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RESUME

En 2019, le transport était le secteur qui connaissait la croissance la plus rapide au
niveau mondial, contribuant du méme coup a la dégradation de I'environnement. Trouver des
solutions durables moins polluantes est un élément clé pour résoudre ce probléeme, en
particulier pour le secteur aéronautique, qui représente environ 2 % des émissions mondiales
de CO2. Avec l'apparition de la Covid-19, le trafic aérien semble assez durablement
interrompu, mais cette pandémie renforce la nécessité d’aller vers « un ciel plus propre » et
respectueux de I’'environnement, ce qui constitue |'objectif du programme Clean Sky2 (H2020
EU), contexte dans lequel le projet “HASTECS” et notre these se situent.

L’objectif principal d’HASTECS (Hybrid Aircraft Academic reSearch on Thermal and
Electrical Components and Systems) est de coupler études thermiques et électriques au sein
de la chaine de propulsion hybrides électrique d’un avion régional, ceci en intégrant les
contraintes d’environnement (en particulier les décharges partielles) spécifiques au secteur
aérien. Le but est d’identifier les technologies et ruptures les plus prometteuses et de mettre
au point les outils qui permettront d’accroitre de maniére significative la compacité et
I'efficacité des processus électriques au sein de la chaine de propulsion hybride. Dans notre
cas, seule I'architecture électrique hybride série a été étudiée dans ce projet, car elle conduit
a une grande puissance de dimensionnement maximisant les contraintes technologiques sur
la chaine.

Les cibles technologiques fixées dans HASTECS, considérées sous deux horizons (2025
puis 2035), sont les suivantes :

Cible 2025 Cible 2035

Moteur électrique + refroidissement

Densité de Puissance 5 kW/kg 10 kW/kg
Redement en phase de croisiere 96% 98.5%
Rendement au point nominal 94.5% 97%
Electronique de puissance + refroidissement

Densité de puissance 15 kW/kg 25 kW/kg
Rendement en croisiere 98% 99.5%
Rendement au point nominal 96.5% 99%

Dans le cadre de ce projet, notre thése vise la conception par optimisation de la chaine
de propulsion complete intégrant en particulier les modeéles issus des développements
technologiques des constituants majeurs (électroniques de puissance, cablage et architecture
de distribution, actionnement) tout en considérant, a partir d’une gestion d’énergie simplifiée,
I’hybridation d’une source principale (thermique) et auxiliaire (électrique).

Un premier objectif de notre thése a concerné le développement d’'un modéle
d’environnement. Ces conditions étant fixées, I'intégration systéme consiste a batir une suite
de modeles réduits dont la granularité permet [|’évaluation globale (systémique) des
rendements énergétiques et des masses de chaque composant jusqu’a la chaine de propulsion



compléte. Le systeme propulsif est congu, via un processus itératif estimant, selon les choix
de conception, les variations de masses et leurs conséquences sur la poussée : cette approche
de conception intégrée permet entre autre d’évaluer les effets boules de neige dont
I'influence est majeure en aéronautique. En effet, I'ajout de masse sur un dispositif entraine
des conséquences sur la structure et le carburant embarqué.

Aprés un état de l'art situant le contexte de I’étude, nous proposons une suite de
« modeéles réduits » intégrables au sein d’'un processus d’optimisation de la chaine compléte
(avec un temps de calcul raisonnable) : ces modeéles sont issus :
- D’études antérieures : turbines a gaz, sources électriques auxiliaires (batteries, piles a
combustible), réducteur de vitesse, hélice ;
- Ou d’une adaptation (réduction) des modeles technologiques issus des work packages
d’HASTECS : électroniques de puissance et leur refroidissement, moteurs électriques
et leur refroidissement, contraintes de décharges partielles.

Avant de progresser vers l'intégration systéme et I'optimisation du dimensionnement, un
chapitre est consacré a I'analyse de sensibilité dont I'objectif est de préciser les degrés de
liberté (variables de décision) les plus sensibles vis-a-vis des principaux objectifs (réduction de
masse et des pertes) de la conception. Des techniques d’analyse de sensibilité basées sur les
indices de Sobol sont en particulier exploitées.

Enfin, la derniére partie et I'objectif final de ce projet concerne la conception optimale de
la chaine compléte intégrant une gestion d’énergie propre a I'architecture hybride électrique.
Cette étude démarre par des études locales sur les constituants majeurs (chaine
d’actionnement) pour progresser vers l'intégration systéme et la chaine compléte. De
nombreux résultats mettent en évidence I'émergence de couplages systémes qui
n’apparaissent pas dans I'assemblage d’optima locaux.



ABSTRACT

In 2019, transportation was the fastest growing sector, contributing to environmental
degradation. Finding sustainable solutions that pollute less is a key element in solving this
problem, particularly for the aviation sector, which accounts for around 2% of global CO2
emissions. With the advent of Covid-19, air traffic seems to have come to a fairly permanent
halt, but this pandemic reinforces the need to move towards a "cleaner sky" and respect for
the environment, which is the objective of the Clean Sky2 program (H2020 EU), the context in
which the HASTECS project and our thesis are set.

The main objective of HASTECS (Hybrid Aircraft Academic reSearch on Thermal and
Electrical Components and Systems) is to couple thermal and electrical studies within the
hybrid electric propulsion chain of a regional aircraft, by integrating the environmental
constraints (in particular partial discharges) specific to the aviation sector. The aim is to
identify the most promising technologies and breakthroughs and to develop the tools that will
significantly increase the compactness and efficiency of the electrical processes within the
hybrid propulsion chain. In our case, only series hybrid electric architecture was studied in this
project, as it leads to a high dimensioning power maximizing the technological constraints on
the chain.

The technological targets set in HASTECS, considered under two horizons (2025 then
2035), are the following:

2025 target 2035 target

Electric motor + cooling system

Specific power 5 kW/kg 10 kW/kg
Cruise efficiency 96% 98.5%
Maximal design point efficiency 94.5% 97%
Power electronics + cooling system

Specific power 15 kW/kg 25 kW/kg
Cruise efficiency 98% 99.5%
Maximal design point efficiency 96.5% 99%

In the framework of this project, our thesis aims at the design by optimization of the
complete propulsion chain integrating in particular the models resulting from the
technological developments of the major components (power electronics, wiring and
distribution architecture, actuation) while considering, from a simplified energy management,
the hybridization of a main (thermal) and auxiliary (electrical) source.

A first objective of our thesis concerned the development of an environment model.
Once these conditions are set, the system integration consists in building a suite of scale
models whose granularity allows the global (systemic) evaluation of the energy yields and
masses of each component up to the complete propulsion chain. The propulsion system is
designed via an iterative process estimating, according to the design choices, the mass



variations and their consequences on thrust: this integrated design approach allows, among
other things, to evaluate the snowball effects, which have a major influence in aeronautics.
Indeed, the addition of mass on a device has consequences on both the structure and onboard
fuel.

After a state of the art and context study, we propose a series of "scale models" that
can be integrated into an optimization process of the complete chain (with a reasonable
computing time). These models are derived from:

- Previous studies: gas turbines, auxiliary electrical sources (batteries, fuel cells), speed
reducer, propeller;

- Or from an adaptation (reduction) of technological models from HASTECS work
packages: power electronics and their cooling, electric motors and their cooling, partial
discharge constraints.

Before moving on to system integration and design optimization, a chapter is devoted to
sensitivity analysis, the objective of which is to specify the most sensitive degrees of freedom
(decision variables) with respect to the main objectives (mass and loss reduction) of the
design. Sensitivity analysis techniques based on Sobol indices are used in particular.

Finally, the last part and the final objective of this project concerns the optimal design of
the complete chain integrating clean energy management in hybrid electric architecture. This
study starts with local studies on the major components (drive chain) in order to progress
towards system integration and the complete chain. Many results highlight the emergence of
system couplings that do not appear in the assembly of local optima.
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INTRODUCTION

Since the 1950s, the aviation industry has made incredible progress in increasing both the
power and efficiency of its internal combustion engines. However, recent studies suggest that
the technology of these engines is approaching the thermodynamic limits of the amount of
energy it is capable of extracting from a carbon-based fuel at a lower cost. This means that
the more flights and airplanes there are, the more fuel consumption and greenhouse gas
emissions will increase, unless a suitable substitute is found for fossil fuels, such as hybrid and
electric airplanes. The electrification of propulsion functions expands the aircraft design space
by introducing new configurations. Several hybridizations are possible with more or less
advanced hybridization ratios in power and energy depending on the chosen topology.

This thesis deals with series hybrid-electric propulsion, all the propulsion is provided
by electric motors, only the sources are dimensioned according to the associated missions.
The case study is a 70-Pax regional jet capable of covering a 500 nautical mile mission. The
complete hybrid electric propulsion chain is designed by optimization, integrating models
resulting from technological developments of the major electrical components. The reference
point of the design methodology is a conventional aircraft with thermal propulsion (propeller,
gearbox, gas turbines). Snowball effects caused by weight gain are taken into account through
an internal loop on the aircraft thrust. The initial investment cost of building the aircraft is not
taken into account in this study. Only the environmental costs (fuel mass) will be evaluated
during the overall optimization of the propulsion system.

The first chapter focuses on the state of the art of electric (hybrid) propulsion
configurations. Several design axes for new aircraft architectures are being studied: Optimal
turboshaft designes, improvement of aerodynamics and new energy management of the
different mission profiles. Subsequently, the HASTECS project is described with all the
assumptions and associated input data. The study areas of the work packages are also
presented, as well as their objective within the framework of the project. Finally, the coupling
between this work and the previous work packages will be specified by explaining the
integrated design approach; the internal loop taking the snowball effect into account will also
be detailed.

The second chapter will present a series of "scale models" that can be integrated into an
optimization process for the global powertrain (with a reasonable calculation time): these
models come from previous studies or from an adaptation (reduction) of technological models
from the HASTECS work packages. These models have been modified in order to obtain
reasonable calculation times and are presented in the rest of the chapter.

An initial study is carried out in Chapter Ill to explore the design space for a regional
aircraft with series hybrid-electric propulsion. The energy missions of each source (electric and
thermal) will be modified in order to evaluate the impact of these variations on the aircraft's
weight and fuel consumption. Subsequently, a global sensitivity analysis (GSA) is implemented
in order to highlight the parameters which have the greatest impact on the previous output
variables (aircraft mass/ fuel consumption). This sensitivity analysis is based on the study of



Sobol indices which express the sensitivity of each input variable on the output. First, fixed
configurations of hybrid electric aircraft will be studied by varying power densities and
efficiency. Then the global sensitivity analysis will be applied to the masses and efficiencies of
the components themselves by directly varying the sizing variables. The propeller-gearbox-
electric motor assambly will be studied in more detail because it is the most crucial part of the
propulsion system to be sized.

Finally, the last part and the final objective of this project concerns the optimal design of
the complete powertrain integrating an energy management to the hybrid electric
architecture. The same path as the sensitivity analysis will be studied for optimization. A first
optimization on the component itself (electric machine) will be performed taking all
interactions into account (electromagnetic, thermal and partial discharges) for its sizing. Then
the complete propulsion system will be optimized in several ways in order to highlight the
difference in "approach level" (local approach / systemic approach). Finally, the hybridization
ratios will be added to the optimization variables to obtain the most optimal regional hybrid-
electric aircraft from a fuel consumption point of view.

This entire study has highlighted the interest of a multidisciplinary approach to the design
of a hybrid electric propulsion aircraft. In reality, the process is even more complex because
all the surfaces of the plane must be resized at the same time as the propulsion and the mass.
However, one essential thing has been underlined in this study, the hybrid electric propulsion
brings even more complexity and this is not free, an additional investment cost for the
construction of this aircraft should not be overlooked. Is hybridization of the propulsion
system really the solution for this type of single-aisle aircraft? Is a true complete technological
breakthrough more interesting?
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Chapter I: The electric revolution impacts aviation.

1.1 Why are (hybrid-)electric aircrafts headed for a
takeoff?

1.1.1 An air traffic growth that was not ready to stabilize before
COVID-19.

Global air traffic grew by 6.5 percent in 2018, according to the International Air
Transport Association (IATA [1]). Before the COVID-19, passenger air travel was expected to
maintain positive growth rates up to 2030, despite a number of industrial challenges to be
faced: airlines around the world are struggling with high jet fuel prices and slow economic
growth. After COVID, this growth has been brutally blocked probably for some years: according ti
IATA assesments, the air traffic will be decreased by 88% for 2020 (see [2]-[3]). Some economic
analysis is currently on going that will assess the time to recover the 2019 air traffic and the new
growth perspectives but it seems that major trends (assessed before COVID) would be slown down
but maintained (after COVID). In that context the lines below were written before the new
pandemic situation but remain relevant at the whole, at least for long term situation.

Through the previous different crises air traffic has proven its robustness by doubling
every fifteen years. Moreover, with low-cost airlines such as Ryanair or Easyjet entering the
race, airline tickets are increasingly accessible to the world’s population and do not make
things better for the air sector. In order to avoid doubling carbon emissions at the same time
as the growth of air transport, major research and development effort required today must
be continuousand synchronized. Innovations and technological breakthroughs in the field of
propulsion, materials, aerodynamics, on-board systems, must be coordinated in order to
design a new generation of innovating devices. In French aircraft industry this is the whole
purpose of the CORAC (Council of Civil Aeronautical Research): a state-industry think tank
which acts for the set up of the French research program. This is also the object of ACARE
(Advisory Council for Aeronautical Research in Europe), CleanSky [4] and SESAR technological
research programs, bringing together thousands or researchers and European engineers
mobilized to change the future of aviation.

25 0l Gulf Asian  9/11 SARS Financial

Crisis Crisis Crisis Crisis TRAFFIC HAS PROVEN TO
i BE RESILIENT TO EXTERNAL
Airbus GMF 2019 SHOCKS AND DOUBLES
4.3% growth p.a. EVERY 15 YEARS
. e B B R R TV > Suson: SOAO, Ml (W 2010
x2
> £
( x2
x2

1978 1983 1988 1993 1998 2003 2008 2013 2018 2023 2028 2033

Fig. I-1: Air traffic evolution since 1977 and estimate to 2037 (Source AIRBUS GMF 2019 [5]).
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In 2000, the ACARE has launched two programs: one for 2020 named VISION 2020 [6]
and the second is the FLIGHTPATH 2050 [7]. For the environment, the 2020 target predicted
a 50% reduction in CO; emissions per passenger kilometer and an 80% Nox emission
reduction. In 2050 available technologies and procedures would allow a 75% reduction in CO;
emissions per passenger kilometer and a 90% reduction in NOx emissions to support the
ACARE target. The perceived noise emission of flying aircrafts has to be reduced by 40% for
the first target 2020 and 60% for the second one. These are relative to the capabilities of
typical new aircraft in 2000 ([7]).
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Fig. I-2: Schematic CO2emissions reduction roadmap (Source IATA [8]).

The International Air Transport Association (IATA) announced three huge level goals for the
greenhouse gas emissions roadmap (green line) [8]:

e An average improvement in fuel efficiency of 1.5% per year from 2009 to 2020.
e Acap net emission from 2020 through carbon neutral growth between 2020 and 2040.
e By 2050, net aviation carbon emissions will be half what they were in 2005.

Although if aircrafts appear to be a polluting means of transport the aviation’s contribution
to global man-made CO; emissions currently reaches between 2% and 4% depending on
various studies.

Furthermore, a new global movement called “Flygskam” meaning flight shame wants to
raise people’s awareness about airplane pollution.
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Fig. I-3: CO2emissions evolution in % from 1940 to 2015 (Source Roland Berger|[9]).
1.1.2 Flygskam or flight shame.

“We stay on the ground “said Maja Rosén in 2018 [10] recruiting people in her group
of the same name, to pledge to give up flying for one year. So far, more than 8000 people
around the world have made the pledge. The length of Sweden, 1570-km-long, explains why
its inhabitants use the plane more than the global average (5 times more). The use of regional
aircraft releases 14 to 40 times more CO2 gas emissions. Another Swedish, a 16-year-old
climate change activist named Greta Thunberg campaigns against air travel. She went on strike
from school the same year protesting against the country government’s inaction on climate
change. She attended the United Nations Climate Change Conference (COP 24) and addressed
the summit, explaining the severity of global warming. In other countries, AVINOR (the
Norwegian Civil Aviation Administration) works to ensure that Norway takes a leading role at
an international level on a development and innovation project for electric aircrafts. According
to this administration, by 2040, all short haul and regional aircrafts should be electrically-
powered. A good example is that of the consortium Airbus and SAS Scandinivian Airlines which
are collaborating to explore the hybrid-electric and electric potential.

More generally, that whole context push aviation sector to innovate towards greener
aircraft solutions.

.1.3 Towards a new revolution in the aviation industry?

Since Frank Whittle (the jet engine inventor) in 1937, aircrafts have been fuel powered. After
decades, improvements have been made in the field of materials, battery technology and
electric systems. This revolution does not prevent established leaders to maintain their pole
position. That is why major aerospace companies are competing to put electrically powered
devices on market so as to avoid competition from a new generation of aircraft
manufacturers. Since 2009, more than 150 electric aviation projects have been launched
worldwide. A third of these come from them (Airbus, Boeing, Roll Royce...), others come from
start up or new born companies in aviation industry.
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Fig. I-4: Electric propulsion is finally on the map (or hybrid-electric aviation) (Source Roland Berger [11]): number
of electric or hybrid electric aviation projects.
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Fig. I-5: Evolution of the number of projects aimed at taking off electric planes according to the type of aircraft
(Source Roland Berger[11]).

The growing trend of electric propulsion is emerging: all over the world, a convergence
of factors contributing to electric propulsion is becoming a reality. From technological
development to investments by new entrants, including the activity of the main aerospace

players, the sector seems ready to undergo a radical change.




Chapter I: The electric revolution impacts aviation.

1.1.4 Enemy number one in aeronautics: weight!

To make the dream of electric propulsion a reality, aeronautical companies must
bridge the technological gap due to the power required for flight: for a 70 Pax regional aircraft
the power required for the takeoff is around 4MW. The challenges to be met are mainly
technological challenges for the system components of hybrid electric propulsion system. But
adding electric components to transform mechanical power into electricity in the propulsive
system, adds weight to the hybrid-electric aircraft. A heavier aircraft needs more wing surface
and all the more power to fly therefore a more powerful propulsive system this consequently
entails overconsumption: this is the snowball effect. In the following study [12], a conventional
reference aircraft was taken to show the snowball effects of mass additions on fuel
consumption. The Fig. |-6 is a comparison between three conventional aircrafts (thermal
propulsion system) with three different payloads (6500/8500/10500 kg).
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Fig. I-6: "Snowball effect" on conventional architecture fixed aircraft mass additions and fuel consumption
effects.

The conclusion is clear: each ton added to the aircraft cause a 6% over consumption of
fuel. In this study, the thermal propulsive system has been adapted and resized in order to
succeed with a 400 nm flight mission. The red line shows the snowball effect on the Max Take
Off Weight (MTOW) caused by the new propulsion system. A prediction can be made
concerning the hybrid-electric aircraft: it will be heavier than conventional ones. Heavy
electric components like e-motors and e-generators will increase the weight of the propulsive
system also involving snowball effects. That is why their design and efficiency are essential to
improve hybrid-electric aircraft performance.

An electric aviation roadmap has been made by a French aeronautical
equipment manufacturer SAFRAN, it predicts increasing both voltage and power for electric
devices. For huge powers increasing the voltage reduces the current and tends consequently
to reduce the mass. For example, a cable is sized by its thermal limit directly conditioned by
the Joule losses related to the current rating. The same applies to electric motors and
generators whigh may requirehigh voltages for high conversion powers.
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Fig. I-7: Safran aircraft electrification roadmap [13].

Unfortunately, beyond voltage values of ~1000V new phenomena appear: the partial
discharges. They are created by a large potential difference between two conductors which
could damage their insulation. In electric motors, partial discharges in windings may appear
that can affect the lifetime of actuators. This is all more critical than electric machines are
supplied by high frequency power electronics with high voltage derivatives.

Success of the electric aircraft does depend on both the power efficiencies and specific
powers. These two factors must be enhanced not only on electric powertrain devices but also
on electrical sources whatever if hybrid or full electric architectures are considered.
Stephane Cueille (Safran Chief Technical Officer at Safran) has estimated the weight of a full
electric Airbus A320: it should carry a 170 tonnes battery-pack while its whole mass is about
60 tonnes today...

In the PhD thesis of Jerome Thauvin [12] in cooperation with airbus, a full electric
aircraft prospective study has been made in order to determine the maximum aircraft range
with respect to the battery specific energy assessment. Two different entry in service (EIS)
were assessed for a 2025 and a 2030+ EIS. The overal aircraft structure are optimized for each
value of both design range and specific energy. For both EIS, the assumptions taken into
account for the main powertrain devices are the following:

11



Chapter I: The electric revolution impacts aviation.

Table I-1: Electrical component assumptions according to EIS (Source: J. Th PhD Thesis).

EIS2025 EIS2030+
Electric Specific power  7kW/kg 11 kW/kg
machine Efficiency 96 % 98.5 %
Power Specific power Pp. 15 kW/kg 20 kW /kg
electronics Efficiency npe 99 % 99.5 %
Specific energy E, 280 Wh/kg 380 Wh/kg
Battery =~ Max. ch./disch. C 2/5 2/5
Efficiency 90% 95 %
Cable Voltage V. 540 V 1500 V

In that table, reference figures for the specific energy of batteries are assessed. In the
figure below, three different aircraft with MTOW of 25, 30 and 35 tons are compared. By
varying the reachable range in nm, the target on battery specifi energy is calculated. For the
reference values related to EIS prediction, the acceptable is still very limited:

Min. battery specifc energy (Wh/kg)

1600 +

800 -+

EIS 2025

——MTOW 25t
——MTOW 30t
——MTOW 35t

EIS prediction
280 Wh/kg

200 + — T T

100 200 300 400 500 600 700 80
Design range (nm)

Min. battery specifc energy (Wh/kg)

(=N
jl
(=}

800

400

200

for EIS2025 with 280 Wh/kg, the aircraft with a MTOW®@25 tons is unable to take off
while the MTOW®@30 tons is limited to a range of 100nm.
for EIS2030+ with 380 Wh/kg, the three aircraft ranges are limited below 200nm.

EIS 2030+

EIS fgrediction

——MTOW 25t 380 Wh/kg
——MTOW 30t

| ——MTOW 35t
100 200 300 400 500 600 700 800
Design range (nm)

Fig. I-8: Determination of a minimal value of battery specific energy function of the design range according to
EIS of three different MTOW aircrafts (Source: J. Th PhD Thesis[12]).
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The dream of the electric aircraft may become a reality whereas electric source
performance strongly progresses in terms of specific energy and/or specific power. In
addition, the aircraft structure has to be resized and optimized to reduce weight. As example
three studied aircrafts are the results of the previous study for a 400 nm design range and a
2030+ EIS:

69.98 m* 86.85 m?* 105.40 m?

13.35 m? 18.61 m?

21.90 m* 29.80 m?
'H l(\.thl!:E 7 ;i E

MTOW=25T MTOW=30T MTOW=35T

2495 m?

Fig. I-9: Aircraft geometry comparison for a 400nm design range and a 2030+ EIS (Source: J. Th PhD Thesis [12]).

A structural compensation has been found caused by the lack of battery specific energy.
These aircrafts need more lift to make the flight mission successful, so the area of wing,
horizontal tail and fin are larger. In these cases, the specific energy values will be difficult to
reach, that is why the commercial electric flight is not ready to take off. The electric air
revolution must learn from hybrid-electric aircraft propulsion to find disruptive technologies
in order to create the full electric flight opportunity.

.2 Potential hybridization gains of the hybrid-
electric aircraft propulsive system.

.2.1 A complicated hybridization of the propulsive sytem...

If in automotive application, or even in railway traction field, hybrid electric propulsion
systems exist and are becoming more and more spread hybridization is still a long way off in
the aeronautical field. An automotive profile mission is much more intermittent with
numerous braking phases with energy recory opportunities contrarily to the aeronautic case.
It is interesting to build hybridization indicators to copare these application sectors. In the
thesis of Akli [14], two kinds of indicators have been set up:

- The Power Hybridization Potential (PHP) assesses the potential degree of
primary energy source undersizing.

mean(PpTimaTYSource)

PHP =1 —
max(Pp

(-1)

rimarYSource)
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Pmax

Mission 1: PHP = 50% Mission 2: PHP = 20%

Fig. I-10: Example of different PHP missions.

In this example, Pyean and Pyq, are respectively the mean and the maximal power
values of the profile missions. In the first case, the PHP value is higher than for the second
mission. In deed, the maximal power represents the double of the mean power whereas the
maximal power in mission 2 is just slightly higher than the mean one (20% higher): this
difference causes the distinct PHP values. The higher the PHP the easier to undersize the
primary source power to optimize its integration.

- The Energy Hybridization Potential (EHP) assesses the frequency and the
regularity of mission intermittence.

FHP =1 — max(Ppri;narysource) (|—2)
u

In the following figure Fig. I-11, the E;, represents the required (useful) energy for each
profile mission. The two missions have both the same mean and maximal power.
Consequently, they have the same PHP values but with distinct EHP. The required energy for
the first mission is more important than the second one, so the energy design (for example in
a storage device) will be bigger for the first mission than for the second one. If the source to
be designed is a fuel cell, that could be matched by a more important dihydrogen mass (H,).

The higher the EHP the easier to face the mission in terms of energy.
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Mission 1 Mission 2

@iso PHP

Fig. I-11: Example of two same-PHP value missions with different EHP values.

These indicators permit to evaluate the difficulty of power (PHP) energy (EHP) design. The
following figure shows a comparison of different energy storage in the Ragone plan:
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Fig. I-12: Ragone Plan — electric energy storage comparison (specific energy and specific power).

Black lines represent the required discharge/charge time of the different energy
storages: low times (high frequencies) are at the bottom right while the low frequencies are
on the left top corner. In the aeronautic case, typical profile missions are few intermittent high
energy and rather simples, composed of steps of power for the flight phases. It explains that
very low PHP and EHP values are assessed compared to other means of transportation
(automotive, train, maritime...).
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Table I-2: Profile mission comparison (Source: J. Th PhD Thesis[12]).

Car Train Ship Aircraft

: Rural Motorway Local .. +. Urban _. Ro/Ro Regional

Hieban road 150km/h service Sl o transport Contatns ferry  200nm
PHP (%) 94 85 74 65 83 91 43 63 33
EHP (mHz) 66 30 12 3 29 20 n/a n/a 0.22

The aircraft complexity is partly located in the multitude of interactions between
different fields: lift, drag, wing, propulsive system, thrust... as illustrated on the following
schematic diagram:

Fig. I-13: Interactions during a complete aircraft design (Source: J. Th PhD Thesis [12]).

A complete aircraft design is thus complex because of its high number of decision
variables and its high discipline interactions. A systemic study takes into account all (whenever
possible) disciplines, and not just components alone. The discrete sum of local optimal
solutions rarely leads to the optimal solution of the whole system. It is within this framework
that MultiDisciplinary Optimization (MDO) is working because it allows to gather different

fields around a single mathematical problem. The complete design of future aircrafts is based
on a triptych:

- Optimal turboshaft designs considering good performance and fuel burn.
- Performant aircraft aerodynamics.

- Energy management of different mission profiles.

Using the MultiDisciplinary Optimization (MDO) can determine indicators in order to
find optimal solutions for the future (hybrid-) electric aircrafts.
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I-2: Potential hybridization gains of the hybrid-electric aircraft propulsive system.

.2.2 Turboshaft design gains (performance and fuel burn).

1.2.2.1 Optimal design of gas turbines.

Above all engine manufacturers look at the turbomachine design optimization level
from a consumption point of view but aiming also at view of changing fuels (biofuels,
hydrogen, etc...). This is the work of a small company called TURBOTECH [15] which develops
engines using several types of fuel or with relatively low specific fuel consumption.

CLCTIIC GOMRATOR CAS TURBING MEAT DXCHANGER

Fig. I-14: Start-up TURBOTECH products: Turbogen and Turboprop.

These products are designed for general aviation and allow important fuel burn gains.
Turboprop reduces the noise from the gas turbine, and Turbogen is a module composed of an
electric generator and a gas turbine. This product is dedicated to hybrid-electric aircrafts in
order to increase their range and their flight time. The principle of the latter is quite simple:
the hot exhaust gas is recycled through a heat exchanger and reinjected in the gas turbine.
This process is named “regenerative cycle turbine”. This system induces a better efficiency.

1.2.2.2 Intelligent use of gas turbines.

In the Cleansky 2 European project framework a project named RACER [16] deals with
hybridization with the aim of optimizing the more electric twin-engine helicopter power. The
concept is to develop an economic cruise mode using only one engine at high power to reduce
the second engine power (idle mode) for a more efficient mode and consequently save more
fuel. An electric motor is used to fast-reactivate the standby turboshaft to meet the needs of
high power if required, in the same way as in the automotive sector with the "start and stop"
function available in most models.

17



Chapter I: The electric revolution impacts aviation.

Fig. I-15: Racer European broject concept and its ecomode presentation.

This project suggests potential fuel consumption gains by hybridizing the propulsive
system with an electric motor. Generally, engines are more efficient at a 100% rating power
having lower specific fuel consumption (SFC) (Fig. I-16).
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Fig. I-16: Specific fuel consumption of a gas turbine versus the output power rating.

During low power demand flight phases (as for taxiing or descent), the turboshaft fuel
consumption strongly increases in a hyperbolic way. That is why hybridization with an electric
source can be a solution to save fuel for reduced power ratings. Once the engine is optimally
designed, the aircraft structure has to be studied in order to obtain a better aerodynamic
performance.

1.2.3 Aerodynamic gains.

1.2.3.1 The distributed propulsion (blown wing).

This configuration has several advantages. The National Aeronautics and Space
Administration (NASA) worked on the X-57 concept [17]-[21] since 2014 through the
LEAPTECH project (Leading Edge Asynchronous Propeller TECHnology). The aim of this study
is to improve the aerodynamic performance and the aircraft flight quality with a distributed
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I-2: Potential hybridization gains of the hybrid-electric aircraft propulsive system.

propulsion thanks to electric motors. The reference aircraft for this study is the TECNAM
P2006T, where the wingspan has been changed to incorporate the blown wing concept.

Fig. I-17: Tecnam P2006T (conventional wing) — NASA X-57 Maxwell (distributed powered wing).

The first benefit of this propulsive system is the blown wing. The aircraft wingspans
are sized for an approach speed (low speed performance), so they are oversized for
cruise. Dividing the power by using small electric motors at the leading edge of the
wing permit to “blow” the latter and consequently to reduce its size. With a reduced
wing surface, the wingspan can be designed for cruise improving aerodynamic
performance: a benefit of 2.5% in fuel consumption is assessed with only 10% more
lift [22].

In addition to electric motors at the leading edge, electric propellers called “wingtip
propellers” are placed at wingtips. These propellers rotate in opposite direction of the
vortices created by the wingtips and permit to reduce the drag induced, improving the
fuel consumption. The NASA announced a benefit of +18% propulsive efficiency [23]
which induces a 13% energy saving [24] thanks to these wingtip propellers. In addition,
in this very specific case, distributed propellers along the wing can be retracted in order
to let the wingtip propellers propel the plane and to reduce the drag during cruise.

Another benefit of the distributed propulsion is the differential thrust in failure case:
if one electric motor breaks down (among the others), the thrust could be divided on
each side to avoid the use of rudder. This is another potential mass gain for future
aircrafts.

(a) Conventional (b) Differential thrust
Fig. I-18: lllustration of a yaw control (Source : J. Th PhD Thesis [12]).
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In the same way, the ONERA (Office National d’Etudes et de Recherche Aérospatiale)
works on distributed propulsion with its European project: AMPERE [25], [26]. It is a regional
full electric jet able to bring 4 to 6 Pax. This concept plane allows to study the performance of
distributed propulsion on aircraft aerodynamics.

Fig. I-19: AMPERE european project studied by ONERA.

1.2.3.2 The Boundary Layer Ingestion propulsion (BLI).

In the boundary layer the air speed is lower than the aircraft speed. The BLI technique
consists in injecting a reduced air flow to correct the output air flow and improve aircraft
thrust. This air flow can be injected by a turbofan located at the rear of the fuselage. This
principle is used in ship propulsive system. The exact principle is to place the engine
downstream of the fuselage to absorb its wake and "reform" it. In Fig. I-20 a lack of air flow
is created by the shape of the fuselage marked in blue, while the surplus marked in green is
created by the push of the motor. In the case of BLI, the aim is to compensate for the lack of
flow by repositioning the motor. The thrust is improved to obtain the same power at the level
of the turbofan.

Podded Engines —3 "

BL Ingestion

Wake Ingestion

Fig. I-20: Boundary Layer Ingestion Principle (BLI) - Source ONERA [27].
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NASA is working on several BLI projects:

e The first one is named Starc-ABL [28]—[32] (Single-aisle Turbo-electric AiRCraft with an
Aft Boundary Layer propulsor). The aircraft integrates the BLI concept from a
conventional one adding a turbofan at the end of the fuselage. The airplane is a Single
aisle with a cruise speed at 0.72 Mach number at 37 000 altitude feet. The propulsion
is carried out by a partially turboelectric propulsive system. Conventional turbofans
are classically used under wings which are coupled through an electric generator which
feeds the BLI electric propulsor at the fuselage rear.

e In the same way, the N3X concept [33]—[36] is another NASA study. The aircraft uses
the BLI concept with an optimal fuselage in the wing shape (wing body). This geometric
shape helps to reduce the wing length. The difference with the previous one (Starc-
ABL) is to anticipate an entry in service of a turbo electric aircraft with optimistic
targets in fuel consumption and noise reduction by 2035. There is also another
difference in the propulsive system: The N3X concept would use electric
supraconductors components to obtain a better and a maximal efficiency.

The fuel saving is between 5% and 12%, it depends of the BLI configuration.

),
3 /‘£ i

Fig. I-21: Starc-ABL and N3X NASA projects.

On the French side, the ONERA works on the same concept through one European
project called DRAGON [37], [38]. This is a partial turboelectric aircraft able to carry 150 Pax
with an aircraft speed around 0.8 Mach. The BLI concept is used through gas turbines which
supply the distributed electric propulsion under the wings thanks to electric generators. The
twin-engines located at the rear of the fuselage help the blown wing generating thrust like
turbofans.
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Fig. I-22: DRAGON European project studied in ONERA.

1.2.4 Energy gains: how to operate high electric efficiency
in a hybrid-electric propulsion?

The electric propulsion holds several benefits:
e Low or null emissions potential during flight.
e Reduced aircraft noise potential.
e New profile mission available for the aircraft.
e Improvement of aerodynamic performance by possible distributed propulsion.

There exist 3 levels of advancement from the more electic aircraft to the full electric one:

1. The turbo electric propulsion (propulsion made by electric motors but with a unique
thermal source involving turboshafts which switche on electric generators to produce
the whole electrical power).

2. The hybrid-electric propulsion (the system is supplied by two different sources: an
electric one involving batteries or fuel cells and a thermal one through gas turbines).

3. The full electric propulsion (aircraft propelled by batteries or fuel cells).

Hybridization ratio in energy and power can be used and permit to locate the propulsive
system at these technological advancement levels.

PELEC EELEC
H,=—— and Hy =
TOT Eror

(I-3)

In a hybrid electric solution Pg; g represents the maximal value of power during which
the propulsive system is supplied by the electric source, while Pryr is the maximal power
designed by the total propulsive system. In terms of energy, Egy gc is the energy profile mission
covered by the electric source while Eor is the total energy mission. It is possible to list the
following propulsive systems with these previous indicators.
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Fig. 1-23: Hybrid-electric propulsrve system state of the art (NASA [29]).

Table I-3: Listing of hybrid-electric propulsive system thanks to energy and power ratio.

Propulsive system Hp Hg
Parallel hybrid (PH) <1 <1
Series/Parallel Partial Hybrid (SPPH) <1 <1
Partial Turboelectric (PT) <1 0
Turboelectric (TE) 1 0

Series Hybrid (SH) 1 <1

All electric (AE) 1 1

1.2.4.1

Parallel hybrid electric propulsive system (PH).

With a parallel hybrid electric propulsion design, the thermal conventional motor is
relieved by the electric motor which takes over in high fuel consumption demand phases. This
is exactly the same system as in automotive, especially in parallel hybrid electric buses: the
electric motor is configured to operate at low speed and high torque. Given these frequency
phases and the low power required, the electric motor and its power supply system (battery
/ power electronics) is light and not very bulky: it is not restrictive. In aeronautics, weights and
volumes are problematic with snowball effects: since a more powerful propulsion system is

heavier the aircraft’'s MTOW is impacted.
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1.2.4.1.1 UTC Bombardier Dash 8-100 (hybrid-electric).

United Technologies Advanced Projects (UTAP), a subsidiary of the American leader in
aeronautical equipment in 2017 (UTC Aerospace), has embarked on the electrification of
aircraft by redeveloping the propulsion system of a 78 Pax aircraft [39]: Bombardier Dash 8-
100. The power range of the current propulsive system is about 2 megawatts, the project
consists in undersizing the gas turbine by about 1 MW (optimal cruise power) with an
additional 1IMW-electric propulsion (e-motor and batteries) to complement the 2MW take off
power. In this case, the electric source assists the thermal engine during the phases of high-
power demand (take-off and climb). According to the Original Equipement Manufacturer
(OEM), the fuel economy on a one-hour mission should be around 30%. Both motors (thermal
and electric) are mechanically connected by a reduction gearbox (cf Fig. I-24) which is designed
to adapt the rotational speed between propellers, eMotors and engines. The advantage of this
topology is its simplicity: The electric motor is easy to install in a conventional propulsion
system, mechanically coupled to the gas turbine. This is a short-term solution; indeed, the
design power of the electric devices is reduced.

N ay ni-’-;.;/./_
11 ”

a[L.00},
2 [1.007"

Fig. I-24: 804 Project - UTAP parallel hybrid-electric propulsion system.

1.2.4.1.2 Ampaire Electric EEL.

Still in the USA, a start-up called AMPAIRE has already flown a prototype hybrid-electric
parallel aircraft, in June 2019 at the Camarillo airport in California. This was the first flight of a
hybrid-electric powered aircraft. The prototype comes from a conventional aircraft (the
Cessna 337 Skymaster) [40], whose propulsive system is hybridized with an electric motor and
battery system that optimizes fuel consumption in parallel with the conventional combustion
engine.
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Fig. I-25: Ampaire Electric EEL.

1.2.4.2 Propulsion Series/Parallel Partial Hybrid (SPPH).

Compared to the parallel hybrid system, this partial serial/parallel hybrid electric
propulsion system consists of a turboshaft engine that partly drives an electric generator
powering electric motors distributed along the wing of the aircraft and coupled to batteries.
The thrust of the aircraft is generated by electric and thermal engines.

[.2.4.2.1 Eco-Pulse Project
A collaborative project with SAFRAN, AIRBUS and DAHER named Eco-Pulse project [41]
aims to develop an aircraft with this specific propulsive system.

Fig. I-26: Eco-Pulse project (Series/ParalIel Partial Hybrid).

Propulsion is divided between the turboprop (single engine in the middle) and the
electric motor on the wings. The aircraft can carry 6 Pax with a total power of 600 kW. The
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main idea of this architecture is to provide take-off and landing in fully electric mode and to
use the thermal part for the low fuel consumption phase: cruising. The first flight of this
aircraft is planned for 2022.

1.2.4.2.2 Voltaéro — Cassio

A French start-up named VOLTAERO [42] is also in the race for hybrid-electric
propulsion and has chosen a partial series/parallel hybrid-electric propulsion system. This
small company is the continuity of the AIRBUS E-fan as its founders are the main protagonists
responsible for the all-electric two-seater program in 2011. The available power of the aircraft
is about 440 kW and the airplane should carry 4 to 9 Pax. As before, the objective of this study
is to combine the advantages of electric propulsion with those of conventional propulsion.
Two 60-kW electric motors are placed at the front of the plane and will be used during take
off and climb, powered by batteries. The 170-kW combustion engine will drive 3 electric
generators to recharge the batteries and propel the aircraft during the cruise phase. The
original plane is the same as for the start-up AMPAIRE: Cessna 337 Skymaster.

Fig. I-27: VOLTAERO Cassion hybrid-electric aircrf .

1.2.4.3 Partial Turbo electric propulsive system (PT).

The only benefit of this propulsion system is the improved aerodynamics of the
aircraft. The partial turbo-electric propulsion combines conventional and electric propulsion:
the aim is to use the compactness and additional degrees of freedom offered by electric
devices to improve the air flow around the airplane. The Starc-ABL (Fig. I1-21) and the DRAGON
project (cf Fig. I-22) are good examples of this propulsive system. It is a first step towards the
turboelectric aircraft.
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1.2.4.4 Turbo Electric propulsive system (TE).

This time, the complete propulsion is electric (not to mention sources). The goal is once
again to use electric motors to improve the aircraft aerodynamics. Another example is the
Aurora Lightning Strike which is a Vertical Take Off and Landing aircraft (VTOL). This is a new
and growing market where hybrid-electric and fully electric propulsion will be used.

Fig. I-28: VTOL Aurora Lightning Strike.

The path to the all- electric aircraft is not easy and a series hybrid-electric architecture will be
more interesting to study in order to anticipate the future technologies.

1.2.4.5 Series Hybrid propulsive system (SH).

A series hybrid electric propulsion system (see Fig. I-23) is composed of gas turbines as
main energy sources that drive electric generators This architecture is also powered by
auxiliary electric sources consisting of batteries or fuel cells.

In such powertrain, generators may be directly coupled to electric propulsion with an
AC architecture. Another optionconsists in coupling generators to a DC distribution through
voltage rectifiers. Depending on the power range, a ultra-high voltage (UHVDC — beyond the
conventional voltage of + 270V) standard can be involved in the Electric Power Distribution
Unit (EPDU): this option is studied in our thesis involved in the HASTECS project presented
latter in this chapter. This power distribution unit supplies electric motors by inverters that
drive propellers through a gearbox. Several ambitious projects are being studied all over the
world:

1.2.4.5.1 E-Fan X collaborative project

This European project brings together major companies such as AIRBUS, ROLLS-ROYCE
and SIEMENS to design a hybrid propulsion system in a regional aircraft the BAE 146. This
aircraft is equipped with 4 turbofan engines and the consortium’s project foresees the
replacement of one gas turbine by an electric motor. The replaced gas turbine is located in
the fuselage and is coupled to a 2 MW electric generator to build a series hybrid propulsion
system. A 2 MW battery pack is also installed at the rear of the fuselage to study the hybrid
mode.
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Serial Hybrid architecture

AIRBUS

Fig. I-29: E-fan X description and its propulsive system [43].

The objective is to anticipate the arrival of the all-electric aircraft. This “flying laboratory” aims
at exploring the challenges of high-power propulsion systems to enable a less polluting
commercial flight (thermal effects, electric thrust management, altitude and dynamic effects
on electrical systems...).

2MW
Batteries

. B

e 1 N

o 2MW

Hybrid operating mode turboshaft

Fig. I-30: E-fan X architecture description.

Despite the great compactness of electric motors (green) compared to turboshafts
(yellow), the main challenge of the more electric aircraft remains the electric source and the
powertrain. In this case (See Fig. I-30Fig. |-22) the batteries (light green “cabinets”) are sized
at 2 MW. The biggest challenge of electric propulsion is the compactness and the weight of
the electric devices, especially the energy sources.

1.2.4.5.2 Zunum Aéro.

For this American start-up, the aircraft sizing is more reduced. The company supported
by Boeing is considering a family of hybrid-electric regional aircrafts. The first element of this
family is the ZA10 able to carry 10 Pax operating over a distance of 600 nm range. The concept
of the aircraft is based on the use of an either all-electric or hybrid-electric mode to extend
the flight mission. In this case the gas turbine will be used in the cruise phase.
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Hybrid-to-electric
powertrain

Optimization and

Wing-integrated control platform

battery packs

Fig. 1-31: ZA10 description concept [44].

In this aircraft a partnership with SAFRAN has been signed and a 500-kW helicopter gas
turbine will be the thermal source for hybrid-electric ZA 10.

1.2.4.5.3 Bell NEXUS.

Once again, the hybrid electric propulsion concept can be applied to VTOL and STOL
(Vertical & Short Take-Off and Landing aircraft). The Bell NEXUS concept is a hybrid-electric air
taxi using a series hybrid-electric propulsion. A thermal source will power a distribution core
through electric generators, in the same way as a battery pack. Hybridization is necessary to
extend the range of these aircrafts.

Fig. I-32: VTOL Bell NEXUS propulsive system description from SAFRAN [45].
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1.2.4.6 All-electric propulsion (AE).

There is still a long way to go before flying an all-electric drive. The major problem with
electrification is energy storage, but the study of small aircrafts is still ongoing. Since 2010,
(with the Cricri [46]) commercial aviation has been eager to see electric flights in order to
obtain more efficient and lighter propulsion systems to integrate them in heavy / powerful
aircraft.

Fig. 1-33: Airbus E-fan [46], [47] and Siemens Extra 330LE all electric aircraft.

In 2017, the Siemens has propelled the aerobatic plane Extra 330 flying at more than
340 km/h [48], thanks to an electric motor. The specific power of this electric motor exceeds
5 kW/kg. This is a world record for a plane weigthing more than one ton. Beyond these
exceptional exploits, a newborn Israeli aviation company, Eviation, is working on another all-
electric aircraft. The start-up presented its e-aircraft Alice at the Paris Air Show in 2019. The
airplane plans to carry 9 Pax thanks to an all-electric propulsive system of 800 kW. The electric
source is composed of Lithium-lon batteries (Li-lon) and 95% of the fuselage is made of
composite.

Fig. I-34: Eviation Alice (Paris Air Show 2019).

Two electric motors have been chosen by the company: the SP-260D Siemens e-motor
[48] and the Magni250 magniX e-motor with a power of about 250 kW each. The first one is a
radial electric motor while the other is an axial flux electric motor. The choice of the electric
motor is essential in an all-electric drive; it is the most important electrical component to
design. A new record has been set by the all-electric hydroplane company powered by the
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magniX company: HARBOUR AIR which made its first commercial electric flight the 10
December 2019.

e
.—"/
7: 3 SRR

\\\\\\

Fig. 1-35: Successful Flight of World’s First Commercial Electric Airplane (Harbour Air — magniX [49]-[51]).

Another axial flux electric motor vas chosen by Rolls-Royce with its all-electric
aerobatic plane project. The name of the project is: ACCEL [52], [53], the propulsive system is
composed of three Yasa 750R e-motors [54] in order to approach the 750-kW maximum
required power.

Fig. 1-36: ACCEL project (Rolls-Royce).

The aim of the study is clear as Rolls-Royce industry wants to reach a speed of 480
km/h. Owing to this speed the airplane will be the fastest all-electric plane in history. Rolls-
Royce is joining the electric race by working on the all-electric propulsion system thanks to
electric motor specialists such as Yasa motors.

31


https://www.harbourair.com/harbour-air-and-magnix-announce-successful-flight-of-worlds-first-commercial-electric-airplane/

Chapter I: The electric revolution impacts aviation.

Fig. 1-37: CityAirbus [55].

Alongside these new generations of aircrafts, the VTOL and STOL aircraft are in also
the all-electric race. The European aircraft manufacturer is working on the CityAirbus, a four-
seater multi-copter vehicle. The prototype is currently undergoing a flight test period. The
power of the aircraft is about 800 kW powered by Lithium-lon batteries. The VTOL and STOL
market is growing rapidly: the aircraft manufacturer wants to relieve road traffic congestion
and make it more fluid.

1.2.5 Towards greener aircrafts: hydrogen power, a huge
challenge that seems reachable

So far, most hybrid electric aircraft are battery-powered, but hydrogen with ICE or fuel
cells should not be overlooked. The subsidiary H3 Dynamics (HES Energy systems) announced
in 2018 the first regional aircraft powered a 100% by hydrogen: Element One. The evolution
is logical: The Singaporean company has been working for 10 years on a hydrogen drone. The
aircraft could carry four Pax over distances between 500 and 5,000 km depending on storage
(liquid or compressed).
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Fig. 1-38: Element One (Hydrogen powered aircraft).

A promising American start-up, ZeroAvia, has the same objective: to get a hydrogen-
powered plane off the ground. The ambition is greater than the previous one as the plane will
carry 6 to 20 passengers on journeys of up to 500 miles. The goal of the Californian company
is to change the conventional propulsion system to use a hydrogen-powered plane. Several
flight tests are underway on regional aircrafts.

ZeroAvia Vision—
Renewable Hydrogen Aviation

AIRFLOW 0,

THausT |

HYDROGEN H,
QUICK REFILL

Fig. I-39: Hydrogen aviation vision by ZeroAvia.

Hydrogen seems to be the most promising energy vector in aeronautics thanks to its
specific energy. Compared to batteries, the specific energy, recharging time and recycling are
better arguments in favour of the fuel cell and its hydrogen storage. But the technological
maturity of fuel cells and hydrogen storage is not as developed as that of batteries. This is why
batteries are still more used in electrical applications. The American aerospace agency NASA
is interested in carbon-free power sources: a project has been launched with the idea of a
plane powered by liquid hydrogen. [56].
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Fig. I-40: Cryogenic hydrogen powered aircraft NASA project.

The liquid hydrogen storage is more efficient than pressured one. The only
disadvantage is the very low operating temperature (20 K degrees). The storage of liquid
hydrogen is more efficient (15% compacity) than storing hydrogen under pressure (5%
compacity). The objective of this study is to use the cryogenic cooling of hydrogen to cool the
other electrical components. The cooling of superconducting electrical components allows
better performance (low losses) on the electrical conversion chain.

An initial awareness of the climate emergency that has been growing since the end of
2019.With the advent of the Covid19 pandemic, the entire trajectory of global aviation has
been called into question. The lockdown measures taken by various governments around the
world have caused air traffic drop in particular in Europe the air traffic fell by 88% [2], [3] (see

Fig. 1-41).

EUROCONTROL Traffic Scenarios g
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Fig. I-41: EUROCONTROL draft Traffic scenarios (European aviation).
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The entire aviation industry is concerned about these numbers. The lack of
coordination between states and the lack of confidence on the part of passengers do not help
the scenario. The decline in air activity may be a sign of economic crisis, but it is a positive for
the planet. This could be an opportunity for the aviation industry to adapt its most polluting
practices in order to maintain the reduction in CO2 emissions that is essential to achieve the
objectives of the Paris Agreements.

In 2020, the European Union (EU) announced its Clean Hydrogen Plan [57], European
Member States put hydrogen at the top of their investment priorities as part of the post-
Covid-19 economic recovery. In particular, France and Germany have planned to devote 7 and
9 billion euros respectively of public funds in the hydrogen industry. The systemic approach is
the one that has been favoured and which directs consciences towards hydrogen. Electricity
networks are not capable of supporting the battery-powered electricity revolution; it is
necessary to be able to store the excess energy at sometimes of the year so that it can be
reused later on at times when the energy demand is greater than the production.

About aviation, hydrogen feasibility study, made by Clean Sky 2 and Fuel Cells &
Hydrogen 2 Joint Undertakings has been realized and presented in June 2020 [58]. “Hydrogen
as an energy source will play a key role in transforming aviation into a zero-carbon / climate-
neutral system over the next few decades.” According to the study if several scenarios are
studied, hydrogen seems to be the main actor (burned in turbines, or used through fuel cells).
It would be feasible to propel airplanes for regional distances using fuel cells (see Fig. I-42 and
Fig. 1-43).

Exhibit 6
Commuter aircraft powered by fuel cells
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@ Distributed propulsion using electric motors for thrust 4 Climate impact /-E'\\, 80-90%
&& LY 3
Ay Additional =59 0-5%
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@ B
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power Q@? Fuel cell system
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FCS mass 1.5 kW/kg (incl. cooling) and 58% peak efficiency (LHV), e-motors and MTOW: m +15%

PMAD with 97% efficiency, battery with 0.6 KWhvkg
2. Cost per avallable seat kiiometer
3. Maximum take off weight

Fig. I-42: Commuter aircraft powered by fuel cells.
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Exhibit 7
Regional aircraft powered by fuel cells

) . Enel
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PMAD with 97%

2. Cost per available seat kilometer
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Fig. 1-43: Regional aircraft powered by fuel cells.

In the regional aircraft case, for a reasonable weight gain (+10%), the gains on the
environment are considerable (-100% CO>). The high specific energy of the hydrogen molecule
combined with the efficiency of the all-electric propulsion chain saves the energy required to
fly the aircraft (-8%). With the assumptions taken by the McKinsey company, hydrogen seems
to be a viable solution to propel small aircraft using fuel cells.

European entities are not alone in believing in the hydrogen revolution in aeronautics,
several private industries are also betting on. A general aviation project (see Fig. I-44) in Belfort
was also unveiled, promising to carry 6 passengers, have a range of 1,500 km and reach a
cruising speed of 370 km/hour.

Fig. 1-44: Avion Mauboussin fuel cell powered aircraft concept (AlcyonM3c)[59].

Concerning single-aisle aircrafts, three hydrogen-powered aircraft projects (see Fig.
I-45) were recently unveiled by the European aircraft manufacturer Airbus.
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Introducing Airous /RO

Turboprop 2 - s e <100 | (g 1,000+nm

Blended-Wing Body

+ Turbofan - Lol (B s

AIRBUS

Fig. I1-45: Airbus ZEROe aircraft concepts[60].

A turboprop aircraft able to carry about 100 Pax with a maximum range of 1000 nm.
A turbofan aircraft able to carry about 100 Pax with a maximum range of 2000 nm.
Finally, the most technologically advanced aircraft a blended-wing body which has the
same characteristics as the turbofan.

They all use liquid hydrogen storage as an energy source.

In addition to airplanes, the world of VTOL is also looking for a way into hydrogen. The

American company Skai, supported by NASA, imagines to bring five passegers in a new electric
vertical take-off landing (VTOL) air taxi using a hydrogen fuel cell powertrain.

LT

%S

Fig. I-46: Alaka'i Skai Hydrogen p‘bwered VTOL air taxi[61].

The effervescence around hydrogen is palpable, and with aeronautics, all mobility seems to
be turning towards this energy vector.

Let's start with the automobile, only a few companies at the moment, such as Toyota

has been developing the hydrogen-powered car model since 2015: The Toyota Mirai. A second
edition, released very recently[62], significantly improves the vehicle's performance.
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Toyota Mirai 2 Toyota Mirai 1

Fig. 1-47: Toyota Mirai 1 & 2 (hydrogen poweéd car).

Hopium, the first 100% hydrogen car manufacturer founded by French driver Olivier
Lombard, plans to present the first prototype of its "Hopium Machina" model in 2021. This
innovative vehicle [63] with a neutral carbon footprint will offer an exceptional range of
1000km.

Fig. I-48: Hydrogen Motive Company: the Hopium Machina.

Let's continue in the maritime field, with yachts. In October 2020, Hynova Yachts
presented the world's first hydrogen-powered yacht [64].

HYDROGEN TANKS

BATTERY PACK

FUEL CELL

Fig. I-49: Hynova yachts: hydrogen propulsion system
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Approximately 12 meters long, the yacht can accommodate up to 12 people and is
propelled by an electric motor powered by a fuel cell. There are many other companies that
have decided to use hydrogen in their activities.

The difference between these mobilities that require less energy (car, boat, etc...) and
aeronautics is the sensitivity to weight, and against this problem fuel cells equipped with a
hydrogen tank are much more promising than battery-powered system.

Hybrid-electric aircraft propulsion was beginning to promise us advances on more
electric aircraft, but hydrogen brings us the real solution by integrating a real breakthrough
technology in our aircraft.

Hydrogen is well on its way to launch the third industrial revolution!
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Fig. I-50: Hybrid electric aircraft representation considering hybridization power degree and hybridization

energy degree.
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|.3 Presentation of the HASTECS Project and thesis
objectives.

Some further research is contained in HASTECS, a European project in the framework of
CleanSky Il HASTECS means: Academic Research on Hybrid Aircraft Thermal and Electrical
Components and Systems. The objective of the project is to identify disruptive technologies
to significantly improve the specific power and efficiency of electrical components used in
hybrid electric aircraft. The stakes are high because, unlike in the automotive, rail or even
maritime sectors, the weight of the propulsion system is not the main concern of designers.
In aeronautics, weight is the first enemy, which is why objectives have been set within the
framework of the project in order to lead the studies with a first level of entry into service in
2025 and a second level of entry into service for 2035. The objectives are as follows:

Table I-4: HASTECS electric component targets.
2025 target 2035 target

Electric motor + cooling system

Specific power 5 kW/kg 10 kW/kg
Cruise efficiency 96% 98.5%
Maximal design point efficiency 94.5% 97%
Power electronics + cooling system

Specific power 15 kW/kg 25 kW/kg
Cruise efficiency 98% 99.5%
Maximal design point efficiency 96.5% 99%

The basic design of the aircraft is a series hybrid-electric architecture, consisting of
turboshaft engines as the main source, and batteries and/or fuel cells as auxiliary sources.
Each propeller is connected to a gearbox that adjusts the rotation speed between the
propeller itself and the electric machine. The electric motors are powered by power inverters,
which are themselves electrically connected to an electrical power distribution centre
generally known as ultra-high voltage direct current (UHVDC), ultra meaning that the selected
bus voltage is beyond the standard voltage network which is + 270 V.
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1.3.1 Input data.
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Fig. I-51: HASTECS project reference aircraft.

The aircraft under consideration is based on an ATR-72 which can carry 70 passengers
with a reference maximum take-off weight (MTOW,..r) (without electric propulsion cf [65]).
The different mission profiles are given in requirements (see Fig 1-42).
This reference aircraft has been defined with Airbus, the HASTECS project leader, setting
power, thrust and speed requirements:

- Flies to 25000 feet in a cruise altitude.

- Flies at 0.5 Ma at cruise altitude.

- Takes off with an 80 kN- thrust.

- Takes off with a 4 MW power (Pgjrcrart = Thrustgircrare X Vaircrast)-
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Fig. I-52: Altitude, Mach, Thrust, Aircraft power profile missions.
Table I-5: Flight phase duration.
. Taxi Take off & . Approach and
Flight phase . . Cruise Descent i .
(in & out) Climb landing
Time (min) 5 20 70 14 2

The variation of the speed of sound is taken into account in an environment model.
The flight domain of the studied regional aircraft corresponds to the following figure:
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Fig. I-53: Environmental aircraft flight domain conditions (OAT: Outside Air Temperature).
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In addition to these design areas, the propeller design must face certain constraints.
The main constraint to be checked is the blade tip speed (this latter speed V, is defined in the
scheme below). The maximum blade tip speed must be less than 80% of the speed of sound,
as the performance of the propeller is strongly degraded beyond this value. The use of a speed
triangle makes it possible to define the blade tip speed versus both the aircraft speed and the
tangential rotation speed of the propeller:

R

Vr
Fig. I-54: Speed triangle (Aircraft speed = V, ; tangential rotation speed = Vy; blade tip speed = V).

The diameter of the reference propeller (a four-propelled-drive aircraft) and the
dimensions of the nacelle are given in the requirements:

3010mm

1382mm

Fig. I-55: Nacelle and propeller sizes.
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1.3.2 Project description

From a technical point of view, the project is divided into several work packages (WP),
which involve 6 PhD theses and 2 post doc:

1. The WP1 aimed at developing an analytical tool for the design of electric
motors. The objective of this work package was to find electric machines with high
performance in terms of specific power and efficiencies. This work has been done by
the “GREM3” research group in the LAPLACE lab in Toulouse.

2. WP2 done by the LAPLACE “CS” (Static Converter Group) research team was in
charge of developing high performance power electronics and design tool. They had to
find breakthrough technologies for power converters (inverters and DC DC choppers)
in order to highlight the best topology with the best integration performance.

3. WP3 was in charge of developing a tool for the design of high-performance
cooling device for electric motors. The objective of the study was to imagine the best
technologies and concepts for cooling electric motors. This research has been done in
the PPRIME institute in Poitiers.

4, The WP4 mission was quite similar the one dedicated to the WP3 but for power
electronic cooling. The aim was to find efficient cooling concepts and technologies to
optimize the specific power of the overall power electronic system. This research group
is located in the PPRIME institute in Poitiers.

5. The fifth working group has studied partial discharges and their impact on high
power electrical devices (power electronics, bus bars and electric motors) by taking
account of the aircraft environmental conditions (altitude, pressure, temperature). The
partial discharge phenomenon can create temporary short circuits if the insulation is
damaged. This LAPLACE “MDCE” research group was in charge of that study.

6. Finally, our thesis is situated in the WP6 which has to integrate all devices in the
powertrain and every subsequent fields. A design-oriented model has to be developed
based on both state of the art, Airbus data and other work packages in order to
optimize the overall hybrid-electric traction chain. A post doctoral study also achieved
a review of auxiliary electric sources (batteries and fuel cells) in the typical framework
of HASTECS (related to a serie hybrid electric powertrain). Thes studies have been done
by the LAPLACE “GENESYS” research group in Toulouse.
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WP2: power
electronics

WP1: electric WP3: motor
motor (EM) cooling

WP6: system
integration

W!’S: partial WP4: cooling of
discharges power electronics

Fig. I-56: Interactions between the system integration work package and the others.

The project leaded by Airbus has been coordinated by the “Toulouse INP” University
and includes the following entities:

- Université Toulouse Il Paul Sabatier, Toulouse (UPS).

- Institut Supérieur de I'Aéronautique et de I'Espace - Ecole Nationale Supérieure de
Mécanique et d'Aérotechnique de Poitiers (ISAE-ENSMA).

- Centre National de la Recherche Scientifique (CNRS).

Three research labs were also involved:
- CIRIMAT Carnot Institute (WP6).
- Laboratoire Plasma et Conversion d’Energie (LAPLACE) (WP1/WP2/WP5/WP6).

- P PRIME Institute (WP3/WP4).
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Fig. I-57: Academic HASTECS project perimeter (universities and laboratories).
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1.3.3 A major “snowball effect” involving an integrated
looped process

The hybridization of a regional aircraft is a complex challengeconsidering that electrical
components are added in the hybrid powertrain compared with a full-thermal airplane.
Despite the “hopefully” high efficiency power chain, both the powertrain mass and the power
to be supplied are significantly increased. This double effect due to the additional mass and
the increase of the supplied power leads to an additional fuel mass itself potentially increasing
the aircraft structure (wing surface). This successive increase of the embedded mass is
wellknown in aircrafts as a “snowball effect” which constitutes a major effect of hybrid
aircrafts to be included in the design process. In our case, with regard to the reference value
of the MTOW (see the reference aircraft definition in the section IIl.1), this snowball effect has
to be integrated. In order to do that, a looped process has been implemented considering
both a reference MTOW (MTOW,..r) and a reference thrust Thrust,..; which correspond to
the figure linked with the reference aircraft (defined in Ill.1). Following the added weights
from all designed devices, a “new MTOW” (MTOW,,,,) is estimated from which a “new
Thrust” is derived. This derivation is based on the linear approximation in Equation (I-4):

MTOW,,,,

Thrustpey = Thrust,.s * eref

(1-4)

Both efficiency and weight are assessed from each component model at the end of
each iteration of the looped process. After one iteration, based on the new (after redesign)
MTOW (MTOW,.,,) and its ratio versus the weight reference value (MTOW,..¢) at the initial
point of the process, a new thrust must be derived as illustrated in the next figure Fig. I-58:
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Fig. I-58: Implicit looped integrated process
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Chapter I: The electric revolution impacts aviation.

Thus, by considering the evolution of "new" design variables displayed in equation (I-
4) at each iteration, an implicit looped process is achieved which is stopped when the MTOW
error between two successive iterations is lower than 50 kg. The process is initialized with a
full thermal reference aircraft with a MTOW,..;. Then, adding the embedded weights
corresponding with the electric devices (power electronics, electric motors, auxiliary source,
cables), new MTOW and consequently new thrust values are derived. As emphasized on the
next figure Fig. I-59, our looped simplified model has been validated with reference to a
complete aerodynamic model described in Jerome THAUVIN’s PhD thesis [12]. During the
flight mission, this comparison shows that thrust shape is quite the same by comparing
aerodynamic models with a final MTOW and the previous linear derivation.
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Adimensional time
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TAXI TAKE cumB DESCENT LANDING
OUT -OFF CRUISE N

Fig. I-59: Validation of the looped process by comparison of aerodynamic and looped models

The study was carried out on a 20 T aircraft and a 26 T aircraft. Based on the reference
aircraft of 20 T weight, the linear extrapolation was used to determine the thrust fora 26 T
aircraft: the model used in our case will be the following MTOW,yg < MTOW,..; + 6T. Note
that this implicit loop converges within 10 iterations which corresponds to an acceptable CPU
cost in view of an integrated design by optimization. Aircraft weight and performance can be
deduced using the model loop.

1.3.4 About sensitivity of technologies on both max take off
weight and fuel burn.

The main target of the European project HASTECS (Hybrid Aircraft Academic reSearch
on Thermal and Electrical Components and Systems) is to couple thermal and electrical studies
for a regional aircraft. The series hybrid electric architecture has been studied in this project
as it leads to huge power constraints on the electric power train, the thrust being fully
provided by electric devices. From an input data set and given environment conditions
(temperature, pressure, aircraft speed, etc) we will present in this thesis different “surrogate”
models to simplify assessments of efficiencies and masses from each device of the whole
powertrain. A fixed aircraft structure is considered and only the propulsive system is refined
through a looped process linking weight variations and thrust consequences as described in
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chapter IlI: this integrated design approach allows assessing energy efficiency and mass
benefits.

Technological models with corresponding design have been achieved in every work
packages of the HASTECS project and will be discussed latter in that thesis. However, in order
to complete this thesis introduction, it is interesting to propose a preliminary analysis at
system level in order to emphasize: “how much technologies are sensitive on the integration
level (weights, fuel burn)”? This preliminary analysis is simply based on assessments on both
efficiencies and specific power/energy defining three successive targets as detailed in [66]. In
the HASTECS project, two targets have been challenged for 2025 and for 2035 as displayed in
the first (left) column of Table I-6. In the right column of this table, more “aggressive”
assessments for a future “20xx target” has been added. In our case, specific powers of both
electric motors, (respectively electric generators) and power electronics (rectifiers and
inverters) include the cooling devices. Figures corresponding with a liquid hydrogen storage
with fuel cell stack are considered with corresponding assessments in Table I-6.

Table I-6: Electric component assessments.

2025 target 2035 target 20xx target
Emotor/ Egenerator
SP +cooling 5 kW/kg 10 kW/kg 15 kW/kg
Efficiency 96% 98.5% 99%
Power Electronics
SP +cooling 15 kW/kg 25 kW/kg 35 kW/kg
Efficiency 98% 99.5% 99.8%
Fuel Cell - Liquid H2
H, + tank SE 3.3 kWh/kg
Auxiliary SP 1.3 kW/kg
Stack SP 4 kW/kg
DCBus
Ultra HVDC 2000V

SP = Specific Power - SE = Specific Energy

Aggressive targets have been chosen, but certain targets are already achieved in other
studies. In particular Siemens, with the electric motor SP260D has announced 5.2 kW/kg. The
University of lllinois is designing and building a permanent magnet synchronous motor to
exceed a specific power of 13 kW/kg and efficiency of 96% showing that these targets may be
reached [67]. Concerning inverters, General Electric [68], [69], [70], has reached a specific
power greater than 10kW/kg for its product. Other simple models have been developed to
assess cable weights and losses, following the transferred power, the voltage level and the
cable type (AC or DC). Based on this model set, the mass distribution of the hybrid power train
is displayed in Fig. 1-60 with the particular assessments dealing with the “2035 Target”.
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Fig. I-60: Hybrid power train mass sharing.

In this analysis a hybrid-electric aircraft is considered with two similarly sized
turboshaft engines which turn generators to supply the electric powertrain. The power
distribution over the flight sequences is displayed on Fig. I-61: in this simple but realistic
management strategy, electric sources (fuel cells) are used during “full electric” taxi and
descent phases which may correspond to a “light hybridization scenario”. For the other
sequences, the power is equally shared between both turboshafts.
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Fig. I-61: Power distribution between sources.

The sensitivity analysis consists in varying two input factors (i.e. the efficiencies and
specific powers) on two device classes: the power electronics and electric machines. Taking
the 2025 target as the reference and crossing successively towards 2035 (orange bars) and
20XX (grey bars) targets the figure below shows the improvements in terms of fuel burn if the
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successive steps on the input factors are achieved. The four first set of bars (left of the figure)
are related to progress on motors and power electronics considered one by one. The fifth and
sixth set of bars gather the influence of these two devices for specific powers and efficiencies.
Finally, the set of bars at the right of the figure shows that the overall gain on the fuel burn.

Motor Motor Inverter Inverter Electric Electric Electric
Generator  Generator  Rectifier Rectifier Components Components Components
Specific Power Efficiency specific Power Efficiency Specific Power Efficiency SP & Eff

0% l

i i
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-16% W 2035/2025 W 20XX/2025

-18%

Fig. I-62: Fuel burn variation versus technological improvement of the electric propulsion system from the 2025
target.

It can be noticed that the impact of technological progress both in terms of specific
powers and efficiency is significant on the fuel burn even if this impact is slightly lower for
power electronics than for electromechanical converters. The figure below shows the results
of the same kind of analysis but considering the sensitivity on the overall weight (MTOW) at
the aircraft level. The same trends as previously can be observed.
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Fig. I-63: MTOW variation versus technological improvement of the electric conversion chain from the 2025

target.
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It can also be seen that both progress axis (efficiency and specific power) are really
influent on optimization objectives of this study (i.e the fuel burn and weight reduction). With
reference to the less aggressive assumptions (target 2025) and regarding the targets 2035
then 20XX assessments, the whole weight (MTOW) would be reduced by more than 12% (Fig.
I-63) when the fuel burn would be reduced by 17% (Fig. I-62). Let also notice that specific
power is more sensitive to lower the MTOW, but the efficiency effect is not negligible: a trade-
off between both specific powers and efficiencies has to be find.

1.3.5 Thesis objectives.

This PhD thesis aims to integrate the technological devices (electrical machines, power
electronics, storage components, cooling systems) of the hybrid electric powertrain from new
concepts proposed by other work packages (WP1 to 5) and taking into account external
information from Airbus data and from the state of the art. In the future context of all-electric
aircraft propulsion, this integrated design is a major challenge. The complexity of the optimal
design process of the whole powertrain is huge but really relevant.

The first sensivity study on mass variations of both fuel burn and MTOW in the light of
technological advances shows that series hybrid electric propulsion system is sensitive to
technology. The specific powers and efficiencies must be optimized to lower the mass impact
due to the addition of electrical components in the powertrain. The HASTECS project makes it
possible to take all the phenomena into account between electrical and thermal components
of the hybrid-electric propulsion of the regional aircraft. Meta-models representing different
fields of the system integration have to be built but these models need to be simplified (with
“acceptable computational time”) in order to be able to optimize the complete system in a
system integration loop. The second chapter will then focus on the presentation of surrogate
models used in the global optimization. These models are based on reference models out of
the HASTECS scope, and also on expert models considered in the HASTECS work packages.

Before going towards the overall design optimization and in order to understand
couplings between devices, a Global Sensitivity Analysis (GSA) will be proposed highlighting
most influent decision variables. Less impacting input variables will be removed from the
overall optimization. The Sobol approach has been used for that GSA and will be presented in
chapter lll. Finally, a Multidisciplinary Design Optimization (MDO) at hybrid aircraft level will
be the focus of the last chapter IV. The interest of the MDO will be highlighted. The electric
machine and its cooling will be especially focused, being one of the most important (and
complex) component to be designed in the powertrain.
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Chapter Il: Modeling for multidisciplinary design optimization of the overall propulsion system.

The main objectives of this thesis, especially the requirements for the modelling process
have been introduced in the previous chapter. In order to integrate design models, the system
integrator should simplify them and identify trends and trade-offs between the different
application fields of the problem. This task can be performed using Multidisciplinary Design
Optimization (MDO) which allows a number of phenomena to be taken into account while
integrating correlations between the different disciplines. Multidisciplinary integrated design
was born from aeronautics; several theses cover the subject [71], [72]. It can be used for the
global design of aircraft, for questions of aeroelasticity or industrial problems as in [73].

The success of the MDO has been reflected in other disciplines, notably in the design of
electromechanical actuators [74], [75]; in order to minimize the production, maintenance and
resistance of a ship [76] or in the design of submarine cables [77].

Beyond the complexity related the multidisciplinarity of our class of systems, several
levels of optimization classically exist in engineering systems. As typical example, 5 levels of
expertise can be listed in an aircraft design (Fig. 1l-1). In the HASTECS project the “component”
approach is studied to feed the “system” point of view. Several disciplines are coupled in our
models: fluid mechanics (environment and propeller models), electromagnetism and
electrical engineering (electric machine and power converter models) and thermics
(associated cooling and gas turbine). Furthermore, the effects of the aircraft environment
must be involved: the partial discharges effects will be studied especially within the
electromechanical actuator. Real disruptive technologies will not be found not only in the
specialized application areas but also at the interface of the different fields.

“Upper level Targets”

coupling variables, mission profile] _ Ihusl._ Weightdg -
Fuel burn, drag (_ENGINE C_ Aircraft
Pdrév;\ :J/F”e
e tion Weight, drag
7 ” eIWOorkKs
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coupling variables g £
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Q 4 Mech power draw
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Fig. lI-1: Five levels of optimization from "technologies" to "aircraft".

In aeronautics, MDO is popular because of the complexity resulting from the number of
components and disciplines which have to be included in the design processs. It should also
be noted that the aircraft should be optimized at the lowest technology and component level
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1I-1: Reference models out of the HASTECS scope.

itself as well as the higher aircraft level which represents an additional difficulty, especially in
the case of this 5-level architecture.

The hybrid-electric propulsion system is illustrated in the Fig. lI-2. In this study the following
components have been studied:

Propeller
Gearbox
Electric motor (with a cooling system model and a partial discharge model)
AC/DC converter (and its cooling system)
DC/AC converter
Electric Generator
Turboshaft
Electric source:
o Fuel cell (stack+ auxiliaries + storage)
o Battery (Battery Management System and its packaging/cooling)

The components written in orange are part of the HASTECS study framework, for the other
models come from previous studies.

Propeller
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Fig. II-2: Description of the total hybrid-electric powertrain.

1.1 Reference models out of the HASTECS scope.

1.1.1

Propeller model.

The blown wing effect sometimes exploited with distributed electric propulsion (muti

propeller) has not been considered in this study.

The propeller model is based on the disk actuator theory [78]. The air flow is steady and it
behaves as an incompressible fluid. The schematic model of the disk actuator is illustrated in
Fig. 1I-3 where:
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Chapter Il: Modeling for multidisciplinary design optimization of the overall propulsion system.

e 1, is the aircraft velocity,

e U, is the air flow velocity behind the propeller,

e P,,P;,P, are respectively the ambient, before and behind the disk (propeller) pressure
values. The pressure difference due to the propeller motion is then P1-P2 which
creates the thrust:

i e s
Ly ____——f”’f:
Py *»
[
i \-\.\_\_
pc. ] --\_‘"——____
—\—\___\_\_\_h
Py
Stagnation

Pressure

Fig. 1I-3: Schematic model of disk actuator (dotted line = location of the propeller).

The process consists in determining the propeller shaft power based on flow equations. The

thrust T, ¢ of the disk is:
2

D
Taje = .00 X (P = Pr) = Agigie X (P, = Py) (1)

Where Dy,;.op, is the propeller diameter, A ;g is the disk area. Applying the Bernoulli equation
in the regions of the fluid where the pressure and velocity are varying continuously leads to:

(P, ~ P) = 5. (u ) -2

The thrust T can be rewritten as:

1 2 2 p 2 ug
Tajc = Agisk X 5 p-(ug —up) = Agisk X5 Xug|—— 1 (1-3)
2 2 ug

Then, the following relation can be established:
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1/2

T,
e = A 19 (11-4)

p 2
Uy Adisk X 7 X Uy

Using the diagram in the Fig. II-3, the disk (medium) velocity u;s is expressed as:

U, +u
Ugisk = (e + o) > o) <=> U, = 2. Ugisr — U (11-5)
Combining (4) and (5) leads to;
1/2
T
2. Ugisk — Uo = g X VR | (11-6)

Py .2
Agisie X 5 X Ug

We can finally express the power P required from the propeller shaft as a function of the

thrust Ty ¢
1
(( om0
U =

P:TA/CXudisk:TA/6x7x| Cp ~+1 +1 | (11-7)
\Adiskxjxuo

This model comes from [12] and is referred in APPENDIX B.

11.1.2 Gearbox model.

The gearbox model is based on a surrogate model used by the National Aeronautics
and Space Administration in [79]. The maximum torque value and the gearbox ratio are input
data for the model.
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Fig. ll-4: Transmission and lubrification system weight correlation [79].

Where:
e hp represents the propeller shaft power in [hp],
e RPM,,;/RPM;, represents the rotation speed ratio with rotation speeds in Round
Per Minute (out = proppeller side/ in = e-motor side).
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A fixed gearbox efficiency is considered in this model (1450, = 98,5%) which is detailed
in APPENDIX C.

11.1.3 Turboshaft model.

The same kind of study has been carried out in the thesis of J. THAUVIN [12] to build a
model based on data regression for the gas turbine system. The collected data come from
turboprop and helicopter engines which have high specific powers. The model is detailed in
APPENDIX D.
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Fig. II-5: Turboshaft data regression.

11.1.4 Cable model.

The cable sizing model is based on an Airbus internal report [80]. Both thermal (based
on Joule effect) and voltage drop constraints allows designing cables according to the voltage
and the power factor, the cable length and type (AC or DC), the number of phases and wires
per phase. Two materials are available in the cable sizing model: Aluminium and copper. The
model is explained in details in APPENDIX E.
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1.2 “HASTECS” MODELS.

1.2.1 Electric motor design model.

11.2.1.1 Presentation of the electromechanical analytic model,
modeling process and results.

I1.2.1.1.1 The electric machine topology choice.

The electric motor choice has been driven by efficiency and specific power targets: (cf
Table I-6). Indeed, a study of different topologies has been carried out in the automotive field
for hybrid (and/or electric) applications [81], [82].

(a) DC (b) IM (¢c) PMSM (d) SRM

Fig. II-6: Four popular motors in Hybrid Electric Vehicle: direct current machines (DC), Induction machines (IM),
permanent magnet synchronous machines (PMSM) and switched reluctance machines (SRM) [82].

Considering both efficiency and specific power the permanent magnet synchronous
machine has the best performance. The efficiency is as important as the the specific power in
aeronautics because the thermal power for cooling adds drag to the aircraft level. Increasing
the power density of the actuator is equivalent to improve each term in the following equation
(11-8):

(11-8)

p electroma ]

gnetic _

— = 2kyAmsBgap,,, 0
rotor

e k, is the winding coefficient depending on the winding configuration,

e A, isthe root mean square lineic density in A/m depending on the current density,
*  Byap,. is the root mean square of the flux density in the airgap,
e ()is the mechanical rotational speed of the electric actuator,

e V,otor is the rotor volume.

Increasing rotational speed allows decreasing rotor volume and thus its weight.
Simultaneously, it leads to increase Iron and mechanical losses. The evacuation of the heat
generated due to losses through winding insulation is the main limitation for increasing
specific power of electric motors.

61



Chapter Il: Modeling for multidisciplinary design optimization of the overall propulsion system.

11.2.1.1.2 First part of the electromechanical analytic model: Target Setting Tool
(TST).

In the following, an analytical model and its evolutions to be in accordance with a MDO
process is described. This electromagnetic and electromechanical conversion model has been
developed in LAPLACE by the GREM3 team, especially in the PHD thesis of Sarah Touhami [83],
[84].This modelling apporch was based on two complementary design tools (TST and SM-
PMSM) also developed by this research team.

The following schematic shows the power balance in the PMSM and the associated powers.

Joule losses

ﬁ Iron losses Mechanical losses
Electrical power | Electromagnetic power | Mechanical power
" — o
- '

i d
Stator Ai riap Rotor

Airbus Specification
TST Sizing point

Fig. II-7: Power balance of the permanent magnet synchronous motor (PMSM).

From an input set data, main stator sizes and losses are determined thanks to the TST
pre-design model. In a second step a more accurate model is used: The Surface Mounted
Permanent Magnet Synchronous Machine model (SM-PMSM). The process is described in the
Fig. 11-8:

Specification
IGELH

Material choice
Class windings

Fig. II-8: Electromagnetic model design process

The second design model SM-PMSM allows determining all sizes of the structure (rotor
and stator). The losses are given at the design point. All values have been checked through a
Finite Element Analysis (FEA). Fig. 11-9) presents the comparison between all models for the
air gap flux density.

62



11-2: “HASTECS” models.
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Fig. 1I-9: Air gap flux density at no load (a) slotless and slotted models, (b) harmonic analysis [83][83]

In order to optimize the CPU time in the context of a global system optimization, several
changes and adaptations have been performed.

1.2.1.2  Adaptation of the PMSM analytical model for system
optimization.

11.2.1.2.1 First observation at global system level.

A first overall powertrain optimization was carried out in order to prepare the
integration of all models. First results were surprising: the optimizer converged towards
several “spread” solutions in the parametric space depending on the initialization conditions.
This preliminary analysis forced us to go back to a local study especially at the eMotor level
and to review its design model and the choice of the decision variables at the input of the
optimization algorithm [85]. While the objective function of the overall system optimization
will be the fuel burn, we have reduced in this report the optimization at the local level of the
eMotor, the objective function in that case being only the electric machine weight (local
objective). The first set of decision variables (input data set) was the following:

* The torque design point Tepg;, iN Nm,

e The mechanical rotational speed design point Nepmot ,, in RPM,
e The tangential pressure g in Pa,

e The current density design point J,p,s_, in A/mm?,

e The maximal value of flux density in the airgap Byap,....
e The flux density value in the stator yoke By, in T,

e The flux density value in the stator teeth Biees, in T,

e The ratio between the inner stator diameter and the active length Rp;o¢, .,
e The number of conductor per slot N,

e The number of pole pair p,

e The number of slot per pole and per phase n,,.

inT,
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Regarding the torque speed characteristic, the following preliminary optimization results
were obtained using a parameter free version of the CMAES algorithm [86] (100 iterations
with 20 same objective function results) :

TORQUE VS SPEED (EMOTOR)
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Fig. II-10: First results considering the overall powertrain.

In red color, the results of twenty independent optimization runs are compared with
the torque VS speed mission in grey. Several power variables did not seem to converge:
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Fig. Il-11: 20 independent run solutions.

The optimization seems to find several solutions and to spread decision variables in a
wide parameter space. In order to avoid such results, several modifications have been made
on the eMotor model.

11.2.1.2.2 A first model modification (Byapmax = air gap flux denszty).

The flux density in the air gap was initially an input data. But in order to have the
correct causality of calculation another decision variable has been chosen to replace the
induction value in the air gap. Firstly, to determine the ratio between the magnet thickness
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11-2: “HASTECS” models.

and the inner stator radius (Rpmmz)' it is necessary to know the value of the ratio between

the air gap and the inner stator radius (R, ). The process of the original model is described
in the left part of the Fig. II-12:

oa'gl')':i“ “‘\ NEW MODEL \
7 INPUT DATA: Byqp \ 7 INPUT DATA: Ry, ., \
{ \ i \
O _ By, ('2 =R * Ja
Bgflpfond - ﬁ(yelec) |79apfona P 1
2 L ey —
C\ {} {} PMyal Gral
o in(1-R
= Boapsona * B ( o) i (4 * sin (@))
9aPsond _ | . - B N2 )
1— Rg . a 9ap fond T
{} rd
o Ja
Bgapfandz = Rpmral * 1
In|s———5—
(1 — Rpmral - Rgral)
Q = Bgapfond B Bgﬂpfondv ‘ ] |
\ / \ /
\ OUTPUT DATA: Rpm, o1» €640y // \ OUTPUT DATA: Byup,... /,,
- \ -

- -

Fig. lﬁlZ: Process to determine the real value of flux density m the air gap and magnet thickness 7
(Original model and the new one).

Where:
e [, isthe magnet polarizationinT,
®  Ye.ec IS the electric pole angle in rad,
* Rym,, the ratio between the magnet thickness and the inner stator radius in %,

* Ry, ., theratio between the air gap thickness and the inner stator radius in %,

The original model uses the air gap flux density as an input data. After that, a first equation
computes the fundamental value of the flux density in the air gap. From this calculation, an
approximation is made for finding the ratio R, , (Equation 2 in the Fig. II-12). The direct
model of the flux density (Equation 3 in the Fig. 1I-12) permits to check the real value but an
error remains between the approximation and the direct model (Equation 2 and Equation 3 in

the Fig. 1I-12). The new model avoids the approximation by calculating directly the value of
flux density in the air gap.
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Fig. lI-13: 15 independent run solutions after the first model modification.

After this first model adaptation, an apparent coupling is highlighted between three
sizing variables (Temsiz’ GT']risiz) even for best results at iso weight. The analysis of the code
shows that the torque design point (T, ) appears in two equations:

e The equation associated with the rotor volume (Eq. (11-9)).

e The equation associated with slot height (Eq. (II-10)).

Tem iz
Viotor = 2.T. Rélesage'l‘motor = ﬁ (11-9)
Temy;, (11-10)

alesage- Linotor- Bgaprms-]rmssiz- kremp- Nenc

hgior = R

In order to avoid this effect (spread variables), a second change to the model has been
proposed.

11.2.1.2.3 A second model modification (o tangential pressure) .

Both variables (design point torque and tangential pressure (T, , 07)) permit us to
determine the stator inner radius through Eq.(9). In order to avoid the problems seen in the
previous paragraph, the tangential pressure g has been replaced by the value of the stator
inner radius Rgiesqge @s @ Nnew decision variable. Now the tangential pressure becomes an
output of the pre-design model and the torque design point is used for the estimation of the
slot height. At this stage, new electric motor optimizations have been carried out and “spread
variable” effects are still present when several optimizations are run from various initial
situations for the decision variables:
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Tem_siz [Nm] N_siz [RPM]
1500 30000
25000 ° ®
1000 ° ° » 20000
[ ] ) g
15000 ° ® °
500 ® 10000
0 1 2 3 4 5 6 0 1 2 3 a 5 6

. J_rms_siz [A/mm~2]
100

20
90

15
80

70 e o © o o o e o

60 0 1 2 3 4 5 6
0 1 2 3 4 5 6
Fig. 1I-14: 6 independent run solutions after the second model modification.

The corresponding torque/speed characteristic is the following:

TORQUE VS SPEED (EMOTOR)
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Fig. 1I-15: Torque/speed characteristic(left) - Emotor mass (objective function)(right).

Once again the obtained results are spread on the parameter space. From an objective
function point of view, “optimal results” have the same weight order but the corresponding
torque/speed characteristics are totally different. For example, between the sixth and the
third solutions, the torque design point is divided by two, while the rotational speed is
doubled. Considering both current density and torque design point, their obtained ratio is
constant. The Eqg. (10) shows the dependency between the slot height and these two latter
parameters: if the ratio is constant, the slot height is also fixed. As seen previously with the
tangential pressure and the rotor volume, a modification of the decision variable set has to be
done.

11.2.1.2.4 A third and final model change (J,.ns current density and others).

Usually for electric motor design, a base point is used in order to determine the
corresponding performances. The current density at design point gives a current at design
point, and the supplied voltage is determined through a Behn-Eschenburg diagram without
field weakening (I; = 0)(cf Fig. II-16).
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Fig. ll-16: Behn-Eschenburg diagrams (without and with field weakening).

e FE,,istheroot mean square electromotive force inV,

e [..isthe root mean square value of the currentin A,

® V.5 is the root mean square value of the voltage in V,

o I4,14,Vy,V, are respectively current and voltage in Park model,

e R, istheresistorinQ,

® Lgyncistheinductorin H,

e (¢ is the synchronous rotation speed in rad/s,

e ¢,6,y are respectively power factor angle, internal angle and the field weakening
angle in rad.

The current density appears in the following equation (equation used with a design point):

2 2
VrmSSiZ = \/(ErmSSiZ + RS.]rmSSiZ.SCU‘tOtal) + (Lsync. QeleCSiZ.]rmSSiZ.Scutotal) (Il'lj

Indeed:

Irmssiz :]rmssiz-Scutotal (n-12

® Jrms,, is the root mean square value of current density in A/mm?,

o S is the required copper area to perform the mission in mm?,

CUtotal

But based on this equation and given a fixed motor geometry, a set of solutions exist in
the torque speed plan for a same V,.,,,5 : in the next figure, the blue dots represent the set of
solutions of the Eq. (5) for a same supplied voltage V;.,,s given an example of electric machine
characteristic. The DC bus voltage becomes a sizing parameter, design points in torque and
speed are no longer necessary for electric actuator design.
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Fig. II-17: Set of solutions of Eq (10) in the torque speed plan for an example of electric motor characteristic and
given a sizing voltage

In order to define the voltage value, the following equation is added:

Vunvpc
Ve =

—.m 11-13
MOlrmsmax 2. \/E Amax ( )

With:

e m is the maximal value of depth modulation in [%],
Amax

Thanks to this modification the following design point input parameters are removed for the
optimization:

e The torque design point Tepoe , in Nm,

¢ The mechanical rotational speed design point Neyot;, in RPM,

e The root mean square value of current density at design point [, in A/mm?,

Finally, based on this analysis, a review of the electric machine design model is proposed
where the initial decision variable (Tenm,, , Nemot,;,) are suppressed. In the same time, the
current density at design point J,,s;, has been replaced with the ratio between slot height
and stator inner radius (Ry;, ,).- Now, the ultra-high direct current voltage V, yypc is used in
order to set the maximal value of e-motor voltage by applying the equation (10).
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11.2.1.2.5 Summary of changes and final model checking.

Table II-1 : Summary of changes between the initial sizing model and the integrated model used in optimization.

Initial set of input 1% modification 2" modification 3 modification Final set of input
parameters parameters
Temsiz - - X X
Ngi, - - X X
or - Ralesage Ralesage Ralesage
]Tmssiz - - Rhsral Rhsral
RDrotral - - - RDrot,«al
Rgral - - - Rgral
Bgaprms Rpmral Rpmral Rpmral Rpmral
Byoke - - - Byoke
Bteeth - - - Bteeth
Nce - - - Nce
p - - - p
Nepp § - - Nepp

The original model needed 12 input parameters to design the electric machine. Now
thanks to the previous changes resulting from the causality analysis, only 10 decision variables
are required. Several optimizations have been perfomed for different values of V,yypc
showing the consistency of this choice. All results are consistent now.

SIZES PARAMETER ERRORS MASS ERRORS
h._slot [mm] M_yoke_iron [kg] ——
L_slot [mm] g M_teeth_iron [kg] —

w_slot [mm] —
R_dents [%] — M_resine [kg] I
S_Cu [mm?] —
h_yoke_rot [mm] — M_copper [kg] .
h_yoke [mm] — M_PM [ke]
e_gap [mm] -
e_magnet [mm)] M_ryoke [kg] —
e_frette [mm]
L_motor [mm] M_shaft [kg] [ |

_Co, -A9 -390 g 17 -19 0, Q, Q, 0, Q, 0,
5% -4% -3% -2% -1% 0% 1% 2% 3% 4% 5% 5% 4% 3% 2% -1% 0% 1% 2% 3% 4% 5%

Fig. II-18: Differences between the new model and the original model.

A final checking has been done in order to ensure representativeness between the
original model and the integrated. The Fig. lI-18 highlights the fact that the new model is well
representative, most errors are below 2%, it can be emplemented in the optimization process.
The new model equations are described in the Appendix F.
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11.2.2 Electric machine cooling system.

1.2.2.1 Presentation of the e-motor cooling research team model.

The cooling system integrated in our MDO integrated process has been developed in
the HASTECS framework (Work Package 3) bt the Pprime institute, especially by Amal Zeaiter
[87].

In general, a cooling system is used to maintain the temperature controlled on the device to
be cooled by evacuating the required thermal load. To accomplish this function, two different
methods can be used:
e Cool the device by directly using external air (air cooling also qualified as open loop
circuit cooling).
e Cool the device by using an intermediate circuit (liquid cooling also qualified asclosed
loop circuit cooling).

In order to have smarter and more efficient solutions, only closed loop circuits will be
considered here.

Cooling systems

A 4 \d
Closed loop circuit Open loop circuit
\
v v
v .
. . . . Air natural Air forced
Active cooling systems Passive cooling systems . .
convection convection
v v v
Indirect Direct Indirect
|
] A v
v v v . v
. . Jet Pool boiling
Single-phase Two-phase Spray coolin ) i
gle-p! p pray g impingement Capillary pumped
v v v ;
Cold plate Microchannels Metal foams Porous media

Fig. II-19: Cooling systems classification [88].

According to [88], closed loop circuits cooling systems can be divided into two
categories: active and passive cooling. Active cooling systems are characterised by the
presence of a pump or a compressor, following the technology, to move the fluid into the
circuit. For the electric motor cooling an active cooling system has been considered:
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Max. air temperature in ground: 38°C Ambient Air

Max. air temperature in cruise: -12°C N
N d plate

532mm

Nacelle

1382mm

Fig. 1I-20: Nacelle architecture (electric machine and its cooling system) [83], [87].

The heat exchanger is completely part of the nacelle skin. The cooling primary circuit
is composed of a heat exchanger placed near to the cold source, a hydraulic circuit and a pump
[87]. Heat exchanger allows the evacuation of heat generated by electric motor to the outside
air through plate embedded around the nacelle. It is composed of pipes and a cold plate. Inside
the e-motor there is a shaft cooling channel to cool down the rotor part and a water jacket in
order to cool the stator part.

Housing jacket

Coolant flow from frame cooling
Heat Exchanger channels

Shaft cooling -~
channel

Fig. 11-21: Cross section of the electric motor schematic (with its cooling system) [83], [87].

The model will be presented in Appendix G.
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11-2: “HASTECS” models.

1.2.3 Modeling of partial discharges.

1.2.3.1 Presentation of the partial discharges model.

The environement constraint due to high voltage issues and partial discharges
phenomenon influencing the insulation system was studied in HASTECS by the LAPLACE/MDCE
research team, especially in the PHD thesis of Philippe Collin [89]. The aim of this work package
(WP5) is to provide one tool to help designers in order to avoid or to reduce Partial Discharges
(PD) that may occur in the Electrical Insulation System (EIS) of motors. If the electric motor
voltage is higher than 700 V (2025 target for the WP5 [90]) (i.e.: high voltage value), this tool
will reduce both level and amount of PD occurring in the EIS that has been specifically designed
to resist to PD. In the literature, the Paschen’s criterion [91] is widely used for determining if
there partial discharges may occur or not. However, this criterion has been established for
metallic plane electrodes.

Vs [V L

I[A] I[A]
gaz

d [pm]

Fig. II-22: Paschen curve in air gap between plane electrodes at normal conditions and at p =760 Torr.

The previous study has been carried out at ambient temperature (20°C) and ambient
pressure (1 bar). To be more accurate with the reality, a finite element software is used in
order to compute the voltage distributionin the stator slot for the electric motor. Matlab
Software is used to process the data. The tools are presented in the following figure:
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Fig. 11-23: WP5 tool outputs: (a) FEA software mesh; (b) & (c) electric field and voltage drops along fields lines

(p=1bar).

The figure represents two high-risk areas:
e Between conductors
e Between the stator yoke and the conductor.

Two strategies are developed in order to avoid discharges in these areas: the first is to
increase the enamel thickness and the second consists in the integration of a liner in the stator
slot. The process is explained in the [92] and [89]:

m
Initial winding configuration (m] Voltage [V]
Turn to turn PD risk 0.005
Turn to slot PD risk
ot 2000
S 4
Change conductors disposition
-0.005 NN
Winding configuration with minimal turn to turn voltage drop
1500
} Increase enamel grade Q.01 "
No turn to turn PD risk 0.015F
1 1000
* . N . 002
Increase slot insulation thickness @
Fi \
0025 ( )\
The wires do not fit in the slot anymore NN 500
<003
Decrease slot insulation dielectric constants
Initial slot insulation thicknees 0.035 0
0.

04 " " L L L )
0.01 -0.005 0 0005 001 0015 002

No turn to slot PD risk [m]
m

Fig. 1I-24: WP5 tool process (left), example of a PD free solution with 6 conductors (right) .
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The loop between the ANSYS finite element software and Matlab allows determining the high-
risk locations for the partial discharges. Considering the computational cost, it was impossible
to integrate the whole process in an overall optimization. The next part of the chapter deals

with the model adapation.

1.2.3.2

Adaptation for system optimization.

The Paschen curve has been established for normal conditions, but in stator slots,
winding temperature can reach 200°C. An abacus taking temperature and pressure conditions
into account is integrated into the design process.
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Fig. lI-25: Decrease of PDIV for a combined variation of pressure and temperature.

Regarding this figure, a high sensitivity with regard to environmental conditions is highlighted.
The PDIV is the maximum withstand voltage value, and it is decreasing with the altitude and
the temperature. In order to avoid voltage, overshoot another abacus is considered.
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Fig. lI-26: Voltage phase overshoot evaluation as a function of the switch rise time.

75



Chapter Il: Modeling for multidisciplinary design optimization of the overall propulsion system.

In the HASTECS case the 7t generation of Mitsubishi IGBT has been considered, with a
switch rise time of 200 ns, so there is no overshoot case. Finally, the process presentend Fig.
II-24 is used in order to find the right winding configuration. For the complete model,
polynomials are created from the FE software in order to reduce the CPU time.

11.2.4 Power Electronics design model.

11.2.4.1 Presentation of the power electronics model and results.

For the power electronics (PE) the work objective is to design a highly integrated
inverter with a specific power of 15 kW/kg for 2025 target and 25 kW/kg for 2035 target
including its cooling system. The main factor to increase the specific power is finding a trade-
off between cooling and electric device masses, the bigger the losses, the heavier the cooling.
A study has been realized by the WP2 in the HASTECS project demonstrating that the 2-level
power module design was not feasible to achieve the targets. As a consequence, multilevel
converters were selected. The Fig. lI-27 illustrates the multilevel converter classification. The
chosen converter topologies resulting from the WP2 study are underlined in red circles [93].
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Fig. II-27: Multilevel converter classification.
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e NPCisthe Neutral Point Clamped,

e FCis the Flying Capacitor,

e SMC is the Stacked Multicellular Converter.
e ANPC is the Active NPC topology.

e xL denotes the number of levels.

The simulation tool used by WP2 permits us to design these converters with different
control strategies. The software organization is described in the following figure [93]:

Speciﬁcationsll >| Converter
A
v
| Topology | | Database H>| Device |
[24evel | NPc ][ Fc ][ smc ][ AnPc |

Semiconductor

Capacitor

\/ \Vi \/
| DCbus |Flying capacitoy [ IGBT |[ DIODE |

Fig. 1I-28: Simulation tool organisation.

In order to adapt this simulation tool for system optimization, a performance study has
been performed by the power electronics research team to select best topologies.

1.2.4.2  Adaptation for system optimization.

A lot of topologies have been studied and best converters have been selected to adapt
this model for system optimization [94]. In fact, DC bus voltage was not established, so the
power converter team made a trade-off between best efficiency and maximal specific power
at DC bus values.
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Fig. 11-29: Comparison of possible solutions sized [94].

Considering specific power and efficiencies, the best multilevel configurations are:
e 3-Level NPC (Fig. 11-30).
e 5-Level ANPC (Fig. II-31).

°
Properties
E 1 1 1 Vrating = E/Z
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Fig. 1I-30: 3-level NPC inverter.
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Fig. 1I-31: 5-level ANPC single phase inverter.

To simplify the use of the simulation tool only two control strategies and two IGBTs
have been selected. At the end of the adaptation for system optimization, the following rule
related to the bus voltage level has been established.

VuH VDC

1000V 2040V 4000V

2880V
|
5 — Level ANPC & PWM

1440V
|
3 — Level NPC & DPWMMAX

IGBT 1200V
Mitsubishi
(7th generation)

IGBT 1700V
Mitsubishi
(7th generation)

IGBT 1200V
Mitsubishi
(7th generation)

IGBT 1700V
Mitsubishi
(7th generation)

Fig. 1I-32: Voltage rule for determining the topology and the component to be used.

The first constraint equation permits us to choose the power electronics topology. The
summary of topology properties is described in the following table:
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Table II-2: Summary of converter topology properties.

Topolo Number of Voltage ratin Output switching Passive
pology Levels g g frequency components
2-|eve|S 2 V‘U.HVDC f:S‘W =
V‘uHVDC .
FCN cells (N = 2) N+1 N fow XN (N-1) Capacitors
Vunvpe
3-levels NPC 3 — fow -
V‘uHVDC
(1 x 2)-levels SMC 3 > fow -
V‘uHVDC .
(n X p)-levels SMC nxXxp+1 X P fsw Xn N Capacitors
FCcells = f5,, X 2
5-levels ANPC (FC 5 M Switcher: 1 Capacitor
2cells) 4 f,
lowrrequency

The maximal DC bus voltage value for the 3-level NPC topology is determined by the
maximal value of the voltage rating. In this case, two IGBTs are used, the first voltage rating is
1200V and the second is 1700V. The DC bus voltage range covered by the 3L — NPC is
determined by Eq (I1-14)[93]:

Vunvpe = Koy, X VIGBTmtingmax X (Nieper — 1) = VlimitNLevelpE = 2040V (1-14)

Where:
e K

Umax

° VIGBTratingmax the maximum voltage rating given by IGBTs datasheet in [V],

is the maximum voltage utilization rate of the component in [%],

e Nj.ve: the number of level of the converter topology [-],
. VlimitNLevesz is the voltage limit for the N-Level power electronics topology in [V],

Ky, .., hasthe value of 60%, and VIGBTratingmaxhas the value of 1700 V:

e The voltage limit value is 2040 V for a 3-level NPC power converter.
e The voltage limit value is 4080 V for a 5-level ANPC power converter.

After choosing the converter topology, The IGBT choice (1200V or 1700V) is determined by
the Eq (lI-15).

VuHvDC
Kymax> (Nieper—1)

VIGBT 1 qiing 2 (11-15)
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11-2: “HASTECS” models.

11.2.5 Power converter cooling system.

1.2.5.1 Presentation of the power electronics cooling model.

This aspect has been studied into details by the Pprime institute which was in charge
of a dedicated Work Package (WP4) in the HASTECS project, especially in the framework of
Flavio Accorinti’s PHD thesis [88], [95], [96].

In contrast to active cooling systems, passive cooling systems do not require any
external source of energy to move the coolant. Neglecting systems using natural convection
because of its low heat transfer coefficient, here we will only refer to two-phase passive
technologies. Passive cooling systems use gravity or capillary forces to make the fluid flow into
the loop. For the power electronic cooling system, the passive method has been studied, in
particular the Capillary Pumped Loop for Integrated power (CPLIP). This is a two-phase passive
loop which design has been enhanced from classical CPLs. Thanks to gravity and a higher
thermo-hydrauliccoupling between the compensation chamber and the evaporator, linked by
a vertical tube, problems affecting CPLs were solved in CPLIP. Mass exchanges are so possible:
the liquid contained in the reservoir is forced by gravity to come down to the evaporator, and
if vapour bubbles are formed in the latter, they can return to the tank.
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Fig. 1I-33: CPLIP schematic [88].

The semiconductor modules are placed on both evaporator sides as shown in Fig. 11-34.
This was recommended by WP4 to take advantage of both the evaporator side in order to
evacuate the thermal losses and balance the constraints on both sides. This solution will also
help to reduce the volume and weight of the inverter since it creates a more compact inverter
and divides by 2 the number evaporators compared to the use of one side of the evaporator.
In this case, we end up with 3 evaporators in parallel for the three phases instead of six.
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1.2.5.2

Evaporator
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resernvoir
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Fig. 11-34: Module/evaporator assembly [93].

Adaptation for system optimization.

A meta-model totally discouplingthe thermal from the other physical fields has been
created for the power electronic module. The calculation of the cooling mass is obtained
through a simple surrogate model (seeAPPENDIX 1). Converter losses are directly translated
into kilograms of cooling system for both targets (2025 and 2035) [88].
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Fig. 1I-35: CPLIP mass variation as function of the heat power (2025 Target).
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Fig. 1I-36: CPLIP mass variation as function of the heat power (2035 Target,).

1.2.6 Fuel cell and battery model.

This part deals with the auxiliary electric sources hybridizing the main thermal engines, i.e.
batteries and/or Fuel Cells (FC) with their associated H, storage. A review of the state of the
art and a prospective study has been detailed in Laplace by M. Tognan in [97]. In order to limit
the study inside reasonable borders, three Lithium-ion battery “families” are pre-considered:

e High Power type: Lithium Titanate Oxide (LTO) anode based Li-ion battery, or their
more modern version replacing LTO for a mixed valency Ti-Nb oxide (TiNb,0>).
e High Energy type: Nickel Manganese Cobalt (NMC) cathode based Li-ion battery
(coupled with a graphite anode — cells using Si at the anode are also included here).
e Very High Energy type: Lithium Sulfur (LiS) cathode based battery.
Based on that study, the following assesments in terms of energy density have been proposed
at cell level.

Table 1I-3: Electrochemical source assumptions.

Specific energy e,,

(Wh/kg @ cell scale) Today 2025 2035
High Power:
LTO / TNO 140 Wh/kgcell 180 Wh/kgcell 200 Wh/kgcell
High Energy: NMC ~ 250 Wh/kgcei ~ 350 Wh/kgcell ~ 500 Wh/kgcell
Very'h"i?SE”ergy: ~ 500 Wh/Kgcel ~ 600 Wh/kgcel ~ 650 Wh/Kgcel

In order to jump from the cell to the system (integrating packaging, cooling and BMS),
constant integrating factor parameters (fm and f,) are considered (kgsystem = kQcell * fm ; VOlsystem
= Volcen * fv). These values are estimated to be respectively: f, =2 and f = 2.5.

83



Chapter Il: Modeling for multidisciplinary design optimization of the overall propulsion system.

Based on these assessments batteriy energy densities are strongly limitated at
system level knowing that most powerful technologies in kWh/kg are often limitated in
terms of cycling performance and life duration.

For that reasons, hydrogen fuel cells seem more appropriate for our case study.

On Fuel Cell side, three technologies are examined:
e Low Temperature (~ 70 °C) Proton Exchange Membrane Fuel Cell (LT PEMFC).

e High-Temperature (~ 170 °C) Proton Exchange Membrane Fuel Cell (HT PEMFC).
e Solid Oxide Fuel Cell (SOFC) working at very high temperatures (~ 800 °C).

Table II-4: Fuel cell specific power assessments.

FC stack and system

specific powers &

Today 2025 2035
volumes p,,, / v, (kW/kg
and kW/L)
~2 kW/kgstack ~4 kW/kgstack >5 kW/kgstack
~ 0.6 kW/k ~ 1 kW/k > 1.1 kW/k
LT PEMEC / Esystem / system / Ssystem
~3 kW/Lstack ~5 kW/Lstack >6 kW/Lstack
~ 0.3 kW/Lsystem ~ 0.8 kW/Lsystem > 0.9 kW/Lsystem
HT PEMFC ~ 0.4 kW/kgstack ~ 1 kW/kgstack =
SOFC ~ 0.33 kW/kgstack - -

Three H; storage possibilities are also considered: compressed H; (350 bara or 700 bara) in
composite tanks (CHz), liquid Hz (T ~ 20 K) in cryogenic tanks (LHz), and H storages through
metal hydrides.

Table 1I-5: H2 storage specific energy assessments.

H; storage gravimetric
efficiencies (-) and specific

energy (Wh/kg based on H» Today 2025 2035
LHV)
~5-75wt. % ~ 10 wt. % >10 wt. %
Gazeous (700 bar) ~1.67-25kWh/kg ~3.3kWh/kg > 3.3 kWh/kg
o ~15wt. % ~20wt. % >20wt. %
Liquid (20 K) ~ 5 kWh/kg ~6.6kWh/kg > 6.6 kWh/kg
~2-3wt.% ~7wt. % >7 wt. %

Solid (metal hydrides) ~0.67-1kWh/kg  ~2.3kWh/kg > 2.3 kWh/kg

Due to readiness level and performance, the selected technology for our study will be
the Low Temperature Proton Exchange Membrane Fuel Cell. Contrarily to batteries for which
power and energy figures are coupled, the fuel stack is sized from power requirements while
stored gas volume (i.e energy) is driven by the mission profile. Thus, to compare battery with
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11-2: “HASTECS” models.

fuel cell solutions in terms of specific energy (this factor being the most constraining in our
requirements), the overall H2 system mass including fuel cell stack, auxiliaries and H2 storage
with the gas volume to fulfill the whole fight mission must be estimated. From that estimation,
the table below clearly shows that battery technologies are outclassed by fuel cells:

Power oriented Energy oriented

Specific energy e, LTO / TNO ¥4 NMC Solid State * | FC System (LH,)

Perspectives  Cell level ~ 180 - 200 Wh/kg ~ 650 Wh/kg ~ 1 kW/kg
(5—10 years)

System level ~ 100Wh/kg ~ 325Wh/kg ~ 560 Wh/kg
X182
Fig. 11-37: Technological comparison in terms of specific energy given the mission profile.

Looking at all these numbers the fuel cell coupled with liquid hydrogen storage seems to be
the best trade-off from a specific power and specific energy point of view. Both models are
detailed in Appendix K.
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Chapter lll: Sensitivity analysis of the hybrid-electric aircraft.

In this chapter, we will focus on the sensitivity analysis of the powertrain, from a global
vision at aircraft level to a local one at device level. First, a list of the different aircraft
architectures with their associated energy management is presented in order to show the
impact of our technological improvements on aircraft performance. A first study taking into
account the snowball effects with the target hypotheses will be detailed thereafter. Finally, a
global sensitivity analysis of the components will help us to remove the less sensitive variables
of the propulsion system and set the decision variables of the optimization process developed
in the next chapter.

I1I.1 New technologies that broaden the scope of
possibilities.

1.1.1 Reference aircraft.

Our case study is a regional aircraft which means around 70 pax. For this kind of
aircraft, the first reference MTOW is assumed around 23 tons with classical thermal engines
without electrical propulsion. The propulsion system is composed of two propellers, two
gearboxes directly driven by two turboshafts leading to an embedded mass (“propulsion
mass”) of 2880 kg. The fuel mass consumed by this reference aircraft during its reference
mission is 1160 kg,

r

Fig. lll-1: Reference aircraft architecture (REF).

11.1.2 Preliminary target results (2025 — 2035).

Several hybrid-electric architectures exist and are reported in the Fig. I-23. The aircraft
studied in the next section are all fully powered by electric motors (no direct propulsion
generated by gas turbines or turbojets).
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IlI-1: New technologies that broaden the scope of possibilities.

11.L1.2.1  TEA (TurboElectric aircraft).

In TEA architecture, two turboshafts sized at top of climb are the only power sources
and the whole thermal power is converted in electrical power through electric generators (cf
Fig. 1I-2). This architecture is studied with reference to a full thermal aircraft in order to
compare the fuel burn saving with electrically driven propellers. This architecture is studied
by the NASA with the N3X concept [33]. In this concept the distributed propulsive system
permits the improvement of aircraft aerodynamic. But in the HASTECS project, only energy
gains are focused and aerodynamic effects are not taken into account.

il

Fig. lll-2: Turbo-Electric aircraft architecture (TEA).

I1.L1.2.2  HEA (Hybrid-electric aircraft).

Unlike the TEA architecture an auxiliary electrical power source is set up in HEA in
addition to the main thermal sources. In the following, based on the study proposed in the
previous subsection, the considered auxiliary source will be a fuel cell with a liquid hydrogen
storage because it seems to be the most adequate candidate (see Fig. 1I-37) in terms of
embedded weight [71]. Thanks to the source hybridization some degrees of freedom are
useful to size the main turboshafts by optimizing the energy management. Thus, it results in
several candidate architectures linked with several power management strategies.

1.1.2.2.1  Symmetrical HEA (HEASYM)

The first architecture is the “symmetrical hybrid electric aircraft” for which both
turboshafts are equally sized: the electric power source (H2 fuel cell) is used for both full
electric taxi phases and descent, which corresponds to a “light hybridization scenario” (no
hybridization during take off, climb and cruise). These sequences require a low power demand
where the turboshafts could be replaced by electric power sources which are really more
efficient at low powers. In our case the specific fuel consumption variation of the turboshaft
model is taken into account. At low rating the SFC evolution may be referred to a hyperbolic
function (Fig. 1I-5). In that way, using auxiliary energy source in taxi/descent phases and
switching off the main thermal source is energy efficient for a hybrid electric aircraft. However,
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Chapter lll: Sensitivity analysis of the hybrid-electric aircraft.

a reliable and fast stop and go system is mandatory in order to be able to restart main engines
in case of huge power demand or failures. The architecture schematic is the following:

Electrical Power Distribution Center profile{MW)
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Fig. II-3: Symmetrical Hybrid Electric Aircraft (HEASYM) with the Energy management.

I1.1.2.2.2  Asymmetrical architectures

The two next architectures are close to the previous one, except that both turboshaft
sizing are not identical in the “Asymmetrical HEA structure” and that only one engine as the
main source is considered in the “One engine HEA”. Thus, for these two architectures,
particular safety criterion (related to major failure cases) has to be fulfilled: the take-off with
one component failure has especially to be carefully studied, especially the One Engine
Inoperative (OEl) case. In the OEl case, when the aircraft exceeds the “decision maximum
speed” V;, the take-off is mandatory during the acceleration phase whatever the failure
occurrence beyond this speed limit. We have taken this failure case into account based on
assessments related to the ATR datasheet (cf Fig. lll-4):

Takecff power 2,475 SHP
Tokeoff power - One engine 2,750 3HP
Maox confinuous 2 500 SHF
Max climb 2,192 SHP
Maox cruise 2 132 5HP

Fig. lll-4: ATR 72-600 datasheet [65] .

In our case, we consider the same ratio between the “take-off power” versus “take-off
power One engine” as in the case of the ATR. The value of this power ratio is then 1.11
(2.75/2.475). Finally, the main engine or/and the auxiliary electric source has to be sized
according to this power requirement: in other words, the remaining power, whatever the one
device failure case must be enhanced at least by 111% of the normal take-off power.

Asymmetrical HEA (HEA ASYM).
For this architecture, we asymmetrically design both turboshafts: the “main turboshaft” is
sized for optimizing the efficiency during cruise while the “auxiliary turboshaft” is switched
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off. Both turboshafts are used for climb and during take-off at 100% of their rating powers.
The auxiliary turboshaft is sized for the take-off phase in the event of an engine failure case;
the electric source is required too during this failure case. Subsequently a boost for the top of
climb is required, which is ensured by the fuel cell (green part in Fig. IlI-5).

Electrical Power Distr Center profile(MW)
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Fig. Ill-5: Asymmetrical architecture (HEA ASYM) with an energy management.

[1.1.2.2.3  One Engine — HEA (HEA -1GT).

Following the same idea and in order to reduce the source rating, one architecture
with only one gas turbine may be studied with a “huge hybridization”. The remaining power
is then supplied by a high power fuel cell: only two power sources are then considered. In such
a case, both sources must be sized in order to face alone the take-off while the other source
is failed (OEl case) beyond the V; limit of speed. Then, the propulsion system weight is reduced
with only one turboshaft - electric generator — rectifier association. For this architecture, the
MTOW is strongly reduced. This concept is used by Zunum Aero [44], a hybrid electric aircraft
manufacturer startup.
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Fig. IlI-6: One Engine architecture (HEA-1GT) with one energy management.
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This sub section has summarized a review of several series hybrid electric
architectures. Different energy management scenarios can be guessed as emphasized in the
previous examples which consist in an introduction on this topic.

For the rest of the work, the aircraft studied will be based on symmetrical
architecture (HEA SYM) because of industrial choices.

11.1.2.3  Global sensitivity analysis of target assessments on global
weight and fuel burn.

In this section, a preliminary sensitivity analysis based on target assessments can be done.
Both targets (2025, 2035) with respect to the reference aircraft (see Fig. IlI-1) with full thermal
optimized sizing are assessed in order to analyze the sensitivity of technological improvements
with regard to the architectures previously presented in this chapter. For the asymmetrical
architectures two aircrafts were designed:

e without the failure case of One Engine Inoperative (OEl).

e with the failure case of One Engine Inoperative (OEl).

Let us note that, while variable masses (variable specific powers) are assessed in the
sensitivity analysis, snowball effects exist to assess the MTOW as emphasized in the chapter
I: the looped process validated in the section 1.3.3 is used to adapt the thrust during the flight
mission with respect to the MTOW variations.

This global sensitivity analysis shows the effect of technological improvements assuming
that 2025 or 2035 targets are reached as defined in the following table. Another “more
aggressive” target (named “20xx target”) has been guessed for analysis proposed in the next
section of this chapter.

Table IlI-1: Electric component assessments.

2025 target 2035 target 20xx target
Emotor/ Egenerator

Specific power 5 kW/kg 10 kW/kg 15 kW/kg
Efficiency 96% 98.5% 99%
Power Electronics
15 kW/kg 25 kW/kg 35 kW/kg
Efficiency
98% 99.5% 99.8%
FC stack + Liquid H2 storage
H, + tank specific energy 3.3 kWh/kg
Auxiliary specific power 1.3 kW/kg
Stack specific power 4 kW/kg
DC Bus Voltage
Ultra HVDC 2000V
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IlI-2: Sobol indices-based sensitivity analysis.

Based on these assessments, the following analysis results show the positioning of each
architecture in the MTOW vs fuel burn plan with reference to the full thermal optimized
aircraft (“reference aircraft”).

RESULTS VERSUS REFERENCE AIRCRAFT

50%

a0% TEA 9
0% HEA SYM
?
T 20% HEA ASYM o
- ©
@
< 10%
= Qo
0% REF
-10%
2025 TARGET HEA 1GT O OEl not fulfilled
@ OE! fulfilled
-20%
0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
AMTOW (%)

Fig. lll-7: Summary of results versus reference aircraft with both targets.

The aircraft performance is really improved crossing from the 2025 to the 2035 target
assessments whose specific powers and efficiencies are enhanced. The improvement of
electric components is then really sensitive on the design performance of future hybrid-
electric aircrafts. The snowball effects due to the weight added to the propulsion system
strongly impacts the fuel consumption. Moreover, failure cases, especially the OEl (One Engine
Inoperative) must not be neglected. In every case, the MTOW of electrically powered aircrafts
are higher than the full thermal reference which seems normal as several devices (power
converters, electric generators and motor, etc) are added in the electric powertrain.

In the next section, a further sensitive analysis has been realized using an analysis
method based on the Sobol indices. Firstly, studies were carried out at aircraft level in order
to retrieve the results previously presented in the chapter | (see Fig. I-62 & Fig. I-63). Then, a
local analysis at component level is highlighted. The impact of each design variable on both
weight and efficiency of the corresponding device is analyzed.

I1l.2 Sobol indices-based sensitivity analysis.

In order to prepare the global optimization of the overall hybrid-electric powertrain, a
study of each design model of devices has to be assessed with the aim of limiting the number
of decision variables. The issue is the selection of the most sensitive variables at the
powertrain level.

Among the sensitivity analysis methods, the Sobol indices appeared as one of the most
promising. G. Chastaing’s, work [98] deals with Sobol indices for global sensitivity analysis.
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Chapter lll: Sensitivity analysis on the hybrid-electric aircraft.

Such indices were used for dependent variable values in the case study related to an
energy efficient building design. Another reference uses these indices to study the most
impacting variables of a problem such as the optimization of a cooling system of an
electromechanical actuator [99]. In our case, variables are assumed to be independent.

11.2.1 An overview of Sobol indices.

Sobol indices allow identifying particularly sensitive input variables, Xj, with regard to
certain output mean values, Y. Such indices are obtained by decomposition of the variance in
the case of independent inputs. Model output may be written as follows:

f:R*">R
(X1, X2, X3, o, Xpp, ] = Y

Following the Hoeffding decomposition [100], the output variable is:

V= fo o B0 + D18 g fog KD+ F —_—

f1,2,...,nbvar(X1:X2: ---,an,,ar)
Where f, is constant and calculated by the mean of Y, f; is a function of X;, nbvar is the number
of variables, i and j are the indices. To obtain variance decomposition expression, f function is
assumed to be square-integral, while the decomposition may be squared and integrated.
Dividing Eq.(llI-1) by the output variance Var(Y) the following equation is obtained:

nb Vi nb Vij Viz2,..nb
1 —_ ' var 1 + var e ylyeney var |||-2
Zl_ 1 var(y) ) 1<isjsnbyar var(y) Var(y) ( )

Where

V; = Var(E[Y|X;]) (11I-3)

Vij =Var(E[Y|X, X;]) - Vi -V (111-4)
Sobol indices, S, S; j,... are defined as follows. They may be of different orders: first order
indices express the effects of each variable, X; with respect to the output Y, but not considering
correlation effects between inputs which are considered in the terms §; ;:

0< s = VerEYIX) g (11I-5)
t Var(y)
o< s, = X)) o oy (Il-6)
- b var(Y) A

Second order indices express correlations between two input variables X;, X;.

Finally, total order indices: consider the effects of the X; variable alone and the correlation
effects of all other X; with j # i.
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IlI-2: Sobol indices-based sensitivity analysis.

11.2.2  Calculation process of the Sobol indices.

Multidisciplinary system studies require the variation of a large number of variables. Most
computers are limited by their storage, that is why it is necessary to adopt new calculation
methods. In this part two methods have been compared. A choice has been made in order to
approximate the indices by limiting the calculation time:

e The ANOVA (Analyze Of VAriance) method based on a regular disposition of the inputs
(with nby,.s the number of level). In the example of an electric motor model the

bvar
number of calculated points is: (nbpts)n =413 = 67 x 10° pts .

e The Pick and Freeze method [101], [102], [103], based on two random samplings of
the inputs. In the example of the electric motor model the number of calculated points
is:

2 X nbys X Nbye, = 13 X 10° pts .

The difference in the number of evaluations between the two methods is equivalent to the
ratio expressed by Eq. (l1I-7):

nbyqr
ANOVA g ((nbpes)™)
Pick&Freezesyq 2 X Mbpys X Nbygy

ANOVA

. Number of inputs | Heisasil prr
Meshgrid [ ) - Latin Hypercube [ ) E
o INPUT = nbpts €3 nbvar sample ..

(111-7)

P&F method

l
N
l |

Number of inputs

INPUT = (nbys)"""
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Fig. llI-8: Comparison of two Sobol indices estimation methods.

The CPU time cost of ANOVA method is huge due to its input combinatorial explosion when
the number of decision variables is also important, the function evaluation being directly
amplified by the number of inputs. On the contrary, the Pick&Freeze method complexity
manly depends on the number of points used for sensitivity analysis. The random draw for the

95



Chapter lll: Sensitivity analysis on the hybrid-electric aircraft.

Pick&Freeze method has a small CPU cost. In the study case related to the electrical motor
model, the comparison in terms of CPU cost gives explicit differences:

1. for ANOVA method, 1.5 days (four levels (nb,;s) and nb,,q, = 13 input variables)

2. for Pick&Freeze method: 20 minutes for 100000 points (this number of points being
sufficient for obtaining the same results as with ANOVA).

11.2.3 Whole sensitivity analysis based on specific power
assessments.

In this section, a sensitivity analysis based on the Sobol indices is carried out at a global level
for each hybrid electrical architecture previously presented in that chapter. Two outputs are
considered: MTOW and fuel burn mass. These outputs are evaluated using the looped process

presented in section I-3.3. For each iteration of this looped process, all components of the
powertrain are sized by following the flow chart of Fig. IlI-9 and it is detailed in APPENDIX L.

INPUT DATA

X Mot

( bccable ] [ pccable ] [ Dccable ]

[ Rectifier ] [ Rectifier ] [Battery/FC]

EPDC: Electrical Power
Distribution Center

[ Generator ] [ Generator ]

[ Turboshaft ] [ Turboshaft ]

FC : Fuel Cell

Fig. lI-9: Integrated design process flow chart.
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The current section aims at confirming the results obtained in the section 1.3.4 and
presented in [66]. The input variables of sensitivity analysis are related to the assessments of
the Table Ill-1 which correspond to both specific powers and efficiencies for electric motors
and power inverters. These assessments are considered to set the upper and lower bounds of
the input variables.

Three hybrid-electric architectures are compared: the Turbo electric architecture
(TEA), the symmetrical Hybrid-electric architecture (HEASYM called hereafter HEA) and the
hybrid-electric architecture with one turboshaft (HEA1GT) corresponding to the previous
section (111.1.2.2).

Regarding fuel burn and then the MTOW as the outputs, analysis results are detailed
in Fig. IlI-10 and Fig. lll-11 respectively. These analysis confirms the trends previously
presented in section 1.3.4 (Fig. 1.49, 1.50) in the particular case of the HEA architecture: based
on a simple analysis case with a reduced number of input variables, this comparison allows to
prove the ability of Sobol Indices to correctly set the sentitivity effects. In particular, as
previously, the electric motor is the most sensitive electrical component so the most
important to be optimized with regard to the MTOW. The efficiency () also affects the fuel
mass. Observing Fig. IlI-10, efficiencies (Nemotor AN Ninverter) are sensitive as they directly
impact the source sizing so the fuel burn demand. On the other side, the fuel mass is also
highly sensitive to the specific power variations confirming the results obtained in section 1.3.4
and presented in [66].

Concerning the impact analysis on the MTOW (see Fig. Ill-11), the specific power (Pspg, )
of the electric motor clearly appears to be the most sensitive variable compared with the
effect of efficiencies.
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Fig. llI-10: First order Sobol indices for three hybrid-electric architectures regarding the fuel mass; bar colors are
related to the 3 compared architectures.

In these analyses only the first-order Sobol index is represented (sum of all the first-
order indices = 1 therefore no correlation between the variables) because the variables are
totally dissociated and have a direct impact on the aircraft's weight or fuel. As stated above,
the first-order index represents the sensitivity specific to the parameter (see section I11.2.1).
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Fig. lll-11: First order Sobol indices for three hybrid-electric architectures regarding the MTOW; bar colors are
related to the 3 compared architectures.

This analysis was based on very simple models for electronic powers and electric motors
which allows validating the sensitivity analysis based on Sobol indices using the Pick&Freeze
calculation method which the trends have confirmed previous sensitivity analysis presented
in chapter |. The same approach may be used for more complex design models as in the case
of the electromechanical actuator models reported in [104]. In order to select the most
sensitive design variables in actuators which have been seen to be the most sensitive devices
on weight and fuel burn, a local sensitivity analysis based on Sobol indices is investigated in
the next section by means of technological design models.

111.3 Sobol indices based sensitivity analysis at
component level.

In this section, the attention is focused on the electric motor which has been seen as
very sensitive at aircraft level for HEA architectures. The original sizing model developed in
[84] for the electric motor design has been considered in order to illustrate the interest of this
approach; this model is nearly the same as the one presented in the Chapter Il (some
adaptations of the original model have been presented in that previous chapter) and used in
our thesis for the overall optimal design.

After the choice of the index calculation method, input variables (and subsequent
bounds) have to be determined. In our case an input vector including thirteen variables has
been chosen for the motor model inputs. A first set of input variables with corresponding
lower and upper bounds is presented n the following table:
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11I-3: Sobol indices-based sensitivity analysis at component level.

Table IlI-2: 1rst sensitivity analysis input variables and their bounds

Input Variables Name of the variable Lower bound  Upper bound
% of Power sizing point from the

. 0,
Pemsi; [%] maximum value 80 130
% of rotational speed sizing point
. 0,
Nsiz [%] from the maximum value 80 150
fr[Pa] Tangential stress in the airgap 40000 148500
Jrms[A/mm?] Current density at sizing point 6 25
Bgapmax [T] Maximum air gap flux density 0.8 1.05
Bieeth gy '] Maximum teeth flux density 1 1.53
ByOkemax [T] Maximum stator yoke flux density 1 1.53
Byoke_rowrmax [T] Maximum rotor yoke flux density 1 1.5
Ratio between the rotor diameter
R % . .
arot m [ %] and the rotor active length 0-5 1.25
VuavoelV] Ultra-high direct current Voltage 1000 3000
Number of slots per poles and per
Mepp (] phases ! 4
N [-] Number of conductors per slot 1 4
p[-] Number of pole pairs 2 10

As in the previous section, mass and efficiency have been chosen as the outputs for
the model. The process to determine Sobol indices is illustrated in Fig. IlI-12:

Power profile
Rotational speed profile

Input variables

MTOtOT' + Mstator eMOtor dESIgn

model

eMotor performance
Mcooling/nemotpmﬁle model

Sobol indices

Mmotormml/nemotmax

Fig. IlI-12: Process to determine Sobol Indices for the electric motor sensitivity analysis.

In order to estimate the cooling mass, a specific power of cooling equal to 1 kW (of
losses)/kg is assessed. In that way, losses are simply converted into a roughly estimated
cooling mass.
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Chapter lll: Sensitivity analysis on the hybrid-electric aircraft.

111.3.1  Analysis of 1st order Sobol indices on the design-
oriented electric motor model.

In the first analysis, both methods (Anova vs Pick&Freeze) for estimating Sobol Indices
have been compared. First order Sobol indices comparison is described in Fig. Ill-13 and Fig.
1-14-:
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Fig. Ill-13: First order Sobol indices calculated by the two estimation methods.
Output variable: efficiency. Input variables: motor parameters

Two methods for estimating Sobol indices

60,00 )
Vs v
ANOVA m Pick&Freeze
50,00
40,00 No influence ?
X
= 30,00
(7]
[J]
O
2 20,00
10,00
000 ‘M .m m - - I
ORI B A <°‘A° oe,QQ e

N N & S
&Y T ot & &
Fig. lll-14: First order Sobol indices calculated by the two estimation methods.
Output variable: mass. Input variables: motor parameters
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11I-3: Sobol indices-based sensitivity analysis at component level.

At first, this analysis shows that results provided by both estimation methods (Anova vs
Pick&Freeze) are quite similar, validating such approaches. In the following the Pick & Freeze
method (less consuming in CPU time) is used.

e Regarding the obtained values from this sensitivity analysis, the results are quite
surprising. Indeed, some variables which are usually (physically) impacting the electric
motor mass for experts as the current density (/,,s) are not highlighted by the 1st
order Sobol indices. This effect can be explained as follows: the bounds of the
corresponding input variable have a clear influence on the Sobol indices; thus, with the
help of the electric motor experts, all input variable bounds have been revisited (see
the Table I1I-3).

e The “low influence” of certain input variables is also due to the dependences between
input variables: it should be reminded that Sobol’s method assumes the independence
of input variables. However, it can be observed from Eq. Ill-6 that the number of
conductors per slot (N,,.),is directly linked to other variables of the input data set. :

_ ma*VyHypc ; )
Nce = floor (—Z*ﬁ*Vlspzre) with (111-8)
Vlspire = f(p, Nepp, Rprotims ) (1-9)
* Vispire : voltage in one spire [V].
e ma : the modulation depth [-].

Finally, the “dependent variable” (such as Nce) have been be suppressed to the input data
set keeping only independent inputs. Furthermore, it has to be underlined that 1st order
indices do not take account correlation effects which are rich in information. The total Sobol
indices have to be considered for that purpose. Based on those remarks, a second sensitivity
analysis study has been carried out by changing the bounds of input variables, suppressing
dependent variables and also analyzing the total indices with correlation effects.

111.3.2 Revisited sensitivity analysis with total indices and
refined bounds (e-motor level).
As previously mentioned, the total order Sobol index are useful to be exploited (effect

of the X; parameter alone plus correlation effects of all other X; with j # i). The new (12)
input variables are the following:
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Chapter lll: Sensitivity analysis on the hybrid-electric aircraft.

Table IlI-3: 2nd sensitivity analysis input variables and their bounds

Input Variables Name of the variable Lower bound  Upper bound
Power sizing point from the

. 0,
Pemsi; [%] maximum value 80 130
Rotational speed sizing point from
Nsiz [%] the maximum value 80 150
fr[Pa] Tangential stress in the airgap 40000 148500
Jrms[A/mm?] Current density at the sizing point 6 25
Bgapmax [T] Maximum air gap flux density 0.8 1.05
Bteeth gy T] Maximum teeth flux density 1 1.53
ByOkemax [T] Maximum stator yoke flux density 1 1.53
ByOke_rOtormax [T] Maximum rotor yoke flux density 1 1.5
Ratio between the rotor diameter
R % . .
arot m [ %] and the rotor active length 0-5 1.25
VuavoelV] Ultra-high voltage direct current 1000 3000
Number of slots per poles and per
Mepp (] phases ! 4
p[-] Number of pole pairs 2 10

Main results of such analysis are reported comparing first order and total Sobol indices
with respect of the 12 input variables [105]:
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Fig. IlI-15: First order (pale color) and total order (dark color) Sobol indices and its effects on the e-motor

efficiency.
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11I-3: Sobol indices-based sensitivity analysis at component level.
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Fig. IlI-16: First order (pale color) and total order (dark color) Sobol indices and its effects on the e-motor mass.

Analyzing Sobol indices and their effects on electric motor mass, four total order Sobol
indices are close to zero. But these variables are impacting the eMotor efficiency (see Fig.
[1I-15). It shows that both outputs (mass and efficiency) need to be considered in order to
obtain relevant and complete sensitivity analysis. Finally, only two motor input parameters
can be considered as insensitive with regard to both output criteria and whatever if 15 order
or total Sobol indices are observed:

. ByOkerot the rotor yoke flux density.

® Byoke thestator yoke flux density.

Thus, in the following, these two variables will be set at a fixed rating value which tends to
reduce the number of decision variables for optimization also reducing the computation time
and facilitating the convergence of algorithm. For the next sensitivity analysis proposed at
electromechanical powertrain level, the number of input variables for the motor is then
reduced to 10.

11.3.3  Sensitivity analysis of the electromechanical
powertrain (propeller, gearbox, electric-motor).

This section aims to analyze the sensitivity of the electromechanical powertrain
coupling gearbox and propeller devices with eMotor.
Previous studies have been performed without considering feasibility constraints: it means
that numerous tests in the peak&freeze method do not fulfill feasibility constraints which will
be considered in the optimization approach. In the following, two feasibility constraints have
been added:
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Chapter lll: Sensitivity analysis on the hybrid-electric aircraft.

- Athermal constraint (used by research teams in charge of the electric motor design
and its cooling) is related to an estimation of the necessary cooling effort and is
emphasized by the A X J,4product. The constraint is: 4 X J,, < 2.10'2 with the
following parameters:

A % ]eq — (P]oule+PIron+Pwindage+Pfriction) (|||-10)
ktb*salesage*pCU(Twin)

* Pioute : the Joule losses [W].

e Puon : the iron losses [W].

* Puindage : the windage losses [W].

*  Prriction : the friction losses in bearings [W].

*  Salesage : the bore area of the e-motor [m?].

o pcv(Twin) : the copper resistivity [Q.m] function of winding temperature T,,;,
° ky : the end-winding coefficient [-].

This thermal constraint (see Eq (llI-10)) allows designing the electromechanical
actuator by considering the cooling system. Exceeding this thermal limit prevents the
cooling system from cooling the electric motor.

- The 2™ constraint is related to the maximum peripheral speed: Vyeripherar <
150m/s. This is the maximum value reachable without inducing mechanical
deformation that can damage the actuator.

Moreover, the variables involved in the propeller and gearbox models have been added in
order to complete the sensitivity analysis. The input data are the requirement data (Thrust,
Mach, Altitude) and the analysis process is illustrated in Fig. IlI-17.

THRUST/MACH
Mpropeller + 77propeller /ALT|TUDE

Propeller MODEL

Sobol indices

Mmotortotale/T’Emotmax/CI‘/Cz

Fig. llI-17: Electromechanical powertrain sensitivity analysis process.

The following set of input variables is chosen with their corresponding bounds:
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11I-3: Sobol indices-based sensitivity analysis at component level.

Tab. IlI-1: 3™ sensitivity analysis input variables and their bounds.

Input Variables Lower bound Upper bound
Dyropy;, [%] 100 150
Rgbox [_] 1 15
Pemg;, [%] 80 130
N, [%] 80 150
fr[Pa] 40000 148500
Jrms[A/mm?] 6 25
Bgapmax[T] 0.8 1.05
Bteethmax [T] 1 1.53
Rarot 1, [%0] 0.5 1.25
VuavoelV] 1000 3000
Nepp [—] 1 4
p[—] 2 10

Two inputs parameters have been added in addition to the ten remaining variables for eMotor
in order to highlight the interactions between elements.

*  Dyrop,,, : oversizing of the propeller in %.
® Rgpox :gearboxratio.

111.3.3.1  Sensitivity analysis without feasability constraint fulfilment.

In this section, the sensitivity of the electromechanical powertrain is analyzed during
cruise [106]: the efficiency, the mass, and the feasibility constraints are successively displayed
as outputs in order to determine the Sobol indices. In addition to the previous outputs (masses
and efficiency), the constraint levels are calculated and displayed to emphasize their influence
following the values of the input variables. The results are quite similar to those observed in
the previous study (see Fig. llI-15) except for the tangential pressure and the flux density in
the air gap (+10% on the total order Sobol index). This difference arises due to the introduction
of the gearbox ratio. Adding this variable allows adapting the rotational speed of the electric
motor. Thus, the rotation speed range is higher than in the previous study. Consequently, the
tangential stress and the flux density in the air gap are more sensitive on the rotor volume and
so on the motor mass. If the constraint fulfilment is not mandatory in the analysis, propeller
and gearbox inputs are not too sensitive on outputs.
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Chapter lll: Sensitivity analysis on the hybrid-electric aircraft.
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Fig. IlI-18: First order (pale color) and total order (dark color) Sobol indices with e-motor efficiency as output
without considering constraint fulfillment.

Losses of the electrical machine depend on the volume of copper and the volume of
magnetic yoke in the stator. The higher the copper and magnetic yoke volume, the larger the
amount of losses. Thus, while the stator volume depends on rotor volume, stator yoke and
copper volumes are impacted as well, and so the losses. The gearbox ratio directly impacts e-
motor rotor volume (consequently the e-motor mass); thus, it becomes the most impacting
variable on the overall system mass. This gearbox ratio index highlights an interaction
between the electromechanical and propeller devices: this is a key parameter considering the
mass of the propulsion system.
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Fig. 1lI-19: First order (pale color) and total order (dark color) Sobol indices with e-motor mass as output
without considering constraint fulfillment

The first constraint to be analyzed is the peripheral speed constraint.
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11I-3: Sobol indices-based sensitivity analysis at component level.
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Fig. IlI-20: First order (pale color) and total order (dark color) Sobol indices with the e-motor peripheral speed as
output without considering constraint fulfillment

Several input parameters are directly involved in the maximal peripheral speed equation:

1

Pem.; P * 30 3R .N N

siz. max( prop ngbox> L S ) Bapoxlloron iz (11l-11)
T

siz

Vperipheral =
peripheral Nprop*Rgbox

Where

® TNgpox :8earbox efficiency [%]
e N

p
Byrop: propeller shaft power [W]

rop: Propeller rotation speed [RPM]

The propeller diameter is indirectly involved through the propeller shaft power, P, So,
all the sensitive parameters in Eq (IlI-11) appear in the previous equation. Some sobol indices
are null, this can be explained by the absence of the studied parameters in the peripheral
velocity equation ( for instance, By, is not necessary to calculate the peripheral speed and
therefore its Sobol indices are null) .

The second analysis is related to the thermal limit as reported in Fig. IlI-21.
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Chapter lll: Sensitivity analysis on the hybrid-electric aircraft.
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Fig. IlI-21: First order (pale color) and total order (dark color) Sobol indices on the thermal constraint as output
without considering constraint fulfillment

The results are quite similar to those of Fig. llI-18 (output: efficiency). Indeed, losses
are directly linked to the A X J,, product which qualitatively represents the thermal
constraint. The efficiency is then directly represented in the thermal constraint.

111.3.3.2  Sensitivity analysis with feasability constraint fulfilment

It is interesting to compare results related to the design of the propulsion system
following if constraints are fulfilled or not [106]. In that subsection, only tested solutions
fulfilling both constraints (peripheral speed and thermal constraints) are considered in the
sensitivity analysis (i.e. for the calculation of Sobol indices).
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Fig. IlI-22: First order (pale color) and total order (dark color) Sobol indices with e-motor efficiency as output by
considering constraint fulfillment.
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11I-3: Sobol indices-based sensitivity analysis at component level.

If constraint fulfilment is not considered (cf Fig. IlI-18), electric motor variables are the
most sensitive with regard to the efficiency. On the contrary, when constraints are fulfilled,
the propeller and gearbox variables become particularly sensitive. This observation shows that
constraint fulfilment is essential for a sensitivity analysis process in a technological framework.
The propeller is the element of the propulsive system characterized by the broadest efficiency
variation range.

The gearbox efficiency is fixed at 98.5%, while the electric motor has an average
efficiency of 97%. Considering that the propeller has a maximum efficiency value of 85%, its
diameter oversizing significantly impacts the efficiency of the whole electromechanical
propulsive system. In the next chapter related to system optimization, this issue will be seen
as a major trend of the integrated overall design leading to oversize the propeller diameter to
enhance the global efficiency of the powertrain although the mass increase on this device!
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Fig. llI-23: First order (pale color) and total order (dark color) Sobol indices with e-motor mass as output by
considering constraint fulfillment

Comparing Fig. IlI-19 and Fig. llI-23 for the analysis of motor mass following if
constraints are checked or not leads to quite similar trends in both cases even if the gearbox
ratio is more sensitive when constraints are fulfilled. In fact, this variable drives the rotor
volume and the torque which is directly linked with the thermal constraint. Similarly, the
gearbox ratio determines the motor rotational speed and consequently the peripheral speed.
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Fig. IlI-24: First order (pale color) and total order (dark color) Sobol indices with the e-motor peripheral speed as
output by considering constraint fulfillment.

By comparing the Fig. IlI-20 with Fig. llI-24 which set influence the peripheral speed
seen as output, other input variables are sensitive when both constraints are checked. In other
words, in Fig. 111-20, the current density /., the flux density in the air gap By, the flux
density in the teeth Bigetn, the HVDC bus V,,yypc and the number of slot per poles and per
phases n,,, were few sensitive (Sobol indices tends to zero while, in Fig. Ill-24, these indices

have a small (but not null) impact on the output.
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Fig. I1I-25 : First order (pale color) and total order (dark color) Sobol indices with the e-motor thermal constraint
as output by considering constraint fulfillment.

Considering the thermal limit as the analyzed output when both constraints are fulfilled,
huge correlation effects appear (see Fig. IlI-21 and Fig. IlI-25) and the total Sobol indices are
pretty high for most of input variables. It is not surprising that the most impacting variables
are the gearbox ratio —which determines the torque—, the power and rotational speed sizing,
the tangential stress and the current density which constitutes a direct image of the copper
losses.
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1I-4: Conclusion.

1.4 Conclusion

These sensitivity analyses based on Sobol indices is useful to drive a convenient sizing
the electrical components of the powertrain before to think of optimizing it.
At aircraft level, power densities have a huge impact on the global weight (MTOW). Compared
with efficiency sensitivity, embedded masses have a greater impact on the fuel burn.
When the sensitivity analysis is locally carried out on the devices the study allows setting the
sensitivy of each sizing variable, providing more accurate results. In particular, three sizing
variables on the eMotor device have been suppressed, simplifying the optimization
complexity.

At first glance, certain variables were only slightly sensitive with regard to the mass of
the system or its performance when the eMotor is analyzed alone. By adding new
electromechanical devices (gearbox and propeller) to the system under study
(electromechanical powertrain), system couplings were emphised which led to the emergence
of new sensitive parameters.

In the framework of technological design, adding the constraint fulfilment in the
analysis process (in particular the thermal constraint) is also essential because they the
feasibility constraints radically drive the impact of certain variables on mass or efficiency.
Parameters that had a small impact at first glance can (through the addition of stresses) be
more than essential to the design of the total propulsion chain. Cooling constraints have huge
effect in the sizing of electrical components as it will be shown in the next chapter. It is clearly
necessary to couple these domains in the sensitivity analysis.

In our case study the propeller is an essential element of the propulsion system, which
the efficiency at low speed (during take-off) is a key point for the weight and performance of
the aircraft: the sensitivity of its diameter has also been emphasized in this chapter. This point
and many others will be clearly confirmed and detailed in the next chapter which deals with
the optimization of the overall system.
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

From chapter Ill, we have seen that the heaviest elements of the power chain are the
electric motors. It is then necessary to focus on their local optimization before to go further
towards the overall optimization of the hybrid powertrain.

Starting with the motor optimization, the prime criterion to be optimized is the weight:
it is the unique optimization objective in the next section. At the motor optimization level,
only the assessments related the the 2025 targets will be considered to simplify the analysis.
A comparison with the 2035 targets is proposed in the second part of that chapter which
present the overall optimization at the powertrain level. Several analysis and several
formulation of the optimization problem are proposed.

IV.1 Optimal design of the electric motor weight.

In this part, the optimization process of the electric motor is presented taking account
of cooling device and partial discharges based on the sizing models presented in chapter 2 and
detailed in APPENDIX F (electric motor model) and APPENDIX G (motor cooling model). A
relatively large amount of heat may be generated by these motors over operating cycles. To
efficiently remove this heat and to maintain the motor temperature within the prescribed
range while minimizing energy consumption is the cooling system challenge, certainly the
main challenge for this device as we will see in this section. Thus, a smart motor thermal
management system with substantial heat transfer capability, compact structure, and low
energy consumption is essential for aircrafts. This electro-thermal optimization is all the more
important when the specific power of the electromechanical assembly needs to be improved.

IV.1.1  The cooling system: the main challenge.

The model of the motor cooling is described in APPENDIX G. A thermal nodal network

is defined in order to calculate main temperatures in the electric motor. In the thermal model
equations solving, the transient (capacitive) effects are taken into account: we will see in that
section that using thermal capacitance effects during the high power phases (takeoff - climb)
is essential for the design.
The qualitative thermal limit defined in the section 111.3.3 (A X Joq < 2.10'2) has been used in
[84] to size the electrothermal group. The thermal constraints fulfiiment based on a thermal
model is verified a posteriori. In such process, both electric and thermal model were not
coupled inside the motor optimization.
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IV-1: Optimal design of the electric motor weight.
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Fig. IV-1: Temperature evolution(left) and losse profile (right) during flight mission [84] .

Regarding the example of the Fig. IV-1, the capacitive effect is more than
representative, all maximum temperature values appear at the top of climb: as it can be
observed, the temperature transient at that point is far from being completed. The thermal
system has been designed in order to reach the limit temperature for the end-windings. The
other temperatures are below their limits showing that certain electromagnetic components
may be oversized. For example, the stator yoke temperature reaches the value of 120°C which
proves that the stator yoke volume can be reduced. In order to face that issue, a
multidisciplinary optimization problem can be solved by integrating the cooling model with
the electromagnetic design model of the electric motor. The previously used qualitative
thermal limit (A X J,4) is then replaced by temperature limits at the most critical points: end-
windings, stator yoke and magnets.

For both targets, common limit temperature of 180°C is used for coils and yoke. 150°
is the limit for magnets.

IV.1.2  Electric motor optimization results.

In this section, only the electric motor mass is optimized. The main issue is to analyze
the performance differences comparing the cooling model at steady state and transient
conditions.

The thrust mission (so the aerodynamic power mission) is here fixed and this is the
same for both model cases. Thus, the propeller diameter and the gearbox ratio are fixed
according to that thrust requirement. The electromechanical MDO process is illustrated in Fig.
IV-2. Based on a reference power profile, and after defining the geometry of the machine, the
magnetic model allows calculating most of its dimensions. Then, the electrical model specifies
the different electrical circuit parameters of the machine which are required for coupling the
motor with its power supply. At this stage, the structure of the machine is fully defined, and
its mass and volume are determined. The losses in the different parts of the machine are
computed for each operating point of the flight mission, enabling the electro-thermal
coupling. Finally, the machine design must satisfy specific requirements in terms of thermal
resistance of its various parts and the magnetic state of the magnets. Thus, a thermal model
has been integrated taking into account the cooling systems.

A more detailed optimization process is illustrated in APPENDIX L in Fig. L-1.
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Fig. IV-2: MDO formulation process.

Some electric motor sizing limits are set (detailed in the APPENDIX Fsection F.2):

A minimum shaft radius (given by SKF datasheet linear regression [83]);
A minimum airgap thickness;

A maximum pressure on the sleeve;

A maximum rotor peripheral speed.

PwnNnpE

The partial discharge model (cf APPENDIX H) is implemented in this optimization which
involves supplementary constraints:
5. To make sure that the final value of the fill factor (after partial discharge constraint
fulfilment) is close to the initial value considered a priori in the electric motor sizing
(see APPENDIX H, section H4);
6. A flagto check the correct integration of windings in the slot.

Performance constraint: another indicator checks that the mission has been completed (cf
APPENDIX F section F.4).

The machine class H is considered in this (target 2025) case, for which the winding
temperature must not exceed 220°C. In order to be conservative in the case of the transient
model, this limit value is decreased to 180°C for windings and inside the yoke. The
temperature of 150°C will be the limit temperature for magnets. For the steady state model,
the used values are 220°C and 200°C for coils and magnets respectively (the considered
maximum temperature of the yoke is the same as that of the coils).
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IV-1: Optimal design of the electric motor weight.

Three supplementary constraints derive from the thermal model (cf APPENDIX G section G.4):
7. The limit temperature of the end-windings (180°C in transient and 220°C in steady).
8. The limit temperature of the yoke (180°C in transient and 220°C in steady).
9. The limit temperature of the magnet (150°C in transient and 200°C in steady).

The optimization variables and their ranges are summarized in the following table:

Table IV-1: Decision variables (11) for optimization with their respective bounds.

Decision Variables Name of the variable Lower Upper
bound bound
VurvoelV] Ultra-high direct current voltage 540 2040
Raiesage[m] Inner radius of the stator 0.05 0.25
Rdmtlm[%] Ratio between ro;c:;gil:meter and active 50 125
Rps,.q1[%] Ratio between stator slot and inner radius 10 150
Rgral [%] Ratio between the.air gap thickness and 1 10
the inner radius of the stator
Ratio between the magnet thickness and
Rpmml (%] the inner radius if the stator > >0
ByOkemax [T] Maximum yoke flux density 1 1.53
Bteeth gy [T] Maximum teeth flux density 1 1.53
Nee[—] Number of conductors per slot 1 4
Nepp [—] Number of slots per poles and per phases 1 3
p [-] Number of pole pairs 1 7

Let us note that the bus voltage (Vunvoc) has been limited here to 2040V which
corresponds to the crossing limit between the 3 level NPC and the 5 level ANPC power
converter structures (see Fig. 11-32 in section 11.2.4.2 ). This choice was made to simplify this
local optimization. In the second part of that chapter (section 1V.2) this limit will be extended
to higher voltage values in order to analyze the system tradeoff in terms of bus voltage
regarding its influence on motor, power electronics and cables and including partial discharge
constraints.

IV.1.2.1  Electric motor optimization with the steady state thermal
model.

All the optimizations were carried out using a niching genetic algorithm (“clearing”)
[85]. The clearing procedure was used for optimizing the PMSM mass with regard to the design
constraints. Clearing is a niching elitist genetic algorithm which usually out performs standard
genetic algorithms on difficult problems with multiple non linear constraints and multimodal
features. All constraints were scaled and integrated into the objective function with penalty
coefficients. The population size and the number of generations were respectively set to 100
and 200. Classical values for crossover and mutation rates were used (i.e., pc =1 and pm =
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

1%). For each optimization case, multiple runs were carried out in order to take the stochastic
nature of the algorithm into account and to ensure the reproducibility of results.

In the steady state themal model case only thermal resistances are density of the
material are not taken into account. Therefore, the temperatures only depend on the
geometrical dimensions. After optimization, the sizes of the electric motor are enlarged and
the power density regarding the 2025 target is not reached: PSPEsteady = 2.60 kW /kg

(including the cooling device).

Fig. IV-3: Cross section of the electric motor (optimization with steady thermal model)
PspE roqa, = 2:60 kW /kg.

The major constraints that drive the so called "optimal" electric motor are clearly the
thermal constraints mainly due to end-windings and magnet temperature limits.
A cross section of the obtained machine is presented in the Fig. IV-3 showing the distribution
of the different elements (copper, magnet, etc..). This shape clearly illustrates that stator and
rotor yokes are prominent. This is mainly due to the stator losses level which involves
sufficiently large surface in order to evacuate corresponding heat loads, the outer surface of
the motor being the exchange surface with the cooling system.
The number of pole pairs is minimized (1 pole pair) because of the iron losses strong influence:
reducing the number of pole pairs also reduces the electrical frequency of the machine and
thus the iron losses.

Several constraints (3/9) have been reached:

1. End-windings temperature is maximum at 220°C;

2. Magnet temperature is maximum at 200°C;

3. Shaft radius is minimum (that is why the shaft radius is so small on the figure).
The end-winding temperature has reached its limit because most of the machine losses (70%)
are concentrated between the air gap and the stator yoke. The addition of iron losses (in stator
teeth) to the Joule losses accelerates the temperature rise in windings and particularly that of
the end-windings. The stator yoke temperature has not reached its limit because of its
proximity with the cooling system and a reasonable level of losses in relation to the exchange
area. The heat dissipation in magnets is all the more complicated because these latter are
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IV-1: Optimal design of the electric motor weight.

“blocked” between stator windings and rotor bearings. Moreover, magnets are also heated
by aerodynamic losses in the air gap.
Since the diameter of the cooling tube at the rotor depends on the radius of the shaft

(10%), it becomes strongly difficult to evacuate losses if the shaft radius is small.
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Fig. IV-4: e-Motor temperatures (optimization with steady state thermal) during the flight mission.

Regarding the temperatures of each element on Fig. IV-4 over the flight mission, the
sizing (critical) point in the case of the steady state thermal model is during take-off. With that
steady state thermal model the maximum of losses is reached at takeoff since this is the phase
that consumes the most power even is this flight sequence duration is very short (some
seconds). Using thermal capacitance is clearly favourable in order to cross takeoff and climb
by reducing thermal constraints which would increase motor power density as it is shown in
the next subsection.

IV.1.2.2  Electric motor optimization with the transient state thermal
model.

With the transient model, limit temperatures are lower than for the previous study in
order to be conservative in sizing. In this optimization two constraints (2/9) have been
reached: End-windings temperature and stator yoke temperature are maximum at 180°C.
Including the cooling device, the specific power of the electric motor obtained is much better
thanks to the use of thermal capacitance, reaching: Psp = 7.45 kW /kg.

Fig. IV-5: Cross section of the electric motor (optimization with transient state thermal model)
PSPE - 7.4‘5 kW/kg.
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

Numerous slots along the stator yoke "distribute" the losses. The stator yoke is clearly
thinner than before. The thermal capacitance depends here on the density of each material;
the stator/rotor yokes have a high capacitive effect due to their high volume density. The
magnets are larger than previously involving the air gap induction increase. The rotor yoke is
directly linked to the stator one: both yokes become thinner due to the induction increase in
teeth and yokes.
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Fig. IV-6: e-Motor temperatures (optimization with transient state thermal model) during the flight mission.

The new temperature profile in Fig. IV-6 highlights the use of thermal capacitances.
The temperatures of each part of the electric machine use the capacitive effect of their
material. The temperature profile in each figure follows the beginning of the exponential
function corresponding to the (R, C) equivalent circuit couplings. It is the same for magnets
whose capacitive effect is as important as for the yokes because of their similar densities. The
stator teeth are less sensitive to this thermal capacitance because of their small sizes (thin
teeth). The thermal capacitanceallows usto significantly push back thermal limits which clearly
drives the motor sizing. Thus, optimizing with the transient model allows decreasing the
electric machine mass, thus increasing its specific power.

In order to illustrate the influence of these capacitive effects, a simulation of the
thermal model at steady state was carried out from the sizing obtained with the previous
optimization (based on the transient thermal model): in that case, the maximum
temperatures are reached by the machine during take off as for the previous optimization
based on the steady state thermal model. The end winding temperature is beyond 320°C
compared to the maximum obtained with the transient model (see Fig. IV-7) which stays
below the limit of 180°C: a gap of 78% is obtained between both thermal models with the
same motor sizing.
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IV-1: Optimal design of the electric motor weight.
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Fig. IV-7: e-Motor temperatures (optimization with transient state thermal model — steady state display) during
the flight mission.

In Fig. IV-7, the waveforms are identical to those obtained through optimization in steady state
Fig. IV-4:
e The limit temperature of the end-windings and the windings reach respectively 320°C
and 288°C.
e The limit temperature of the stator and rotor yoke reach respectively 255°C and 300°C.
e The limit temperature of the magnet reaches 285°C.

The next part focuses on the differences in motor size and in performance (electric actuator
torque-speed characteristic).

IV.1.2.3  Comparison of motor optimization between steady state and
transient state thermal models with reference to the electric
motor sized by the WP1.

In this section, the input variables proposed by the motor design team (in WP1) [83]
have been used to optimize the performance of the actuator with the adapted model defined
in chapter Il. In order to compare sizes, the cross sections of the machines are shown side by
side in Fig. IV-8, obviously displaying the main differences.

As presented before, only the thermal model was changed between both optimizations.
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Fig. IV-8: Cross sections of three electric motors (left: steady state optimization, middle: WP1 e-motor design,
right: transient state optimization).

In order to be able to make a performance comparison, the torque-speed
characteristics of each motor are displayed. The characteristic of the optimized e-motor with
a steady state (SS) thermal model is shown in blue; the characteristic of the optimized e-motor
with a transient state (TS) thermal model is shown in red and the electric motor designed
(without optimization) by the experts of the WP1 is in yellow. An actuator characteristic is
limited by a maximum current (maximum torque) while its speed limit is given by a limit
voltage which must not be exceeded. When this voltage is reached, the user has 2 possibilities:

- reduce the Iq current of the actuator to allow its to go into a higher speed phase
without shifting the current (Id = 0).

- add current in the d-axis of the actuator (Id < 0) to reduce the flux density in the air
gap and thus keep a constant power by increasing speed.
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Fig. IV-9: Torque - Speed characteristic (blue steady state (SS) optimization, red transient state (TS) optimization
and yellow WP1 electric motor).
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IV-1: Optimal design of the electric motor weight.

Contrarily to the yellow characteristic (WP1 design), both optimized machines (with
both thermal models) use field weakening, oversizing the sizing torque compared to maximum
torque of the mission profile. Field weakening strategy reduces iron losses when the joule
losses are at their maximum. This choice allows shifting the maximum of iron losses with
respect to the Joule losses maximum in order to spread out thermal constraints. Field
weakening is used by both machines (SS and TS) exactly at the same time during take off and
almost during the whole duration of the climb.
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Fig. IV-10: Joules and Iron loss profiles.

Looking at loss side, the most preponderant heat sources are Joule losses and iron losses.
The use of field weakening is well illustrated by the comparison of the Fig. IV-10. For the
machine designed by the WP1 (yellow curve), iron losses rise up to a value of 10 kW during
takeoff. Let us note that this design was made only considering a unique (the maximum power
during take off) sizing point instaed of the complete missionprofile. Contrarily, the maximum
of iron losses is shifted at top of climb for both field weakened machines (blue and red curves)
optimized on the whole mission profile. Beyond the loss distribution, another difference
between each design is related to the amount of losses that can be dissipated by cooling
devices depending if a steady-state thermal model or a transient-state model is coupled with
the optimization:

- for the steady state thermal model based optimization, the maximum total level of

losses is around 13 kW

- the maximum of total losses is around 20 kW for optimization using thermal

capacitance effects.

- Regarding the electric motor designed by WP1, the amount of total losses reaches the

value of 19kW, showing that the actuator has not been optimized.

It also means that there are trade-offs between specific power and efficiency because
increasing the specific power also means increasing losses thus being less efficient. These
results show the importance of system couplings (here electro thermal couplings) in
multidisciplinary studies. This will be all the more important on the plane because the added
kilos on the powerplant bring snowball effects on the final sizing. Losses are directly linked to
the current and voltage levels in the machine.
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Fig. IV-11: Current, current density and voltage in the three electric motors.

The current shape seems to be similar in steady state thermal model-based
optimization (blue curve) and with the transient state thermal model based optimization (red
curve). However, looking at the current density, it is clear that there is a huge difference
between both optimized machines. The difference in Joule losses is mainly due to the
resistance of winding: the copper surface is smaller in the optimal motor in transient thermal
regime. This explains the difference in current density between both machines. The voltage
profile provides is typical of the use of field weakening during take-off and climb phases
(constant voltage operation) for the optimized electric actuators. Contrarily, the field
weakening has not been used for the WP1 design based on a unique (maximum) mission point.

The next comparative analysis is related to motor sizes.
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Fig. IV-12: Relative size deviations versus the maximum values.
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IV-1: Optimal design of the electric motor weight.

RELATIVE RADIUS DEVIATION [%]
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Fig. IV-13: Relative radius deviations versus the maximum values.

In the diagrams of Fig. IV-12 and Fig. IV-13, relative deviations are displayed to better
compare the three design: each absolute value has been divided by the maximum value
between the three electric machines. This representation shows directly the relative
differences between the size of each optimization. For example, the copper surface is at 20%
of the maximum in the transient optimization, which means that there is a ratio of 5 between
the copper surface of the steady-state optimization and the transient one, moreover there is
a ratio of 2 between the WP1 machine and the transient optimization.

In the Fig. IV-12 sleeve thickness has not been considered but the air gap is too small
in order to install a sleeve. This is why the air gap thickness is maximum for the WP1 machine.
Apart from the absence of sleeve in the WP1 design, the optimized machine coupled with the
steady state thermal model has the largest dimension in absolute value, which seems
consistent. The copper surface area has been divided by 5 between both optimizations based
on both thermal models (the motor height has been divided by 2 and the length by 2,5) leading
to the specific power increase as previously mentioned. The yokes have followed the same
reduction way (with a ratio of 3 between both optimizations). All these size reductions
obviously have an impact on the masses of each component (see Fig. IV-14).
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Fig. IV-14: Relative mass deviations to the maximum values.

RELATIVE ELECTRIC CIRCUIT PARAMETER DEVIATION [%]
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Fig. IV-15: Electric circuit parameter deviations to the maximum values.

Differences on circuit parameters result from different motor sizes. The resistance of
the stator windings increases for with the transient thermal model. This comes directly from
the equation (see APPENDIX F.1.5 the Eq F-36) because the copper surface area decrease
provokes the resistance increase. It can be noticed that the electrical time constant (L/R) of
the three machines is strongly different, with a fast-electrical mode for the optimization based
on the transient thermal model.
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Fig. IV-16: Both values giving the best objective function for both optimizations (blue and red), compared to
with the e-motor designed made by the team in charge of WP1.

The model difference on the magnetic flux density of the air gap pushes the
optimization to magnify the magnets, during both optimizations (steady state and transient)
the value is much larger see Fig. IV-16. The final results of the two optimizations compared
with the WP1 design have been summarized in the Fig. IV-17.
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Fig. IV-17: Decision variables giving the best objective function for both optimizations (blue and red), compared
with the e-motor designed by the team in charge of WP1.
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With lower thermal constraints (as in the case of the transient thermal model), the
number of pole pairs can be increased and the actuator sizes are directly reduced. However,
the increase in the number of pole pairs increases iron losses in the stator yoke, especially if
the flux densities (yoke and teeth) follow the same trend. The field weakening strategy allows
counterbalancing this significant increase in iron losses by decreasing them when they are at
highest operation during the mission. The electric machine with the best specific power still
has to pay for its weight loss by a lower efficiency (even if it remains significantly high 97%>):
remember that the motor weight is the unique optimization objective, losses being only
limited by thermal constraints.

In the case of a regional aircraft with hybrid electric propulsion, weight plays a first
determining role compared with an all-thermal aircraft. However, once the weight is on board
the aircraft, efficiency will play an even more essential role in the sizing of the sources as well
as consumption. By coming back to the aircraft level, the best trade-off between weight and
losses will be found by optimizing the “less consuming aircraft” at system level.

The electric machine optimization has shown the importance of interactions between
fields (electric, electromagnetic, thermal, partial discharges constraints, etc). In particular,
cooling aspect plays a key role in the sizing of electromechanical components. In the following
of that chapter, the overall propulsion system has been integrated with the corresponding set
of model. In that case, the fuel burn mass becomes a key objective but this global optimization
will also be compared with a mass based optimization by considering the whole powertrain.
These two latter optimization problem can also be compared with a local vision based on the
optimization of the motor mass alone. Another issue is relative to the energy management
strategy of the hybrid electric architecture. Two cases will be successively considered:

- A “light hybridization scenario” (see section IV.2) for which the hybrid ratio (power
ratio between electric vs thermal sources) are a priori fixed (with a 100% electric taxi
and descent);

- A “variable hybridization scenario” for which the optimization is in charge of setting
the hybrid ratio along the flight mission (see section IV.3).

IV.2 Hybrid-electric aircraft design with a “light
hybridization scenario”.

Several studies focus on the aerodynamic gains possible with electric motor propulsion
(distributed electric propulsion) [107], [108]. The scalability of the electrical components
makes it possible to intelligently position the various actuators at strategic locations on the
aircraft. This thesis focuses on the energy aspects and in particular on the system variables of
electric propulsion. The use of electrical component sizing models allows the study of several
problems:

- the increase of the power density thanks to an optimal electro-thermal coupling.

- the increase of the DC bus voltage of components to reduce their volume without
causing partial discharge problems.

- the impact of ideal component sizing on the propulsion system of a hybrid electric
aircraft.
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IV-2: Hybrid-electric aircraft design with a “light-hybrididzation scenario”.

In that subsection, the energy management of the hybrid electric structure is a priori
fixed as displayed on Fig. IV-18: a full electric taxi and descent (HR'=1) is considered while a
full thermal operation has been set for climb and cruise flight sequences (HR=0).

The looped process presented in chapter | section 1.3.3 was previously conceived to take
account of the snowball effects between embedded masses and consequences of the whole
mass (MTOW) including the fuel burn. In the context of the integrated optimal design, this
looped process has been revised. Indeed, in order to obtain a stable result in terms of MTOW,
the process needed to be looped 5 times given one system sizing. Thus, in the optimal design
context, two imbricated loops would have to be considered:

- an outer loop dedicated to sizing optrimization;

- aninner loop to take account of snowball effects (Equation (I-4)).

In order to avoid multiple loops but keeping snowball effects into consideration, the
equation linking thrust and MTOW is conserved but only by adding a new optimization
constraint (Eqg.(IV-2)). A new optimization variable also appears: the thrust ratio RThrust
(Eq.(IV-1)). This new optimization parameter makes possible to anticipate (and to face) the
new max take-off weight MTOW,,,,, of the hybrid-electric aircraft obtained after the sizing
choice set by the optimizer. It should be reminded that the starting point (ref point) of the
optimization is a conventional thermally propelled aircraft with a reference max takeoff
weight: MTOW,..r = 23 T.

Thrust,e,,

RThrust = —— -
rus Thrust,.s (V-1)

Thus the following constraint is implemented in the optimization model in order to find
the thrust needed to take off the hybrid-electric aircraft:

RThrust. MTOW, o = MTOW,e,, (IV-2)

The new optimization problem has then a new constraint to satisfy but it has been
necessary to make this change to drastically improve the computational time and to break the
multiple loops approach.

Taking the fuel burn weight as the objective function, this constraint will behave nearly

as an equality because an oversized thrust would lead to increase the power demand
consequently rising consumption at the aircraft level. In other words, the fuel burn based
optimization will set the “just necessary thrust” to fly the optimized aircraft.
A mass limit has also been introduced in the optimization problem. Indeed, the powertrain
sizing process is based on a reference aircraft with a given wingspan, this latter being
considered as conserved during the optimization convergence: only the propulsion system is
reconsidered in this process. Consequently, a gap limit of 6T has been introduced in terms of
MTOW: MTOWyqx = MTOW, 5 + 6T.

MTOW,,,, < MTOW,,,,, (IV-3)

1 HR is the Hybrid Ratio between powers form both thermal (Gas turbine) and electric (fuel cell) sources: HR=0
means that only the gas turbine is powered; contrarily, HR=1 means that a full electric operation is considered.
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

It is already possible to anticipate the maximum value of the new optimization variable
RThrust. By respecting these two new constraints, the thrust ratio will not be able to exceed
a maximum value.

IV.2.1  Optimization of aircraft fuel burn with a “light
hybridization scenario”.

In this section, the topic is focused on the symmetrical hybrid electric aircraft
(HEASYM) shown in Fig. IlI-3 reminded in the figure Fig. IV-18.
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Fig. IV-18: Symmetrical Hybrid Electric Aircraft (HEASYM) with the Energy management..

The hybridization scenario is considered as “light”, while the fuel cell is only sized to power
the aircraft alone during the taxi and descent phases. All the rest of the mission is supported
by the 2 gas turbines: thus the hybrid ratio (HR) are a priori fixed for the whole flight. Three
different optimizations have been carried out in order to highlight the systemic approach
compared with other, “more local”, approaches:

“Fuel mass optimization”: the first optimization has the fuel mass as objective function;

- “propulsion system mass optimization”: the second one has the mass of the complete
propulsion system as objective function without counting the mass of the fuel burn in
the gas turbines;

- “Emotor mass optimization”: the last optimization consists in optimizing the electric
machine mass alone (as for the previous subsection) with a propeller and a gearbox
with fixed performance. This is equivalent to a local approach for the sizing of an
electric machine. In that local approach, the machine and its performance will be
simulated together with other devices at the aircraft level in order to compute the fuel
burn of the gas turbines.
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IV-2: Hybrid-electric aircraft design with a “light-hybrididzation scenario”.

IV.2.2  Adaptation of sizing models to formulate a system
optimization problem

In this case study, the level of precision and uncertainty of the models will not allow to
draw quantitative conclusions on the absolute values obtained after optimization, but rather
to observe trends and correlations.

With these system oriented formulation, 2 propeller and gear box sizing variables are
added to the previous decision variables considered for the motor optimization alone.
Except the bus voltage, no additional decision variables are necessary to formulate the
optimization problem, neither for the power electronics nor for the hybrid sources (remember
in that case that hybrid ratio are a priori set).

Let us also note that the bus variable V,,yypc becomes a system coupling variable

having influence on cables, power electronics and machine.
Based on the cable sizing model, the gauge, number and material (Cu, Al) of cables are
automatically derived knowing the maximum cable voltage (directly linked with V,,zypc), the
maximum transferred power and the power factor for AC cables between inverters and
Emotors. Thus, no additional decision variables are added for cable optimization.

A frequency ratio (between switching and electric motor frequency) of 7 has been fixed
here as proposed in [109] and this is justified in this reference [110] . This ratio is set to limit
harmonics due to the inverter — motor coupling. With that ratio choice, the inverter switching
losses are strongly limited. Furthermore, in order to simplify the inverter system design, the
bar bus mass is assessed by considering a simple percentage of the inverter mass (see
APPENDIX I).

The adaptation of power electronics model for system optimization was previously

explained in the section 11.2.4.2. We remind that:

- two particular structures are selected depending on bus voltage level: 3 level NPC
converter is selected if V,yypc < 2040V else a 5 level ANPC is preffered. For each of
these structures, both voltage and current ratings are fixed according to input data
from the power electronic experts [93].

- The switching frequency is directly derived from the maximum electrical frequency of
the eMotor [110] : fowitcn = 7 X max(felecemot).

Then the IGBT ratings are deducted without additional decision variables. The conducting and
switching are then derived with a PWM strategy.

Based on these adaptations, 14 decision variables are sufficient to drive the
optimization which are described in the Table IV-1 with their bounds.

Finally, this multidisciplinary design optimization includes (see Fig. IV-19):

- aspecification (flight mission data: velocity, altitude, thrust requirement)

- an environment model to take pressure and temperature variations into account over
the flight mission

- an integrated powertrain design identifying masses and efficiencies of each
component (from the propeller to the power sources)

- the snowball effect at aircraft level into account: the reference mission is adjusted
from the reference aircraft
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

Tab. IV-1: optimization input variables and their bounds.

Decision Variables Lower bound Upper bound
RThrust 1 1.26
Dpropy;, [m] 2 5
Rypox [—] 1 20
Ratesage [m] 0.05 0.20
Rprot,,, [%] 40 125
Rhsml [%] 10 130
Rg,q [%] 1 10
Rpm, o, [%] 5 50
Nce[—] 2 4
Nepp [—] 1 3
p -] 1 7
VunvoelV] 540 5000
Bieethmax [T] 0.7 1.53
yoke [T] 0.7 1.53

Electric motor

Cooling system

Hybrid-Electric

Power electronics

v

Powertrain
Gearbox Multidisciplinary Energy Management
Optimization System
Propeller =

% > Auxiliary power source

Main power source

Flight mission

Fig. IV-19: Presentation of the multifields loop approached by the MDO of the hybrid-electric powertrain.

At the end of the process a hybrid-electric aircraft with its own powertrain is designed
, the optimization process is illustrated in APPENDIX L - Fig. L-2.
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IV-2: Hybrid-electric aircraft design with a “light-hybrididzation scenario”.

IV.2.3  Optimization results and analysis

M_Fuel [kg]
1420
1400
—_— Fuel mass optimization
1380
Propulsion system mass
1360 — optimization
1340 — E-motor mass
optimization
1320
1300

Fig. IV-20: Three optimization results on the fuel burn.

The first optimization (fuel mass) shows the advantages of taking all system couplings
into account on the sizing of the propulsion system. The previous figure shows the
consequences on the fuel consumption. Compared with others, the second optimization
shows that a lightweight propulsion system does not necessarily mean an efficient system
with a decreased fuel consumption. The last optimization is based on a local approach as an
electric motor designer could have done: “the sum of the local optimum of each element is
not the global optimum” from a system of view. This last point is also seen through the results
on the specific power of the electric motor.

== Fuel mass === Propulsion system mass == E-motor mass
optimization optimization optimization
P_SPE_emotor [kW/kg] P_SPE_inverter [kW/kg]
3 35
30
7
25
6
20
5 15 .....
2025
4 10 TARGET
3 5

Fig. IV-21: Three optimization results on the specific power of the electric motor and the inverter (including
cooling.)

The specific power increase of one component does not guarantee the reduction of
fuel consumption, best fuel consumption results being obtained in that study with the lowest
electric motor power density.

In the previous figures it can be observed that both specific powers (for inverter as for
e-motor) are beyond the 2025 targets for the 3 different optimizations. In particular, the
specific power of voltage source inverters is close to 30kW/kg for the three optimizations. This
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

very good ratio is firstly due to the strong limitation of switching losses with a ratio of 7
between switching and electrical frequencies [110]. Secondly, the 3 level NPC structure offers
a good tradeoff in terms of losses and structure mass. Finally, with that case study at low
switching losses, the 7t generation IGBT power switches combined with the high performance
of the cooling system are really convenient for optimization.
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=== Fuel mass optimization === Propulsion system mass optimization === E-motor mass optimization

Fig. IV-22: Efficiency of the electro-propulsion chain during the flight mission (propeller -> inverter).

The powertrain efficiencies during the flight mission are displayed in the previous Fig.
IV-22. It is important to note that the power density evolves in the opposite direction of the
efficiency improvement: the best powertrain efficiency is obtained for the optimization of the
fuel mass which drives the lowest specific powers at component (power electronics and
Emotors) level. The optimization of the fuel mass highlights the importance of the propulsion
system efficiency with regard to the final fuel consumption (see Fig. IV-20 & Fig. IV-22): these
efficiency gains finally save 40 kg of fuel burn with respect to a local optimization.
Several parameters are at the origin of the improvement in the whole chain performance
especially the propeller sizing.

Fuel mass == Propulsion systemmass ™ E-motor mass
optimization optimization optimization
D_prop_siz[m] R_gbox|-]
5,0 20
4,5 17
4,0 14
35 11
8
3,0
5
25

Fig. IV-23: Optimization result on propeller and gearbox input variables.
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IV-2: Hybrid-electric aircraft design with a “light-hybrididzation scenario”.

Indeed, the global sensitivity analysis studied in the previous chapter has shown the
importance of the propeller design on the power chain efficiency (Fig. I1I-22). One point (1%)
of efficiency was gained during cruise by oversizing the propeller, between both optimizations
on the fuel mass and on the e-motor mass. The efficiency gain is also observed during takeoff
and climb involving snowball effects: less power required to get the aircraft off the ground.
The ratio of the gearbox is also important for the optimisation of the electromechanical
actuator as it adapts the right sizing of the motor rotational speed given a propeller diameter.
The gearbox model involving a constant efficiency, the mechanical efficiency improvement
comes only from the propeller oversizing.

Differences on system efficiency are directly visible on the masses of both electric
generators and rectifiers. Indeed, constant specific powers and efficiencies have been
assumed for these devices. So the generator and rectifier masses are a “direct image” of the
maximum power to be supplied for each optimization. The same trand can be observed for
the Gast Turbine (GT) given a fixed (a priori) energy management. The figure below highlights
the mass distribution for all powertrain devices and power sources.

Massdistribution of the propulsion system [kg]

W= Fuel mass optimization ™= Propulsion system mass optimization === E-motor mass optimization
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Fig. IV-24: Propulsion system mass distribution

Regarding the mass distribution:

- on propulsion side the motor-gearbox-propeller assembly is the most significant component;
- on source side, the electric generators and gas turbines involve highest masses;

- with a high DC bus voltage around 2 kV, the cable masses are negligible compared with the
other components. The cables are thermally designed based on the current they conduct,
which explains their low masses at high voltage;

- with this “light” hybridization strategy, the fuel mass saved by hybridization is quite reduced,
being mainly due to the whole chain efficiency increase.
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Fig. IV-25: Final decision variables giving the best objective function for the three optimizations.

The previous figure (see Fig. IV-25) shows the decision variables obtained for the best
results of the three optimizations.

First of all, the V,,yypc converges towards a value close to 2000 V. Remember that bus
voltages lower than 2040 V involve the choice of a NPC 3L topology whereas the ANPC 5L
converter structure is used for higher bus values. The 5L topology is more complex, heavier
(presence of a flying capacitor). Thus, the bus voltage is close to the maximum permissible
voltage provided by the 3L-topology. Based on the simplified model of winding insulation, the
partial discharge issue is processed preserving the motor lifetime.

Regarding the electric motor, the improvement of its efficiency is mainly based on the
aspect ratio Rp;¢,;,,,between diameter and length, and on the increase of the inner stator
radius Ryjesage- All parameters related to iron losses (number of pole pairs p and inductions
in the teeth and the yoke Bicetn/Byoke) have been increased by the system optimization with
respect to the local one.
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Fig. IV-26: Electric motor torque-speed characteristic for the fuel mass optimization.
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Fig. IV-27: Electric motor torque-speed characteristic for the e-motor mass optimization.
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

The two previous figures highlight the coupling between sizing choices and the flight
mission by displaying the torque-speed plan of the electromechanical actuators for:

e optimization on the fuel mass (Fig. IV-26),
e optimization on the electric machine mass alone (local approach see Fig. IV-27).

In the system optimization, the oversizing of the propeller (involving system efficiency
improvement) leads to a reduced the power required during takeoff and climb with respect
to the operation of the system based on the local optimzation. In the case where the propeller
has not been oversized (local optimization), the maximum torque is requested during takeoff,
contrarily to the system optimization case where the whole efficiency is improved and for
which the maximum torque is reached at top of climb. The fuel burn optimization case is the
most favorable for a field weakening strategy: compared to the local optimization case, the
maximum power is reached with a lower value of rotational speed. The torque base point is
not as oversized as in the case where the maximum torque is reached at maximum speed.

At the end of these two optimizations, the MTOWSs are quite the same, which means
that the masses gained by the improved efficiency compensate the increase on propeller mass
oversized for system optimization to obtain an efficiency gain (see Fig. IV-24 propeller mass).
The propeller is an essential parameter in the propulsion of an aircraft, especially when
coupled to an electric motor. The analysis made in the chapter Il had predicted this sensitivity
to propeller and gearbox design parameters. Last results (see Fig. IV-24) strongly highlight that
issue.

While the energy management strategy was a priori established for each flight
sequence, the next section will be devoted to couple the optimization of the same propulsion
system with management strategy. This can be acheived by implementing variable
hybridization ratios during the mission, these latter being included as new decision variables
of the optimization.

V.3 Integrated design of a hybrid-electric aircraft
coupled with its energy management system.

The objective of this new optimization integrating system sizing and energy
management aims at reducing fuel consumption beyond the results obtained in the previous
section with the a priori fixed management strategy.

The Fig. 1ll-3, Fig. 1lI-5 and the Fig. IlI-6 in chapter Ill summarized different ideas of
possible EMS for a hybrid-electric aircraft, following if the source power demand is the same
for both gas turbines (HEA SYM) or not (HEA ASYM) or also if only 1 GT is embedded (HEA
1GT). In this section the EMS strategy will be determined via hybridization ratios (HR) variable
during the mission. When these ratio equals 1, the electrical source provides all the mission
power whereas only the gas turbine ensures the propulsion when the HR equals O.

By adding hybridization ratios in the decision variable set, the optimization problem
complexity is increased: 12 variables (HR values spread during the flight mission) are added
into the previous set of parameters. Obviously, moving from 14 to 26 decision variables is not
without consequence in terms of convergence with such optimization solved under huge
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constraints. In particular, the calculation time has been strongly increased. The optimization
results “after 14 days of computation” are as follows:
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Fig. IV-28: Hybridization ratio over the flight mission.

First, the hybridization ratios (see Fig. IV-28) seems to be quite constant for each flight
phases, except for the take-off/climb phases where the HR increases as the airplane climbs
(15% -> 20%).
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Fig. IV-29: Power management system over the flight mission per unit.

But regarding the total power drawn during the mission (see Fig. IV-29), the power
drawn from the fuel cell stack seems to be constant (especially during climb and cruise) when
the total requested power is higher than its sizing power. When a fuel cell is integrated to the
hybrid propulsion system, the optimizer choices to use it at its design point (optimizing its
efficiency) over the flight mission. The main benefit of the fuel cells (with respect to battery
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technologies) is the dissociation of energy and power. The fuel cell stack is designed according
to the power to be supplied, while the storage volume is sized according to the energy needs.
This last result will allow us to reduce the number of decision variables to be optimized in the
following. Indeed, by using only the fuel cell design power as an optimization parameter, the
hybridization ratio profile is simply derived from a division of the sizing fuel cell power with
the power profile. This new rule Eq.(IV-4) is now implemented in the optimization problem
reducing the number of decision variables from 26 to 15 !

Py; Pq;
SlZ fuelcell if SlZ fyelcell <1
HR =

Pmission Pmission (IvV-4)
k 1 otherwise

We also point out that the aircraft weight has reached the sizing limit MTOW,..; +
6T by releasing the fuel cell sizing. Indeed, the additional cost in terms of Hydrogen
consumption is not counted in the optimization of the fuel burn only focused on kerosen
consumption. The propulsion system is then heavier, especially increasing the fuel cell stack
and the hydrogen volume of storage but snowball effects in terms of mass are not
compensated by the fuel saving induced by an icreased use of the auxiliary electric source.
Thus, it should be noted that a heavier propulsion system does not necessarily lead to an
increase of the fuel consumption.

NB: it is important to point out that one limit among our model assumptions is certainly
reached in that case, due to the linearization of the MTOW variations versus the thrust ones.
Indeed, this assumption is considered as valid only if the reached values of MTOW are not to
far (here less than 6T) from the “reference aircraft sizing”. Here, the MTOW limit is reached
with this optimization showing that this (more electric) hybrid aircraft is not completely
optimized. In order to explore design solutions with higher MTOW figures, it would become
necessary to couple our powertrain sizing model with more complete and accurate
aerodynamic design involving flight mechanic equations as it was done in the thesis of Jerome
Thauvin [12). This research direction seems clearly to be a major prospect of our work “on the
road of more electric and of course zero emission future aircrafts”.

A new optimization has been performed with the new energy management rule Eq.
(IV-4) only considering the fuel cell sizing as supplementary decision variable. The
hybridization ratio obtained during climb and cruise is close to 20% (close to values observed
for the Fig. IV-29). The fuel (kerosen) mass saved is around 200 kg (-15%) with respect to the
“light hybridization scenario” but the objective function of this optimization still consider the
kerosen burn only, without taking account of hydrogen burn during climb and cruise
(remember that fuel cell is off in the previous “light hybridization strategy” during these high
power flying sequences.

Fuel economy has an impact on the allowable take-off weight: as in the latest
optimization result, the weight of the aircraft has reached (as anticipated) the allowable take-
off weight limit MTOW,..; + 6T. Compared to the light hybridization scenario optimization,
the snowball effect variable Thrustg;, has reached its maximum value allowed during the
optimization.
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Fig. IV-30: Design variables for the snowball effect, the propeller, the gearbox and the fuel cell stack nominal
power for both scenario (green: optimization including fuel cell stak power in the decision variable set — grey:
“light hybridization”).

The propeller diameter is slightly smaller than for the previous optimization with a light
hybridization scenario because the take-off weight value has reached its limit. Therefore, a
trade-off was found between improving performance (oversizing the propeller and its weight)
and fuel economy by adding a more powerful auxiliary source (more powerful fuel cell and its
associated storage). Same conclusions apply for the gearbox ratio between the propeller and
the electric actuator which is slightly decreased, consequently reducing its mass in order to
allow supplementary mass for the electrochemical source. The hybridization ratios cannot be
compared because the light hybridization scenario does not use the fuel cell during the whole
mission (HR =0 during the cruise) see Fig. IV-30.
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Fig. IV-31: Propulsion system mass distribution for the 2025 HASTECS target.

The fuel cell nominal power was multiplied by five between the light hybridization
scenario and the optimal energy management scenario. This difference in sizing has a direct
effect on the masses of the electrochemical source. Thanks to the sizing point (~20%), the fuel
cell allows to save a large part of the aircraft fuel (around 150kg saved see Fig. IV-31).
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Fig. IV-32: Optimisation comparison (green: optimal hybridization ratio — grey: light hybridization scenario).

Pype = 6,39 kW /kg Pope = 6,32 kW /kg

332mm
332mm

2025 e-motor 2025 e-motor

Optimal hybridization
scenario

Light hybridization
scenario

Fig. IV-33: Geometrical comparison (green: optimal hybridization ratio — grey: light hybridization scenario).

In spite of a different hybridization strategy, electric machines have almost the same
decision variables and are therefore geometrically very similar. But the use of these machines
differs during the mission.
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Fig. IV-34: Torque-Speed characteristic for the 2025 optimum results (including FC stack sizing).
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Fig. IV-35: Torque-Speed characteristic for the 2025 light hybridization scenario results.

Both actuators slightly differ in performance during the flight mission (see Fig. IV-34 & Fig.

IV-35):

the base point in the torque-speed plane changes during the mission, with a torque
sizing point increased for this new optimization;

the actuator device exploites the magnetic field weakening operation during cruise
(the green dotted characteristic is on the left of the cruise mission point), contrarily to
the previous optimization case (the grey dotted characteristic is on the right of the
cruise mission point). This field reduction also reduces iron losses improving therefore
the actuator efficiency during the cruise phase (the longest in time during the flight
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

mission). By improving the performance during the cruise, the electromechanical
actuator improves the efficiency of the chain, especially when the fuel cell is in
operation.

The power densities of the electrical components studied has reached the same values as
before (see Fig. IV-21).
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Fig. IV-36: Specific power of the electrical components.

The power densities for both optimizations, the difference in fuel consumption is mainly due
to the missions of both sources: with 20% of the power supplied by the fuel cell, the fuel
economy is remarkable, at around 150 kg (see Fig. IV-37).

Optimization Optimization
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Fig. IV-37: Comparison of the fuels required for the mission.

Looking at the power distribution, the fuel cell element provides up to 20% of the total
power required during high power phases (Fig. IV-38). As mentioned before, a MTOW limit
has been incorporated into the optimization to avoid reaching too large masses. Without this
limit, and with an objective function only dealing with kerosen burn, the optimization would
have probably converged towards an all-hydrogen aircraft.
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IV-3: Integrated design of a hybrid-electric aircraft coupled with its energy management system.

The 150 kg of fossil fuel have been replaced with 80 kg of hydrogen. This difference highlights
the difference in energy density between the 2 molecules as well as the difference in
efficiency: the efficiency of the gas turbine is lower than the efficiency of the fuel cell.
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Fig. IV-38: Hybridization ratio and consequence on the power management of the propulsion system
(green background: optimal hybridization scenario — grey background: light hybridization scenario).

Regarding the reference (optimized full thermal) aircraft, the optimized “HASTECS

2025 hybrid-electric aircraft” is much heavier (+26%). From a fuel consumption point of view,
the “HASTECS aircraft” consumes only 3% more fuel meaning that efficiency improvements
do not compensate the aircraft wright increase with the assesments set in the “HASTECS 2025
requirements”.

To conclude to this section:

Taking partial discharges into account and looping back to the sum of all the
component masses during the optimization, a system trade-off has been highlighted
on the DC bus voltage of the electrical network. This was confirmed during both
optimizations. Without taking account of partial discharges in the Emotor insulation,
the DC bus voltage would go to its maximum limit in order to relieve the sizing of the
electrical components (cables). Considering the insulation issues, the value of 2000 V
seems to be the correct system tradeoff, noting that it was also the local optimum
obtained by the power electronics research team for the 2025 requirements applied
on the inverter itself.

The coupling of thermal and electromagnetic issues has highlighted the importance of
the field weakening strategy for the actuator sizing. The energy-optimized aircraft uses
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

this strategy during cruise in order to always reduce losses during the most significant
phases in terms of energy demand.

- Finally, the change of energy mission allows the saving of kerosene over the whole
mission. Once the sizing power is installed in the propulsion system, the fuel cell is
used at its rated power in order to save the maximum amount of fossil fuel drawn from
gas turbines. The last optimization has shown that the fuel cell was used throughout
the mission. Compared to the conventional all-thermal aircraft, the results obtained
are more promising than those obtained using constant power density and efficiency
(called “target aircraft”) as it was previously presented in the chapter Ill. The Fig. IV-39
illustrates the relative deviations in MTOW and weight of on-board fuel with respect
to the reference aircraft.
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Fig. IV-39: Relative deviations in MTOW and fuel mass with respect to the reference aircraft

Compared to the 2025 “target aircraft” results, “HASTECS optimization” provides
better solutions. When hybridization is used during flight (“HASTECS 2025 EMS OPTI"), the
aircraft takes off a lot of weight in order to save fuel thanks to an increased fuel cell and
hydrogen sizing. These results show here the interest of a multidisciplinary system approach
for designing the propulsion chain.

The HASTECS study has focused on two targets: one entry into service for 2025 and
another for 2035, these two targets dealing with different technological assessments. Crossing
from 2025 to 2035 ssessments, the next section will examine the influence of technological
improvements on the performance of future aircrafts.
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IV-4: Exploration of the performance of a hybrid-electric aircraft taking account of technological advances.

V.4 Exploration of the performance of a hybrid-
electric aircraft taking account of technological
advances in electrical components (target 2035).

The major changes between both 2025 and 2035 targets concern the cooling systems,
especially for the electric machine, where spaces in stator slots are reserved for adding an
internal cooling channel [87]. For the voltage source inverter, a new condenser technology
has been studied in order to improve the power density of the converter [88]. All the details
are explained in APPENDIX G (Electric motor cooling model), APPENDIX | (Power electronics
and its cooling system.

IV.4.1  Optimization of the eMotor weight (2025 vs 2035
assessments)

In the first part of the chapter IV section 1V.1, several optimizations have been carried
out in order to observe the sizing differences between steady state and transient models. The
power profile was identical for all these optimizations considered for the machine alone.
Strongly better specific power has been obtained by the optimization with a transient thermal
model allowing the machine to perform the mission with lower temperature rise during the
phases of very high power demands (takeoff, climb). The following part is related to the same
“exercice” with the new internal cooling model (‘target 2035’) (APPENDIX G). The power
mission is still identical to the study carried out previously (chapter IV section 1V.1), only the
cooling model was changed.
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Fig. IV-40: e-Motor temperature (2035 target) over time.

The new 2035 optimization in Fig. IV-40 shows a different dynamic of the thermal
behaviour. Indeed, the machine has become so small that the transient is no longer marked
to avoid overheating the electric motor during very high power demand phases. The sizing
constraints remain once again the temperatures in the stator (yoke and end-windings). The
magnet temperature is well reduced. In fact the rotational speed of the actuator is not too
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

high and the stator losses are sufficiently evacuated that they do not disturb the rotor
temperatures.

Pype = 7,5 kW kg

Pope = 16,2 kW /kg

208mm

&
&
Vs

Fig. IV-41: Geometrical comparison (blue: optimal 2025 emotor — red: optimal 2035 emotor).

The difference between the volumes of both actuators illustrated in Fig. IV-41 makes
it possible to double the specific power between 2025 and 2035.
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Fig. IV-42: Optimisation comparison (blue: optimal 2025 emotor — red: optimal 2035 emotor).
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- The DC bus voltage is reduced for ‘optimzation 2035’ according to the insulation
constraint: the slot is here smaller than for 2025 target because cooling channels are
integrated inside the slot. The insulation is directly linked with the DC bus voltage. The
lower the DC bus voltage the thinner the wire insulation inside the slots. To continue
on the same idea, the number of slots per pole and phase is reduced to 1 to best
integrate the cooling channels.

- The ratio between the inner stator radius and the magnet thickness is higher for the
2035 target, the volume of the electric motorbeing reduced, the air gap flux density
needs bigger magnets.

- The cooling system is so efficient that it is possible to increase the number of poles
pairs till 7. Increasing the number of pole pairs considerably reduces the thickness of
yokes and other sizes of the actuator, however greater iron losses are to be expected
which is managed by the highly performant cooling. The same explanation can be used
for the flux densities in the teeth and in the yoke. The cooling channels are in touch
with the windings and the stator teeth, so the flux density in the teeth can be

maximized.
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Fig. IV-43: Torque-Speed characteristic for the 2025/ 2035 optimum results.

Compared to the 2025 target (see Fig. IV-43), the mass-optimized 2035 actuator does
not use field weakening strategy. The characteristic 2035 is below the maximum torque point:
this cooling system is so efficient that it is possible for the actuator to explore an over-torque
zone. This is possible because the actuator has become really small and the torque design
point has gone down along the iso power curve (maximum power).

This new technological performance of the cooling system for the 2035 target will
strongly reduce the mass of the actuator thus increasing its power density. As the machine is
one of the heaviest elements in the propulsion system, this will allow the aircraft to lighten
the mass of the propulsion system and thus consume less fuel.
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

IV.4.2  System optimization including energy management
strategies

Compared with the previous study (target 2025), the same ecological objective function
is considered (reduction of fuel mass) and the same hybridization strategies are used:

- A “light hybridization scenario” for which taxi and descent phases are full electric, the
other sequences being full thermal

- An “optimal energy sharing scenario” for which the fuel cell tack can provide 20% of
the maximum power demanded over the duration of the mission (see the previous sub
section).

An improvement in aircraft performance in terms of weight and fuel consumption is
expected with new assessments (“Target 2035”), as a lighter aircraft would consume less fuel
because of higher specific powers installed on board.
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Fig. IV-44: e-Motor temperature (2035 target for both optimisations) over time.

Targets 2035 bring new perspectives from an electromechanical actuator sizing point
of view as Joule losses are no longer a thermal limit contrarily to the previous case study
(“target 2025”). Indeed, the stator internal cooling channel in the slots allows a direct cooling
at the core of the winding. As previously announced the temperatures in the slots of the
electric machine (see Fig. 1V-44) are lower due to the direct cooling in the windings.
Consequently, a new constraint appears on the actuator stator yoke. The current density
increases due to the internal cooling of the slots leading to the increase of the magnetic flux
density in the stator yoke. Critical constraints are now located at the stator yoke level
compared with the “target 2025” case where they were situated at the windings level. These
constraints are all the more important considering the reduced volume of the actuator. In
addition to the thermal design limits, a new constraint reaches its limit: the centrifugal
pressure on the carbon sleeve. The rotational speed of the actuator has been increased,
making more difficult to hold the magnets. This constraint also becomes a dimensioning
constraint for the 2035 target optimizations.
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During the previous optimization of the HASTECS 2025 propulsion system, two energy
strategies were presented (“light hybridization scenario” — grey color and the “optimal” one-
green color). Furthermore, in order to present the improvements between 2025 and 2035,
the same strategies were represented with fuel consumption as the optimization objective
function.
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Fig. IV-45: Geometrical comparisons of three electric motors.

From a geometrical point of view (see Fig. IV-45), both machines optimized with “2035
target” are much smaller than their predecessors obtained with “2025 target”. The first
machine (“2025 e-motor”) on the left in this figure is the optimal actuator for the 2025 target
with an “optimal hybridization scenario”: it reaches 6.39 kW/kg of power density. Both “2035
machines” are the optimal sizing trade-off with the addition of the stator internal cooling
system:

- the second actuator obtained with the “optimal hybridization scenario” is much
smaller than the previous one. Indeed, its power density reaches 10.8 kW/kg based on
the “target 2035” assessments.

- The third actuator obtained with the “light hybridization scenario” involves a specific
power of 10.52 kW/kg.

As for the 2025 target, the results between the two hybridization strategies are quite
similar (iso geometry for the energy optimal scenario - machine 2 and the light hybridization
scenario - machine 3). In order to simplify the comparison, only the energy optimal scenario
will be compared between the targets 2025 - machine 1 and 2035 - machine 2.
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Fig. IV-46: Comparison between 2025 target and 2035 target.

Comparing results obtained with both “2035 motors” with respect to the “2025 Motor”,
several changes can also be noted on the decision variables after the three optimizations (see
Fig. IV-46):

The gain in power density avoids a significant oversizing of the aircraft thrust which
can be explained by the variation of the RT hrust variable, this latter being decreased
with both .

This thrust variation also involves evolutions of several devices: the propeller diameter
is slightly smaller, but with oversizing values which remains high compared to the
necessary diameter (Dp;.op, > 4 m).

A drastic change has appeared for the gearbox ratio: by increasing the transmission
ratio between the propeller and the actuator, this decreases the torque mission while
itincreases the speed of the actuator. This evolution is not without consequences since
the increase in the actuator speed combined with the increase of the number of pole
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pairs will considerably increase the electrical frequency and consequently the iron
losses of the electric motor.

As previously announced, the reduction of the torque mission reduces the inner stator
radius of the actuator. The ratio between the inner stator radius and the slot height
seems to be constant but by comparing these values with the inner stator radius itself,
the slot height varies in the same way.

The DC bus voltage has been indirectly reduced after the evolution of the stator cooling
system: the current density through the 2035 machines is higher than that of the 2025
machines. Indeed, the integration of the cooling channels inside the slots leads to
additional constraints on the actuator windings. The DC voltage value to be held
determines the required insulation thickness, the thickness of the slot layer as well as
the copper radius and its reduction makes it easier to integrate the windings into the
slot. The “2035 motor” optimization converge towards a DC voltage of 1300 V
compared to the 2000 V obtained for the “2025 motor”, given the same energy
management scenario. This voltage reduction is directly related to the thickness of the
insulation. The presence of the cooling channels in the slot of the actuator causes the
optimizer to optimize the available space in the slot. In addition to the thickness of the
insulation, the voltage also affects the thickness of the slot insulation paper. The
voltage reduction is also due to the reduction of required power, the 2035 aircraft is
lighter than the previous one and consequently the amount of power is reduced for
the mission profile, thus the required voltage can be reduced. This argument is also
supported by the number of slots per pole and per phase which is reduced to 1. The
slots are therefore wider than for the 2025 targets.

The radius-to-length ratio Rgo¢,,, decreases and the actuator operates at higher
speeds than before.

Stator inner radius and magnet thickness ratio are set to compensate the change in
inner stator radius to have the same magnet height (~18mm).

The number of pole pairs increases from 4 to 7 to reduce the main dimensions of the
electromechanical actuator especially the yokes. However, as mentioned before, this
increase contributes to increase the iron losses: there seems to be a tradeoff between
size reduction and losses which moves regarding the cooling efficiency.

The results of the magnetic flux densities in teeth and in the stator yoke are directly
related to the cooling mode of the actuator: the flux density in the tooth is higher due
to the fact that the cooling is closer to the teeth than to the yoke itself. This means
that more iron losses can be evacuate through the stator teeth than through the stator
yoke.

Regarding the Fuel cell nominal power, the same difference is highlighted between
light hybridization scenario (grey figure) and optimal scenario (green figures). The
improvement from 2025 to 2035 is illustrated by the difference of nominal power
between green figures.
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Fig. IV-47 : Torque-speed plan of the electromechanical actuators obtained by optimization of 2025 and 2035
(optimal hybridization scenario).

The previous figure Fig. IV-47 illustrates the characteristics of the 2 electric machines
for 2025 and 2035 targets including the field weakening strategies proposed by each
optimization. This display corresponds to the less fuel consuming hybridization scenarios
(“optimal hybridization scenario”) for both motor targets. The actuator mission is completely
changed with differences in terms of field weakening strategy: in the “2035 case”, the field
weakening strategy is not necessary.
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Fig. IV-48 : 2025 and 2035 dashboard of optimization constraints (optimal hybridization scenario).

Regarding the constraints (see Fig. IV-48):

The oversize of the propeller is once again seen, the required values for the propulsion
are around 3m while the design values are above 4m.

The shaft radius is not a main constraint; the design value is higher than the limit (the
minimum value is given by the bearing datasheets).

The mechanical air gap thickness limit has been reached during the 2025 optimal
integrated design in order to maintain an interesting specific power at aircraft level.
With the winding cooling system, the mechanical air gap thickness is less restrictive.
Two constraints have been set for the limitation of rotationnal speed of the actuator,
a centrifugal pressure constraint and a peripheral speed limit. The most important
constraint is the centrifugal pressure because the peripheral speed limit has not been
reached for both optimizations. The design of the electric motor is so compact for the
2035 target that the centrifugal pressure on the carbon sleeve has reached the limit.
The fill factor has remained close to the reference design value (0,5) in order to avoid
undersizing at the actuator level.
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- The Joule and Iron losses in the teeth are no longer constraining for the sizing of the
actuator with a more efficient cooling system (2035 design results) in contact with

copper windings and close to the stator teeth (T¢opper < TCOPPeTmax)'

- Furthermore, the temperature in the stator yoke has reached the thermal limit, caused
by the increased iron losses in the yoke (T ke < TyOkemax)' This is again a strong sizing

constraint because of its connection with the stator yoke thickness and consequently
the specific power of the electric actuator.

- The magnet temperature is a strong limitation too, this temperature is directly linked
to the magnet thickness, thus the performance of the electric machine.

- At aircraft level, the limit MTOW has been reached for the 2025 optimization, this
constraint allows the optimizer to lead the design to a hybrid-electric aircraft, without
this constraint the optimizer would converge to full-electric one: the design has
reached the limit of the validity domain. The 2035 optimization has lead to a lighter

aircraft taking the same EMS strategy as 2025 into account.
MTOWnpew

MTOWypax
convergence for our MDO process. The process of designing the hybrid-electric aircraft
from a conventional aircraft stops when the required thrust of the aircraft corresponds
to the weight ratios (assumption of constant glide in cruise). It is thus normal to see
the 2 optimizations converging towards these 2 own limits.

- Finally, the snowball effect constraint (Rthrust > ) is the limit of
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Fig. IV-49: Specific power of the electrical components found by optimization of 2025 and 2035
(optimal hybridization scenario).

The previous figure displays the strong increase in terms of specific powers for both
power electronic and eMotors. The results obtained for 2035 assessments are beyond the
2035 targets (i.e. 25kW/kg for power electronics and 10kW/kg for eMotors). This result shows,
one more time, the prime importance of the electro thermal coupling.

156



IV-4: Exploration of the performance of a hybrid-electric aircraft taking account of technological advances.
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Fig. IV-50: Relative deviations in MTOW and fuel mass with respect to the reference thermal aircraft

“Target Aircraft” means that devices are simply modelled through specific power coefficients

“HASTECS XXX” means that sizing models (see chapter Il) are used in optimization

Finally, by completing the relative deviations in the fuel vs MTOW plan with reference
to a conventional full thermal-propulsion aircraft, the green diamonds display a less fuel-
consuming solution for “target 2035”.

The “HASTECS 2035” results coincide with the "target" results of the 2035 aircraft with
a light hybridization scenario (8% AMg,¢; and 12% AMTOW!). This particular case shows the
coherence between rough assumptions on power densities and the results obtained with a
multi-disciplinary design optimzation approach based on sizing models.

A more fuel-efficient solution has emerged for the “2035 target” (-7% AMj,,.;), resulting
from the optimized overall performance of the chain as well as the fuel savings made by the
use of a fuel cell. Note the weight of the aircraft is still 15% higher due to the addition of the
electrical components of the powertrain.
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Chapter IV: Multi-disciplinary design optimization at hybrid-aircraft level.

IV.5 Conclusion.

Through the trends emphasized after several optimizations conducted at component
(Emotor) and system level, this chapter has allowed us to reinforced the understanding of
main couplings in that complex and multidisciplinary powertrain. The multiple analysis
completes the trends shown off from the sensistivity analysis proposed in chapter 3. Among
these trends, it is clear that sizing of electromechanical components is strongly constrained by
the electro thermal coupling: the integration performance of actuators is directly driven by
the thermal cooling performance. Is is then important to include thermal sizing models which
allow the estimation of temperature profiles over the whole flight mission. In our case study
where the high power demand phases correspond to relatively short duration sequences (take
off, climb), the involvement of thermal capacitances and transient thermal phenomena has
been proved t be essential in terms of sizing. With reference to actuator model sized with
quasi static (“R only”) thermal models, transient thermal model based optimization has
allowed to multiply the power density by 3!

The multidisciplinary optimization of the electro-propulsion unit (propeller + gearbox +
electric motor + inverter), taking thermal and partial discharges studies into account, has
highlighted the importance of certain system parameters:

- the DC bus voltage remains an important parameter strongly coupling these devices (cable,
inverter and motor).

- Geometrical parameters of actuators are of course also important as they constrain the
winding sizing of the electric motor, this latter being coupled with insulation (partial
discharges) constraints and also with the field weakening strategy which is applied along
the flight mission: many results have shown that the field weakening is clearly adapted
according to the geometry of the actuator.

- The propeller size (diameter) has been strongly oversized in system oriented optimization.
Event if such oversizing increases the device (propeller) weight, it also increases
significantly its efficiency lowering the power demand of all devices situated upstream in
the powertrain. This latter aspect is a clear example of “property emergence” that only
occur at system level: a typical systemic issue”.

The complete looped process at aircraft level makes possible to integrate interactions
between fields. A complete MDO process has then allowed find the best trade-offs between
weight and efficiency of electrical, thermal and mechanical components in order to obtain the
optimum solution in terms of fuel mass consumption. However, the complexity of this MDO
process pushes designers towards limits in terms of computation cost: indeed, optimizations
solved with an “up to date” personal computer have lasted between 8 and 15 days for the
whole powertrain optimization involving the management strategy while optimization of
motor weight lasted only 1 day of computation!

Two successive management strategy have been proposed: a first (“light hybridization
scenario”) setting a priori the hybrid ratio to use the electric source (fuel cell) only during taxi
and descent. These hybrid ratios have been realeased in the second “optimal hybridization
scenario” for which the fuel cell sizing is adapted by optimization to minimize the kerosene
consumption along the whole mission. In that case, hybrogen is burnt during the whole
mission at taxi and descent phases but also during climb and cruise: the corresponding
optimization results show that heavier but less CO2 emitting aircrafts would be possible.
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IV-5: Conclusion.

The last analysis (see Fig. IV-49 & Fig. IV-50) has synthesized the importance of technology

improvements especially involving two axis related to specific power and efficiency variations:

- The power density is firstly essential because it will induce sizing variations amplified

by the through snowball effects on the whole propulsion chain, thus varying fuel
consumption.

- Once a new maximum take-off weight has been estimated by the looped process, the
efficiency in turn influences the gas turbine fuel consumption. An increased efficiency
downstream of the powertrain will lead to lower power constraints on upstream
devices reducing all the more the power demand on both sources (thermal and/or
electrical), consequently lowering aircraft fuel burn.

Based on that results, the HASTECS framework is now in an intermediate stage between
conventional all-thermal aircrafts and future electrically-powered aircrafts; these studies are
still necessary in order to more fully anticipate the possibilities and challenges of a zero-
emission aircraft potential.
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CONCLUSION

Integrating a hybrid-electric propulsion system into an aircraft brings additional
complexity compared to the conventional full thermal powertains. Many interactions are
present in the design of an aircraft. Its structure is designed by the propulsion thrust vs drag
balance and is also directly influenced by the embedded mass to take off the aircraft: this
latter aspect involves snowball effects which are specific in aeronautics as supplementary
transported kilos involves an increase of the structure surface consequently with additional
penalties on fuel burn and transported kerosen. In order to integrate all phenomena, reduced
and specific design models must be implemented in a problem to design the whole aircraft in
an optimal way: “this process is called Multidisciplinary Design Optimization (MDO)"”. The
MDO approach makes easier to understand couplings between components.

Even if the efficiency and specific power of the electrical components are excellent, the
hybrid propulsion system (due to its more complex architecture) will inevitably be penalized
in terms of embedded weight with respect to a full thermal reference aircraft.

However, it can be noticed that only the energy point of view has been focused in our
work. Supplementary potential gains offered by electric powertrains are shortly reminded in
the first chapter but are not assessed in the study. Indeed, the electrification of the propulsion
system is leading to rethink new aircraft architectures, in particular distributed propulsion.
The scalability and dynamic of electrical component is better than thermal components:
distributing propulsion permits to blow the entire wing for example, bringing a lift gain which
improves stall performance, thus allowing reduced sizing of the wings. Distributed propulsion
may also provides a certain degree of safety against engine failure, as the propulsion is much
more robust with several actuators. While thermal engine efficiency decreases with altitude
contrarily to electric motors, which constitutes another advantage of the electric propulsion.
These numerous advances have also led to the introduction of new aircraft concepts: Urban
Air Mobility (UAM). These VTOLs are mostly electrically powered and have static flight
performance allowing them to land on platforms such as helicopters. The aircraft
electrification promises to be increasingly present in the aerial landscape.

The HASTECS project is definitely in line with this innovative dynamic, the goal being to
couple several technological studies with the integrated process proposed in that thesis in
order to optimize the sizing of the hybrid-eletric propulsion system. The studies resulting from
the technological developments of the various work packages make it possible to provide
models for an integrated design by optimization. The problem is clearly multidisciplinar
because of the number of involved themes: thermal, electromagnetic, power electronics,
electrical networks, partial discharges, electric machines.

All the models are presented in chapter Il and completed by the appendices at the end of
this thesis in order to illustrate the level of precision and complexity of the models integrated
in the optimization.



Conclusion.

The global sensitivity analysis presented in the chapter Il was the first study to emphasize
these interactions between components. The sensitivity analysis was based on Sobol indices.
An initial global study was carried out, highlighting the first-order impact of power densities
and efficiency on aircraft performance. Specific power has a major impact on aircraft
performance (weight and fuel consumption), indeed the snowball effect leads to the aircraft
resizing. Efficiency also has a huge impact on aircraft fuel consumption, all devices
downstream in the powertrain impacting on the sizing of the gas turbine and therefore on its
consumption. The sensitivity analysis at component level has highlighted the importance of
the sizing constraints, some parameters that would be sensitive from a mathematical point of
view are no longer sensitive by taking the actual constraints into account. The study of a set
of electromechanical components (propeller + gearbox + electric motor) with and without
constraints has highlighted the sensitivities of each parameter with their interations. Without
taking account of the actuator constraints, the propeller and its gearbox were not so sensitive
to the sub system efficiency, but, taking the thermal and peripheral speed constraints into
account, the propeller diameter and the gearbox ratio has become among the most sensitive
variables of the electro-propulsion unit. These results have been confirmed by the overall
optimization of the propulsion system.

In the chapter IV, several levels of optimizations have been studied. The first level of
optimization is at “component level” dealing with the electromechanical actuator which is
probably the most sensitive of the integrated design. In the HASTECS project, three
complementary technological developments have been performed around the
electromechanical actuator: the actuator design, its cooling and the partial discharges
constraints in windings. The first optimization study has highlighted the multidisciplinary
context of the design of an electromechanical actuator and its sensitivity to cooling
performance. The sizing of an electrical component is directly related to its cooling system
which is definetly the most sensitive factor. This part of the study has shown that using the
thermal capacitances of the actuator greatly helps to relieve thermal constraints which
reduces the volume of the actuator.

The optimization of the complete propulsion system makes it possible to take into
account all the interaction phenomena between components, in particular between propeller,
gearbox and electric motor. The sensitivity analysis performed in the previous chapter has
predicted the results obtained by the optimization. The improvement in the power density of
the electromechanical actuator is directly linked to the performance of the propeller and its
gearbox; a lighter engine will lead to an oversizing of the aero-propulsion components
(propeller-gearbox). Fuel economy is possible by improving efficiency in the very high power
phases: this improvement is made possible thanks to the oversizing of the propeller diameter.
This latter issue is a typical example of “emergence property”, rather usual in systemic studies:
indeed, the propeller oversizing emerges only through the integrated design coupling all
devices in a whole system!

But an aircraft would really save fuel burn when the power sharing between both sources
in the hybrid architecture is released. The rest of the study has focused on a complete
optimization of the propulsion system sizing, also taking the hybridization ratios as decision

162



variables during the flight mission: an adaptation of the optimization problem formulation has
been proposed to reduce its complexity; finally, only the fuel cell stack power has been added
as supplementary decision variable. By changing hybridization ratio during the mission, the
auxiliary electrical source is more or less used to save fuel used by the turboshafts. The mass
of the hydrogen storage becomes more cumbersome in our case and a new constraint is
reached related to the maximum weight allowed by the aircraft without changing its wingspan
(initial assumption).

The optimal integrated design of a hybrid-electric aircraft has emphasized and partly
solved several key locks on the design of the powertrain components. Thermal issue plays a
major role in the design since the temperature limits are reached at the critical points of the
components (coil head, stator yoke and magnets). This issue is also fundamental for power
electronics, but high performance two-phase cooling system (CPLIP) has tackled the problem
to offer highly integrated power electronic systems. The study of partial discharges allows to
find the optimal compromise on the DC bus value. The higher the voltage value, the more
insulation thickness will have to be added. On the other hand, increasing this voltage value
also reduces the cable mass and more generally the current flowing through the electrical
components, thus their mass. In addition to the mass issue, the powertrain efficiency can be
improved thanks mainly to the oversizing of the downstream elements of the chain (propeller,
gearbox). At the global aircraft level, the nominal power rating of fuel cells has a clear impact
on the reduction of kerosene consumption.

Finally, the optimal hybrid-electric aircraft will tend to be heavier than its predecessors
but will consume less fuel. However, such a propulsion system brings with it a complexity of
control, design and integration issues. Despite the fact that the aircraft will consume slightly
less fuel, the cost at purchase is far from derisory compared to a conventional aircraft. The
addition of electrical components, combined with an oversize of the mechanical devices
(gearbox, propeller) will also increase the price of the aircraft. These elements make the
concept of hybrid electric propulsion less attractive.

Several issues may be of interest for future studies:

- Thelinear approximation between thrust and mass (MTOW) ratio has allowed us to tackle
the snowball effect and the interaction between the powertrain design and the
aerodynamic structure. Jowever, the simplification assumption has strong limits in terms
of MTOW range. Coupling the electric powertrain design with aerodynamic simplified
design seems necessary to explore new concepts of aircraft, typically for hydrogen based
aircrafts.

- This latter issue would lead to an increase of the design complexity which was even really
high with our optimization problem (remember that several days ~10-15) of computation
was necessary for solving the more complex problem in our thesis (with up to date
personal computer without parallel computing). A general methodological thinking on the
“MDO approach”, splitting the optimization process with several hierarchical levels with
imbricated loops (multi level optimization) is clearly necessary beyond our application to
hybrid electric design.
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Conclusion.

- Interms of architecture, the project leader of HASTECS (i.e. Airbus) has proposed to focus
on series hybrid chain, being the most critical in terms of technological constraints (with
the highest electric power). As shown in J. Thauvin’s thesis, other strutures as parallel
architectures may be more appropriate in terms of MTOW and should be studied coupled
with technological model and optimization.

- However, the main technological breakthrough, certainly of major interest, is the zero
emission aircraft powered entirely by fuel cells: it is clearly the main prospect of this
thesis.
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APPENDIX A. ENVIRONMENT MODEL

The input and output of the environment model are summarized in the Table A.1:

Table A-1: Input/output variable used in the model:

INPUT VARIABLES

Altitude(t) [m] Flight Altitude
MACH (t) [—] MACH speed

OUTPUT VARIABLES
Pstatic () [Pa] Static Pressure
Paynamic (t) [Pa] Dynamic Pressure
Pair(t) [kg/m3] Air density
Tstatic (1) [K] Static Temperature
Taynamic (t) [K] Dynamic Temperature
Vsouna (t) [m/S] Sound speed

The process is illustrated in the Fig. A-1:

ENVIRONMENT

MODEL

Fig. A-1: Process chart of the model.
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From AIRBUS side, input data are related to [90]:

e Environmental aircraft data: Altitude(t)
e Mach speed along the mission profile: MACH(t)

It should be noted that both input data, i.e. flight altitude Altitude(t) and Mach speed over
the mission profile were provided by the Airbus company at the beginning of the HASTECS
project.

Given these inputs, some examples of surrogate models are proposed to design the hybrid-
electric power train of the studied aircraft. Readers will find more detailed models in [12]. An
environment model is required to design different devices of the power train (turboshaft,
propeller, thermal cooling, etc) over the flight mission. Main environment variables are
derived:

Table A-1: Environmental model

Poyasic = 101325 x (1 B Ail;igztile)s'256 Static pressure [Pa] (A-1)
Tstatic = 288,15 — 0,0065 x Altitude + DISA  Static temperature [K] (A-2)
Pair = 0,0034837 X P:—“Z Air density [kg /m3] (A-3)
Paynamic = Pstatic X (1 + 0,2 X MACH?*)35 Dynamic pressure [Pal] (A-4)
Taynamic = Tstatic X (1 + 0,2 X MACH?) Dynamic temperature [K] (A-5)
Vsouna = 401,8 X Tgrazic Sound speed [m/s] (A-6)

Where Altitude is related to the input flight mission is in meter, DISA is the temperature
difference from the International Standard Atmosphere (ISA). p,; is the air density in kg/m?3.
These variables will be used in particular in turboshaft and propeller models. Let us remind
that other input requirements related to Altitude, MACH, Thrust and A/C speed (thus Aircraft
power) mission profiles have been defined in section I.3.
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APPENDIX B. PROPELLER MODEL

This appendix describes the design model for a variable-pitch propeller. The disk actuator
theory permits to predict performance according to the propeller geometry. The propeller
geometry is defined by the diameter and the rotation speed. The following input/output
variables are used:

Table B-1: Input/output variables used in the propeller model.

INPUT VARIABLES (in bold blue, the decision variable for optimization)

Pair(t) [kg. m3] Air density
Vac(t) [m.s™1] A/C Velocity
Ty/c (B) [N] A/C Thrust
Dyrop [m] Propeller diameter
OUTPUT VARIABLES
Pgpape (1) [W] Propeller Shaft Power
Nprop(t) [%] Propeller Efficiency
Mprop [kg] Propeller Mass
Npropmax [RPM] Maximum propeller rotation speed
Dyrov pock [m] Propeller diameter checking law

The propeller model is illustrated in Fig. B-1.

agll  sATURATION - OUTPUT
I ACTUATOR P
INPUT gy et ey | VARIABLES
VARIABLES | o
Vi

Fig. B-1: Process chart of the propeller model
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B.1 Sizing model:

The ATR 72 based sizing point has been considered as a reference:

Drefpmp =3,93m Propeller Diameter (m)

M, op = 185 kg Propeller mass (kg)

N op = 1200 RPM Propeller rotational speed (RPM).
Prefmaxshaft =24 MW Maximum Propeller shaft power (MW)

A 6-blades variable-pitch propeller is considered. The propeller geometry is sized from two
equations. The same tip speed limit is considered as for the ATR 72 propeller [65] used in [12].
The following relationships are based on the similitude principle which sets relationships
between ratio of variables (X/X"®) divided by reference variables: in our case, reference values
are related to the ATR72 case:

Table B-1: Propeller design model

Pm (B-1)
Dpropeneck = Drefprop X # Checking rule for the propeller [m]
shaft
ref
Noropy = N 0 % Rotational speed of the propeller [RPM]  (B-2)
Mprop = Mrefpmp X (;:fﬁ;::ﬁ) Propeller mass estimation [kg] (B-3)

B.2 Disk Actuator Theory:

The performance model used during simulations (over the mission profile) is based on the Disk
Actuator Theory Eq (B-4) which defines shaft power versus thrust and aircraft speed (V4 ¢).

1 2 ZTSiT
Pshaft = Teﬁ <VA/C- Tyir + J(VA/C' Tvir) + —> (B-4)

PairAprop

The thrust value (T,;,) is refined from the real input thrust (T, ,¢) with a saturation function at
low speed which is implemented in Eq (B-9).
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APPENDIX B: Propeller Model.

55000 —— Performance map - P = 100 % Pmax
Modified actuator disk - P = 100 % Pmax
——— Actuator disk - P =100 % Pmax

50000 -

45000 - - = Performance map - P = 60 % Pmax
- - = Modified actuator disk - P = 60 % Pmax
- = = Actuator disk - P = 60 % Pmax

40000
Z 35000
E§30000
= 25000

20000

15000

10000

5000 T . - =
0 50 100 150 200
V (m/s)
Fig. B-2: Comparison of propeller performance models for a 6-bladed propeller of 3.93 m diameter rotating at
maximum tip speed at sea level [12].

In Eq (B-7), the maximum thrust T,,,, has been estimated versus the maximum shaft power.
The use of the actuator disk theory during low speed phases tends to over-evaluate the
propeller thrust (green lines in Fig. B-2). That is why a “virtual” thrust T,;,-(red lines in Fig. B-2).
is redefined in a saturation function Eq (B-9) from the real thrust Ty ¢ . T4 ,c comes from the
aerodynamic input data set in section I.3.

B.3 Saturation function:

Table B-2: Detailed saturation function.

kP = P 01=<kP=15 Saturation factor [—] (B-5)
Vasc
_ DrefpropXNrefprop : i _
k=164+ - Equivalent advance ratio [—] (B-6)

Tonax = 10/KP) P Maximum thrust deliverable by the

AXshaft -
thrust [N] (B-7)
f(kP) = aprop + Bprop X log(kP)Y Linear regression function of the
saturation factor [—] (B-8)
— (%KD mTa/c Virtual thrust used in the disk actuator
Tyir = (—=) X tan | ——— Ir
vir ( 4 ) (Z.R.Tmax) theory [N] (B'g)

Where kP is the input value of the linear regression model set in Eq(B-8); p,ir is the air density
in kg/m3 varying during the flight mission. Va/c is the aircraft speed in m/s also defined by
the mission profile defined in section 1.3. An equivalent advance ratio k for the saturation
function has been imposed. f (kP) is the linear regression function used by the model where

Aprops Bprop andy are constant values. The modified disk actuator theory formula is modelled
_ 7D

with a constant value k.rr = 0.9 and with the propeller disk area: A, "
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At the end of the process the efficiency of the propeller is determined by the equation (B-10):

__TacXVac
Nprop = Pshafe (B-10)

B.4 Constraint:

A constraint on the shaft power has been added in the model in order to ensure that the
propeller fulfill the mission Eq(B-11).

D > D (B-11)

prop PTODcheck

D is the propeller diameter allowing to face P,

PTODcheck
The actual D,,,, can be set (and possibly oversized) by the optimizer (see Chapter IV)
fulfilling the previous equation.

AXshaft*
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APPENDIX C. GEARBOX MODEL

The required parameters for the gearbox model are the following:

Table C-1: Input/output variables used in the gearbox model.

INPUT VARIABLES (in bold blue, the 1 decision variable for optimization)

Rgpox [—] Gearbox ratio
Ppropyp () [HP] Maximum propeller shaft power
RPM,, (t) [%] Propeller rotation speed in per unit
NP""Pmax [RPM] Maximum propeller rotation speed
OUTPUT VARIABLES

M gpox [kg] Gearbox mass
P shaftome: (t) [W] E-motor mechanical power
Tshaft,me: (1) [Nm] E-motor torque
Qemot (1) [rad/s] E-motor rotation speed

D -

I GEARBOX MODEL |

|\ ST .

> PERFORMANCE MODEL |

;o .

! |

p i

|/ .

g SIZING MODEL :

AN ]

Fig. C-1: Process chart for the gearbox model.
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C.1 Sizing model:

To determine the performance of the gearbox and its mass, a rotational speed profile is
required. Several studies have been done with the aim of providing the maximum rotational
speed during the mission respecting speed limits (cf Chapter 1.3.1). The final rotational speed
profile is given in Fig. C-2.

RPM_PU profile [%]
120%
100%

80% <

[%]

60%

RPM_PU

40%
20%

0%
0 1000 2000 3000 4000 5000 6000 7000 8000

TIME [s]
Fig. C-2: Propeller rotation speed profile.

A linear regression model proposed by NASA in [79] is considered for estimating the gearbox
mass:

Parametric Value = (hp/RPM_,)*"*(RPM, /RPM_ )*"®

out

Gearbox & Lube System Wesght (o) = -37 4262 + 1163297 (Parametnic Value)

§

Gearbox & Lube Weight (Ibs)
g

1 10 100
Parametric Value

Fig. C-3: Transmission and lubrication system weight correlation from Nasa.
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APPENDIX C: Gearbox model.

The “parametric value set in the Fig. C-3 is defined by the following equations:

Table C-2: Gearbox mass estimation.

Propeller rotational d missi
RPMyy0,(t) = RPMpy(t) X RPMpyqp ropeller rotational speed mission (1)
Ghox = Poroptip (1) o7 RO Gearbox parameter
ox =\ RPMy,,.0, (1) % Rgbox (abscissa of the Fig C-3) [-] (¢-2)

Mgpox = 0.45% (—37.4 + 116.3 X Gbox) Gearbox mass estimation [kg] (C-3)

Where P,op,,, is the maximum propeller shaft power in horsepower [HP], RPM,,,, the

propeller rotational speed in [rpm] and Ry, is the gearbox ratio. A linear function allows
estimating the gearbox weight Eq(C-3).

C.2 Performance model:

A constant efficiency value is finally assessed in Eq(C-4).

Ngbox = 0.985 (C-4)

Thanks to the rotational speed profile, the mechanical power mission (torque Tgp4f¢,,.,, and
rotational speed Q,;,,¢) can be established:

_ Ppropyp ® 1000
Pshaftemot(t) - Ngbox X 1.34 (C'5)
T
Qemor () = Nprop (t) x Rgbox X 30 (C-6)
Pshaft ®
TShaftemot(t) = Qemet::(l)tt) (C—7)
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APPENDIX D. TURBOSHAFT MODEL

To move an airplane through the air, some kind of propulsion system are used to generate
thrust. This figure shows drawings of four different variations of a gas turbine or jet engine.
In this study only the turboshaft has been considered.

Turbojet Turbofan
\' — A -
=1
/ \ A
Turboprop Turboshaft

Fig. D-1: Example of gas turbine.

Table D-1: Input/output variables for the turboshaft model.

INPUT VARIABLES
Paynamic (t) [Pa] Dynamic Pressure
T gynamic (t) [K] Dynamic Temperature
Pgs [W] Sea Level Thermal Power
Pmecngr, . . (D) (W] Turboshaft power mission
OUTPUT VARIABLES
M gye [kg] Fuel mass
M yrboshaft [kg] Turboshaft mass
The model is illustrated in Fig. D-2.
T -
i TURBOSHAFT MODEL |

[
J

I N
i i PERFORMANCE MODEL L

> . N OUTPUT
. COMPUTATION ESTIMATION L VARIABLES

|

|

N\ .

| | SIZING MODEL

INPUT
VARIABLES

o~

Fig. D-2: Process chart of the turboshaft model.
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The turboshaft model is based on response surfaces as mentioned on the data regression of
Fig. II-5. Three inputs have been considered: the static power at sea level Ps; s, the ratio § [Pa]
between total and static pressures at sea level and the ratio 8 [K] between total and static
temperatures at sea level previously calculated in Eqs (A-4) and (A-5). From these inputs, a
one column-vector is derived in Eq(D-3) in order to assess the maximum mechanical
turboshaft power B, a; and fB; are two constant values related to the linear

AXshafter”
regression.
Table D-2: Turboshaft mechanical power functions.
_ denamic
~ 101325 Pressure ratio [—] (D-1)

T gynamic
f =i

288.15 Temperature ratio [—] (D-2)

log(PSLS ) |
log(6)
log(8)
log(PSLS )2
Xc = log(8)?
log(6)?
log(Ps,s ) x log(8)
log(Ps s ) x log(6)
| log(6) X log(6) |

Regression vector [-] (D-3)

= 10%1+Prxc Maximum mechanical power of

Brax h
ft
shartqr the gas turbine [kIW]

(D-4)

The input parameter Ps; s is a constant value and it will determine the maximum mechanical
turboshaft power during the mission considering altitude and Mach speed. That is why, a
convenient Pg; ¢ value must be designed (P, Computation function) in order to suitably

supply the hybrid electric propulsion during the whole flight mission, the PmaxshaftGT has to

be higher than the P,,;ssi0n (t)- But this process needs an internal loop that is why, another
function "Ps; ¢ Computation” is added in this model for determining the right value.

D.1 Pg; ¢ computation:

From the Eq(D-4), the process was reversed:
log (PmaxshaftGT) =a; + By.xc (D-5)
Using the Eq(D-5), a second order polynomial function of P;;¢ has been found:

pg, s X 10g(Pés) + Bpg, s X 108(Psys) + Vpgs = 0 (D-6)
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APPENDIX D: Turboshaft model.

Which the roots are:

_ 2 _
( ﬁPSLSi_\/BPSLS 4><aPSLSXVPSLS)

ZxaPSLS

log(Ps;s) = min (D-7)

In the equation (D-6), apg, ., Brg, s Vrg, s FEPrEsent constant values of the 2" order polynomial
function of Ps; . These constant values are determined by three input variables &, 0, P,ission-
For each mission point, a Ps; s value is determined and finally the maximum value of this set
is chosen.

D.2 Fuel estimation:

Given the vector (x;) with the right value of Pg;s, the maximum Power Specific Fuel
Consumption PSFC,,,, is assessed (in [kg/s/kW] as defined in: it corresponds to the
turboshaft PSFC when this engine provides its maximum power leading to a minimum
consumption. For the real turboshaft fuel consumption, a ratio (Part;,q.q) is set in Eq(D-9)
between the required power function (of the environmental data § and 8° and the maximum
mechanical power). Another linear regression is used to estimate the actual PSFC Eq(D-11)
from which the fuel flow rate is defined given a required power P, ;550 and used in Eq (D-3).

Table D-3: Fuel estimation model

PSFCppqy = 10%2+F2Xc Maximum Specific fuel consumption  (D-8)
, [kg/s/kW]
— mQChGTmission . (D'g)
Partipqq = maxshaftGTX‘sx‘/? Power ratio [—]
log(Part;oaq) (D-10)
2
log(Partigaa) Regression vector [—]
log(Partload)lo
PSFC = 10%3+Fs¥ x PSFQM Specific fuel consumption [kg/s/kW] (D-11)
Pmec P -
Dty lkg/s] = PSFC X % Mass flow rate [kg/s] (b-12)

In this model, the specific fuel consumption variation is taken into account. The fuel burn can

be calculated over the aircraft mission by integrating the Dmfuel variable. As displayed in Fig.

I-16, the turboshaft consumption is minimum at 100% of the rating power. Contrarily, at low
rating, the SFC evolution may be referred to a hyperbolic function. In that way, using
secondary energy source in taxi and descent phases and switching off the main thermal source
could be interesting in a hybrid electric aircraft. However, an efficient, reliable and fast starting
system is mandatory as in modern ground vehicles.
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D.3 Sizing model:

Estimating the turboshaft mass is difficult. For that purpose, a typical specific power Pspp =
9.86 kW /kg is assessed from experimental data set [12]. Finally, the fuel mass is obtained by
the time integral of the mass flow rate.

Mgy = fDmfuel(t)dt (D-13)
Meyrboshare = Psis X Pspg (D-14)

D.4 Power constraint:

A constraint associated with the shaft power is set in this model in order to ensure that the
turboshaft will provide enough power to the propulsion system.
(D-15)

P, = P,
Mmaxshaft g MeChGT ission
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Table E-1: Input/output variables for the cable model.

INPUT VARIABLES
Petecogpio (D (W] Cable electric power
PF (t) [—] Power Factor
m [—] Number of phases
vV [V] AC/DC voltage (depending on the cable)
OUTPUT VARIABLES
Neabie(t) [%] Cable efficiency
T capie(t) [°C] Cable warming
AV [V] Voltage drop
Mcable [kg] Cable mass
The model is illustrated in Fig. E-1.
P e L .
| CABLE MODEL |
e Y :
[ ] > SIZING MODEL | :
| T -
; PERFORMANCE | |
i MODEL '
S 1

Fig. E-1: Process chart for the cable model.
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Several locations have been selected with different ambient temperature assessments. They
are listed in the following table:

Table 1: Ambient temperature in each part of the aircraft.

PLACE Tomb
Nacelle 80
Pylon 80
Wing 80
Fuselage 60

Two materials are considered: copper and aluminum.

Table 2: Copper data table

GAUGE 1 0 00 000 0000
K, [-] 1le-4  84e-4 6,0e-4 4,3e-4 3,1e-4
My, [g/m] 470 600 750 950 1200
Ryin [Q/m] 0,5e-3  0,4e-3 0,31e-3 0,25e-3 0,2e-3
Teavleyg, [°Cl 220 220 220 220 220

Table 3: Aluminum data table.

GAUGE 1 0 00 000
K. [-] 20e-4 15e-4 1le-4 8,4e-4
My [g8/m] 143 181 230 276
Rjin [Q/m] 0,75e-3 0,60e-3 0,43e-3 0,36e-3
Teabie,,,, [°Cl 160 160 160 160

The idea is to estimate the cable weight per meter of length for different voltages and
locations inside the structure (nacelle, fuselage). The details for this model cannot be provided
for confidentiality reasons.
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APPENDIX F. ELECTRIC MOTOR
MODEL

Table F-1: Input/output variables for the electric motor sizing model.

INPUT VARIABLES (in bold blue, the 10 decision variables for optimization)

Raiesage [m] Bore radius of the electric motor
Rprot,, [%] Rotor diameter/rotor length ratio
R, . [%] Air gap thickness/ bore radius ratio
Rps, . [%] Slot height/ bore radius ratio

PMal [%] Magnet thickness/ bore radius ratio
Timagnet [%] Pole pitch (=100%)
Tsiot [%] Slot pitch (=100% full pitch winding)
Kcarbon [—] Carbon fiber constant for sleeve equation
P [—] Number of pole pairs
q [—] Number of phases
nepp [—] Number of slots per pole and per phase
N, [—] Number of conductors per slot
ki [—] Fill factor in the slot
Ja [T] Permanent magnet flux density
Byoke [T] Stator yoke flux density
Bieetn [T] Stator teeth flux density
Byoke,oror [T] Rotor yoke flux density
Vunvpc [V] Ultra high voltage direct current

OUTPUT VARIABLES

M notor [kg] Electric motor mass
PF(t) [—] Power factor mission
m,(t) [—] Modulation depth mission
Pjpc(t) [W] DC Joule losses
Prron(t) [W] Iron losses
Pr(t) [W] Friction losses
Pgero() [W] Aerodynamic losses
hxx, exx, Lxx, Rxx, Wxx [m] Sizes of the e-motor

| ELECTRIC MOTOR MODEL

\_
- i
INPUT e \ i OUTPUT
i L PERFORMANCE |
; . MODEL | |

Fig. F-1: Process chart of the electric motor.
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More details related to the assumptions of this model can be found in [A5].

F.1 Sizing model.

F.1.1 1rst harmonic air gap flux density

The computation of the air gap flux density is the first step of this model. Most of variables
use this parameter. In equation (F-2), the direct calculation is used for determining the air
gap flux density [A5].

Table F-2: First harmonic flux density computation process.

Tmagne
Yelec = T X Tgt .
R xja
B OTld — PMyql (F-Z)
f 9aPrms log(—(l—Rpmml—Rgml))
sin(Yetec) -
Bgaprms - Bfondgaprms X 2\/E X % (F 3)

F.1.2 Electric motor geometry.

All sizes of the electric motor are determined from the input variables. The Fig. F-2 represents
each variable name on the cross section of an electric machine.

Table F-3: Geometry of the electric permanent magnet synchronous machine.

Lnotor = ZZRaﬂ E-motor length [m] (F-4)
Drotypm
e9mag = Ratesage X Rg, 4, Magnetic air gap thickness [m] (F-5)
€magnet = Ratesage X Rpm, 4, Permanent magnet thickness [m] (F-6)
hgior = Rhsml X Ralesage Slot height [m] (F-7)
Nepne = 2p X q X nepp Number of slot [m] (F-8)
_ BgapymsV2  Ralesage Stator yoke height [m] (F-9)
hyoke - X
Byoke 14
Byok i _
Ryokerorer = # X Ryoke Rotor yoke height [m] (F-10)
OReérotor
Bga 2 io [9 :
Ratiogeem = 2 B prmsV2 Teeth Ratio [%)] (F-11)
T Byoke
(Ratesage=€9Imag) Sleeve thickness [m] (F-12)
€sleeve 1
-1
(kcarbonxmax(ﬂemot(t)) )
€gap = €9mag — Esleeve Mechanical air gap thickness [m] (F-13)
- — 2mXRalesage Slot + teeth arc [m] (F-14)
teeth+slot Nenc
Wsiot = (1 — Ratiogeern) X Teeeth+siot Slot arc [m] (F-15)
Weeeth = (Ratiogeetn) X Treeth+siot Teeth arc [m] (F-16)
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Wslot
—
wieet™
€magnet \(\.9‘0‘ /
/ . :
hyok €rotor @d
‘W A B o+ Tmiagnet

€9mag

Fig. F-2: Cross section of an electric motor with each variable name.

The slot arc wg,¢ is not sufficient for determining the exact sizes of the slot. That is why the
Fig. F-3 describes the geometry of the slot and the process related to the calculation of the
slot length in order to find the right value of the slot section.

Sstot = Lgior X Rsior

-Ralesage

[ Gsiot
Lgior = 2 % Ralesage X Sll’l( 520 )

Fig. F-3: Description of the slot length calculation

Table F-4: Slot sizes details.

Os10t = #ﬁ‘;e Slot angle [rad] (F-17)
. (0510 )
Lsiot = 2 X Rgiesqge X Sin (%) Slot length [m] (F-18)
Sstot = Lsiot X Rgiot Slot area [m?] (F-19)
ScUtorar = Sstot X Krin Useful copper area [m?] (F-20)
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F.1.3 Centrifugal pressure and peripheral speed.

The centrifugal pressure and the peripheral speed will be uses for the mechanical constraint
computations.

Table F-5: Mechanical constraints calculation.

RyokemtoTOUT = Rshaft + hy0kerotor (F-21)
RmagOUT = RyokerotOTOUT + emagnet (F_ZZ)
RsleeveOUT = RmagOUT + €sleeve (F'23)
1 %echmay 3 3 3 3 (F-24)
Pcentrifugal —3 esleee Pcarbon: (RsleeveOUT - RmagOUT) + pPpm- (RmaQOUT - RyokerowTOUT)
Vperipheral = RsleeveOUT X Qmechmax (F'25)

The centrifugal pressure Peenirifugar and peripheral speed Vi eripnerqr CONstraints are set in
order to design the right carbon sleeve thickness.

F.1.4 Electric motor winding configuration.

The head winding coefficient k;, is determined by the geometry of the electric motor. For the
winding layout, several winding factors are taken into account, the global winding factor
kwinaings is the product of these factors for the 1rst harmonic.

Table F-6: Winding factors description.

" (Lmotor+Tslot><§><Ralesage+7T><Tteeth+slot) head winding coefficient [-] (F-26)
t = Lmotor
Sin(lxneppxpxw> twist factor [-] (F-27)
2 Ra esage
kdl = lesag
neprSin(%pr—ngfea}lstzt)
kr1l = sin (’l’slot X g) shortening factor [-] (F-28)
kil=1 distribution factor [-] (F-29)
kvwindgings = kd1 X krl X kil global winding factor [-] (F-30)
kie =1 (1,15 if 2035 target) AC coefficient losses (2035 target) (F-31)

F.1.5 Electric parameters.

The single-phase equivalent circuit of a permanent magnet synchronous machine is presented
in the Fig. F-4.
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XS = LcsQetec

Erms = 4:__[66‘6]\

(pT'mSnoload V3 Qelec R
s
DC V
emotyms

Fig. F-4: Circuit parameters of the PMSM and its electric equivalent circuit.

Table F-7: Circuit parameter equations.

NceXN
gormsnoload = C;_q_penc X 2. kwindings X Lmotor X Ralesage X \/E Bgaprms (F-32)
L = i 2 5 k2 NceXNenc 2 x LmotorXRalesage (F'33)
p = Ho windings
T 2.qp €magnett€9mag
1
M=-1L, (F-34)
Les=L,—M (F-35)
NcexN
R PCU><2><—Ce>< ERE % kep X LmotorXKic (F'36)
Spc =
SCUtotal

The circuit parameters are the following:

Prmsnoroqq 1S the RMS value of no load flux in [Wb].
L, is the self-inductance of one phase [H].

M is the mutual inductance of one phase in [H].

L. is the cyclic inductance of one phase [H].

Rsp is the DC resistance of one phase [(1].

Once these parameters have been determined, the performance model can be run over the
flight mission.

F.2 Sizing constraints.

The maximum peripheral speed is 200 m/s and the maximum centrifugal pressure is 7,5 X

108 Pa.

Table F-8: Sizing constraints.
Rsnaft 2 Rsnaftpy Shaft radius constraint (F-37)
€gap = €9min Air gap thickness constraint (F-38)
Vperipherat < Vperiphemlmax Peripheral speed constraint (F-39)
Peentrifugal < Peentrifugal Centrifugal pressure constraint (F-40)

max

199



APPENDIX.

F.3 Performance model.

F.3.1 Field weakening control

The Maximum Torque Per Ampere strategy has been implemented with capability of field
weakening during the flight mission. This strategy is based on the Behn-Eschenburg model
presented in Fig. F-4.

axis q ” 1 |‘Vz 72 axis q 1 5
= - ; —_ — |77z 2
rms -\.@ \J d + G - ‘| [{'ms - \"@ \\l [{i + VG ) ‘
axis d ) t axis d 7 i\
i ‘Q‘efe‘c'Lcs'Irms ] P ﬂggec-Lcs-I;-ms
1) ‘ 8§
Vi v,
E | E ’
rms A .
= J I, <0 4 _—~— B\lp _Trms | o
Iq I/;f RS - I)'J?IS [q l{]‘ RS - IJ'THS
1 I 1
Lims =E Iy +13 L =E I(? +13

Fig. F-5: Behn-Eschenburg model (left: without field weakening ¥ =0°)(right: with field weakening ¥ >0°) .

The principle of the maximum torque per ampere control is implemented with the angle ¥
equals to 0. Indeed, the choice of " W =0°" represents the optimal angle which allows having
the maximum torque with minimal Joule losses. Maintaining a constant torque ("/," constant)
at a higher speed than the base speed induces a negative current "I;": this "counter-field
current” reduces the air gap flux "®,". This operation in field weakening mode ensures the
same power value for a higher speed while remaining at the induced stop-voltage (maximum
voltage allowed by the DC bus).

Table F-9: Initialization of the field weakening control.

7 -
|E - emot Required torque => Iq current (F-41)
qmlSSlOTL pX(prmSnoloadxﬁ
_ Prmspoioaa™V3 Center of the actuator circle (F-42)
Idcentre - LCS
3 Stop-voltage (max inverter voltage) (F-43)
Vdqmax = Vondmax X \/; = Qerec X
Py
Ro. . = Vdqmax Radius of the actuator circle (F-44)
mission LXQ L
cs” elecmssion

From a geometrical point of view, the radius of the actuator circle is defined by the maximum
available voltage, Vigmax, and the actuator rotational speed over the flight mission,
Detec, i ion (S€€ Table F-9). The intersection between the actuator circle and the current
vector defines the operation point (OP1,2 see Fig. F-6a).

When the voltage is not limited (without field-weakening), the circle must contain the
operating point (blue circle in Fig. F-6b) and the equivalent condition is the following:

2 2 2
Rmission = ICImission + Idcentre
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Opl IQ(A)

l

Constant power during
field weakening control

0P,

Torque during field \
weakening control

_q}r"nslmland X 1‘@

Rotation speed Id optre =

(a) (b)
Fig. F-6: Field-weakening operation. (a) Power/torque versus rotational speed plane. (b) Analysis in the d-q

plane. Two representations of actuator circles (blue circle: maximum torque per ampere strategy, with 1; =0,
green circle: field-weakening strategy, with increased speed and constant limited voltage).

LCS

The inequation becomes an equation when the voltage of the electric actuator reaches the
maximum available voltage, Vygmax- In this case, the field-weakening strategy occurs. The
operating is then defined by the green circle. During that overspeed operation, the actuator
usually operates at constant power, as illustrated in Fig. F-6a. The blue circle shrinks to the
green circle (increasing speed) and the current is shifted in phase to reach the operating point
(see Fig. F-6b). Both operating points (OP; and OP,) are represented in the torque-speed plan
(see Fig. F-6a). The circle characteristic is defined by:

2
2 ) _
Rmission - Iqmission + (Idmission Idcentre )

This second order is derived in Figure 8 to set the current [; in the case of the field-

ission

weakening operation:

2 2

) ~Prmspoloaqd V3 2 ~Prms,o10ad <V 3 Vdqmax —
Ig . — 2Xx—7" X g, ision T 1Qmission T - =0
mission Les mission Les LesXQelecyyission
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TORQUE MISSION

Temot

Iqmission =

' p X Prmsnotoad * \/§

|

2 2 S YES No field weakening
Riission 2 19mission + [dCentre — Id,icsion = 0
v NO
aA(p = 1

bAq) =2 X 1dcentre

. 2 2 2
C/_\.fp_ Iqmission + [dcenrre o Rmission

' JBp = by, —4 X ay, X cp,

\
Ap <0

No reachable point

Idnission = —1dcentre

NO => 2 solutions

A\ 4

—bpp — /AP Field weakening
paeevnee e  [d,. ... = max(Id1,1d2)

B —bpp + /@ B
ld) = —————— | Id; =
{ 2 xaAq) ’ 2 Xaﬂq)

Fig. F-7: Field weakening control description.

Fig. F-7 shows the resolution process of the control strategy. The discriminant is computed to
check if there are solutions. Finally, if solutions exist, the least restrictive I; value is kept. After
this calculation process, the electromechanical actuator characteristics can be computed. The
currents and voltages are derived from the d, g axis values (see Table F-10).

Table F-10: PMSM electric parameters and flux densities.

Ermsmission = q)\/§ Qelecmission (F‘45)
Vdmission = RSDC X Idmission - Lcs X Qelecmission X Iqmission (F'46)
VQmission = RSDC X IQmission + Lcs X Qelecmission X Idmission + Ermsmission (F‘47)
1 (F-48)
Isrmsmission = ﬁ\/ I drznission +1 q’rznission
1 (F-49)
Vsrmsmission = ﬁ\/ Vdrznission + Vq’rznission
(Dgnoload = (prmsnoload X \/§ (F-50)
2 (F-51)

(Dgfield—weakening = \/(Iqmission X LCS)Z + ((Dgnoload + Idmission X LCS)
B (Dgfield—weakening (F_52)

yokemission — BJ’Okenoload

cpgnoload
q)gfield—weakening (F'53)

Bteethmission - Bteethnoload o)
Inoload
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The electric parameters are the following:

*  Ermsnoioqq 'S the RMS value of no load voltage in [V].

o Vdpission and V@mission are the “d” and “q” axis mission voltages [V].

* VSrmsmission @M ISrms icsion @r€ the voltage and the current in one phase [V/A].
o O and @

e B

are the air gap flux density (no load and in load [Wb].

Inoload Ifield-weakening

and Bieetn are teeth and yoke flux densities during the mission [T].

Yokenission mission

All inverter parameters can be computed from the Behn-Eschenburg diagram in the Fig. F-5:

Table F-11: Inverter parameters

Vsrmsmission i _ 3
M pission = ~Tyeae™ modulation depth [-] (F-54)
22
5(t) = —atan (Vd_(t)) internal angle [rad] (F-55)
V(@)
Y(t) = atan (M) field weakening angle [rad] (F-56)
19(®)
@) =8() —¥(0) power factor angle [rad] (F-57)
PFrission = cos(@(t)) power factor [-] (F-58)

F.3.2 Losses model

In this study the following losses have been taken into account:

on is the DC Joule losses in the stator windings [W].

P
]Dcmissw

Prronmission 1S the Iron losses in the stator yoke [W].

Rmission 1S the friction losses in the bearings [W].
PAgapmission is the windage losses in the air gap [W].

*  Parotormission S the windage losses in the two rotor surfaces [W].

Table F-12: Electric engine losses description.

— 2
Pinc,iccion = 4 X RSpc X ISfms, oo (F-59)
= A £ F-60
Plr‘mmission =2X (ZfaByokeMStatOTyoke + ZfaBteetthtatorteeth) ( )
Rmission — 2, Cfroul X Q elecmission (F-61)
PAgapmission = ky X Gy T Pair X o elecmission Rglesage X Kep X Lmotor (F-62)

— 5

PArotormission - Cfr- . Pgir X 0? eleCmission X Ralesage (F'63)
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F.4 Performance constraints.

Table F-13: Performance constraints.

Ap =0 Mission fulfillment (cf Fig. F-7) (F-64)
Demag <0
(Demagnetization ok ? Demagnetization constraint [-] (F-65)

Yes=0,No=1)

The (F-65) constraint equation concerns the problem of irreversible demagnetization of the
magnet generally caused by its heating and/or by the operation in overspeed (field
weakening).
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APPENDIX G. ELECTRIC MOTOR
COOLING MODEL

Table G-1: Input/output variables for the electric motor cooling model.

INPUT VARIABLES
Ralesage [m] Bore radius of the e-motor
hxx, exx, Lxx, Rxx, Wxx [m] Sizes of the e-motor
P [—] Number of pole pairs
Nenc [—] Number of slots
ki [—] Fill factor in the slot
Prluid> Pair [kg/m3] Fluid and air density
Cpﬂm-d, Cpair [J/(kg. K)] Fluid and air thermal capacity
visd g, Visd gy [Pa.s] Fluid and air dynamic viscosity
Vir [m?/s] Air kinematic viscosity
Aftuid Aairs Aepoxy Awinding nanmer [W/(m.K)] Fluid, air, epoxy and winding
channels thermal conductivity
Diube,pra [m] Output diameter of the e-motor
cooling system
Cwinding channel [m] Winding channel thickness
hwaterjackethousing [m] Water jacket housing thickness
RwindchannelLSlot [%] Ratio between winding channels
and slot length
Qstatorr Arotor» Awindings [m3/s] Stator, rotor winding channel flow
rate
Nnodes [—] Number of nodes
Pipc, issiom Pronmission’ [W] DC Joule, Iron, Aerodynamic,
Py iccion PRoission Friction losses.
OUTPUT VARIABLES
M notor+cooling [kg] E- motor + cooling mass
PSpE pmotor+cooting [kW /kg] E-motor + cooling specific power
Tyokegparor (D) [°C] Stator yoke temperature
T yindings(t) [°C] Winding temperature
Tmagnet(t) [OC] Magnet temperature

I E-MOTOR COOLING MODEL

| SIZING MODEL |

-
¢

LUMPED PARAMETER
THERMAL MODEL

Fig. G-1: Process chart of the electric motor cooling model.
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G.1 Sizing model.

Three direct cooling systems studied in [87] have been implemented in the optimization
process:

- internal cooling inside the slots of the electric motor (2035 target),

- External cooling outside of the stator through a water jacket,

- and inside the rotor through a shaft cooling system.

G.1.1 Winding channel model for internal cooling (2035
target).

W”ldLngvhannelm:
€windingnannel — ) CYLPLTEEVEN

-

L

wi ndlng channeljy

EEEEEEEEEEEEEEEEEEEEEES

L]
“aunamn?

Lwina‘ings

e ——
ssmussmsmmnsmnnnnnmnnnnmnns?

/

Wi”dingchamwl() UT
Fig. G-2: Winding channel layout details in the cross section of the slot.

Table G-2: Winding channel sizes.

hwindingchannelm = hgior — 2. Cwinding channel (G-1)
Lo — Rwindchannely gt L (G-Z)
Wlndlngchannel()UT 2 » bslot
LWindingchannellN = LWindingchanneZOUT -2 eWindingchannel (G-3)
: kriu G-4
kflllWindingchannel T 1—R. ( )
windchannely g1t
Ahydrowinding = LWindingchannelIN X hWindingchannelIN (G-5)
; - . o (G-6)
Perlmhydrowinding =2X (medmgchannel“v + hwmdmgchannel”v)
D _ Ahydrowinding (G- 7)
hydroywinding — :
winding . Penmhydmwinding
_ Awinding (G-8)
ufluldwinding - Anvd L
Yarowinding
The channel height hWindingchannellN and external/internal length

LwindingchannezOUT LWindingchannelINare determined by the slot height hg,;, the slot length

Lgio¢, the thickness of the channel eyinging panme; @Nd the ratio Ryinachannet, g .- A new fill
factor kfillyinding panme; 1S COMputed from the new useful slot area. Hydraulic parameters
are computed from the new configuration.
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Table G-3: Differences between 2025 and 2035 targets

TARGET 2025 2035
Ryindchannelygo; 0 25%
ewindingchannet 0 0.1 mm
QWinding 0 5.5e-4 m3/s

G.1.2 Water Jacket and shaft cooling design (2025 and
2035).

ewaterja cket

hwaterjacket

RwatS‘I‘f[ICkfftﬂuid[V

R

Shﬂftmoling

Fig. G-3: Cross section of the electric motor with water jacket and shaft cooling representation.

Table G-4: Water-jacket design equations.

Rwaterjacketﬂuidm = RstatOUT + hwaterjackethousing (G-lO)
€waterjacket fyig — 2% x Rwaterjacketﬂuidm (G-11)
RwaterjacketﬂuidOUT = Rwaterjacketﬂuidm + ewaterjacketﬂuid (G—12)

2 ) (G-13)

— 2 _
Ahydrostator =Tn (RwaterjacketﬂuidOUT Rwaterjacketﬂuidm

, - G-14
Perlmhydrosmm =2Xm (RwaterjaCketﬂuidOUT + Rwaterja‘:ketfluiduv) ( )
D — Ahydrostator (G-15)
hydrosator Perimpydarogiqror
_ dstator (G_16)
Ufluid =7
U stator Anydrosiator
Table G-5: Shaft cooling design equations.
DtUberotor = 10% X RShaftIN (G-l 7)
2
A — "Diuberoror (6-18)
hydroyotor 4
Perlmhydrorotor = T[(Dfuberotor) (G_lg)
_ Anydrorotor _ __ G-20
Dhydrorotor =aAX T = DtUberotor ( )

PeriMmpydroygeor
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. — _ drotor G-21

Ufluidroror — Anydroyqr ( )
rotor
Table G-6: Heat exchanger tube design equations.
2
A — nDtubetotal (G'ZZ)
hydrototar — 4

. _ Qrotor+QStator+‘7winding (G-23)

ufluldtotal -

Ahydrototal

G.1.3 Fluid convection coefficients computation.

Once these systems are designed, Reynolds and Prandtl numbers are computed in order to
determine fluid convection coefficients in the cooling system:

Table G-7: Reynolds and Prandtl number used in the fluid convection coefficients computation.

P fluid XUfluid 5 XDtube _
Reyy = XX XX (G-24)
'Afluid
pr = CPFluidXvisdriyia (G-25)
Afluid

The following process is used for determining each Hyy fluid convection coefficients. In the
case where the Reynolds number is lower than the critical Reynolds number, the flow is

laminar and the Nusselt number is constant. In the other case, a Nusselt equation is computed
with a particular one for the heat exchanger.

NO YES ¢ 3
{ XX = Heat Exchanger? |
NO YES
f = (0,79log(Reyy) — 1,64) 72
Nuy, 1,364 Vi Lep 1000) x i Nuyy = 0,0243 X R P
_____________________________________ o127 oo
Nuyy X Afy,
H, - -
. D

Fig. G-4: Fluid convection coefficient calculation process.
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G.1.4 Computation of air convection coefficients.

G.1.4.1 Air gap.

Other processes are used for the air convection coefficients inside the electric motor housing:

Table G-8 : Prandtl and Taylor number in the air gap.

CPqirXvisdg;
Pr... = Dair air (G-26)
alr Ao
air
— 02 Ltotalemot 3 Rsteeveout (G'27)
Ta' - emot X 2
2 Vair

3
L R,
totalemot sleeve gyt
Taatrqap - 'Qemat X ( 2 X 1/2

air
¥
1700 < Ta < 10000

NOlv l YES

Nua”gap 0,128 X Ta%*%5 || Nugiygqp = 0,409 x Ta%2*!

I . |
v

i
i
i

Nuairgap X /lairgap

H =
airga
g% LL()Lalemal

Fig. G-5: Air gap convection coefficient calculation process.

G.1.4.2 End-space frame.

2

o Rsteeveout

Rem!m' - Qm:mi X v :

air
. . CPairXvisdaiy
P}(m‘ Cpm.r X

Aair
| Reotor <3%10
NO 1
! IYES

0,146
i J
| Nitgrame, = um[ )m,,,,,,, ‘Nuﬁ amein = Prair ( )Rcmm |

| 1
|

|
H o N “[:'mitc’w X A(:H‘
frame;y, — R

sleeveyyt

Fig. G-6: End-space frame convection coefficient calculation process
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G.1.4.3 End-space rotor.

Table G-9: Prandtl and Nusselt number in the end-space rotor.

RS EEUEZ G-28
Rerotor = Qemot X % ( 4
-1/6 .
Nuyotor = 0.00823 X (Lendspace) X Rer(‘)bz:?)r (G-29)
NuyotorXAqir -
Hena-spaceroror = —: - (G-30)
sleevegyr
G.1.4.4 End-space windings.
Table G-10: Convection coefficient in the end-space windings.
Hend—spacewindings =110 W/(mZ'K) (G-31)
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Fig. G-7: Lumped parameter thermal network of the motor and its heat exchanger.
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Fig. G-8: Lumped parameter thermal network detailed.
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APPENDIX G: Electric motor cooling model.

G.2 Lumped parameter thermal model.

The transient model is based on a lumped parameter thermal model Fig. G-7 and Fig. G-8.
Solving the system equation in transient regime provides the temperature evolution during
the flight mission considering the thermal capacity matrix G of the motor system, with respect
to and any variation in input data such as the external temperature and to heat flow profile
(motor losses profiles). The thermal balance equation is the following:

C.Z—: —GT+ ¥ (G-32)

Where C and G are [nxn] respectively the matrices representing capacity and conductance
effects, and T and ¥ are the vectors [nx1] representing temperatures and heat generation in
a system. An implicit Euler method is used to solve Eq.(G-32).

Thermal conductance matrix G.

The Table G-11 gives the expressions of the thermal conductances for each heat transfer
mode.

Table G-11: Flux and conductance expressions for each heat transfer mode.

Heat transfer mode Conductance Heat flow expression
Conduction Geond Sij d
— /1 COTl
(axial and ortho-radial) Gaxiar (L)) = Lu Gaxiat (0 )(T; =~ Ti)
2nAh
Conduction (radial) Gragia (b)) = ln( ,) G G )(T — Ty)
rl
Convection GS°™ (i) = HS; G§°"”(i)(Tf - Tl-)
Fluidic flow ¢, j) = me, ¢ i, ) (T - 1)

e §;jisthe surface of heat transfer between volumes represented by nodes i and j [m?]
e S, is the surface exposed to convection heat transfer[m?]

e T is the average temperature of the fluid surrounding surface S; [°C]

e 1,7 are the radius of nodes i and j (with r; = 1;) [m]

e L;jis the distance between nodes i and j [m]

e his the height of the cylindrical object [m]

o
m2.K

e Aisthe thermal conductivity [ﬁ]

e 1 is the mass flow rate [kg/s]

e (., is the thermal capacitance J_
p kg.K

Once all coefficient calculations are made, the equation (G-32) can be calculated in order to
find the temperature in each part of the electric motor.
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3.3 Constraints.

The thermal constraints are usually the most sensitive with regard to the electrical machine
sizing. Three were selected in the optimization process.

Table G-12: Performance constraints.

Tstatoryore = Tstatoryoreny, Stator yoke temperature constraint  (G-35)
[°Cl]

Twindings < Twindingsmax Winding temperature constraint [°C] (G-36)

Tnagnet < Tmagnet,,, ., Permanent magnet temperature (G-37)

constraint [°C]

Different values are chosen for the two (2025 and 2035) targets of the HASTECS project.

Table G-13: Differences between 2025 and 2035 targets.

TARGET 2025 2035
Tstatoryokemax [°C] 180 180
Twindingsmax [OC] 180 180
Tmagnetmax [°C] 150 150
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APPENDIX H. PARTIAL DISCHARGES IN
THE SLOT

Table H-1: Input/output variables for the partial discharges model in the slot.

INPUT VARIABLES

hsio [m] Slot height
Lo [m] Slot length
ki [—] Fill factor in the slot
Nee [—] Number of conductors per slot
Tyina [°C] Maximum winding temperature
ALT cps [m] Cruise altitude
Vunvpe [V] Ultra-high voltage direct current
Vemotyms [V] RMS value of the e-motor voltage
Lrise [s] Switch rising time of the IGBT

OUTPUT VARIABLES
Cliner [m] Liner thickness
Cinsulation [m] Insulation thickness
Rey [m] Copper radius of one wire
(] T [—] Number of turns per conductor
krempreal [—] Real fill factor in the slot
Flagypos,,imings [—] Flag for the integration of the

windings in the slot (1 = No, 0=Yes)

PARTIAL DISCHARGES MODEL

|
| I

} i . CALIBRATION
S
|

| COMPONENT DEFINITION |

\

i @ N

|

i < 4

| @ ™
|

| < 4

/

Fig. H-1: Process chart of the partial discharge model in the slot.
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H.1 Calibration model.

The partial discharge model are studied in detail in [A8] and simplified (as presented in this
Appendix) to face constraints of an optimization base system integration. Basics of partial
discharges are based on the physic law of F. Paschen. In 1889, Friedrich Paschen investigated
the breakdown of air located between two metallic plane electrodes. In order to take account
of environment conditions in this model a calibration considering the temperature and the
altitude has been implemented. An abacus permits us to anticipate the reduction of the Partial
Discharge Inception Voltage (PDIV) with respect to the ground environmental conditions.

1

£ 095 O~
[ 5.
@ ~Q
~ -
o 09 T~
i <
£ 085 B
Q =~ s
o 2 Altitude =0m
[=}
:]\‘J 0.8 |
)y o
g ' |
£ 075 o
5. |
% . O\ﬁ\g\q\ﬁ\o\ |
S e
i~ o~ «:_,__‘_7_ ) V
x 005 T s o
o —a _ —0 —0
0.6 . . i >
0 50 100 150 200 250

Temperature [°C)
Fig. H-2: PASCHEN abacus: PDIV decrease for a combined variation of temperature and pressure.

The PDIV is maximum at normal temperature and pressure conditions (i.e.: 20 °C, 760 Torr),
this maximum value is designated as PDIV,.¢. Using the graph in Fig. H-2, the PDIV level
between two enameled round wires in close contact for any point of the mission profile can
be evaluated with respect to the actual environment. It is directly derived from PDIV,,¢
obtained with a numerical model. It was assumed that the decrease of the PDIV level with
temperature and pressure is the same, considering the turn/slot close contact. A limit winding
temperature of Tyinq,,... = 180°C and ALT¢gs = 25000 ft- (cruise) altitude are used for
the PASCHEN pqcus-

Table H-2: Calibration factor determined by the PASCHEN abacus.

Factor = PASCHEN 33,4005 (Tw ALTcrs)  Calibration factor [-] (H-1)

indjimit
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APPENDIX H: Partial discharges in the slot.

H.2 Slot component definition model.

H.2.1 Wire definition model.

The maximum voltage seen by the turns is the one given by power electronics through the
equation (H-2). An example of 5-level power electronics voltage waveforms is illustrated in
the figure Fig. H-3:

- lout

— Vout
= Vout_fundamental

N m

Ny
O gt bt

Fig. H-3: 5-level PE voltage and current curves.

The blue line represents the fundamental of the voltage, while the red one is the peak voltage
values over two periods. The maximum voltage step (between two successive pulses) value

has been taken into consideration for the PDIV value. For a 5-level the voltage step is %. For a
3-level converter, this step is doubled (g), E being here equivalent with the bus voltage

(Vurvpc)-

Table H-3: Detailed wire definition model.

— VuHvDC Max transient voltage seen by the turns [V] (H-2)

Vmaxtransient Nbieper—1
_ Vmaxirgnsiene  Related PDIV value for enamel thickness (H-3)

PDIVWindingSref - Factor estlmatlon [V]

A simple analytical model has been implemented for determining the minimal enamel
thickness avoiding partial discharges from the PDIV,..; value find previously.

217



APPENDIX.

il

12 10

&y enamel = 2

—_— 10 . — 4
£ Er.enamel = 3.5
n &r.enamel = 10
n 8 1
(]
, o
~
9 6
ol
o)
g 4 (o) 4
=
w 2

0

-2 A

0 1000 2000 3000 4000 5000 6000 7000

PDIV [V]
Fig. H-4: Enamel thickness as a function PDIVwmdingsref (T=20°C, P = 760 Torr).

The required enamel thickness e was interpolated versus the PDIV domain using a 3rd order
polynomial. The polynomial coefficients depend on the material dielectric constant (& enamer).
Thanks to a data sheet, correlations have been highlighted between the copper radius and its
enamel thickness, they are illustrated in the next figure Fig. H-5:

25

2} min grade 1
'é‘ J
E s 7
3 max grade 2
£ min grade 3
% AT max grade 3

05

0 10 20 30 40 S0 60 70 80 90 100
enamel thickness [um)

Fig. H-5: Copper radius versus enamel thickness for all grade tolerances (T=20°C, P = 760 Torr).
The Fig. H-5 displays the copper radius as a function of the enamel thickness given by the

grade tolerance (min/max), 6 grade tolerances are available. Another 3rd order polynomial
has been implemented for each grade tolerance.
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APPENDIX H: Partial discharges in the slot.

H.2.2 Liner definition model.

The maximum voltage seen between the slot and the turn is the maximum voltage of the
power electronic supplied electric motor.

Table H-4: Detailed liner definition model.

Vmaxsteady = Mgy X % Max steady voltage seen by the yoke (for a (H-4)
classical PWM without over-modulation) [V]
PDIV.. _ Vmaxseeady Related PDIV value for liner thickness  (H-5)
lnerref ™ Factor estimation [V]

The figure Fig. H-6 gives the slot liner thickness according to the enamel thickness of the
windings and the material permittivity.

200 ‘ o Er enamel = 1.6
. 400 e =5um 450t e =95um Er enamel = 2.3
§- 400 o 400 ‘
Er enamel = 4.5
A 3s0 350 Er ename 1
O . —
& ename 6
_g 200 o 200 r.enamel
o ) 8
£ 250 250
=i
e
Q 200 o 200
£
= 150 o 150
°
v 100 o 100 0
50 @ 50
o
0 0
500 1000 1500 2000 2500 0 1000 2000 3000
PDIV [V]

Fig. H-6: Slot liner thickness as a function of PDIVlinerref and enamel thickness (T=20°C, P = 760 Torr).

In that case a 2nd order polynomial has been set considering the enamel thickness and the
permittivity of enamel and liner.

H.3 Winding layout model.

Once calculations are done, the slot can be filled by turns and the liner untill reaching the right
value of k.

Table H-5: Detailed winding layout model.

ﬂoor(w) Number of turns per conductor [-] (H-7)

b _ an%u + 1

n turicond — Nce

Nbyires = Mbryurn,,,, X Nce Number of wires [-] (H-8)

. _ MbwiresXTXRE Real value of fill factor [-] (H-9)
fillyea LsiotXhgiot
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Two colors are used here symbolizing two different conductors. In this example, three wires
per conductor are considered.

SLOT ——

WP1

SLOT WP5

Fig. H-7: Example of winding layout.

The final process is displayed in
Fig. H-8:
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: Twinding i, = 180°C
| ALTiryise = 25000 ft = 7600m

\
s

CALIBRATION

o

Pititude =0m

e

L ———)
£ 5 ek ¢
N 7y

L B 5 8

o4

L Vmaxtransient / \ factor / \ Vmax5f€ﬂdy

PDIV,,,., = Partial Discharge [ PDIV . = Partial Discharge Inception |
Inception Voltage between turns Voltage between slot and turn '

| o ¥

A
4

’-—“\‘/ ~ = 2
% . Q = e =5um wof e =95um
= et = 2 = £« o - =
=lz- rnamet =35 - g - "
-2_ g J Erenamet = 10 g_ 5 Pt o ~ —
T (e = $a . o e
w £ g g wl o " o
Ql* 2 wf o I
w & ol o e
A = S e v
§ POIV[V] % PDIV[V]
2 s S’ \“ ‘/
v
R,= Copperradius p hick
€enamel= €namel thickness €liner= lIner thickness
_____ v
l-. 'I \\
)
2
a ks OK?
> SLoT - windings in the slot? OK?
a WP1
< SLOT WP5
g \ Il
Fig. H-8: WP5 detailed process.

Two constraints are used in the optimization process:

Table H-6: Constraints.

ki, — kfi”ref < 1% X kfi”ref Fill factor constraint [-] (H-10)

Flagposwindings <0 Winding layout constraint [-] (H-11)
(Windings in the slot ?Yes = 0,No = 1)

The first constraint ensures the proximity with the initial value of fill factor. And the second
constraint certifies the integration of the winding in the slot.
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APPENDIX|. POWER ELECTRONICS
AND ITS COOLING

Table I-1: Input/output variables for the power electronics model.

INPUT VARIABLES
M yssion (1) [—] Modulation depth over mission
FPpission(t) [—] Power factor over mission
fetecypmy, (E) [Hz] Electric frequency
nbphase [—] Number of phases
com [—] CONTROL of the Power Electronics
(PE)
TOoPO [—] Topology of the PE
Lrating [A] Current rating of IGBTs
Vunvpe [V] Ultra-high direct current voltage
Peitecpission (D) [W] Electric power over mission
OUTPUT VARIABLES
M cooting [kg] Cooling mass
Minverter [kg] Inverter mass
Ninverter(t) [%] Inverter efficiency over mission
Dccablemission(t) [W] Electric power required at the PE
input
T N
i POWERELECTRONICS MODEL 1
i AND ITS COOLING '
i - N | a >
[ } | POWERELECTRONICS MODEL '
i h < L 4
I { y ! ( )
| i COOLING MODEL | :
« e — ' 7 < J

Fig. I-1: Process chart of the models.
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|.1 Power Electronics model.

1.1.1 Semiconductor sizing model.

The design of power electronics for the HASTECS project was studied in [A9]. A simplification
of this design is proposed here to face the constraints of optimization based system
integration. In that context, a voltage based law has been implemented in this model in order
to choose the right converter topology with respect to the bus voltage. The process defined
in Fig. I-2 is related to the Fig. II-32 in CHAPTER II.

NO [ Viwvpe = 60% x 1700 x 2| VES
k. = Vu.![l:’D(f oo, = VHHVDC
PV T 1200 2 | O LY T 1200 4
= R —— Th et
= | kv=60% | 2 | ky=60% |
S NO (S < YES Wi NO [ —— ~YES
™ h

Fig. I-2: Topology and IGBT choice process.

ky is the IGBT rate of use in voltage; the fixed value of 60% has been assessed by AIRBUS in
order to avoid the cosmic radiations. In the previous process, the ultra-high DC voltage V,,yvpc
firstly determines the topology of the converter: based on the [A9] study, only 3 and 5
multilevel structures have be selected for this system integration. The maximum permissible
voltage in this case is given by the higher voltage rating (1700V) and the lower level topology
(times 2 because of the 3-level topology).

Once the topology is determined, another rule allows choosing the right IGBT device. Both
IGBTs (1200 and 1700V) have the same current rating I,.4ting = 600 A. A certain number of
IGBTs are parallelized to fulfill motor current constraints depending on both the voltage and
the converter structure. The inverter current and the electric frequency can be determined
over the mission profile:

Table I-2: Current and electric frequency computation.

. B (Petecyyission 2V2 ) RMS value of the current in (I-1)
rMSmission NbphasesXVuHVDCXMAmission XFPmission the PE [A]
fswitch =7 X fetecomor Switching electric frequency (I-2)
[Hz]
~ max(Lrms, o) Number of semiconductorin  (/-3)
nbicatye, = f loor< rating +1 parallel [-]
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To avoid subharmonics and AC joule losses in the electric motor, a minimum ratio of 7 has
been set between the switching frequency and the maximum electric motor frequency.
According to the topology, this frequency is redefined.

Table I-3: Switching frequency seen by IGBT and definition of the number of semiconductors per phase.

TOPOLOGY 3-LEVEL NPC 5-LEVEL ANPC
Control name DPWMMAX PWM
Number of semiconductors per phase. nbsc,, = 6 nbsc,, = 12
Switching frequency seen by IGBTs fswitch,GBT = fswitch f:ewitchIGBT = fswitch X 2

In the ANPC-topology there is two part: a switcher part and the 3-Level FC part, for the
switcher part, 2 IGBT in series are considered. The Fig. lI-31shows the 5L-ANPC single phase
inverter where there are 4 switches for the switcher part and 4 switches for the other part.
Finally, 8 switches for the switcher (4x2) and 4 switches for the 3-level FC equals to 12.

1.1.2 Capacitor sizing model.

The capacitor values can be calculated from the stored energy as shown in the following
equations. In both (3 and 5 level) structures, a DC bus capacitor has to be sized. In the 5 level
(ANPC) case, an additional flying capacitor must also be sized. In order to choose the most
appropriate component from the datasheet, the capacitor current is required:

Table I-4: Capacitor sizing model.

Leapayms =  Fms — 1dvg RMS value of the capacitor current [A] (1-4)
Iea arms . .
Ceapape = . DC bus capacitor capacity [F] (1-5)

fswitchIGBTXAVDC

Ve = % Voltage value for the 5L—ANPC converter topology (-6)
c _ _ foutmax
capary AVepy XVeX femot

Flying capacitor capacity for 5L ANPC converter [F] (I-7)

In this case, we have set certain quality constraints for voltages: AV = 5% and the AV, =
10%. The current and the capacity of the capacitor allow choosing a component in the
database; its mass is directly extracted from the catalogue.
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1.1.3 Loss model.

In order to estimate the efficiency of the power converter, several assumptions have been
made:

e The output current is sine
e Steady state is considered

Two kinds of losses are integrated in the model: the conduction and the switching losses.

Table I-5: Conduction and switching losses description.

1
Peondjgpr = mf Vee (8) X Ic(t) dt (I-8)

IGBT conduction losses [W]

1
PcondDiade = Tmod f Vd(t) X Id(t) dt (/-9)

Diode conduction losses [W]

Ex(I )=Ax+ By XI +CyxI? Energy losses for the X component (X: (I-10)
IGBT/Diode) [J]
SwW VSW -
Py = ﬁf@ Ex(1 )dt (-11)

Switching losses [W]

Ay, By, Cyx are the 2™ order polynomial coefficients which approximate the curve in the
datasheet. Evdef is the energy losses of the component, V,;.r and V;, are respectively the half

component voltage and the switched voltage of the semiconductor. f,, is the switching
frequency and T},,4 is the modulation period.

1.1.4 Mass and efficiency.

Table I-6: Mass table.
Msc = nbppase X Nbsc,, X Migevice X (floor (—nbijpar) + 1) SC mass [kg] (1-12)
Mpg = Mgc + Mcapap: + Meapagy PE mass [kg] (I-13)

Where My geypice is the mass of one electronic component and nby s is the number of phases.

The DC capacitor mass M qpq, . and the flying capacitor mass M;qpq,, are taken from the
database.

Table I-7: Efficiency table.

Pmission

Minvertermission Psw+Pcond+Pmission

Efficiency [%] (I-14)
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APPENDIX I: Power Electronics and its cooling.

.2 Cooling model.

The thermal analysis integrates a heat source (losses) as inputs and temperature at different
nodes as outputs and is based on thermal resistors depending on the thermal conductivity
and chip sizes.

PIUSSE’Stransis

rtl'nnsistor

Rth]'c T

Theatsink

‘ Rthha

® Tambient ¢ Tamblent

Fig. I-3: Representation the equivalent thermal model of a single module.

Table I-8: Thermal equations related to the Fig. I-3.

Transistor
T, itor = P, . X Rep. +T, I-15
transitor lossestransistor thjcr case temperature [°C] ( )
Diode
Tiioge = P X Ry +T, I-16
diode lossesdiode thjcp case temperature [°C] ( )
Case
Tcase = (Plossesdiode + PlOSS@Stransistor) X Rthch + Theatsink temperature [oc] (I'l 7)

Where R;;,. ,R:y. are the junction to case thermal resistance (T = Transistor, D = Diode),
thje, Nehjc,

and Ry, is the case to heatsink thermal resistance. The equation for the heat sink

temperature has not been considered because the work package in charge of the cooling
system imposes the thermal resistance Ry, , in order to set the heat sink temperature to 70°C

[A10]. The new equivalent thermal model is detailed in the Fig. I-4:
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Fig. I-4: New equivalent thermal model for the power electronics.

Based on the detailed study of [A10], the cooling mass estimation has been totally simplified
and integrated in the power electronics model. A surrogate model has been built by the work
package in charge of the PE cooling system. Two linear curves function of the total losses over
the mission Py, . . estimate the cooling system mass.

Table I-9: Cooling system mass linear function.

Peotmar = maX(Pswmission + Pcondmission) Total losses [W] (I-18)
Cooling system mass estimation
Mcooling = Qcoor X Ptotmax + beoor [ke] (I-19)
20 -
==
E, - a"
o fJ —_ ‘_."
g;15 - . £, é!""
p= . o m-
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Fig. I-5: Cooling system mass estimation (LEFT: 2025 TARGET and RIGHT: 2035 TARGET).

All parameters are summarized in the Table I-10 below:
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APPENDIX I: Power Electronics and its cooling.

Table I-10: Differences between 2025 and 2035 targets

TARGET 2025 2035
Acoot [—] 0.5681 0.0692
beoot[—] 2.7323 2.674

In order to integrate the bus bar mass into the total mass for power converter and its cooling,
. . 1 ) .
an integration factor (g) has been assessed. Finally, the whole mass can be estimated:

Table I-11: Total inverter mass.

Myyspar = % X (MPE + Mcooling) DC bus bar mass estimation [kg] (I-20)
= Mpg + Mcooiing + Mpuspar Total PE mass [kg] (1-21)

inverter

229






APPENDIX J.

BATTERY MODEL

FUEL CELL SYSTEM AND

Table J-1: Input/output variables for the fuel cell and the battery.

INPUT VARIABLES
MISSION
Petecomission [W] Electric source power over mission
Peiecsizing [W] Electric source power sizing point
FUEL CELL
PSpEcack [kW/kg] Stack specific power
PspE 0 [kW /kg] Auxiliary specific power
NFCgack [%] Stack efficiency
NFCsystem [%] System efficiency
compyz,,, [%] Compression ratio! @700 bar
compressed H2
COMPH2); 0 ia [%] Compression ratio® @20K liquid H2
BATTERY
Exx [kWh/kg] Cell specific energy of the cell
Cratexy [h~1] Cell C-rate of the cell
[sys [—] Integration factor (cell -> system)
OUTPUT VARIABLES
Mfuel cell [kg] Fuel cell mass
H2storage [kg] H2 storage mass
Mpattery [kg] Battery mass
Meiectric goryce [kg] Electric source mass

.
4
I
1
1
A
\,

]

1

[
N,

_FUEL CELL MODEL

BATTERY MODEL

_________________ -

| SYSTEM CHOICE

Fig. J-1: Process chart of the electric source model.

1 Set the mass percentage of H2 versus the whole storage
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A strongly simplified assessment model is proposed here based on the detailed study of [A11].
The assumptions in terms of specific power, specific energy and c-rate have been presented
in chapter Il in the Table II-1 and the Table II-2. Once these coefficients are known, the masses
of the fuel cell system and of the battery pack system can be evaluated from [A11].

J.1 Fuel cell model.

Table J-2: Fuel cell system mass estimation.

. _ max(Petecsiying) | e Fuel cell stack mass [kg] (J-1)
FCstack PSPeFCstaCk nFCSystem

M = maX(Pelecsizing) X nFCStack AUXiIiary mass [kg] (1-2)
FCaux PSPeFCaux NFCsystem

E _ [t Petetmisson ® Hydrogen energy required [kWh] ~ ()-3)
FCmission nFCsystem(t)

. _ _maXCErCypyesion) Mass of storage with gaseous (/-4)
H2gaz ™ Egpp,, xcomppz g, hydrogen [kg]

. _ _ max(rCyyion) Mass of storage with liquid (J-5)
H2{iquid ESPE; XCOMPH2 0,10 hydrogen [kg]

An oversizing of the fuel cell is mandatory in order to take account of the power to be supplied
to auxiliaries. This oversizing is modeled by the ratio between these two efficiencies in the fuel
cell system mass estimation. The following figure (Fig. J-2) represents both efficiency
according the net power per unit.

n_FC_stack/system [%]

= == = n_fc_stack = n_fc_system

- + Design_point_stack ¢ Design_point_system
70%
60%
50%
40%
30%
20%

10%

0%
0% 20% 40% 60% 80% 100% 120% 140%

P_net_%

Fig. J-2: Stack/system efficiencies versus the net power to supply per unit.
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APPENDIX J: Fuel cell and battery models.

A linear regression has been implemented for the efficiency estimation during the fuel cell
mission. Green points here represent the linear function Fig. J-3.

n_FC_stack [%] n_FC_system [%]
----- n_fc_stack ® n_FC_stack regression ¢ Design_point °*°°°° n_fc_system @ n_FC_system_regression e Design_point
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X Y 50% R S
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*e e
., 20% .,
20% . o,
97 N R S R PPLL. L 30%
20% ST LLLN 20% || eee®
............
10% 10% —lreeest®
o Ll e .
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5 . . , . . 5 .
0% 20% 20% 50% 80%  100%  120%  140% 0% 0% 0% 0% 0% 0% 120%  140%
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Fig. J-3: Stack and system efficiencies.

Table J-3: Linear function of the fuel cell efficiencies.

Fuel cell stack
efficiency [%]
Fuel cell system
efficiency [%]

nFCstack(t) = aFCstack X PFCPU(t) + ﬁchtack (‘1-6)

nFCsystem (t) = aFCsystem x PFCPU (t) + BFCsystem (‘j-7)

J.2 Battery model.

The mass estimation model for the battery is depending on the technology considered. In this
study, three cells have been considered : LTO — NTO/NMC /LiS, all parameters are displayed
in the Table II-2. Two equations are implemented in this surrogate model: an energy and a
power sizing equation:

Table J-4: Mass estimation considering the discharge energy and the C-rate (Power).

t
EgATT mission = J Petecmission (1At Energy required [kWh] (-8)
_ max(EBATT,;ssion) Cell mass estimation considering the
Mpattg (J-9)
EspE energy [kg]
max(Pelec,yission) Cell mass estimation considering the
m = — — TuSSIon” _
batte ™ Egpr xCrate power and the C-rate [kg] (-10)
Mpatt = max(mbattE; mbattp) X fm System mass estimation [kg] (J-11)

J.3 Auxiliary electrical power source choice.

To simplify the study, the lightest system between battery and fuel cell will be taken into
account in the calculation of the powertrain mass.
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APPENDIX K. RECTIFIER AND
GENERATOR EFFICIENCY AND
WEIGHT ASSESSMENTS

Table K-1: Input/output variables for the rectifier and the e-generator.

INPUT VARIABLES

Peiecorpmicsion [W] Electric power mission for the
turboshaft
PSPErectifier [kW /kg] Rectifier specific power
PspE, generator [kW/kg] E-generator specific power
Nrectifier [%] Rectifier efficiency
Ngenerator [%] E-generator efficiency
OUTPUT VARIABLES
Pmechr, . ... [W] Mechanical Power of the
turboshaft
M ectifier [kg] Rectifier mass
M, _generator [kg] E-generator mass
T I =
| RECITIFER/E-GENERATOR MODEL |
! i
-, -
[ } > SIZING MODEL b [
AN A
! i
'. J

Fig. K-1: Process chart for the rectifier/e-generator model.



APPENDIX.

K.1 Sizing model.

For these components, simple assessment models have been set simply based on specific
power and fixed efficiency. The HASTECS targets are used for assessing the rectifier and

electric generator masses.

Table K-2: Assumptions for the electric device fed by the turboshaft.

2025 TARGET 2035 TARGET
Electric generator specific power 5 kW/kg 10 kW/kg
Electric generator efficiency 96% 98.5%
Rectifier specific power 15 kW/kg 25 kW/kg
Rectifier efficiency 98% 99.5%

With these assumptions the mass estimation is simply:

Table K-3: Mass and power estimation for the rectifier and the e-generator.

Myectifier = PelecRectifieT X PSPErectifier Rectifier mass [kg]

_ PSPEq_generator

Me_generator elecr E-generator mass [kg]

Nrectifier

Pelec ifi
Prechgr = Rectlter Mechanical power of the turboshaft

mission  MNrectifier X Ne-generator

(K-1)
(K-2)

(K-3)
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APPENDIX L. MULTIDISCIPLINARY
DESIGN OPTIMIZATION PROCESS OF
A HYBRID ELECTRIC AIRCRAFT
PROPULSION SYSTEM



APPENDIX.
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Fig. L-1: Weight optimization process for electric motor.
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APPENDIX L: Multidisciplinary design optimization process of a hybrid electric aircraft propulsion system.
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Fig. L-2: Integrated optimal design process of a hybrid electric powertrain.
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