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Context: towards greener aircrafts
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Tonnes of CO2 from airlines (2017)
Aéronautique : 2 fois plus

of human emissions de passagers dans 20 ans,
comment faire ?
(Boeing, Airbus, Air France)

Nb Of al rcrafts Par Fabrice Gliszczynski | 10/07/2014, 8:00 | 1204 mots
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Rapport ATAG 2018 : « AVIATION BENEFITS BEYOND BORDERS »
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Doublement du trafic aérien, doublement de la flotte d'avions d'ici 15 a 20
ans ! Un défi pour la filiére aéronautique, les aéroports, la gestion du trafic
mais aussi la formation des pilotes. Etat des lieux...

Air traffic growth is expected to
double over the next 20 years
+ 3-4% per year 2

| 2018 | 2037 I New deliveries
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N Context: towards greener aircrafts

NO dB
- 50-75% in CO2 l .
- 70-90% in NOx
- 65% in perceived noise (flying Aircrafts)  -so% -85% -55%
Emission-free when taxiing
Designed and manufactured to be recyclable

NO ACTION

Clean Sky2

Known technology, operations
and infrastructure measures

Biofuels and additional
new-generation technologies

CARBON-NEUTRAL
GROWTH

-50% BY 2050

1. improve fleet 2. cap net 3. by 2050, net
fuel efficient by emissions from aviation carbon

= Economic measures

1.5% per year from 2020 through emissions will be
now until 2020 carbon neutral half what they — X
growth were in 2005, _—— Net emissions trajectory
= 8 8 S 3 = = = ‘Noactions trajectory
3 t‘D\.I o~ ™~ g

Road map Scientifique, X. Roboam 3
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Context: towards greener aircrafts

e

“"Flygskam”: a shame = =
to take plane! 4

No “polllutant” aircraft
in Norwegian domestic
flights by 20257

More efficient aircrafts
fuel burn below 3 liters / passenger for 100 km
even less than 2 liters for the A321neo

~ N Use of biofuels Hydrogene
4‘ ’ 50 % less pollutant = a future track ?

and electrification of systems and drive powertrain...

Road map Scientifique, X. Roboam
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on regional Aircraft (400 nm)

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

MTOW?*: Max takeoff Weight Road map Scientifique, X. Roboam
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Context: weight is the enemy!
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T e » _ . fuel vs MTOW*

| Additional weight also means additional costs |5 Ajrcraft (400 nm)

For a design
= Casel:p 1kg of systems ~1000US$ [Rob 12]
» Case2:pl,cee ol S S ey 12%)

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

[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 7



N p— Road maps for more electric aircrafts

Barriere technologiqus incertaing lice a la dengite
e¢nergétigque des batteriez ot a la gestion des hawtet
tensions (supérisursz & T 000 V3

Journal ‘Les eéchos’, 31/05/19 _ e -
l1l. More electric el e O
propulsion \

_ 1MW s |
II. More electric Non o
propulsive systems R ;
500 kW —
100 kW
# H
o o 2
Electrlc fones '\;:'CITO hybrid - VTOL 19 geats Short/medium 40 seats Distributed propulsion
taxiing elicopters  Seats or  gnile  range turbofan  regional for > 100 seats
freight electrical assist ~ aircraft
& N
b SAFRAN Road map Scientifique, X. Roboam 8



Synopsis
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Il. More electric non propulsive systems

-

HVDC

T

Contactor matrix

% JU“ MK o 100KW

e 230VAC or 540VDC

'?, Fuel Tank
,v‘ Inerting System
Electrlcal air
\_ compressor for ECS

lll. More electric propulsive systems

« Cabin » systems

100KW — X MW
some 100V - KVs

11

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

-

HVDC

T

Contactor matrix

% éé!“ && o 100KW

\ : 230VAC or 540VDC

S g e Fuel Tank
S :‘ Inerting System
Electrical air
\_ compressor for ECS

« Cabin » systems

Ill. More electric propulsive systems

Road map Scientifique, X. Roboam 12
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Il. More electric non propulsive systems

B Avion conventionnel type A320/A330 : 4 vecteurs énergétiques,

3 reseaux: Systeme de conditionnement
O Mécanique d’air (ECS)

Q Pneumatique = Pompes a
0 Hydraulique % carburant 4
a Electrique

Pompes
hydrauliques

e Ventilation

Calculateurs

Commande de vol

=/

Trains
Dégivrage d’atterrissage
cockpit

Dégivrage antigivrage

Démarrage moteurs des ailes

Road map Scientifique, X. Roboam 13
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© AIRBUS Operations S.A.S. All rights reserved. Confidential and Proprietary document.

Energy Rationalization : The More Electrical Aircraft

Power
N

Margin Margin Fuiwa}gi}; AAAAAAAAAAAAAAAAAAAAA
Mechanical Margin  lHimitation thanks

BN Electric

\ ¢ network vPee¥”
Pneum“@twotk : _
4 o
¥

_ {o energy
Margin - ytualisation |

- . 4 sources of energ Hargin Margin
Bleedless o All electric  ; power networks  Hydraulic
Pneumatic network ) P\‘o‘
Hydraulicnetwork g\ & ;
Electric network 06\ o Margin
e . | 1 Electrifi
W * Pneumatic < | i | cation
\  A380 ] « =
u 1 ration
I i nalisation

Electrification of pneumatic systems

Electrical <

Conventional Hydraulicless

OVERALL AIRCRAFT

Electrification of hydraulic systems

Power network rationalization
Legacy aircraft power networks have few power exchanges

whereas MEA will ease power rationalization with margin

reduction
Easier Maintenance: health monitoring

OPTIMIZATION

AIRBUS .,

Road map Scientifique, X. Roboam
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© AIRBUS Operations S.A.S. All rights reserved. Confidential and Proprietary document.

Going towards industrialization

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

A typical example for power electronics:

Common Power
Electronics
BRICK

Same Component for multiple Aircraft applications
Road map Scientifique, X. Roboam AlRBUS 19
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“Integrated Modular Power Electronics Cabinet” (IMPEC):
new electrical power distribution with standardized components

Implementation of IMPEC within a
2 main devices: complete MEA network

» Aset of standard power electronics modules (PEM)
* A contactor matrix

+270| |-270  +270 | |
voc| |voc VDG

IMPEC m m

Contactor matrix

LY TV T

2 Fuel Tank
Inerting System

Starter

| Electrical air
|_compressor for ECS

« Cabin » systems

-y

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

Clément Ader

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

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

Nominal case

[ HVDC

D

+270 =270 +270
vDC | |vDC vDC

=270 4270
VDC VDG

-270
VDG

30
kw

L

PEM
failures

Power demand

fluctuations

-

¢

HVDC

+270
VDo

270 4270
VDG VDC|

30
kW

i X

-270  +270
VDG vDC

LOAD
1

60 kW

Load n°1 at max power

(

HVDC

)

+270 <270 +270
vbc | JvDC  vDC

270 +270|
DC vDC|

210 az70] |-270
VDC

30
kW

‘._I

1

I5KW Y7

PEM: Power Electronics Modules

HVDC D

+270 -270 +2701
vDc | |vDC VDG

270 +270
VDC  vDC

30
kw

-270 +270| -270
VDC vDC VDC

=

LOAD
1

60 kW

OAD

20 kW

-~

(S

kW

Load n°2 at max power

C

HVDC )

+270
Voo

-270 4270
VDG VDG

30

-270
VDC

-270 4270 -270 +270)]
[VvDC vDC VDC wDC|

~

LOAD
1

60 kW

L
(EOAD)
2
20KW Y |

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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AIRBUS

ADVANTAGE N°1

Robustness against
PEM failures

ADVANTAGE N°2

Flexibility according
to power demand

|nstitut
Clément Ader

21
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Il. More electric non propulsive systems

Optimal design problem

PEM: Power Electronics Modules

Design objective

Minimization of the power center weight : « min(Wy) »

1, load « | » connected to PEM « m » during the case « ¢ »

2 design variables

1) Number of PEM (and its power)
2) Contactor matrix reconfiguration

1

C
ZI,m .
0, sinon

-+

PEM 1_ x|
power ?

] R
. PEM number
r———q =
"'K. ‘ F
CONTACTOR MATRIX
@ Configurations ?
ng

A first glance shows a combinatorial explosion!!!

o

Number of available PEM = 6

lﬂuﬂﬂ XX

N, — 2880 possible configurations

4 consuming loads

=

Number of available PEM = 7

= 27720 possible configurations

EBS
||

5 consuming loads

X

TI'I'

11
Number of
reconfiguration
solutions

K
k=1

Nk

X [.]

Number of loading
cases

~[1000;3000]

Thesis of X. Giraud, Methodologies for the optimal design of the Integrated

Modular Power Electronics Cabinet » (IMPEC), Toulouse, 2013

22
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Op’[| mal Procedure features « INTRA BLOCK. Simple and rapid relationships:

- Use of datasheet
Analytical equations

* Formalisation through a N-square diagram (N2D)

« INTER BLOCKS : sequential calculations by - Scaling laws
- Response surfaces

introducing design hypothesis

. N

PR:;'fM gzo ®100 4150 X200
DG.’SL%” Pf 55V L b £
variables. S o 10
2 Ry \ =
,_J i - == ° 0 10 20 30 40
i- Viesr-Lisr qu . —_—
Bl ‘IW ) Passive components Inductance (F)
'n”MI_ L pErg ma /’ (L) deSign (/‘7 = o A
|G|§;T g’f‘” K ' am B ‘ /
= A X
o | :
e - g e o _Thermal design N
T T ‘ plates 54 & . %—3%' - T:cch out
S P j,ms; QP / é&:ﬁ;ﬁ Qech_ ]
T )li;ml,x,;l J":ﬁ ok,
wr&-\# ontact / lech,s ETT TR : =
Legend e 5 : -
fremeen g .................................... — / ] 2 . e b sseie .
| Hypothesis apac 3o o | = ‘ ,
! { @ - L 7 18] .
| System requirements | 2 o W{" \ Sl /
Unitary weight AVW,J/VM j% W . . .
i ) o A
| Intermediate calculations | ( AT”AT Inc""‘“" oy Rapld mOdEl derlvatlon through a
i : e\ Bl ocy 2| § -
””””” TN\ == sequential N2D procedure

Heuristic search 1) Greedy algorithm: PEM power search with min nb of contactors
in 2 steps: 2) Local heuristic search to reach min weight with min nb of inductances

viOuulidl FOWET EIECLTOTNICS LADITeL » (HVIFEL ), TOUIOUSE, ZULS MNPV <5



T Il. More electric non propulsive systems

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

Refrigerant
receiver c::*::

Condenser

L4
S0lenoid
valve
Vapour injection
NRIEIZRL
Heat amgalmtm
exchanger .
. \ Expansion valve
Partie o ([ I
électromécanique € {><1' s
. Evaporator
Exnalﬂsmﬂ — e——— Liquid line
valve

Le systeme VCS (Vapour Cycle system) assure le refroidissement des électroniques. La

fonction du moto-compresseur est :
» d’assurer I’écoulement du réfrigérant a travers le systeme hermétique ;

|
 de faire monter la pression entre I'évaporateur et le condenseur NN
P P ' ~\Laplace

PHD Thesis H. Ounis, 2016 Road map Scientifique, X. Roboam LIEBHERR 2
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Il. More electric non propulsive systems

Condenser fan

Electncal motor

Liquid line

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

Road map Scientifique, X. Roboam 25
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Meéethodologie: 3 approches d’optimisation

— W IS D
— -—

Flight mission

-

- - —~ [
- =~ (Torque, Speesd
-~ ~
P ~ 3 p \}h‘q N
par ransfer
e function Voltage Source ¥ THD (%) o
povslfer /7 motor current q‘:;’ ° \
‘ quality I | spRe
/ b : axis q ° \
(Voltage ripple\ (curren{ripplg U }fc E A \O) e \
I i 2 ‘ ,)%Eé \ \
AV[ j Al . E
|;L-\ ° ' ] axis d < | N l
frequenc uenc 1 . . . .
4 sth dards Ty o T l V_(f)rld' | ﬂl%t mission time
HVDC netw\){k HspmsMm  Flight mission proﬁlel
o

e 2 TjDiode ’ T; T

Quality
stability

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

Algorithme
NSGA Il

- Optimisation Globale : mono boucle

- Optlmlsatlon Multi-niveaux Road map Scientifique, X. Roboam 26
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Magnetic

1¢® boucle : I'actionneur électromeécanique

Geometry

M Modele analytiqgue multiphysique

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

poles, aimants)
- electromagnétique (densité courant, induction

culasse)
- mécanique (couple, vitesse de base)

18 contraintes:

- géometriques ) 2 objectifs : masses et pertes moyennes
satisfaction mission

thermique (culasse, bobinage, aimants),

THDiI

Road map Scientifique, X. Roboam 21
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2¢me houcle : onduleur & filtre d’entrée

= 6 variables d’optimisation (continues):
- 4 parametres filtre d’entrée (R, L, C)

- 2 parametres onduleur : Calibre IGBT et frequence de commutation

7 11 contraintes de qualité (standards, F,/F., THD, AV,,q), stabilite et thermique

T;< Tinax (IGBTs, Diodes)

Input Filter | % = Lo Vsl HSPMSM
HVDC network R e e ) | - - Flight Phases

cruise
l descent
ascint \

ground ground

(HVDC Voltage)( HVDC Current)

Standard Standard

AVh Al ’/'\
frequency frequency
Airbus N24RP0831391 V1.3 J

cell 2
£>03

Alype (BF) Cell1
Alyypc (HF) £>03

= 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 28
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Comparatif approche séquentielle vs mono boucle

Front de Pareto VCS Global approach clearly outperform sequential

- wil ' : ' optimization (involving system couplings : R, Ly, @, p)
g 14}--- E_;,_.;;...p,,,—,;";,;;,,;p,WE ke Temps CPU Taille du Taux TR
(D E .ﬁ{-?ﬁ. P:l:et:t y,steﬂ:;e 5 apprache sequentlle [mm] modeéle réalisable [%] g
O 12}--- “‘“, ******* ------- Boucle « Actionneur » 15 v 30 vy
> Refe:grence. Boucle « onduleur +filtre » 30 vy 21 v
@ : ' Boucle Globale 120-180 o 10 7
£ 10}---
18 :
o E i E
3 30%) =@ 71 BUT Global Optimization
G) ' i u : : T . =9y . _— - .
R, SRS - reaches “convergence limit”: initialized with
g ’ . i : solutions issued from sequential approach

Augmentation ¢e Ls !

500 300 400 500 600 ?I:'JI.'.I 800 Confidentialitv i ] tb d in industrial
Pertes moyennes systéme VCS (kg) ontiaentiallty I1Issues. cannot pe used In Inaustria

project with several partners (or “competitors”)

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

Road map Scientifique, X. Roboam 29
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ll. More electric non propulsive systems

Approche d’optimisation multiniveaux

N (here 2) subsystems
<2¢ => N+1 optimization
loops

[Rs, Lsyn ) ¢, p] —
Decision variables are

the coupling variables
between Subproblems

[Rs ) Lsyn ,p, ¢] » Iactuator ! Vactuator

@ystem problem

Min Mg = MHSPMSM*'MHL-mverter\%

SPsys = SPHSPMSM+8PFiI-Inverte

XGIobaI = [Rs1 I-syn P ¢]

Constraints

\Gsys = [Grispmsm » Gritvsi] /

input variables of lconvoc l Grivvsi

filter-inverter
Problem

No direct

@Svstl (Filter-Inverter)

Filtre d'entrée J L<77 ¢

Onduleur
v T de tension
conviDe

Min I\/IFiI—InverterI
SPFiI—Inverter
Xeivsi= [L1 C1y oy R,

interaction /ﬂ
st1|op]

M Fil-vsI M M HSPMSM

SPFiI—VSI

R.,L
OPpspmism ps qbsyn
Ghispmsm '

Min M isppism
OPpspmism

Xnspmsm™ [Js: Neppr U5 By,

Rar Rirs Koy Kis Npp, Tppl
Gpct=[091,92:-1914]

-- Constraints
-- Objectives
-- Local Variables

-- System variables

Additional
(coordination)
constraints
/ [Rs, Lsyn, @] are not
decision variables
but targets in the

J10(Rs - Rs 2 <
between — > N & actuator Problem
subsystems Constraints: Yoollgyn - Leyn)® < &
KGFH—VSI =[91.92:-,911] ¢ \ Un1(Ps- D)? < &5
Optimize each component (SubSystem) in a local loop while global 30

objectives are explored at the system level !
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Il. More electric non propulsive systems

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

> 5levels from

“technologies” to

“Alrcraft”

“Upper level

“Upper level Targets”
coupling variables, mission profile

Fuel burn, dragf'\
Heat reiection H

“Upper level Targets”
coupling variables
Standards, requirements

Thrust
ENGINE

W ejght.gd a0

Aircraft

Targets”
requirement

Nk
1GBT

‘Technoloqies”

Weight,
volume losses

/\M
H-i:r

Pdrawn )
HN t k Or WE|ght, drag
etWOrkKs _
Thermal 4- Setre AP “Aircraft’”’
Weight

Mech power draw

Weight, volume,
losses, harmonics

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

*MDO: Multi disciplinary Design Optimization
31
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ll. More electric non propulsive systems

Integrated design by optimization of electrical systems: a complexissue !

= 5levels from “Upper level Targets™

K = coupling varables, mission profil _ Treusl :'""m |
technulagie? to Fuel burn, drag (_ENGINE ="~ Aircraft
“Aircraft’ Pitiaun Ty
TR,
“Upper level Targets’ Swarns | ATAXX ) upiarat
coupling variables mThal’maim P ﬁlﬁ_t'.!l‘_if: -
Standards, reguirements TR, Hetwork
Weight

Mech power draw

? P et
us ; Bir -

Weight, valuma,
losses, harmaonics

“Upper level
Targets"”
equirement

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

Wefght,
volume losses

*MDO; Multi disciplinary Design Optimization
24

Remaining scientific
(methodological) |
challenges on that topic

N {here 2} subsystems ( S stem problem
1 =% N+1 Opﬁmizatian Min Msys = Muspmsm*Mei-inverter

100[35 OPys = OPuspmsm*OPriLinverter

IR% LSV": é} pi
Decision variables are
the coupling variables
between Subproblems

Constraints

Constraints Objectives

Gy, = [Gyspmsm + Gritvsil == Local Variables

Road map Scientifique, X. Roboam

[Re, L, DV Lcstor» Vassustor 5”;;»5: . ﬁif:z,. Ry, Loys == System variables
input variables of fenocs Sufou | G | | Gusn |77 @
filter*iﬂ\?erter P A -
Problem /SubsSyst1 (Filter-Inverter)}. j Subsyst2 (Actuator)
Ctl — | | Min Mo Additional
T 3 H ==L 1| | SPusousu {coordination)
o | | Xusomsu= Uy Nep G, By constraints
. S 1 Rav Riv Ky Ko Nogy T [Rs, Lan, ¢] are not
No direct il : Constraints: decision variables
interaction Xeivsi= [L»] G Gy Gne=[91,921-1G16] but tareets in the
Rz Fourlop But targets in e
between Constraints: actuator Problem
subsystems TN

Grivsi = [91,95)911] 3

Optimize each component {SubSystem) in a local loop while global
objectives are explored at the system level !
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O Conception par optimisation de la chaine électromécanique sous contraintes CEM

Mode commun
et différentiel VCS for supplemental
RESEAU HVDC e Cooling A380

__ Dissipateur thermmique

RSIL CARLEDC

50102
i
5010
«—>

| 270Vde im

FILTRE AC CABLE MOTEUR

FILTRES DC

| +270Vdc

MISSION DE VoL

\ /
Plan de masse N e -

Lac oc Porteuse, stratégie ML

Défi majeur: Augmenter la densité de puissance des systemes électriques

SRR ERNISEELC  Utilisation de semi-conducteurs grand gaps

A Assurer la non régression de nouvelles technologies vis-a-vis de problemes CEM
e ) 20 kW/kg
Emissions conduites de mode commun

These V. Dos santos, Modélisation des émissions conduites de mode K
commun d’'une chaine électromécanique. Optimisation paramétrique de M \\(\<
b} - - - E=BAIN EHUFEEARY \\\#G\L‘-/’g&
I'ensemble convertisseur filtres sous contraintes CEM, Mars 2019 —_—— =5
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Plateforme expérimentale (=




L tace SEERS ll. More electric non propulsive systems

O Conception par optimisation de la chaine électromécanique sous contraintes CEM

REsEAU HVDC ONDULEUR Supplemental Cooling A380
o (" Dissipaieur hemmique
: 1 RSIL CABLEDC FILTRES DC CABLE MOTEUR
+27Vdc MISSION DE VOL
501
i :
5002
270V de im
| i Plan de masse
Lacoc Porteuse, stratégie MLI
Optimisation « onduleur + filtres »
O Deux objectifs: i
= Minimisation masse (filtres, dissipateur) 5 Front de pareto
= Minimisation des pertes (filtres, onduleur) £ tos——
E 5ot :
g “\_DO-160G 100 \Réf,
O 9variables d’optimisation continues + 2 discrétes e O Bl 1
= 5 paramétres (R, L, C) dufitre DC - Cpc_pc =47 nF | 7 [ criwncenines . 5
» 1 paramétre (L) du filtre AC ! Fréguence (] Ty o
. /
" faec. Rg. Vgs, porteuse, MLI Contrainte CEM . R
o l - Mass:e [ke] - ’ ’
Thése V. Dos santos, Modélisation des émissions conduites de mode - N |
commun d’'une chaine électromécanique. Optimisation paramétrique de ( s \\\giqg,ace
I'ensemble convertisseur filtres sous contraintes CEM, Mars 2019 ’ v 35



L tace SEERS ll. More electric non propulsive systems

O Conception de la chaine électromécanique sous contraintes de décharges partielles

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

PWM

Inverter Harness

HVDC 540V
—

rimy
i F
: 4
i F
%
-
9

4u

mot
ab

Ground

Motor

= Example of measured overvoltage on AC motor + 2m harness fed by IGBT inverter (IRT platform)
(PD@100mbars - 30 seconds accumulations)

Overvoltage at motor terminals

Inverter phase to phase voltage
Motor phase to phase voltage |

~

(=]

(=]
T

motor phases

—

Partials discharges risks

Phase to phase voltage(V)

6.8435 6.844 6.8445 6.845 6.8455 6.846
Time(s) %107

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

propagation and reflection
phenomenaalong harness
cause overvoltage across

\

— /
L
A

Czumm. EEERY \\\Q\\\égi’lqce/ 36
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Overvoltage vs. inverter dv/dt and harness length

1100
_____ 1r=36l|s (R =5 Ohm) ||

——1 =30ns

s (R =1 Uhm)

Conventional method: without motor
! OUt |nV (V) { =50ms (R_=10 Olum)

T — s (10 0w | |mpedange (harness terminations as
eveiamm approximation g™ _ opened Circuit): +  Z,,5.0, assumed = 50000

Uiny (6) T Zinverter assumed = 0f]

600

output voltage(V)

500 -

N Conventional vision leads to
S .. ) L | consider that high dV/dt (SiC)
| T Time (us)’ provokes over voltages
zmwrm_(jw) y(jw) —ZCUW) Zma[m(iw) 7.8 7.81 7.82 “:;s:(s] 7.84 7.85 'Meb“l,_“ (18 — 2 pu)
2 e g CREE CAS100H12AM1 SiC inverter even at low cable lengths
‘ I : voltage (trapezoidal approximation)
5 =Y 24
s 1S = 2puz Over-V (pu) . .:::.Over -V (pu)"mwm°
! . P e o MR § Bl o tomom « oy .
FFT! ; ,=50m (R 10 Ohm) %M ; i s | ® ’o,: ¥ -
‘ E 16+ g :7 i : ) 'v vv
Voltage and current along harness §“ b ::";; 144 . v- -
V(Z,t) 2 . § 134 : OO ,,vv ] . vv,
I(ZJt) g[z i | g‘ 12 . uﬂ" vY -
- AN " - le'fength
. 1ou LAY VY Cable length (m) W_L.,Wﬁ‘%’@nﬂ wﬁ% “Ca be ength (m)
General synoptic of proposed PU 1 .

Cable length [m]

overvoltage calculation algorithm Overvoltage ratio in function of harness Overvoltage ratio in function of harness
length : AWG18-EN2267-010A length , EIC Standard (60034-18-41)

These de Bouazza Taghia: "Modélisation et optimisation paramétrique d'une chaine électro (w. o \\ 37
mécanique pour la prévention du risque de décharges partielles dans un actionneur aéronautique" ™~ ' %"11""3
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Multiple challenges, multiple constraints to face

HVDC
standards
(@)
o

power
quality

Technological Advance New sheets, etc

New eleptromagnetlc wideband gaps, ...
devices, etc

partial transfer
[ functi ?Zf ] Voltzrige Source Inverte:r THD (%) o
¢ Cold Plate—, | [ motor curren torqlzie

/ S ) {
i 1§ L, i ICOQVDC :J / \ Spee
i P | - | St ?il Ss axis q
E E :,E VconvDC | Iq_:‘ \(D
| T ' VqT}

|
; :
| i
| — | i d L >
' ?_ZI ?_4' S i _%a?j’s flight mission time
ﬂ | HSPMSM:, Flight mission profile

Flight mission
Torque, Speed

~

NS

( N )
voltage ripple | |current ripple

Avh Al r\

frequency frequency

standards

HVDC network °

+ + + + + } TcaseaT'DiodeaT'IGBT
° [Control strategy}, J J °
o

(o) o o)

@ Partial
discharges

Road map Scientifique, X. Roboam 39
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Multiple challenges, multiple constraints to face ... and beyond that ?

Technological Advance New SheetS etc

oo > Why not a superconducting power drlve ?
standards / / \

pamal tr;‘?éfer] Voltage Source Invertfir[ THD (%)

functign ; o
X motor curren torqlzie o
HK 1 {
1 Ly | IcorlvDC J 7 I spee
Bk L fis ?il Ss axis q ) °
E E :,i VconvDC | Iq_:‘ o A
§ , i T : vql } E ? 2
[ | ] - E | \

|
; :
| ay d
' ?_ZI ?_4' S i _%a?j’s flight mission time
ﬂ | HSPMSM:, Flight mission profile

O .

. T o o)
Quality o (Control strategy b J J °
stability o

(o) o
?ﬁ

o
' Thermal ,
\ L Partial
' discharges
40

Flight mission
(Torque, Spee

power
quality

NS

( ) )
voltage ripple | |current ripple

Avh Al r\

frequency frequency
standards
[-]
HVDC network

Road map Scientifique, X. Roboam
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Why not a superconducting power drive ?

UNIVERSITE

// S SAFRAN @ DE LORRAINE

DGA
MOTEUR SUPRACONDUCTEUR

POUR LAERONAUTIQUE
GREEN-SAFRAN

GREEN

_ * Inducteur supraconducteur induit cuivre
Puissance nominale 50 kW
Vitesse de rotation 5.000 tr/min
Couple nominal 95 N.m
Densite de courant cuivre |0 A/mm?
Température d’utilisation 30K
Rendement minimum > 95%
Couple massique > 5kW/kg

Road map Scientifique, X. Roboam 4
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Technological Advance New sheets, etc

New electromagnetiC |, ;idahand nanc \
HVDC

Multiple challenges, multiple constraints to face ... and beyond that ?
- Why not a superconducting p/ower drive ?

Flight mission
(Torque, Spees
partial transfer \
— Oo [ func ﬁleé ] Voltage Source Inverter[ THD (%)
W [
|quality|

____________________________ [_____C_O_lq ljljlt_e:}__] motor curren\y] | torqlzie I ©
IHVDC é Ly i é L, ] convDC '[ J—l ]—I ]—I // i

Hybrld (with storage) non propulsive systems _]

AVh AI’/-\ bll Cz-"]- L3| C4:|- vq| )
frequency frequency

NS

axis d
standards

fllght mission

vd Id
HSPMSM , Flight mission profile

i ? + + + + + { T TjDiodeaTjIGBT
Other |deaS Control strategy}, ©
stability o
o
@ Partial
discharges

Road map Scientifiqgue, X. Roboam

HVDC netwg)l‘b Innnt filter
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Synopsis

Il. More electric non propulsive systems

lll. More electric propulsive systems
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electric&hybrid ¥ &
aerospace . - « W&

TECHNC‘LOG“% SYMPOSIUM . ‘ (] - ‘
NOVEMBER 13 & 14, 2019 A strong

COLOGNE, GERMANY

Join Over 200 International Experts Discussing
Electric & Hybrid Propulsion Technology For The
Next Generation of Aircraft

-

MEA 2019

MORE ELECTRIC AIRCRAFT &

The electrical and hybrid aircratft :
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

y emergent topic

[
C
Ak
\]’

o—{
=

/ﬁ MOR

E‘CTREC .

EL

SEPTEMBER 17-19, 2019 | SEATTLE, USA

EXPLORING THE PATH FROM MORE-ELECTRIC TO ALL-ELECTRIC

#r Prof Dr. Josef Kallo, Coordinator Energy System Integration, German Aerospace Center

THE NEW ERA OF ELECTRIC AVIATION IN FIXED-WING, EVOTL & UAM

DEVELOPMENTS IN ENERGY STORAGE FOR MEA AND AEA:
HEALTH MONITORING AND HYDROGEN FUEL CELLS

FROM MORE-ELECTRIC TO ALL-ELECTRIC: HYBRID & ELECTRIC
PROPULSION AND DRIVE TRAIN

EVENING WORKSHOP

ECHNOLOGY NEED FOR ELECTRICAL COMPONENTS WITH GROWTH OF AIRCRAFT MARKET FROM
URBAN AIR MOBILITY TO LARGE AIRCRAFT WITH MEGAWATT SCALE PROPULSION SYSTEM

44
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The hybrid electric aircraft among all hybrid electric vehicles
» Indicateurs d’hybridabilité énergétique
[These Akli, Toulouse 2008] moy(P.,)
PHP =1 — oL
9 rHp (Potentiel d’Hybridation en Puissance) : max (Psp)

évalue le degré potentiel de réduction de la
taille de la source d’énergie primaire

EAlEEEEEN

NEEEEEREEEEREN
Mission 1: PHP = 50%

Mission 2: PHP = 20%

PHP = 0 => (moy = max) pas de downsizing PHP faible, downsizing
PHP =1 moyenne nulle puissance difficile 45
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The hybrid electric aircraft among all hybrid electric vehicles
> Indicateurs d’hybridabilité énergeétique

‘ PHE (Potentiel d’'Hybridation en Energie) : PHE = Prax

évalue la fréquence et la régularité des Ey  Basse Frequence
intermittences de la mission Haute Fréquence

1000 - . : :

Mission 1 Mission 2 ” Kecaas =
AR - Li-i '

NN EEEE 100 1 g / /
HEEEEN :

Energy Density, Whike

0.1

10 100 1000
Power Density, Wikg

PHE, =~ PHE, > PHE,

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

46



Laplace  SEESS, lll. More electric propulsive systems
The hybrid electric aircraft among all hybrid electric vehicles

PHP = 1 moy(Pgp) PHP faible, PHE faible Prax
- max (Ps,) _down5|2|ng_ | , doyvnsmng PHE = E. (stockage)
puissance ‘difficile’  énergie ‘couteux’ u g
Urban I?g;gl Motorway slé(:\(/:i?:le Switching ttjz;r?sg. Container Pasz?rr;ger I?ZGOgOIO:riI)
94% 85%  74% 65% 83% 91% 43% 63% 32%
66 mHz 30mHz 12 mHz 3 mHz 29 mHz 20 mHz n/a n/a 0.22 mHz

Plus favorable
pour hélicopteres

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

v' Power management « simple » (vision « par séquences ») |

|
AN\ k (
-\ Laplace

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

v Aerodynamic benefits: several concepts

v' Energy benefits: turboshatft efficiency

SLIHTDJULE e e

Net ~ 10% for thermal descent or taxi

Net ~ 90% for electric descent or taxi

190 71 SFC (Specific Fuel
| - 150 |1 Consumption)
Differential [
thrust concept — 2 SH
(w 3 (\ ] Wing tip 3 [
T A5 propeller s B0
{ L < 200 1
| 2 g
“/@ L ? 150 41
TP i
“Vertical-Tait-Plane 00 H1dlE_==—_Per
0 20 40 60 80 100

Output power (%)

¢ ~ -4.5%* )

J. Thauvin, Exploring the design space for a hybrid-electric regional \ "
aircraft with multi-disciplinary design optimisation methods Qg;\{\_};*f/
PHD Thesis of Univ Toulouse & Airbus Oct 2018
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lll. More electric propulsive systems

Several Hybrid Architectures

> 3 main categories:

All Electric

Battery FC

Motor(s)
Electric Bus
......... &

1 to Many
Fans

all electric

Turboelectric
Motor
Turboshaft Electric Bus '

m =mmm ' Distributed

Fans
Generator
Motor

B 'I_'urbofan

Partial Turboelectric

Motor

Electric Bus

sesss P Distributed

Fans
Motor |

Fuel wol
A Y
Series Hybrid | Parallel Hybrid
Motor
Turboshaft Electric Bus | Electric Bus Jurboan
Posssnns P pistributed
' Fans
Motar %ﬁ;& Fan

turboelectric

hybrid electric

U

Series/Parallel Partial Hybrid

Motor

Turbofan

Electric Bus |
=% Distributed

Fans
Motor I

Road map Scientifique, X. Roboam

50
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*9

Complex architectures leading to “ultra complex MDO

Methods and Tools - XMDO - Linking mission description and aircraft design

Example of B-splin

p: vector of design variables P=[PuPs PistoPj o Pjstses Pk o Phetts s P1 ] W 4
/.://;_I//’ ‘/ \Pr

/

t  Aircraft Geom & Propulsion f 3 Energ'y Ma‘naggmgnt Strategy Mission Prpfile \
p Charac. Weights System i *  Hybrid ratio, priority rules,... . ggl;;lcézs(vx v E
1T . :
i p; | Control laws « Distances |
1p: | W " Propeller rpm, .. Temporal parametric
“—> [ ] -
| Pi+1 o it kel SN B-splines
Linked through flight equations: 7.p) g e
(t dt' = Thrust(t,V, h, T0,p) . cos(a + £) — Drag(t,a,V, h,T0,p) — 1 (t,p). g.sin(y(t, p))
(t.p) V(t.p) d}'gtt' P) = Thrust(t,V, h,T0,p).sin(a + ) + Lift(t,a,V,h,TO,p) — (t,p). g .cos(y(t,p))

» _..solved as follows:

Parametric trajecto

,/a.

/ |
/ \
/\E/ J. Thauvin, Exploring the design space for a hybrid-electric \K\‘\« Laplace

regional aircraft with Multi-Disciplinary Design Optimisation =
methods, PHD Thesis of Univ Toulouse & Airbus Oct 2018 AIRBUS

"MDO: Multi disciplinary Design Optimization Road map Scientifique, X. Roboam 51
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*3

Complex architectures leading to “ultra complex MDO

Methods and Tools - XMDO - Linking mission description and aircraft design

Example of B-spline
p: vector of design variables P=1[Pyu-Pi, PistssDj » Pj+1ssPk » Pktts--P1 ] - 5 p
BT e i il -
+  Aircraft Geom & Propulsion {’/ Energy Management Strategy Mission Profile \\‘
Charac. Weights System I = Hybrid ratio, priority rules,... «  Altitudes |
P [ : * Speeds (Vx,Vz) |
e SR pj | Control laws » Distances L
1p: | M i = Propeller rpm,... Temporal parametric
> \'m -
Pies | P UeTeLIoNAg .- N B-splines

-y

3 ”= n .

P) = Thrust(t,V, h, TO;p) . cos(a + &) — Drag(t,a,V, 1, T0,p) — m(t, p). g.sin(y(t,p))
dy(t,p) :

' dt

Linked through flight equations:

o

Selected optimisation algorithms Typ 30-50 decision variables

+ Non-convexity/multimodality of the design space >> Combination of gradient-free algorithms:
CMA-ES + Subplex
%r—“ L—T—J
global stochastic local deterministic

= Thrust(t,V, h,T0,p).sin(a + ) + Lift(t,a,V,h,TO,p) — (t,p). g .cos(y(t,p))

identified with gradient-based algorithms

Optimisation criteria

Minimise fuel burn of design mission

"MDO: Multi disciplinary Design Optimization Road map Scientifique, X. Roboam 52
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*9

Complex architectures leading to “ultra complex MDO

Parallel Hybrid (PH) Architecture: optimization results:
| Energy management settings

» For each segment, optimiser sets turboshaft rating = P, / P2y

+ Battery power found by mission evaluation solver

: 7. Neceli Results for 2025 techno
Max Take-Off Wei 00 22900 14% Batt: 1,500 kg
Fuel burn on 400 nm [kg] 808 135 -9%

Gearbox

Total design variables: 36

2500 =" Pout - turboshaft 2 Energy use: g 100
e ——Pmax - turboshaft 2 _g 80
2000 \,  ——Pout - battery 2 < Energy recovering in descent o
S e Pin - propeller 2 . . Z & 60
~ 1500 \ ./ Start & Stop in taxi BE< 40
5 .
% g 4§ —— ./ Start & Stop in descent g 20
:5_ - v Engine downsizing (15% e-boost) = B 0 2000 4000 6000
’ Time (s)
0 1\/\ = v Low max. electrical power (~260 kW/battery)
0 2000 4000 6000
-500 Time (s) ! Batteries are fully discharged

5
aircraft with multi-disciplinary design optimisation methods R

J. Thauvin, Exploring the design space for a hybrid-electric regional |
“\\Laplace
PHD Thesis of Univ Toulouse & Airbus Oct 2018
"MDO: Multi Disciplinary Optimization
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SERIAL HYBRID ELECTRIC

lll. More electric propulsive systems

HybricArcraft

ARCHITECTURE

l
‘, \\\i\(%i-gz;' ce

PV

INSTITUT

e

'y 3

/

[:%M% o &

cademic reSearch on Thermal Clean Sky:
B INSTITUT
' CARNOT
& Electrical Components and Systems AIRBUS ol [oao
LEGEND
PROPELLER + GEARBOX -
 E-MOTOR b
HASTECS
7 S CABLE
4 Py DC/AC CONVERTER a®
. ELECTRICAL POWER -
‘——_—‘-_‘-\‘x
& 1 DISTRIBUTION CENTER
/ BATTERY/FUEL CELL /
L AC/DC CONVERTER & y
E-GENERATOR
TURBOSHAFT =]
54

Road map Scientifique, X. Roboam
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About auxiliary sources: Batteries or Fuel Cells (FC) ?

HASTECSV

7S
A promising device!
5 2 R S . | o
g blex & 3
W/kg (Crate) k (
5&? ‘@ e - Laplace

s
e

Whlkg cycles | Power oriented Energy oriented

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

M Today Cell level ~90-140 Wh/kg  ~ 450 Wh/kg ~ 570 W/kg
Systemlevel ~ 70Wh/kg ~ 225Wh/kg ~ 320 Wh/kg
Batteries Perspectives  Cell level ~ 180 - 200 Wh/kg ~ 650 Wh/kg ~ 1 kW/kg

- 'CNASRT Hg} (5—10years)

. MG Systemlevel ~ 100 Wh/kg ~ 325 Wh/kg ~ 560 Wh/kg -
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Energy management of hybrid AC
» Example of Asymmetrical Architecture (HEA ASYM)

LEGEND E—

Electrical Power Distribution Center profile(MW)
I L] ] L

1
| —— BUS Power |

N K—lhl_ Light _
- Er/ hybridization @ ectr
o ke \ A top of climb glectric |

. taxiin
Full electric g

- -
= descent
Only 1 GT @cruise

Road map Scientifique, X. Roboam 56
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lll. More electric propulsive systems

Integrated design process for optimization

INPUT DATA <

Thrust, ., = Thrust,

MTOW,,,, MTOW: Max take Off Weight
<

ef -
Thrust, g, (t) ey
MACH (t)
uiow . . X
Altitude(t) -
Environﬁment Model A
Pair (t) Tsta tic (t)
Vsmmd (t) P static (t)
X n bm(}t E % OO0
Generator

A

A\

Turboshaft

/
Thrust (t) ' I — GE@

Gearbo;
E- motor

Inverter

E
)
i

|-|2

Fuel Cell Hydrogen

& F

Y - lvy
o)

uHVDC  Buck-Boost
é Converter Unit

Road map Scientifique, X. Roboam
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Integrated design process for optimization

INPUT DATA
l Thrust, e, (t)

Vscund (t)

Thrust, ., = Thrust,

MTOW,,,.,

MTOW: Max take Off Weight

I MTOW, o

Ligiaza (1)

P total (t)

Environment Model

Propeller + Gearboi! !

E-motor  |nverter
>
Pshaf temot ®)
Nemot (£) HA \
s

l Altitude(t

Rectifier Generator

®

ULTRA HVDC
.---'--
(]
(]
(]
.

©

HVDC 540V

Buck-Boost

‘ Turboshaft & Battery &
P shaftgr (t) I

MTOW,,,, « 2 &
4
|

Fuel tank =

PS

FC(t) ‘
P Y —

Psis

Road map Scie&, X. Roboam o8
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Integrated design process for optimization

INPUT DATA

MTOW: Max take Off Weight

l Thrust ey (t)

120000

‘ 100000

80000
Prope
60000
o
2
e
-
40000
20000
P shaft, 0
nemof: (
-20000

MTOW,,,,
Thrustyey = TAIUSt e 7o o MTOW, ., « 2
1 .

Assumption/
checked ank@

Aerodynamic models @AIREUS [

(A/C level) @ J. Thauvin CIFRE thesl

0,6

0,5

0,4

MTOW=26T
LA
1 [

Adimensional time

BUCK-BUUSL
ico\ .
Road map Scie , X. Roboam
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Technologies are sensitive!

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
Specific power 15 kW/kg 25 kW/kg 35 kW/kg
Efficiency 98% 99.5% 99.8% reduce kg
Motor Motor Inverter Inverter  Electric and fuel?
Generator ~ Generator  Rectifier Rectifier Components

Specific Power Efficiency Specific Power Efficiency  SP & Eff

0% . I
-2% \ - I
-4% | —

-6%

&  m2035/2025 Q7T
12; - EGHHIEGEE’ Crossing from 2025 to 2035 then

-14% 20XX targets, fuel burn would be

e reduced by 14% then 17%!!!

16% W 2035/2025 W 20XX/2025 470/

-18% Road map Scientifique, X. Roboam 60
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To optimize electric motors
Several drivers to increase specific power and

efficiency K
v v
— Decrease weight of electric motor (PMSM) Decrease weight of cooling system
v
e Increase peripheral speed: -~ . —Decrease losses

£

Sleeve: Carbon Fiber Reinforced Plastic
, *Decrease joule loss (DC and AC):

Stranded conductors

eDecrease iron loss:
Low thickness of Vacoflux 4

e Increase surface current densities:
—> According to the cooling method: external
cooling = K,,.=79kA/m, J,,.=8A/mm?

. Increase alrgap flux denS|ty

Br(SmCo)=1.16T for B,,=0.9T

And other drivers... \\\\\E\Iﬁﬁt\nc ﬁce;.:;per — 0.35mm
| % £ Design winding
copper = Bl and insul_ation to \—NDC
g face partial u 43K
'2 mHlnnnmlﬂﬂ discharges Vbes
r 61

°  Road map Scientifique, X. Roboam
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To optimize electric motors and its cooling

Dedicated sizing tools to optimize electric motor design with high specific power
and efficiency

» Results: electric motor with its cooling system:

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

PM Halbach
Segmented Array:
SmCo (highest T,.,)

Stranded -
conductor External heat
- LOSSES Friction losses
Windage exchanger
losses / 658 V\I/ron
1837 W losses
4647 W

Vacoflux 48

(Highest Bsat) Joule losses

. 5770 W

Road map Scientifique, X. Roboam
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uHVDC cables (without consideration of partial discharges)

144 .
M i t M tke)
120 :
H NRA case study (6MVA) 730kg @ 54OV

100 -

B0

165kg @ 1500V
60
E*"'-//
a0 o
20 ___?__— —i
vl-"'u'.".[llilil
0 : : ,. . — |
0 500 1000 150 2000 2500

» Hyperbolic shape : M. % 1/V, c (Without Partial Discharges)
» Huge cabling weight in HVYDC (540V) for series architecture.

Road map Scientifique, X. Roboam 64
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To optimize power electronics

Specific power increase
(kWrkg)

 — '

Heat exchanger Power Electronics losses

optimization (WP4) reduction /

Improved components Small rating components Control strategies

Multilevel
architecture

SiC Direct series
components association

New generation

IGBT 3-level DPWMMAX NPC weight distribution (7

Gen. 1700V IGBT and optimized heat exchanger)
15,31% = DC bus capacitors
23,46%
SC device

= Exchanger

®
4 3 Turn-off losses

5
= On-state losses l‘ ; .
O% mm Turn-on losses 2 ' m Busbar
\400/i Gained weight
9;13% ! compared to 6™
-15% .

i B (Power electronics 48590, / gen PWM NPC
svle { T et ok { = ] + cooling system) 352% ’ with a non-
Transmor Generatlon Generauon Generauon Generation| Generation| Generation| Generation : :

optimized heat
’80 85 90 95 00 05 0 19 kW/kg efchanger
65

Road map Scientifique, X. Roboam
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To optimize power electronics and its cooling

» High performance cooling technologies
= To maximise the Heat Transfer coefficient (HTC)

300000 Porous/Foams

Microchannels \

30000

» CPLIP: Capillary Pumped Loop
for Integrated Power

* High efficiency

mo PuImIO I:>  High performances
O valves « Low energy

requirement

Evaporator HTC (W/m?K)

3000

HP/Thermosyphons

LHP

300

Liquid l g

line

Heated air
outlet

Secondar

-ond Primary
circuit

circuit

Condenser

Vapour line

Cold air
intake

line

Tu2g /’ 4
e
B

3,
SR
< _J::\.j

Evaporators

(Phase 1,2,3)

. - :
J

Vapour Condenser -~ :

<

» Stability
* Reliability
. Low mass
- ure

" Beyond 20kW/kg by optimizing bus bar 3D packaging and cooling condenser

~

s Junction temperature <150°C!
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“aplace SEES, lll. More electric propulsive systems

About full electric aircraft: some figures

Décollage d’un A320

Puissance de 200 Renault ZOE
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Laplace SEESS lll. More electric propulsive systems

About full electric aircraft: some figures

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

Probably only for small
Size aircrafts
logistique
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Laplace  SEE ;S

lll. More electric propulsive systems

About full electric aircraft: why not with 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

Components
Propeller
Gearbox
Electric motors

Cables

Inverters

Fuel cell + Aux + H2

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

93 kg
4x71kg

1 x 6388 kg

Assessments:

Liquid H2 storage @20°K
with 20% of H2 weight in tank
Nec = 60%

FC stack : 4kW/kg

Auxiliaries : 2.7 kW/kg

Vbus @ 2 kV
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Laplace  SEE S

lll. More electric propulsive systems

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

Rough assessment of a Full Hydrogen Aircraft with liquid H2 storage

> MTOW (Fuel Cells) = 28.5 Tons (+ 3 T vs Hybrid Electric Aircraft) * 10-12%

Components
Propeller
Gearbox
Electric motors

Cables

Inverters

Fuel cell + Aux + H2

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

93 kg
4x T71kg

1 x 6388 kg

Assessments:

Liquid H2 storage @20°K
with 20% of H2 weight in tank
Nec = 60%

FC stack : 4kW/kg

Auxiliaries : 2.7 kW/kg

Vbus @ 2 kV

When thinking a cryogenic H2 @20°K

why not thinking mutualizing H2 with
superconductivity ???
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“\\Laplace . SEEFS lll. More electric propulsive systems

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

_________________________ :; - m = = - - . CTyOgENIC Environment

Some people are thinking...

Conventional fuselage promotes ease
tCOOUNGt of engineering and manufacturing

5 Invener Motor

High-sweep inboard for low
compressibility losses with
thick-wing storage

Battery/ l

Ultracaps

:&MB%ENT
COOLING

i
: Hybrid wing-body

: configuration for efficient
i aerodynamic performance
! and large energy volume

e CrYOBER
wsn Electric
e fdechanical

wewwwe Sienal {datae, controls)

LH, Storage

Aero-structural-thermal
optimized wing design

Fuel cells
HTS cables

Propulsion-airframe
integration provides BLI
propulsive efficiency

improvements, noise shielding

P

iversity of III@a—Cham paign

' 71
https://grainger.illinois.edu/news/30918




Waplace  SEEIS Pour finir .... road map scientifique ?

Multiple challenges, multiple constraints to face ... and beyond that ?

Hybridization and Technological Advance New material
alternative sources New electromagnetic

Batteries, fuel devices, etc wideband gaps,...
cells, H2 /

[ pargla; cttri;zéfer ] Voltzrige Source Invertsr[ THD (%) \Y]
______________ | __—Cold Plate—~, _ | | motor curren
- IHVDC é i é L, i IconvDC "J i |
O "7 T SIG%IGSSG i
i E s E fo)nvDC

Superconductivity?

e Ya :
voltage ripple | [current rippg: UHVDC E

AVh AI’/-\ T

frequency frequency

standards

HVDC network °
O

Quality
stability

_f;: ’:a
ﬁ) Thermal MDO
_ Sensitivit
And also methodologies to face Sﬁféggf’ge ana|ysisy

complexity and optimization
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&@%seess Pour finir .... vraiment

Solar Impulse

4 moteurs electriques

Batteries et piles a combustibles
200 m2 de panneaux solaire PV
63 m d’envergure (comme I’A340)

\ers I'avion solaire : réves ou realités ?

Road map Scientifique, X. Roboam 3



o .. )
“\Laplace  SEEIS Pour finir .... vraiment

N
W/ o

Solar Impulse = Décollage d’un A320

4 moteurs electriques

Batteries et piles a combustibles
200 m2 de panneaux solaire PV
63 m d’envergure (comme I’A340)

10 stades de rugby !

Stade oulousain

Des questions ?

\Vers I'avion solaire : réves ou réalités ?
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