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Context: towards more electric greener aircraft

SFC (Specific Fuel 

Consumption)

PGTidle

 Energy benefits: turboshaft efficiency

hGT ~ 10% for thermal descent or taxi

hGT ~ 90% for electric descent or taxi

Vertical Tail Plane

[THAUVIN-16]

VT

P

Differential 

thrust concept

~ -4.5%* 

Fuel burn

< -13%* ??

Fuel burn

Wing tip 

propeller 

concept

ONERA

Ampere

Distributed

propulsion

Blown wing 

concept

 Aerodynamic benefits: several concepts

Up to -2.5%* 

fuel burn

 Engine benefits: design and operation 

may be revisited with power hybridization

Gas turbine

J. Thauvin

thesis
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Context: towards more electric greener aircraft

Series Hybrid electric

Architecture

EPDC

H2

LEGEND

PROPELLER + GEARBOX

E-MOTOR + COOLING

CABLE

DC/AC CONVERTER + COOLING

ELECTRICAL POWER 

DISTRIBUTION CENTER

BATTERY/FUEL CELL

AC/DC CONVERTER

E-GENERATOR

TURBOSHAFT

EPDC

H2

(regional, 70 pax)
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A set of coupled sizing variables :
 Geometry (propeller, emotor)
 Mechanical (gearbox)
 Electromagnetic (emotor)
 Electrical (bus voltage)
 Source sizing (fuel cell, turboshaft)
 Energy management Hybrid-Electric 

Powertrain 
MultiDisciplinary

Optimization

Gearbox

Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain
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Hybrid-Electric 
Powertrain 

MultiDisciplinary
Optimization

Gearbox

Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated power electronics with its cooling

A set of coupled sizing variables :
 Geometry (propeller, emotor)
 Mechanical (gearbox)
 Electromagnetic (emotor)
 Electrical (bus voltage)
 Source sizing (fuel cell, turboshaft)
 Energy management
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Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated power electronics with its cooling
Control 

PWM

Sine
Harmonic 
injection

THIPWM 1/4

Discontinuous

DPWMMAX

DPWMMIN

Full wave

DPWMMIN 

5-level

DPWMMAX 

3-level

ANPC-5L

NPC-3L

 MW range ; h ~99%
1200-1700V Si 7th generation  

@ low conduction losses

Bus bar optimization
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Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated power electronics with its cooling

Microchannels

Porous/Foams

Spray

CPLIP

LHP

HP/Thermosyphons

VC

Evaporator HTC(W/m2.°K)

Q(W)

- Stability

- Reliability

- low mass

- Controlled temp

Junction temperature <150°C!

4.5 kW (of losses) /kg !

CPLIP: Capillary Pumped 

Loop for Integrated power 

*

*
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Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated power electronics with its cooling

MW range ; h ~99% ; > 30kW/kg

+
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Hybrid-Electric 
Powertrain 

MultiDisciplinary
Optimization

Gearbox

Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

A set of coupled sizing variables :
 Geometry (propeller, emotor)
 Mechanical (gearbox)
 Electromagnetic (emotor)
 Electrical (bus voltage)
 Source sizing (fuel cell, turboshaft)
 Energy management
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Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated eMotor with its cooling

Several drivers to increase both specific power and efficiency

To decrease cooling system massTo decrease electric machine (PMSM) mass

• Increase peripheral speed up to 
200m/s  with sleeve having Strength 
tensile > 1600MPa

• Increase current densities:
Jrms> 25A/mm² et Krms> 100 kA/m for 
internal cooling inside slots

• Increase flux density in air gap:
high temperature permanent magnets 
(SmCo or NdFeB ): Br(SmCo) = 1.16T for Bm=0.9T

And other drivers…

•decrease Joule losses (DC and AC): 
Twisted Litz wires 

•Decrease iron losses: 
- Use thin magnetic sheets
(very thin sheets 100-200µm 
and future 50µm)

Design of winding with 
partial discharge 

tolerant insulation

h

RAC/RDC~1 for 
400Hz @ 5kHz

High filling 
coefficient

• Increase number of pole pairs:
Halbach, Np > 10

Decrease losses 
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Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated eMotor with its cooling
Direct cooling 

inside slots

stator frame

rotor frame

axle

magnets

Winding 
edges

External cooling for stator & internal for rotor

Thermal model

Cooling system:

 Heat exchanger = nacelle

 Liquid cooling

~60 nodes
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Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated eMotor with its cooling

X

PARTIAL DISCHARGES

C

E-MOTOR COOLING C

Power profile vs
rotational speed

E-MOTOR

Objective function

C: Constraints
X: Decision vector
Y: Optimization criteria

CLEARING

Hybrid powertrain design process
All constraints are checked
Penalized objective function
Optimization process

C
Y

Objective function : e-Motor weight (a)
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Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 Design of highly integrated eMotor with its cooling

X

PARTIAL DISCHARGES

C

E-MOTOR COOLING C

Power profile vs
rotational speed

E-MOTOR

Objective function

C: Constraints
X: Decision vector
Y: Optimization criteria

CLEARING

Hybrid powertrain design process
All constraints are checked
Penalized objective function
Optimization process

C
Y

Objective function : e-Motor weight

External cooling Internal (slots) & external cooling

h ~98% ; ~20000Rpm
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A set of sizing variables :
 Geometry (propeller, emotor)
 Mechanical (gearbox)
 Electromagnetic (emotor)
 Electrical (bus voltage)
 Source sizing (fuel cell, turboshaft)
 Energy management

Multidisciplinary model based on 
analytical or surrogate models 
(regression models) for facing 
complexity issue.

Hybrid-Electric 
Powertrain 

MultiDisciplinary
Optimization

Gearbox

Multidisciplinary Design Optimization (MDO) 

of the hybrid-electric aircraft powertrain

 MDO of the whole powertrain integrating snowball effects at 
aircraft level



Other surrogate models integrated in MDO
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Gearbox

Gas turbine

Pressure

Speed
Analytic model based 

on disk actuator theory

Propeller

Cabling Data (Cu or Al)

Cables

Gearbox, Gas turbine, Cables, Propeller



 Road map on aux electrical sources: Batteries or Fuel Cells (FC) ?

Batteries
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Power oriented Energy oriented

FC SystemH2 liq storage

A promising device !

x 1.8

Other surrogate models integrated in MDO
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Integration off all device models in MDO

Rectifier Turboshaft

U
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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

 Snowball effect: higher device weights cause higher thrust needs

with environment couplings => linearization thrust vs MTOW
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Integration off all device models in MDO

Rectifier Turboshaft
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H2

Fuel 
Tank

Hydrogen 
TankuHVDC

H2O

E- motor

Propeller

Inverter
Gearbox

Environment Model

MTOW: Max take Off Weight

 Snowball effect: higher device masses cause higher thrust needs with

environment couplings

Assumption

checked

J. Thauvin

thesis

Looped model with a reference thrust of a 20T MTOW 
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Several formulation for MDO

 Snowball effect: higher device masses cause higher thrust needs with

environment couplings

Snowball effect

3 optimisation formulation:

e-Motor mass

Powertrain mass

Fuel Burn

1

2

3

EMS

1 decision

variable

Rectifier Turboshaft
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Generator

    

    

H2

Fuel 
Tank

Hydrogen 
TankuHVDC

H2O

E- motor

Propeller

Inverter
Gearbox

EMS

2 decision

variables 11 decision

variables

Energy Management System



Several formulation for MDO

 Snowball effect: higher device masses cause higher thrust needs with

environment couplings

Snowball effect

3 optimisation formulation:

e-Motor mass

Powertrain mass

Fuel Burn

1
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1 decision

variable

Rectifier Turboshaft
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E- motor
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2 decision

variables 11 decision

variables

Energy Management System

‘’a priori set’’ EMS (fixed HR)       (b)

22

MDO CPU time 

(standard computer) 

~ 7 days with clearing
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Some results of the 3 MDO formulations

-3%

+1.5 - 6% 

Powertrain efficiency (%)
Propeller + gearbox + eMotor + inverter

Dpropeller(m)

Mfuel (kg)

VuHVDC ~ 2000V

736170637150

Mpowertrain (kg)

HVDC bus, another 

strong system coupling
A typical and unexpected 

systemic coupling: propeller 

oversizing to increase 

powertrain efficiency

+8%
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Sensitivity of EMS

Hybrid Ratio 
a priori set

Hybrid Ratio 
are optimized(a)

(b)

(c)

(d)

Ptotal (pu)
PPFC (pu)
PTurbine (pu)

Ptotal (pu)
PFC (pu)
PTurbine (pu)

 EMS is a priori set during

flight sequences

 EMS is optimized: hybrid

ratio become additional

decision variables
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Sensitivity of EMS

Hybrid Ratio 
a priori set

Hybrid Ratio 
are optimized(a)

(b)

(c)

(d)

Ptotal (pu)
PPFC (pu)
PTurbine (pu)

Ptotal (pu)
PFC (pu)
PTurbine (pu)

 EMS is a priori set during

flight sequences

 EMS is optimized: hybrid

ratio become additional

decision variables

-180kg

+1.5T

Weights (kg) for 4 power channels

-15% of fuel burn with optimized EMS

But +1.5 T on the powertrain
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’’HASTECS tradeoff’’: conclusions and prospects

 Conclusion: hybrid aircraft with heavier powertrain and potentially

’’greener’’ especially cumulating energy gains with aerodynamic

benefits due to distributed electric propulsion

FULL 
THERMAL

A PRIORI EMS

OPTIMIZED EMS
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 Prospect: the actual breakthrough may be the ZeroE-H2 : with

HASTECS models and using same MDO process, the MTOW of a 

ZeroE H2 should be +25% heavier than an optimized full thermal 

regional aircraft

HASTECS hybrid electric aircraft



a typical MDO process for future 

Hybrid Electric aircrafts

Oct 20th 2021

Final dissemination workshop 

Oct 27th

Free Registration (visioconf)

https://www.weezevent.com/hastecs-

invitation-dissemination-workshop-poitiers-

october-27th-

2021?lg_billetterie=2&id_evenement=752315

Soon available in 

open access (HAL)

https://www.weezevent.com/hastecs-invitation-dissemination-workshop-poitiers-october-27th-2021?lg_billetterie=2&id_evenement=752315

