimal starting

point for the aircraft’s preliminary and detail design configurations.

1.2.2 Trajectory Optimization

Trajectory optimization studies the aircraft’s flight pattern and mission profile as a way to find the best
trajectory possible for the aircraft that increases the overall performance based on the metrics chosen
for the problem. Typically, aircraft trajectory optimizations are conducted to minimize fuel consumptions
but it can also be used to, in vigilance missions, to improve data collection [7] and search efficiency [8],
or to improve long endurance missions [9].

There are two major trajectory optimizations methods, indirect and direct. Both work with numerical
integration methods differing in the way these are executed (more details in Sec. 2.5). This work focus
around the direct collocation method which is an implicit direct trajectory optimization based methodol-
0gy.

Several approaches to aircraft trajectory analysis and optimization are multi-point based, meaning
the trajectory is divided into several different flight segments and each segment is analysed individually.
Such examples of this approach can be seen in the works of Liem et al. [10], where several flight
conditions are considered to achieve a more robust design. However, although this approach optimizes
for different flight segment conditions (trajectory) of the aircraft it does not consider the behaviour of
the segments as a whole, which is the ultimate purpose of this work. Figure 1.2 shows the typical
different flight segments of an aircraft flight profile: take-off, climb, cruise, loiter, descent and landing.
This work will focus on a single multi-segment trajectory optimization considering the take-off, climb
and cruise segments while respecting the flight’s continuity. A simplified trajectory optimization scheme

methodology as used in this work is presented in fig 1.3.

1.2.3 Multidisciplinary Design Optimization

Multidisciplinary Design Optimization (MDO) is a design optimization approach that couples different

disciplines in the finding of the best solution for a given objective. OpenMDAO [12] is one framework



Figure 1.2: Typical aircraft misson profile [11].
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Figure 1.3: Simplified diagram of the trajecory optimization scheme used in this thesis.

that tackles this problem. The current work uses as basis the OpenMDAO scheme that allows for both
multidisciplinary design analysis and optimization.

The multidisciplinary analysis (MDA) scheme allows different types of processes - sequential or paral-
lel - that involves every discipline implemented and converges to a solution that satisfies simultaneously
every discipline.

The MDO framework component changes design variables and respects constraints in order to
achieve, through iterations of MDA, the optimal solution for the problem, using either gradient and non-
gradient methods.

Several works have been conducted with MDO approaches in the aircraft field. A good example is
[13], where a morphing wing is analysed in a multidisciplinary manner to investigate its benefits; or [14]
that searches for a tow-steered composite wing structure optimization.

Additionally, these types of frameworks can be used with either low fidelity - [15] - or high fidelity - [14]
- computational methods, proving its wide range of applicability and usage. This thesis, as a conceptual

design approach, will use low-fidelity methods that are described in Chap. 2.

1.3 Air Cargo Challenge 2022

The Air Cargo Challenge (ACC) is a student’s competition where the objective lays in the develop-
ment of a radio controlled (RC) airplane with several design constrains and different mission goals.

Since the very first occurrence of this competition, founded in 2003 at Instituto Superior Técnico,
the goal was highly linked to the payload carried by the aircraft. Early competitions where scored

based mostly on the payload carried by the aircraft, being the trajectory evaluation almost non-existing.



Throughout the years, the competition has been evolving to a more general purpose mission where both
payload and trajectory take an important place in the score’s formula. For the 2022 edition the mission
purpose is to carry as many blood bags as possible as further as possible [16]. The ACC 2022 focuses
on three distinct trajectory phases - take-off, climb and cruise, all of which are accounted for with the
same weight in the final score.

Aircraft’s in this event must follow a set of regulations that change each year’s edition but typically
consist of small fixed wing aircraft with 2 to 5m wing span, depending on the regulations. A typical ACC
aircraft can be seen in Figure 1.4 where the aircraft designed by the team of Instituto Superior Técnico
(Olissipo Air Team) for the ACC 2019 edition is shown.

Figure 1.4: Olissipo Air Team’s aircraft for the ACC 2019 competition.

Typically the aircraft is limited in its size by a geometric restriction, batteries used and the propulsion
system. As a way to normalize and create a fair competition, this event has always one major restriction
- the electrical motor and propeller used are the same for all teams, which limits the maximum thrust.
This way, the design and construction main purpose is to optimize all the mission goals’ requirements
without changing the propulsion system. For the ACC 2022, this involves maximizing lift for take-off and
speed for cruise while actively reducing the overall weight of the aircraft. Knowing this, it is obvious
to assume that an aero-structural optimization is a must if one’s purpose it to achieve the best possible
solution. However, since the cruise and climb are involved as part of the score’s evaluation, the trajectory
chosen for the aircraft plays an important role that should not be ignored. For this reason, a trajectory
coupled and aero-structural optimization is a must for the pursue of the optimal solution. This pursuit is

the purpose of this thesis.

1.4 Objectives and Deliverables

This work has two main purposes - create a useful framework to be used in ACC competitions (more
specifically ACC 2022) and contribute to the development of trajectory coupled MDAO efficiency and

results improvements.



As mentioned, this thesis uses an OpenMDAO based aerostructural framework following the work
of [15] where both propulsion and trajectory models are implemented. Additionally, several design vari-
ables, constraints and performance metrics are added to the system to more rigorously represent the
problem at hand.

The objectives of this work include:

» Develop and implement a propulsion model representative of the usual electrical motors used in

ACC competitions;

» Develop an efficient trajectory optimization based method that allows for reliable solutions at low

computational cost;

» Define adequate conditions and metrics to define the ACC 2022 competition aircraft, its constraints

and its behaviour;

» Perform coupled aircraft design and trajectory optimization to achieve an improved conceptual

design and compare with the already designed aircraft by team Olissipo Air Team;

» Understand the competition’s scoring scheme by comparing single score (distance, height or pay-

load) with global score optimizations;

The contribution of this work will be the trajectory efficiency improvement analysis study and all the
code developed that consists of the ACC framework created, which will allow for a growth in design
efficiency for future ACC competitions. The major deliverable is the developed coupled aero-structural
design and trajectory optimization framework that can be used in future ACC competitions by allowing

simple performance metrics, variables or constraints to be added and implemented.

1.5 Thesis Outline

Chapter 2 introduces the theoretical overview used to explore the four five subjects used along this
thesis - MDO, aerodynamics, structures, propulsion and trajectory.

The models used to create the developed framework are explored in Chap. 3. It describes the ef-
ficient trajectory optimization model implemented, two different propulsive model implementations con-
sidering constant power and battery decay, and all the competition related models incorporated.

In Chap. 4, the framework developed is detailed and its functioning is broken down. Additionally, a
framework verification is conducted where a mesh study is conducted and the framework’s results are
analysed.

The final results are presented in Chap. 5. It starts with the problem formulation and then each
single score segment is evaluated and a global optimization study is conducted. Additionally, both the
efficient trajectory optimization model implemented and the propulsive system model possibilities results
are explored.

Lastly, the work’s achievements are summarized in Chap. 6, where suggestions for future develop-

ments are presented.



Chapter 2

Theoretical Overview

This chapter contains an overview of the different disciplines used in this work. It intends to briefly
explore and explain the theory behind the created framework.

It is divided in five sections, each refering to a specific discipline: Multidisciplinary Optimization ex-
plains the concepts and more specifically the models used in this work; Computational Fluid Dynamics
introduces the aerodynamic computational models used; Computational Structural Mechanics explores
the OpenAeroStruct's wingbox structural computational model; Electric Propulsive System briefly de-
scribed the general electrical system used in the aircraft covered by this work; and Trajectory Optimiza-
tion Methods intends to explore the different possible methods and explain further the model approached

in this work.

2.1 Multidisciplinary Optimization

As described in [17] Multidisciplinary Optimization, or MDO, can be described as a collection of
mathematical techniques for multi-variable optimization in which the optimization clearly crosses disci-
plinary boundaries simultaneously. A common example in aircraft design is the coupled aerodynamic
and structural optimization. Such example can be found in the works of Abdelkader Benaouali [18] or
Giulio Molinari [19] where the strong coupling between structural and aerodynamic performance of the
wing is used in favour of an MDO optimization scheme.

An MDO problem can be posed as a standard non-linear programming problem where one must
find the set of design variables that optimize a given objective subjected to certain constraints [20]. The
complexity of this method results from the discipline analyses and their coupling management. An MDO
formulation not only depends on the design variables but also on the analysis of the different disciplines
of the problem, meaning the discipline analysis is interdependent - one analysis requires as input the
output of other analysis. MDO are a formal setting for managing this interdependence in the design
process [21].

Using the same terminology as [20], MDO can be built with different types of "architectures” - Mono-

lithic and Distributed. Monolithic architectures cast its problems as a single optimization problem, while



Distributed decompose the optimization problem into hierarchical optimization sub-problems.

For this thesis, a Multidisciplinary Feasible (MDF) monolithic architecture is used which has the ad-
vantages of being, when compared to other monolithic architectures, the smallest optimization problem,
where only the design variables, objective function and constraints are controlled directly by the optimizer
[20].

Figure 2.1 depicts an MDF architecture example approach for three disciplines in the form of an
extended design structure matrix (XDSM) diagram [22]. This architecture is defined in this example
with steps from 0 to 7 and three typical groups: Optimization, MDA and Functions. Step 0 starts the
optimization with the set of design variables z(°) that flow into the MDA (steps 1 to 5) segment together
with the coupling variables y(%). In this step each analysis group produces a new set of coupling variables
that is introduced iteratively into the next analysis group. Note that horizontal lines in this scheme present
outputs and vertical lines represent inputs. After a full MDA iteration the new set of coupling variables
y; are used for the next MDA iteration until a certain convergence criteria is met in the process. With
the MDA converged, the variables = and y are used to calculate the objective and constraint functions
(step 6). These are introduced into the optimizer group (step 7). Here the set of variables x are changed
according to the algorithm used and a new cycle of the optimizer begins. If the optimizer’s stopping

criteria is met, the set of optimal variables x* and y* are defined.
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Figure 2.1: MDF architecture diagram with a Gauss-Seidel multidisciplinary analysis [20].

Typically a Gauss-Seidel fixed point iteration (as presented in Fig. 2.2) or a Newton-based method
[23] is used to converge the MDA segment. As explained before, this process uses a full MDA conver-
gence in each optimization iteration step, producing a set of converged coupling variables that together
with the design variables deduce the objective and constraint functions values. This process ensures
that each optimization iteration is "multidisciplinary feasible” since each iteration point guarantees the
feasibility of the iteration’s solution achieved. This detail ensures that, even if the optimizer ends prema-

turely, the solution achieved is a physically realizable design point [24]. However, this does not mean the



solution respects its constraint functions [20].
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Figure 2.2: Gauss-Seidel fixed point iteration method schematic [25].

2.2 Computational Fluid Dynamics

Aerodynamics studies the body-fluid interactions and their products. In aircraft design this usually
translates to the determination of lift and drag of every component of the aircraft.

For an aerodynamic analysis, one can choose between high or low fidelity methods. Both have
their advantageous and disadvantages: high fidelity methods usually tend to produce results that predict
the physical interactions more accurately but are highly dependable on computational resources; and
low fidelity methods are more computationally efficient but produce less accurate solutions. A trade-off
must always be sought and the method to be chosen depends on the problem presented. Taking as
example the work of Mohammad Zadeh and Sayadi [26], an efficient multi-fidelity modelled is built to
reduce computational costs, where both high fidelity models and low fidelity models are combined with
meta-models as a way to reliably improve efficiency. Another example are surrogate based models [27]
that approximate a high-fidelity result data into fitting functions to create a more efficient design space
search.

In optimization frameworks and when considering many fields of study and analysis simultaneously
it is advantageous to use low fidelity and highly efficient methods since these usual involve several itera-
tions and analyses to search for the optimum solution. This reason led for the creation of OpenAeroStruct
(OAS), which is highly efficient using the low fidelity Vortex Latice Method (VLM). This method is further

explored next.

2.2.1 Vortex-Lattice Method (VLM)

The Vortex-Lattice Method (VLM) used is based on Anderson 1991 [28] that combines multiple mod-
ern numerical lifting-line theory (LLT) models, as described by Philips ans Snyder (2000) [29]. However,
the VLM method is more general than the LLT models since it can model low aspect ratio wings, swept
wings and delta wings [30].

This method models the wing as a combination of horseshoe vortices. Each horseshoe vortex, as

illustrated in Fig. 2.3, consists of a "a bound vortex in the spanwise direction and two trailing vortices that



extend into the freestream direction” [30], which look similar to a typical horseshoe. Each vortex filament
of the horseshoe induces a flow field around its surrounding space. Each filament has its strength and

circulation, producing the Lift on the surface.

Figure 2.3: Example of a horseshoe vortex in a generic location of a wing surface [30].

The Biot—Savart [30] law relates the velocity of the flow field at an arbitrary point P caused by a
segment dl of a vortex filament with circulation strength I" via
T dlx7

which, integrating over a semi-infinite straight vortex filament, leads to

= 41;7 =al' |, (2.2)
where h is the distance from point P to the finite start point of the vortex filament and a the aerodynamic
influence coefficient of the considered horseshoe panel to point P.

The VLM method will consist of spanwise and chordwise horseshoe panels that, by imposing flow

tangency conditions in each panel, result in a linear system of equations of the form

[A)[T] = {Vao - 71}, (23)

where [A4] is the aerodynamic influence coefficient matrix formed by the aerodynamic influence coeffi-
cients of all horseshoe panels to every control point of the modelled wing; and 7 is the normal to the
panel.

By solving this linear system of equations, the circulation of each panel is determined which in turn

can be used to calculate the force acting in each panel as

Fy = ply(Vao + 33) x I, (2.4)

where @; is the induced velocity at the center of the bound vortex, and i; is the bound vortex vector.

Lift and drag result from the panel forces decomposed into the normal and streamwise directions.
Additionally, to improve the drag estimation model, a skin friction drag is calculated using flat-plate-based
estimates (Raymer [6], sec. 12.5.3) [30].
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2.3 Computational Structural Mechanics

Structures is the field where material mechanical behaviour is studied. The purpose of this engineer-
ing area is to provide mechanically reliable solutions to the problems at hand. Such problems can be
spar sizing, wing skin compression strength, composite structure layup and many others. In this thesis,
a structural failure analysis is used to size the wing’s spar, ultimately reduce its mass while prevent it

from failing under operating loads.

Similar to the aerodynamics field, structural analysis can use both high fidelity and low fidelity mod-
els. High fidelity analysis, while more accurate, bring additional computational requirements and slow
optimization cycles. On the other hand, low fidelity models are less computationally dependent and can
accelerate optimization results. As mentioned before, this work is a conceptual design optimization with
the purpose of finding the optimum starting conceptual point for the competition’s winning design, hence

the usage of a low fidelity model for the structural integrity.

OpenAeroStruct [30] offers two types of spars to model the structural behaviour of the wing: tubular
spar and wingbox. Both can be seen in the environment of the competition or similar aircrafts. Taking
for example 2019’s Olissipo Air Team’s design (Fig. 2.4 (a)), a tubular spar is used while another 2019
team (Fig. 2.4 (b)) used a small wingbox scheme - similar to a rectangular spar. Typically, tubular
systems tend to be easier to assemble, specially when using wing-connectors [31]. However, these are
not the most optimized solutions when compared to the wingbox schemes, reason for its wide usage in
commercial aircrafts, specially since composite wingbox schemes were introduced that heavily reduced
the cost production and increased the load-bearing properties [32]. For this thesis, the wingbox model
is used since it can provide lower weight solutions and it is in agreement with the Olissipo Air Team’s

recent structural studies and developments.

(b) Small wingbox spar.

Figure 2.4: Typical spar geometries on the ACC 2019 competition design.
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2.3.1 Finite Element Method (FEM) Model

The Finite Element Method (FEM) model is a spatial beam element approach with six DOFs (degrees
of freedom) per node. This element is a combination of truss, beam and torsional elements, which

simultaneously carry axial, bending and torsional loads [30]. The element is presented in Fig. 2.5.
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Figure 2.5: FEM element used for the structural model chosen [30].
The element comprises a 2 node system, with a total of 12 DOFs, where each node can translate

in every direction (x, y and z) and can rotate in respect to all three axis (x, y and z). The local stiffness

matrix is calculated for each element in the local frame as
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where k; = £4, k3 =

kY = ks = S/, and E is the Young's modulus, 4 is the element cross-
sectional area, L is the element length, G is the shear modulus, J is the polar moment of inertia, and

the I's are the second moments of area about the three local coordinate directions [30].

Afterwards, the global stiffness matrix is assembled using transformed local stiffness matrices by

applying transformation matrices to each local element to transform from local to global coordinates.
Finally, the linear system of equations to be solved is

[Kli=F |, (2.6)

where [K] is the global stiffness matrix, i the displacement vector and F the forces. The forces result
from the aerodynamic model, calculated for each wing section and applied to every structural element

node (more details in Chap. 4).

From this linear system of equations, the nodes displacements are determined and these will be

used for MDA convergence and stress analysis. The latter will be further discussed next.
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2.3.2 WingBox Model

As seen, the FEM model used does not consider the spar geometry explicitly, it is based only on its
sectional properties. Hence, any geometric system can be modelled into this FEM model as long as all
properties needed for the well functioning of the model can be determined.

Following Chauhan and Martins [33] notes on how the wingbox system was developed and imple-
mented, this comprises two topics: properties calculation and stress determination. A typical wingbox

section can be vizualized in Fig. 2.6.

t.-apar

Figure 2.6: Typical wingbox section geometry scheme [33].

For the wingbox structural properties, the section is divided in several parallelograms (using the airfoil
coordinates starting to end points) by using thickness values and extruding along the local chordwise
y-axis. These are used to calculate the various area and moment of inertia contributions, which summed
up determine the total aforementioned properties.

The torsional constant is calculated as explained in the book of Megson [34], where a closed section
with small wall thickness and uniform shear flow is considered.

Finally the last properties needed are the elastic modulus of the material - E and G - that are granted
by the material properties used for the problem (more details in Subsec. 5.1.2).

For the stress calculations, this model uses, the Kreisselmeier—Steinhauser (KS) function [35] which
allows for several stress inputs to be analysed in a single constraint manner. Stresses are calculated at
four distinct points in the wingbox with particular stress combinations as illustrated in Fig. 2.7. These
4 points are used to simplify the problem and to only consider the worst case scenarios, resulting in a
"conservative estimate of the maximum Von Mises stress” [33].

With this model, the displacement and stress calculations can be determined for any applied nodal
loads, which will then be implemented in the MDA analysis for convergence and in the optimization cycle

for failure constraint determination.

2.4 Electric Propulsive System

Electric Propulsive System refers to the propulsive system of the aircraft, responsible for generating
thrust. Usually a propulsion system involves a propulsive engager (thermal engine or electric motor)
and a propulsive actuator (fan blades or propellers). Also, there must be an energy source - either from

combustion (fossil fuel) or electrical storage. Figure 2.8 schematically describes in a simple manner any
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Figure 2.7: Wingbox stress analysis critical points considered [33].

propulsion system composition.
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Figure 2.8: Simplified propulsive system diagram.

To better understand the typical electrical propulsion system used in the environment of this work’s
purpose, one must first consider separately the motor (energy transformation) and the propeller (out-
put thrust). Additionally, another component must be considered in this system - the electronic speed
controller (ESC) - which is responsible for adjusting the power transferred from the battery to the motor.

Starting with the input energy transferred into the motor and its rotational speed response, first a type
of electrical storage must be considered. Following the ACC 2022 rules [16], the batteries allowed are
LiPo, Lilo or LiFePo, which are Lithium based batteries. Several works have been conducted to study the
discharge functions of these batteries, such as [36], that suggests a way to calculate a constant power
Lithium battery discharge curve based on more known constant electrical discharge curves. These
discharge curves describe the voltage output of a battery through time while discharging. Figure 2.9
presents a typical discharge curve.

As it can be observed, the voltage tends to rapidly decrease in the first moments and stabilize in
an almost constant value until finally there is a quick drop to zero in the last few moments. The volt-
age plateau achieved is highly dependent on the battery’s discharge rate, being lower the higher the
discharge rate is.

The battery flows its energy into the ESC which will control the power input to the motor by means of a
radio control signal sent by an operator. For this work, the ESC could be modelled as a power loss factor
and an explanation for the variable input thrust of the aircraft and its associated power consumption.

Finally, the electrical motor is a tool that converts electrical power to mechanical power. Electrical mo-
tors can be brushed or brushless, difference lays in their mechanism. In a brushed motor, the wire coils

form an armature that acts as an electromagnet. It is fed electric current, whose direction is reversed
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Figure 2.9: Lipo batteries discharge curves based on discharge rate [37].

through a mechanical commutator. With the change of current’s direction, the polarity of the armature’s
electromagnet also changes and because there is a stationary magnet around it, the armature rotates.
In brushless motors, the rotor is the permanent magnet and the coils are static. Commutation is done
electronically, which is more precise than with mechanical brushes [38].

In a study conducted by Junid et al. [39], "if efficiency, range and high speed at varying loads and
throttle are top priority, a brushless ESC system, preferably fanned, is recommended”, which makes it
preferable to use brushless motors instead of brushed ones. Additionally, previously mentioned work
from Bronz et al. [40] states that brushless motors "have numerous advantages such as having a higher
efficiency than brushed motors, longer lifetime, generating less noise, having higher power to weight
ratio”, which make them "more reliable for the UAV applications.” Competition regulation [16] also states
that only one motor can be used - the AXI 2826/10 GOLD LINE V2 - which is a brushless motor. For
the propulsion system, the motor could be simply modelled as a transformation tool from input power
(electrical) to output power (mechanical) with a loss fraction associated.

On the output thrust segment, a propeller is used and studied. Several works have been conducted
in this field such as [41] where a thrust model is developed based on momentum theory, blade-element
theory and vortex theory, which all combined proved good approximations to the experimental data.

Since this thesis underlays a conceptual design optimization, an easy and simple model should be
explored and implemented. Following what was done in [15] or [42] a momentum theory approach could
be modelled and implemented.

Momentum theory was first developped by Rankine and R.E Froude [41] and is based on a consid-
eration of the momentum and kinetic energy imparted to the mass of air flowing through the propeller

[43]. This theory ultimately results in the power supplied to the propeller disk,

k 2T
P =T ST(~Vie + 4/ V2 , 2.7

where T is the thrust, V, is the freestream velocity, p is the air density and Ag; . is the disk area of the

propeller. A detail explanation of this result can be read in McCormick [44]. Additionally, following [42], a

factor k is implemented to model the induced losses of the propeller, since the momentum theory does
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not consider the losses due to torque from propeller profile drag, blade tip and hub losses, and effect of
number of blades [41]. This factor & will be further discussed in Sec 3.2.

Summarizing, the operator chooses a certain control of thrust power (d;) that imposes a certain power
consumption of the battery and consequently a power output from the brushless motor. Afterwards the
momentum theory model implemented uses this input power and calculates the thrust output of the
system. Parallel to this, a calculation of energy consumption can be achieved by keeping track of the
power consumed from the battery through time. It is important to note that the control thrust variable,
although named as such, will control the power input to the motor, being heavily dependent on the
discharge curve of the battery used.

Further study is conducted on this model to simulate its behaviour by comparing it to real scenario
experiments in wind tunnel testing. This study is presented in Sec. 3.2 where all parameters of this
model are tested and studied to create a reasonable model for the system and consequently provide a

good propulsion model estimate for the optimization problem at hand.

2.5 Trajectory Optimization Methods

Trajectory is a wide spectrum field where many variables can be accounted for as well as many
degrees of freedom for the analysis of body motion to understand its behaviour through space as a
function of time. Trajectory optimization then becomes the "set of methods that are used to find the best
choice of trajectory, typically by selecting the inputs to the system, known as controls, as functions of
time” [45].

There are two types of variables in this optimization scheme: state and control variables. State
variables can not be defined and are a result from the system’s inputs. On the other hand, control
variables are input variables that are used to influence and change the state variables. Both are functions
of time and can have physical relations between them. For example, in the work of Chauhan and Martins
[42], the purpose is to optimize the take-off trajectory of an electric VTOL (tilt-wing) aircraft, where
the state variables used are the horizontal and vertical speed and displacements components and the
control variables are the wing’s tilt angle and the electrical power used, being the optimization goal to
find the optimal set of control and state variables that lead to the lowest energy consumption.

There are many techniques for numerically solving trajectory optimization problems [46], classified
as either indirect or direct methods. Betts [46] describes these methods schematically presented in Fig.
2.10.

Indirect Methods
Systems of Differential Equations : -
Nonlufear Equations and Nonlinear Optimization
Integration of Functions
Direct Methods

Figure 2.10: Indirect and direct trajectory optimization methods diagram [46].

Indirect methods usually require the solution of non-linear multipoint boundary value problems [46],
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while direct methods do not require those solutions but instead use non-linear optimization. Another
common way to distinguish these methods is that a direct method discretizes and then optimizes, while
an indirect method optimizes and then discretizes [45].

This thesis implements a direct collocation method (or direct transcription method) which is consid-
ered powerful for solving general optimal control problems [46]. This method involves the parametriza-
tion of the trajectory into state and control variables and solving implicit or explicit numerical integration
equations while respecting several constraints - the defects. The defects are the result of the dynamics
of the problem. All trajectory problems have dynamic equations that describe the relations between the
trajectory variables of the problem that usually involve differential equations. The defects represent the

disparity metric of these differential equations and can be represented as

v—2=0 |, (2.8)

where i is the derivative of = (state variable) in respect to time, and v another variable of the problem

(velocity for example), where

(7] 1
&=, / zdt = / vdt (2.9)
123 tr

This formulation starts by dividing all variables defined for the trajectory, which are a function of time,
in finite intervals of time and describing them in a polynomial manner of a specific degree in each interval.
These intervals must guarantee the function’s continuity but do not need to respect each function’s
derivatives continuity. In each interval, the dynamics described for the problem must be guaranteed, so
a numerical integration method is used to calculate the defects value and a constraint is used to verify
if the defects respect their expected null value. Next, for each "collocation point” corresponding to the
beginning and end of each interval (for a linear interpolation) the state and control variables’ initial values
are chosen to start the trajectory optimization. The optimization can then be initialized to maximize or
minimize a certain objective and the trajectory’s state and control variables will be "collocated” into their
optimum values while respecting every constrained added to the problem and always their defects.

In this thesis, a trapezoidal direct collocation method [47] is used where the numerical integration

method used follows the trapezoidal method as

1
Thp1 — Tk = §(tk+1 —tr) (Vet1 +vk) - (2.10)
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Chapter 3

Framework Models Development

This work focus on the implementation of a low-fidelity design optimization for the ACC 2022’s com-
petition. For this, the following fields of study were used: Aerodynamics, Structures, Trajectory and
Propulsion. The first two result from the models described in Sec. 2.2 and Sec. 2.3 implemented in
OpenAeroStruct [30] where the coupling from both disciplines is described in Chap. 4. The other two
fields are further developed here.

The trajectory model, described in Sec. 3.1, introduces an improved approach to the simple di-
rect collocation method vastly known and used by implementing b-spline function approximations to
decrease computational resources while keeping result convergence and accuracy.

The propulsion model, described in Sec. 3.2, introduces a better approximation for the problem
than any other simple model approach. Since the competition only allows for one specific motor and
propeller, using experimental data to model the propulsion system will describe the propulsion system
of the aircraft more accurately.

Finally, Sec.3.3 includes the competition’s specific models, where the general aircraft and variables

used are detailed.

3.1 Trajectory Model

The trajectory model implemented in this work is a direct collocation control point based method
implemented with an additional use of B-spline interpolation to increase efficiency and results reliabil-
ity. This section provides a brief explanation of the method and a study conducted on its efficiency

improvement.

3.1.1 Model Description

Trajectory control optimization usually lays upon two different approaches: shooting and collocation
methods. The first one uses an explicit integration method, while the latter uses an implicit integration
method. Both methods are used in many applications and the best method depends on the applica-

tion. For this reason and because of its simplicity in design and comprehensibility, the direct collocation
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method was implemented in this thesis. This method was implemented using simple trapezoidal integra-
tion along with the problem’s dynamics. This works by imposing the dynamic constraints of the trajectory
in analysis - defects - with a differential equation solution based on trapezoidal function approximation

approach (see Sec. 2.5 for more details about the system’s dynamics).

Although the implicit method would work on its own, the efficiency of such method using simple
trapezoidal function simplifications is poor and not reliable when the number of steps and control points
increases. In an attempt to solve this problem, the implementation of B-spline curves was introduced, a

curve data fitting method which is known for its inherit smoothness and continuity.

Gradient based optimization, and every optimization for that matter, are highly dependent on the
number of design variables of the problem. For this trajectory optimization problem, the number of
trajectory variables are inherently dependent on the number of control points chosen for the system,
meaning the more control points chosen, the more accurate the solution is but also less efficient the
optimization becomes. An interesting approach to solve this problem would be to relax the control
points needs, thus increasing the efficiency, but maintain the accuracy of the solution. Such approach
was defined using a 3"¢ order B-spline function approximation and the results will be discussed in this

section.

The purpose of B-splines is to create a curve that fits the dynamics criteria defined by the system
with less control points than the number of steps used to verify the system’s dynamics. The idea is to
have less control points that ultimately describe the same end solution or one that is close. Figure 3.1

shows the visual explanation of the aforementioned.

|
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e
=]
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-

Figure 3.1: B-spline approach and control point visualization compared with unmodified direct collocation
control point mechanism.

As seen, B-spline curve (red) is a smooth function approximation while the unmodified version is
not derivative continuous throughout. However, this result shows similar solutions for the given function
at hand. However, the number of control points is highly reduced. Notice that for the correct dynamic
system evaluation, a significant number of steps must be calculated and, by using this b-spline interpo-
lation, a good function approximation is achieved with relative ease and a low number of control points.
For the example shown, the number of control points was reduced from 30 (blue dots) to 15 (red dots)

which, as it will be studied later, results in a significant efficiency increase.
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3.1.2 BangBang problem

To better understand the benefits of the suggested implementation, the BangBang problem was stud-
ied [48]. BangBang provides a simple well studied problem that allows to understand the advantageous
of different approaches to trajectory optimization.

The goal of this problem’s trajectory optimization is to minimize the time needed for a unit mass
particle with no viscous forces applied to travel 300 meters in one direction while starting and ending
in a stand still position (velocity must be null in the beginning and the end of the trajectory). Figure 3.2

presents a visualization of the problem.

FCL 8T rrrrrrirrrrrrrrrrry

Figure 3.2: BangBang problem visualization.

Additionally, the problem is constrained by the system’s dynamics,

(3.1)

and by the boundary conditions

z(t;) = 0 [m], z(ty) = 300 [m] 7 32)
v(t;) =0 [m/s],v(ty) = 300 [m/s]
being =, v and F the particle’s position, velocity and force for a given time, respectively. Both ¢; and ¢
represent the initial and final time instances.

The design variables of the problem are the n control points that carry three variables each - position,
x, velocity, v, and force, F.

First, the optimal solution achieved by the unmodified trapezoidal implicit integration procedure im-
plemented for the direct collocation method is analysed. Figure 3.3 shows the graphical results for the
gradual increase of the number of control points given for the system.

Clearly, there are significant gains by including more control points into our system, especially for a
low number of control points. However, after 30 the results are practically unchanged and the increase of
the number of control points produces insignificant improvements, thus the ideal number of control points
for this problem is 30. The dots shown throughout Fig. 3.3 show not only the control point’s location, but
also the limit step given for the system’s dynamics verification. This last segment is quite important when
understanding the mechanism of the spline implementation which, unlike this first method, does not have
coincident control and step points. Instead, the control points generate a fitting curve (b-spline) which
then is used to evaluate the function’s value on the step’s points needed for the dynamic verification of

the system.
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Figure 3.3: Problem’s design variables values throughout time with the unmodified version of the direct
collocation method used for the varying number of total control points.

3.1.3 B-spline efficiency study

The B-spline method can be implemented as a curve fitting function to every variable of the problem
at hand, meaning, all three of the design variables (z, v and F') can be described as a spline. In this
work, an incremental study was produced. First, the force is implemented as a spline, then the velocity
and finally the position. Finally a conclusion is drawn from this approach.

Figure 3.4 presents the N2 diagrams for the conducted study. This method creates a different seg-
ment where it can be clearly seen the implementation done. For both diagrams, the dynamics group is
responsible for delivering the constraint and objective function values, while the indeps group provides
the control points of the independent variables of the problem. For the spline transformation problem
(b), an additional interps group is created that is responsible for receiving the control points given by
the indeps group and delivering independent variable spline approximation values for the system’s dy-
namics. This interface allows for the difference in number of control points and dynamic verification
steps.

Additionally, and referring to every N2 diagram in this thesis, this type of diagram can be read by
seeing the variable input and output flow. Taking as example the trajectory variables and the thrust
variable b-spline module (see Fig. 3.4 (b)), the variable thrust,alue flows as input into the module
interpy which produces the output variable thrust. These output variables can then be used as input
variables in other modules or be used as optimization goals or constraints. As a simplification, every
diagonal square indicates a presence of a module and every square outside the diagonal represents
modules interaction through input-output basis.

Following aforementioned methodology and using a 30 control point method, the force b-spline ap-
proximation was studied. Figure 3.5 and Tab. 3.1 yield the results produced for the force’s b-spline
implementation where the unmodified model was also included for comparison.

Graphic visualization clearly shows the method and the spline implementation on the force variable

applied to the unit mass system. As expected, few control nodes produced unreliable solutions, whereas
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(a) Unmodified direct collocation method N2 Diagram.

5

(b) B-spline direct collocation method N2 Diagram for thrust b-pline approximation.

Figure 3.4: N2 Diagrams for both unmodified and modified direct collocation methods used for the
efficiency study.

more nodes produced better solutions. The importance of this method is the time reduction for the
same operation when comparing the unmodified and b-spline modified version. For 12 or 16 force
control points, the results were similar to the best found in the study conducted for the unmodified
bangbang problem. Furthermore, this process allowed for a 80 function evaluation gain for the 12 and
16 control points. Also, using 12 or 16 force control points produces an objective function value (time of

the trajectory) only 1.37% and 0.46% different from the one found previously.

To best evaluate the influence of b-spline approximation on both velocity and displacement, the
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Figure 3.5: Problem’s design variables values throughout time with both the modified and unmodified
version of the direct collocation method used for the varying number of force spline control points.

number of force control points will be kept constant to evaluate the velocity based spline and then
the number of velocity control points will also be kept constant to evaluate the position based spline.
Although this does not evaluate all influences on this problem, this study is only meant to help understand
the influence and needs of b-spline implementation as a reliable relaxation method to ultimately reduce
the time cost of the trajectory optimization.

As before, a variable number of control points for the velocity was tested and the results are shown

in Fig. 3.6 and Tab. 3.1. The number of force spline control points was kept equal to 16.
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Figure 3.6: Problem’s design variables values throughout time with both the modified and unmodified
version of the direct collocation method used for the varying number of velocity spline control points.

As expected, the number of control points defines the result’s accuracy, being a higher number a
better approximation for the optimal solution of the problem. Results show that 16 control points, the
maximum error for the trajectory elapsed time is only 1.03%, which is within a good margin of error and
assures close to optimum solutions. Furthermore, this was achieved with a decrease of over 10% in

computation time.

23



Finally the displacement spline study was conducted in a similar manner with 16 control points for

both force and velocity. Figure 3.7 and Tab. 5.5 comprises these results.
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Figure 3.7: Problem’s design variables values throughout time with both the modified and unmodified
version of the direct collocation method used for the varying number of displacement spline control
points.

Once again, a lower number of control points produced worse results and a higher number of con-
trol points achieve a better solution. However, although being faster than the unmodified version, the
displacement’s results also decreased the efficiency of the optimization in some cases - the function
evaluations were slightly higher. This might be explained by the large flexibility of the splines that worsen

the convergence.

Table 3.1: Results for the efficiency study conducted for all the B-spline implementations: thrust, velocity
and displacement.

Thurst B-spline Velocity B-spline Displacement B-spline
Control Points Func Evals | Grad eval | Time | Error (%) Func Evals | Grad eval | Time | Error (%) Func Evals | Grad eval | Time | Error (%)

4 22 22 34.5 15.3 38 33 34.3 14.8 4 35 40.8 36.3
8 21 21 31.0 3.7 46 44 30.9 3.2 182 81 31.4 5.1

12 20 20 30.3 1.4 58 54 30.3 1.3 277 111 30.8 3.0
16 20 20 30.0 0.5 54 53 30.2 1.0 98 61 30.3 1.3
24 20 20 30.0 0.2 66 66 30.0 0.5 56 55 30.2 1.0
30 21 20 29.9 0.1 69 68 30.0 0.5 66 64 30.2 1.0

3.1.4 Final Remarks

B-spline implementation increased the overall efficiency of the trajectory optimization, but interesting
results surfaced when implementing sequentially the spline transformation. Contrary to what would
be expected, although transforming both the state and control variables of the problem into b-splines
resulted in efficiency gains, the best gain was achieved by only using the control variable (force) as a
b-spline approximation which produced the most accurate results of all three methodologies studied.

Another important observation is related to the trajectory and time accuracy of the optimization when
using the implemented spline method. Although force and velocity physical representation did not con-
verge to the unmodified solution, the displacement’s spline results and the elapsed time converged to

low relative errors easily. This implies that although the velocity and force fields were not accurately
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described, the trajectory itself was very well described. Being the latter the objective of this work, the
spline implementation highly increases the efficiency of the optimization with low cost in the trajectory
results.

Finally, b-splines also relax the high demands of the initial solution of the trajectory optimization for
this problem and is expected to do so on the main problem at hand. Trajectory optimization results and
convergence is highly dependent on the initial solution guess, which results in a trial and error study
most of the time. B-spline implementation resulted in a better acceptance of the initial conditions, having
the system more freedom to search new solutions.

Since the B-spline approximation method showed good efficiency improvements and solution finding

easiness, it was implemented in the final problem optimization framework (more details in Chap. 5).

3.2 Propulsion Model

As Sec. 2.4 described, the propulsion system of the aircraft is composed by a battery, a controller,
a motor and a propeller. In an attempt to model this system as close as possible to reality with low
computational requirements, several experimental data were used for curve fitting models of power and
thrust with velocity and throttle. The goal of this model is to calculate the generated thrust from throttle
input. Two distinct models with different fidelities will be created: the first one will consider a constant
power source; the second will add a battery discharge curve. The experimental data and resulting

models are explained in detail next.

3.2.1 Wind Tunnel Experimental Data

To retrieve the propulsion motor response, two different experimental analyses were conducted, Full
Throttle response and Variable Throttle response, conducted at different airspeeds.

The experiment included an open wind tunnel with a force scale apparatus to measure electric volt-
age and current and the propeller thrust. The propulsion system, apart from the battery, was connected
to the force scale and powered by a power supply. Electrical power is obtained multiplying voltage with
current, and Thrust values are obtained from reading from a load cell. The experimental apparatus is

presented in Fig. 3.8.

Power
Supply
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Figure 3.8: Experimental apparatus schematic for the full throttle and variable throttle responses.

The experiment was conducted by setting the wind tunnel speed to specified values and turning

on the propulsion system either at full or with variable throttle. The full throttle response will provide the
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maximum thrust output of the propulsion system and the variable throttle will describe how the propulsion

system behaves as a function of the throttle control variable.

Full Throttle Data

For the constant power supply case, the propulsion system was tested and its data collected for
several airspeeds. Results are presented in Fig. 3.9.
The experiment was conducted with the propulsion system described in the ACC 2022 competition

regulations [16] and a generic power supply and ESC. The material and experiment settings were:

* Propeller - Aeronaut CAMcarbon Light 10”x6”
» Motor - AX/ 2826/10 GOLD LINE v2

» Power Supply - 12V

* Esc - full throttle

As expected, the thrust tend to be lower as the airspeed increases. This is explained by the reduction
of the propellers induced momentum on the flow. As the speed increases, the difference between the
input and output speeds in the propeller decreases, which lowers the momentum increase in the fluid,
which consequently reduces the thrust produced.

This data reveals important information about the propulsion system maximum values. First, maxi-
mum thrust is around 17 N. Secondly, thrust varies non-linearly with speed.

These results served as a good verification as to why simple propulsion models (momentum theory)
do not perfectly describe a system. Figure 3.9 also presents the same experimental results with two
additional curves, a quadratic fitting curve for the experimental data and a theoretical curve derived from
Eqg. (2.7) with a loss factor & of 1.5.

N L

y = -0.0146x" - 0.1652x + 16.855
R =0,9973

Air Speed (m.-"s':-

Figure 3.9: Wind tunnel data of the motor thrust response at full throttle: experimental fit and theoretical
fit.

The experimental quadratic curve proves to be a good fit for the results at hand, proven by the R?
of 0.9973. On the other hand, looking at the theoretical curve, for low airspeeds (0-10 m/s), the results
are coherent but for higher airspeeds the discrepancy increases and the results clearly differ from the
real values observed. This is expected since this simple theoretical model does not consider several
losses (see Sec. 2.4). The k factor introduced, although it corrects the initial thrust value of the curve,
represents a linear loss factor that does not fit well with non-linear loss phenomena.

Although the simple theoretical propulsion model tested did not result in good approximations, it

proves useful if project did not have a specific propulsion system, since it is not possible to analyse
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in experiment every possible propulsion system. For the rest of this work, the experimental fit curve
presented in Fig. 3.9 will be used to describe the maximum thrust values available for the maximum
power input values.

As for the power consumption of the propulsion system for this experimental analysis, Fig. 3.10
presents the measured data as well as the quadratic fitting function for that data. This data will provide
the maximum power consumption at each airspeed value that will be used to locate the correct point in

the thrust-speed curve.

. « Experimental Data

Quadratic Fitting

e

y=-0.0871x* +0.564x + 291,08
R*=0.9691

p

Air Speed [m/s)

Figure 3.10: Wind tunnel data of the motor electrical power at full throttle.

Variable Throttle Data

The second experiment studied the dependence of thrust and power with the throttle input from the
controller (ESC), still using a constant power supply. In this study a specific curve is analysed, however,
any curve can be made possible by adjusting the ESC accordingly. This property of the system will be
further discussed later.

Figure 3.11 displays the experimental of the electric power for each throttle input. Figure 3.11 (a)
presents the full range experiment, while 3.11 (b) presents the active portion of the propulsion system.
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(a) Full Throttle range experimental data. (b) Active range for the data retrieved.

Figure 3.11: Wind tunnel data of the motor electric power at variable throttle settings.

Two important aspects of this experiment can be discussed. Firstly, the dependency of power on
throttle remains approximately the same no matter the airspeed. Secondly, the differences come from
the maximum power reduction observed earlier on the full throttle results. Notice how in 3.11 (b) the
higher the airspeed the lower the curve is and the lower the maximum power is. Additionally, the curve

in 3.11 (a) has two plateaus: one at 0-20% throttle and another at 70-100% throttle. This is explained
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by how the ESC works: its working principle based on rectangular waves with different width’s acting
on the same frequency, that is, the ESC works with pulse width modulation (PWM) that controls the
power output to the motor and propeller. The higher the width the more power it delivers and vice-versa.
However, these controllers have a working range. Below that range the controller does not power the
motor, and above it, the controller is capped at maximum power output. This can be adjusted to coincide
with the throttle range. However, studying the active portion of the controller is enough to study its
properties since adapting this way would not change this zone, only flatten or elongate. Furthermore,
the PWM can be programmed to change the behaviour of the curve and transform the curve into any
needed function. So, as expected, the power increases with throttle and caps at different maximum

levels for different airspeeds, which coincide with the maximums achieved in the first experiment.

Additionally, as Fig. 3.12 demonstrates, the experimental fitting achieved for the thrust-speed curve
produces good accuracy on the experimental data achieved. This curve was achieved by using the
Power consumption data retrieved at each Throttle point and using a linear approximation to deduce the

Thrust with the maximum Power for a certain velocity as

P(5)
Pmaflj

T (5, 0) = «T(v) (3.3)

where 6; and T'(v) are the throttle value and the Thrust experimental function respectively. This way, for

any power-throttle behaviour, thrust can be obtained.
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(a) Experimental fitting curve for Thrust with a air velocity field (b) Experimental fitting curve for Thrust with a air velocity field
of 7m/s of 10m/s

Figure 3.12: Two examples of experimental Thrust fitting using previous deduced function.

Sources of Error

Every experiment, because of its nature, has sources of error. Those presented here include: uncer-
tainty in the current and voltage readings; load cell readings; and airspeed measure. These errors make
the readings slightly different from reality. However, for the purpose of this work, which is to find the
optimal conceptual design, the experimental data collected represents the propulsion more accurately

than any other low fidelity approximation model for the system.
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3.2.2 Battery Discharge Curve Approximation

Before completely defining the propulsion system, a model for the battery must be obtained based

on its behaviour with time and energy consumption.

As explained in Sec. 2.4, batteries have specific discharge curves as depicted in Fig. 2.9 that depend
on the discharge rate that consequently depend on their capacity. Figure 3.13 depicts a 2000mAh

lithium-ion (lipo) battery discharge behaviour for different discharge rates.

Voltage
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Figure 3.13: Discharge behaviour of a 2000mAh battery for 4 different discharge rates (0.2C, 1C, 5C,
10C and 15C) [49].

As it can be observed, there are three typical regions in a discharge curve of a lipo battery. The
first region is characterized by a fast decrease in voltage, typically from 4.2V to 3.3V-3.9V depending
on the discharge rate. This region typically lasts the first 20% of the battery capacity. The second zone
is an almost constant voltage region where the voltage values change almost linearly until 80% of the
capacity is reached. After that starts the third region when the battery voltage starts to rapidly decline

and it is unwise to use the battery past this point.

Additionally, it is worth mentioning that the higher the discharge rate, the lower the second zone
plateau is. For the work at hand, the aircraft flight should be around 5 minutes, which, at a maximum
power of 280W (based on experiments) needs E = 5 x 60 x 280 = 84k.J of energy. This leads to a range
of 2000-10000 mAh batteries. Examining Fig. 3.13, the plateau reached for the curves is between 3.3V

and 3.9V, thus, the value of 3.7V will be considered to define the voltage at the beginning of this plateau.

The battery discharge approximation model intends to simulate the battery discharge curve consid-
ering its stored energy and the three regions aforementioned. Firstly, in the first 20% capacity, a rapid
exponential discharge zone from 4.2V to 3.7V is considered. Afterwards, from 20% to 80% capacity, a
linear decline in voltage is considered from 3.7V to 3.2V - notice that the higher the batteries capacity
is, the more time will higher voltage remain. Finally, after 80% capacity, the battery is assumed empty.
Figure 3.14 presents the curve approximation implemented in this thesis and two battery modulation for

two different capacities as an example.

This model was constructed with one initial exponential zone calculated, followed by a linear zone

29



) Battery
e e ——3000 mAh

. | 2000 mAh
;:- _)- i 1
z @, [
3 4 First Region (0-20%) g |
' -Second Region (20-80%) ]
-++=+Third Region (80-100%) |
. “ * ;'_!apar:;ibw I:‘li':l-]: v a . B Cua;u'n;it\; |:Ir'.1.;1.h:- 3
(a) Battery discharge model for any battery on this work (b) Battery discharge model application for a 3000 mAh
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Figure 3.14: Implemented discharge curve function for any battery based on the work’s problem char-
acteristics.

from 3.7V to 3.2V and a flat zone with 0V available. The exponential zone is defined as

e—Cop*A _ e—C%f *A

Vo= Vit (Vi Vi) =i —on,oa

with A=10 (3.4)

with Vo, Vi, Vi, Cy,, Cy,, Cyx, and A the voltage at a given point z, the voltage at the initial and final
points of the region, the capacity percentage depleted at a given point = and at the initial and final points
of the region, and the exponential factor, respectively.

Note that this analysis was made for a single cell battery, the model implementation is explained next

for a three cell battery as imposed by the ACC 2022 regulations [16].

3.2.3 Model Implementation

As aforementioned, there were two models implemented for this work: a simple constant power

model and a battery discharge model.

Constant Power Propulsion Model

For the constant power model, the battery is assumed as a constant power source where the dimin-
ishing of the voltage through time is neglected.

This model is built based on the power-throttle, thrust-speed and power-speed curves. Firstly, a
throttle input J; is given and with it, using the power-throttle curve, the power given to the propulsion
system is calculated. Afterwards, using the power-speed curve, the maximum power for the given speed
is determined. With it, using the thrust-speed curve, the output thrust is calculated. Energy is calculated
by keeping track of the power chosen by the throttle input in each collocation point. Figure 3.15 presents
the implemented model schematically.

For this model, the power-throttle curve was, based on the ESC characteristics, transformed into
a linear region to simplify the problem. The new transformed power-throttle curve is presented in Fig.
3.16.
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Figure 3.15: Propulsion model for the constant power battery source.
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Figure 3.16: Modified power-throttle curve for different airspeeds.

Battery Discharge Propulsion Model

For the battery discharge propulsion model, the complexity is increased by adding the maximum
available power decrease on the battery derived from its usage in flight.

This model will use as input the electric current injected into the propulsion system. For the propulsion
system used - brushless motor - the ESC controls the input current of the system while maintaining the
voltage input. Higher current implies higher power which produces increased thrust. At a given point in
the batteries voltage-capacity curve, the voltage is registered. Afterwards, with the input 9; given, the
input current is calculated and, consequently, the power input is deduced. Then, the thrust is calculated
as the first model explained, by using the thrust-speed and the power-speed curves.

In this case, a current-throttle curve (Fig. 3.17) is adopted with the same reasoning as the modified
power-throttle, a linear approximation. This curve was based in the power-throttle one by dividing the
power results by the average value of the voltage throughout the experiments - 11.5V.

Finally, the discharge percentage of the battery is calculated by keeping track of the current input

at each collocation point and multiplying these values by the elapsed time in flight. This discharge
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Figure 3.17: Current-throttle curve for different airspeeds.

percentage is then used to calculate the voltage input of the battery at each collocation point. The

schematic of the model is presented in Fig. 3.18.
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Figure 3.18: Propulsion model for the modelled discharge battery.

3.3 Competition and Flight Related Models

In this section, the specific models implemented to describe the ACC competition aircraft are ex-
plained. First, a general description of the aircraft and its modelled dynamics are explained and, after-

wards, the models are introduced.

3.3.1 General Aircraft Configuration

To better understand the problem and the solution this thesis presents, the typical aircraft config-
uration and dynamics must be explained first. Following Olissipo Air Team’s configuration idea, the
aircraft is thought to be a tail dragger where most of the take-off run is conducted supported only on two
wheels. Figure 3.19 presents the team’s 2021 prototype where the typical configuration sought for can
be visualized.

Additionally, the tail is dimensioned as a V configuration to meet the team'’s requirements and allow

for a lower structural weight. Since OpenAeroStruct [30] only models wings and tails, the aircraft design
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Figure 3.19: Olissipo Air Team’s 2021 prototype configuration.

variables are focused on these two surfaces (more details in Chap. 5). However, drag additions due to
the aircraft body are considered (see Subsec. 3.3.2).

For the dynamics, to simplify the problem at hand and since the trajectory planned for the aircraft is
high radius turns with most flight forward, only the longitudinal dynamics are implemented, where only

the longitudinal components of forces, velocity and position are considered.

3.3.2 Cargo Bay Drag Model

The cargo bay of the aircraft is designed to carry a variable number of simulated blood bags. The
number of bags controls the size of the payload and it is determined by the aircraft performance which
is highly dependent on the aforementioned size. The model proposed calculates the added drag on the
aircraft based on the number of blood bags used.

The first problem considering this model is the bags arrangement inside the cargo bay. It is expected
for the airplane, based on the team’s early studies, to carry between 5 to 10 blood bags depending on
the speed definition for each aircraft. For this work, pile arrangements are considered as m x n, where
n describes the number of upward blood bag lines and m the described the number of possible lined-up

bags. Figure 3.20 schematically describes these configurations.
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Figure 3.20: Cargo bay pile arrangement scheme.

The pile arrangement and the size of the blood bag - 150 x 100 x 30 mm? [16] - will define the size
requirement for the cargo bay. All is needed is a parasite drag calculation model to describe its influence
on the flight. Following [50], any aircraft minimum, zero lift, parasite drag component influence can be

calculated as

1
——Cf X FF X IF X Syet

Srer , (3.5)

CDmin =

where S,.¢, Cy, FF, IF and S, represent the reference area, surface skin friction coefficient, form
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factor, interference factor and surface wetted area, respectively.
For the fuselage, the interference factor is considered 1 and the form factor is, based on Hoerner
[51],

1.5 7
where f is the fineness ratio, described as
l
f=——, (3.7)
4Amax

for any cross-sectional geometry. Since the fuselage - cargo bay - is directly behind the propeller turbu-
lent induced flow, the skin friction coefficient used is based on a full turbulent flow approximation given
by Schlichting and Gersten [52] relation, given by

;= % , (3.8)
where R, is the Reynolds number. Finally, the fuselage wetted area is constituted by the fluid immersed
surfaces - two lateral sides and the under side (the wing is dimensioned to be mounted on top of the
cargo bay). This calculation depends on the m x n scheme chosen and it is increased by the electronic
space and tail joint needs. Electronic components have a predicted 200mm space reserved and the tail
connection has 150mm of space reserved.

In order to choose the best pile arrangement for the model at hand, a comparison was produced
using the proposed model. Figure 3.21 presents the parasite drag for different types of blood bags

arrangements.

-7 xn
—3xn
dxn

o P 5xn

Nlamme.':c“f Blood P_a_gg
Figure 3.21: Cargo bay parasite drag estimation for different blood bag arrangements.

Low number of blood bags tend to benefit smaller m arrangements, while higher number of blood
bags tend to benefit higher m arrangements. This is due to the fact that for higher m arrangements,
lower blood bags create unnecessary large fuselages. On the other hand, for a higher number of blood
bags, higher m arrangements have a thinner body and a lower frontal area.

From these results the best configurations are a 3 x n or a 4 x n pile arrangements. Since neither is

objectively better than the other, the proposed model will use the lower C, configuration for the number
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of bags evaluated.

3.3.3 Rhombus Box Model

An interesting aspect of the ACC 2022 edition is the addition of a measuring rhombus box that
limits the fully mounted aircraft dimensions in a ready for take-off configuration. The box is based on
a quadrilateral geometry with equal sides where the inner angle 3 can be freely modified. Figure 3.22

presents the rhombus box design given by the ACC regulations [16].

Figure 3.22: ACC 2022 competition rhombus box [16].

This new constraint is meant to limit the total aircraft size. Higher wing span is always desirable for
a higher aerodynamic efficiency, however, maximizing it in the larger diagonal reduces the available tail
distance which, consequently, limits the stability margin of the aircraft. A balance must be met to achieve
the best performance, hence the purpose of the optimization and this work.

To model this box and the aircraft size inside it, a simple assumption is considered - the leading
edge at the wing tips are coincident with the two sides of the box, with the wings positioned in the
box’s diagonal. Afterwards, the wing chord must fit inside the box, as well as the tail and the propulsion
system ahead of the wing root leading edge. Figure 3.23 presents a general aircraft disposition inside

the rhombus box with the proposed model.

Figure 3.23: General configuration for the rhombus box model used.

For a chosen rhombus box angle 3, the wing, tail and propulsion system positions are verified and,
in case of failure, the optimizer changes the rhombus box angle or the aircraft geometry.
Starting with the wing geometric constraints, since the wing tips leading edge coincides with the box

edges, as shown in Fig. 3.23, the available space for the wing tip chord must be determined as well
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as the space available for the wing span. This can be achieved through the use of the wing span and

rhombus box angle as to obtain the lateral diagonal space

B bu
lgs = s1n(§) x 1, 5 (3.9)

and the vertical space available at tip chord
hys = tan(90 — g) X lgs X 2= Cwyy s (3.10)

where [,, b, and c,,,, are the rhombus box lateral side length, wing span and wing tip chord length,
respectively.

As for the tail, two additional verifications must be achieved, one with respect to the tail length fit
distance (ls;;) and the other with the surface fit inside the rhombus box (h.;,). These equations are
described as

lyie =1 cos(g) — (1 — l%w tan(A) + tan(90 — g)lds +0.25¢, — 0.25¢;) + ¢ (3.11)

root)

and

hiip = (1> cos(g) — (Il — %’“ tan(A,) + tan(90 — g)lds + 0.25¢,, — 0.25¢;)

(3.12)
—%ﬁ tan(90 — g)) — (Cty, — % cos(Ay))

where Iy, ¢y, ¢, ¢t A, ¢, and A, represent the tail length, wing mean chord, tail mean chord, tail

root chord, wing sweep angle, tail tip chord and tail sweep angle, respectively.
These are the metrics used for the geometric constraint of the problem and are also present in Sec.

3.23.

3.3.4 Stability Model

As mentioned throughout this work, this work only considers longitudinal motion. From a static
stability point of view, only the longitudinal stability of the aircraft is considered which is based on three
major aspects: wing and tail lift and the aircraft’s center of gravity (CG) location.

Aircraft trim is achieved b with a null balance of forces and moments. In the context of this problem,
this is achieved by the null balance of vertical forces and null balance in pitching moment.

However, longitudinal static stability implies that for a slight change in the aircraft’'s pitch angle, the
vehicle must tend, without intervention, to a stable point. To control this behaviour, the term ’static
margin’ is introduced, where the variation of the aircraft pitching moment with the aircraft angle of attack
() is evaluated - C,,,, [53].

The longitudinal static stability of the aircraft can be determined recurring to the coefficient of pitching

moment

Cpo = Cpg + Cv = Oy + Cr (h — hy)a (3.13)
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where C,,,,, CL_, h and h,, are the coefficient of moment at zero angle of attack, derivative of Cy, in
respect to «, the adimensionalised CG location of the aircraft and the adimensionalised location of the
neutral point, respectively. To achieve stability, a negative slope is desired, so it counters the aircraft

perturbation motion. This implies positive static margin (X,,) term, with

The CG location is of the utmost importance, since it delimits the point where a stable aircraft be-
comes unstable. This position is called the neutral point, denoted as h,, and corresponds to the adi-
mensionalised distance from the wing’s leading edge to the CG’s location. Following Gudmundson [53]

balance equation (forward CG - Fig. 3.24), the neutral point location can be determined as

CLOLHT (1 . 2CLC¥wmg

C77LaAC
ClLowing 7AR ) ’ (3.15)

CLOtwmg

hn = hac +nuarVar

where hac, a1, Var, Crayrs CLawim,s AR and Cy,q . are the distance from the wing leading edge to
the wing aerodynamic center, horizontal tail efficiency, horizontal tail volume coefficient, horizontal tail lift
curve slope, wing lift curve slope, wing aspect ratio and longitudinal stability contribution of components

other than the wing, respectively.
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Figure 3.24: Forward CG wing - horizontal tail system [53].

Although the static margin can be calculated using the aforementioned result, it presents a high
computational effort since it needs several parameters only obtained through the use of analysis in each
optimization cycle (to obtain the aerodynamic derivatives). Studies from XFLR5 [54] show that all similar
configurations to the ones studied in this thesis present negative slopes, which confirms the aircraft’s
static stability - Fig 3.25 and helps to only consider the trim condition at each collocation point along the
trajectory. Thus, only a trim model is used where, along the trajectory, the pithing moment coefficient
must be null, this implies that the aircraft is trimmed at each position.

Furthermore, analysing the stability of these simulations, a static margin of around 10-15% is found.

Vertical Stabilizer

Since the aircraft is considered to have a "V” tail design, it is important to consider the vertical fin
implications on the problem formulation. With this in mind and based on Gudmundson [53] recommen-

dations, the vertical fin of the aircraft can be predicted by recurring to the vertical tail volume coefficient,
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Figure 3.25: C,, values obtained through the use of XFLR5 computational capabilities.

given as

l
Vir = SVIVT (3.16)
refCref

where Sy and [y are the vertical tail area and the distance between the wing and tail quarter chords
(considering mean geometric chord).

Since the tail is a V tail configuration, the vertical fin’s area is determined by considering the projected
planform of the tail area on the vertical plane.

Historical values suggest the volume coefficient should be between 0.04 and 0.09, and these should

be the limit values to certify the correct aircraft tail sizing,

0.04 < Virr <0.09 . (3.17)

3.3.5 Flight Model Integration and Usage

For this project, it is important to clarify the methodology used for the analysis of the different flight
segments. In this section, the flight analysis is described as a mean to better understand not only the
design variables and constraints influence on the results but also the inherently errors caused by the

assumptions made throughout the work.

Take-off Segment

The take-off segment starts when the electric motor is activated and ends when the aircraft leaves the
contact with the runway. There are two typical ways to calculate take-off runway behaviour - numerical
integration methods and general solution of the equation of motion [55].

Since this work is a conceptual design optimization and the fidelity of the design results are low due
to the errors associated with the models used (see Sec. 1.2), implementing a numerical integration
method for the take-off dynamics would not be consistent with the other results. For this reason and for
optimization efficiency, the general solution of the equation of motion during take-off motion equations
was used based on Gudmundson [55]. This solution involves finding the take-off distance travelled by
knowing the average take-off speed and all forces acting on the aircraft on the track: lift, drag, weight,
thrust and wheel friction.

First, the average speed is determined, following Gudmundson [55], as
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(3.18)

where V1o is the lift-off speed,

2W
Vi =1.1 _ 3.19
LOF X 2SCrman s ( )

where W, p, S and Cr.,... are the aircraft weight, air density, reference area (wing surface area in this

case) and maximum C, achieved during the runway, respectively.

Second, lift and drag values are calculated assuming the C, and Cp coefficients for the take-off.
These were determined recurring to a XFLR5 analysis (see Fig. 3.26) and the cargo bay model im-
plemented and were defined as 0.3 and 0.02, respectively. The weight (W) and thrust (T') are given as

design variables.
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Figure 3.26: XFLR5 analysis of the C; and Cp variation with « for the Olissipo Air Team 2021 prototype.

The wheel’s friction assumes a two wheel friction model. Since this ACC’s competition is located in
a grass track (small dry turf), the friction coefficient is quite significant and based on bibliography [55] it

should be around 0.07. The friction force is given by

theel = MUirack X R ; (320)

where 1 and R describe the wheel’s friction coefficient and the normal reaction on the wheels.

Assuming the design conditions described in Sec. 3.3.1 and the theory in [55], the results for the
distance travelled in the take-off segment can be estimated by assuming a constant acceleration as
VierW

Sio = . 3.21
! 29[T7D7theel} ( )

This formulation is dependent on the wing’s geometry (L and D) and structural (W) design variables as

well as the propulsion variables.

Figure 3.27 shows a generic collocation point in the trajectory and all the applied forces in this
segment, where R represents the ground reaction forces..
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Figure 3.27: Applied forces in take-off.

Climb Segment

Climb segment is implemented in this work with a variable climb angle and the trajectory collocation
method described in Sec. 2.5. For the dynamic implicit numerical integration method (collocation), the
equilibrium of forces in both z and x (global referential) directions must be respected as well as the
dynamic defects. For this, the forces in each collocation points must be determined.

For this segment, the weight W is given by the payload and the structural weight, the lift L and the
drag D are calculated in the aerodynamics module using the VLM method of OpenAeroStruct and the
thrust 7" is given by the propulsion model used as a function of time and speed.

The climb angle is set as a design variable in this segment to allow the optimization do choose the
best flight trajectory in this simplified model.

Figure 3.28 shows a generic collocation point in the trajectory and all the applied forces in this

segment.

Figure 3.28: Applied forces in climb.

Cruise Segment

Cruise respects the same equilibrium and dynamic restrictions as the climb segment and also allows
for a variable descent angle as a design variable.
Figure 3.29 shows a generic collocation point in the trajectory and all the applied forces in this

segment.

Flight Segments Integration

Finally, all segments are integrated in the optimization as follows:

» Take-off is implemented as a calculation outside of the trajectory model used that determines the
take-off distance as well as the take-off speed. Additionally, it verifies if the flight is valid and if it is

worthy of bonuses (see Sec. 5.1);
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Figure 3.29: Applied forces in cruise.

+ Climb starts the trajectory and the collocation method and ends when one collocation point reaches
at least 60 seconds, where it is registered the altitude achieved in this segment to further calculate
the climb score (see Sec. 5.1);

+ Cruise starts in the last climb collocation point and ends after 120 seconds where the total distance

travelled in this segment is registered and used for the distance score calculation (see Sec. 5.1).

To close all score needs, if the flight is determined valid, the payload’s mass is registered and the
payload score is calculated and integrated in the final score calculation along with the take-off bonus if

applied.

3.3.6 Aircraft Design Variables

Having all models for the framework set, it is important to have as reference all the parameters
described in the problem, their meaning and their boundaries. Some of these are design variables while
others are constraints as summarized in Tab. A.1 and Tab. A.2.

As it can be seen, the problem comprises several different parameters and metrics. It is important to
note that the framework handles a higher number of intrinsic problem parameters that are derived from
these or necessary additional calculations from these parameters, as is the case for the aerodynamic
forces or the propulsion forces.

There are four types of parameters here present: Design variables intend to show framework free
variables, where the optimization can cycle through different values of these variables within its bound-
aries; Constraint are variables dedicated to formulate the problem as realistic as possible by applying
necessary conditions for the problem; Constants represent fixed parameters set for the problem that
are constant throughout every analysis; finally, Fixed Design variables are design variables that can be
changed from input from the user but are not permitted to change during optimization. These last can
be useful to study some aircraft parameters within pre-determined values, as is the case for the empty
aircraft's CG which is constrained by the structural design of the whole aircraft.

The control points of the aircraft variables (when applicable) where chosen to allow enough freedom
for the optimizer to enhance design performance but also kept realistic in terms of construction possibil-
ities of the aircraft. Control points for trajectory variables were defined based on convergence studies
presented in the next chapter.

Finally, boundaries were chosen to limit the aircraft to possible and reasonable values while allowing

enough freedom for the system to search and find the optimum solution.
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Chapter 4

Framework Structure and Verification

In this chapter, the framework developed along this thesis is explained and its results are verified.

The framework consists of a modified OpenAeroStruct program where a trajectory collocation method
is implemented as well as a new propulsion model and a possibility to manage both control and state
variables with b-spline interpolations with number of control points chosen by the user.

The purpose of this framework is the creation of a simple and quick design tool to foresee the opti-
mized starting point for the aircraft’s design.

Here the coupling between disciplines will be discussed, specially the aerodynamic-structural rela-
tions. Additionally, the models and their connections will be explored for a detailed analysis and com-
prehension. Verification will be the final segment of this chapter where the results will be analysed to

assure they are within the acceptable boundaries of the problem.

4.1 Framework Overview

The created framework comprises three major elements: Problem variables, which include all state,
control, geometric and auxiliary variables for the problem’s trajectory and aircraft; Mission points calcu-
lations, which involves wing geometric variables definition, the aero-structural coupling as well as the
propulsion calculations and all the needed pre-calculations; Mission performance and constraints, in
which the needed measurements are taken to evaluate the aircraft performance.

Figure 4.1 comprises the N2 diagram given for the framework at hand where the three major elements
are represented.

In the next subsections the full optimization process of the framework is covered from beginning to

end.

4.1.1 Problem Variables

The framework starts its optimization process by defining the problem variables at first. These vari-

ables describe the trajectory of the aircraft as well as the aerodynamic and structural geometric variables

42



ﬂ Frablem Variahles

l‘ [igsion Foints Caloulations

:‘ » Iission Performance and Canstraints
L]
Figure 4.1: N2 diagram overview of the created framework.

that describe the aircraft and also additional variables that control payload, available energy, etc.. Figure
B.1 presents the modules created for the design variables.

In its majority, these variables work only as input (green lines flowing out of the modules) for the
rest of the framework modules. However, for this framework, a b-spline module for every control and
state variable is added that receives control point values and produces an n point b-spline interpolation
calculation (see Subsec. 3.1.3). Note that these b-spline interpolations are optional on the framework,
being the user’s choice to use them as well as the precision of these by controlling the number of control
points.

The optimization framework asks the user to define initial values to be used for each of these vari-
ables, allowing to define these values as fixed (no change allowed) or design variables (allowing for the
optimizer in each cycle to change the value and search for the optimal overall solution). These variables

will then flow (in its majority) into the problem’s mission points calculation.

4.1.2 Mission Points

Mission points portion of the framework starts by receiving the problem variables and transforming
these into fluid related variables. Figure B.2 illustrates this flow.

Complementary to this, the wing aero-structural geometry properties are defined as well as their
meshes (Fig. B.3 (a)) and the take-off is calculated following the methodology described in Subsec.

3.3.5 (Fig. B.3 (b)). Notice that it is only on this stage that the wing’s aero-structural variables appear
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defined in the wing module.

The following modules will be responsible for the aero-structural performance calculations along
with the propulsion system evaluation and the point performance calculations that ultimately reach the
equilibrium equations calculations (Moments and Forces) - Fig. B.4.

Notice that the framework does not calculate the collocation points in a vectorized form, instead all
points are calculated separately, here represented simplified by a 5 point system with the first point
exploded for additional information. Also, although wing definition is made outside the mission points
(its a fixed geometry in each stage), the tail mesh definition is produced inside each mission point. This

detail is important to guarantee trim condition as explained further in this thesis.

Aero-Structural Coupling

First, the aero-structural coupling must be defined in order to better understand the framework pro-
cessing.

The aero-structural analysis uses the models described in Sec. 2.2 and 2.3 which coupled in a way
that only converged aero-structural solutions pass through the optimization cycle. At start, the surface’s
defined mesh (wing or tail) is used to determine the aerodynamic loads through its structural points.
Afterwards, these loads are placed inside the structural calculation method and a new deformed mesh
is formed. This deformed mesh is then passed to the aerodynamic analysis, which in turn produces new
loads for the structural system. This iterative aero-structural cycle stops once the aerodynamic loads
produce an equivalent mesh, within certain convergence criteria. This cycle and be observe in Fig. B.5

in a simplified manner.

Propulsion Coupling

For the propulsive system (Fig. B.6), a thrust calculation is processed in each mission point so the
performance can be calculated. In this framework, as explained in Sec. 3.2, the user can opt from two
different models.

If the propulsive model is chosen to be the simple one with constant power available, only the power
and thrust are calculated. if the model chosen is the battery model with power decay, then between
each mission point a wasted energy variable must be passed through. This energy decay starts with the
take-off model where the initial wasted capacity is calculated. Afterwards, each mission point calculates
the point wasted capacity and sums to the initial capacity available. The wasted capacity in each point

is then transmitted as initial capacity to the next mission point.

Mission Point Performance

Finally, in each mission point, a point performance is achieved by calculating the important metrics
(Fig. B.7).
This module is responsible for the calculation of the equilibrium functions (forces_eom and moment)

as well as the Cg location calculation. The forces calculated in forces_eom will be important for the
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collocation method defects calculation and to assure the physically possible behaviour of the aircraft,
since it calculates the sum of forces in the horizontal and vertical directions. The moment segment is
important to assure the aircraft is in static equilibrium in each point by assuring (as mentioned in Subsec.
3.3.4) a null pitching moment. This is only possible by allowing the tail mesh definition to be inside each
mission point, where the angle of incidence of the tail can be changed so the necessary equilibrium of

the aircraft can be achieved.

4.1.3 Mission Performance and Constraints

The last segment of the framework is responsible for the calculation of the necessary metrics to
evaluate the aicraft performance. Figure B.8 presents the modules in this segment.

Modules described in mission_perf describe mission related evaluation performance. The most rele-
vant in this work are the mission_score (more explicitly presented in Sec. 5.1.1) and collocation. In the
last one, the collocation method is implemented as described in Sec. 2.5. The other modules in this
part either create auxiliary variables for the aforementioned modules or create constraint variables to
simulate the problem at hand.

Modules described in constraints_perf represent specific aircraft constraints, such as geometry, tra-

jectory requirements and flight continuity.

4.1.4 Final Remark

Lastly, it is worth mentioning that the framework, as an optimization method, cycles through these
modules in a cyclic manner. OpenAeroStruct uses as base the OpenMDAO optimizer which has in-
cluded a total of fourteen different optimizers choices. These include stochastic and gradient methods.
These will evaluate each cycle results and depending on each method algorithm, will produce, at each
cycle, new set of design variables until eventually optimal solution convergence is achieved.

The overall optimization scheme is presented in Fig. 4.2 where a XDSM [22] diagram is depicted

describing the whole framework.
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Figure 4.2: XDSM diagram for the created framework. Created with [56]
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4.2 Framework Parameters

This section is reserved for the solver and optimizer definitions and the framework’s mesh and control
points parameters. A brief geometric and trajectory mesh study is presented where the number of panels

in each surface and the number of trajectory control points are studied.

4.2.1 Solver and Optimizer Parameters

The MDA employed in this work uses a NLBGS with Aitken’s relaxation method [57] to solve the aero-
structural coupling. As for the optimizer, the SLSQP (sequential least squares programming) method [58]
was used since it is a gradient based method and it is was the only optimizer able to reliably converge for
the problem at hand. Table 4.1 comprises the solver and optimizer tolerances used for this framework.
The solver tolerances were chosen based on the recommended parameters defined by OpenAeroStruct.
The optimizer tolerance was chosen to achieve converged solutions without the requirement of extensive

optimization computational times.

Table 4.1: Gauss-Seidel solver and SLSQP optimizer tolerances.

Parameter Value

Solver absolute error tolerance  10~7
Solver relative error tolerance 10730

Optimizer tolerance 1072

4.2.2 Mesh Study

One important aspect of optimization is to assure the models used are converged. This assures that
that the solution is in fact a converged solution where the results from the aerodynamic and structural
model are as close to reality as they can be. Not assuring convergence to these models can produce
unrealistic results.

To assure the best results possible, a mesh convergence study was conducted. The aerodynamic
surfaces’ panels as well as the beam elements depend on two variables: num, and num,. The first
corresponds to the number of chordwise panels on the surface, while the latter defines the spanwise
panels. Figure 4.3 presents a wing and tail modelled through these panels.

The problem here studied is the same presented further in Chap. 5 where a feasible aircraft geometry
was evaluated.

The higher the number of panels, the most accurate the solution is, but the higher is the computational
cost as well. Thus, this mesh convergence study aims to find the most accurate solution with affordable
computational cost.

Finally, the last important aspect of the mesh convergence is the convergence criteria and metric.
For this study, the drag coefficient (Cp) of the wing and tail in one analysis is used. For the convergence

criteria, a formulation was formed as
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Figure 4.3: Framework mesh example for both wing and tail.

Cp, —Cp,|—-1|C
Ccriteria = I = D1| I D
ICp

-C
converged D1| % 100%

, 4.1
“ ] (4.1)

converged

where Cp_, Cp, and Cp represent the Cp for a given num, in a fixed num, environment, the

converged
first Cp value for a given fixed num, and a initial num, and the most converged Cp value, respectively.
For this study a C.,;;eriq Value of less than 3% was considered enough to define convergence. The

mesh convergence study is presented in Fig. 4.4 and Tab. 4.2.
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Figure 4.4: Mesh convergence study graphical results in full spectrum and detailed.

Starting with the graphical results, it is clear that the most significant parameter for convergence is
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Table 4.2: Mesh convergence results using the C.iseriq Metric.

num num X
Y1 o2 3 5 7 9 11 13 15

7 4536 4534 4534 4534 4534 4534 4534 4534
9 2548 2546 25.46 2546 2546 2546 2546 25.46
11 16.08 16.06 16.06 16.06 16.06 16.06 16.06 16.06
13 10.90 10.89 10.89 10.89 10.89 10.89 10.89 10.89
15 776 774 774 774 774 774 774 174
17 5.71 569 569 569 569 569 569 5.69
19 429 427 427 427 427 427 427 427
21 328 326 326 326 326 326 326 3.26
23 253 2.51 2.51 2.51 2.51 2.51 2.51 2.51
25 195 194 194 194 194 194 194 194
27 1.51 149 149 149 149 149 149 149
29 115 1143 1143 113 1143 113 113 113
31 086 08 08 08 08 08 085 0.85
33 0.63 0.61 0.61 0.61 0.61 0.61 0.61 0.61
35 0.44 042 042 042 042 042 042 042
37 027 026 026 026 026 026 026 0.26
39 0143 012 012 012 012 0.12 0.12 0.12
41 0.02 000 000 0.00 000 0.00 0.00 0.00

the num,, variable, while the variable num, produces almost no change in Cp on its own. Furthermore,
the computational time increases with the number of added panels.

Figure 4.4 (b) gives additional insight for this convergence study. As it can be observed, all lines
(corresponding to different num,. fixed values) are very close to each other, implying that for convergence
the utmost important value is num,.

Analysing now the data in Tab. 4.2, it is clear that the convergence is gradually achieved as more
panels in the spanwise direction are added. The convergence criteria is achieved for a number of
spanwise panels of 23 for all num, curves.

Following the wing mesh study results, the number of panels defined for the wing was num,, = 23 and
num, = 5, since this combination is proven converged and does not require too much computational
cost.

As for the tail, since it is smaller, a mesh with num, = 15 and num, = 3 was used, which creates

similar sized panel.

4.2.3 Control Points Study

Since the trajectory is defined by control points where the collocation method is applied, it is important
to assure the number of control points that allows for the best result while maintaining low computational
cost.

Similarly to the mesh convergence study, the control point study also used a metric and a conver-
gence criteria. For the convergence criteria, a graphical observation was used. As for the metric, the
final objective function - score - was used. Notice that the metric used is the optimization objective func-

tion (score) and thus the convergence should be carefully analysed. As the number of control points
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increases, the odds of finding local minima increases. However, using few control points produce a low
resolution trajectory and thus worse results.

Figure 4.5 presents the results for the study conducted. The problem here studied is the same
presented further in Chap. 5 where a generic feasible aircraft geometry and trajectory was chosen as
initial solution. This plot also presents the computational effort for each optimization conducted. As
expected, the computational effort exponentially increases with the number of control points. Also, the
score metric starts at a poorly value but rapidly stabilizes around 2000. It is worth mentioning that these
computational times are not fixed for the number of control points but rather for the initial solution given to
the optimizer. However, the gradually increasing computational demand is representative of the control

points influence.

computacional Time (h)

Figure 4.5: Control points convergence study graphical results.

With the results presented together with an effort to avoid high computational costs, a trajectory with

30 control points was used throughout this work.

4.3 Framework Verification

Since the purpose of this thesis is to explore the results achieved and not extensively explore the
verification requirements, the verification is here simplified by examples that should be seen as generic
observations of the framework. Hence, if a constraint verification is presented and assured, these should
be considered transversal for the framework response and, thus, all constraints should be considered
verified using the same formulated method.

To better understand and visualize the framework optimization results, a few graphical representa-
tions were made: wing and tail planform inside the rhombus box, design variables history, constraint
functions history, objective function history and trajectory.

The first one presents the wing and tail mesh inside the rhombus box, which allows not only to visually
verify the rhombus box constraint, but also see each iteration result. Figure 4.6 presents a preview of
this result for a generic optimization cycle.

Design variable, constraint function and objective function histories simply show their value for each

iteration, enabling an optimization history analysis. Such results are described further in the following
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(a) First optimization cycle iteration aircraft (b) Last optimization cycle iteration aircraft
planform. planform.

Figure 4.6: Aircraft planform inside rhombus box examples for a generic optimization.

subsections.

Finally, trajectory results preview the aircraft progression through space, where it can be clearly seen
the optimization’s path choice. These will also be explored further next.

Verification for this framework comprises three important aspects: Boundary compliance, Constraint

compliance and Trajectory accordance. First, the typical results presented are enunciated.

4.3.1 Boundary Compliance

Boundary compliance concerns the design variables’ boundaries established in the framework. Each
design variable is defined within a possible search space, which helps define the problem and limit the
variables to a controllable expected range. It is important that these boundaries are active and, thus, not
allow for any variable to be out of its encapsulating box. As an example, the wing and tail spans are in

Fig. 4.7 in a generic optimization routine.
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Figure 4.7: Wing and tail span history through the optimization routine.

As it can be seen, both variables respect its bounded conditions. Furthermore, in the tail span
example the boundary can be seen active and thus functional.

4.3.2 Constraint Compliance

Constraint compliance concerns the constraint functions values and if they respect its bounded val-
ues and conditions.
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For the framework to work properly, the constraints, depending on their type, must be bounded to
their region. Otherwise, the solution would not respect at least one constraint condition and the result
would be invalid. As an example the rhombus fit constraint variables are presented in Fig. 4.8 for a

generic optimization routine.
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Figure 4.8: Rhombus box fit constraint variables value through the optimization iterations.

It can be seen two important aspects from this example. The first is the frameworks’ capability
to comply with the bounded region by correcting a constraint function value from off-boundaries to a
bounded state. Additionally, the optimizer correctly searches through the available design space and

stabilizes near the end of the optimization.

4.3.3 Trajectory Accordance

Trajectory accordance concerns the trajectory choices of the framework, which should be physically
possible and within normal operation conditions. For this, the defects (see Sec. 2.5) shall be analysed
and they should be bounded close to zero so all the control and state variables respect their physical

interactions. Fig 4.9 presents the defects value for a generic optimization routine.

Defect x
—— Defectz
Defect fx
—— Defect fz
Lower Boundary
Upper Boundary

Defect Value

w

30 40 50
Iteration

Figure 4.9: Defects values through the optimization iterations.

As shown, the defects start with values far from zero and through iterations converge to a zero value
(within the tolerances defined). This indicates that the optimization started with an unfeasible trajectory

and found a stabilized physically possible trajectory.
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Chapter 5

MDO Setup and Results

This chapter is reserved for the results achieved with the developed framework. It comprises five
sections: Mission, Base solutions, Coupled design and trajectory optimization, B-spline interpolation and
Thrust model comparison. The first describes the problem formulation taking into account the mission
goals and the constraints acting on the system. The second section comprises a direct approach of the
framework built for the three score independent cases of the competition - payload, climb and distance.
The third delivers an in-depth analysis of the pursuit of the optimal conceptual design. Finally, the
last two sections analyse the influence of the b-spline method implemented and the comparison of the

propulsion models.

5.1 Air Cargo Challenge 2022 - Mission

5.1.1 Mission Objectives

This event is a three category score based competition based in three distinct flight segments: take-
off, climb and cruise [16].
In the Take-off the purpose is to carry as many payload bags as possible. The score function for this

segment is

Pe(mn
Spayload = 1000]; ) (51)

where Pj..., and P,,,., represent the payload of the team and the maximum payload achieved overall in
the competition, respectively. Additionally, take-off must be achieved in less than 60 meters, with a 10%
bonus reward for the total score of the team if accomplished in less than 40 meters.

The climb segment is characterized by the altitude achieved in 60 seconds. The score function is

PSaltitude team
Sepimp = 1000 ——altitude team 5.2
timb PSaltitude,mam ( )

where PSuititude,team @Nd PSaititude,maz represent the pre-score altitude of the team and the maximum

pre-score altitude achieved overall in the competition, respectively. The pre-score altitude is
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PStitude = —3.92¢ P h, + 1.08¢ 2hd,, — 1.156h2,, + 64.2heos — 537 (5.3)

where hgos is the altitude achieved in 60 seconds of climb. This function can be visualized in Fig 5.1.
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Figure 5.1: Pre-score Altitude graphical visualization [16].

The final flight segment is the cruise which may involve turns with long radius (50-100 meter radius).

The score for this flight condition is

D
Sdistance = 1OOOM y (54)

max

where Dy..m and D, represent the distance travelled by the team and the maximum distance achieved
overall in the competition, respectively. This is evaluated by the maximum distance travelled in 120

seconds.

The final score used for this thesis is

Stotal = (Sdistance + Sclimb + Spayload) X (]- + Pto,bonus) ) (55)

where P;, ponus represents the take-off bonus and can assume either the value of 0 or 0.1 depending on

the take-off distance (0.1 for a runway equal or less than 40m).

It is important to note that these scores are dependent in the behaviour of the best team in each
segment, which causes difficulties in the problem definition. The best team will be the one that measures
the importance of each segment and designs an aircraft that outperforms every team. This process is
described in 5.2.
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5.1.2 Mission Constraints

This event also sets baseline constraints for all participating teams to assure a fair competition.
These include an electric motor, propeller limitations and geometry related regulations [16]. Here these

constraints are described and the set of baseline mission constraints will be set.

Propulsion Constraint

The electric motor and propeller define the propulsion system and the thrust produced by these is
only dependent on the battery used to power this system. The propulsive model is described in Sec. 2.4
and delivers the thrust produced by the motor given the propulsion control variable ;. With this model,
the optimizer must only guarantee the aircraft has enough energy for the propulsion needs.

Consequently, the propulsion constraints deal around the energy and capacity of the battery (in case
of the battery model). To simplify, the propulsion constraints that will be presented respect to the battery
simulation model. The simpler propulsion model respects all constraints expect the ones related to
capacity, which it does not need.

To relate battery mass and energy available with spent energy, the first propulsion constraint is de-

scribed as

Emaw = Wb X exXue > Ewasted ) (56)

where E, 0., Wh, €, ue and E,qseq are the maximum available energy, battery weight, battery specific
energy, possible usable energy and wasted energy, respectively.

As for the battery capacity, the next propulsion constraint states

Cmaz = Cy X ue > Cyasted » (57)

where Cqz, Cp and Cyqsieq are the maximum capacity, design battery capacity and wasted capacity,
respectively.

Finally, the last constraint connects the batteries available energy with its capacity, as

—1le2>C,—Wyxe>1le? . (5.8)

Note that in the last constraint, a bounded inequality was used instead of an equality constraint, to as-
sure better convergence for the optimizer without negatively affecting the results. This is a common
optimization workaround and was used throughout the constraints formulation to avoid equality con-

straint induced convergence problems.

Geometry Constraints

The competition severely constraints the geometry through mainly the rhombus box fitting regu-

lations. Additionally some dimensions are constrained by the transport box, however those can be
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constraint from the design variables’ bounding limits.

The first constraint describes the wing to tail mesh formulations. OpenAeroStruct allows for the
creation of both wing and horizontal tail lifting surfaces meshes and the initial distance between them.
However, that distance must be corrected for the proper functioning of the framework, since the wing to
tail distance can define if the aircraft respects the rhombus box dimensions or not.

For this matter, the constraint connects the mesh distance to the [; design variable as

—le 3> |meshuwing(xo) — meshiqir(zo)| — I > le 3 (5.9)

Now, the geometry constraints can be set in relation to /; which will directly affect the mesh disposi-
tion. To assure the rhombus box geometry constraint is complied following Subsec. 3.3.3, the framework

is set to respect the geometry inequality constraints as

lgs >0 (5.10)
hys > 0 (5.11)
lgie >0 (5.12)
hiip > 0 (5.13)

Trim and Stability Constraints

These constraints assure the aircraft optimized solution is a good stable design. For this, two restric-

tions are made, one in every collocation point written as

Con, =0, With i = 1...0poines (5.14)

which implies the aircraft is trimmed in its position with the help of the stabilizers, and one geometric
constraint to assure the vertical stabilizer volume component of the "V tail is between historical values,

as

0.04 > Virr > 0.09 . (5.15)

Structural Constraints

Structural constraints are represented by a failure restriction where the aircraft wing and tail structure
must not fail due to the aerodynamic loads they are subjected. This is done through the use of the KS
(Kreisselmeier and Steinhauser 1979) function that aggregates all failure constraint (vectorized form) of
a specific surface into a single constraint value which greatly enhances the optimizer efficiency while
maintaining a good structural evaluation of the surface’s structure. These are represented by a negative
value (from 0 to -1) if the structural integrity is secured and a positive value if structural failure is found.
This way, both wing and tail constraints are set as
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KSfailurew/t <0 (516)

Additionally, for the structural framework to work successfully, spar material properties must be de-
fined. For both wing (wing box section) and tail (tubular section), the carbon fiber laminate material
was chosen - a typical material used in the competition to create almost any structural component. The

properties are the presented in Tab. 5.1.

Table 5.1: Carbon laminate properties [59].

Young modulus  Shear modulus Yield stress Density
E=70 GPa G=5 GPa 0,=600 MPa p=1400 kg/m>

Aerodynamic Constraints

Aerodynamic constraints are related to the aerodynamic performance of both tail and wing. The
framework, if allowed, might produce unrealistic lift coefficient distributions of C;. For this matter, a
limitation must be imposed to obtain an applicable solution based on the optimized 2D airfoil produced
by the team.

Through XFLR5 [54], a maximum C; can be estimated for both wing and tail airfoils. First, the fluid
regime must be determined. For the typical values of the aircraft’s flight, the speed of the aircraft is

around 18 m/s and, with a standard sea-level air properties, the Reynolds number can be estimated as

_pUCy
7

Re ~3.5x%x10° . (5.17)

The XFLRS results are shown in Fig. 5.2.
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Figure 5.2: XFLR5 C;-a analyses for the wing and tail airfoils

Through observation of Fig. 5.2, the maximum values can be determined, leading to the aerodynamic

constraints

56



C, <13 (5.18)
i, < 0.95 (5.19)

Trajectory Constraints

Trajectory on the framework needs to be constrained for two main reasons. One is aligned with flight
continuity - take-off calculations are made outside of the mission points calculations. As opposed to
climb and cruise continuity, where both are part of the same calculations and therefore are only sub-
parts of a flight segment, take-off is calculated as a another flight segment. The other reason is to make
the optimizer more aligned with the optimization’s objective.

For the first reason, the velocity in the longitudinal axis of the aircraft must coincide. This is imple-

mented as

—le 2 > iy —d; > 1le 2 . (5.20)

where i, and &, are the final take-off speed and the initial flight speed, respectively.

For the second reason, a climb helping mechanism is implemented where the maximum possible
achievable altitude is the one registered in the 60s mark after take-off (z0s). This also allows for the air-
craft to cruise with a negative pitch angle, which results in a better use of the aircraft’s weight contribution

to the velocity. This constraint is implemented on the vertical component of the aircraft position,

z2 <= Zgos - (521)
Additionally, to comply with the flight ceiling of the competition, according to the European regulations

for flying,
z<=120m . (5.22)

Finally, to assure the good functioning of the collocation method (Sec. 2.5), the defects are bounded

close to a null value,

—le < (¢ < 1le7? (5.23)
—let < < le? (5.24)
—le™ < (pp < le? (5.25)
—le™t < (s < le? (5.26)
(5.27)

These last two constraints will assure that the optimal trajectory is physically realistic.
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Payload Constraints

To comply with the requirements set by the competition, the payload must not interfere with the CG
location of the aircraft, thus it does not change the longitudinal stability regardless of the payload choice.
The framework handles this problem by limiting the position of the payload. Since the regulation only

implies the CG position in the longitudinal x-axis, the formulation implemented states

—1le—2< CGy — CGpayioad, < le—2 . (5.28)

5.1.3 Problem Formulation

Having presented all design variables and constraints, the problem formulation may be stated. Through
the search for the optimal solution for this thesis problem, there are three objective functions analysed
- one for each score segment - payload, climb, distance and total scores. Since the framework is pre-
defined for minimization and the purpose of this work is to maximize a score value, it was defined to use
the inverse of the score function, converting a maximum optimization to a minimum optimization with
the same results. The objective function, in this work called generically by F(x), is based on the design

variables x and is formulated as:

F(z) = Spa;aod , for payload optimization (5.29a)
Fz)= 5 , for climb optimization (5.29b)
F(z)= g—— ,fordistance optimization (5.29¢)
Fla)= g ,for global optimization (5.29d)

Assuming, generically again, the aforementioned constraint functions as C(z) and the design vari-
ables described in Tab. A.2 as z, the optimization can now be completely established and formulated

as

Minimize F(x)
w.r.t. x (5.30)

subject to C(z).

To conclude, it is important to evaluate the dimension of the problem formulated. Table 5.2 comprises

information about the optimization problem dimension.

Table 5.2: Optimization problem size.

Design Variables Constraint Functions
6 xn+ 26 9xn+13
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Here n represents the number of control points. As seen, there are a fixed number of design variables
and constraint functions and a variable number as well. The problem’s dimension is very dependent on
the number of control point and consequently the time efficiency is also very dependent. Following
the results presented in Subsec. 4.2.3, the number of control points chosen for this work is 30, which
produces a total of 206 design variables and 283 constraint functions. Note that each collocation point is
a set of 4 state variables and 2 control variables. In a similar manner, each collocation point comprises
4 constraint functions for the trajectory and several other to limit some metrics (stability, C;) in each flight

stage.
This overall optimization size reveals the complexity of a simplified problem and the power of these
optimization methods that can optimize this size related problems in a few hours.

With the problem now completely formulated, the search for the optimal solution can now begin. The

following sections will describe the procedures followed in this pursuit.

5.2 Air Cargo Challenge 2022 Competition Base Solutions

Following the problem formulation, the framework was used to determine, at first, the best concep-
tual design tendencies for each of the score parts: Payload, Climb and Distance, using the framework
objective function defined as the inverse (for minimization) of Egs. 5.1, 5.2 and 5.4, respectively. Climb
and distance optimizations are expected to reduce payload and aircraft’s weight, while the payload opti-

mization should do the opposite.
Before analysing the results, the initial design point was defined with the initial flight profile presented
in Fig. 5.3 and aircraft geometry Fig. 5.4, where the wing and tail planform is presented accompanied

by the rhombus box limitations. The initial results and parameters can be seen in Tab. C.1.
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Figure 5.3: Initial trajectory given for the optimizations.

The initial flight profile was intended to be sub-optimal in climb and distance to promote the framework
to search for the optimal solution. The initial aircraft geometry and properties were also defined sub-
optimal to allow not only for freedom in the optimization but also to verify if the optimizer correctly

searches the design space.

The results will now be presented in sequential form where each part is analysed in detail.
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Figure 5.4: Aircraft initial configuration.

5.2.1 Climb

The climb segment is characterized by the first 60 seconds of the flight where the altitude of the
aircraft shall reach 100m for maximum points. It is expected that the optimizer reduces the aircraft
weight by minimizing the payload and choosing the best suited trajectory to enhance the climb points.

The optimization results (trajectory and planform) are presented in Figs. 5.5 and 5.6.
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Figure 5.5: Trajectory results for climb optimization.

As expected, the optimized configuration is a light weight (1.3kg compared to the usual 2kg) solution
where the trajectory chosen clearly optimizes the climb achieved at the 60 seconds mark. It is important
to note that this result is improved by the use of the altitude constraint implemented. Furthermore, the

result observed is not the optimal climb solution - the best is 100m. However, the optimization’s search
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Figure 5.6: Aircraft climb optimized planform.

path is in correlation with the ultimate purpose of this single objective formulation. A more deep search

could be sought for to achieve the global optimum but that study is not relevant for the climb alone.

Additionally, it can be observed that the distance travelled (4000m compared to the initial 3000m) for

this solution is also high, which correlates well with the light weight option for the system.

5.2.2 Distance

For the distance results, the optimizer is expected to reduce the aircraft's weight and choose a
straightforward trajectory to optimize its distance. Since acceleration is very dependent on the aircraft’s
mass, the wing should be defined to be only sufficient to keep the aircraft flying. Following the same

methodology as before, the results are presented in Figs. 5.7 and 5.8.

In this scenario, the framework correctly identified the optimal goal to increase the velocity in the
longitudinal axis to increase the maximum. It is important to note that in this optimization the altitude
constraint to improve climb results was disconnected to allow a better verification of the optimization

search decisions.

Notice that the configuration achieved is very similar to the one achieved through optimizing the

climb, which is expected since both require a light weight aircraft but with different trajectory choices.

It was also expected for the thrust of the aircraft to be capped at full throttle, since this would op-
timize the force in the aircraft’s longitudinal axis. However this was not the case. Figure 5.9 shows
the thrust results for this configuration. It seems to indicate a sub-optimal choice for the thrust results.
However, there are other factors that play a role in this problem. Higher thrust will imply higher Lift that
ultimately changes the aircraft’s trim condition, thus leading to a higher elevation, which is not permitted
by the maximum altitude constraint. This can be analysed by assuming different initial empty weight CG

assumptions but for this validation analysis, the scope does not include this approach.
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5.2.3 Payload

For the payload part, contrasting with the previous optimizations, the purpose is to carry as much

cargo as possible, meaning the wing surface area should be maximized and a low speed should also

be chosen since the distance travelled is not considered for the objective function. The results are

presented in Figs. 5.10 and 5.11.
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Figure 5.10: Trajectory results for payload optimization.

Figure 5.11: Aircraft payload optimization planform.

In this optimization, the framework sought, as expected, a higher surface area wing (0.72m? com-

pared to the initial 0.39m?) to maximize its lift and a loss in speed. As the distance optimization, the

altitude improving constraint was not used to validate the framework’s decisions.
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5.2.4 Final Remarks

As a final note, it was clearly shown that the optimizer search for the optimal solutions in each case
were expected results, which validates its final purpose - to optimize all score parts together.

The results from the previous optimizations are presented in Tab. 5.3.

Table 5.3: Score points for each optimization.
Climb Score Distance Score Payload Score Total Score

Climb Optimization 943.60 929.36 83.33 2151.92
Distance Optimization 638.79 930.12 0 1725.80
Payload Optimization 615.49 656.30 750 2223.97

Notice that the highest score total configuration is the payload one although its poor speed and climb
results. This happens due to the payload effect on the score. While no payload leads to no score points
in the payload segment, a heavier slower aircraft still earns a good amount of score points in both climb
and distance parts. This is the ultimate purpose of this thesis - to find the optimum conceptual decision

that takes into consideration all three parts.

5.3 Coupled Design and Trajectory Optimization

The goal of the framework is to lead to the optimal conceptual design for the ACC’s 2022 competition.
To achieve this, one must define the metrics and goals in terms of general wing geometry properties
and trajectory preferences. The results will be analysed in respect to the wing’s span, chord and area,
trajectory’s choice in each flight segment, and general aircraft needs - structural weight and energy.

The method proposed in this thesis is the analysis of three independent cases where different starting
design points are chosen. The score progression and what the optimizer tends to normally develop into

will be analysed.

5.3.1 Case Study #1

For the first case, the same initial configuration as the previous individual segment studies is used
as a mean to couple together the best aspects in each optimization.

Figure 5.12 previews the initial and final configuration and the score progression, while Fig. 5.13
shows the optimizer’s trajectory choice.

The optimizer successfully maximized the aircraft score by manipulating the wing geometry, to pro-
duce higher wing loads, and the trajectory by increasing the altitude in the first 60 seconds. Furthermore,
the optimizer gradually increased the aircraft payload in each iteration till the configuration reaches a
plateau and stabilizes - Fig. 5.12. Also, the optimizer correctly found the best vertical velocity pattern,
which is to maximize in the first 60 seconds and reduce it in the rest of the flight to comply with the
competition maximum altitude requirements.

These results show a good comprise between all disciplines and ultimately shows the framework’s

capabilities of finding optimal solutions for the problem at hand.
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Figure 5.12: Aircraft visual results for case study #1.
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Figure 5.13: Trajectory results for for case study #1.

5.3.2 Case Study #2

In this case, the aircraft initial solution comprises a more defined wing shape with the same initial
trajectory as before except for the initial climb solution that is better in this case (80m at 60 seconds).

The results are presented in Figs. 5.14 and 5.15.
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Figure 5.14: Aircraft visual results for case study #2.

For this case study, the optimized aircraft progressed into a smaller configuration to maximize climb
and distance score. However, one characteristic remains: although the optimizes configuration got
smaller, the wing yields a high chord to maximize the wing’s surface area. This allows for more payload
to be carried and thus an optimized solution for all three score parts.

The distance results in this case prove to be better than the first case studied, however, the final

score is lower. This highlights the payload importance in this competition. The payload maximization
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Figure 5.15: Trajectory results for for case study #2.

plays a bigger role than the other two score contributions.

Finally, the tail configuration presents an unusual design with higher tip chord when compared to the
tail’s root chord. This can prove that the result could have been better determined if the optimizer was
allowed to pursue its search longer. However, since the results are qualitative, the important aspect of
the tail are its area and mean chord, which can be taken from this result. Other unusual results follow

the same fate.

5.3.3 Case Study #3

To study the importance of boundary restrictions on the optimization’s routine, the aforementioned
case study initial planform was used as initial solution and a lower bound restriction for the wing span of
1.8m was given. The trajectory followed the same initial configuration as the first studied case. Results

are presented in Figs. 5.16 and 5.17.
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Figure 5.16: Aircraft visual results for case study #3.

By prohibiting the wing to reduce its span, the case study #2 optimized solution was converted from a
smaller aircraft to a higher span solution, which produced a worst final score result, but a similar solution
to the first case study. This result shows two important aspects of optimization: boundary conditions can
limit an optimized design to be closer to expected results; this action can lead to worst results even if a
better solution may lay near (example case study #1).

As for the trajectory, a similar trajectory to the one found in the first study is encountered, which

proves their similarities.
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Figure 5.17: Trajectory results for for case study #3.

These results will now be analysed in more detail where the reason behind this case study poor
solution in comparison to the first case study is explored.

5.3.4 In-depth Analysis

As aforementioned, in this optimization study, the purpose is to find the best set of overall metrics the
aircraft should have in order to better succeed in the competition. To represent such metrics, Tab. 5.4

presents the sought for qualities in the aircraft and their values in each case study.

Table 5.4: Wing and tail conceptual design metrics for all case studies.

Wing Tail
#1 #2 #3  Average #1 #2 #3 Average
Ty [M] 04 037 0.37 0.38 S;[m?] 0.15 0.08 0.10 0.11
S, [m?] 0.72 0.43 0.68 0.61 A [°] -0.14 0.00 -0.09 -0.08
AR, 451 3.18 5.06 4.25 7t [°] 35.23 35.04 59.68 43.32
Ay [°] 1.01 0.00 0.07 0.36
t/cw 0.08 0.08 0.12 0.09
Aw 1.00 0.98 0.77 0.92

Results indicate three major aspects of the wing’s geometric preferences for the optimized solutions:
(i) the wing area is relatively high; (ii) the sweep is preferred close to null values and (iii) the wing chord
is kept at the maximum.

All three studied cases present close to maximum chord values, which reveals that for all optimization
cycles, the chord was maximized for the achieved wing span, which represents the wing surface area
maximization for a fixed optimized span. Additionally, the thickness of the wing is kept in average at
low values, which benefits a faster aircraft and increases the climb and distance score points while
maintaining high wing area.

As for the tail, sweep is kept close to null or negative and the area is kept between 15 to 20 % of the
wing’s area. Additionally, the dihedral for the first two cases is lower and higher for the last one.

Although geometric variables give important insight about the optimized result, structural reliability
must also be analysed as well as its influence on the design. Figure 5.18 presents all of the case study
structural failure results for the wing and tail.

As it can be seen, the KS function values are near its minimum value, which is -1. This means

the structural integrity of the wing and tail are far from being affected. This is due to the structural
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Figure 5.18: KS failure function results for the case studies presented for the wing and tail.

simplifications of the method, the high stiffness properties of the composite materials and the high box
scheme chosen for the wing. Since the composites are only modelled with pure laminates instead
of foam-laminate components, error arises. However, the high stiffness of the wing comes from the
introduced shape of the spar. For the structural geometry of the wing, following Olissipo Air Team’s
recent studies, the spar is a wingbox scheme with two spars - one at around 20% of the wing’s chord
and the other at around 80%. This creates a large wing box scheme with high bending and torsional
stiffness. Nonetheless, the results prove the reliability of such materials on the wing while still evaluating
correctly the empty weight of the aircraft. The real Olissipo Air Team’s prototype reveals an empty mass
of 2.5kg and the optimization results lay between 2 and 3kg.

Finally, the optimized trajectory and propulsion system must be evaluated. First taking the trajectory
depicted in Figs. 5.13, 5.15 and 5.17, the optimized result focus on climbing to maximize the climb score
and, afterwards, focus on increasing the velocity to increase the distance score. Figure 5.19 presents

the both horizontal and vertical velocities for the best solution found (case study #1).
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Figure 5.19: Velocity results for case study #1.

As seen, the vertical velocity has the highest values in the first 60 seconds and rapidly decreases to
a null value for the rest of the flight. On the other hand, the horizontal velocity has an increase in value
at the 60 seconds mark, where the aircraft finishes the climb flight segment.

As for the propulsion, Fig. 5.20 presents the Throtle results and Fig. 5.21 presents the Thrust results
for all case studies.

Two distinct yet similar results arise from the studied cases. Starting with the similarities, the propul-
sion system engages with higher effort in the climb stage, which is expected since this is the flight
segment more demanding in terms of propulsion. However, while both cases #1 and #3 seem to cap

the thrust values near the maximum at the beginning, case study #2 presents more margin. This is due
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Figure 5.21: Thrust results for all studied cases.

to the aircraft weight. The aircraft in case study #2 presents smaller dimensions and thus is a lighter
aircraft that requires less propulsion thrust to climb the maximum altitude score (100m).

These results show important details about the aircraft flight pattern and requirements. The most
effort is produced in the climb segment and the cruise segment is less demanding for the propulsion
system. This should advise carefully the design for the climb stage. Near limit designs might fail the best
performance in climb stage and a margin should be given to not compromise the best result.

Another interesting result is the low throttle values for the cruise segment. This indicates that the
trimmed flight occurred for a 20% to 40% of the available thrust, depending on the aircraft used. This is
due to the flight region constraint: if no altitude limit was present, the throttle could have been enhanced
and the aircraft’s speed would increase as well, but increasing throttle changes the aircraft balance which
tends to increase the aircraft altitude (different trim condition). However, this data also shows that the
cruise flight can be further optimized to achieve a trimmed configuration with higher throttle and speed
while maintaining similar climb behaviour.

As a last note, the voltage declining battery model is clearly present in the system, where most
constant thrust regions are due to non-constant throttle inputs, which compensate the battery’s decay.
As for the batteries capacity, in all optimization cases it was kept at the value of around 2800 mAh, which

is expected since the flight is of a short duration and the throttle at cruise is low.

Summaring the aforementioned information, the best conceptual design is a high area wing, with
higher mean chord values and a small thickness ratio. The tail should have a null or negative sweep
geometry with around 20 % of the wing’s area. Additionally, the trajectory should aim for maximizing the
climb in the first 60 seconds, where the 100m mark can be possible to achieve, and rapidly change the
attitude of the aircraft to achieve maximum distance in the following cruise segment. Attention should be

given on the propulsion effort in the climb segment and in the trim configuration for the cruise segment.
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Furthermore, the optimized aircraft is expected to carry 8-12 bags of payload depending on the flight

behaviour.

5.4 B-Spline Interpolation Usage

It was observed in Sec. 3.1 the potential of including b-spline interpolations for the control and state
variables of the problem for increasing the computational efficiency without jeopardizing the optimization
results. Here, a study is conducted to analyse the potentiality of using such methods using the case

studies aforementioned.

5.4.1 Individual Influence

Starting with the second case study, b-spline interpolations were used independently to study their
individual influence on the results. Table 5.5 yields these results where, for each variable, a 10 and 20

point controlled b-spline was used.

Table 5.5: B-spline interpolation results comparison with an optimized solution.
CP  Score Score A% Comp Time (s) Comp Time A%

normal - 2337.6 3184.7
. 10 2364.7 1.16 2370.7 -25.56
20 2360.0 0.96 2904.0 -8.81
i 10 2353.9 0.70 1970.7 -38.12
20 2424.8 3.73 4194.0 31.69
. 10 2373.3 1.53 4785.9 50.28
20 2370.8 1.42 3173.7 -0.35
P 10 2377.2 1.69 3791.0 19.04
20 2386.0 2.07 3117.7 -2.10
5, 10 2392.2 2.34 4030.3 26.55
20 2350.2 0.54 5053.0 58.67
Sutad 10 2427.0 3.82 2850.0 -10.51
sva 20 2337.3 -0.01 3076.1 -3.41

The results present, at first, interesting results - although the final score value change has mini-
mal differences (maximum is 3.82%), the computational time yields large differences, both positive and
negative. Furthermore, all results with b-spline interpolation methods produced slightly higher score
responses.

These results prove, once more, that single variable b-spline interpolation exploitation may not inter-
fere with the results but do, however, have an impact on the optimization efficiency.

Results show that lower control point inputs produce higher computational times when comparing
with higher number of control points, except for the throttle variable that will be discussed later on.
This is due to the low flexibility the low control point b-splines methods deliver. By definition of the
method used within the created framework, a lower number of control points will always produce a lower
computational time for each iteration in the optimization. However, the lower the control points are, the

stiffer is the curve produced by them, which delivers a more complex search and thus more optimization
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iterations.

Another interesting detail is how the shape of the result function affects the optimal number of control
points. For the state variable z, a lower control point method produces better computational efficiency.
This is due to the fact that the x optimal values are almost a linear function through time, which can
almost be defined by a 2 point control point scheme. However, if the state variable = is considered, a low
control point method will poorly define the optimal solution while a higher number of control points will
create a better approximation - notice that for the state variable z, the computational efficiency increases
from a 50% loss to a 0.3% gain when changing from 10 to 20 control points.

Next, a better visualization of the results will be given where all b-spline functions will be evaluated

simultaneously considering case study (#3).

5.4.2 Global Influence

To study the performance influence of global b-spline interpolation usage, the control points used
were chosen based on the previous individual influence results and on experimental optimization runs.

These are presented in Tab. 5.6, where the summarized results are also included.

Table 5.6: Control points used for global influence analysis of the b-spline interpolation method.

X T z z 6)5 5stab
CP 20 20 25 25 10 20
Score 2374.5 Score A% 4.33

Comptime (s) 4186.9 Comptime A% -42.73

Clearly, the b-spline method implemented not only increases the obtained score value by more than
4%, but also decreases the computational time efforts by almost 43%. These results prove the impor-
tance of the implemented method and the benefits of using such method in more complex systems with
higher computational efforts. Additionally, by representing each state and control variable by interpolat-
ing functions, this method creates more realistic smooth function curves that are closer to the aircraft’s
real scenario. Figure 5.22 present the b-spline interpolation trajectory state variables results.

Furthermore, the b-spline method accurately found the maximum climb point, whereas the traditional
method did not. Similar results appear for the control variables (propulsion) - Fig. 5.23.

Finally, the modified model aircraft geometry result was also different from the one found without the
b-spline implementation. Figure 5.24 comprises the new found design.

In this scenario, the optimizer converged to a higher aspect ratio wing and smaller mean wing chord,
which allowed for a higher climb and distance scores with a small decrease in the payload score.

With further control point study, a better solution might be found and/or a better computational gain
can be achieved as well. Although the control points attributing is problem dependent and need analysis
from previous optimization cycles, it can prove useful to describe the state and control variables with

b-spline interpolations, since it can greatly reduce the cost of optimizing the overall design.
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Figure 5.22: Trajectory state variables results for the implemented b-spline interpolation method for all
state and control variables.
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Figure 5.23: Trajectory control variables results for the implemented b-spline interpolation method for all
state and control variables.

Figure 5.24: Aircraft planform result for the implemented b-spline method for all state and control vari-

ables.
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5.5 Thrust Model Comparison

To visualize the influence of the battery model in the optimization results, case study #3 was used to
achieve a propulsive model comparison between the two models implemented.
Both optimizations started with the same initial configuration and the propulsive response of the

simpler propulsion model is presented in Fig 5.25.
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Figure 5.25: Propulsion system results for the simpler propulsive model implemented.

Comparing these with the results shown in 5.20(c) and 5.21(c), the thrust curve is almost identical,
however the throttle curve is different. For the decay battery model, the throttle input must be corrected
to a non-constant curve to perform a constant curve for the thrust curve. On the other hand, for the
constant power model, the throttle and thrust curves have a linear correspondence.

Additionally, optimization results were also different, increasing the total score by 3.27% (from 2275.9
to 2350.4) and reducing the computational time by 25.73%. The optimized planform is present in Fig.
5.26.

Figure 5.26: Optimized planform for the constant power propulsive model.

Similar to the results found in the b-spline interpolation integration, the optimized wing is a higher
aspect ratio wing with smaller mean chord values.

Although these results improve the optimizer efficiency and results, it proves that a poor represen-
tative model of the propulsive system can induce unrealistic score results and consequently provide an

unrealistic optimized solution.
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Chapter 6

Conclusions

6.1 Achievements

In this work, a framework was developed to study the ACC 2022 competition optimal conceptual de-
sign. The framework, based on OpenAeroStruct, includes problem specific modules to fully comply with
the competition rules [16]. Additionally to the aerostructural module present, a trajectory optimization
module was implemented based on a collocation point method with the option for b-spline interpolation
functions to increase optimization efficiency. Constant and decay power propulsion models were imple-
mented to model the propulsion system response to a control input. The additional aircraft modules were
introduced according to the competition conditions and to the Olissipo Air Team recent developments.

The ACC 2022 optimal design characteristics were determined based on different singular and global
case studies. Coupled design and trajectory optimizations were conducted leading to the following
conclusions: (i) climb maximum height is possible to achieve and should be the focus of the first sixty
seconds of flight; (ii) the wing area should be maximized within the bounded limits to maximize cargo;
(iii) tail and wing geometries follow similar tendencies in all optimization cases, which helps defining
a optimal conceptual region; (iv) to maximize travelled distance, trim conditions should be carefully
analysed to assure a near maximum thrust condition on the cruise part.

As for the trajectory efficiency b-spline interpolation model implemented, results show higher com-
putational efficiency with better search paths are found using this method. Also, the computational
efficiency gains depend on the control points used for each control and state variables. A control point
study can lead to large computational efficiency gains. In this thesis a 42.73% computational efficiency
gain was acquired.

Finally, propulsive models implemented gave information about the importance of the usage of real-
istic models. Non-realistic models can induce better but unrealistic results. The constant power model
presented an unrealistic control input to throttle response - constant throttle through time produced
constant thrust. However, the power decay method had a non-linear behaviour that more accurately
represented the model at hand. To produce a constant thrust flight segment, a non-linear throttle input

had to be given.
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6.2 Future Work

This work was based on conceptual design models that led to conceptual design solutions to better
understand the problem studied. However, future work can be done to increase the results accuracy
and achieve a better framework. These include:

* Inclusion of 3D trajectory analysis - this thesis only considered longitudinal behaviour. With
the inclusion of complete 3D flight behaviour a more precise trajectory result can be obtained,
which could accuratlly represent lateral behaviour needed to comply with the Air Cargo Challenge
2022 [16] flight region requirement. However, the imposition of 3D coordinates increases each
collocation point variable dimension from 4 to 9 and the constraints for the collocation method
from 4 to 9 as well, which increases the optimization problem by n x 5 for both variable size and

constraint size. This effect can be mitigated using the b-spline method presented in this thesis;

Better stability models - this thesis considered only trimmed flight conditions, whereas a full
stability model might produce more accurate solutions. The inclusion of a more accurate stability
model with aerodynamic calculations inside each optimization cycle would create a more realistic
aircraft design. However, it would imply a higher computational effort since for stability a range of

angle attack evaluations must be made;

Higher fidelity aerodynamic and structural model - this work uses low fidelity structural and
aerodynamic models that can be improved to more accurate problem specific models. However,
attention should be taken to maintain the computational efficiency. A better aerodynamic model,
such as 3D panel method, could be implemented to better represent 3D aspects of the wing. In the
same manner, a more accurate structural model with composite failure mechanisms and a more
precise section property determination can increase the reliability of the final results. However, the
inclusion of such models would create computational efficiency problems, which for a conceptual

initial design may not be optimal;

Inclusion of b-spline methods for the final results - this work only analysed the results of a non-
modified trajectory collocation point method. The inclusion of the b-spline method would reduce
each optimization cycle efficiency and produce more optimal conceptual designs. However, an
in-depth control point analysis should be taken to correctly evaluate the influence of each b-spline
interpolation to correctly use a standard b-spline interpolation formulation for every analyses while
securing convergence and efficiency. Nonetheless, if a study is conducted, b-spline methods

should be used throughout the analyses.
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Appendix A

Problem Variables

A.1 Problem Variables
Table A.1: Other problem parameters described in the framework.
Variable Meaning Type Control Points  Value/Boundaries
x displacement x Design n [0, 10000] m
z displacement z Design n [0,120] m
z velocity x Design n [0, 25] m/s
Z velocity z Design n [0, 18] m/s
o | telapsea  €lapsed time Constant - 180's
S | o throttle Design n [0, 1]
S [ Gatad stabilator angle Design n [-25, 25] [°]
R bank angle Design n [-60, 60] [°]
F angle of attack Design n [-15, 15] ]
Co displacement x’s defect Constraint - [-1e-3, 1e-3]
& displacement z’s defect Constraint - [-1e-3, 1e-3]
Cra force x’s defect Constraint - [-1e-3, 1e-3]
Crz force z’s defect Constraint - [-1e-3, 1e-3]
Cyp battery’s capacity Design - [2, 10] Ah
- L€ specific energy Constant - 600000 J/kg
O | ue usable energy factor Constant - 60 %
2 ["Model propulsion model Fixed Design - Oorf
w Crnag usable capacity Constraint - -
Eas usable energy Constraint - -
Iy tail-wing distance Design - [-1e-3, 1e-3]
- |8 rhombus box angle Design - [70, 140] [°]
2 | las lateral diagonal available space Constraint - >0
E | hys vertical space available at tip chord  Constraint - >0
8 it tail diagonal available space Constraint - >0
o hiip tail available space at tip chord Constraint - >0
Vvr tail volume coefficient Constraint - [0.04, 0.09]
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Table A.2: Aircraft problem parameters described in the framework.

Variable Meaning Type Control Points  Value/Boundaries
b wing’s span Design - [1,3]m
Tw wing’s dihedral angle Fixed Design - -
Ay wing’s sweep angle Design - [-5, 30] [°]
CLy, wing’s C'Lg Constant - 0.4
CDy, wing’s C'Dy Constant - 0.008
o | Cly wing’s 2D C1 Constraint - <1.3
E | t/maz, wing’s maximum thickness ratio  Constant - 0.2533
= tspar spar’s thickness Design 2 [0.15, 1] mm
tskin skin’s thickness Design 2 [0.15, 1] mm
t/cw wing’s thickness Design 2 [0.08, 0.12]
Cw wing’s chord Design 3 [0.05,0.4] m
O wing’s twist Design 3 [-5, 5] [°]
K Stgiture,, Wing's KS failure function Constraint - <0
by tail's span Design - [0.1,0.6] m
T3 tail's dihedral angle Fixed Design - -
Ay tail's sweep angle Design - [-3,10][°]
CLy, tail's C'Lg Constant - 0
CD,, tail's C'Dy Constant - 0.006
Cly tail's 2D C1 Constraint - 0.95
Es t/Cma, tail's maximum thickness ratio Constant - 0.2953
t/c tail’'s thickness Constant 1 0.09
tiube tube thickness Design 1 [0.15, 0.5] mm
ct tail's chord Design 2 [0.05, 0.25] m
0, tail’s twist Constant 1 0
K Staiture,  tail's KS failure function Constraint - <0
tintersect tail’'s tube intersection Constraint - <0
Wo empty weight Constant - 1 kg
o | CGempty Wy’s CG location Fixed Design - -
s | W battery weight Design - [0.2, 2]
= W, payload weight Design - [0, 4]
CG, payload’s CG location Design - [(1t01,0,0] m
= | CLo Take-off CL Constant - 0.3
g CDy, Take-off CD Constant - 0.02
< | CLmax Maximum CL Constant - 1.5 (with flaps)
F [ lrack track’s friction coefficient Constant - 0.07
b
T.cg Cm moment coefficient Constraint - [-1e-3, 1e-3]
)
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Appendix B

Framework Diagrams

B.1 N2 Diagrams

|

Figure B.1: N2 diagram for the problem variables modules.
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Figure B.2: N2 diagram portion for the pre calculation modules
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(a) N2 diagram portion for the wing’s aero-structural definition

o =

(b) N2 diagram portion for the take-off module.

Figure B.3: N2 diagrams for the wing and take-off modules.
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Figure B.4: N2 diagram portion for the mission points calculations using 5 points.
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Figure B.5: N2 diagram portion for aero-structural cycle.

87




Figure B.6: N2 diagram portion for the propulsion module.

88




Figure B.7: N2 diagram portion for each mission point performance module.
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Figure B.8: N2 diagram portion for the mission performance and constraints.
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Appendix C

Overall Results

C.1 Results Summary

Table C.1: Optimization results summary.

Single Optimization Global Optmization
#1 #2 #3
Ini Climb Distance Payload Ini Opt Ini Opt Ini Opt B-spline  Const. Power
Mass
W [kg] 1.345 1.362 1.497 1.472 1.345 1466 1437 1.388 1460 2.719 1.789 1.798
W, [kal 0.100 0.364 0.180 2.996 0.100 3.561 2.000 1.692 2400 1.871 1.537 1.810
Wy, [kgl 0.200  0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
CG, [m] 0.000 -0.031 -0.053 -0.035 0.000 -0.022 0.000 -0.029 0.000 -0.120 -0.078 -0.074
Energy
Cy, [mAR] 2500 2778 2778 2779 2500 2778 2500 2778 2500 2781 2778 2779
Wing
b,y [M] 1.80 1.38 1.54 1.80 1.80 1.80 2.00 1.17 2.00 1.85 1.80 1.80
¢, [M] 0.217  0.102 0.089 0.400 0.217 0.400 0.330 0.369 0.365 0.366 0.234 0.262
Sy [M2] 0.391  0.141 0.137 0.720 0.391 0721  0.661 0.433 0.730 0.677 0.420 0.472
0, 9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
t/cw 0.10 0.10 0.12 0.08 0.10 0.08 0.10 0.08 0.10 0.12 0.11 0.10
Ay [9] 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.1 0.0 0.0
tspar [MmM]  0.15 0.46 0.98 0.17 0.15 0.15 0.15 0.15 0.15 0.97 0.60 0.54
tskin [MmM]  0.15 0.30 1.00 0.16 0.15 0.15 0.15 0.57 0.15 1.00 0.74 0.68
Tail
by [m] 0.40 0.39 0.42 0.60 0.40 0.60 0.40 0.47 0.40 0.60 0.35 0.51
¢ [m] 0.125 0.077 0.060 0.250 0.125 0.250 0.125 0.174 0.125 0.172 0.199 0.134
S [m2] 0.050 0.030 0.025 0.150 0.050 0.150 0.050 0.082 0.050 0.103 0.069 0.068
A [® 0.0 0.0 0.0 -0.1 0.0 -0.1 0.0 0.0 0.0 -0.1 -0.2 -0.1
7 [° 35.0 35.0 35.0 35.1 35.0 35.2 35.0 35.0 35.0 59.7 59.3 59.4
tiube [MM]  0.50 0.30 0.40 0.15 0.50 0.36 0.50 0.21 0.50 0.22 0.23 0.40
Score
Climb 7382 943.6 638.8 615.5 7382 920.8 934.8 936.9 7382 877.6 997.4 906.2
Distance 694.4 929.4 930.1 656.3 694.4 700.7 6944 7182 6944 6915 744.5 730.5
Payload 0.0 83.3 0.0 750.0 0.0 916.7 555.6 470.0 666.7 500.0 416.7 500.0
Total 15759 21519 17258 2224.0 15759 2792.0 2403.3 2337.6 2309.2 22759 23745 2350.4
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