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Context: towards greener aircrafts

Air traffic growth is expected to 
double over the next 20 years

+ 3-4% per year
2018 2037 New deliveries

Nb of aircrafts

860 million
Tonnes of CO2 from airlines (2017) 

~ 2% of human emissions
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Context: towards greener aircrafts

GOALS*
2050 technologies and procedure 

- 50-75% in CO2
- 70-90% in NOx
- 65% in perceived noise (flying Aircrafts)
Emission-free when taxiing
Designed and manufactured to be recyclable

* Relative to 2000 capabilities

Road map Scientifique, X. Roboam
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Context: towards greener aircrafts

‘’Flygskam’’: a shame 
to take plane!

Greta 
Thunberg

Sweden

No ‘’polllutant’’ aircraft 
in Norwegian domestic 

flights by 2025?

Road map Scientifique, X. Roboam

Use of biofuels
50 % less pollutant

Hydrogene
a future track ?

More efficient aircrafts 
fuel burn below 3 liters / passenger for 100 km 

even less than 2 liters for the A321neo 

and electrification of systems and drive powertrain…
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Context: weight is the enemy!

For a design range of 400 nm
Case 1: payload = 6650 kg, fuel burn = 795 kg
Case 2: payload = Case 1 + 2000 kg => fuel burn =889 kg (~ +12%)

Snowball effect: +6% of fuel / ton of additional payload

Gain fuel vs MTOW* 
on regional Aircraft (400 nm)

MTOW*: Max takeoff Weight Road map Scientifique, X. Roboam
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Context: weight is the enemy!

For a design range of 400 nm
Case 1: payload = 6650 kg, fuel burn = 795 kg
Case 2: payload = Case 1 + 2000 kg => fuel burn =889 kg (~+12%)

Snowball effect: +6% of fuel / ton of additional payload

Gain fuel vs MTOW* 
on regional Aircraft (400 nm)Additional weight also means additional costs

1kg of systems ~1000US$ [Rob 12]

[Rob 12] X. Roboam, “More electricity in the air: Towards optimized electrical networks 
embedded in “more electrical aircraft”, IEEE Industrial Electronics Magazine, Vol 6, 2012

Road map Scientifique, X. Roboam
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Road maps for more electric aircrafts

Journal ‘Les échos’, 31/05/19
III. More electric 
propulsion

dronesElectric 
taxiing

Micro hybrid 
helicopters

VTOL
Seats or 
freight

10 seats 
shuttle

Short/medium 
range turbofan 
electrical assist

40 seats 
regional 
aircraft

Distributed propulsion 
for > 100 seats

II. More electric Non 
propulsive systems

Road map Scientifique, X. Roboam
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Synopsis

Road map Scientifique, X. Roboam
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Synopsis

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

Démarrage moteurs

Système de conditionnement 
d’air (ECS)

Dégivrage antigivrage 
des ailes

Commande de vol

Trains 
d’atterrissage

Calculateurs

Ventilation

Pompes à 
carburant Cuisine (Galley)

Pompes 
hydrauliques

Dégivrage 
cockpit

Road map Scientifique, X. Roboam

Avion conventionnel type A320/A330 : 4 vecteurs énergétiques, 
3 réseaux:

Mécanique
Pneumatique
Hydraulique
Electrique
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II. More electric non propulsive systems

Energy Rationalization : The More Electrical Aircraft

OVERALL AIRCRAFT 
OPTIMIZATION

Power network rationalization
Legacy aircraft power networks have few power exchanges 
whereas MEA will ease power rationalization with margin 
reduction
Easier Maintenance: health monitoring

© AIRBUS Operations S.A.S. All rights reserved. Confidential and Proprietary document.

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems
Going towards industrialization

Standardized Component :
Cost / Weight / Performance at the target level
Enabler to reduce development time and development cost

Same Component for multiple Aircraft applications

A typical example for power electronics:

Reliability

Filtering

Environment

Standard

Optimization
Common Power Common Power 

Electronics
BRICK

© AIRBUS Operations S.A.S. All rights reserved. Confidential and Proprietary document.

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems
“Integrated Modular Power Electronics Cabinet’’ (IMPEC):
new electrical power distribution with standardized components

2 main devices:
• A set of standard power electronics modules (PEM)
• A contactor matrix

Implementation of IMPEC within a 
complete MEA network

Thesis of  X. Giraud, Methodologies for the optimal design of 
the Integrated Modular Power Electronics Cabinet (IMPEC), 
Toulouse, 2013 Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

Reconfiguration possibilities depending on operation cases 
(flight phases, PEM states, etc)

Nominal case
ADVANTAGE N°1

Robustness against 
PEM failures

PEM 
failures

ADVANTAGE N°2

Flexibility according 
to power demand

Power demand 
fluctuations

Road map Scientifique, X. Roboam

PEM: Power Electronics Modules

Thesis of  X. Giraud, Methodologies for the optimal design of the Integrated 
Modular Power Electronics Cabinet » (IMPEC), Toulouse, 2013
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II. More electric non propulsive systems

Optimal design problem

,0
,1

,
c

mlz
load « l » connected to PEM « m » during the case « c » 

sinon

[…] K

k
kN

1

Number of 
reconfiguration 

solutions

]3000;1000[C
Number of loading 

cases

PEM: Power Electronics Modules

Thesis of  X. Giraud, Methodologies for the optimal design of the Integrated 
Modular Power Electronics Cabinet » (IMPEC), Toulouse, 2013

(and its power)

!!!
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II. More electric non propulsive systems
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Optimal Procedure features
• Formalisation through a N-square diagram (N2D)
• INTER BLOCKS : sequential calculations by 

introducing design hypothesis

• INTRA BLOCK. Simple and rapid relationships: 
- Use of datasheet
- Analytical equations
- Scaling laws 
- Response surfaces 

Rapid model derivation through a 
sequential N2D procedure

Thermal design

Passive components
(L) design

Thesis of  X. Giraud, Methodologies for the optimal design of the Integrated 
Modular Power Electronics Cabinet » (IMPEC), Toulouse, 2013

Heuristic search
in 2 steps:

1) Greedy algorithm: PEM power search with min nb of contactors 
2) Local heuristic search to reach min weight with min nb of inductances
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II. More electric non propulsive systems

Typical issue: global optimization of electromechanical part of 
a VCS (Vapour Cycle System) for supplemental cooling of A380

Le système VCS (Vapour Cycle system) assure le refroidissement des électroniques. La 
fonction du moto-compresseur est :
• d’assurer l’écoulement du réfrigérant à travers le système hermétique ;

• de faire monter la pression entre l'évaporateur et le condenseur.

Partie 
électromécanique

PHD Thesis H. Ounis, 2016 Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

Optimiser le compromis masse - pertes système en intégrant les couplages du 
raccordement au réseau HVDC (norme) à la mission de vol (plan couple – vitesse)

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

Méthodologie: 3 approches d’optimisation

Quality
stability

al
tit

ud
e

Thermal

Flight mission
(Torque, Speed)

- Optimisation séquentielle : deux boucles (Actionneur puis Filtre-Onduleur)

Algorithme 
NSGA II

Road map Scientifique, X. Roboam

- Optimisation Globale : mono boucle

- Optimisation Multi-niveaux
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II. More electric non propulsive systems

1ere boucle : l’actionneur électromécanique

Modèle analytique multiphysique

12 variables d’optimisation (2 discrètes, 10 continues):
- géometrie (rayon alésage, entrefer, encoches &

poles, aimants)
- électromagnétique (densité courant, induction

culasse)
- mécanique (couple, vitesse de base)

18 contraintes:
- géométriques
- satisfaction mission
- thermique (culasse, bobinage, aimants),
- THDi
- ….

2 objectifs : masses et pertes moyennes

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

2eme boucle : onduleur & filtre d’entrée
6 variables d’optimisation (continues):
- 4 paramètres filtre d’entrée (R, L, C)
- 2 paramètres onduleur : Calibre IGBT et fréquence de commutation

11 contraintes de qualité (standards, Fsw/Fact, THDI, Vond), stabilité et thermique

2 objectifs :
- minimisation masse (L,C filtre, pack IGBT, plaque froide)
- minimisation pertes : onduleur (switching, conduction), filtre (R, L, C)

Road map Scientifique, X. Roboam
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Comparatif approche séquentielle vs mono boucle

To search an intermediate approach with:
- Easier convergence
- Acceptable computational (CPU) time
- Respecting confidentiality issues (separated device models)

Référence

Front de Pareto VCS

Pertes moyennes système VCS (kg)

M
as

se
 s

ys
tè

m
e 

VC
S 

(k
g)

BUT Global Optimization 
- reaches “convergence limit”: initialized with 

solutions issued from sequential approach 

- Confidentiality issues: cannot be used in industrial 
project  with several partners (or “competitors”)

Augmentation de Ls !

Global approach clearly outperform sequential 
optimization (involving system couplings : Rs, Lsyn, , p)

-25%
-30%

II. More electric non propulsive systems

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

N (here 2) subsystems 
=> N+1 optimization 

loops

SubSyst2 (Actuator)SubSyst1 (Filter-Inverter)

Min  MFil-InverterI
PFil-Inverter

XFil-VSI= [L1, C1, C2, RC2,
Fsw,Iop]

Constraints:
GFil-VSI = [g1,g2,…,g11]

Min  MHSPMSM
PHSPMSM

XHSPMSM= [Js, Nepp, g, By, 
Rdr, Rlr, Kp, Kr, Nbp, Tpb]

Optimize each component (SubSystem) in a local loop while global 
objectives are explored at the system level !

No direct 
interaction 
between 

subsystems

System problem
Min  Msys = MHSPMSM+MFIL-Inverter

Psys = PHSPMSM+ PFil-Inverter

XGlobal = [Rs , Lsyn , p , ][Rs , Lsyn , , p] 
Decision variables are 
the coupling variables 
between Subproblems Gsys = [GHSPMSM , GFil-VSI]

Constraints

-- Constraints

-- Objectives

-- Local Variables

-- System variables

Constraints:
GAct=[g1,g2,…,g18]
g19(Rs - Rs)²  < 1

g20(Lsyn - Lsyn)²  < 2

g21( s - s)²  < 3

Additional 
(coordination) 

constraints
[Rs , Lsyn , ] are not 
decision variables  
but targets in the 
actuator Problem

Iactuator , Vactuator
IconvDC

Rs , Lsyn
p , 

MHSPMSM
PHSPMSM

GHSPMSM

MFil-VSI
PFil-VSI

GFil-VSI

[Rs , Lsyn ,p, ] 
input variables of 
filter-inverter 
Problem

Approche d’optimisation multiniveaux
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II. More electric non propulsive systems

“Aircraft’’ATAxxATAxx

AircraftAircraft
Weight, drag

ENGINE

Heat rejection Weight, drag

Thrust

Pdrawn Fuel  burn

“Systems” 

Air 
Conditioning

Fuel 
pump

WIPS

Integrated design by optimization of electrical systems: a complex issue !
5 levels from 

“technologies” to 
“Aircraft” 

“Technologies”

C L

IGBT
Cold
plate

“Components”

Converters

Machines
Cables

“Upper level Targets”
coupling variables, mission profile

Fuel burn, drag

“Upper level Targets”
coupling variables

Standards, requirements

“Upper level 
Targets”

requirements

MDO* to face multi level of design and
technologies, setting coupling variables
to be close to the global optimum.

*MDO: Multi disciplinary Design Optimization

Electric 
Network

‘’Networks’’
Thermal 

management

Weight, 
volume losses

Weight, volume, 
losses, harmonics

Weight
Mech power draw 
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II. More electric non propulsive systems

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

Conception par optimisation de la chaîne électromécanique sous contraintes CEM

Défi majeur: Augmenter la densité de puissance des systèmes électriques

Utilisation de semi–conducteurs grand gaps

20 kW/kg

En électronique de puissance,

Assurer la non régression de nouvelles technologies vis-à-vis de problèmes CEM

Emissions conduites de mode commun

 4 kW/kg

VCS for supplemental
Cooling A380

Thèse V. Dos santos, Modélisation des émissions conduites de mode 
commun d’une chaîne électromécanique. Optimisation paramétrique de 
l’ensemble convertisseur filtres sous contraintes CEM, Mars 2019

Mode commun 
et différentiel
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II. More electric non propulsive systems

Plateforme expérimentale

Setup 1 Onduleur IGBT 

Câbles 
aéronautiques
& connecteurs

Moteur
Synchrone

Aimants 
Permanents

VCS

Setup 2 Onduleur SiC 
(Module CREE)

Setup 3 Onduleur SiC 
(Module IRT)

Etat de l’art

Impact du SiC

Solution optimisée

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

Thèse V. Dos santos, Modélisation des émissions conduites de mode 
commun d’une chaîne électromécanique. Optimisation paramétrique de 
l’ensemble convertisseur filtres sous contraintes CEM, Mars 2019

Deux objectifs:
Minimisation masse (filtres, dissipateur) 
Minimisation des pertes (filtres, onduleur)

Optimisation « onduleur + filtres »

Exigence Airbus

DO-160G

Front de pareto

Conception par optimisation de la chaîne électromécanique sous contraintes CEM
Supplemental Cooling A380

Contrainte CEM
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II. More electric non propulsive systems

• Phase to phase overvoltage in electromechanical chain : inverter + harness + motor
PWM      

Inverter
HV

DC
 54

0V

Ground

Harness Motor

Example of measured overvoltage on AC motor + 2m harness fed by IGBT inverter (IRT platform) 

Thèse de Bouazza Taghia: "Modélisation et optimisation paramétrique d'une chaine électro 
mécanique pour la prévention du risque de décharges partielles dans un actionneur aéronautique" 

Conception de la chaîne électromécanique sous contraintes de décharges partielles

Overvoltage at motor terminals (PD@100mbars - 30 seconds accumulations)

Partials discharges risks 

propagation and reflection 
phenomena along harness 
cause overvoltage across 

motor phases
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II. More electric non propulsive systems

Thèse de Bouazza Taghia: "Modélisation et optimisation paramétrique d'une chaine électro 
mécanique pour la prévention du risque de décharges partielles dans un actionneur aéronautique" 

Overvoltage vs. inverter dv/dt and harness length

Overvoltage ratio in function of harness
length : AWG18–EN2267–010A

Overvoltage ratio in function of harness
length , EIC Standard (60034-18-41)

CREE CAS100H12AM1 SiC inverter 
voltage (trapezoidal approximation)

General synoptic of proposed 
overvoltage calculation algorithm

Conventional method: without motor 
impedance (harness terminations as 
opened circuit):

Conventional vision leads to 
consider that high dV/dt (SiC) 

provokes over voltages  
(1.8 – 2 pu) 

even at low cable lengths

Time ( s)

Vout_inv (V)

Cable length (m)
Cable length (m)

Over-V (pu) Over-V (pu)

1pu

2pu
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II. More electric non propulsive systems

Multiple challenges, multiple constraints to face

Quality
stability

al
tit

ud
e

Thermal

Flight mission
(Torque, Speed)

Partial 
discharges

EMI

HVDC 
standards

wideband gaps,…

Technological Advance
New electromagnetic 

devices, etc

New sheets, etc

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems
Multiple challenges, multiple constraints to face … and beyond that ?

Quality
stability

al
tit

ud
e

Thermal

Flight mission
(Torque, Speed)

Partial 
discharges

EMI

HVDC 
standards

wide gaps, etc

Technological Advance
New electromagnetic 

devices, etc

New sheets, etc

Why not a superconducting power drive ?

Road map Scientifique, X. Roboam
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II. More electric non propulsive systems

Why not a superconducting power drive ?

Road map Scientifique, X. Roboam



wideband gaps,…
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II. More electric non propulsive systems
Multiple challenges, multiple constraints to face … and beyond that ?

Quality
stability

al
tit

ud
e

Thermal

Flight mission
(Torque, Speed)

Partial 
discharges

EMI

HVDC 
standards

Technological Advance
New electromagnetic 

devices, etc

New sheets, etc

Why not a superconducting power drive ?

Hybrid (with storage) non propulsive systems

Other ideas ?

Road map Scientifique, X. Roboam
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Synopsis

Road map Scientifique, X. Roboam

II. More electric non propulsive systems

III. More electric propulsive systems
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III. More electric propulsive systems

Road map Scientifique, X. Roboam

The electrical and hybrid aircraft : 
objectives, orientations and stakes

Urban air mobility : scientific and technical 
challenges

The real roadmap to the future of electric air 
mobility

Perspectives and activities on hybrid/electric 
propulsion

Challenges and solutions for certified electric 
aircraftin commercial applications

Electric propulsion units : 
design aspects & performance levels



The hybrid electric aircraft among all hybrid electric vehicles

III. More electric propulsive systems

Indicateurs d’hybridabilité énergétique 

Mission 1: PHP 50%Mission 1: PHP 50%

t0

Mission 2: PHP 20%Mission 2: PHP 20%

t0

Pmoy

Pmax

Pmoy

Pmax

PHP = 0 => (moy = max) pas de downsizing
PHP = 1 moyenne nulle

PHP faible, downsizing 
puissance difficile

[Thèse Akli, Toulouse 2008]

45



The hybrid electric aircraft among all hybrid electric vehicles

III. More electric propulsive systems

PHE faible (basse fréquence d’intermittence), 
downsizing énergie ‘difficile’ (couteux en stockeur)

Eu
PPHE max

@iso PHP

Mission 1Mission 1 Mission 2Mission 2

112 3
7 PHEPHEPHE

Eu Eu

Basse Fréquence
Haute Fréquence

46

Indicateurs d’hybridabilité énergétique 



The hybrid electric aircraft among all hybrid electric vehicles
III. More electric propulsive systems

Car Train Ship Aircraft

Urban Rural 
road Motorway Local 

service Switching Urban 
transp. Container Passenger 

ferry
Regional
(200 nm)

PHP (%) 94% 85% 74% 65% 83% 91% 43% 63% 32%
PHE (mHz) 66 mHz 30mHz 12 mHz 3 mHz 29 mHz 20 mHz n/a n/a 0.22 mHz

PHE faible
downsizing 

énergie ‘couteux’

PHP faible, 
downsizing   

puissance ‘difficile’

Hybridabilité de la propulsion d’aéronefs difficile énergétiquement
Peu d’intermittence, pas de récupération au freinage
Peu de régimes transitoires : mission énergétique quasi statique
Downsizing Turbine à gaz : « grosses turbines » plus efficaces

Power management « simple » (vision « par séquences »)

J. Thauvin, Exploring the design space for a hybrid-electric regional aircraft with multi-
disciplinary design optimisation methods, PHD Thesis of Univ Toulouse & Airbus Oct 2018 47

Plus favorable 
pour hélicoptères



Why an hybrid electric aircraft ?

SFC (Specific Fuel 
Consumption)

PGTidle

Energy benefits: turboshaft efficiency

GT ~ 10% for thermal descent or taxi

GT ~ 90% for electric descent or taxi

Vertical Tail Plane

[THAUVIN-16]

VTP

Differential 
thrust concept

~ -4.5%* 
Fuel burn

J. Thauvin, Exploring the design space for a hybrid-electric regional 
aircraft with multi-disciplinary design optimisation methods

PHD Thesis of Univ Toulouse & Airbus Oct 2018

< -13%* ??
Fuel burn

Wing tip 
propeller 
concept

ONERA
Ampere

Distributed
propulsion

Blown wing concept

Aerodynamic benefits: several concepts

Up to -2.5%* 
fuel burn

III. More electric propulsive systems

49



Several Hybrid Architectures

3 main categories:

all electric 

turboelectric

hybrid electric

FC

FC
FC

FC

III. More electric propulsive systems

Road map Scientifique, X. Roboam 50



*MDO: Multi disciplinary Design Optimization

Complex architectures leading to “ultra complex MDO*”
III. More electric propulsive systems

Road map Scientifique, X. Roboam 51

J. Thauvin, Exploring the design space for a hybrid-electric 
regional aircraft with Multi-Disciplinary Design Optimisation 

methods, PHD Thesis of Univ Toulouse & Airbus Oct 2018



*MDO: Multi disciplinary Design Optimization

Complex architectures leading to “ultra complex MDO*”
III. More electric propulsive systems

Road map Scientifique, X. Roboam 52

J. Thauvin, Exploring the design space for a hybrid-electric 
regional aircraft with Multi-Disciplinary Design Optimisation 

methods, PHD Thesis of Univ Toulouse & Airbus Oct 2018

Typ 30-50 decision variables



Complex architectures leading to “ultra complex MDO*”
III. More electric propulsive systems

53

Parallel Hybrid (PH)  Architecture: optimization results:

*MDO: Multi Disciplinary Optimization

J. Thauvin, Exploring the design space for a hybrid-electric regional 
aircraft with multi-disciplinary design optimisation methods

PHD Thesis of Univ Toulouse & Airbus Oct 2018



SERIAL HYBRID ELECTRIC 
ARCHITECTURE

III. More electric propulsive systems

Road map Scientifique, X. Roboam 54



About auxiliary sources: Batteries or Fuel Cells (FC) ?

FC SystemH2 liq storage

A promising device !

III. More electric propulsive systems

Batteries

55

Power oriented Energy oriented



Energy management of hybrid AC
Example of Asymmetrical Architecture (HEA ASYM)

TAXI - OUT TAKE OFF CLIMB CRUISE DESCENT APPROACH TAXI - IN

HEA ASYM

LEGEND

Full electric 
descent

electric 
taxiing

Light 
hybridization @ 

top of climb

Only 1 GT @cruise

H2

H2 H2H2

H2

III. More electric propulsive systems

Road map Scientifique, X. Roboam 56



Integrated design process for optimization

Rectifier Turboshaft

UL
TR

A 
H

IG
H 

VO
LT

AG
E 

DI
RE

CT
 C

UR
RE

NT

Buck-Boost 
Converter Unit

Fuel Cell

Generator

    

    H2

Fuel 
Tank

Hydrogen 
TankuHVDC

H2O

E- motor

Propeller

Inverter
Gearbox

Environment Model

MTOW: Max take Off Weight

III. More electric propulsive systems

Road map Scientifique, X. Roboam 57



Road map Scientifique, X. Roboam

Integrated design process for optimization
MTOW: Max take Off Weight

III. More electric propulsive systems

Turboshaft

H2 tank

    H2

Propeller + Gearbox

Fuel tank

    

Environment Model

Generator

E- motor Inverter

Rectifier

UL
TR

A 
HV

DC

HV
DC

 5
40

 V
EMS

Buck-Boost

Battery

58



Road map Scientifique, X. Roboam

Integrated design process for optimization
MTOW: Max take Off Weight

III. More electric propulsive systems

Turboshaft

H2 tank

    H2

Propeller + Gearbox

Fuel tank

    

Environment Model

Generator

E- motor Inverter

Rectifier

UL
TR

A 
HV

DC

HV
DC

 5
40

 V
EMS

Buck-Boost

Battery

-20000

0

20000

40000

60000

80000

100000

120000

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Th
ru

st

Adimensional time

Assumption 
checked

J. Thauvin CIFRE thesis

Simple Looped model 
from MTOW=20T => 26T

Aerodynamic models 
(A/C level) @ 
MTOW=26T

59



Technologies are sensitive!

Technological targets

Crossing from 2025 to 2035 then
20XX targets, fuel burn would be

reduced by 14% then 17%!!!
-14%

-17%

III. More electric propulsive systems

Road map Scientifique, X. Roboam 60



To optimize electric motors
Several drivers to increase specific power and 
efficiency

Decrease weight of cooling systemDecrease weight of electric motor (PMSM)  

Decrease losses • Increase peripheral speed: 
Sleeve: Carbon Fiber Reinforced Plastic

• Increase surface current densities:
According to the cooling method: external 
cooling Krms=79kA/m, Jrms=8A/mm2

• Increase airgap flux density:
Low sensitivity to the demagnetization
Br(SmCo)=1.16T  for Bm=0.9T

And other drivers…

• Decrease joule loss (DC and AC): 
Stranded conductors  

• Decrease iron loss: 
Low thickness of Vacoflux 48: 
0.35mm

Design winding 
and insulation to 
face partial 
discharges

III. More electric propulsive systems

Road map Scientifique, X. Roboam 61



To optimize electric motors and its cooling
Dedicated sizing tools to optimize electric motor design with high specific power 
and efficiency

Iron 
losses

4647 W

Joule losses
5770 W

Windage 
losses

1837 W

Friction losses
658 W

LOSSES

• Specific power of eMotor without its cooling system: 6kW/kg 
• Efficiency: >98% 

PM Halbach 
Segmented Array: 
SmCo (highest Tmax)

Stranded 
conductor

Vacoflux 48 
(Highest Bsat) 

Results: electric motor with its cooling system:

III. More electric propulsive systems

Road map Scientifique, X. Roboam
62



III. More electric propulsive systems

uHVDC cables (without consideration of partial discharges)

Hyperbolic shape : Mcables % 1/Vbus (without Partial Discharges) 
Huge cabling weight in HVDC (540V) for series architecture.

HVDC
540V

NRA case study (6MVA) 730kg @ 540V

165kg @ 1500V

Road map Scientifique, X. Roboam 64



To optimize power electronics
Specific power increase (kW/kg)Heat exchanger decrease

Power Electronics losses 
reduction

Small rating components

Multilevel 
architecture

Improved components Control strategies

Heat exchanger 
optimization (WP4)

Direct series 
association

SiC 
components

New generation 
IGBT

Specific power increase 

’80        ’85        ’90           ’95        ’00            ’05         ’09          ‘18

Bipolar
Transistor

1st

Generation
2nd

Generation
3rd

Generation
4 th

Generation
5 th

Generation
6 th

Generation
7th

Generation

Turn-off losses
On-state losses
Turn-on losses

Po
w

er
 lo

ss

-30%

-15%

-40%

19 kW/kg
(Power electronics 
+ cooling system)

III. More electric propulsive systems
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Microchannels

Porous/Foams

Spray

CPLIP

LHP

HP/Thermosyphons

VC

To optimize power electronics and its cooling

Primary
circuit

Secondary
circuit

Cold air 
intake

Heated air 
outlet

Tv

Tres-evTl ,i

Tv

Tco

Tci

C
on

de
ns

er

Ev
ap

or
at
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s

(P
ha

se
 1

,2
,3

)

Q
ex

t,1

Q
ex

t,2

Q
ex

t,3

Reservoir
(Saturation control)

g

Tres

Vapour
line

Liquid
line

• No Pump
• No valves

• High efficiency
• High performances
• Low energy 

requirement 

• Stability
• Reliability
• Low mass
• Temperature 

control

High performance cooling technologies
CPLIP: Capillary Pumped Loop 
for Integrated Power

Junction temperature <150°C!

To maximise the Heat Transfer coefficient (HTC)

III. More electric propulsive systems
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Beyond 20kW/kg by optimizing bus bar 3D packaging and cooling condenser



About full electric aircraft: some figures
III. More electric propulsive systems

Décollage d’un A320
= 

Puissance de 200 Renault ZOE
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About full electric aircraft: some figures

III. More electric propulsive systems

With high energy density batteries 400 Wh/kg
Regional aircraft = 370 km (Paris – Lyon)    [J. Thauvin, 2018]

Probably only for small 
size aircrafts
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About full electric aircraft: why not with H2?

III. More electric propulsive systems
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Components
Propeller
Gearbox
Electric motors

Cables

Inverters

Fuel cell + Aux + H2

Rough assessment of a Full Hydrogen Aircraft with liquid H2 storage

MTOW (Fuel Cells) = 28.5 Tons : + 3 T vs Hybrid Electric Aircraft
including snowball effects on weights

Weights (kg)
4 x 134 kg
4 x 100 kg
4 x 176 kg

93 kg

4 x 71 kg

1 x 6388 kg

Assessments: 
Liquid H2 storage @20°K
with 20% of H2 weight in tank

FC = 60%
FC stack : 4kW/kg
Auxiliaries : 2.7 kW/kg
Vbus @ 2 kV



About full electric aircraft: why not with H2 and supra ?

III. More electric propulsive systems
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Components
Propeller
Gearbox
Electric motors

Cables

Inverters

Fuel cell + Aux + H2

Rough assessment of a Full Hydrogen Aircraft with liquid H2 storage 

MTOW (Fuel Cells) = 28.5 Tons (+ 3 T vs Hybrid Electric Aircraft)

Weights (kg)
4 x 134 kg
4 x 100 kg
4 x 176 kg

93 kg

4 x 71 kg

1 x 6388 kg When thinking a cryogenic H2 @20°K 
why not thinking mutualizing H2 with 

superconductivity ???

Assessments: 
Liquid H2 storage @20°K
with 20% of H2 weight in tank

FC = 60%
FC stack : 4kW/kg
Auxiliaries : 2.7 kW/kg
Vbus @ 2 kV



About full electric aircraft: why not with H2 and supra ?
III. More electric propulsive systems
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Some people are thinking…

Credits: University of Illinois, Urbana-Champaign

HTS cables
Fuel cells

Liq H2

https://grainger.illinois.edu/news/30918



Pour finir …. road map scientifique ?
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Multiple challenges, multiple constraints to face … and beyond that ?

Quality
stability

al
tit

ud
e

Thermal

Flight mission

Partial 
discharges

EMI

standards

wideband gaps,…

Technological Advance
New electromagnetic 

devices, etc

New material

Superconductivity?

Hybridization and 
alternative sources

Batteries, fuel 
cells, H2

Reliability
Health monitoring

And also methodologies to face 
complexity and optimization

MDO

Surrogate 
models

Sensitivity 
analysis



Pour finir …. vraiment

Solar Impulse
4 moteurs électriques
Batteries et piles à combustibles
200 m² de panneaux solaire PV
63 m d’envergure (comme l’A340)
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Vers l’avion solaire : rêves ou réalités ?



Pour finir …. vraiment

Vers l’avion solaire : rêves ou réalités ?

Solar Impulse
4 moteurs électriques
Batteries et piles à combustibles
200 m² de panneaux solaire PV
63 m d’envergure (comme l’A340)

Décollage d’un A320
= 

10 stades de rugby !
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Des questions ?

@300W/m2


